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Abstract 

 

Supramolecular assemblies have a key component with regards to 

supramolecular electronics, the study of its self-assembly behavior as well as 

functional properties will bring great impact in the sense of understanding and 

improving the performance of such devices from a fundamental point of view.  

 

We study supramolecular assemblies of hexa-peri-hexabenzocoronene 

(HBC) derivatives bearing different substituents, adsorbed on highly oriented 

pyrolytic graphite (HOPG) by using scanning tunneling microscopy at the solid-

liquid interface. Two effects of intermolecular interaction were found to play a 

significant role in controlling the interfacial supramolecular assembly of these C3-

symmetric HBC derivatives at the solid-liquid interface. One is hydrogen bonding 

interactions; the other is intermolecular dipole-dipole interactions. This work 

demonstrates how intermolecular interactions could enable fine control over the 

self-assembly of disk-like π-conjugated molecules. Furthermore, a host-guest 

system is established by utilizing the hydrogen bonding assisted honeycomb 

network established from HBC derivatives, and by incorporating coronene inside 

the porous structure, it offers potential applications such as use as molecular 

rectifiers in the future.  

 

Besides the bottom up approach of self-assembly of rigid molecules like 

HBC derivatives to establish a 2D π-conjugated structure, graphene has been 
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viewed as the alternative material from the top-down point of view to possess 2D 

large π-conjugated area for promoting electron transport. By chemically 

modulating the monolayer graphene devices, positive photoreponse has been 

achieved, and with the help of conductive atomic force microscopy (C-AFM), the 

photoreponse performance could be correlated to the degree of functionalization at 

spatial distribution with nanoscale resolution. The mechanism was found to be 

desorption and adsorption of gas molecules in light and dark conditions; the 

positive photoresponse is due to the n-type doping behavior after functionalization.  

From the spatially distributed correlation between photocurrent and 

functionalization, it makes us realize that every functionalized pixel (~ nm
2
) offers 

a positive photoreponse, and the overall device performance is equivalent to the 

photoresponse of each individual pixel. This demonstrates that it is reliable to use 

the chemical method to generate a photoreponse from a 2D material like graphene.  

 

In order to explore further the relationship between the assembly structure 

behavior and its functional properties, π-conjugation interrupted frameworks (CIFs) 

have been studied and it was found that they are not only offering great three 

dimensionality, but are also sensitive to dopants and post-modification of their 

nanostructure based thin film with diazonium salt, which rendered their electrical 

properties highly tunable by up to two degrees of magnitude. Hence, it has been 

demonstrated that the π-conjugation-interrupted frameworks and their doped 

counterparts broaden the options for organic electronics. As a result of the H-

shaped conformation and photosensitive properties of CIFs, we envisage their 
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potential role as active components of memory devices and photodetectors in the 

future. 

 

In conclusion, this study offers valuable platforms by rational designing the 

self-assembly building blocks for the development and advancement in the field of 

supramolecular assemblies. It demonstrates the correlation between their structural 

behavior and resulted functional properties by means of scanning probe 

microscopes.  HBC derivatives are designed for the bottom up approach of 

generating 2D π-conjugated area for molecular electronics; while graphene has 

been referred as the top-down alternative of producing such extended 2D structures 

and with chemical modulation, photoreponse of such devices are achieved with 

great repeatability. From 2D to 3D, a class of π-conjugation interrupted dendrimers 

exhibits tunable electrical properties by decorating small molecules. Finally, the 

perspectives on future directions and unsolved challenges are also addressed. 
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Chapter 1 Introduction 

 

This chapter first introduces the fundamental background of supramolecular 

assemblies, followed by description of how to characterize the structural behavior 

and functional properties by the family of scanning probe microscopies. Next, the 

state-of-art of particularly interesting self-assembled molecules at solid-liquid 

interface and possible applications in the field of molecular electronics are 

reviewed. Moreover, some other emerging techniques for optimizing the 

performance of molecular electronics consisting of supramolecular assemblies are 

discussed. Lastly, the research motivation and objectives, as well as the 

organization of the thesis are presented. 

 

1.1 Introduction to Supramolecular Assemblies 

1.1.1 Overview  

 

Supramolecular assemblies have been intensively studied, due to their 

unique behavior that allows simple molecules as the building blocks to generate 

structurally and functionally complex entities for applications ranging from the 

field of physics, to chemistry and even biology.
[1-17]

 Nowadays, supramolecular 

assemblies have developed more broadly cross many disciplines, attracting 

chemists for their complex yet organized structures, and scientists are constantly 

searching for novel molecular building blocks possessing remarkable properties, 

such as electrical, optical, optoelectronic, and catalytic and so on. Biologists are 
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more interested in investigating the possibility of utilizing biomolecules in 

establishing bio-active organs. Hence, it surpasses the conventional disciplinary 

boundaries of science and approaches a highly interdisciplinary area. And more 

importantly, it makes programmable materials to be generated in an easy and 

controlled manner.
[18-21]

 

 

Among the different systems of supramolecular assemblies, one attractive 

direction focused on the disc-like π-conjugated molecules, providing tailored 

electronic properties of their flat conjugated systems which can be varied 

dramatically through synthetic modification of their sizes and topologies.
[22-23]

 For 

example, hexa-peri-hexabenzocoronene (HBC) can self-assemble into highly 

ordered monolayer on the substrate surface and work as an active component for 

molecular electronics, such as molecular rectifiers and single-molecule chemical 

field-effect transistors.
[22, 24-25]

 In this case, the ability to control the interfacial 

supramolecular architectures formed by disc-like molecules is important to 

promote the development of such molecules in molecular device application. 

 

From nanoscience to nanotechnology, a number of examples have been 

demonstrated regarding using molecules for building up a molecular or 

supramolecular electronic device.
[26-30]

 In particularly, a tetrathiafulvalene (TTF) 

derivative has been designed and self-assembled into a 1D nanowire at HOPG-1-

octanoic acid interface. A large rectification behavior was observed by STM on top 
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of the TTF moieties, which suggested such a system could be employed in 

nanoscale molecular devices.
[31]

 

 

1.1.2 Supramolecular Chemistry 

 

Generally speaking, molecular chemistry, the chemistry of the covalent 

bond, takes into consideration the rules and forces that guide the structures, 

properties and transformations of individual molecules. Supramolecular chemistry 

has been referred as “chemistry beyond the molecule”, which means that the higher 

complexity of assembled organization results from the association of at least two or 

more molecules held together by intermolecular interactions.
[32-34]

 Therefore, one 

could understand these two concepts in this way: molecules are concerned with 

atoms and covalent bond, while supramolecules are interested in molecules and 

intermolecular interactions.  

 

The advantage of supramolecular chemistry can be considered as the whole 

is greater than the summation of individuals; the final outcome of supramolecular 

assemblies are better than the individual ones.
[35]

 We can learn from nature, which 

usually uses simple and repeatable units to build up highly complex 

supramolecular assemblies, such as ferritin.
[36]

 Such assemblies are generated via 

weak intermolecular interactions, such as hydrogen bonding,
[1-4, 14, 37-38]

 π–π 

interactions,
[11, 13]

 metal-ligand interactions,
[5, 7-9]

 and van der Waals interactions
[10]

 

to hold the subunits together. Similar to nature, directional bonds have also been 



INTRODUCTION 

4 

 

used by synthetic chemists, such covalent bonds, electrostatic attractions, and so 

on.
[15, 39]

 

 

Even a slight variation of the molecular building block results in a 

tremendous effect on the final supramolecular assemblies, for example a basic 

fluorinated and non-fluorinated dendron have completely different outcome after 

supramolecular assembly, shown in Figure 1.1. From top to bottom, the molecular 

building block is self-assembled and finally self-organized into supramolecular 

assemblies. The basic molecule is shown in the middle of the figure. The non-

fluorinated dendron on the upper left self-assembled into spherical assemblies, and 

then self-organized into a cubic structure, while the partially fluorinated dendron 

on the upper right self-assembled into a columnar structure and then self-organized 

into a hexagonal liquid-crystalline lattice.
[40]

 Therefore, by designing and 

synthesizing molecular building blocks with specific functional groups, one can 

fine tune the intermediate and final supramolecular assemblies to a great extent.  
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Figure 1.1 Supramolecular assemblies of the second generation dendrons. Left: 

non-fluorinated dendron as basic building blocks and forming a cubic lattice in 

the end; right: partially fluorinated dendron forming a hexagonal columnar 

liquid crystal.
[40]

 Reprinted with permission from reference 30. Copyright 2003 

Wiley-VCH Verlag GmbH and Co. KGaA. 

 

1.1.3 Interfacial Supramolecular Assemblies 

 

Among the field of supramolecular assemblies, one of the important aspects 

is interfacial supramolecular assembly. It provides the guidelines on how to design 
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molecular building blocks in order to achieve a balance among molecule-molecule, 

molecule–substrate, molecule–solvent, and solvent–substrate interactions.  

 

Here is an example of solvent effect on the final outcome of interfacial 

supramolecular assemblies at the solid-liquid interface, which is caused by the 

interaction among substrate-solvent-molecule. Trimesic acid (TMA, 1,3,5-

benzenetricarboxylic acid) has been found to exist in a polymorphism between 

flower and chicken wire structures. It was observed that the TMA molecules form 

a chickenwire structure at longer chain solvent, while the flower structure is 

discovered for TMA in shorter chain length solvent. So by selecting different 

solvent, the structures of supramolecular assemblies can tune to a large extent.
[41]

  

 

Solvent-dependent polymorphism was also observed for an extended 

analogue of TMA, 1,3,5-benzenetribenzoic acid (BTB),
[42]

 which demonstrates that 

the influence of solvents on the formation of porous networks is a common 

phenomenon. Figure 1.2 shows both the chemical structure of TMA and BTB in (a) 

and (b), and BTB molecules self-assembled into two polymorphs, exhibiting an 

oblique or hexagonal unit cell depending on the alkyl chain length of solvent 

molecules in Figure 1.2 (c) and (d). Therefore, either rectangular or circular 

cavities are formed at graphite-solvent interface. In order to correlate the 

relationship between the nature of solvents and polymorphism, it was found that 

the dielectric constant, polar effect, as well as viscosity of the solvent all have 

influence on the final structure.  
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Figure 1.2 Solvent effect for interfacial supramolecular assemblies: (a) and (b) 

Chemical structure of molecule TMA and BTB. (c) and (d) STM images of the 

two polymorphs for BTB self-assemblies with oblique and honeycomb unit cell. 

(e) The general guidance on the effect of solvent towards the structure of TMA 
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and BTB at the interface.
[42]

 Reprinted with permission from reference 32. 

Copyright 2006 American Chemical Society. 

 

Now that the solvent’s great influence on final supramolecular assemblies 

has been discussed, let’s now look at the effect of the molecule itself. It was found 

that it is possible to have different interfacial supramolecular assemblies at solid-

liquid interface for the same molecular building block, (Figure 1.2). For instance, if 

we change the concentration of the molecular solution, it controls the formation of 

supramolecular architectures; a transition from linear pattern to a porous structure 

is observed when the concentration is changed from high to low for alkoxylated 

dehydrobenzo[12]annulenes (DBA-OCn) self-assembled structures at solid-liquid 

interface.
[43]
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Figure 1.3 STM images of DBA-OC16 at high and low concentrations for (a) 

and (b) respectively. Under high concentration, it forms a linear pattern, while  

a honeycomb network is formed under low concentration. c) The molecular 

model for explaining the transition between high and low concentrated 

condition.
[43]

 Reprinted with permission from reference 33. Copyright 2008 

Wiley-VCH Verlag GmbH and Co. KGaA. 

 

 

Figure 1.4 Surface coverage effect. (a) Thermally generated compound 1b on a 
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Cu(111) surface. (b) STM images and proposed molecular model of 

supramolecular assembly at different coverage of 1b.
[44]

 Reprinted with 

permission from reference 34. Copyright 2005 Wiley-VCH Verlag GmbH and 

Co. KGaA. 

 

Another factor influencing 2D interfacial supramolecular assemblies is the 

surface coverage. For instance, 4,9-diaminoperylenequinone-3,10-diimine (DPDI) 

has been used as molecular building block, which was deposited on Cu(111) 

surface and then annealed at 300 °C with different coverage ranging from less than 

0.7 monolayer (ML), to 0.85 ML, to a full coverage 1ML. The DPDI molecule 

undergoes dehydrogenation to generate an auto-complementary compound 1b 

during the annealing process shown in Figure 1.4 a. By increasing the surface 

coverage from less than 0.7 ML, to 0.8 ML, till 1 ML, the corresponding 

supramolecular structures change from honeycomb network, to trimeric structure, 

to four adjacent monomers linked-up molecular motifs.
[44]

 

 

From the above examples, one could see that there are many factors 

influencing the final structure of interfacial supramolecular assemblies either at 

solid-liquid interface, or solid- vapor interface. Even with the same molecular 

motif, it is possible to have different supramolecular structures by variable 

concentration, or surface coverage. Therefore, it is crucial to understand the root 

cause governing the behavior of interfacial supramolecular assemblies, not only for 

the purpose of predictable structure, but also the functional properties, and more 



INTRODUCTION 

11 

 

importantly it will provide significant guidance on how to design and synthesize 

suitable molecular building blocks for specific applications.  

 

1.2 Working Principles of Scanning Probe Microscopy 

 

Supramolecular chemistry offers plenty of advantages to the chemistry of 

target molecules, and by utilizing the weak intermolecular interaction. It is one of 

the easiest and fastest ways to establish supramolecular assemblies so far. In order 

to understand the underlying principle for the assembly behaviors at different 

interfaces, such as solid-liquid, solid-vapor and liquid-vapor, a family of scanning 

probe microscopy techniques has offered great possibility and pushed forward the 

development of supramolecular assemblies from the molecular level.
[45]

  

 

1.2.1 Scanning Tunneling Microscopy 

 

The scanning tunneling microscope (STM) was invented by Gerd Binnig 

and Heinrich Rohrer in 1981, which allowed researchers to see surface features at 

atomic resolution,
[46-47]

 and then these two inventers shared the 1986 Nobel Prize in 

Physics.
[48-49]

 The principle of that instrument is governed by the phenomenon 

called “tunneling”, which describes the current passing through the gap between tip 

and sample, and this phenomenon can happen only at a distance close to 10 Å. The 

direction of current flow depends on the polarity of the bias applied. The value of 

current at different position is collected to obtain an STM image. From the 
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functional properties point of view, a STM image not only reviews the topography 

of the sample surface, but also the electronic state, or in another word, the local 

density of state of the sample. Therefore, STM can also be used as a spectroscopic 

tool, which enables the ability to obtain information like electronic properties of 

molecular assemblies or structures at the single atomic and molecular level.
[50-51], 44

 

 

STM is a powerful instrument with the submolecular resolution, and it has 

been proved to be useful for understanding the intermolecular interactions for 

supramolecular assemblies at different interfaces, such as solid-liquid, and solid-

vapor
[52]

 However, in order to not only understand but also control or even design a 

programmable molecular system, there is still plenty of work that needs to be done. 

