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I 

 

Abstract 

 

The design of surface-confined low-dimensional nanoarchitectures provides important 

guidance for ultra-thin functional films fabrication. Therefore, functional molecules serving 

as building blocks for supramolecular structure as well as embedding metal atoms in them 

attracts growing attentions.  

In this thesis, we have investigated ordered low-dimensional nanostructures formed by 

lophine derivatives and hydroxamic acid molecules on (111) close-packed faces of Au, Ag 

and Cu. The structures were explored by means of scanning tunneling microscopy and X-

ray photoelectron spectroscopy under ultra-high vacuum, which reveal that the formation 

of distinct nanostructures is driven by hydrogen bonding and metal-organic interactions. 

Lophine derivatives show competitive interactions with metal atoms on different interaction 

sites. The flexible hydroxamic acid group induces the formation of multiple nanostructures, 

whereby the dehydrogenation of the hydroxamic acid group leads to novel self-assembled 

structures. 

Our investigations reveal the self-assembly behavior of these functional molecules and their 

potential application in luminescence, sensors and biology. 
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1. Introduction 

 

Nanotechnology requires the control of matter at the atomic scale, a concept put forward 

by the famous lecture of Richard Feynman: “There’s Plenty of Room at the Bottom” [1] in 

1959. Since then, research about nanotechnology took off. In 1968, the technique of 

molecular beam epitaxy (MBE) was invented [2]. It offers a very important deposition 

method to fabricate thin-films with a very low deposition rate on a wafer under ultra-high 

vacuum. With this approach, scientists have fabricated single molecular layers with 

precisely controlled quantities and compositions. Therefore, MBE played a crucial role in 

the evolution of nanoscience and nanotechnology [3]. Then in 1976, atomic layer deposition 

was introduced by Thumo Suntola [4], which is an indispensable tool in the synthesis of 

nanomaterials. In 1981, scanning tunneling microscopy (STM) was created by Binnig and 

Roher in IBM Rüschlikon laboratory, a very powerful tool to observe and control 

nanostructure on surfaces at nanometer scale under a non-contact working mode, without 

destruction to the sample. Its theoretical basis originates from the quantum tunneling effect: 

the electrons could pass through a non-contact gap between two conductors (or 

semiconductors). The tunneling current shows exponential decay with increasing distance 

between the two electrodes. Through recording the change of tunneling current or 

movement at the vertical direction of the tip, the precise surface topography could be 

obtained at atomic scale. STM also could monitor single molecular movements 

continuously in the same area as a function of time at room temperature or low temperature. 

Subsequently in 1986, atomic force microscopy (AFM) was invented. Thus, a series of 

related techniques were introduced, classified as scanning probe microscopy (SPM). After 

several years, researchers from IBM Almaden laboratory successfully manipulated the 

position of single xenon atoms on a nickel surface with the STM tip [5], which is the first 

example of controlling the position of a single atom. In the past decades, nanotechnology 

proceeded greatly, many novel nanomaterials and nanotechnology processes have been 

developed and explored, including microcontact printing [6], graphene [7], 1 nanometer 

thick carbon nanotubes [8] etc. 
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There are mainly two ways to synthesize new materials at the nanoscale, named “top-down”, 

and “bottom-up” methods. The micropatterning techniques containing microcontact 

printing [9], inkjet printing [10], "Dip-Pen" nanolithography [11] are the more 

representative nanotechnologies in top-down method. The lithography techniques are 

widely used in the semiconductor industry, which has brought enormous revolution for the 

society and the way of human life, through computing and communication technologies. 

However, in the semiconductor industry, nanolithography on the silicon will quickly 

approach its physical limitation. Therefore, scientists explore other ways to achieve further 

miniaturization. The alternative method, “bottom-up” method based on the use of single 

molecules or atoms to build desired nanostructures through e.g. the self-assembly of 

molecules with specific functional groups attracts plentiful attentions. In the “bottom-up” 

strategies, the atoms and molecules could be manipulated, fabricating electronics and 

machines at nanoscale. Introducing approach of “bottom-up” to the supramolecular 

chemistry opens a new effective way for artificial construction of nanostructures, which 

focuses on the chemical systems comprising assembled molecular building blocks, 

interacting with each other through weak forces, such as hydrogen bonds, metal-organic 

coordination, π-π stacking, van der Waals interactions etc.. Supramolecular chemistry on 

surfaces has application potentials in many areas, such as catalysis [12], biosensors [13], 

data storage [14], nanomachines [15]. STM under ultra-high vacuum provides high 

resolution images for the topology information of low dimensional nanostructures, while it 

does not give direct chemical identification. And X-ray photoelectron spectroscopy (XPS) 

measurements can complementary probe the chemical state of the atoms. The core level 

electron of an atom is excited by X-ray light and a photoelectron is emitted, with a kinetic 

energy, which is unique depending on chemical environment of the atoms. Therefore, the 

chemical state of the adsorbates could be investigated by XPS. Combining techniques of 

STM and XPS, the supramolecular nanoarchitectures and interactions between the 

molecules on surface could be obtained.   

This thesis will focus on surface-assisted supramolecular structures driven by hydrogen 

bonding, organometallic interactions. Hydrogen bonding, as a kind of weak interaction 

force could occur in inter/intra molecules, showing high selective and directional properties. 

For instance, hydrogen bonding plays a crucial role in biological systems: to direct the 

formation of multi-hierarchic structures of biological macromolecules. Introducing 

supramolecular chemistry driven by hydrogen bonding for fabricating low dimensional
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nanostructures is attractive, and many achievements have been hitherto accomplished [16-

18]. Metal-organic coordination is another very important approach to build supramolecular 

architectures. Molecules with specific functional groups can coordinate with metal atoms, 

forming well-defined nanostructures by linking organic and inorganic units through 

relatively strong bonds. The composition, size and geometry of the structure can be 

regulated, which attracted significant attention in their study. Thus, surface-supported 

metal-ligand coordination is an important approach to synthesize low-dimension nanofilms, 

with potential applications in energy storage [19-21], sensors [22-24] and catalysis [25-27].  

In this thesis, investigations of 2D nanostructures by STM and XPS under ultra-high 

vacuum are presented. The theoretical background of the two techniques is briefly 

introduced in chapter 2. The experimental apparatuses, and procedures including substrate 

cleaning and preparation of samples are also presented in this chapter. 

In the following, we will explore low-dimensional nanostructures on coinage surfaces 

driven by hydrogen bonding and metal-ligand coordination interactions. A brief summary 

of these works is as follows: 

In chapter 3, tri-phenynitrile imidazole (TCPI) is studied on Ag(111), Au(111) and Cu(111) 

surfaces. Furthermore its coordination with Co, Fe atoms on Ag(111) and Au(111) as well 

as its coordination with the native Cu adatoms on Cu(111) is demonstrated and the 

pertaining nanostructures are characterized. From DFT calculations and STM imaging, we 

can identify that the phenyl rings of TCPI are not planar on the metal surfaces. On Ag(111) 

and Au(111), TCPI forms long-range well-ordered 2D architectures through hydrogen 

bonding, dipolar coupling, the interaction of proton accepter-donator. After dosing Co onto 

a submonolayer coverage of TCPI, we found different coordination behavior on the two 

surfaces. On Ag(111) surface, the self-assembly is more stable that the molecules only 

coordinated with Co atoms on the island boundaries. On Au(111) surface, the previously 

formed supramolecular islands dissolved into different porous structures with various Co-

coordination nodes. From the results of XPS and STM, we identified which moieties of 

TCPI interacted with Co atoms. The TCPI molecules on Au(111), retain their protonation 

state under all investigated conditions. After dosing Co, Co-coordination occurred at the 

imine N of the imidazole group and terminal CN group, as well as between terminal CN 

groups. On Cu(111), different metal-organic coordination structure with that of on Ag(111) 

and Au(111) formed. The central imidazole group is intact at room temperature. By 
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increasing temperature, the –NH group dehydrogenated gradually and subsequently 

coordinated with Cu adatoms.  

In chapter 4, the self-assembled structures of 4,4ˊ-biphenyldihydroxamic acid (BPDH) on 

Au(111) and Ag(111) were investigated. On Au(111), it adsorbs intact assembling in a 

closed packed structure mediated by intermolecular hydrogen bonding interactions at room 

temperature and after annealing at 373 K, the chemical state is reflected by XP spectrum. 

On Ag(111), the molecules form a variety of self-assembled structures. The closed packed 

structures are the same as that of on Au(111). Additionally, different open network 

structures are characterized and found to be driven by the -OH group dehydrogenation 

commencing at room temperature.  

In Chapter 5, we further discuss the coordination of BPDH with Co atoms on Au(111) and 

Ag(111). The molecules still assembled in close packed structures in most of domains on 

Au(111) surface and on the boundary, the molecules coordinated with Co atoms, forming 

different coordination nodes at room temperature. After annealing at 373 K, BPDH 

molecules coordinated with Co atoms to form rigid framework structures. Combining with 

XP spectrums, we concluded that the -OH dehydrogenated to form coordination bonds with 

Co, and the aminic N also dehydrogenated with adding Co and further annealing. On the 

Ag(111) substrate, the molecules could form different coordination structures with Co 

atoms at room temperature. One structure is open porous metal-organic coordination with 

different metal centers. A close packed ordered layer is presented on Ag(111), every six 

molecules coordinate with the metal center comprising one Co atom. The chemical reaction 

process is similar with that of on Au(111) through XPS results.   

In chapter 6, we study the behavior of the BPDH molecules on Cu(111). The molecules 

coordinated with Cu adatoms at room temperature, leading to different patterns coexisted 

on the surface. A large area of new close packed structure was observed, while an ordered 

network structure containing a four-fold coordination node comprising two Cu adatoms. 

Furtherly, a hexagonal network formed and kept stable at room temperature, which could 

be served as a molecular cage to confine the molecular dimers. The continuous rotation of 

the dimer in this hexagonal network is visualized at room temperature. After annealing at 

373 K, these coordination structures changed into a sole structure, which presented as a 

flower-shape coordination pack with a dinuclear Cu adatoms metal node. The -OH groups 

dehydrogenated at room temperature on the surface, while the aminic N dehydrogenated 
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gradually with the increasing of temperature, resulting that the oxygens interacted with Cu 

adatoms, the interactions of two oxygens with Cu adatoms support the final stable 

architecture.     

Chapter 7 summarizes all of the presented work and gives future perspectives.  
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2. Methodology  

 

This part mainly describes techniques and apparatuses employed for the experiments in this 

thesis. All the measurements in thesis are performed with variable-temperature scanning 

tunneling microscopy (VT-STM) under ultra-high vacuum conditions. And most of 

presented STM results are supported by X-ray spectroscopy measurements. Therefore, in 

the first section, basic theory of quantum tunneling effect is concisely explained, following 

by introduction of the setup of VT-STM and corresponding to ultra-high vacuum chamber. 

The second section concentrates on the theory of X-ray photoelectron spectroscopy together 

with the description of the setup (SPECS GmbH) performed at the E20—WSI laboratory 

in Garching. Complementary insight was provided by theoretical calculations provided by 

collaborators. The geometry optimizations presented in chapter 3 were performed by Simon 

Nadal and the density functional theory calculations in chapter 4 were given by Mariam 

Ebrahimi. Moreover, the investigations of scanning probe microscopy at 4 K presented in 

chapter 4 were also carried out by collaborators. These studies support the results and 

discussion of this thesis are thus presented in only in this context, chapters 3 and 4, without 

addressing the methodology in this section. 

2.1 Scanning tunneling microscopy (STM) 

STM as a non-destructive, well-defined conductive surface analysis method was invented 

by Binnig and Rohrer in IBM Research laboratory, Zurich, in 1981 [28]. It enables the 

investigation of atomic-scale surface topography in real space, such as revelation of 

monoatomic steps on Au(110) [29] and atomic resolution of the Si(111) 7×7 reconstruction 

[30]. It is also used to control single atoms or molecules at the nano scale, which could 

establish varieties of low dimensional patterns on metal surface. Developing a new way to 

nanotechnology and wide implement fields, the invention of STM won the Nobel Prize in 

Physics in 1986. Until now, many breakthrough achievements have been obtained in the 

fields of manipulation of atoms [31-33], materials science [34, 35] and molecular biology 
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[36, 37] etc.  

Figure 2.1 gives a brief illustration of STM. An atomically sharp metallic tip is placed at a 

distance of ~ 1 nm from semi-conductive or conductive surface. The relative position of the 

tip and the sample is controlled by piezo elements. The electrons could pass through the 

potential barrier between metallic tip and (semi) conductive surface by applying a bias of 

the order of a few mV to a few V, leading to a net tunneling current flow between them. 

The tunneling current has an exponential dependence on the gap width between tip and 

surface.  

In the following, the principle of quantum mechanics of tunneling current, different 

scanning modes and the whole set-up will be introduced briefly.  

 

Figure 2.1: Schematic illustration of STM-adapted from [38].  

2.1.1 Theory of the tunneling effect 

The working principle of STM is based on quantum tunneling effect, explaining the 

behavior of matter at atomic scale. One of its basic theories is “wave-particle duality”, a 

result of this concept is the tunnel effect, which is different from classical physical point. 

In figure 2.2, which depicts the differences between classical and quantum physics. In 
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classical physics, the position and momentum of a particle could be expressed by its 

trajectory and the particle has no possibility to overcome potential barrier larger than its 

kinetic energy. However, in quantum physics, electrons with wave-like properties have 

probability to go through the barrier, even if the potential barrier is higher [39-41].  

 

Figure 2.2: Schematic of different views between classical and quantum physics adapted from [42].  

In quantum mechanics, electrons can be described by the one dimensional time-independent 

Schrodinger equation: 

−
ℏ2

2𝑚

𝑑2

𝑑𝑥2 𝜓(𝑥) + 𝑉𝑥𝜓(𝑥) = 𝐸𝜓(𝑥)                                               (2.1) 

where ħ is the reduced Plank constant, m is the electron mass, V is the potential barrier, E 

is the energy of an electron. In figure 2.3, V = V0 ˃ E when 0 ≤ x ≤ a, and V = V0 = 0 when 

x ≤ 0 and x ≥ a. 

 

Figure 2.3: Schematic illustration of a particle-wave tunneling through a potential barrier V0 with width a. 
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The time-independent Schrödinger equation gives a general solution of the wave function:  

𝜓(𝑥) = {

 𝐴1𝑥𝑒𝑖𝑘𝑥 +  𝐴2𝑥𝑒−𝑖𝑘𝑥 ,             (𝑥 ≤ 0)

𝐵1𝑥𝑒ĸ𝑥  +  𝐵2𝑥𝑒−ĸ𝑥   ,     (0 ≤ 𝑥 ≤ 𝑎)

𝐶1𝑥𝑒𝑖𝑘𝑥  +  𝐶2𝑥𝑒−𝑖𝑘𝑥 ,             (𝑥 ≥ 𝑎)

                                       (2.2) 

where A1, A2, B1, B2, C1 and C2 are constants, 𝑘 = √
2𝑚𝐸

ℏ2
 and 𝜅 = √

2𝑚(𝑉0−𝐸)

ℏ2
 . When x ≥ a, 

the waves can only propagate out of the potential barrier, C2 can be set to zero. For a 

continuous wave function at between 0 and a, the transmission coefficient can be written 

as: 

𝑇 = (1 +
(𝑘2+ĸ2)2

4𝑘2ĸ2 sin ℎ2(𝜅𝑎))
−1

                                                   (2.3) 

If the attenuation barrier is large, the transmission coefficient can be expressed as  

         𝑇 ≈
16𝑘2ĸ2

(𝑘2+ĸ2)2 𝑒−2ĸ𝑎                                                                  (2.4) 

Herein, the transmission coefficient has an exponential decay inside the barrier depending 

on the width of barrier. 

Therefore, the tunneling current could be expressed as  

                                     𝐼𝑡 = 𝐴 ∗  𝑒−2ĸ𝑎 = 𝐴 ∗ exp [−2
√2𝑚(𝑉0−𝐸)

ℏ
𝑎]                                   

(2.5) 

where A is a constant. 

This equation shows the probability of an electron transferring through a potential barrier 

larger than its own energy, generating tunneling current between two solid surfaces. The 

tunneling current has an exponential dependence on the width and height of the barrier.  

The generation of a net tunneling current for the scanning tunneling microscopy is depicted 

in figure 2.4. The STM is assumed to be a metal-vacuum-metal system, the potential barrier 

could be thought as the vacuum level of the metal. For the electrons at Fermi level, the 

workfunction Φ stands for the minimum energy barrier to overcome.  In figure 2.4A, the 

tip and sample have the same vacuum level and are not in tunneling contact, therefore, there 
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is no tunneling current to generate. When tip and sample are in tunneling contact (Figure 

2.4b), their Fermi levels are equal. It means that there is no bias voltage to be applied. When 

a positive bias voltage is applied to the sample (Figure 2.4C), its energy level shifts down, 

leading to a tunneling current. Similarly, a negative bias voltage on the sample will lead to 

a tunneling current in opposite direction (Figure 2.4D).  

 

Figure 2.4: Energy levels diagram shows tunneling current between tip and sample: (A), they are not in 

tunneling contact and the same vacuum energy level; (B), they are in tunneling contact, and the fermi levels 

(EF) of the tip and the sample are aligned; (C), they are tunneling contact, positive sample bias is applied to 

the sample, the Fermi level of the sample shifts down, a net flow of tunneling electrons from the filled states 

of the tip through the vacuum barrier into the empty states of the sample. (D), they are in tunneling contact, 

negative bias is applied to the sample, the Fermi level of the sample shifts up, a net flow of tunneling electrons 

from the filled states of the sample through the vacuum barrier into the empty states of the tip. The net flow 

of tunneling electrons are marked as red arrows.  

Furthermore, Bardeen [43] introduced more precise solutions of the exact Hamiltonian for 

the time-dependent cases. In the equation, the tunneling current between two electrodes (tip 

and surface in the STM) is described with: 

𝐼𝑡 =
2𝜋𝑒

ℏ
∑ {𝑓(𝐸𝑡) · [1 − 𝑓(𝐸𝑠 − 𝑒𝑉𝑏)] − 𝑓(𝐸𝑠 − 𝑒𝑉𝑏) · [1 − 𝑓(𝐸𝑡)]} · |𝑀𝑡𝑠|𝑡,𝑠 · 𝛿(𝐸𝑠 −

𝐸𝑡)                                                                                                                                   (2.6) 

where f (E) is the Fermi distribution, Vb is the sample bias [40], Mts is matrix of tunneling 

element between the states ψt of the tip and the states ψs of the sample surface, Et and Es are  

the eigenvalues of ψt and ψs, respectively.  For small bias voltage (Vb), the tunneling matrix 

could be written as 
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E F

Φsample

E vac
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𝑀𝑡𝑠 =  
−ℏ

2𝑚
 ∫(𝜓𝑡

∗∇𝜓𝑠) · dS                                                      (2.7) 

where S is the surface area within the barrier. If the temperature is low, the tunneling current 

can be expressed as 

𝐼𝑡 =
2𝜋𝑒2

ℏ
𝑉𝑠 ∑ |𝑀𝑡𝑠|2

𝑡,𝑠 · 𝛿(𝐸𝑠 − 𝐸𝐹) · 𝛿(𝐸𝑡 − 𝐸𝐹)                              (2.8) 

Depending on Tersoff and Hamann’s theory [40], if considering the tip as a spherical 

potential with a radius R, r0 stands for the center of the curvature of, the tunneling current 

could be expressed further: 

 𝐼𝑡 ∝ 𝑉𝑏 · 𝜌𝑡(𝐸𝐹) · exp (2
√2𝑚𝛷𝑡

ℏ
𝑅) ∑ |𝜓𝑠(r0)|𝑉

2· 𝛿(𝐸𝑠 − 𝐸𝐹)                       (2.9) 

where Φ is workfunction, ρt (EF) is the density of states (DOS) of the tip at Fermi level.  

 

Figure 2.5: The size and the DOS ρt (EF) of the tip. (A) Tersoff-Hamann approximation of s-type tip. (B) 

Description of reciprocity principle. The tunneling process is the same that a 𝑑𝑧2-wave tip scans over an s-

wave surface or an s-wave tip scans over a 𝑑𝑧2-wave surface.        

Totally, the tunneling current depends on the applied bias voltage, the distance between tip 

and sample, the size and the DOS ρt (EF) of the tip. Therefore, the STM image can be seen 

as a convolution of topographic and electronic information.  For example, Chen [44] 

introduced the reciprocity principle showing that if the tip and sample states were 

interchanged (Figure 2.5B), the observed image would still be the same. Most of the STM 

tips made by W or PtIr etc. have a d band electrons. An s-wave tip scanned over a 𝑑𝑧2-wave 

surface resulted in atomically resolved corrugation as simulation, in accordance with the 

atomic resolution observed in experimental results. Chen also noted the importance of 
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knowing the nature of the tip apex atom (tip termination), when estimating the maximum

corrugation of an STM image. 

2.1.2 Scanning modes 

In STM, the tip mounted on the piezoelectric tube could move with high accuracy in x-y-z 

position under precise voltages to deform the piezo (Figure 2.6). In the experiments, the tip 

gradually approached to the surface and starts to scan the sample once the tunneling current 

is recorded.      

 

Figure 2.6: Schematic a piezo tube scanner. The scanner can provide 3 dimension motion with the tip.  

During measurement of the tunneling current, two important scanning modes are classified: 

constant current mode (the most common scanning mode) and constant height mode (Figure 

2.7). 

 

Figure 2.7: Illustration of two scanning modes in scanning tunneling microscopy: (A) constant current mode 

and (B) constant height mode.  

In the constant current mode (Figure 2.7A), a constant tunneling current will be set, the tip 

scans the sample line-by-line in two dimensions against x and y positons. If the tunneling 

current deviates from the set point, the control system will send a signal to the piezo to 

adjust the height of the tip. A topographic image is obtained through recording the 
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movement of the tip in the z direction. Different apparent height can be recorded due to the 

different local density of states of surface atoms. 

In the constant height mode (Figure 2.7B), the height of the tip above the surface is constant, 

while the tunneling current is recorded. During the measurement, the tip scans over the 

surface in x-y positions, obtaining the current tunneling. The advantage of this mode is that 

it can be applied at a high scanning speed. The disadvantage is that it can be only used for 

atomically flat surface, otherwise the tip may crash onto the surface or lose the tunneling 

contact.  

2.1.3 Experimental set-up 

To keep the sample free of contaminations during the sample preparation and investigations, 

all the STM experiments in this thesis were performed in an UHV chamber (designed by 

Alexander Weber-Bargioni) equipped with a commercial variable-temperature STM 

(Aarhus 150 SPECS, Surface Nano Analysis GmbH [45, 46]), which is depicted in figure 

2.8. The STM system consists of a preparation chamber and analysis chamber which 

contains the VT-STM, with a gate valve to separate. The sample can be transferred from 

UHV chamber to air without breaking the vacuum through the load-lock. The lateral 

manipulator d can be used to transfer the sample between preparation and STM chamber. 

The sample can be transferred with manipulator h from the preparation stage to the lateral 

manipulator in the preparation chamber. Manipulator l is located in STM chamber.    

Ultra-High Vacuum 

The whole ultra-high vacuum system is maintained by a series of connected pumps. A 

rotary pump is used to achieve the pressure of about 10-3 mbar. It is indispensable for the 

first turbo-molecular pump running, which can decrease the pressure further to 10-6 mbar. 

The main turbo-molecular pump (Figure 2.8g) installed at the preparation chamber is used 

to achieve the pressure around 2×10-10 mbar. The turbo-molecule pump is widely utilized 

to maintain high vacuum in the range of 10-10 mbar [47]. Its working principle is to impart 

momentum to the gas molecules in a designed direction: the very fast rotating fans collide 

with the molecules repeatedly from the inlet of the pump towards the outlet of the pump. 

Finally, an ion getter pump mounted at the STM chamber could maintain the low pressure 

by ionizing and accelerating ions and capturing them on a solid electrode.  
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Figure 2.8: Image of the apparatus of the variable-temperature of STM under ultra-hgih vacuum. (a) mass 

spectrometry, (b) sample parking stage, (c) high voltage for annealing sample, (d) lateral manipulator, (h, j, l) 

the manipulator for preparation chamber, load lock, STM chamber separately, (e) an OMBE, (f) preparation 

chamber, (g) turbo-molecule pump, (i) ion pump (j) gate valve, (m) STM chamber, (n) metal evaporator, (o) 

sputtering gun, (p) chamber of Temperature programmed desorption.    

Preparation Chamber 

The preparation chamber contains a sample parking stage, a mass spectrometer, a sputtering 

gun, a metal evaporator and an organic molecular beam epitaxy (OMBE). In this chamber, 

substrate cleaning and molecules/metal depositions can be performed. There is a gate valve 

to separate preparation and STM chamber, while the normal operation in preparation 

chamber would not affect the pressure of STM chamber. 

Metal crystal preparation. All of the molecules what we studied in this thesis are deposited 

on Au, Ag, Cu single crystals with a (111) surface orientation. Au(111), Ag(111) and 

Cu(111) have a face centered cubic (fcc) structure with the distance between the nearest 

atoms of 2.88 Å, 2.89 Å and 2.56 Å respectively. The crystals were fixed on a sample holder 

shown in figure 2.9. Atomically clean and flat single crystal surfaces are very important for 

the experiment. All the single crystals are cleaned by several cycles of argon ion sputtering 

and annealing. This procedure is summarized as following. Firstly, open the leak valve and 

fill the preparation chamber with Ar with a pressure of 2×10-5 mbar. (The purity of Ar is 

regularly checked with the mass spectrometer installed on the preparation chamber.) Then 

Ar atoms are ionized into Ar+ and accelerated by the sputtering gun with an energy of 1 kV 
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and emission current of 10 mA to bombard the target surface. The top atomic layers of the 

surface will be ejected due to collisions with the higher energetic Ar+ leading to a rough 

surface. Therefore an annealing process is necessary, which causes high mobility of surface 

atoms so that they will rearrange into energetically favorable larger flat terraces. The 

annealing temperatures for Au(111), Ag(111) and Cu(111) are 650 K, 700 K and 770 K 

respectively. The cycles of sputtering and annealing are repeated until large clean and flat 

areas form, as examined by STM. After getting the desired surface, the molecules could be 

deposited from OMBE.              

 

Figure 2.9: Image of the metal sample holder. (a) Molybdenum plates, (b) single crystal, (c) insulating ceramic 

piece, thermocouple wires, (e) screws [48].  

Organic molecular beam epitaxy (OMBE). The OMBE (Figure 2.10) contains four quartz 

crucibles, which cab be heated independently by means of integrated tungsten filament and 

measured the temperature. The molecules are placed into the crucibles and sublimated onto 

the cleaned single crystal at a predefined temperature.    

 

Figure 2.10: Image of OMBE with 4 independent crucibles, from Dodecon Nanotechnology GmbH. 
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Metal evaporator. Deposition of high purity of Co and Fe (about 99.995%) on the surface 

is carried out by the home-made metal evaporator (Figure 2.11), which is installed onto the 

preparation chamber.  

 

Figure 2.11: Image of home-built metal evaporator. 

Analysis Chamber 

The variable-temperature STM was fixed in the analysis chamber, which is separated by a 

valve gate from the preparation chamber. The investigations of STM were performed in a 

temperature range of 93 K to 300 K. Figure 2.12 shows the sample (1) into a single plate 

molybdenum sample holder (2), which is fixed by two springs (3). The quartz balls (10) 

separate the top part with the STM scanner thermally and electrically, and the top plate with 

the scanner is mounted on an aluminum block which could be cooled down to 93 K by 

liquid nitrogen or heated up to 470 K by two Zener diodes. The tip (4) is held by the tip-

holder (5) which is fixed on the top of the scanner tube, together with the SiC rod and piezo 

motor form a system of inchworm motor. By applying suitable voltages to the inchworm 

motor with piezo elements, the tip can coarsely approach to sample surface with high 

precision in a tunneling distance,. Once the tip approached to the tunneling distance and 

scanning is initiated, the piezo system will receive the signal of feedback loop to keep a 

constant current. The Zener diode could keep the scanner at room temperature when 

investigating the sample at low temperature. The whole STM system is suspended by 

springs during investigation in order to shock absorptions from the outside, also combined 

with four damping pumps.  
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Figure 2.12: Schematic of Aarhus 150 VT-STM.(1) Sample, (2) Tantalum sample holder, (3) Clamps, (4) Tip, 

(5) Tip holder, (6) Scanner tube, (7) SiC rod, (8) Mount inchworm motor, (9) Piezo motor, (10) Quartz balls, 

(11) Zener diode for possibility of tip heating [46].  

Tungsten tips are used for all the experiments in this thesis. The tungsten wire with a 

diameter of 0.25 mm is immersed into 2M NaOH solution, then processed through 

electrochemical etching by applying 2.5 V - 3.5 V DC between the aluminum cathode and 

the anode of tungsten wire (Figure 2.13). The related electrochemical reaction is: 

W(s) + 8 OH-  → WO4
2- + 4 H2O + 6 e- 

 

Figure 2.13: Sketch of the etching process of tungsten tip.



2.2 X-ray photoelectron spectroscopy 

19 

Deionized water is used to clean the tip after etching. The tip is stable in exposure to air due 

to the formation of a thin oxide layer on surface. Then, the tip is mounted onto the STM 

scanner, and the oxide layer will be removed through bombardment of argon ions during a 

sputtering process. 

2.1.4 Sample preparation 

The clean metal crystals are kept at room temperature during the deposition of molecules 

from the OMBE and metal atoms from the metal evaporator. The molecule temperature and 

duration of the deposition depend on the properties of molecules and the expected coverage. 

The heating temperatures used for the deposition of different molecules are listed in table 

2.1. Then the sample could be transferred into STM chamber for characterization. The 

WSxM software [49] is used to analyze the images.  

Table 2.1: Details of molecules investigated in this thesis and related deposition 

temperatures.  

Molecule Purity 
Sublimation 

temperature 
Synthesized by 

1,3,5-tri-benzonitrile 

imidazole (TCPI) 
≥ 99% 440 K 

G. Médard (Proteomics and 

Bioanalytics, TUM) 

4,4ˊ-biphenyl 

dihydroxamic acid 

(BPDH) 

≥ 99% 463 K 
G. Médard (Proteomics 

and Bioanalytics, TUM) 

2.2  X-ray photoelectron spectroscopy (XPS) 

2.2.1 Principle of XPS 

We can observe the topography of the molecules on surface from the results provide by 

STM, such as the self-assembled or metal-coordinated structures, phase transformations 

and so on. However, STM can not provide chemical information. Therefore, it’s necessary 

to combine with another surface analysis technique for obtaining the critical information of 

the chemical state of molecules to further analyze the formed nanostructures. XPS (X-ray 

photoelectron spectroscopy) is a powerful tool to determine the elemental composition, 

chemical bonding, and electronic properties of surfaces, whereas soft X-rays have also high 
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surface sensitivity. The theory of XPS is based on the photoelectric effect, which was 

discovered by Heinrich Rudolf Hertz in 1887, explained by Albert Einstein in 1905. When 

X-rays (photons) with sufficient energy (hν) (usually in a range of 200~2000 eV) irradiate 

the sample’s surface, electrons can be excited to escape from the sample, which can be 

detected by an electron analyzer. The binding energy of the ejected electron is given by: 

𝐸𝑏 = ℎ𝜈 − 𝐸𝑘 − 𝜙𝑠                                                                 (2.10) 

Here 𝜙𝑠 is the work function (energy required that photoelectrons escape from the Fermi 

level to free vacuum level) of the spectrometer and Ek is the kinetic energy of photoelectron, 

as illustrated in figure 2.14.  