[53]
 

 

At the early stage of development of the STM family, the STM can be 

categorized into three types, ultrahigh vacuum STM (UHV STM), ambient STM 

and electrochemical STM (EC-STM), although spin-polarized STM and inelastic 

electron tunneling spectroscopy (IETS) and some new members of the family 

emerged recently. For different research purposes, different instruments are 

selected accordingly. For instance, UHV STM is able to detect the reconstructed 

semiconducting or metal surface, such as 7×7 reconstruction on Si(111);
[54]

 

catalysis research,
[55-58]

 nano-patterning,
[59-62]

 and manipulation of atoms and 

molecules
[63-73]

 and so on.
[74]

 Hence, all these researches help in understanding 

supramolecular assemblies at the atomic scale.  
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Ambient STM can investigate samples at solid-liquid interface and solid-

vapor interface. Self-assembled monolayers
[75-76]

 (SAMs) are readily imaged by 

UHV STM or ambient STM at solid-vapor interface. When comparing self-

assemblies formed at solid-liquid interface with those obtained at solid-vapor 

interface, self-assemblies are readily repaired at solid-liquid interface and easier to 

obtain repeatable images over a long period of time than those at solid-vapor 

interface. This is because of the excellent recoverability of the assemblies from the 

liquid reservoir of molecules.  

 

Another category of STM is EC-STM, which mainly investigates the 

electrochemical properties of interest at the atomic scale in a liquid environment. 

For this technique, atomic resolution could be obtained like the ambient STM, 

moreover, by applying different bias or voltage pulse to the working electrode, tip 

or sample, the molecular structure could be controlled precisely. Initially, a two-

electrode system was used to operate EC-STM in liquids,
[77-78]

 and developed into 

a four-electrode system later on which allows the STM tip with an insulating layer 

as one electrode, and substrate to be the working electrode, and then reference 

electrode and counter electrode to provide current flow and potential in the 

circuit.
[79-84]

  

 

By utilizing EC-STM, the mechanism of generating single molecular wires 

by electrochemical epitaxial polymerization could be understood. The one-
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dimensional molecular wire is one of the most popular supramolecular assemblies 

due to its unique structure, and possibility to be fabricated into 1D molecular 

electronics. It was found that iodine plays a very important role, and nucleation of 

monomers and then propagation is the main principle. The detailed mechanism is 

shown in Figure 1.5. In the electrochemical cell containing 3-butoxy-4-

methylthiophene (BuOMT) (monomer) and iodine, positive voltage pulses were 

applied to the Au working electrode. A value of 1.4 V has been found to form a 

cation radical from the monomer, and later the conjugated polymer starts to 

propagate.  

 

As for the mechanism of the electrochemical epitaxial polymerization, the 

polymer-adsorption mechanism has been proved to be wrong. The new proposed 

mechanism is surface propagation method, meaning that the monomer will start to 

nucleate on the iodone adsorbed Au (111) surface first, then later propagate and 

form single polythiophene wires. This proposed mechanism is verified by 

experiments with applying different conditions in the electrochemical cell, and then 

monitoring the reaction in-situ by STM. This demonstrates that not only fabrication 

of the desirable polythiophene wires is realized, but also the underlying mechanism 

is understood. More recently, EC-STM has even been applied in the field of 

biology to understand fundamental phenomena that puzzle us, like the detection of 

nuclei, understanding of single-redox proteins, or for the application of biosensing 

and so on.
[85-89]
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Figure 1.5 (a) The STM image of system containing iodine adsorption and 

electrolyte containing monomer BuOMT. (b) With adding iodine inside the 

electrolyte, adsorption peaks appear. c) STM image of system with implanting 

nucleus. d) Proposed mechanism of electrochemical epitaxial 

polymerization.
[90]

 Reprinted with permission from reference 81. Macmillan 
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Publishers Ltd, Nature Materials, copyright 2004. 

 

1.2.2 Atomic Force Microscopy 

 

One of the disadvantages of STM is that the sample has to be conductive or 

semiconductive; fortunately, the invention of atomic force microscope (AFM) 
[91]

 

allows us to image almost any type of surface, such as polymers, ceramics, mica, 

and biological samples. The working principles of AFM rely on the interatomic 

van der Waals interactions between the AFM tip (cantilever) and the sample. The 

bending motion of cantilever could be detected by a photodiode system. Nowadays, 

different modes of AFM and STM have been used in order to understand the 

fundamental  phenomenon or driving force for specific applications, such as 

molecular electronics,
[92-94]

 nano-structured organic field effect transistor,
[95-96]

 and 

organic photovoltaics
[97-98]

 etc. 

 

One of the interesting fields that researchers have been focusing on is to use 

AFM to study biological specimens, which are often referred to as the 

supramolecular assemblies from the nature itself, like deoxyribonucleic acid 

(DNA), protein, and bacteria and so on. For instance, silanated mica has been 

selected to be one of the best substrates to image biomolecules, like DNA, however 

the interaction between the DNA and mica is very strong, which leads to 

entanglement of DNA molecules. In order to solve this problem, a method called 

“molecule combing” was created. By applying a liquid onto the substrate in a 
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paralleled fashion, the alignment of DNA molecules will be realized, so that 

straight and well aligned DNA strands could be imaged by AFM.
[99-101]

  

 

More recently, the way of manipulating DNA in a controlled manner or 

understanding some dynamic process of DNA related biological structures have 

drawn much attention.
[102-105]

 For example, by using a streptavidin modified AFM 

tip, the topography and recognition events could be imaged at the same time. In 

Figure 1.6, it explains that the topographic image reveals a bump during 

encountering of individual molecules. The AFM tethered tip experience a drag 

when leaving away from the molecule, and results in a trough in the amplitude 

oscillation. And it shows the recognized and un-recognized molecules in dotted 

and solid circles in B for comparison. It is even clearer to understand the red dot as 

the tagged molecule event on the composite image at B-4. A control experiment of 

AFM tip without biotin was also performed and didn’t show any tag event in C. 

Hence, it has demonstrated that AFM is a powerful tool to characterize designed 

DNA nanostructures, which could be used as immobilization agents in the research 

fields of biosensing, biophysics, and cell biology. 
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Figure 1.6 (a) Schematic illustration of the topography and recognition imaging 

principle. (b) The tetrahedra with and without recognition is marked in dotted 

and solid circle respectively. (c) Without streptavidin, the recognition event is 

not happening. 
[105]

 Reprinted with permission from reference 96. Copyright 

2011 American Chemical Society. 

 

1.2.3 Conductive Atomic Force Microscopy 

 

Although the STM can resolve individual atoms on conducting surfaces,
[106]

 

the ability of AFM to topographically image any surface with nanometer 

resolution
[91]

 had even greater impact. Moreover, AFM tips have been modified in 
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a myriad of ways to make them sensitive to, among many things, magnetic forces, 

chemical binding forces, and electrostatic forces. Now, a conductive-AFM (C-

AFM) has been utilized in order to detect electrical signals from the sample.  

 

As AFM tips are non-metallic, in C-AFM, the tip is typically coated with a 

thin metallic film to allow it to make height localized measurements of the 

conductivity of a given substrate, and to correlate these data with measurements of 

the topography. For example, copper phthalocyanine (CuPc) nano-crystals have 

been characterized by the C-AFM.
[95]

 Subsequently, the differences between grain 

and grain boundary have also been investigated. Therefore, by obtaining current 

images with various channel length, the morphology dependant electrical 

properties have been revealed. More recently, electrical properties of nano-

structured composite materials have been characterized via C-AFM, especially for 

the applications of energy storage materials and devices.
[107-108]

 

 

Furthermore, the electrical transport behavior of variable conjugated 

molecular wires (CMW) on metal substrate under different temperatures was 

studied by using C-AFM intensively.
[109-112]

 For instance, “click chemistry” is used 

to synthesize the CMW on Au substrate with length up to 10 nm, varied from 1 to 

11 numbers of units (Figure 1.7). It was found that with increasing molecular 

length, a transition of electrical transport behavior from tunneling to hopping 

occurs.
[109]

 Around that period of time, different groups also studied the electrical 
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properties of SAMs of unique group of molecules with C-AFM, such as I-V 

testing,
[113]

 adhesion force, 
[114]

 and correlating results with simulation.
[115]

  

 

Figure 1.7 C-AFM characterization of OPT molecular wires. (a) Plot of I-V 

curves in semilog. (b) Plot of R versus L in semilog.
[109]

 Reprinted with 

permission from reference 100. Copyright 2010 American Chemical Society. 

 

Another advantage of a C-AFM is current mapping, which makes the 

correlation of morphological-electrical properties even simpler than before.
[116]

 

More recently, Samorì et al has demonstrated a local AFM tip could induce 

electrochemical reduction process of graphene oxide (GO), and hence the 

patterning of reduced GO was realized. The I-V characteristics of before and after 
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tip induced reduction are shown in Figure 1.8, as well as the evidence of patterning, 

current mapping at different bias are shown.
[117]

 Riedo’s group also used C-AFM 

with a heated tip to thermally reduced GO to rGO locally.
[118]

 

 

 

 

Figure 1.8 (a) I-V characteristics of a few-layer GO film before reduction. (b) 

The current will only increase until negative bias applied larger than -3.6 V. (c-

f) Current mapping under different bias. 
[117]

 Reprinted with permission from 

reference 108. Copyright 2010 American Chemical Society.  
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Besides electrical properties of supramolecular assemblies, such as SAMs, 

and GOs being measured and manipulated by C-AFM, it can also measure the 

single-molecule conductance by establishing a junction among tip, molecule and 

substrate.
[119-120]

 However, several elaborate assembly steps have to be conducted, 

and the contact resistance between the conductive probe and Au nanoparticle may 

induce a Coulomb blockade effect, which makes the measured resistance not only 

take consideration of the conductance of the single molecule.  

 

1.3  Structural Behavior and Functional Properties of Self- 

Assemblies  

 

It is important to design and control nano-objects at interfaces in order to 

push forward the development of nanoscience and nanotechnology.
[121]

 As far as 

control on the nanometer scale (between 1 and 10 nm) is concerned, molecules are 

the favorite building blocks to decorate, structure, and functionalize surfaces. 

Following a bottom-up strategy, the tools of interfacial supramolecular chemistry 

provide the guidelines on how to design molecular building blocks in order to 

achieve a balance among molecule, substrate, and solvent leading to the targeted 

functional patterns.
[93]

  

 

1.3.1 Host-guest System  
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Among the two dimensional interfacial supramolecular assemblies, 

nanoporous networks have attracted much attention, due to their potential to 

establish a host-guest system, which can be further developed to a variety of 

molecular electronics. One way for obtaining 2D porous networks is by using 

macrocycle molecules, which possess porous structures by themselves.
[122-124]

 The 

other way of forming a 2D nanoporous network is more commonly implemented, 

that is self-assembly of molecules by intermolecular interactions, such as hydrogen 

bonding,
[125-126]

 metal-ligand interaction,
[27, 127-128]

 and van der Waals 

interaction
[129-132]

 at the interface.
[93, 127]

  

 

One classical molecule to form a 2D honeycomb network is TMA with a 

three-fold symmetric structure and bearing three carboxylic acid groups.
[41-42]

 It has 

been demonstrated that a TMA formed porous structure has a pore of 1.1 nm in 

diameter. The network is very robust even under the disturbances such as scanning 

motion of an STM tip. The coronene molecule has been selected as a guest 

molecule to fill inside the pores (Figure 1.9 A). Furthermore, it is a dynamic 

process, since the coronene molecule could temporarily be vacated from the 

cavities and later re-occupy the pore again (Figure 1.9 B).
[126]

  

 

Besides the rigid porous network as a host, it is also possible to use a 

flexible porous network to accommodate guest molecules, in particular, 

alkoxylated DBA molecules formed honeycomb network with a nanographene as 

the guest molecules. Due to the flexibility of this host network, the numbers of 
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guest molecules are able to be adjusted with modifying the alkyl chain length of 

DBA, for instance, using the longest alkoxy chains (OC20H41), a number of six 

nanographene molecules could be hosted (Figure 1.10 c-e).
[130]

   

 

 

 

Figure 1.9 (a) STM image reveals the inclusion of coronene molecules in the 

TMA host structure. (b) A dynamic process is observed with vacancy of 

coronene molecules in the pores.
[126]

 Copyright 2004 American Chemical 

Society. (c-e): A host-guest system is formed by DBA-OC20 and nanographene 

molecules.
[130]

 Reprinted with permission from reference 122. Copyright 2008 

American Chemical Society. 

 

1.3.2 Disk-like π-conjugated Self-assemblies 
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It is convenient and straightforward to utilize the method of interfacial 

molecular self-assembly for establishing complicated architectures and fabricating 

functional surfaces on the nanoscale.
[93, 128, 133-135]

 One of the important structure is 

self-assembly of disk-like π-conjugated molecules, because its advantages of 

promoting electron transfer through the π-π interaction. Moreover, by chemically 

modulating the functional groups being attached to the backbone of that molecule, 

the self-assembly behavior could be tuned correspondingly.
[22-23, 136-140]

 For 

instance, it has been demonstrated that a series of designed hexa-peri-

hexabenzocoronene (HBC) self-assemblies could be used as an active component 

for molecular electronics, like molecular rectifiers and single-molecule chemical 

field-effect transistors.
[22, 24]

 Therefore, it is critical to rationally design the disk-

like molecule with specific self-assembly structures in order to be used for 

molecular electronics. Moreover, the self-assembled structures have a great 

influence on the performance of the device using such molecules.
[141]

 Hence, it is 

fundamentally important to understand the behavior of interfacial self-assembly at 

surfaces for the purpose of providing useful information for molecular devices.  