 

Figure 2.14: Core electrons are excited by X-ray radiation. And the kinetic energy of the photoelectron is 

detected by energy analyzer.  

When the photoelectron escapes from the solid surface, electrons located on the top layer 

and inside in the bulk will travel through different paths. On the top layer, the electrons can 

escape without losing energy owing to the lack of inelastic collisions, while electrons 

located inside will go through inelastic collisions, and will lose kinetic energy. Therefore, 

in figure 2.15, the universal curve of inelastic mean free path (a photoelectron goes the 

average distance during collision in solid bulk) and data of different materials are shown as 

a function of the kinetic energy. Electrons with higher kinetic energy than ~ 50 eV will have 

longer free paths. Approximately 95% of XPS signals come from the electrons located on 
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the top layer [50]. 

 

 

Figure 2.15: Graph of inelastic mean free path versus the kinetic energy of the photoelectron[50]. 

 

Figure 2.16: Working principle of XPS. (https://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy)  

In the XP spectra, the binding energy is characteristic of the element. The chemical and 

electronic structures of elements can affect the binding energy in result of small shifts. Such 

shifts of the peak of binding energy are called chemical shifts due to different electronic 

environments of the escaped electrons. Valence electrons and the bonds formed between 

neighboring atoms will cause the chemical shifts resulting into differences in the peak 

centers. When the core electrons exist in an outer-electron-poor environment, the binding 

energy will increase due to the positive charge having an attraction to the core electrons. 

While the core electrons in an outer electron-rich environment, it will exhibit a decrease of 

binding energy. In the process of photon emission, the Auger electron always accompanies 

with the first ordered photoelectrons (Figure 2.16). After the primary excitation and creation 

https://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy
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of an electron vacancy, de-excitation can occur with an electron from an occupied higher 

energy level filling the vacant core level and another electron (called as Auger electron) of 

higher energy being excited to the vacuum. The kinetic energy of Auger electron is 

characteristic for the energy levels of the atom (so of the material) and is not effected by 

the excitation energy.   

2.2.2 Experimental set-up 

All of the XPS experiments are carried out on a commercial UHV equipment (SPECS) at 

the TUM-WSI lab in Garching (Figure 2.17). The pressure of analysis chamber is about 

2×10-10 mbar supported by the similar pump system as that of STM. The preparation 

chamber is equipped with a sputtering gun. An OMBE and metal evaporator are installed 

for our in-situ sample preparation. The cleaning process of the substrate follows the 

protocol described in the STM part.  

 

Figure 2.17: Image of the XPS setup of TUM-WSI in Garching.(1) preparation chamber, (2) organic 

molecular beam epitaxy, (3) PHOIBOS 150 hemispherical energy analyzer, (4) analysis chamber, (5) XR 50 

X-ray source (SPECS GmbH), (6) FOCUS 500 X-ray ellipsoidal monochromator (SPECS GmbH).  

We use the XR 50 X-ray source which gives monochromated Al Kα radiation (hν = 1486.74 

eV). Equipment of water-cooling system on the energy source could keep the increase of 

the temperature of the anode by less than 5 K during long-term operation. The ellipsoidal 

monochromator works based on Bragg diffraction, which is depicted in figure 2.18. The 

wave of X-rays is reflected by the single quartz crystal mirror fixed at a specific angle, so 

that the X-ray wave could focus on the sample perfectly. The large surface area of the 

crystal results in high efficiency of reflection. The photoelectrons are then detected by the 
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PHOIBOS 150 analyzer, and the well-designed computer simulations could characterize 

and optimize the electron optical properties of the analyzer and transfer lens system. 

 

Figure 2.18: Basic working principle of the ellipsoidal monochromator FOCUS 500 (from SPECS GmbH).  

In the experiments, main signals of C 1s, N 1s, O 1s and Co 2p3/2 are reported. Their binding 

energies are calibrated against the substrate core level peaks: Ag 3d5/2, Au 4f7/2, or Cu 2p3/2 

at 368.3 eV, 84.0 eV and 75.1 eV, respectively. The liner, Shirley and polynomial 

background is subtracted from the raw data. The core level peaks are fitted with the Voigt 

functions. 
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3. On-surface assembly of a chemiluminescent   

module: porous and densely packed structures 

by simultaneous expression of different metal 

coordination motifs 

 

A series of non-covalent interactions, such as hydrogen bonding [51-53], dipolar 

interactions [54-56] and metal-organic coordination [57] have been used into the synthesis 

of organized nanostructures. Compared to other non-covalent interactions, metal-organic 

molecular nanostructures are stable and flexible [58-60] so that fabrication of highly 

organized two-dimensional metal-organic structures, which comprise metal cores and 

various functional ligands on a metal surface has attracted tremendous interest over the past 

few years [61-64], with potential applications including sensors, solid catalysis, and 

electronic [65-70].  

Lophine (2,4,5-triphenyl-1H-imidazole, 1, Scheme 3.1) and its derivatives are of interest 

owing that their wide application in chemiluminescence, fluorescence, and bioanalytical 

tools [71-73]. These stem from the oxidation of the imidazole core by oxygen in the 

presence of strong base to form diaroylamidines resulting in light emission [74-76].  

Scheme 3.1: Lophine 1 and the carbonitrile functionalized lophine (TCPI) 2 used here.  

 

To expand the application of lophine derivatives, various functional groups could decorate  

the phenyl rings including –H, -OH, -NO2, -CN [77-79]. Such functionalities can result in  
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ordered surface nanoarchitectures different from those in bulk and have the capacity for on-

surface coordination with metal adatoms. Moreover, the fabrication of the precise nano-

structures of lophine derivatives on surfaces could fulfill its potential applications better, 

for example, as a sensitive layer for the detection of dissolved oxygen [80]. 

Hitherto, cyano substituted molecules have been intensely studied on surfaces. The 

unbalanced charge distribution of the carbonitrile group ensues in strong dipole force, 

which can form dipolar couplings with other functional groups, and most importantly they 

can coordinate with transition and lanthanide metals to fabricate well defined coordination 

architectures [81]. Herein, we aim to combine the functionality of the lophine with the 

directional supramolecular assembly enabled by carbonitrile linkers, therefore 2, 4, 5 - tri 

(4-cyanophenyl) imidazole (TCPI) 2 (Scheme 3.1) comprising of an imidazole core and 

with three symmetrical cyanophenyls was de novo synthesized. By means of scanning 

tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS) we investigated 

its self-assembly and metal adatom coordination on three different single crystal metal 

surfaces, namely on the (111) close packed faces of Au, Ag and Cu.  

3.1 Self-assembled structures of TCPI on Ag(111)      

An ab initio energy optimization of the isolated TCPI structure found two atropisomers as 

global minima, one structure is presented in figure 3.1A.  

 

Figure 3.1: Molecular model and STM image of TCPI. (A) Top view of TCPI (2) ball-and-stick model: The 

highlighted area on the phenyls are physically protruding from the plane of the imidazole (B-C). STM image 

zoom in a single molecule with proposed molecular conformation overlaid in B (Us = 1.74 V, It = 0.08 nA, 

recorded at 298 K).  

In STM image, individual molecule is imaged as separate asymmetric trilobed protrusions 

(Figure 3.1B-C), matching the shape resulting from a roughly parallel adsorption to the Ag 

plane (Figure 3.1C). One of the lobes appears brighter, indicating that a tilt angle of the 
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more upstanding phenyl moiety (yellow in figure 3.1A) is (partially) preserved upon 

adsorption to the Ag surface, whereas no significant variation is observed in the apparent 

height of the other three rings.  

The STM overview of the TCPI on Ag(111) after room temperature deposition is depicted 

in Figure 2A. We found that the molecules formed long range close packed self-assembled 

structures described by the unit cell shown with the green parallelogram in Figure 2C. 

Within the accuracy of our measurement (~5%) the overlayer can be described by the point-

on-line epitaxial matrix [
3.5 -1

7 9
]. Each unit cell contains two antiparallel TCPI molecules. 

A molecular model can be proposed for this self-assembled structure based on maximizing 

the attractive molecule-molecule interactions. In such a model stabilization is achieved by 

dipolar coupling of terminal cyano groups (green oval in figure 3.2B) [82],  attractive 

interactions between cyano groups and phenyl rings (orange oval in figure 3.2B) [83] and -

NH…NC- hydrogen bondings with a projected distance of ~ 1.8 Å (green oval in figure 

3.2B).  

 

Figure 3.2: STM image of self-assembled structure on Ag(111). (A) Large-scale STM image of self-assemble 

structure on Ag(111) (Us= 1.74 V, It = 0.10 nA, recorded at 298 K), the scale bar is 6 nm. (B) STM images 
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(Us = 1.74 V, It = 0.08 nA, recorded at 298 K, scale bar is1 nm) of the molecular self-assembled structure on 

Ag(111) and overlaid partially with molecular model (C) The unit cell is outlined in green and a Ag high 

symmetry axis is indicated. A green, an orange, and a cyano oval mark two terminal cyano groups with dipolar 

coupling, a cyano group and a phenyl ring with attractive interaction, and a NH…NC hydrogen bond, 

respectively.  

Subsequently, inspired by the unusual three-fold surface coordination of Co by cyano 

groups on the Ag(111) [84],  we deposited Co atoms onto a submonolayer of TCPI. As 

shown in figure 3.3, there is scarce evidence of the Co atoms directing the molecular self-

assembly in this case. Large areas of the afore described dense packed phase are visible, 

with the addition of Co related clusters. At the boundaries of the ordered dense packed 

islands, coordination three-fold and four-fold motifs of cyano groups by Co can be 

identified (molecular model overlaid in figure 3.3). This self-assembly scenario remained 

unchanged with increasing Co/TCPI stoichiometry. We note that it is possible for Co to be 

incorporated in the closed packed structure by coordination of the iminic N of an imidazole 

moiety and a cyano group of a neighboring molecule (see model in figure 3.3), instead of 

the formation of NH…NC hydrogen bond. This might alter the dimensions of the relevant 

unit cell, however on average there was no evidence of such a change within the accuracy 

of our STM measurements. Such a coordination motif is previously unreported on surfaces.  

 

Figure 3.3:  STM image of submonolayer of TCPI with addition of excessive Co on Ag(111) (scale bar = 2
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nm, Us= 1.40 V, It = 0.11 nA, recorded at 298 K) partially overlaid with proposed model (Blue spheres 

represent Co atoms). It shows 4-fold and 3-fold TCPI-Co coordination motifs on the boundary of a dense 

packed island (characteristic unit cell indicated in red). Very bright protrusions are assigned to Co related 

cluster. 

3.2 Self-assembled structures of TCPI on Au(111)      

Deposition of molecular monolayer on Au(111) formed the same self-assembled structure 

as on Ag(111), albeit with more defects at the island boundaries (Figure 3.4A). The same 

unit cell as that of on Ag(111) is marked by blue parallelogram in figure 3.4B. 

 

Figure 3.4: STM image of the molecules on Au(111) at room temperature. (A) The overview STM image of 

self-assembled structures of TCPI at room temperature (scale bar = 6 nm, Us= 1.28 V, It = 0.07 nA, recorded 

at 298 K). (B) High resolution STM image of self-assembled structures of TCPI at room temperature (scale 

bar = 2 nm, Us= 1.28 V, It = 0.11 nA, recorded at 298 K), the unit cell marked with blue parallelogram.  

Cobalt directed self-assembly: However, following deposition of Co onto a submonolayer 

TCPI according to covered Au(111) at room temperature, we observed marked changes in 

the self-assembly scenario (Figure 3.5A). This self-assembly does not change significantly 

after annealing to temperatures up to ~ 363 K (Figure 3.5B). A microscopic close up (Figure 

3.5) reveals the unambiguous formation of three main types of Co coordination nodes 

expressing simultaneously. The former are the expected and previously observed 3-fold and 

(rarely) 4-fold cyano coordination by Co adatoms. The latter is the previously proposed the 

cyano to iminic N of the imidazole coordinated by Co. The formation of this motif is 

supported by identifying that approximately 65% of the imidazole rings have cyano groups 

pointing towards iminic N, coexisting with a tiny of hydrogen bonding of CN-NH in the 

same area, as the NH of imidazole group keep intact during on surface, which could be 
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proved by the following XP results (figure 3.7). Different metal coordination nodes at room 

temperature and after annealing were plotted in figure 3.5D. It was found that the dimer 

motifs increase, while the trimers decrease after annealing, which means that the CN-Co-

Nimidazole is preferential coordination compared with coordination of (CN)3-Co. 

Furthermore, -NH of imidazole group still keep intact after annealing and this is consistent 

with the XPS data in figure 3.7C. For the case of the iminic N atoms of the imidazole such 

an interaction with the cyano atom can only be substantiated by the mediation of the 

supplied Co atoms and it is furtherly evidenced by XPS measurements, as discussed below.   

 

Figure 3.5: Structures of TCPI with Co atoms on flat surface. (A) STM image of the random metal-organic 

structure on surface (Us= 1.25 V, It = 0.11 nA, recorded at 298 K) formed at room temperature. (B) STM

image of the multi-metal-coordination structure on Au(111) after annealing (Us= 1.25 V, It = 0.10 nA, 
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recorded at 298 K). Different coordination nodes are marked with colorful circle. Scale bar is 2 nm. (C) 

Corresponding metal-coordination models. (D) Histogram of different coordination motifs generated before 

and after annealing.  

We further identified the formation of the coordination motifs via XPS. The Au 4f7/2 lines 

at 84 eV was used for the binding energy scale calibration. Shirley background was 

subtracted from the original XPS data, with Voigt functions to fit every component. 

 

Figure 3.6: XPS measurement of N 1s of TCPI at RT on Au(111). (A) Monolayer of TCPI on Au(111) at RT, 

showing that the molecule keep intact during sublimation and deposition. (B) Annealing the monolayer at 373 

K. (C) Subsequent annealing at 473 K.  

The N 1s signal of the molecule (figure 3.6) in the monolayer is characterized by three 

peaks at 400 eV (orange), 398.67 eV (blue) and 397.7 eV (yellow). The peak of iminic N 

shifts to lower bonding energy compared with previous work [85], it could be due to surface 

charging effects. Their intensity matches the expected stoichiometric ratio of 1: 3: 1, and 
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they are assigned to the imidazole aminic N, the cyano groups and the imidazole iminic N 

[86, 87].  We note that these signatures do not change noticeably even after annealing to 

temperatures up to ~ 473 K (figure 3.6). Should significant Au adatom to cyano 

coordination occurred (as reported for a different cyano functionalized molecule on 

Au(111) after annealing to 433 K) [88], we would have expected a shift of the respective 

component (blue) towards higher binding energy [89, 90]. 

The effect of addition of Co atoms onto a submonolayer coverage of TCPI in a 1.0 : 1.3 

ratio of Co : TCPI on Au(111) on the N 1s signal is shown  in figure 3.7. The ratio of Co : 

TCPI was calculated by comparing the individual component peak area (N 1s and Co 2p) / 

corresponding atomic subshell photoionization cross sections [91]. 

 

Figure 3.7: XPS measurement of N 1s and Co 2p at RT on Au(111). (A) Monolayer of TCPI on Au(111) at 

RT. (B) Adding Co onto the monolayer. (C) Annealing the blend of TCPI and Co at 373 K. (D) Co 2p 

spectrum for mixture of Co and TCPI on Au(111).  

All peaks of the N 1s shift by 0.6 eV towards higher binding energy, caused by Co atoms, 

which is consistent with previous work [92].  The yellow component represents iminic N 
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which do not form metal coordination bonding. The peak at 399.6 eV is ascribed to the CN 

groups, while the new component at 399.0 eV (light blue in Figure 7B) is attributed to 

terminal group CN coordinated with Co. With our assignment, consistent with previous 

work, the CN group showed that the coordination with Co lowers the binding energy by 0.6 

eV [89]. Importantly the imidazole aminic N is also found upshifted by 0.5 eV (400.5 eV). 

This is consistent with the N maintaining its aminic character. The peak of Co 2p3/2 at 778.3 

eV is typical value of Co (0) [93]. The downshift suggests an initial state effect, the electrons 

flow from Au substrate to Co atoms, reducing effective oxidation state of Co atom. 

Following annealing of the sample at 423 K, all of the peaks remain unchanged, which is 

consistent with the result concluded from the STM statistic data in figure 3.5. 

 

Figure 3.8: Blends of TCPI and Fe atoms on Au(111). (A) Annealing sub-monolayer of molecules dissolved 

by Fe atoms at 373 K on Au(111) (Us= 1.68 V, It = 0.09 nA, recorded at 298 K). Scale bar is 4 nm. Different 

metal coordination nodes are marked with colorful cycles. (B) Distribution of TCPI coordination with Fe 

atoms.  

Iron directed self-assembly: Moreover, we investigated the effect of the change of the 

directing transition metal to Fe in the observed coordination motifs and resulting structures. 

This was achieved by deposition of Fe atoms on Au(111) which forms multiple reservoirs 
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of Fe clusters on the plane terraces, due to the cluster nucleation at the elbows of the chevron 

reconstruction [94], which has been proven by previous research [95]. Addition of TCPI 

and annealing at 373 K, resulted structures are shown in the STM topography in Figure 

3.8A. A detailed analysis of the coordination motifs shows the same distribution as 

observed with post-deposited Co (figures 3.5A, 3.5B, 3.8B). We therefore infer that on 

Au(111) with transition metal atoms to form the coordination structure.  

3.3 Metal-organic structures of TCPI on Cu(111)      

Deposition of submonolayer of TCPI onto Cu(111) at RT results in a close-packed structure 

with molecular density of 0.5 molecules nm-2 (figure 3.9A) different than the one observed 

on Ag(111) and Au(111). Within the structure we can identify trimers of TCPI (examples 

indicated in blue and in grey in figure 3.9A) forming by closing a loop of three Ncyano-Cu-

Nimidazole bonds. These coordinate to neighboring trimers with another three NH…N 

hydrogen bonds and three (Ncyano)3-Cu coordination bonds, which are labeled by green and 

light yellow circles in figure 10A. Interestingly in the competition between the cyano 

groups engaging in Ncyano-Cu-Nimidazole bonds and (Ncyano)x-Cu bonds, we note that the 

former seem to be preferable: the maximum number of these bonds has formed by engaging 

in them all the surface Nimidazole moieties. We therefore propose that a hierarchical fashion 

of self-assembly commencing with the formation of TCPI trimers, which self-assemble 

further in two-dimensional islands. 

 

Figure 3.9: Self-assembled molecular structure of TCPI on Cu(111) at room temperature. (A) Large-scale    

STM image observed at room temperature (Us= -1.44 V, It = -0.07 nA, recorded at 298 K). (B) High resolution 
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of STM image obtained at room temperature (Us= -1.44 V, It = -0.07 nA, recorded at 298 K). The green and 

yellow circles stand for NH…N hydrogen bonds and three (Ncyano)3-Cu coordination bonds respectively. (C) 

Atomistic model of molecules on Cu(111).  

The trimers exhibit organizational chirality and can be distinguished in R and S forms, 

shown in figure 3.9B. These are mixed on the self-assembled islands.  Annealing the 

monolayer at 413 K for extended time results in islands of consisting solely of homochiral 

trimers as shown in figure 3.10B. The self-assembled structure is periodic with a unit cell 

of side length of 2.45 nm (marked blue line in figure 3.11B), which can be described by the 

epitaxial matrix [
9 -2

10 9
].  

 

Figure 3.10: Annealing the monolayer of TCPI on Cu (111) from 363 K to 413 K. (A) The monolayer is 

annealed at 363 K (Us= -1.40 V, It = -0.07 nA, recorded at 298 K). (B) Go on annealing monolayer at 413 K, 

kept 14 h (Us= 1.40 V, It = 0.09 nA, recorded at 298 K). Scale bar is 2 nm. (C) Model of metal coordination 

structures, yellow spheres stand for Cu adatoms.  

To validate our proposed models and to rationalize the ordering of the TCPI trimers to 

homochiral islands, we performed commentary XPS measurements of the N 1s region for 

a submonolayer TCPI coverage on Cu(111) (in figure 3.11 and 3.12). The Cu 3p3/2 line at 

75.1 eV was used for the binding energy scale calibration. Shirley background was 

subtracted from the original XPS data, with Voigt functions to fit every component. Firstly, 

we performed XPS investigation of a molecular multilayer on Cu(111). After subtraction 

of a background of N 1s from TCPI monolayer on Cu(111), it is found that the area ratio of 

the N 1s three peaks is similar with that of monolayer (figure 3.12 A), the stoichiometric is 

1 : 3 : 1 (aminic N /cyano N/iminic imidazole N). For submonolayer data, the aminic N 

remains intact at room temperature, forming the observed NH…N hydrogen bonds with 
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neighboring molecules. 

 

Figure 3.11: XP spectra of N1s for multilayer of TCPI on Cu(111) at room temperature.   

 

Figure 3.12: XP spectra of N1s of TCPI at RT on Cu(111). (A) Monolayer of TCPI at Cu(111) at RT. (B) 

Annealingthe sample at 373 K. (C) Subsequent annealing at 423 K..  

The coordination bonds of Ncyano-Cu-Nimidazole bonds and (Ncyano)x-Cu bonds also coexist on   

surface, so in this case the signal at 398.5 eV and 399.4 eV represents coordination bonds. 
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One can observe that the increase of peak ratio of imidazole iminic N to imidazole aminic 

N which is caused by annealing to 373 K. By annealing to 423 K the aminic N signal is no 

longer present. This is consistent with a gradual deprotonation and Cu coordination of the 

aminic N. Hence we can propose that the shift from racemic mixtures of the trimers to 

enantiomerically pure trimer domains is governed by the deprotonation of the imidazole 

ring and the replacement of the NH…N bond by N-Cu-N bond.  

3.4 Summary and conclusions    

We have presented a detailed study of tri(cyano) functionalized lophine on the closed 

packed coinage metal surfaces by combining STM and XPS. We find that the molecules 

adsorb intact at room temperature on all three surfaces. The molecules formed close-packed 

self-assembled structures on Ag(111), and they formed open porous coordination structure 

with Co atoms at room temperature and higher temperature. The molecules form the same 

self-assembled pattern on Au(111) with that of on Ag(111), driven by dipolar coupling 

between two terminal cyano groups of neighboring molecules, hydrogen bonding of cyano 

groups with  imidazole groups from neighboring molecules, and attractive proton acceptor 

to ring interactions. Porous networks form through the random interaction of Ncyano-Co, 

Nimidazole-Co-Ncyano, NH…N on Au(111). Mixing Fe atoms with monolayer of the molecules 

also form similar porous structures. On Cu(111), the self-assembly is stabilized by two 

competitive interactions. The XPS data shows that the Cu adatoms are enrolled into the unit 

cell at room temperature, and the –NH of the imidazole dehydrogenate gradually with 

increasing temperature, and finally only the iminic N signal left, which means they form 

metal coordination structures although the structures observed from STM image almost do 

not change. We find that Cu, Co and Fe adatoms prefer to coordinate with a terminal cyano 

group and an iminic N atom of the imidazole moiety rather than the most commonly 

reported multi-fold cyano coordination. 
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4. Emerging complexity in two dimensional 

molecular architectures with bis-hydroxamic 

acid linear modules 

 

In the past decades, the miniaturization and molecular level control of materials aimed at 

by nanotechnology witnessed a plethora of mathematically described tessellations realized 

with atomically precise advanced materials engineering. In this context, the realization of 

two-dimensional (2D) nanostructures is attracting increasing attention, reflected in detail in 

recent topical review articles [96, 97]. The 2D supramolecular structures are expected to 

have promising applications in molecular devices and nanochips among others [98, 99]. In 

particular the modular assembly of intricate structures and the associated design principles 

are posing a current challenge. Neoteric breakthroughs include the concept of self-similarity 

expressed in intermolecular interactions and leading to fractal structures [100] and other 

tessellations[101], as well as the use of the extended coordination sphere of lanthanide 

atoms in order to construct well-defined nodes enabling the formation of Archimedian 

tessellations and 2D quasicrystals [102].  

Here we introduce a bioinspired building moiety, hydroxamic acid, for the construction of 

sophisticated, two-dimensional architectures. Hydroxamic acids are ubiquitous in nature 

and widely applied in chemistry, biology and medicine [103, 104]. More recently, they have 

shown promise in dye-sensitized solar cells as anchor groups, where the self-assembly of 

hydroxamic acids optimizes the adsorption of dyes and in turn influences the power 

conversion efficiency [105-107]. The functional unit is a suitable binding group for 2D self-

assembled structures, with a bonding strength on the native oxides of metal surfaces 

determined to be in between the carboxylic acid and a thiol [108, 109]. Notably, hydroxamic 

acids bear great versatility for intermolecular interactions that they exhibit 25 possibilities 

of 2-fold bonding nodes based on hydrogen bonding according to simulations [110, 111], 

and have a hitherto unexplored potential for 2D hydrogen bonded structures.  
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Inspired by previous work on tectons containing multiple head groups, which enabled the 

formation of intricate 2D tessellations, we designed and synthesized a symmetric linker 

molecule with opposing hydroxamic acids as head groups and a biphenyl backbone as an 

‘inert’ and tunable moiety (biphenyl-4,4ˊ-dihydroxamic acid, BPDH, Figure 4.1A). Here 

we report on the adsorption of this tecton on Au(111) and Ag(111) surfaces and the 

pertaining self-assembly by an integrated approach of characterization at the atomic scale 

encompassing scanning tunneling microscopy (STM), non-contact atomic force 

microscopy (nc-AFM), complemented by X-ray photoelectron spectroscopy (XPS) and 

density functional theory (DFT) investigations. 

 

Figure 4.1: Biphenyl-4,4ˊ-dihydroxamic acid (BPDH). (A) Structural formula with C atom numbering 

indicated. (B) Six possible surface-confined forms of a phenyl hydroxamic acid moiety: E and Z isomers are 

the result of C–N bond rotation (left and middle panels); the possible rotation around the N–O bond of a Z 

isomer results in two different rotamers differing in the positions of the alcohol H (middle and right panels); 

confinement of the hydroxamic acid C atom on a surface results in a chiral center which gives rise to the δ 

and λ surface enantiomers (top vs. bottom panels). 

We have created films of submonolayer coverage BPDH molecules on the Au(111) and 

Ag(111) surfaces. To characterize these, we will first address the adsorption of the isolated 

molecules on the surface. In the latter section we will focus in the supramolecular self-

assembly.
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4.1 Isolated molecule on Ag(111) and Au(111) surfaces 

The scanning probe microscopy study reveals very similar topographies for the single 

isolated molecule of BPDH on both Ag(111) (Figure 4.2A, D) and Au(111) (Figure 4.3) 

shortly after room temperature (RT, ~293 K) deposition. By STM they are imaged as bright 

rods, consistent with the biphenyl backbone lying parallel to the Ag substrate along the 

〈12̅1〉  family of directions. In nc-AFM (Figure 4.2D), the biphenyl moiety appears 

relatively flat as can be seen from the small variation of brightness across the backbone of 

the molecule [112]. However regrettably the end groups proved elusive [113-115]. BPDH 

molecules might exhibit a plethora of isomers including Z-E isomers (Figure 4.1B), amide–

iminol tautomers and zwitterionic forms [116].  

 

Figure 4.2. (A) STM overview topography of BPDH on Ag(111) following RT deposition (Us = 1.00 V, 

It = 0.01 nA, recorded at 5 K). The white arrow indicates the Ag [11̅0] direction. (B) O 1s core level of BPDH 

molecules: (from top to bottom) adsorbed Au(111) at RT, after annealing at 373 K on Au(111), adsorbed 

Ag(111) at RT, and after annealing at 373 K on Ag(111). The background subtracted experimental data (grey 

lines) are fitted (black lines) with two components for hydroxyl (in orange) and ketone plus hydroxylate (in 

red) contribution. (C-D) Images of isolated BPDH on Ag(111) in the same scale: (C) STM topography (Us = 
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0.10 V, It  = 0.02 nA, 5 K); (D) nc-AFM frequency shift (tip closer by 10 pm with respect to the STM set 

point above the silver surface); (E) top view and side view of the DFT optimized structure (C, O, N, H, and 

Ag atoms are represented in brown, red, blue, pink, and silver color, respectively); (F) simulated AFM image 

(z = 19.45 Å). 

In gas phase, according to our DFT simulation, BPDH is more stable in the Z-isomer amide 

form (Figure 4.4) whereas the existence of the iminol or zwitterionic form is not supported 

by the respective XPS data (vide infra). Hence, structures of trans and cis isomers in Z-type 

amide terminal groups, as well as the hydroxamate forms, were considered for DFT 

simulations of the single BPDH molecule on the Ag(111), in order to identify the 

preferential configuration (Figure 4.5). From these, only the trans amide form matched the 

biphenyl alignment along the direction observed by STM. The cis amide form deviates by 

9° from the observed one and is less favoured by 0.05 eV, whereas for both cis and trans 

BPDH with dissociated O–H bonds, the biphenyl moiety aligns along the Ag 〈23̅1〉 

direction. Upon adsorption, the biphenyl dihedral angle is reduced from 38° to 15° 

according to DFT. In agreement with experiment, AFM simulations reveal little contrast 

from the functional group. 

 

Figure 4.3: STM topography of BPDH molecules on Au(111) substrate. (A) Close packed BPDH phase (130 

K, Us = 1.63 V, It = 0.12 nA). (B) BPDH molecules tessellating the fcc domains (130 K, Us = 1.63 V, It = 

0.11 nA). The white lines in a star shape indicate the substrate high symmetry axes.



 4.1 Isolated molecule on Ag(111) and Au(111) surfaces 

    43 

 

Figure 4.4: Ball-and-stick models of DFT simulated structures of BPDH molecule and their energy difference 

with respect to the most energetically stable isomer. Carbon, oxygen, nitrogen, and hydrogen atoms are shown 

in grey, red, blue, and white, respectively. We assign the cis and trans isomers to the structures in which 

hydroxamic acid’s N atoms (of the end group) are located in the same and opposite sides of the biphenyl 

group, respectively. In its amide form, trans-BPDH is the most energetically stable structure. 