 

Due to the mentioned needs in studying the interfacial supramolecular 

assembly behaviors of HBC molecules, different derivatives with different 

functional groups has been investigated tremendously.
[142-148]

 STM has been used 

as a powerful tool to resolve the self-assembly behavior of HBCs at solid-liquid or 

solid-vapor interface. However, in most of the HBC; assembled in a closely packed 

hexagonal pattern, different contrast was observed for donor and acceptor parts. 
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For example, HBC with alkyl chains self-assembled in a hexagonal motif shown in 

Figure 1.10.
[144]

 This is because of the six fold symmetry of the HBC derivatives. 

Therefore, one of the challenges is to enrich the architecture based on HBC 

derivatives with a greater control and manipulation.  

 

 

 

Figure 1.10 Self-assembly behavior of HBC-C8: (a) chemical formula, (b) STM 

image of HBC-C8 at the solid-liquid interface.
[144]

 Reprinted with permission 

from reference 139. Copyright 2001 American Chemical Society.  

  

1.3.3 Molecular Electronics 

 

Building up an electronic device from individual molecules has become one 

of the ultimate goals in the field of nanoscience and nanotechnology. In order to 

achieve that goal, different molecular systems have been intensively studied, 

especially with the help of scanning probe microscopy. However, the ability to 
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control molecules with absolute precision and pre-programmed engineering 

protocols remains one of the challenges for molecular electronics. Therefore, 

feasible method for well controlled nanoscale organic structures have to be created, 

and functional properties should also be considered. In this section, we reviewed 

the development of highly ordered molecular structures formed at solid-liquid 

interface, which possesses the great potential to be used for establishing molecular 

electronics.  

 

There were types of molecular systems possible to be implemented in the 

nanoscale circuit in the future.
[149-150]

 Besides the rectification behavior that has 

been proved from TTF derivatives, systems with donor and acceptor components 

have also been designed to reveal the energy transfer process by using STM and 

scanning tunneling spectroscopy (STS) at the interface.
[151-153]

 For instance, by 

changing the voltage applied between the tip and sample, brightness of the moieties 

corresponding to their local density of state varied accordingly (Figure 1.11). Upon 

applying a negative bias, HOMO level of oligo(p-phenylene vinylene) (OPV-donor, 

indicated as blue in the band structure at Figure 1.11) is closer to the Fermi level of 

HOPG, hence it is easier for the current to tunnel from the HOPG to the tip via 

HOMOOPV level, resulting in brighter contrast of OPV moieties in the STM image. 

And vice versa for the LUMOPDI level. Therefore, it proved that the electrical 

properties of the donor and acceptor parts could be revealed by the contrast in bias-

dependent STM imaging.
[151]
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Figure 1.11 The 2D crystal lattice structure and bias-dependent contrast of a D-

A-D triad molecule.
[151]

 Reprinted with permission from reference 151. 

Copyright 2003 American Chemical Society. 

 

1.4  Other Emerging Techniques for the Development of 

Supramolecular Materials and Devices 

 

It has provided tremendous help for the field of interfacial supramolecular 

assemblies from the family of scanning probe microscopes, like STM, AFM and C-

AFM. Moreover, the development of scanning probe microscopy has constantly 

accelerated the understanding of fundamental phenomenon across the inter-

disciplinary field of chemistry, physics and biology. Particularly, the interfacial 

phenomenon at molecular or even atomic level has been focused extensively, since 

the introduction of single molecule force spectroscopy (SMFS) and STM break 

junction technique (STM-BJ) in the late 1990 and early 2000 respectively.  
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1.4.1 Single Molecule Force Spectroscopy  

 

It has been a dream comes true for scientists to investigate individual 

molecules and quantitatively reveal the mechanical force involved along the 

dynamic process. Especially, biological molecules have been intensively studied, 

such as DNA or proteins with a length of several thousand nanometers. A number 

of techniques have been developed in a parallel fashion, and one of them is a 

derivative from the family of scanning probe microscopes, that is single molecule 

force spectroscopy (SMFS).  

 

SMFS has been extensively utilized in the field of biology; it has been used 

mainly for understanding the folding and unfolding of biological species, like 

unfolding of subunits of titin muscular proteins,
[154]

 polysaccharides,
[155-156]

 study 

of the interaction for antibiotics,
[157]

 and the mechanical behavior of yeast 

membrane
[158]

 and so on.
[159-162]

  

 

What more we could explore by using this SMFS technique is to discover 

the molecular behavior at different interfaces. For instance, it has been 

demonstrated that the bond-rupture forces between tip and surfaces covered with 

hydroxyl- and thiol-terminated silane groups could be measured by obtaining the 

adhesion force at force distance curves.
[163]

 Furthermore, with using dynamic force 

microscope (DMF) oscillation amplitude along with conventional force curves, the 

stiffness data could be obtained along with force values, which allows it to gain the 
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knowledge whether an elastic behavior dominates the pulling region or not. This 

makes SMFS possible to study more complex behavior, such as modulus of the 

molecules and so on.
[164]

 More recently, researchers have used SMFS in an 

aqueous condition, for example single polyethyleneimine molecules have been 

imaged in terms of topography, adhesion and contact stiffness by using a pulsed-

force mode of the SFM.
[165]

 It was found that the molecule-substrate interaction 

between a pyrene molecule and graphite is about 55 pN and single molecular 

rupture events were witnessed, therefore it demonstrates the possibility of 

employing SMFS techniques to investigate π-π interactions in the future.
[166]

 

 

The system of supramolecular assemblies has been intensively studied via 

SMFS technique,
[164, 166-173]

 and SMFS has even been combined with a C-AFM to 

reveal the effect of N-Au bond rupture on the molecular backbone. The detailed 

design of experiments is shown in Figure 1.12, a schematic drawing of the 

modified C-AFM with SMFS is presented, and one of the typical curves of 

conductance and force versus distance respectively is shown in B, with the red 

curve indicating conductance and blue force. From the characteristic curves, one 

can see that the conductance is decreased with increasing distance in a stepwise 

manner. Meanwhile, the required force exhibits a sawtooth pattern revealing elastic 

and plastic deformation at the junction. Overall, it proves that 1,4-benzenediamine 

has the weakest bond with Au substrate, and the pyridine-Au interaction shows the 

strongest force among the four molecules that have been measured.  
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Figure 1.12 (a) Schematic drawing of combined C-AFM with SMFS technique. 

(B) A typical set of curves during junction break, conductance (red) and force 

(blue) with respect to tip substrate distance.
[174]

 Reprinted with permission from 

reference 174. Copyright 2011 American Chemical Society. 

 

In summary, this force spectroscopic tool, SMFS allows us to understand 

molecular structures and functions with precise control, which will constantly push 

forward the development of supramolecular assemblies, molecular electronics, and 

even biology in the future.  

 

1.4.2  STM Break Junction  

 

To discuss the prospects of SPM for molecular imaging, it is important to 

also take a look at the spectroscopic techniques and STM modes that assess 

different measurement signals. Various modes of scanning tunneling spectroscopy 
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(STS) have already proved their value in revealing interesting properties of 

molecules on the submolecular scale. For example, by using inelastic electron 

tunneling spectroscopy (ITES), the excitation of vibrational modes with 

submolecular resolution is realized.
[175-177]

 

 

Substantial advances have been made towards the goal of measuring, 

controlling and understanding electron transport through single molecules 

covalently bonded to electrodes.
[178]

 One of the earliest groups (N. J. Tao’s) 

demonstrated the measurement of single-molecule conductance at ambient 

condition by using the STM break junction technique shown below. In Figure 1.13, 

a gold contact between tip and substrate was first formed, and then the contact was 

broken step by step while pulling away the tip from the substrate. 1000 such curves 

in Figure 1.13 (a) are used to generate a conductance histogram shown in (b) with 

peaks at multiple numbers of G0 (= 2e
2
/h). Then molecules migrated to the gap 

between Au tip and substrate, and formed another set of conductance steps in (c) 

and generated the histogram in (d). The peaks revealed numbers of molecules in 

between the junction. A control experiment without molecules was also done, and 

no steps or peaks were observed.
[179]

 Hence, it proves that single-molecular 

junction is detected and measured by such break junction technique, and the 

statistical analysis makes the result even more convincing.  
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Figure 1.13 Single-molecule conductance measurement at ambient condition by 

using STM break junction technique: (a,b) Break junction formed between Au 

tip and substrate, typical conductance curve and corresponding histogram. (c,d) 

Molecule migrated from the solution to the Au break junction. (e and f) Control 

experiment without molecules in the solution.
[179]

 Reprinted with permission 

from reference 179. Copyright 2003 American Association for the 

Advancement of Science. 

 

More recently, another group proposed a modified method according to 

STM break junction, which is called “gentle touch” method. In this method, the Au 

tip and substrate is not forming molecular wire first, but the Au tip is rather directly 

in contact with molecule, and hence establish a molecular junction between tip and 
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substrate by carefully control the feedback loop of the system.
[180]

 Despite different 

measurement of single alkanedithiol molecule conductance,
[181-182]

 the tunneling 

background is an issue during statistical analysis, since it represents electron 

tunneling via space but not conduction through a molecular junction.  

 

In order to solve the background problem, Tao’s group demonstrated by 

combining the AC and DC components of the current, it could determine whether 

the molecule is at the junction. Hence, they could remove the tunneling 

background from the histogram and measure the I-V characteristics more 

accurately.
[183]

 STM break junction is a great technique, which enables the 

measurement of single-molecule conductance, but the utilization of such technique 

in the field of molecular electronics is beyond that.
[184-193]

  

 

1.5  Research Motivation and Objectives 

 

The structures and functional properties of supramolecular assemblies at 

different interfaces have been presented in the previous sections. With the 

challenges of controlling matter at the molecular level with specific molecular 

functional systems in the field of nanoscience,
[53]

 as well as the ultimate goal 

toward integration of single molecule electronics has been presented. However, 

this study is still in its infant stage where more fundamental scientific studies are 

required. Hence, an in-depth study on both structural behavior and functional 

properties of interfacial supramolecular assemblies are required in my PhD study.  
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First, in order to investigate the effect of intermolecular interactions in 

controlling the supramolecular assembly at the solid-liquid interface, a new class of 

C3-symmetric HBCs with alternating substituents is studied by using STM.  

Second, with the aim of establishing a host-guest system, coronene 

molecules are filled inside the hydrogen bond assisted honeycomb network, which 

could be used as molecular rectifiers in the future.  

Third, in order to explore large π-conjugated system with functionalization 

ability, chemical modulated graphene is studied at solid-vapor interface and 

photoreponse is demonstrated.   

At last, with the intention of exploring the structural and functional 

properties of three dimensional aggregates, a class of π-conjugation interrupted 

dendrimers is investigated, and tunable electrical properties are obtained.   

     

1.6  Organization of the Thesis 

 

This thesis is divided into six chapters. Chapter 1 provides a solid 

introduction into the field of supramolecular assemblies, starting with the 

fundamental concept of supramolecular chemistry and then addressing on the tools 

that help in understanding this fundamental phenomenon at the molecular level. 

Subsequently, self-assembly behavior at the solid-liquid interface and potential 

applications like molecular electronics were presented, with the state-of-art of 

development in both structural and functional properties at the interface, and 

finally addresses the challenges undertaken in the correlation and combination of 
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the two fields. Chapter 2 presents how to form 2D honeycomb network via specific 

intermolecular interactions at the solid-liquid interface. Chapter 3 demonstrates an 

example of host-guest system, by utilizing the hydrogen bond assisted nanoporous 

network with matched sizable molecules. Chapter 4 reveals photoresponse 

behavior of chemically modulated graphene via photocurrent mapping at nanoscale. 

Chapter 5 investigates a series of 3D aggregates, which reveals tunable electrical 

properties with decorating small molecules. Finally, the thesis closes with 

conclusions and future perspectives for this project as addressed in Chapter 6. 



 

1 

 

Chapter 2  2D HONEYCOMB NETWORK VIA 

SPECIFIC INTERMOLECULAR 

INTERACTIONS  

In this chapter, 2D honeycomb networks are obtained at solid-liquid 

interface via specific intermolecular interactions, namely, hydrogen bonding and 

dipole-dipole interaction. Through rational molecular design, we report on how the 

specific intermolecular interactions can play a critical role in controlling the 

interfacial supramolecular assembly of a new class of C3-symmetric hexa-peri-

hexabenzocoronene (HBCs) with alternating substituents on a HOPG surface. The 

alternating substituents drive the specific intermolecular interactions, such as 

carboxylic acid group (-COOH), fluorinated methylene (–CF3), cyano (–CN), nitro 

(–NO2), and chloro (-Cl). STM is used to observe and investigate the formation of 

supramolecular architectures at the solid-liquid interface.   
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2.1  Introduction  

 

Interfacial molecular self-assembly has attracted considerable attention 

because it is an important way to create ordered nanoscale structures and fabricate 

functional surfaces.
[121, 194-197]

 Of particular interest are disc-like π-conjugated 

molecules, providing tailored electronic properties of their flat conjugated systems 

which can be varied dramatically through synthetic modification of their sizes and 

topologies.
[22-23]

 For example, hexa-peri-hexabenzocoronene (HBC) can self-

assemble into highly ordered monolayer on the substrate surface and work as an 

active component for molecular electronics, such as molecular rectifiers and single-

molecule chemical field-effect transistors.
[22, 24-25]

 In this case, the ability to control 

the interfacial supramolecular architectures formed by disc-like molecules is 

important to promote the development of such molecules in molecular device 

application. In addition, the spatial arrangement of the disc-like molecules plays a 

critical role to determine the device performance of such molecules.
[141]

 Therefore, 

the study of interfacial self-assembly of molecules on a flat solid substrate will give 

more information on the molecular interactions and their spatial packing.  

 

Over the past decade, the interfacial supramolecular assembly of a variety 

of HBC derivatives with different substituents and peripheral decorations has been 

widely investigated.
[142-148]

 Among those intensive studies involving the self-

assembly of HBC derivatives on substrate surface by scanning tunneling 

microscopy (STM), one thing in common is that most of them formed closely 
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packed hexagonal motif, despite multiple contrast have been found for some HBC 

derivatives due to the donor or acceptor properties. For instance, HBC with alkyl 

chains attached to the aromatic core via a phenylene spacer results in a molecular 

lattice with a hexagonal superstructure,
[144]

 which is mostly due to the six fold 

symmetry of the HBC derivatives. So far, there is a challenge towards enriching 

the architecture based on HBC derivatives with a greater control and manipulation. 

In general, the self-organization of molecules on surfaces is entropically driven and 

governed by several parameters such as intermolecular interactions as well as 

molecule-substrate interactions.
[198-199]

 Obviously, the introduction of different 

substituents onto the HBC core may modulate the intermolecular interactions and 

therefore help to expand the interfacial supramolecular structures for HBCs. 