 

Figure 4.5: Top-view, side-view (A-D) and nc-AFM simulated images (E-H) of the adsorption of BPDH on 

Ag(111) for trans-amide (A, E), cis-amide (B, F), trans-dehydrogenated (C, G) and cis-dehydrogenated (D,
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H) structures based on DFT simulations. The energy difference between the isomers attributes a more stable 

structure to the trans than its cis counterpart, for both the intact and dehydrogenated forms. Silver, carbon, 

oxygen, nitrogen, and hydrogen atoms are shown in silver, brown, red, blue, and pink, respectively. 

4.2 Molecular ensembles on Ag(111) and Au(111) 

The O 1s signal of BPDH molecules on the Au(111) and Ag(111) surfaces after RT 

deposition (Figure 4.2B) provided a signature of the chemical state of the functional group. 

On Au(111), two peaks at 531.6 eV and 533.0 eV at approximately 1 : 1 ratio can be 

assigned to the almost equal presence of C=O and –OH groups, respectively. The 

corresponding N 1s signal appears as a single peak at 399.3 eV (Figure 4.6). For BPDH on 

Ag(111) at RT, there is a change in the ratio of the components of the O 1s signal with the 

high energy component attributed to the –OH group being partially depleted already at RT. 

This effect is accentuated after annealing to ~ 373 K (Figure 4.2B).  

 

Figure 4.6: N 1s signal of (sub) monolayer coverage of BPDH molecules on Au(111) and Ag(111) surfaces 

at RT and after annealing at 373 K, as indicated. 

This is consistent with a gradual deprotonation of the –OH group commencing already at 

RT. In addition, compared with the spectra on gold, the N 1s signal on silver display
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asymmetric broad peak at 399.4 eV (Figure 4.6). We therefore infer that after RT deposition 

the hydroxamic acid moieties are mostly intact on both surfaces, whereas annealing is 

promoting the surface induced scission of the O–H bond, an effect which is more 

pronounced on Ag(111). 

Close-packed structures appear already at submonolayer BPDH coverages and dominate 

the STM images at higher coverages on both Ag(111) (Figures 4.2A, 4.7A) and Au(111) 

(Figure 4.3A). The molecules form 1D hydrogen bonded chains which aggregate and form 

2D islands, reminiscent of the assembly of related biphenyl-4,4ˊ-dicarboxylic acid on 

Au(111) and Cu(111) surfaces [117-120]. Close inspection reveals that the molecular rods 

appear asymmetric in the STM image with one end brighter than the other. Interestingly, 

the chains in figure 4.7A pack in an ABAB fashion with inverse bright ends (marked with 

yellow and black rectangles) forming a regular structure with frequent defects and a 

molecular density of ~ 1.0 molecule/nm2. As the same supramolecular structure was 

identified on both Ag(111) and Au(111) surfaces, we modelled it with intact molecules on 

Ag(111) — in accordance with the XPS signals (Figure 4.2B) — in the favorable trans 

conformation. The STM image is partially overlaid with the DFT model in figure 4.7A, 

showing good agreement. Each hydroxamic acid group participates in two hydrogen bonds 

(-OH…O=C-) with its neighbor, which stabilize further the molecule in the close-packed 

structure (adsorption energy of -2.4 eV) compared to single molecule bonding.  

The interaction between adjacent molecules is akin to the packing of carboxylic acids on 

planar metal surfaces [117-120], whereas the amino group does not seem to direct the 

assembly. We note that more recent reports on the self-assembly of dicarboxylic acid 

containing molecules indicate that the corresponding overlayer unit cell can be also 

expressed after annealing-induced (partial) dissociation of the O–H bond [120, 121], an 

event which we cannot exclude based on our XPS data, especially on the Ag(111) surface. 
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Figure 4.7: Close packed islands of BPDH molecules on Ag(111) substrate. (A) STM image in false color 

scale (Us=1.00 V, It= 0.01 nA, recorded at 5 K) merged with a top view of simulated structure. (B) Side view 

of simulated bonding nodes indicated by the corresponding arrows on the STM image. C, O, N, H, and Ag 

atoms are represented in brown, red, blue, pink, and silver colour, respectively.  

Comparing the simulation with the STM data we find that the brighter ends coincide with 

the physically protruding carbonyl groups (Figure 4.7). nc-AFM data of close packed 

molecules on both Ag and Au surfaces reveal that different tilt angles of the phenyl 

substituents exist, evidenced by the variation of intensity in the frequency shift (Figure 4.8). 

The DFT simulation reproduces the tilt of the phenyl rings with respect to the silver surface 

with angles of 6° and 22° (Figure 4.7), demonstrating an unexpected effect of the molecule-

molecule interaction on the molecular conformation. Some defects in the packing, such as 

a broken sequence of the bright/dark visualization of the molecular end groups are indicated 

by ellipses in figure 4.7A. In other areas, small deviations of the direction of the molecular 

modules can be observed (Figure 4.2A). These are signs of the simultaneous expression of 

different hydrogen bonding schemes, presumably further facilitated by molecular bond 

rotations and conformational adaptability. This assembly is characteristic of biological 

modules which offer a variety of stable hydrogen bonded dimers and can result in many 2D 

supramolecular assemblies with very similar lattice vectors [122-124]
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Figure 4.8: nc-AFM image taken on an island of close packed BPDH molecules on Ag(111). Left: Raw data. 

Right: Raw data overlaid with suggested positions of C (black), O (red) and N (blue) atoms of nodes. The 

functional group contrast is dominated either by the contribution of the more upstanding carbonyl O atom 

(e.g. bottom right carbonyl), or evident as a pair of protrusions corresponding to the O atoms (e.g. bottom left 

node) [125]. 

Additionally, molecules arrange in different types of molecular clusters with node motifs 

forming vertices between 2, 3, 4 or 5 molecules (Figure 4.2A), which demonstrates the 

structural flexibility of the employed functional group in node construction. It should be 

emphasized that here we use the terms “node” and “vertex” to describe the proximity of 2 

or more functional groups, although the molecular axes (line passing through the biphenyl 

backbone) do not necessarily all intersect at the same point (examples illustrated in figure 

4.9). The oligomers assemble in irregular islands also on Au(111), where islands were 

confined to the fcc domains (Figure 4.4).  

 

Figure 4.9: Close up to 4-fold (left), 5-fold (middle) and 6-fold (right) nodes from the STM image presented 

in figure 4.2A. 

Notably, an intricate, highly ordered structure can be observed (Figure 4.10) solely on 

Ag(111). This structure can be found in domains of 50 nm radius (Figure 4.11) and is 

characterized by an unusually extended hexagonal unit cell of p6 symmetry oriented along 

the substrate high symmetry axes (Figure 4.10A) and described by the epitaxial matrix
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(
25 0

0 25
). The unit cell (outlined in white in figure 4.10A) encompasses 24 molecules in a 

relatively low molecular density of 0.53 molecule/nm2. The large unit cell of this structure 

impedes DFT simulations, however, we will describe the observed network geometry and 

propose a tentative molecular model. 

 

Figure 4.10: Polyporous network of BPDH molecules on Ag(111). (A) STM image (Us = 0.91 V, It = 0.09 

nA, recorded at 298 K) partially overlaid with the tessellation on the right. The unit cell is shown in white on 

the tessellation. (B) Detail of the STM structure overlaid with green and purple lines indicating the molecular 

axes. Solid lines and different dotted lines of the same color correspond to the same substrate direction and 

its rotation by 120° and 240°. High symmetry axes of the Ag substrate in blue and molecular axes ordinations 

in green and purple. (C) Tentative molecular model overlaid on the STM image. C, O, N, and H atoms are 

shown in black, red, blue and white, respectively. (D) STM topography (left, Us = 0.10 V, It = 0.02 nA,



4.2 Molecular ensembles on Ag(111) and Au(111) 

    49 

recorded at 4 K) and corresponding nc-AFM frequency shift (tip closer by 95 pm with respect to a set point 

above the silver surface) of the fragment of the network making the blue tile (indicated the blue outline in B). 

 

Figure 4.11: STM image (Us = 0.91 V, It = 0.09 nA, recorded at 298 K) of the polyporous structure almost 

wetting the atomically flat area and bordering to a small patch of the cross-like phase on the bottom left corner. 

This complex structure can be deconstructed to consist of solely two supramolecular motifs: 

two inequivalent vertices of 4 molecules, which can reproduce the complete pattern by 

(operations of) 60° rotations (permitted by the 6-fold symmetry of the Ag substrate surface 

layer) and translation dictated by the unit cell. The red and blue tiles in figure 4.10A 

correspond to these two vertices by linking the (approximate) centers of the related biphenyl 

moieties. Thus the network can be described by a tiling made by two building blocks 

corresponding to the nodes of the molecules (red and blue tiles in figure 4.10A) and three 

building blocks corresponding to the voids (orange, yellow, and green tiles in figure 4.10A). 

The pores differ significantly in size with the orange, yellow, and green pores (see figure 

4.12) having areas of ~ 9.3, 4.2 and 0.5 nm2, respectively, based on the van der Waals radii 

of the proposed model. The latter could potentially host a small molecule atomic adsorbates. 
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Figure 4.12: Organizational chirality and different pores in polyporous network of BPDH molecules on 

Ag(111). STM images of the motifs of the polyporous structure in the two enantiomeric domains (left: RT, 

Us = 0.91 V, It = 0.10 nA, right: RT, Us = 1.44 V, It = 0.10 nA). The Ag [11̅0] is indicated. The STM image 

on the right is overlaid with colored blocks (orange, yellow, and green) corresponding to the areas assigned 

to the different pores (9.3 nm2, 4.2 nm2, and 0.5 nm2, respectively). 

A careful examination of the repeated pattern in figure 4.10B reveals that all the BPDH 

molecules in this structure align with their biphenyl axis at ~ ±20° with respect to the 

Ag(111) high symmetry direction. The clockwise rotation of -20° with respect to the 

Ag(111) high symmetry axis of the BPDH molecules enclosing the hexagonal pore (yellow 

tile in figure 4.10A) and the anti-clockwise rotation of the molecules (by +20° with respect 

to the Ag(111) high symmetry axis) around the hexagonal pore (orange tile in figure 4.10A) 

result in a gyrated tiling with organizational chirality [126]. The two enantiomeric domains 

are displayed side-by-side in figure 4.12. The chirality of the network is transferred to its 

pores and is expected to be crucial in directing host-guest interactions [127]. 

In figure 4.10D, a closer look to the blue node by AFM reveals that the biphenyl moieties 

of the building blocks exhibit different tilt angles, despite maintaining very similar 

orientations with respect to high symmetry axes. XPS measurements (Figure 4.2B) shortly 

after RT deposition show a decrease in the relative intensity of the O 1s signal attributed to 

the –OH groups, indicating a partial deprotonation of about 30% at RT. As the polyporous 

structure is observed following BPDH deposition on a Ag(111) at RT, we attribute its 

formation to the partial dehydrogenation of the alcohol moieties. Here, it should be 

highlighted that the degrees of freedom of the functional group preclude a systematic 

modeling of this 2D network: to construct this network the two four-fold nodes need to be 

identified. There are 6 surface amide forms for each surface phenyl hydroxamic acid 

(Figure 4.1B) and another 4 for phenyl hydroxamate (to account for O–H dissociation). So 

the sum of 10 possibilities would need to be considered for each of the 8 phenyl hydroxamic 
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acids/hydroxamate moieties which compose the blue and red building blocks, adding up to 

108 combinations. Nevertheless, one can propose a model, based on H-bridges to stabilize 

the network. Here we considered the 10 options mentioned above, based on the rational that 

the small energy difference between E and Z forms of an isolated molecule in vacuum 

(Figure 4.4), could be outweighed by the formation of attractive H-bonding in the network. 

The possible involvement of Ag adatoms in the supramolecular nodes [128, 129] was not 

considered, based on the intermolecular distances. A tentative model is given in figure 

4.10C with the phenyl hydroxamic acids/hydroxamate moieties’ configuration labeled as in 

figure 1B and 3/8 of the groups containing O- instead of OH groups, in accordance with the 

XPS signals. Ovals in figure 4.10C are used to highlight the attractive interactions in the 

proposed model: OH…O=C (orange), NH…O-/ NH…O=C (green) and CH…O- (yellow) in 

the blue and red nodes. 

Coexisting with the polyporous network and occasionally fluently merging with it, we 

observed a fully reticulated network comprising 4-fold nodes. These nodes have opening 

angles close to 90°, resembling crosses, leading us to call it “cross” phase. A zoom in the 

structure is shown in figure 4.13, whereas an overview can be found in figure 4.14. The 

assembled networks extend to decorate atomically flat areas. A perusal of the 4-fold nodes 

reveals their chirality, labelled with purple and green in figure 4.13 to denote R and S, 

respectively, analogous to the 3-fold chiral nodes reported in other surface supramolecular 

synthons [130]. R (or S) nodes are found to align along the Ag [112̅] direction. Within the 

2D networks formed at RT, narrow areas of conglomerates of R or S node columns (marked 

with purple and green dashed lines in figure 4.13A) are found. The arrangement of R and S 

nodes results in pores in the network. Based on the ratio of R : S in the four nodes 

surrounding each pore, 8 possible kinds of chiral rhomboid pores with various dimensions 

and shapes occur, as shown in figure 4.13 and figure 4.15. The molecular density of 

homochiral structures is ca. 0.66 molecule/nm2. As 1D chiral switches are very frequent, 

one may suggest that the irregular alteration of the R and S nodes along the Ag [11̅0] 

direction is the signature of 1D randomness (Figure 4.13A) [131]. Indeed the randomness 

in these domains is also evident as streaks in the fast Fourier transform (FFT) of the STM 

micrographs (see inset in figure 4.13B and figure 4.14D).
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Figure 4.13: Cross network of BPDH molecules on Ag(111). (A) STM image of the self-assembly of BPDH 

molecules (Us = 1.06 V, It = 0.08 nA, recorded at 140 K) with R (purple) and S (green) chiral structures at 

RT. (B) STM image after annealing at 373 K (Us = 1.23 V, It = 0.1 nA, recorded at 298 K). The insets in A 

and B show related FFT of STM data (Figure 4.13). The periodicities of the structure are indicated both in the 

real and reciprocal space images. (C) Top and side view of simulated S node on Ag(111) surface after 

annealing. C, O, N, H, and Ag atoms are represented in brown, red, blue, pink, and silver color, respectively
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Figure 4.14: The cross network of BPDH molecules on Ag(111). (A, B) After RT deposition (A: STM 

topography, Us = 1.24 V, It = 0.11 nA, recorded at 140 K, B: corresponding fast Fourrier transform (FFT). 

(C,D) After annealing at ca. 373 K (C: STM topography, Us = 1.24 V, It = 0.11 nA, recorded at 140 K, D: 

corresponding FFT). The Ag[11̅0] is indicated. In A, the red dotted line shows the alignment of the 4-fold 

nodes along the Ag[112̅]. The same direction is indicated in the FFT image in B by red arrows: the streaking 

denotes the disorder in the arrangement of the 4-fold nodes in this direction. In C a unit cell can be identified 

(indicated by a rectangle) and the corresponding FFT in D shows sharp spots (the periodicities of the unit cell 

are indicated in the same color as in C). 

 

Figure 4.15: Various pores in cross networks composed of different R and S nodes.
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However, advancing the control in the exhibition of this 1D randomness beyond the earlier 

report [131], we discovered that after annealing to ~ 373 K, the randomly distributed R and 

S chiral nodes alternate regularly to form an ordered racemic mixture of RSRS lines as 

shown in figure 4.13B. The RSRS cross structure displays a network of high ordering with 

less defects, as exemplified in larger scale STM data (Figure 4.14), with the corresponding 

FFT (Figure 4.13) demonstrating sharp spots representing the reciprocal lattice. The 

rectangular unit cell of the structure (indicated in real space and reciprocal space images in 

figure 4.13B) includes one R node and one S node and has a density of ~ 0.68 

molecules/nm2. As this structure did not appear on the Au(111) surface, which offers a 

closely related epitaxial environment, we deduce that it is driven by the interaction of the 

molecule with the Ag surface.   

To rationalize its appearance and the increased order of the reticular superstructure 

composed by these chiral nodes, we turn our attention to the XPS results in figure 2. We 

consider that the molecules in the 2D network with 1D randomness contain also 

hydroxamate groups, similarly to the polyporous network. The hetero-deprotonation of 

molecules gives impetus to the 1D random alternation of R and S nodes. On the contrary, 

the 2D network with the regular arrangement of racemic nodes consists solely of molecules 

with hydroxamate groups, based on the low signal of OH group, after similar sample 

preparation in XPS measurements (Figure 2B). To propose a molecular model, we 

performed a DFT simulation of the regular 2D network with a racemic mixture of nodes. 

Here a cis isomer with two deprotonated –OH groups is used due to the asymmetric bonding 

of each molecule: the molecule sides are always involved in one R node and one S node, 

whereas a trans isomer would result in homochiral domains. By using the cis isomer, it was 

also possible to reproduce the observed ‘long’ and ‘short’ intermolecular distances of 

opposite molecules at the nodes, whereas for the trans isomer the equal intermolecular 

distances were found at the nodes. In the simulated structure (Figure 4.13C), C=O…H–C 

and N–O-…H–N intermolecular hydrogen bonds are found between the two left molecules 

and C=O…H–C bonding occurs between the two molecules on the right. The side view in 

figure 4.13C reveals that the node is stabilized by a strong interaction with the surface, 

evidenced by the proximity of the O atoms to the surface. The result is a unique cross 

structure, which appeared only on the silver surface. 
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4.3 Summary and conclusions 

In summary, we found that the bioinspired hydroxamic acid linker molecules provide 

functional groups with great versatility for hydrogen bonded nodes supported on the noble 

metals Au and Ag. The related 2D structures exhibited RT stability with densities varying 

by a factor of almost two between the close packed and more open phases. We demonstrate 

that the molecular configuration and the “passive” biphenyl backbone is not a rigid building 

block, but will adapt its adsorption geometry to the different supramolecular assemblies. 

This finding is important in the design of related supramolecular assemblies. Interestingly, 

on the Ag(111) surface, the partial dehydrogenation to hydroxamate can give rise to an 

exceptional polyporous hexagonal framework of unusual complexity, featuring 

organizational chirality. The dehydrogenation degree also provides control on the ordering 

of the chiral nodes in a cross network: 1D randomness vs. regular racemic 2D networks. 

Although here the reactivity of the substrate was used to access the deprotonated state, we 

note that such states can also be realized by employing electrospray ionization deposition 

system[132] instead of organic molecular beam epitaxy. We therefore conclude that deep 

insight into the surface properties of hydroxamic acids would give guidance and 

inspirations for their applications in functional supramolecular assemblies. The use of 

hydroxamic acids as a directing group in surface supramolecular assemblies can 

significantly expand the accessible surface tessellations of 2D molecular networks, with 

high potential as templates. We anticipate that the chirality of the pores in these networks 

can potentially lead to chiral recognition of larger guest molecules, whereas the polyporous 

network can additionally provide a template with considerable size selectivity for, eg., 

nanoparticles. 
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5. Metal-organic structures of hydroxamic acid on 

metal surface  

 

As discussed in the previous section, the hydroxamic acid molecules have been used for 

fabrication of self-assembled structures on Au(111) and Ag(111) surfaces, resulting in 

versatile highly ordered structures including closed packed, chiral cross network and 

polyporous hexagonal nanostructures through hydrogen bonding interaction.  

Furtherly, surface-confined two dimensional (2D) metal-organic architectures which 

comprise metal centers and organic ligands with specific functional groups have attracted 

intense attention in recent decades, while they shows great potential applications in catalysis 

[133], molecular electronics [134], energy storage [135, 136] and magnetic materials [137]. 

Compared with other bottom-up methods, it has not only relatively high thermal and 

chemical stability, but also the structures and morphologies are tunable by metal/ligand 

ratio, molecular coverage and/or temperature [138-143]. The 2D metal-organic 

architectures can be prepared in ultra-high vacuum, the metal center could be transition 

[144], lanthanide metal atoms [145] and alkali metals [146, 147]. The organic ligands can 

also bond to the native adatoms of the metal substrate, such as copper or silver adatoms 

[148-150]. Different molecular moieties are employed to fabricate metal-ligand structures, 

containing cyano group [86], carboxylic group [151, 152], amino group [153] etc. Therefore, 

the different metal centers and organic ligands confer many different potential applications 

to this metal-organic architectures.  

In section 4 we utilized the dative bonding of the cyano group to transition metal adatoms 

for 2D metal-organic architectures. Herein, we will introduce hydroxamic acids into surface 

metal-organic patterns, which is seldom studied on surface, but it has many applications 

owing to its binding properties with kinds of metal ion, which could be used in mineral 

collection [154-156], the inhibitors of  the enzyme involved DNA expressions [157-159], 

and dye-sensitized solar cells [105, 160]. However, to the best of our knowledge, the 
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hydroxamic acid molecules have hitherto not been studied in 2D metal-organic 

nanostructures. Therefore, 4,4ˊ-biphenyldihydroxamic acid (BPDH) is an interesting 

molecule for metal-ligand structures, we will study the coordination properties of the 

hydroxamic acid group with Co atoms on Au(111) and Ag(111) surface, combing VT-STM 

and XPS under ultra-high vacuum. 

5.1 Co directed coordination structure on Au(111) 

In this experiment, Co atoms were firstly deposited on the Au(111) surface and BPDH 

molecules were dosed subsequently to dissolve the metal clusters and formed a 

submonolayer. At the beginning, Co clusters nucleated at the elbows of the chevron 

structure of the gold substrate similar as depicted in previous work [161, 162]. Subsequently 

small amount of molecules was added to the surface, resulting in Co atoms clusters 

surrounded by molecules (green arrows) are shown in figure 5.1B.  

 

Figure 5.1: STM images of Co atoms and BPDH molecules on the Au(111) surface at room temperature. (A) 

clusters nucleating at the elbow sites of the chevron pattern of Au(111) (Us = 1.63 V, It = 0.11 nA, recorded 

at 298 K). (B) Co-BPDH islands on Au(111) (Us = 1.50 V, It = 0.10 nA, recorded at RT). (C) Extended 

hydrogen bonded BDBH island with Co-BPDH islands on its edge (Us = 1.13 V, It = 0.11 nA, recorded at 

RT). (D) With increasing amount of Co atoms, BPDH molecules form extended metal-organic structures at 

room temperature (Us = 1.25 V, It = 0.11 nA, recorded at RT). (E) Zoom-in highlighting four-fold and five 

fold motifs (Us = 1.25 V, It = 0.11 nA, recorded at RT). The high symmetry directions of the Au(111) substrate 

are represented by the green lines.
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Upon further addition of BPDH molecules, we observed the appearance of the hydrogen 

bonded close-packed structures described in the last chapter, coexisting with the previously 

formed small metal-organic islands (Figure 5.1C). However these islands were significantly 

extended by increasing quantities of Co atom and over time in decrease of the islands of 

close-packed self-assembly (Figure 5.1D-E). The extended metal organic islands were 

disordered with various building motifs including tetramer and pentamer nodes, this 

amorphous structure is similar with previous study [163]. The large clusters of Co atoms 

disappeared indicating metal dissolution and metal-molecule coordination. Subsequently, 

an annealing step was carried out to promote long-range ordered 2D nanopatterns. 

After annealing at 373 K for 10 min, an ordered metal-organic cross-based network formed 

in the region of 50 ∗ 50 nm2, as depicted in figure 5.2A. It is important to note that the metal 

nodes are oriented along the <12̅1> direction of the gold substrate as indicated in figure 

5.2A. Additionally, while the direction of sole molecules prefer to have their biphenyl axis 

follow the <12̅1> Au(111) directions, it’s the chevron structure of gold surface in this 

structure, which suggests that the metal-molecule and metal-substrate interaction are 

stronger than the molecule-substrate interaction. This substrate epitaxy in the formed self-

assembly is in accordance with the results of molecules on silver substrate in Chapter 4. 

Figure 5.2A displayed bonding nodes with 3 different directions as labelled in area I, II and 

III. Intriguingly, in area I and II, the bonding crosses rotated by 90º, however, the metal 

nodes followed identical direction suggesting the strong template effect acts on the metal 

centers. Moreover, in area III, the crosses showed a 120º rotation compared with the nodes 

in area II, nevertheless the direction of nodes also rotated 60º along with other herring bonds. 

Under this condition, the cross bonding motifs showed 6 possible orientations as illustrated 

in figure 5.2B. A close-up STM image of this network structure is shown in figure 5.2B 

overlaid partially with proposed model of the 2D coordination network. The rows of nodes 

are separated by ca. 2.6 nm (indicated in figure 5.2C), spanning along 9 gold substrate atoms 

in the high symmetry direction while the node-node distance along the <12̅1> direction is 

ca. 3.0 nm. The unit cell is indicated by a white rhombus with a side length of a1=2.18 nm 

and a2=1.80 nm which could be consistent with the epitaxial matrix [
7 5

-1 7
]  with a metal-

molecule ratio of 1:1. According to the asymmetry of the cross nodes, we assume that every 

two Co atoms in the center coordinate with six functional group which is similar as previous 

work concerning carboxylic acid-Fe coordination [164]. For para-position molecules with 
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shorter distance, -OH and C=O group in one molecule interacted with 2 Co atoms showing 

bidentate coordination, whereas molecules in the other direction, only -OH group 

coordinated with Co atoms. Therefore, every Co atom interacts with three oxygens. As Co 

atoms preferentially resided at the hollow sites of the substrate, the nodes direction resulted 

in the strong epitaxy. We suppose that the 90º direction exchange of bonding nodes are due 

to the position change of Co adatoms on gold surface as illustrated in figure 5.2 B. In 

addition, at the edge of the network, bended structures appeared showing a curved arc 

marked with green oval as shown in figure 5.2A. The bending of hydroxamate-Co bonds 

may be attributed to: (i) flexibility of the hydroxamate-Co coordination bonds and/or motifs, 

(ii) different stoichiometry of metal to molecule leading different coordination motif. (iii) 

incomplete coverage on the surface offering enough space for molecular movement [165]. 

This network coordination was observed after annealing to temperatures up to 473 K.  

 

Figure 5.2: STM image of metal-organic network after annealing at 373 K on Au(111) and recorded at room 

temperature. (A) Large-scale STM image of metal-coordinated network (Us = 1.25 V, It = 0.11 nA, the scale 

bar is 5 nm, measurement at room temperature). The bending structure is marked with green oval. (B) 

Schematics of different orientations of coordination motifs in figure A. The angle between each molecular 
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orientation is 120º, the two different orientation of Co dimer is perpendicular. (C) High resolution STM image 

of metal-organic network (Us = 0.94 V, It = 0.12 nA, scale bar is 1 nm, measurement at room temperature). 

The unit cell is marked with a white rectangular. The green balls represent Co atoms. Molecular atomic model 

overlaid. In the molecule, red balls represent oxygen, blue balls depict nitrogen, black balls stand for carbon 

element, white balls show hydrogen. The blue lines show high symmetry directions of the substrate.    

Experiments of XPS were performed to validate the proposed molecular models. On 

Au(111),we monitored the signal of the N 1s and O 1s core levels (figure 5.3). At room 

temperature (figure 5.3A), the molecules without Co are intact as discussed in the last 

chapter. After dosing Co atoms onto the sample (figure 5.3B), the N 1s peak shifted to a 

higher bonding energy of 400.1 eV. As we did not observe any indication in the STM data 

for interaction between Co and nitrogen, the peak shift of N 1s is unexpected compared 

with previous work and the shift is tentatively attributed to altered charge transfer from the 

Au(111) and/or screening from the metal substrate in the Co coordinated structure. 

However, it confirmed that there is no deprotonation of the -NH group. The peak of O 1s 

at higher bonding energy of 533.0 eV disappeared suggesting that the Co atoms expedited 

the deprotonation of -OH group. The peak at 531.4 eV became broader indicating the 

possible different chemical states of oxygen: deprotonated hydroxyl, carbonyl and partial 

oxygen coordinated with Co atoms. After annealing the sample at 373 K (figure 5.3C), the 

molecules were more engaged in the 2D network described above, with oxygen coordinated 

further with Co atoms, reflected in the narrowing of the O 1s spectral peak at 531.4 eV. 

Therefore, based on the STM and XPS results, we could identify that the molecules are 

intact after the sublimation to gold surface and the hydroxyl group completely deprotonates 

with the interaction of Co atoms. After annealing, the metal-molecule coordination resulted 

in the highly ordered network described above.  
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Figure 5.3: XPS measurements of N 1s and O 1s of BPDH adsorbed Au(111) (measured at room temperature). 

(A) Submonolayer of BPDH on Au(111) at room temperature. (B) BPDH with Co atoms on Au(111) at room 

temperature.  (B) BPDH with Co atoms on Au(111) at room temperature. (C) After annealing the mixture of 

BPDH and Co atoms at 373 K on Au(111). 

5.2 Co directed coordination structure on Ag(111) 

To compare with the coordination on the gold surface, the molecules were deposited onto 

the Ag(111) surface with pre-deposited Co atoms, and were immediately measured with 

STM at room temperature. Figure 5.4 shows that the molecules with Co atoms formed a 

random disordered network which is similar as on Au(111) surface (figure 5.1). Different 

bonding motifs are marked with white circle including 3, 4 and 5 molecules motifs with 

various geometries. We assume that the disordered structure is constructed by the 

synergistic effect of metal-molecular coordination and intermolecular hydrogen bonding. 

However, the molecules showed alternative directions due to the spatial confinement and 

surrounded motifs. At some area, the polyporous hexagonal structure still existed.
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Figure 5.4: High resolution STM image (Us = 1.28 V, It = 0.10 nA, measurement at room temperature) of 

random coordination network at room temperature on Ag(111). Different coordinated nodes labeled with 

white circles.  

After two hours metal-molecule coordination at room temperature, an ordered porous 

framework were formed as exhibited in figure 5.5 marked with red triangles. Hexamer 

bonding nodes appeared with a triangle dark center and extended to a large scale 

nanostructure. The unit cell shown with a white rhombus includes 2 triangle pores indicated 

with blue and yellow color pointing up and down, with the side length of 20.5 nm giving 

the matrix of the unit cell as [
8 4

4 8
] . The alignment direction of the molecules is 

perpendicular to the direction of substrate while the intermolecular angle is 60º in each 

triangle. The distribution of the adjacent bonding nodes is also vertical to the high symmetry 

axis. Due to the different molecular distances in each nodes, we consider the structure 

contain a mixture of stronger Co coordinated units with hydrogen bond to result in the 2D 

network by the hierarchical self-assembly. Three molecules with shorter distance are 

bonding with Co atoms by coordination while other molecules interact with neighboring 

molecules by hydrogen bonding. We proposed a molecular model for this hierarchical 

structure as illustrated in figure 5.5C. Three molecules coordinated with Co via the 

deprotonated hydroxyl group showing a unidentate bonding marked with orange oval in 

figure 5C. The hydrogen bonding between adjacent molecules is dominated by C=O…H-N 

interaction marked with green oval in figure 5.5C. For this structure, the metal center is not 

visible similar to the images reported for Fe centers coordinating three phenolate moieties  
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on the same surface [166].  