However, the use of the specific intermolecular interactions (e.g. dipole-dipole 

interactions and hydrogen bonds) between the HBC molecules for interfacial 

supramolecular assembly have not been sufficiently addressed.
[146]

 

 

In this context, we report how the intermolecular dipole-dipole interactions 

can play a critical role in controlling the interfacial supramolecular assembly of a 

new class of C3-symmetric HBCs with alternating substituents on HOPG surface, 

where STM is used to directly observe and investigate the formation of 

supramolecular architectures at solid-liquid interface. For HBC-COOH, the 

carboxylic acid groups attached onto the HBC core can induce hydrogen bonding 

as the intermolecular interactions. For HBC-CF3, HBC-CN and HBC-NO2, the 

fluorinated methylene (–CF3), cyano (–CN), and nitro (–NO2) functional groups 
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attached onto the HBC core through phenylene vinyl spacer serve as strong 

electron withdrawing groups. In this case, the unbalanced electron distribution in 

HBC cores results in a three-fold symmetric dipole moment for these three 

molecules. We expect that through this molecular design, the intermolecular 

hydrogen bonding as well as dipole-dipole interactions might drive the molecular 

assembly and enable fine control over the supramolecular architectures at the solid-

liquid interface. For comparison, HBC-Cl which does not have specific 

intermolecular interactions was also designed and synthesized.  

 

2.2  Experimental Section 

2.2.1 STM Imaging 

 

Prior to imaging, compounds under study were dissolved in 1-phenyloctane 

(Aldrich, 99%), and a drop of this solution was applied to a freshly cleaved surface 

of highly oriented pyrolytic graphite (HOPG). STM experiments were performed 

using a scanning probe microscope (Veeco Multimode SPM system with a 

NanoScope V control station) in constant current mode under ambient conditions. 

STM tips were prepared by mechanically cutting a 0.25 mm thick Pt/Ir (80/20) 

wire. All STM images contain raw data and are not subjected to any manipulation 

or image processing.  

 

2.2.2 Synthesis of Hexa-peri-hexabenzocoronenes Derivatives 
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The Synthesis of the HBC derivatives was not the key part that we want 

to address in this thesis; therefore only one synthetic route of the HBC 

derivatives will be explained in details in this section. The HBC-COOH was 

successfully synthesized according to Scheme 2.1. The asymmetrically 

substituted 3’,4’,5’-tris(butan-1-yloxy)-4-methyl ethynylbenzoate 1, in which 

one ester group and three alkoxy groups were introduced, was first synthesized 

according to similar procedures reported in literature.
[200-202]

 Cyclotrimerization 

of 1 in the presence of catalytic amount of Co2(CO)8 provided two HPB isomers 

2 and 3, in 25% and 50% yield, respectively. The relatively large polarity of the 

ester group makes the separation of the two isomers by column chromatography 

feasible due to sufficient polarity difference. The key step is the oxidative 

cyclodehydrogenation of the HPB precursor 2. Precursor 2 was treated with 

FeCl3 in nitromethane and dichloromethane (DCM) and the desired D3h-

symmetric HBC compound 4 was obtained in a relatively low yield (30%) due 

to a slow reaction rate and formation of complicated by-products. This synthetic 

difficulty can be explained by the deactivation effect of the electron-

withdrawing ester group and ether cleavage during the oxidative 

cyclodehydrogenation process. Nevertheless, the target compound 4 still can be 

obtained because three 1,2,3-tributoxyphenyl groups are introduced into the 

HPB precursor 2 and the electron rich character of these three phenyl rings can 

compensate for the electron deficient character of the other three phenyl rings 

substituted by electron-withdrawing ester groups. HBC-COOH was then 

prepared by hydrolysis of 4 in aqueous potassium hydroxide followed by 
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acidification with 2M HCl acid. The pure product was obtained in a 63% yield 

after further purification by precipitation in mixed solvents 

(hexane/tetrahydrofuran = 10/1 (v/v)) and washing with chloroform and 

methanol. The attachment of tributoxy chains in the HBC-COOH molecule also 

makes it soluble in THF and partially soluble in DMSO, but insoluble in other 

normal organic solvents such as chloroform. 
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Scheme 2.1 Synthetic route of HBC derivatives, HBC-COOH for example. 

Conditions: (a) Co2(CO)8, dioxane, reflux, 24h (2, 25% yield; 3, 50% yield); (b) 

FeCl3, CH3NO2, DCM, 30%; (c) i) 3 M KOH, reflux, 12h; ii) 2 M HCl, 63%. 
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2.2.3 Molecular Mechanics and Dynamics Simulation 

 

The formation of interfacial supramolecular structures was investigated by 

a classical molecular mechanics method with the full ab-initio COMPASS
[203]

 

force field integrated in the Materials Studio package. The Forcite module was 

used for performing molecular mechanics and dynamics simulations. The 

COMPASS force field has a functional form as follows:  
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where both diagonal and off-diagonal cross-coupling terms were used to describe 

valence interactions. Furthermore, a LJ-9-6 function has been applied to describe 

the non-bond interactions. A 6
th

 order combination law has been used for those 

unlike atom pairs. The COMPASS force-field covers broad variety of covalent 

molecules including most common organics, small inorganic molecules, and 

polymers. Therefore the force-field has been chosen aiming for best reproduction 

of experimental results. 
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To approach global minimum of supramolecular structure as much as 

possible, molecular dynamics and simulated annealing were performed to each 

structure. For each structure, the simulated annealing dynamical evolution was 

performed with canonical ensemble (NVT) over the temperature range of 300-500 

K, where a total of 10 heating cycles were applied during the 100 ps duration of 

each trajectory. The time step was chosen as 1 fs throughout the structures.   

 

Geometry optimization was carried out for each dynamical run of a specific 

structure with the following requirements: energy difference < 2.0×10
-5 

kcal/mol, 

force difference < 0.001 kcal/mol/Å, and displacement difference < 1.0×10
-5 

Å.  A 

cutoff distance of 18.5 Å was applied for both electrostatic and van der Waals 

energies.  The unit cells of the 2D nanostructures were determined by the following 

method: for the STM -observed hexagonal structures (i.e., HBC-Cl, HBC-B-NO2 

and HBC-CN), the size of the initial supercell for the HOPG with three layers of 

graphene was determined by the measurements made on the STM images.  The 

lattice parameters of the supercell were integer multiples of the graphite (0001) 

surface unit cell with lattice parameter a = b = 2.46 Å.  In addition, a vacuum layer 

of 80 Å was included for both graphite (0001) surface and supercell to avoid the 

neighboring interaction in the c direction.  The initial unit cell for each adsorbate 

was chosen in such a way that a and b were close to the experimental 

measurements.  Supercells with ± 1 or 2 graphite (0001) surface unit cells were 

also constructed to compare with the initial choice.  After comparing the 

interaction energy including adsorbate-adsorbate and adsorbate-substrate 
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determined by Eint = (Eunit-cell - Esubstrate - N×Eadsorbate)/N, where N is the number of 

adsorbate molecules in the supercell, the proposed most energy preferable 

configuration could be determined.  Here the Eadsorbate term is the energy for the 

free-standing adsorbate molecule with optimized structure using the methods listed 

above.  

 

The results of interaction energies of different configurations as well as 

functional groups are listed in Table 2.1.  For HBC-CF3 and HBC-COOH, there are 

2 molecules per supercell, and for the other structures, there are four molecules per 

supercell.  In Table 2.1, the parameters of the supercell as well as the 

corresponding interaction energies for each HBC derivatives are listed.  The 

structures with the lowest interaction energy (indicating the most stable structure) 

are selected to be the simulated model for each HBC derivatives in this section. 

 

Table 2.1 Interaction Energies for Various Configurations of HBC Derivatives 

Adsorbed on HOPG.
[204]

 Reprinted with permission from reference 205. 

Copyright 2011 American Chemical Society. 

 

HBC-COOH 

Supercell Size Eint (kcal/mol) 

13×13 -161.42 

12×12 -153.06 

14×14 -150.18 
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15×15 -149.31 

11×11 -124.6 

HBC-NO2 HBC-CN 

Superce

ll Size 

Eint 

(kcal/mol) 

Superce

ll Size 

Eint 

(kcal/mol) 

19×19 -178.66 20×20 -186.44 

21×20 -173.46 19×19 -185.82 

18×18 -172.31 22×22 -184.39 

20×20 -171.11 21×21 -182.95 

17×17 -160.33 18×18 -173.67 

HBC-Cl HBC-CF3 

Superce

ll Size 

Eint 

(kcal/mol) 

Superce

ll Size 

Eint 

(kcal/mol) 

17×17 -138.18 17×17 -162.45 

16×16 -137.70 15×15 -161.27 

18×18 -136.82 18×18 -160.44 

15×15 -130.84 19×19 -159.35 

19×19 -130.45 16×16 -158.15 

 

2.3  Results and Discussion  

2.3.1 Hydrogen Bond Assisted 2D Honeycomb Network 

2.3.1.1 Rational Design of Molecular Structure 
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To explore the opportunities of fabricating a surface with new 

functionalities such as electronic conduction or charge transfer, we are interested in 

introducing electronic active components into the 2D network. Polycyclic aromatic 

hydrocarbons (PAHs)
[23]

 are good candidates for this purpose because they are π-

conjugated systems and usually exhibit interesting optical and electronic properties. 

Actually, many disc-like PAHs such as hexa-peri-hexabenzocoronene (HBC) can 

form ordered 2D structures at solid-liquid interface because of strong π-π 

interactions and van der Waals interactions between the molecules and the highly 

oriented pyrolytic graphite (HOPG) substrate.
[129, 143, 205-208]

  

 

The structure of HBC-COOH mimics the simplest analog TMA molecule, 

as shown in Chart 2.1, with the benzene ring in TMA
[93]

 replaced by a 

“superbenzene” core (HBC). Thus, one can expect formation of a porous 2D 

honeycomb network by a combination of π-π interactions, van der Waals 

interactions and hydrogen bonding interactions. The porous structure also allows us 

to do further modifications, such as putting guest molecules into the empty cavities. 

 

 

Chart 2.1 Chemical structure of C3-symmetric hexa-peri-hexabenzocoronene 
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tricarboxylic acid.  

 

2.3.1.2 HBC-COOH Forming 2D Honeycomb Network  

 

The self-assembly of HBC-COOH was studied by STM techniques by 

dropping the solution of HBC-COOH in the 1-phenyloctane onto a freshly 

exfoliated HOPG substrate followed by measurements at solid-liquid interface. The 

results of a fully saturated solution of HBC-COOH are shown in Figure 2.1; a 

large-area ordered 2D porous network was clearly observed at the solid-liquid 

interface. Even in a large scanning area of 195.3 ×195.3 nm
2
, molecules covered 

nearly the whole surface and only few defects could be found (Figure 2.1a). This  
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Figure 2.1 STM images and simulated patterns of the HBC-COOH adlayer 

deposited from 1-phenyloctane solution onto the basal plane of HOPG: (a) 

large-scale STM image of HBC-COOH (195.3 × 195.3 nm
2
, Iset = 0.16 nA, and 

Vbias = -0.8 V); (b) high-resolution STM image of HBC-COOH (30.0 × 30.0 

nm
2
, unit cell: a = b = 3.1 ± 0.1 nm, γ = 60 ± 1°. Iset = 0.16 nA, and Vbias = -0.8 

V); and (c) the simulated self-assembly pattern of HBC-COOH on graphite 

(0001) surface with the simulated unit cell of a = b = 3.2 nm, and γ = 60°.  
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indicates that there are strong intermolecular interactions among the HBC-COOH 

molecules and also between the molecules and the HOPG substrate. High 

resolution STM images showed a submolecular level pattern of these HBC 

molecules on the interface (Figure 2.1b). Due to the semiconducting character of 

the HBC molecules, each of the bright spots in the STM images can be assigned to 

one HBC core due to its higher tunneling current,
[209]

 and the spot size is also in 

agreement with the molecular size of the HBC core. The dark area (cavity) could 

be filled by either the aliphatic chains on the HBC core or solvent molecules, 

which cannot be identified due to the limited resolution and high flexibility of alkyl 

chains.  

 

Therefore, it is very clear that the three-fold symmetric HBC molecules 

self-assemble into a 2D honeycomb network by linking six separate bright discs in 

a hexagonal pattern via hydrogen bonding. It is worth noting that a flower pattern 

arising from a hybrid combination of dimeric and trimeric associations was also 

observed for some TMA molecules,
[210-212]

 however, for our HBC-COOH molecule, 

only a rigid 2D honeycomb network was observed, presumably due to the stronger 

interactions between the HBC molecules with the HOPG substrate. A hexagonal 

unit cell can be determined for the 2D honeycomb pattern (Figure 2.1b) with 

parameters a = b = 3.1 ± 0.1 nm and γ = 60 ± 1°, which are in agreement with the 

calculated parameters (a = b = 3.2 nm, γ = 60°) of a unit cell of HBC-COOH 

molecules, as indicated in Figure 2.1c. 
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In the simulated results, it is clearly seen that the superstructure consists of 

a hexagon with one HBC-COOH molecule at each corner, and that all three 

carboxylic groups in each molecule form hydrogen bonds with neighboring 

molecules via a typical dimeric hydrogen bonding mode. The strong hydrogen 

bonding interactions between the molecules and π-π interactions between the 

molecules and HOPG surface eventually lead to a rigid 2D honeycomb network 

similar to that of the TMA molecules. 

 

2.3.2 Effect of Concentration on HBC-COOH Nanoporous Structures  

 

Furthermore, the effect of concentration with respect to HBC-COOH self-

assembly behaviors is tested by using 0.5, 0.2, and 0.1 times of saturated solution. 

From Figure 2.2, it can be proved that no structural change occurs even after the 

saturated solution has been diluted for 10 times both with respect to large scale and 

high resolution STM images. The size of the domain at all condition is 

homogeneous and large, indicating a strong π-π interaction between the molecule 

and HOPG substrate, as well as strong intermolecular interactions among 

molecules. In addition, the size of the unit cell at all conditions has the consistent 

values. This further proves that this 2D porous network is stable and rigid, which 

creates the opportunities to establish a host-guest system in the next step. This is 

the first HBC derivatives that has shown the ability to establish a 2D rigid porous 
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network, which has great potential to establish a host-guest system in order to 

enrich the diversity of molecular electronics.  