 

Figure 5.5: Metal-coordination of BPDH with Co on Ag (111) at room temperature. (A)  Overview STM 

image of hierarchic self-assembled structure of BPDH and Co on Ag(111) (Us = 1.24 V, It = 0.10 nA, recorded 

at room temperature). The unit cell is marked by the while rhombus. The yellow lines show high symmetry 

directions of the substrate. (B) High-resolution STM image with hierarchical self-assembled model. (C) 

Corresponding atomistic models. Green ball represents Co atom. Coordination bond and hydrogen bond are 

marked with orange and green ovals respectively. 

From the DFT simulation, we have discussed in detail in section 4, the dehydrogenated 

trans-keto isomers bended and the side group is lower than the phenyl ring backbones on 

Ag(111) surface. A reasonable explanation for this phenomenon is that the hydroxyl groups 

coordinated with Co atoms siting on hollow sites of the silver substrate with more warped 

phenyl rings which are much higher than the Co atoms leading to bright backbones and 

dark centers.  

In a different area, a cross-based network appeared on Ag(111) as shown in figure 5.6A 

which was quite similar to the structure on gold surface. As mentioned in the last chapter, 
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without dosing Co atoms, both the crosses of the self-assembled structure exhibited 1D 

random chiral nodes. However, after adding Co atoms, the chirality of the nodes 

disappeared showing a symmetric cross structure, and the molecular orientation with 

respect to the Ag(111) also changed. The direction of opposite molecules in the cross 

structure which are closer together is mainly vertical to the high symmetry axis of the silver 

substrate. For this cross based structure, we use a similar molecular model as that on gold 

surface, which consists of 2 Co adatoms in the center, coordinated with molecules through 

bidentate and unidentate bonding, respectively. Notably, the molecules with unidentate 

bonding sites have directional variety as shown in figure 5.6B because of the hydroxamate 

group offers one O site for bonding to the Co atom, while the hydroxamate group offers 

two O sites in bidentate bonding. Therefore, the relative less liable unidentate interaction 

leading the tilt metal coordination structure. The direction of bonding nodes can also switch 

leading to the defects of the formed structure due to the alternation of Co atom pairs as 

labelled with green and red color. After annealing the sample at 373 K, higher ordering was 

observed in the cross network as illustrated in figure 5.6C-D. Unidentate-coordinated 

molecules changed from tilting to perpendicular with the direction of bidentate-coordinated 

molecules although there are still defects due to the switch of the metal center direction. 

Interestingly, after annealing, the direction of bonding nodes preferred to be vertical to the 

high symmetry axis of surface due to the additional energy enhanced the mobility of 

molecules on the surface while the metal-molecule and metal-substrate interactions 

dominate the formed structures. The cross based networks have the similar geometry as on 

the gold surface that the distance between bonding nodes rows is ca. 2.6 nm and node-node 

distance in the same row is ca. 3.0 nm. The unit cell containing two molecules with the 

length of b1=2.18 nm and b2=1.80 nm with the angle of 107º between the two sides. The 

unit cell also could be descripted with the matrix of [
7 5

-1 7
]. This is in good accord with 

templated growth, as the unit cells of Au(111) and Ag(111) differ by less than 0.2%. After 

annealing, the sophisticated polyporous hexagons and hierarchical hexamer structure 

disappeared and only the cross network without defects formed. Therefore, this cross based 

network is the final stable coordination structure, which still existed after annealing at 

approximately 423 K.   
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Figure 5.6: Coordination network of BPDH: Co stoichiometry of 1 : 1 on Ag(111). (A) STM image showing 

ordered network containing bending coordination bonds in the perpendicular direction marked with a white 

rectangular (Us = 1.63 V, It = 0.11 nA, measurement at RT). (B) High resolution STM image containing bend 

coordination bonds with molecular model (Us = 1.63 V, It = 0.11 nA). (C) Large-scale STM image of ordered 

rigid network on Ag (111) obtained after annealing at 373 K (Us = 1.34 V, It = 0.12 nA, measurement at RT). 

(D) High resolution STM image of rigid coordination network after annealing at 373 K. Unit cell is marked 

with white rectangle. High symmetry orientation of substrate is depicted by blue line. Green and red balls 

stand for Co atoms.  

The sample was annealed at higher temperature gradually, and the network changed into a 

random polypore structure after annealing at 523 K (in figure 5.7). The random reticular 

network is based on three-fold and four-fold nodes and has irregular quadrangular, 

pentagonal and hexagonal pores, which have been marked in figure 5.7B. After annealing 

at this temperature, the ordered structures don’t exist anymore, but curved segments 

meander on the surface. We suppose that the polyporous networks is the result of thermally 

induced molecular changes and polymerization.  
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Figure 5.7: Random metal-ligand network after annealing at 520 K. (A) STM image of bent oligomers of 

BPDH after annealing at 520 K (Us = 1.20 V, It = 0.09 nA, measurement at RT). (B) High resolution of STM 

image containing different metal-coordinated centers and networks marked with blue circles and green 

polygons.  

XPS experiments at different temperatures were implemented to furtherly analyze the 

formed nanostructures. From figure 5.8, it is obvious that the spectra of N 1s do not change 

even after annealing at 573 K indicating that both temperature and Co atoms have no 

influence on the nitrogen groups of the molecules. The N 1s spectra depicts the possibility 

of hydrogen bonding between –NH and C=O group in the hierarchical (figure 5.5) and 

polyporous (figure 5.7) structures on Ag(111). As shown in the last chapter, the hydroxyl 

group starts to deprotonate already at room temperature evidenced by a reduced 

contribution in the peak of higher bonding energy of 533.0 eV. After dosing Co atoms, at 

room temperature (figure 5.8B), the corresponding O 1s spectrum changes from two peaks 

into one narrow peak at 531.4 eV indicating the complete deprotonation of hydroxyl group 

which is in accordance with the results on the gold surface and is consistent with the 
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conclusion from STM images. After annealing to 473 K, the O 1s spectrum is constant 

suggesting the coordination between Co and molecules took place already at room 

temperature. These spectra suggest that the more order cross based networks after annealing 

are caused by the diffusion of the molecules on the surface instead of further deprotonation 

of molecules. After annealing to 573 K, the ratio of molecules to Co atoms decreased from 

ca. 1.5 (at the beginning) to 1.0 indicating desorption of molecules. The spectrum of O 1s 

reduced significantly with a very low signal-to-noise ratio which gives us a hint that the 

polymerization of the molecule at high temperature is related with the loss of oxygens.  

 

Figure 5.8: XPS measurements of N 1s and O 1s of BPDH and Co adsorbed Ag(111) (measured at room 
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temperature). (A) Submonolayer of BPDH on Ag(111) at room temperature. (B) Deposition of Co atoms onto 

submonolayer of BPDH at room temperature, dehydrogenated hydroxamate group and Co atoms coordination 

occurring. (C) - (E) Coordination of hydroxamate group and Co atom after annealing at 373 K, 473 K, 573 K, 

respectively. 

5.3 Concluding remark 

The coordination structures of hydroxamic acid molecules with Co atoms on Au(111) and 

Ag(111) surface were characterized through STM and XPS techniques. Dehydrogenation 

of hydroxyl group cause the coordination of BPDH ligand with Co atoms. On Au(111), the 

molecular structure changed from a close packed pattern to tetramer cross network after 

metal-molecule coordination with 2 Co atoms as coordination metal center. While on the 

Ag(111) surface, it forms a similar cross network as that of on the Au(111) surface. 

Moreover, on Ag(111), we identified a hierarchical self-assembled network at RT 

constructed by the synergistic effect of metal-molecule coordination and hydrogen bonding. 

The deprotonation process of the hydroxyl and subsequent coordination with Co atoms are 

also proved by the X-ray photoelectron spectroscopy of the O 1s signals. The insight in the 

on-surface coordination of hydroxamic acid with metal atoms at the single molecule level 

provides a solid foundation for its application as building blocks of 2D networks with 

potentially interesting magnetic properties.  
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6. Thermal chemistry and self-assembly of a 

dihydroxamic acid linear linker on Cu(111) 

 

In the last two sections, we have studied the self-assembly of linear linker molecule 

functionalized with two hydroxamic acid groups and its coordination with Co atoms on 

Ag(111) and Au(111). It could be seen that the molecules form novel 2D nano-architectures 

at room temperature. We found that the series of self-assembly patterns and coordination 

structures originate from the diverse bonding motifs of the hydroxamate group, which can 

adapt in different conformations on the metal surface and is prone to form H bonding and 

coordination with metal atoms, owing that the surface induced -OH group deprotonation. 

However, the cleavage of H is not very easy process [167, 168], which usually requires 

catalyst to achieve the goal, while leading a byproduct, difficult to separate. Therefore, with 

surface-assisted synthesis [169-172], where the substrate activates the reaction, provides a 

new way to access the dehydrogenation products. Usually, the on-surface synthesis is 

characterized combining with scanning tunneling microscopy (STM) with X-ray 

spectroscopy (XS), it is so-called STM+XS method. The interaction of molecules with Cu 

adatoms at real-space single molecular level could be investigated by STM, while X-ray 

photoelectron spectroscopy method detects molecular chemical state on surface. Until now, 

activation of N-H [173-175], O-H [176, 177] and C-H [178-180] has been successfully 

obtained, the free H atoms usually desorbed from the surface as the H2 gas, so that with the 

surface-activated reactions, we only get obtain the main desired product, avoiding 

byproducts. Consequently, surface-assisted reactions could be applied in the industry of 

pharmaceutical [181] and nanodevices [182].  

Herein, applying the 4,4ˊ-biphenyldihydroxamic acid (BPDH) (Scheme 6.1) on the Cu(111) 

surface to study its dehydrogenation is very meaningful. In this part, we study the 

coordination of the hydroxamic acid group with Cu atoms at room temperature and higher 

temperature. The length of the molecule is 14.3 Å (scheme 6.1), defined as the two end 

hydrogen atoms, according to the DFT calculations. To the best of our knowledge, its 
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dehydrogenation process when adsorbing with the C-N bond parallel to the surface has not 

been yet explored while it has showed great promising application in enzyme inhibitor [183], 

solar cell [105] etc.  

 

Scheme 6.1: DFT simulated chemical structure of 4,4ˊ-biphenyldihydroxamic acid with minimum energy.  

(H, white; C, black; N, blue; O, red). 

6.1 Densely packed metal-coordination structure on Cu(111) at room 

temperature 

The large portion of the molecules assemble in an extended close packed structure 

following molecular deposition on Cu(111) at room temperature (see figure 6.1A). This is 

a periodic structure with the unit cell of 𝑎1 = 9 Å, 𝑏1 = 32 Å, and the angle between them 

is 75º. The short side 𝑎1 has an angle of 48º with the orientation of the substrate. The unit 

cell could be described by the epitaxial matrix [
4 3

-1 12
], and contains two molecules. The 

supramolecular structure is stable at room temperature as evidenced by the stable imaging. 

The molecules in adjacent rows show different orientations in figure 6.1B and reproducibly 

have different apparent heights. The similar close packed structure were also discovered on 

Ag(111) (in chapter 4), however, taking insight into single molecule, we found the 

molecular rods show different appearance at the end. Compared with the asymmetric 

contrast of the end on Ag(111), molecule shows symmetric appearance of the contrast in 

the STM image, the length is comparable to the theoretical DFT value of 1.43 nm in gas-

phase. Therefore, the molecules lie parallel to the Cu(111) surface. The different apparent 

heights in the adjacent line due to difference in the adsorption site [184, 185]. We assume 

the BPDH molecules as trans-conformation on the Cu(111),  and the brighter protrusions 

are ascribed to the tilt of the biphenyl moieties with respect to the surface. It is found that 

the molecules of adjacent rows have a head-to-head interaction, which is the interaction 

between the hydroxamic acid groups. To account for this head-to-head interaction, we 

propose that two opposing oxygen atoms are linked with a copper adatom illustrated in
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figure 6.1B. We conclude that the carbonyl group has strongly hybridized with the states of 

the copper surface promoting the oxygen to coordinate with a Cu adatom, forming the C-

O-Cu bond. The hydroxyl group also deprotonated (as it will be shown by the XPS results 

below), enabling the respective oxygen atom to also coordinate with a Cu adatom, forming 

N-O-Cu bond, which is depicted in figure 6.1B. Therefore, every Cu adatom is ligated by 

two oxygen atoms of opposite molecules. Both of the processes of double bond weakening 

of the carboxyl group and the deprotonation of hydroxyl group occur once the molecules 

were deposited on Cu(111) single crystal at room temperature, owing that the strong 

interaction of the Cu with the hydroxamate group at room temperature. Every molecule 

forms four coordination bonds, and the relative strong metal ligand interaction makes large 

areas of the closed packed supramolecular structure stable at room temperature. 

 

Figure 6.1: Close-pack structure of BPDH at room temperature on Cu(111). (A) Overview STM image of 

close packed arrangement (It = 0.06 nA, Us = 1.7 V, recorded at room temperature) (B) High resolution STM 

image (It = 0.11 nA, Us = 1.5 V, recorded at room temperature). The unit cell and the high symmetry axes of 

the substrate are indicated by the orange parallelogram and the green lines, respectively, proposed molecular 

ball-and-stick model and Cu adatoms (yellow ball) overlay on the image.  

6.2 2D metal-organic coordination network involving stoichiometric Cu 

adatoms/BPDH ratio on Cu(111) at room temperature 

The molecules could form other organic-coordinated structures on Cu(111) at room 

temperature. The molecules could form other organic-coordinated structures on Cu(111) at 

room temperature. It could be seen that BPDH molecules displayed long range of well-
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ordered two dimensional nanostructures at low molecular coverage, which are shown in 

figure 6.2. The structures keep stable at room temperature, reflected by STM image. One 

structure is a 4-fold organic-coordinated structure, reminiscent of the respective adatom 

coordinated dicarboxylic acid linear linkers [141, 186], the dicarboxylic acid linear linkers 

dehydrogenated once confined on Cu(111) at room temperature, different supramolecular 

networks could form at different metal atoms/molecules ratio. Herein, the unit cell of 4-fold 

network has been marked by the yellow rectangle in figure 6.2. Every unit cell contains 

four molecules, the sides of the unit cell are 𝑎 = 28 Å, 𝑏 = 22 Å, and the angle between 

them is 90º. The long side 𝑎 has an angle of 9º with the <110> orientation of substrate. The 

matrix of the unit cell is [
12 2

3.5 10
]. Another structure is marked by the green hexagon in 

figure 6.2. It could be observed the ordered hexagrams are connected with each other to 

form large scale polyporous nanostructures. And the direction of the four-fold linkers 

between the molecules are the same as the high symmetric axis of single crystal. Herein, 

length of BPDH is 1.43 nm, the distance of O-O between two molecules is 0.3 nm, which 

is longer than hydrogen bonds. Recent studies reveal that this ordered structure formed via 

substrate-mediated interactions [187]. Herein, we proposed that the dehydrogenated O 

atoms interact with substrate, the formation of polyporous structure is ascribed to O-

substrate interactions. 

 

Figure 6.2: Porous metal-organic coordination structures on Cu(111) at room temperature. Large-scale STM 

image (It = 0.11 nA, Us = 1.56 V, recorded at room temperature). The colorful ovals label the molecules in
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four-fold metal-organic structures, the unit cell is marked with yellow rectangular. The connected hexagonal 

molecular structure is marked by a green hexagon. The green arrow marks the Cu [1̅10] direction.  

The atomic model of the four-fold metal coordinated node is depicted in figure 6.3, where 

it can be seen Cu adatom dimers form the center and bond with four molecules, this four-

fold also exists in the polyporous structure (labeled with yellow rectangle), but the metal-

ligand bonds of  the four molecules are inequivalent. In the direction defined by the Cu 

adatom dimer, two oxygen atoms of the same hydroxamate group coordinate with a Cu 

adatom (forming the expected chelate of Cu with C-O-Cu and N-O-Cu bonds).  

Perpendicular to the Cu dimers, only one oxygen atom coordinates in η2 with the Cu adatom 

dimer. 

 

Figure 6.3: Tentative atomic model of molecules of four-fold structure on Cu(111) surface, the green (orange) 

balls represent Cu adatoms (surface atoms).  

The other coordinated structure motif is depicted in finer detail with the high resolution 

STM image in figure 6.4A. Is a hexagonal structure with (the unit cell has been marked in 

yellow in figure 6.4A) with a side length of 35.5 Å. The unit cell is described by the matrix 

[
16 8

-8 8
]  and contains six molecules. The structure of highly ordered hydroxamate-Cu 

adatom dimers networks is stable at room temperature due to the coordination bondings. 

The pentagram structure marked with the green ovals. The proposed coordination motifs 

are analogous to the ones presented for the four-fold network in figure 6.3, every Cu adatom 

dimer is coordinated by three oxygen atoms (Figure 6.4B). The molecules have undergone 

dehydrogenation of the hydroxyl groups and the carboxyl groups are strongly hybridized 

with the on Cu(111) at room temperature. The coordination with Cu adatoms to form poly-
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porous nanoarchitectures could be proved by the following XPS signals. Apart from these 

three kinds of metal-coordination structures, we also found that the pentagram structure 

served as cages to confine two BPDH molecules in the hexagonal nanopores as shown in 

figure 6.5. The hexagonal networks are prepared in a large-scale and are thermally robust, 

as discussed above. In the supramolecular cave, two BPDH molecules can be observed 

clearly, while their orientations changes continuously. From the previous work [188, 189], 

it was found that, the confined monomer attached to the 2D metal-organic network of 

polyphenyl dicyano modules, owing to the attraction between phenyl rings and CN end 

groups. Supramolecular dimers in the cage, were thermally activated to rotate. In our case, 

the hexagonal caves are very stable at room temperature through the metal-organic 

interaction, while the dimers are found to rotate at room temperature. The conformation of 

the dimers is stabilized during the rotation event through the interaction of hydrogen bond 

interaction, the length of C-O…H-N is 1.5 Å. It was found that the process of rotation 

occurred continuously between sequential images from 6.5A-H with the intervals of 37 

seconds. Through observation of lots of STM images, it could be found that the dimers 

adsorbed onto the hexagonal sides, which means that the dimers form the hydrogen bond 

with the phenyl ring of the rim, which is marked by green oval in figure 6.5A’. The oxygen 

atoms of dimer interact with the phenyl ring of the rim in every position from 6.5A-H. 

Therefore, the interaction between the dimer is relative stronger, the rotation should 

overcome the interaction between the dimer and Cu substrate and the interaction between 

dimer and the molecules belongs to hexagram.  

 

Figure 6.4: (A) High resolution STM image of the hexagonal molecular structure (It = 0.10 nA, Us = 1.56 V). 

The molecules forming a pentagram are labeled by green ovals, the unit cell is marked by the yellow rhombus. 

The green line shows a direction of substrate close packed atoms. (B) Proposed atomistic scale model of the 
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pentagram observed in figure A; the green balls represent Cu adatoms.  

 

Figure 6.5: Rotational motion of molecular dimers in supramolecular cage. Continuously recorded STM 

images from A to H (all the values of Us are kept at 1.3 V, and It,A = 0.10 nA, It,B = 0.06 nA, It,C = 0.11 nA, It,D 

= 0.10 nA It,E = 0.10 nA, It,F = 0.10 nA, It,G = 0.10 nA, It,H = 0.10 nA ), all the STM images are recorded at 

room temperature. From A’ to H’ is the atomic model corresponding to the STM image respectively. Green 

balls represent Cu adatoms. Scale bars are 1 nm.  

6.3 Stable metal-coordination structure on Cu(111) 

After mild annealing of BPDH to 333 K on Cu(111), we found new structures by imaging 

the surface at RT (figure 6.6). It could be observed that the molecules with Cu adatom dimer 

formed flower-shape metal-organic structures, which is marked with orange ovals in image 

6.6A. In the center of every six molecules, there are two protrusions are considered as two 

Cu adatoms. The dinuclear center has three orientations with respect to the substrate. 

According to atomic model in image 6.6B, and the atomic module of Cu(111) substrate is 

shown in image 6.6A, it’s obvious that the direction of dinuclear center has the same 

orientation of the Cu(111) substrate and the dinuclear center could fit the size of the 

protrusion very well in image 6.6A. We conclude that the protrusions are the Cu(111) 

adatoms. We can see that six hydroxamate groups coordinate with metal center, the oxygen 

is the same chemical state with previous procedure (vide infra XPS), but after annealing, 
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we propose that most of the nitrogen has deprotonated, which could be proved by the data 

of XPS. The unit cell has been marked with a red rhombus in the model presented in figure 

6.6B. It contains twenty seven molecules, had side of 63.80 Å length and the angle between 

the sides is 120º. It can be described by the matrix [
29 14

-14 14
]. Comparing with the high 

symmetric direction of substrate, we found that the molecules arrange in the perpendicular 

direction with the substrate. Investigation of the flower-shape structure, it could be seen 

that the N has dehydrogenated. However, we consider that they are not enrolled in the 

coordination with Cu adatoms, it’s most possible that the N has strong interaction with the 

substrate. XP spectrum could provide further explanation for the STM images.  

 

Figure 6.6: Metal-organic nanoarchitecture after annealing at 333 K. (A) High resolution STM images of six-

fold metal-organic packed (It = 0.11 nA, Us = 1.50 V). The orange ball represent Cu adatom. The green line 

shows high symmetric direction of substrate. The yellow ring labeled Cu adatom tetramer. (B) Molecular 

model of image A. The unit cell are marked with red rhombus.    

For XPS experiments, we prepared a sub-monolayer of BPDH molecules (3 min of 

sublimation) on bare Cu(111) surface, then it was measured at room temperature. The signal 

of C 1s, N 1s and O 1s exhibited by the black lines in figure 6.7A, 6.7B and 6.7C 

respectively. For the C 1s, it shows two peaks, the main peak located at the binding energy 

of 284.5 eV is attributed by carbon on the phenyl ring, the small peak centered at 287.7 eV 

is ascribed to carbon of the functional group, the area ratio of the two peaks is 6 : 1, 

matching with the theoretical value very well.  If the molecules are deposited continuously, 

only the intensity of the two peaks increase gradually.  From the C 1s signal, we could show 

that carbon of the hydroxamic acid don’t split off from the phenyl ring during the process 

of sublimation and deposition. In the N 1s signal (Figure 6.7B), there are also two peaks 

after 3 min sublimation of molecules (black line): one peak is centered at 398.2 eV is ascribe 
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to intact nitrogen, and another peak centered at 397.0 eV belongs to deprotonated nitrogen. 

We propose that this shift is caused by a charge transferring from the Cu(111) substrate or 

by the coordination of the neighboring O-Cu. With increasing molecular coverage from 

sub-monolayer to multilayer, a small shoulder at 400.0 eV appeared, which belongs to the 

intact N without effect by the substrate. The result is consistent with the previous work 

[190]. The energies of the other two peaks do not shift, only change in intensity. The signal 

of O 1s is shown in figure 6.7C, there are also two peaks once the molecules form a 

submonolayer, the peak at 529.4 eV belongs to C-O-Cu coordination, and another peak 

centered at 531.1 eV refers to N-O-Cu coordination. Compared with the previous work 

[106], the two oxygen peaks shift to lower binding energy due to the strong interaction 

between O and copper adatoms cause high efficiency of the screening of the core-hole, 

resulting in a shift to lower binding energy. 

From the XP spectrum, it could be concluded that the dehydrogenation of hydroxyl groups 

takes place at room temperature on Cu(111), while the ketone group also form coordination 

bond of C-O-Cu, which proves our assumption based on the STM images. From the 1s 

signal of C, N, O, we know that hydroxamate group has coordinated with Cu adatom at 

room temperature on Cu(111) 



6. Thermal chemistry and self-assembly of a dihydroxamic acid linear linker on Cu(111) 

80 

 

Figure 6.7: X-ray photoelectron (XP) spectra of BPDH uptake on Cu(111) surface. Image (A) to (C) is C 1s, 

N 1S and O 1s signal. Sequential dosing of equal amounts of BPDH is (three minutes deposition at a molecular 

temperature of 463 K) was interrupted for recording the XP spectra of different colors.   

Then the molecules sublimated 5 minutes to form a monolayer on Cu(111). The signals of 

N 1s and O 1s at room temperature are showed in figure 6.8A. The peak of N 1s centered 

at 398.2 eV belongs to -NH, while another peak centered at 397.1 eV stands for 

dehydrogenated N. The dehydrogenated process of amide group on coinage surface has 

been studied in previous work [173, 191]. In our work, the two N 1s peaks shift to lower 

binding energy with 1 eV compared with literature value. This inconsistence presumably 

originates from strong interaction between imide group with Cu substrate and the 

contribution of hydroxyl group, leading to higher charge dense on nitrogen atom. With 

increasing annealing temperature, N will dehydrogenate gradually, finally after annealing 

at 473 K, most of the nitrogen has dehydrogenated with a small portion of nitrogen left. For 

the signal of O 1s at room temperature, the peak at 531.1 eV is assigned to C-O-Cu 

coordination, whereas the peak at 529.9 eV is thought to represent N-O-Cu coordination, 

and the two peaks do not change with increasing of annealing temperature, which means 

C-O-Cu and N-O-Cu keep stable at higher temperature. 



6.4 Conclusions 

    81 

 

Figure 6.8: XPS measurements of N 1s and O 1s regions on Cu(111) surface with gradual increasing of 

temperature. (A) Monolayer of BPBH on Cu (111) at room temperature. From (B) to (E), annealing the 

substrate gradually at the indicated temperatures, the N dehydrogenated gradually with increasing of the 

temperature. The signals of O 1s do not change significantly.  

6.4 Conclusion 

In summary, we have studied the in-plane metal-organic structures of BPDH on Cu(111) 

combined with STM and XPS, which gives insight into the hydroxamic acid molecular 

coordination on the surface. We found that the hydroxyl group of the functional group 

dehydrogenated once the molecules are deposited onto Cu(111) at room temperature, and 

the oxygen could coordinate with Cu adatoms to form three ordered metal-organic 

structures. In the close packed structure, single adatom metal center coordinate with two 

oxygen atoms. Another ordered network structure is driven by Cu adatom dimer, every 

dimer coordinate with six oxygen atoms with inequivalent interaction. The same 
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coordination nodes also exist in the hexagonal structure. An interesting supramolecular 

motor is found. The dimers of BPDH, which are formed by supramolecular interactions, 

are confined in a hexagonal molecular cage, could rotate continuously and are very stable 

at room temperature. And the metal-ligand structures would change into a relative close 

packed metal-coordinated architecture with temperature increasing, it was found that every 

six molecules coordinate with dinuclear metal center to form a flower-shape structure. And 

the nitrogen has dehydrogenated gradually after annealing the sample, while the nitrogen 

atoms are not involved directly in the planar interactions driving the formation of the 

flower-shape metal-organic structures. Therefore, at room temperature, BPDH presents 

diverse coordination behavior and the molecular motor could form and be investigated 

successfully. We found that thermally induced different nanoarchitecture started to form at 

333 K. We provided a detailed description of the behaviors of the hydroxamic acid 

molecules on Cu(111) surface, which offer great help for its further application. 
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7. Conclusions and Outlook 

 

A systematic study of the self-assembly of cyano functionalized lophine molecules, and 

hydroxamic acid molecules as well as their coordination with different metal adatoms on 

closed packed coinage metal surfaces was presented in this thesis. STM provides the atomic 

resolution topology of the architecture, XPS measurements gives further insights into the 

chemical state of the molecules.  

Tri-cyanophenyl imidazole (TCPI) was investigated on Ag(111), Au(111) and Cu(111) to 

reveal its novel coordination motifs with different metal atoms. We studied the influence 

of the annealing temperature, different metal atoms and the underlying metal single crystal 

surface on the nanoarchitectures. On Ag(111), the molecules formed ordered close-packed 

self-assemblies structure, driven by hydrogen bonding of cyano groups with imidazole 

groups from neighboring molecules, dipolar coupling between two terminal cyano groups 

of neighboring molecules and attractive proton acceptor to ring interactions. With Co 

atoms, it formed an open porous coordination structure both at room temperature and at 

higher temperatures. On Au(111), the same self-assembled structure formed as that on 

Ag(111), driven by the same forces. After adding Co atoms, the porous networks formed 

through interaction between Ncyano-Co, Nimidazole-Co-Ncyano and NH…N. Similar porous 

network could be obtained with Fe atoms. On Cu(111), the self-assembly is stabilized by 

hydrogen bonding and two competitive coordination bonds, Ncyano-Cu-Nimidazole bonds 

vs.(Ncyano)3-Cu. According to XPS data, the -NH of the imidazole dehydrogenate gradually 

with increasing temperature, till only the iminic N signal exists, suggesting that Cu adatoms 

coordinated with the iminic N. In this study, we find that Cu, Co and Fe adatoms prefer to 

coordinate with a terminal cyano group and an iminic N atom of the imidazole moiety rather 

than the most commonly reported multi-fold cyano coordination. 

Biphenyl-4,4ˊ-dihydroxamic acid (BPDH) was employed to fabricate two dimensional 

nanostructures on Ag(111) and Au(111), BPDH has a high degree of conformation 

flexibility owing to the possession of hydroxamic aicd group, which provides multiple 
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bonding sites for self-assembly of versatile nanoarchitectures via hydrogen bonding. Close 

packed structures, as well as porous 2D networks form on Ag(111) and Au(111) surfaces. 

Particularly on the Ag(111) surface, an ordered porous structure with chiral crosses wetting 

the surface completely and a complex reticulated, polyporous network of high regularity 

featuring hexagrams were revealed, and a homogenous framework structures formed after 

annealing at annealing at 373 K. Open porous rectangular metal-coordination structure with 

Co atoms form on Au(111) and Ag(111), while six-fold and distorted metal-coordination 

structures formed on Ag(111). Furthermore, BPDH was studied on Cu(111), where various 

novel coordination structures exist on the surface. A densely packed structure, a four-fold 

coordination network and a fantastic hexagonal nanoarchitectures coexist on Cu(111) at 

room temperature. We also found rotational motion of molecular dimers in confined 

supramolecular hexagonal cavities at room temperature. After annealing at 333 K, all of 

structures turn into a six-fold coordination architecture. We could deduce that both the 

carbonyl and hydroxyl groups are involved into the coordination from the XPS result.  

We have demonstrated hierarchical supramolecular coatings on solid surfaces via non-

covalent bonds in this thesis. The coordination competition of cyano and imidazole group 

still needs to investigate further. The ordering of the networks formed by hydroxamic acids 

could be optimized as well as its functionalities.        
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