 

 

 

Figure 2.2 STM images of the HBC-COOH adlayer deposited from different 

concentration of 1-phenyloctane solution onto the basal plane of HOPG: (a) 

large-scale STM image from 0.5 saturated solution of HBC-COOH (200 × 200 

nm
2
, Iset = 0.165 nA, and Vbias = -0.8 V); (b) large-scale STM image from 0.2 

saturated solution of HBC-COOH (100 × 100 nm
2
, Iset = 0.17 nA, and Vbias = -

1.4V); (c) large-scale STM image from 0.1 saturated solution of HBC-COOH 

(200 × 200 nm
2
, Iset = 0.165 nA, and Vbias = -0.8V); (d) high-resolution STM 

image from 0.5 saturated solution of  HBC-COOH (30.0 × 30.0 nm
2
, unit cell: a 

= 3.1 ± 0.1 nm, b = 3.2 ± 0.1 nm, γ = 60 ± 1°. Iset = 0.165 nA, and Vbias = -0.8 
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V); (e) high-resolution STM image from 0.2 saturated solution of HBC-COOH 

(30.0 × 30.0 nm
2
, unit cell: a = 3.1 ± 0.1 nm, b = 3.2 ± 0.1 nm, γ = 60 ± 1°. I set 

= 0.17 nA, and Vbias = -1.4V); and (f) high-resolution STM image from 0.1 

saturated solution of HBC-COOH (30.0 × 30.0 nm
2
, unit cell: a = b = 3.2 ± 0.1 

nm, γ = 60 ± 1°. Iset = 0.165 nA, and Vbias = -1.2V). 

 

2.3.3 Antiparallel Dipole-dipole Interactions  

2.3.3.1 Rational Design of Molecular Structures  

 

It has been shown that hydrogen bonding is a good way to establish a 2D 

honeycomb structure at solid-liquid interface for HBC derivatives. This makes us 

wonder if there are other type of intermolecular interactions that could help in 

building up the nanoporous network as well. According to the literature, the 

strength of several noncovalent forces is listed in Table 2.2. The strength of dipole-

dipole interactions is comparable with the hydrogen bonding interaction, which 

makes us want to investigate whether the intermolecular dipole-dipole interactions 

can play a critical role in controlling the interfacial supramolecular assembly of a 

new class of C3-symmetric HBCs with alternating substituents (Chart 2.2) on 

HOPG surface.  
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Table 2.2 Strength of Several Noncovalent Forces.
[213]

 Reprinted with 

permission from reference 214. Copyright 2005 American Chemical Society. 

 

 

 

STM is used to directly observe and investigate the formation of 

supramolecular architectures at solid-liquid interface.  For HBC-CF3, HBC-CN and 

HBC-NO2, the fluorinated methylene (–CF3), cyano (–CN), and nitro (–NO2) 

functional groups attached onto the HBC core through phenylene vinyl spacer 

serve as strong electron withdrawing groups. In this case, the unbalanced electron 

distribution in HBC cores results in a three-fold symmetric dipole moment for 

these three molecules. We expect that through this molecular design, the 

intermolecular dipole-dipole interactions might drive the molecular assembly and 

enable fine control over the supramolecular architectures at the solid-liquid 

interface. For comparison, HBC-Cl which does not have specific intermolecular 

interactions was also designed and synthesized.   
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Chart 2.2 Chemical Structures of C3-symmetric HBC Derivatives.
[204]

 

Reprinted with permission from reference 205. Copyright 2011 American 

Chemical Society. 
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2.3.3.2  HBC-CF3 Forming 2D Honeycomb Network via Antiparallel 

Dipole-dipole Intermolecular Interactions 

 

First, we studied the interfacial supramolecular assemblies of C3-symmetric 

HBC-CF3 on the HOPG surface. In addition to –CF3 being a strong electron-

withdrawing group, molecules bearing one or more –CF3 groups have shown 

unique packing properties when compared to those molecules without –CF3.
[214]

 

For these reasons, we synthesized HBC-CF3 to determine how the introduction of –

CF3 groups to the core of HBC can influence the supramolecular organization of 

HBC-CF3 at the solid-liquid interface. Experimentally, we found that HBC-CF3 

formed a 2D porous network structure in a homogeneous and ordered large area, as 
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indicated in Figure 2.3. The monolayer of HBC-CF3 is stable over the whole period 

of the experiment, which suggests that strong intermolecular interactions among 

molecules as well as the interactions (mostly - interaction) between molecules 

and HOPG basal plane do exist.  Moreover, even with this large-scale image, the 

honeycomb-like structure on HOPG surface is clearly observable.   

 

 

 

Figure 2.3 STM images and the simulated pattern of the HBC-CF3 adlayer on 

the basal plane of HOPG: (a) large-scale STM image of HBC-CF3 (200.0 × 

200.0 nm
2
, Iset = 0.15 nA, and Vbias = -1.2 V); (b) STM images of HBC-CF3 

(60.0 × 60.0 nm
2
, Iset = 0.14 nA, and Vbias = -1.3 V); (c) high-resolution STM 

image of HBC-CF3 (26.6 × 26.6 nm
2
, unit cell: a = 4.0 ± 0.1 nm, b= 4.1 ± 
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0.1nm, and γ = 60 ± 2°. Iset = 0.14 nA, and Vbias = -1.3 V); and (d) the simulated 

self-assembly pattern of HBC-CF3 on graphite (0001) surface with the 

simulated unit cell of a = b = 4.2 nm, γ = 60°, where the inset shows the 

interaction pattern of the functional groups.  (For the enlarged view of the 

functional group interaction pattern, some alky chains have been hidden for 

clarity.)
[204]

 Reprinted with permission from reference 205. Copyright 2011 

American Chemical Society. 

 

The high resolution STM images (Figure 2.3b, c) revealed that the 

molecules are assembled in a hexagonal circle with one less bright spot inside.  The 

bright areas correspond to the aromatic core of HBC-CF3 because of  the higher 

electronic density of state,
[209]

 and the size of each bright spot also matches the 

molecular size of the HBC core. The less-bright spots are mostly due to the 

adsorption of solvent molecules.
[198]

  Then, the question is, what is the driving 

force for the formation of such 2D porous network structures? Generally speaking, 

the strength of dipole-dipole interaction (5-50 kJ/mol) is stronger than that of van 

der Waals interaction (<5 kJ/mol) but weaker than that of hydrogen bonding (10-65 

kJ/mol).  As the alkyl chains on HBC core are too short to contribute significantly 

to the intermolecular interaction, dipole-dipole interactions built up between 

adjacent HBC-CF3 molecules are considered to be the main driving force for their 

self-assembly behavior at the solid-liquid interface.  From these, it is suggested that 

the C3-symmetric HBC-CF3 molecules self-assemble into a 2D honeycomb 
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network via the linking of six separate bright cores in a hexagonal pattern via the 

dipole-dipole interactions. 

 

To have a better understanding of how HBC-CF3 molecules can self-

assemble on the graphite surface to form honeycomb structures, the self-assembly 

behavior of HBC-CF3 molecules was simulated using the classical molecular 

mechanics method with the COMPASS
[203]

 force field integrated in the Forcite 

module of the Materials Studio package. To approach global minimum as much as 

possible, molecular dynamics and simulated annealing have been performed for all 

structures. The simulated self-assembly pattern of HBC-CF3 on graphite (0001) 

surface is displayed in Figure 2.3d. The substructure consists of a hexagon with 

one HBC-CF3 molecule at each corner. Because the -CF3 group is highly 

electronegative in nature, this 4-trifluoromethylphenyl part of the HBC-CF3 

molecules can be treated as a dipole, and the direction of the dipole moment is 

indicated in the enlarged image in Figure 2.3d. It is evident that the two dipoles are 

aligned in an anti-parallel fashion, which is viewed as a stabilized state and gives 

rise to a lower overall energy. These simulated results of HBC-CF3 organization 

are in accordance with the experimental observation by STM, which further proves 

the intermolecular dipole-dipole interactions between HBC-CF3 molecules to drive 

the formation of the 2D supramolecular architecture. In addition, the parameters of 

a unit cell in Figure 2.3c have been determined to be a = 4.0 ± 0.1 nm, b= 4.1 ± 

0.1nm, and γ = 60 ± 2°, which are in agreement with the calculated parameters of a 
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unit cell of HBC-CF3 molecules, a = b = 4.2 nm, γ = 60°, as indicated in Figure 

2.3d. 

 

So far, 2D porous networks have been assembled by direction-oriented 

intermolecular forces like hydrogen bonding,
[42, 126, 211]

 metal-ligand 

interactions,
[215-216]

 and van der Waals interactions of interdigitating alkyl 

chains.
[129, 217-218]

 Note that we presented here that the anti-parallel intermolecular 

dipole-dipole interactions are considered as the main driving force to form a 2D 

porous honeycomb structure, and this would be the first example to show that 

intermolecular dipole-dipole interactions can be used to form a 2D porous 

honeycomb structure. This 2D porous honeycomb structure of HBC-CF3 provides 

the opportunity to form a guest-host system, which allows molecules of 

comparable size to be brought into the cavity to further modulate the electronic 

properties of supramolecular assemblies further. 

 

2.3.4 Control Experiment of Non-specific Intermolecular Interactions  

 

In order to confirm that the anti-parallel dipole-dipole interactions between 

HBC-CF3  molecules are mainly responsible for the formation of the 2D 

nanoporous network, instead of the interactions between alkyl chains or between 

alkyl chain and substrate, a control experiment utilizing HBC-Cl was conducted, in 

which the –CF3 groups were replaced by –CH2Cl groups. The results revealed the 

importance of the intermolecular dipole-dipole interactions in 2D nanoporous 
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network formation.  Similar to other HBC derivatives, HBC-Cl molecules in 1-

phenyloctane also form stable and homogeneous monolayers on graphite (Figure 

2.4a). From the high-resolution image (Figure 2.4b), one can observe bright spots 

that reflect the locations of the aromatic cores of HBC-Cl molecules due to higher 

electronic densities,
[209]

 while instead of forming a honeycomb structure like HBC-

CF3, HBC-Cl molecules are assembled into a closely packed hexagonal motif. The 

parameters of a unit cell have been determined to be a = b = 2.0 ± 0.1 nm, γ = 60 ± 

1°, which are very closely matched with the simulated results, a = 2.2 nm, b = 2.1 

nm, γ = 62° shown in Figure 2.4c.   
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Figure 2.4 STM images and simulated patterns of the HBC-Cl adlayer 

deposited from 1-phenyloctane solution onto the basal plane of HOPG: (a) 

large-scale STM image of HBC-Cl (100.0 × 100.0 nm
2
, Iset = 0.15 nA, and Vbias 

= -0.8 V); (b) high-resolution STM image of HBC-Cl (20.0 × 20.0 nm
2
, unit 

cell: a = b = 2.0 ± 0.1 nm, γ = 60 ± 1°. Iset = 0.17 nA, and Vbias = -1.4 V); and 

(c) simulated self-assembly pattern of HBC-Cl on graphite (0001) surface with 

the simulated unit cell of a = 2.2 nm, b = 2.1 nm, and γ = 62°.
[204]

 Reprinted 

with permission from reference 205. Copyright 2011 American Chemical 

Society. 

 

By comparing the packing mode and the unit cell parameters of HBC-CF3 

and HBC-Cl, it is easily found that HBC-Cl molecules are not packed in the same 

manner as HBC-CF3 molecules, not only in terms of the packing behavior but also 

in terms of the packing density. This is because the underlying mechanisms for 

intermolecular interactions for these two molecules are different, which is in 

agreement with our simulated results shown in Figure 2.4c. The simulated model 

for HBC-Cl indicates that there is no specific preferred interaction among 

molecules like in the case of HBC-CF3. The HBC-Cl molecules are packed more 

densely than HBC-CF3, which could provide a higher possibility for alkyl chain 

entanglement to contribute more to the intermolecular interactions through van der 

Waals interactions. 
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2.3.5 Other Functional Groups Induced Intermolecular Dipole-dipole 

Interactions 

 

We further investigated the self-assembly of HBC derivatives bearing other 

electron-withdrawing groups, such as HBC-CN and HBC-NO2.  From STM images 

(Figure 2.5a, b, d, e), it is clearly seen that both HBC-CN and HBC-NO2 form 

homogeneous and ordered large-area adlayers with a closely packed hexagonal 

motif, which is different from the 2D honeycomb structures for HBC-CF3.  The 

bright areas of the high resolution STM image correspond to the aromatic core of 

HBC-CN, and the spot size also matches by the molecular size of the HBC core.  

All of these spots have the same brightness, which is in contrast to HBC-CF3 

shown in Figure 2.3c. The parameters of a unit cell have been determined to be a = 

b = 2.6 ± 0.1 nm, and γ = 60 ± 2°, which are in agreement with the calculated 

parameters (a = b = 2.5 nm, γ = 60°) of a unit cell of HBC-CN molecules, as 

indicated in Figure 2.5c.  Similarly, the parameters of a unit cell for HBC-NO2 

have been determined to be a = 2.5 ± 0.1nm, b = 2.6 ± 0.1 nm, and γ = 60 ± 2°, 

which are in close agreement with the calculated parameters (a = 2.3 nm, b = 2.4 

nm, γ = 61°) of the unit cell of HBC-NO2 molecules indicated in Figure 2.5f. 
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Figure 2.5 STM images and simulated patterns of the HBC-CN and HBC-NO2 

adlayers on the basal plane of HOPG: (a) large-scale STM image of HBC-CN 

(120.0 × 120.0 nm
2
, Iset = 0.16 nA, and Vbias = -1.2 V); (b) high-resolution STM 

image of HBC-CN (25.0 × 25.0 nm
2
, unit cell: a = b = 2.6 ± 0.1 nm, and γ = 60 

± 2°, Iset = 0.15 nA, and Vbias = -1.4 V); (c) simulated self-assembly pattern of 

HBC-CN on graphite (0001) surface with the simulated unit cell of a = b = 2.5 

nm, γ = 60°; (d) large-scale STM image of HBC-NO2 (100.0 × 100.0 nm
2
, Iset = 

0.017 nA, and Vbias = -1.6 V); (e) high-resolution STM image of HBC-NO2 

(30.0 × 30.0 nm
2
, unit cell: a = 2.5 ± 0.1 nm, b= 2.6 ± 0.1nm, and γ = 60 ± 2°, 

Iset = 0.017 nA, and Vbias = -1.6 V); and (f) simulated self-assembly pattern of 

HBC-NO2 on graphite (0001) surface with the simulated unit cell of a = 2.3 nm, 

b = 2.4 nm, γ = 61°.
[204]

 Reprinted with permission from reference 205. 

Copyright 2011 American Chemical Society. 
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In the simulated supramolecular model shown in the enlarged image of 

Figure 2.5c, it is suspected that the intermolecular interaction is dominated by 

interactions between the nitrile group (-CN) and hydrogens of the benzene group 

from the adjacent molecule.  In other words, because of the electronegativity of the 

nitrile group, the 4-cyanophenyl unit itself forms an intrinsic dipole moment. Its 

direction is indicated in the enlarged images shown in Figure 2.5c.  From the 

energy point of view, polarized molecules tend to align themselves in a way that 

minimizes the overall polarity and hence leads to a lower overall energy.  That is 

exactly what we obtained in the simulated model where the 4-cyanophenyl group 

arranged themselves in a windmill pattern without a common center. If we sum up 

the dipole moment according to the rule of vector addition, the overall dipole 

moment around that area is actually zero. Hence, it leads to a lower energy state by 

forming this pattern, which is a hexagonal circle with one HBC-CN molecule 

inside. From the zoomed-in image of Figure 2.5e, it can be assumed that the 

intermolecular interaction is dominated by the weak [C─H•••NC─] hydrogen-

bonding interactions between -CN groups and hydrogen of the benzene groups on 

the adjacent molecule. Similarly, the proposed molecular model for HBC-NO2 

shown in Figure 2.5f also reveals a self-assembly pattern of hexagonal circle with 

one molecule inside on the HOPG substrate. A similar explanation for HBC-CN 

can also be applied to HBC-NO2, by considering the direction of the dipole 

moment for the 4-nitrophenyl group and additional [C─H•••O2N─] hydrogen-
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bonding interactions, and the packing pattern is shown in the enlarged image in 

Figure 2.5f. 

 

2.4  Conclusion 

 

By rationally designing a HBC-COOH molecule bearing three carboxylic 

groups, their self-assembly were able to form a 2D honeycomb network via 

hydrogen bonding. Since the strength of dipole-dipole interaction is comparable 

with hydrogen bonding, we designed a series of HBC derivatives bearing 

electronegative functional groups, and also synthesized HBC-Cl as a control 

experiment, due to non-specific intermolecular interaction. Along the way, the 

STM experimental results are correlated with simulated models, and the detailed 

intermolecular interactions were proposed one by one. HBC-CF3 was the first 

example to demonstrate that it is possible to obtain a 2D honeycomb network via 

intermolecular dipole-dipole interaction. 

 

In conclusion, we have shown how intermolecular dipole-dipole 

interactions could enable fine control over the self-assembly of disklike π-

conjugated molecules. The new large-size aromatic carboxylic acid HBC-COOH 

can self-assemble into a highly porous and rigid 2D honeycomb network via 

intermolecular hydrogen bonding interactions at a 1-phenyloctane-HOPG interface. 

In addition, the antiparallel intermolecular dipole-dipole interactions between 

HBC-CF3 molecules are considered to be the main driving force in forming a 2D 
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porous honeycomb structure, and this is the first example to show that 

intermolecular dipole-dipole interactions can be used to form a 2D porous 

honeycomb structure, although for HBC-CN and HBC-NO2, they could form 

hexagonal superstructures as a result of a special trimeric arrangement induced by 

dipole-dipole interaction and weak hydrogen-bonding.  Molecular mechanics and 

dynamics simulations were performed to prove the detailed functional group 

interactions as well as the 2D superstructures. In this sense, a delicate balance 

between the different substituents of the molecular building blocks is important for 

engineering the interfacial supramolecular structures of HBC derivatives. 



 

64 

 

Chapter 3 HOST-GUEST SYSTEM FROM 2D 

NANOPOROUS NETWORK 

 

In the preceding chapter, we present how to establish a 2D nanoporous 

network. In the meantime, this chapter continues to explore how interactions of 

molecule, substrate and solvent enable fine control over the self-assembled 

structures at solid-liquid interface. We report that HBC-COOH formed a rigid two-

dimensional (2D) honeycomb network at solid-liquid interface via intermolecular 

hydrogen bonding interactions. Guest molecules such as coronene can be filled into 

the cavities of this porous 2D network. 

 

 

 

3.1  Introduction  

 

The self-assembly of a molecular building unit at the solid-liquid interface 

is driven by weak interactions with the substrate, solvent and the molecule itself. 
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One interesting pattern for such self-organized molecular adlayers at solid-liquid 

interface is the 2D porous network, which can be achieved by hydrogen-bonding 

interactions of appropriate building units.
[35, 93, 219] For example, simple trimesic 

acid
[126, 210-211]

 (TMA, known as benzene-1,3,5-tricarboxylic acid) can form a 2D 

rigid honeycomb network via intermolecular hydrogen bonding interactions. The 

size of the cavity in the network can be further expanded by using larger size 

building blocks such as C3 symmetric benzenetribenzoic acid (BTB)
[220]

 and star-

shaped oligofluorene carboxylic acids.
[221]

 Guest molecules such as fullerene can 

fill in the cavities of some of the 2D porous networks to form a host-guest structure 

at solid-liquid interface.
[222]

 Due to the existence of large-size cavities within the 

hexagonal lattices, the self-assembled network formed by HBC-COOH can act as a 

supramolecular host system to study the interactions between guest molecules (e.g. 

coronene) and the nanoporous network. 

 

3.2  Experimental Section 

3.2.1 STM Imaging 

 

Prior to imaging, compounds under study were dissolved in 1-phenyloctane 

(Aldrich, 99%), and a drop of this solution or mixed solution was applied to a 

freshly cleaved surface of highly oriented pyrolytic graphite (HOPG). STM 

experiments were performed using a scanning probe microscope (Veeco 

Multimode SPM system with a NanoScope V control station) in constant current 

mode under ambient conditions. STM tips were prepared by mechanically cutting a 
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0.25 mm thick Pt/Ir (80/20) wire. All STM images contain raw data and are not 

subjected to any manipulation or image processing.  

 

3.2.2 Molecular Mechanics and Dynamics Simulation.  

 

The formation of interfacial supramolecular structures was investigated by 

a classical molecular mechanics method with the COMPASS force field integrated 

in the Forcite module of the Materials Studio package.  The detailed information 

has been explained in the previous chapter.  

 

3.3  Results and Discussion  

3.3.1 Rational Design of a Host-guest System 

 

From the previous chapter, we know that the diameter of the HBC-COOH 

self-assembled circular cavity is about 1.8 nm (Figure 3.1b), indicating that some 

guest molecules with appropriate size and interactions can be accepted by the pores. 

Thus six-fold symmetric coronene with a lateral diameter of about 1 nm (Figure 

3.1b) was chosen as a guest molecule. According to previous investigations,
[126]

 

coronene molecules at the liquid-solid interface without host architecture did not 

show ordered structures. 
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Figure 3.1 The rational design of a host-guest system: (a) 2D honeycomb 

network formed by HBC-COOH network at the solid (HOPG) – liquid (1-

phenyloctane) interface. (b) Explanation of molecular dimensions of coronene 

and 2D nanoporous network.  

 

3.3.1 HBC-COOH with Coronene  

 

The highly porous honeycomb-like structure presents the opportunities 

to bring guest molecules into the host cavities. Addition of coronene to the 

solution of HBC-COOH in 1-phenyloctane and subsequent STM imaging 

measurements exhibited a similar 2D network with a hexagonal lattice (Figure 

3.2a). At first, the ratio between host and guest molecules was 1:1. The lattice 

constant of the hexagons is nearly same as that of the pure HBC-COOH 

molecules, indicating that the 2D framework is formed by the HBC-COOH 

itself. Interestingly, some of the cavities are now filled with smaller-size and 

less-bright spots, which can be identified as coronene molecules based on the 

Coronene 

a b 
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size and the different contrast. Therefore, the 2D honeycomb network formed 

by HBC-COOH actually serves as a template to induce the assembly of the 

coronene molecules on the HOPG surface. The reason why the coronene 

molecules can go into the cavities could be ascribed to the size and shape 

matching between nanosized pores and the planar D6h symmetric coronene 

molecules.  

 

 

 

Figure 3.2 STM images and simulated patterns after adsorption of coronene 
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guests within the supramolecular honeycomb network at the solid (HOPG) – 

liquid (1-phenyloctane) interface: (a) large-scale STM image of HBC-COOH 

with Coronene inside (100 × 100 nm
2
, Iset = 0.16 nA, and Vbias = -0.8 V); (b) 

high-resolution STM image of HBC-COOH with Coronene inside (30.3 × 30.3 

nm
2
, unit cell: a = 3.2 ± 0.1 nm b = 3.1 ± 0.1 nm, γ = 59 ± 1°. Iset = 0.16 nA, 

and Vbias = -0.8 V); and (c) simulated self-assembly pattern of HBC-COOH 

with Coronene inside on graphite (0001) surface with the simulated unit cell of 

a = b = 3.2 nm, and γ = 60°. 

 

It is noteworthy that although most of the cavities can be filled with 

coronene molecules, the contrast of all the coronenes is different throughout,  

implying that the interaction between the coronene molecules and the HOPG 

substrate is relatively weak. This probably could be owing to the underlying 

aliphatic chains of HBC molecules between the coronene and HOPG surface 

which reduce the π-π interactions between the coronene and the HOPG. In fact, 

a weaker interaction and a dynamic phase transition of HBC molecules on long 

aliphatic chains modified HOPG surface were previously observed.
[223]

 The 

non-perfect size matching may also have negative effect on the hosting of 

coronene in the framework.  

 

In order to discover an optimized condition of adsorbing coronene 

molecules inside HBC-COOH honeycomb network, experiments with different 

host/guest ratio has been conducted. In Figure 3.3, it was shown that the 
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coronene adsorption with host/guest ratio of 1:0.5 (Figure 3.3a and b) and 1:2 

(Figure 3.3c and d). From both the large scale images and high resolution 

imges, it is revealled that the adsorption behavior of individual coronene 

molecules into the porous cavities act similarly with the case of 1:1 ratio. 

Therefore, we could conclude that the host/guest raito didn’t affect the 

adsorption of coronene inside the host honeycomb network significantly. And 

in order to understand the reason for the different contrast of coronene 

molecules inside the cavity, a dynamic equilibrium process is proposed in the 

next section.  

 

 

Figure 3.3 STM images of adsorption of coronene guests within the 

supramolecular honeycomb network with different host/guest ratio at the solid 
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(HOPG) – liquid (1-phenyloctane) interface: (a) large-scale STM image of 

HBC-COOH with Coronene inside, with host/guest ratio of 1:0.5 (100 × 100 

nm
2
, Iset = 0.16 nA, and Vbias = -0.8 V); (b) high-resolution STM image of 

HBC-COOH with Coronene inside, , with host/guest ratio of 1:0.5 (30.0 × 30.0 

nm
2
, Iset = 0.17 nA, and Vbias = -0.8 V); (c) large-scale STM image of HBC-

COOH with Coronene inside, with host/guest ratio of 1:2 (100 × 100 nm
2
, Iset = 

0.165 nA, and Vbias = -0.8 V); and (d) high-resolution STM image of HBC-

COOH with Coronene inside, with host/guest ratio of 1:2 (33.0 × 33.0 nm
2
, Iset 

= 0.165 nA, and Vbias = -0.8 V). 

 

3.3.2 Dynamic Equilibrium  

 

In order to understand the reason for different contrast of coronene 

molecules inside each cavity, molecular mechanics and dynamics simulations were 

performed, and the adsorption and desorption of the coronene were studied 

respectively. The desorption energies were calculation by manually adjusting 

relaxed structure with the coronene molecules adsorbed in the cavity until the 

coronene-substrate distance is larger than the van der Waals cut-off distance. The 

adsorption energies were calculated by manually adjusting the coronene molecules 

well above the relaxed HBC-COOH supramolecular structure until the optimum 

coronene adsorption distance of ~3.5Å is reached. During the manual adjustment 

of coroene-substrate distances, no further geometry relaxations were performed. 

For better understanding the role of alkyl chains, a reference structure without alkyl 



HOST-GUEST SYSTEM FROM 2D NANOPOROUS NETWORK 

 

75 

 

chains attached to HBC-COOH molecules has also been studied. All results are 

given in Figure 3.4. It is not surprising to observe a typical van der Waals potential 

curve is recovered for the case of the reference system as given by the black curve 

in Figure 3.4. Therefore coronene molecules have very little interaction with the 

HBC-COOH aromatic backbone.  

 

 

 

Figure 3.4 Potential energy for HBC-COOH molecule with and without alkyl 

chains with respect to distance between adsorbates and substrate, where the 

zero point was taken as the equilibrium position of the coronene moelcules on 

the substrate (~3.5Å above the substrate).   
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While for the actual HBC-COOH molecules as given by red and blue 

curves, very interesting different behavior between the desorption and adsorption 

process for coronenes in HBC-COOH can be obtained. Both adsorption and 

desorption process has shown multiple minimum feature. There appears to have 

more than one potential energy barrier before the coronene molecule getting away 

from or getting close to the final equilibrium position. Comparing to the potential 

energy curve of the reference system, the role of alkyl chains can be understood as 

either hindering the adsorption of coronene molecules into the cavity or hindering 

the desorption of coronene molecules that have been adsorbed in the cavity. For the 

adsorption processes, when the coronene molecules are getting closer to the HBC-

COOH porous network, they will first feel the van der Waals surface of the alkyl 

chain above the backbones. Therefore one can observe the first minimum around 

3Å (or ~6.5Å above the substrate). The repulsion from the alkyl chains becomes 

higher when the coronene molecules are getting closer to the substrate. Such high 

repulsion from the alkyl chains may lead to a potential energy barrier for coronene 

molecules to be further adsorbed into the cavity. However caution must be taken 

that such static energy may not reflect the actual dynamics situation, where 

relaxation of the alkyl chains may lower the adsorption potential energy barrier for 

the coronene molecules. Regarding the desorption processes, the alkyl chains may 

play the role of locks that can introduce further potential energy barriers for the 

coronene molecules to overcome. In the other words, once the coronenes enter the 

cavities in the 2D nanoporous network formed by HBC-COOH molecules, they 

may not be able to exit the cavity easily.  
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Therefore, despite the different contrast of coronene molecules inside 

individual cavities, most of the cavities are filled with one coronene molecule 

inside. In addition, it confirms that aliphatic chains are the main root cause for the 

dynamic process to happen. Therefore, the coronene molecules exist in a dynamic 

equilibrium between free molecules in solution and trapped molecules in the 2D 

nanoporous network. 

 

3.4  Conclusion 

 

In conclusion, a novel D3h symmetric HBC tricarboxylic acid molecule 

HBC-COOH can self-assemble into a highly porous and rigid 2D honeycomb 

network via intermolecular hydrogen bonding interactions at a 1-phenyloctane-

HOPG interface. Because of the existence of large-size cavities within the 

hexagonal lattices, the self-assembled network can act as a supramolecular host 

system to study the interactions between guest molecules (e.g. coronene) and the 

nanoporous network.  

 

And in order to explore the optimized condition for this host-guest system, 

HBC-COOH + Coronene, different ratios between host/guest molecules were 

conducted. Such as 1:1 as the reference line, ratio of 1: 0.5 and 1: 2 were tested for 

comparison. With varying the value of host/guest ratio, no significant effect was 

observed. Most of the pores are filled with coronene molecules inside for all three 
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kinds of host/guest ratio, although the brightness of each coronene molecule is 

different among each other.  

 

With the help of molecular mechanics and dynamics, we revealed that 

despite the different contrast of coronene molecules inside individual cavities, most 

of the cavities are filled with one coronene molecule inside. Moreover, it confirms 

that aliphatic chains are acted either as a hindering for coronene molecules to 

adsorb, or as a shield for trapping the coronene from desorption. Therefore, the 

coronene molecules exist in a dynamic equilibrium between free molecules in 

solution and trapped molecules in the 2D nanoporous network.  
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Chapter 4 PHOTOCURRENT MAPPING IN 

CHEMICALLY MODULATED GRAPHENE 

 

In this chapter, we show that in addition to the structural behavior of 

supramolecular assemblies, their functional properties also have a great influence 

toward the performance of supramolecular electronic devices. Beyond the passive 

characterization of supramolecular assemblies, light induced photoresponse of 

large 2D π-conjugated assemblies, graphene, will be investigated. With nanoscale 

resolution of photocurrent mapping, the chemically modulated graphene-

photoresponse is studied systematically.  

 

 

 

4.1  Introduction  

 

After systematic investigation of how intermolecular interactions affect the 

self-assembly behavior of some novel organic molecules, another interesting aspect 

to look for in the field of supramolecular assemblies is their functional properties. 
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We have shown ways of establishing two dimensional honeycomb networks via 

specific intermolecular interactions, specifically speaking, via hydrogen bonding, 

and dipole-dipole interactions. In order to have an extended 2D structure, bottom-

up approaches like synthesizing large π-conjugated molecules, then later self-

assembly, has been intensively studied.
[23, 27, 45, 143, 205, 213]

 However, these 2D 

structures are all formed at solid-liquid interface, which makes them difficult to be 

used for device fabrication directly. Therefore, bearing in mind to look for 

extended large area of π-conjugated system in the solid state, we found graphene to 

be the perfect candidates, which can be viewed as a top-down approach to fabricate 

such 2D π-conjugation extended structure.  

 

Graphene has a perfect 2D atomic structure of sp
2
 carbon atoms, and has 

become a star material due to its unique properties, such as mechanical, electrical, 

thermal, and optical.
[224-232]

 Particularly, graphene exhibits supreme properties in 

photonics and optoelectronics, such as wavelength-independent light absorption 

and high operating bandwidth, which make it one of the most competent and 

attractive candidates for important applications, such as optical modulator, mode-

locked laser, and photodetector.
[228, 230, 233-238]

 Recently, graphene photoresponse 

has become one of the most important and hot topics among numerous graphene 

related fields.
[239-241]

 However, one of the challenges has been to generate stable 

graphene photoresponse, owing to the fast recombination (in picoseconds level) of 

electron-hole pairs upon light radiation.
[242-243]

 Therefore, to realize how the 

separation of the photo-generated electron–hole pairs leads to the photoresponse 
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simply, efficiently, and stably has become the top priority in the field of graphene 

related photonics.   

 

Most of the current strategies depending on asymmetric electrodes or 

plasmonic structures have been developed to break the mirror configuration of p-n 

junctions and realize the photoresponse in graphene.
[244-251]

 Nevertheless, these 

extrinsic methods suffer from the problem of extracting an insufficient amount of 

photoelectrons due to a less effective p–n junction. Hence, it is critical to find an 

intrinsic method to generate the photoresponse of pristine graphene. Graphene 

covalent functionalization, which transforms hybridized orbitals of graphene 

carbon atoms from sp
2
 to sp

3
, can create a bandgap in graphene and may lead to 

intrinsically changing of its optoelectronic properties with good stability, 

controllability, and repeatability.
[252-253]

 Meanwhile, the covalent functionalization 

could also obviously change the surface potential of resulting graphene, which 

relates to the gas adsorption/desorption closely and could be tuned by different 

density or types of substituted decorators.
[254-255]

 Thus, it is significant to find a 

simple and controllable method to realize the photoresponse of graphene based on 

chemical modulation. This could not only open a bandgap to exploit intrinsic 

capability of graphene itself in terms of photo-generated electron–hole pairs but 

also  and modulate its ability through interaction between decorated graphene and 

gas molecules under ambient condition. 

 



PHOTOCURRENT MAPPING IN CHEMICALLY MODULATED GRAPHENE 

 

82 

 

Since graphene is very stable, radical reactions are preferred in graphene 

modifications such as photochemical chlorination,
[256]

 photochemical reaction of 

peroxide,
[257]

 and diazonium chemistry,
[258]

 wherein diazonium chemistry has been 

widely used in silicon-based materials for tailoring their electrical properties
[258-260]

 

due to easy and controllable operations.
[261]

 Also, the substituent on the phenyl 

groups (electron-withdrawing/donating groups) can be flexibly altered in 

diazonium chemistry, which enables functionalizing graphene with various aryl 

diazonium salts. Hence, the surface potential on graphene can be modulated, which 

is important to the interaction with gas molecules.
[254-255]

   

 

In this chapter, we report the fabrication and characterization of graphene-

photoresponse devices based on chemical modulated single layer graphene (SLG) 

with designed decorator. The characterization is not only done with respect to the 

whole device; local information like current mapping is also obtained by using 

conductive AFM (C-AFM) at the nanoscale, in order to understand the spatial 

correlation between graphene-photoresponse and its functionalization.   

 

4.2  Experimental Section  

4.2.1 Synthesis of 1-Naphthalene Diazonium Tetrafluoroborate (NaphDT)  

 

The synthesis of NaphDT occurs in a cold environment, supplied by a 

water-ice bath. The solution of sodium nitrate (45 mg, 0.65 mmol) in Milli-Q water 

(0.25 mL) was added slowly to 1-naphthylamine (84.4 mg, 0.59 mmol) in 1 M HCl 
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(1 mL) drop by drop. Then the whole reaction was carried out at about 1 ºC for 1 

hour. After that, 0.6 mL of a saturated solution of sodium tetrafluoroborate/ Milli-

Q water was added. The yellowish product of NaphDT was precipitated and then 

purified by several rinse with cold diethyl ether and acetonitrile. The final product 

of NaphDT is in power form and about (61.4 mg, 43%). The yield of synthesized 

phenyldiazonium tetrafluoroborate is 51.3%. 

 

4.2.2 Device Fabrication and Characterization  

 

Single layer graphene was obtained by the mechanical exfoliation method 

from natural graphite flake on doped silicon wafer with 280 nm SiO2. Electrodes 

are thermally evaporated with Au (50 nm) on Ti (10 nm), which were patterned by 

single E beam lithography. The functionalization of graphene was carried out by 

immersing the chip in 5 ml of a 10 mmol L
-1

 solution of diazonium salt in SDS 

solution (1%) in the dark overnight at room temperature (298 K). After 

functionalization, the chip was cleaned in SDS solution (1 %) and Milli-Q water 

and then dried in the air. The devices were characterized with a standard probe 

station and semiconducting parameter analyzer (Keithley 4200). Light irradiation 

was performed with 500 nm (up to 8 mWcm
-2

) light generated by a 150W 

(Olympus LG-PS2-5) Xe lamp source. The local area of the graphene device was 

characterized using a conductive AFM system with TUNA module (Veeco 

Multimode SPM system with a NanoScope V control station). The probe was 

coated with 3nm chromium and 20 nm platinum for good conductivity, with a 
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radius of 20 nm. Each tip was checked by scanning electron microscopy (SEM) to 

ensure consistent tip radius and good quality of the conductive film. Light 

irradiation was performed with 500 nm (~ 4.2 mWcm
-2

) light generated by a 150W 

Gilway halogen lamp source. The power intensity of the light was measured by 

using a PM100 optical power meter (Thorlabs, GmbH Manufacturing Facility) 

under the same experimental conditions.  

 

4.3  Results and Discussion  

4.3.1 Chemical Modulation and Characterization 

 

In a typical experiment, the SLG device is characterized by scanning 

electron microscopy (SEM, Figure 4.1b). And then the SLG devices are 

functionalized with diazonium salts (naphthalene-1-diazonium tetrafluoroborate 

(NaphDT), 10 mM in 1% sodium dodecyl sulphate (SDS) solution) (Figure 4.1a). 

The R represents the functional group, in this case, it is one phenyl group. Typical 

Raman spectra of SLG devices were performed before and after chemical 

modification. In Figure 4.1c, the SLG can be recognized from the intensity ratio of 

2D band to G band (≈ 4-fold),
[262]

 and the absence of D-band provided evidence for 

the defect-free nature of pristine graphene (black curve); while after the 

modification, an obvious D band can be observed which can be identified as the 

formation of the covalent bond and the signal ratio between the D and G line (1370 

cm
-1 

to 1540 cm
-1

) was also elevated which was interpreted as a sign of sp
3
 carbon 

formation.
[263]

 (Figure 4.1c, red curve)  
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Figure 4.1 Graphene device fabrication and functionalization: a) Schematic 

illustration of device fabricating using SLG and covalent modified SLG via 

diazonium chemistry, and radical reaction of diazonium salts with graphene. b) 

Scanning electron microscopy image of the device. c) Raman spectra of SLG 

device before (black) and after (red) the covalent decoration. 
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4.3.2 Device Performance 

 

  Current-voltage (I-V) characteristic behaviors of NaphDT-SLG device was 

studied as an example in the absence and presence of light illumination (Xe lamp, 

500 nm filter and 8 mW cm
-2

) at ambient conditions. The linear relationship of I-V 

curves exhibited is due to the Ohmic contact between graphene and electrodes. 

(Figure 4.2a) For the SLG device, only weak photoresponse can be observed, 

however, for the NaphDT-SLG device, repeatable positive photocurrent ΔJ(ΔJ = 

(Jirr – Jo)/Jo × 100%) was acquired by around 25% compared to its original current 

(Figure 4.2b). Furthermore, the photoresponse changed little with light intensity 

and wavelengths variation. On one hand, the photoresponse of NaphDT-SLG 

device is linear up to a total optical incident light on the entire device of 14 μW cm
-

2
, and a ΔI (variation of current) of 21% is observed.   
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Figure 4.2 Electrical characterization of modified graphene device: a) I-V 

behaviour of NaphDT modified graphene device with and without light 

irradiation. b) Photoresponse of graphene device before (black) and after 

functionalization (red) with NaphDT. c) Gate dependent characteristic behavior 

of the pristine graphene device before (black) and after (red) the 

functionalization with NaphDT. d) Relationship of current density variation 

(ΔJ) and light intensity. 

 

The transfer characteristics of the device were measured by applying a 

fixed source-drain bias voltage (Vsd =10 mV) and sweeping the gate voltage (Vg) 

between +100 V and -100 V in 1 V steps (Figure 4.2c). An ambipolar behavior 

with a threshold voltage (Vth) at ~ -0.5 V for the pristine graphene device before the 
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modification of NaphDT has been observed.  On the contrary, after the 

modification, the Vth shifted to ~ -27 V indicating that the graphene device 

possessed an n-type semidonductor behavior.  Furthermore, the photoresponse of 

NaphDT-graphene device is linear up to 14 μW cm
-2

 of optical incident light, 

accruing 21% variation in current density (Figure 4.2d, red line).  Further increase 

in the light intensity leads to photocurrent saturation due to the screening effect as 

in conventional photodiodes.
[264]

  

 

4.3.3 Local Electrical Information by C-AFM 

 

After the device was fabricated and chemical modulation was done via 

diazonium chemistry, the local area of the modified graphene was tested by C-

AFM. One of the electrodes was connected out to the sample holder of C-AFM, 

and the conductive probe acts as the other electrode and generates morphological 

and photocurrent images simultaneously with controlled light illumination. The 

current sensitivity used is 100nA/V and the bias is applied from the sample holder, 

then to the Au electrode of graphene device, passing through graphene, and then to 

the conductive tip as shown in Figure 4.3. With this setup, the current image could 

be obtained at the same time with the topographic image, and the size of each pixel 

is about 4 nm, which reveals current in a nanoscale spatial distribution.  
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Figure 4.3 Setup of C-AFM for measuring photocurrent mapping at local area 

of modulated graphene devices.  

 

4.3.4 Control Experiment of Pristine Graphene  

 

Before characterizing the localized area of the modulated graphene device, 

the device fabricated with pristine graphene without functionalization is measured 

with C-AFM as a control experiment, in order to see if photoresponse occurs in this 

case. The topography and thickness profile of a pristine graphene without 

functionalization is shown in Figure 4.4 for the purpose of clarifying the monolayer 

feature of graphene.  
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Figure 4.4 Topography of pristine graphene at local area: a) Topography image of 

pristine graphene by AFM. b) The height profile indicates the thickness of the 

pristine graphene as 0.75 nm.  

 

Before we tested the photoreponse of the pristine graphene at the nanoscale, 

we carefully verified the appropriate force onto the graphene from the AFM probe, 

by getting the current image identical from two subsequent images with opposite 

scanning directions, to ensure that the measured result is reflecting the real 

properties of graphene rather than the technical problems, like a contact issue. We 

find that a conduct force about 125 nN from the tip to graphene surface guarantees 

the most stable measurement condition, and we try to keep this value for all the 

measurements done. The value of the contact force is estimated from the spring 

constant of the conductive probe from thermal tuning and deflection sensitivity 

from force curve ramping. As you can see the two current images taken under dark 

and light conditions respectively with a sample bias of 3 mV applied from the 

sample holder (Figure 4. 5a, b), they have almost the same current value, revealed 



PHOTOCURRENT MAPPING IN CHEMICALLY MODULATED GRAPHENE 

 

91 

 

from similar color of current mapping. And if we get the profile section at the same 

location, we can find that there is barely any difference between them (Figure 4.5c). 

The calculated variation of current value is about 0.3% with regard to original dark 

current, which indicates it has very weak photoresponse.  

 

 

 

Figure 4.5 Photocurrent mapping of pristine graphene at local area: a) and b) 

Current mapping of NaphDT modified graphene device with and without light 

irradiation. c) The photocurrent profile with and without light irradiation, the 

variation of current is about 0.3% with regard to original dark current. d) The 

subtraction of current image between a and b; the averaged variation of current 

value with respect to dark current at the matched area is about 0.5%.   
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In order to have a more direct evidence of current distribution at the 

nanoscale, we use the second current image under light, subtract the first image 

under dark, and by shifting images in the x and y directions, a specific area is 

matched exactly. Current spikes are generated due to scanning lines occurring 

during measurement, by eliminating the current spikes manually, we can obtain the 

averaged value of current in that area, and by dividing the average dark current at 

the same area, the averaged variation of current is derived as 0.5%, which is as 

small as the one obtained from current profile, and also comparable with the whole 

device performance for pristine graphene. Therefore, we could confirm that 

devices with pristine graphene show very weak photoresponse, and the current 

mapping by C-AFM is reflecting the true characteristics of the device rather than 

technical difficulties, such as a contact issue between the tip and graphene.  

 

4.3.5 Photocurrent Mapping with Nanoscale Resolution of NaphDT 

Modulated Graphene 

 

The graphene is functionalized with diazonium salt, NaphDT, and the 

current mapping shown in Figure 4.6(a-c) is taken under dark, light and dark 

conditions. The two currents at the dark condition show similar color, and the light 

one is brighter than both, indicating that the photocurrent is increased upon light 

illumination. In order to have a quantitative analysis, current line profiles are 

obtained for all three conditions, which shows a clearer view of the on-off 

phenonmenon of photocurrent. The value of current variation with regard to 
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original dark current is about 54.5%. An averaged value of current increment along 

the current profile is about 61.5%, calculated from the dotted averaged line. In 

order to investigate whether this local performance is same with performance of 

the whole device, the overall device is tested by probe station with a 

semiconducting parameter analyzer setup. A positive photoresponse has also been 

obtained; the positive variation of current density could reach as high as 60% with 

enough stable duration.  From here, it also proves the reliability of using C-AFM to 

exam the local photocurrent mapping of graphene-photoresponse at localized area. 

 

 

 

Figure 4.6 Photoresponse of NaphDT modulated graphene: a-c) Current 

mapping of NaphDT modulated graphene without, with and without light 

irradiation, respectively. d) The photocurrent profile with without and with light 

irradiation. The variation of current is about 54.5% with regard to the  original 
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dark current, and the dotted line indicates the averaged current value along the 

line. e) The current density variation of the device performance tested by probe 

station and semiconducting parameter analyzer.  

 

In order to explore the spatial correlation between photoresponse and 

functionalization in a straightforward way, we look the current mapping taken 

under light and subtracted the dark one, the subtracted image shown in Figure 4.7c. 

After exclusion of scanning lines and averaging process, the averaged current 

increment is about 54.7%. And with one more cycle, the averaged current 

increment with respect to dark current is about 58.2% (Figure 4.7d), which is in 

accordance with the profile measurement, as well as the whole device performance. 

 

 

Figure 4.7 Photocurrent mapping of NaphDT modulated graphene: a) and b) 

The current mapping of NaphDT modulated graphene tested by C-AFM without 

and with light irradiation. c) Current subtraction image of photocurrent minus 

dark current for one cycle and another cycle d).  
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From the subtracted current image, we can see that they have uniform 

photoreponse throughout the measured area indicated by uniform current 

distribution. This means that every functionalized pixel (~nm
2
) offers a positive 

photoresponse. Or in other words, the photoresponse and functionalization are 

correlated at nanoscale distribution. Without these localized electrical information 

of graphene photoresponse, we could have not concluded a uniform photoresponse 

is achieved from device performance alone.  

 

4.3.6  Mechanism of Graphene-photoresponse  

 

    As previously reported,
[265-266]

 by covalently bonding molecules on 

graphene, an impurity energy level is generated, that determines the band structure 

of graphene based devices. To confirm the role of functionalized molecules, 

theoretical simulation based on a simplified model of 25 benzene rings of NaphDT 

modified graphene (arranged in 5 × 5 rows) was built to compute the bandgap 

value. As seen in Figure 4.8a, a band gap of 1.25 eV is produced after NaphDT 

covalent bonding with grapheme, comparing with no direct bandgap can be 

observed in graphene before the modification.   
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Figure 4.8 Mechanism of graphene photoresponse: (a) Band structure of 

NaphDT modified graphene in 5×5 graphene superlattice (b) photoreponse 

behaviour of the graphene device covalently functionalized with NaphDT in 

ambient condition (black) and vacuum condition (red) (c) photoreponse 

behaviour of the hybrid device in pure N2 (1 atm) condition (black) and O2 (1 

atm) condition (red) (d) schematic illustration of bandgap opened by diazonium 

chemistry and charge injection of gas molecules. 

 

In order to explore the exact role of the newly created bandgap, the 

photoresponse of NaphDT-graphene was studied in vacuum (1×10
-6

 torr), thereby 

eliminating the contribution of adsorbed gas molecules (Figure 4.8b).
[267-268]

 Unlike 
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at ambient condition, the ΔJ under vacuum rapidly reached saturation by around 

5.1% (stage I in Figure 4.8b), implying that the remaining 20% of the 

photoresponse is a result of the charge injection during the adsorption/desorption of 

gas molecules at ambient condition (stage II in Figure 4.8b). In order to figure out 

the role of the different gas molecules, the photoresponse of NaphDT-graphene 

was studied in pure N2 and O2 (Figure 4.8c). The photoreponse behavior observed 

under N2 is similar as vacuum condition; also photoreponse behavior under O2 is 

similar to that under ambient condition. This means that the photoreponse of 

chemically modified graphene is mainly contributed from the O2 molecules under 

ambient condition. By volume, dry air contains 78.09% nitrogen, 20.95% 

oxygen,
[269]

 therefore the N2 has almost 4 times of O2 in volume under ambient. 

According to Boyle's law
[270]

, which describes how the pressure of a gas tends to 

decrease as the volume of a gas increases. Therefore, the N2 tend to have ¼ of the 

O2 pressure under ambient condition. In Figure 4.8c, it reveals that even when N2 

has the same amount of pressure as O2 does, the photocurrent is still much lower 

than that of O2. Hence, these results proved that oxygen gas molecules play a 

crucial role in the enhancement of photoresponse under ambient condition.   

 

Based on the results above, we determined the mechanism of the 

photoresponse as follows: Initially in the dark, the adsorbed gas molecules took up 

the electrons from the graphene conduction channel, leading to a depletion of 

carrier density in the systematic conductance channel. Subsequently, when the 

device was exposed to light, a few of the gas molecules desorbed from graphene 
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and released the electrons. Since the graphene device was n-type doped after the 

modification, the released electrons would consequently result in an increase of 

carrier density and form a positive photoresponse (Figure 4.8d). Meanwhile, the 

bandgap formed in graphene would cause the photo-induced activation of an 

electron from the valence to conduction band, thereby inducing a positive 

photoresponse. The photoresponse phenomenon we observed could be a result of 

the two mechanisms. 

 

4.4  Conclusion 

 

In summary, graphene photoresponse was successfully obtained using an 

easy covalent chemical modulation strategy involving diazonium chemistry. The 

photoresponse performance is directly correlated with the functionalization, proven 

by the direct evidence from photocurrent mapping. Bandgap due to the impurities 

and the interaction of decorated graphene with gas molecules contributed to the 

large graphene-photoresponse. Most importantly, graphene with modulatable 

photoresponse is an ideal candidate for more practical applications such as gas 

sensors, photovoltaics, and photoresponse transistors. 
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Chapter 5  TUNABLE ELECTRICAL PROPERTIES OF 

FUNCTIONALIZED DENDRIMERS 

 

In the previous chapters, what we have studied so far is all based on two 

dimensional structures with a large π-conjugated system. In order to explore more 

on the relationship between structure and properties, structures with more 

dimensionality are preferred. In this chapter, we demonstrated a series of π-

conjugation-interrupted frameworks (CIFs) possessing real three dimensionality 

and its electrical properties are probed locally by C-AFM. The uniform layers of 

dendrimer based nanostructures self-assembled via immersion-dip method and 

showcased semiconductor properties. Importantly, 2.5
th

 generations (G2.5) 

assembly was found to be sensitive to dopants, and post-modification of G2.5 

nanostructure-based thin film with diazonium salt rendered its electrical properties 

highly tunable by up to two degrees of magnitude. As a result of the tunable 

electrical properties of CIFs, we envisage their potential role as active components 

of memory devices in the future.   
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5.1  Introduction 

 

Nanoscale semiconducting molecules are fascinating optoelectronic 

materials for organic electronics, and electrical properties of thin film organic 

electronic devices are influenced by both the materials and structures.
[271-276]

 More 

recently, organic synthesis has become an alternative bottom-up approach for 

various other molecular nanostuctures with several advantages such as the precise 

control of structures and size-selectivity.
[277-284]

 Dendrimers are a type of nanoscale 

semiconducting molecules which offer more degrees of freedom to adjust 

electronic or exciton behavior via their core, branch and periphery, as compared to 

linear conjugated polymers.  

 

Desired optoelectronic properties of the dendrimers have been achieved via 

mechanisms such as intramolecular fluorescence resonance energy transfer (FRET), 

photoinduced electron transfer (PET), and built-in redox gradients amongst 

others.
[285-290] 

Dendritic semiconductors have been applied in various organic 

devices, such as organic light emitting devices (OLEDs),
[291-298]

 organic 

photovoltaics,
[299-301]

 organic lasers,
[302-303]

 and other applications.
[304]

 In π-

conjugation interrupted frameworks (CIFs), a class of dendrimers, the introduction 

of tetrahedral sp
3
 carbon linkage into conjugated areas is favorable for more cubic 

three-dimensionality. Furthermore, its wide bandgap and large triplet energy levels 

make it suitable for various electronic host materials.
[305-306]

 However, there are 
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currently very few examples of such bottom up synthesis and subsequent self-

assembled nanostructures in the realm of organic electronics.
[307-308]

 

 

In this chapter, we demonstrated a series of π-conjugation-interrupted 

frameworks (CIFs, G0.5-G2.5) via the iterative divergent procedure using the 

atom-economic C-H bond functionalization of BF3•Et2O-mediated Friedel-Crafts 

reaction at room temperature with the Pd-catalyzed Suzuki carbon-carbon cross-

coupling reaction for the synthesis of nanoscale organic semiconductors. The G2.5 

CIF consists of bithiophene at the core, 2,7-bithiophenyl-alkyoxyphenylfluorene as 

branches, and alkyoxyphenylfluorene as end-capped surfaces. The introduction of 

tetrahedral quaternary carbon into dendrimers can further increase the shape-

persistent characteristics proved by the visualization of AM2 simulation, which 

have the interesting self-similar H-shaped conformations from the first generation 

to the 2.5
th

 generation. Due to these geometric confirmations, fascinating self-

assembly behavior of semiconducting G2.5 dendrimers was observed. Post-

modification of this nanostructure-based thin film enabled the tuning of its 

electrical properties measured by C-AFM, widening potential applications in 

organic electronics. 

 

5.2  Experimental Section 

5.2.1 Synthesis of π-conjugation Interrupted Dendrimers 
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The synthetic routes of the G0.5-G2.5 dendrimers are outlined in Scheme 1. 

Firstly, bithiophene, which formed the core, was obtained by the Kumada coupling 

reactions (i.e. a nickel-catalyzed Grignard-Wurtz cross-coupling reaction involving 

an arylbromide and a Grignard reagent). The dendrimers G0.5 and G0.5-Br were 

synthesized by the BFR of unsubstituted and substituted 9-(4-(octyloxy)phenyl)-

fluoren-9-ol tertiary alcohol with bithiophene with yields of 93% and 90%, 

respectively. Secondly, a Suzuki cross-coupling reaction of tetrabromo-substituted 

G0.5-Br with the thiophene-boric acid of 4.5 equiv under the catalyst of Pd(PPh3)4 

was smoothly conducted to obtain G1 at 70% yield. Similarly, the dendrimers G1.5 

and G1.5-Br were synthesized by a repeated BFR with a yield of 85% and 56% 

respectively, and the second generation dendrimer G2 by the Suzuki cross-coupling 

reaction with the yield of 80%. Finally, Friedel-Crafts Reaction of G2 was 

conducted repeatedly to prepare the target dendrimer G2.5 with a nearly 35% yield. 

The designed chemical structures were confirmed by the characterization of 
1
H and 

13
C NMR and elemental analysis. 
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Scheme 5.1 Retrosynthetic analysis of G2.5 and its divergent synthetic route 

starting from G0.5 via BFR.
[309]

 Reprinted with permission from reference 309. 

Copyright 2013 Wiley-VCH Verlag GmbH and Co. KGaA.  

 

5.2.2 Synthesis of 4-Cyanophenyl Diazonium Tetrafluoroborate (4-CPD) 

 

The reaction synthesizing 4-CPD is occurring at a cold environment, 

supplied by water-ice bath. The solution of sodium nitrate (45 mg, 0.65 mmol) in 

Milli-Q water (0.25 mL) was added slowly to 4-aminobenzonitrile (70 mg, 0.59 

mmol) in 1 M HCl (1 ml). drop by drop. And then the whole reaction carried out at 
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about 1 ºC for 1 hour. After that, 0.6 mL of a saturated solution of sodium 

tetrafluoroborate/ Milli-Q water was added. The off-white product was precipitated 

and then purified by several rinses with cold diethyl ether and acetonitrile. The 

final product of 4-CPD is in power form (57.6 mg, 45%). 

 

5.2.3 Shape-persistent Characteristics by Visualization of AM2 Simulation  

 

As mentioned earlier, by incorporating the tetrahedral quaternary carbon 

into dendrimers , it can further increase the shape-persistent characteristics proved 

by the visualization of AM2 simulation, (Chart 1) which have the interesting self-

similar H-shaped conformations from the first generation to the 2.5th generation. 

The target G2.5 CIF has the size of about 1.7 nm × 3.2 nm × 1.5 nm by molecular 

mechanics calculations (MM2).  
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Chart 5.1 CIFs (G1-G2.5) with shape-persistent characteristics proved by the 

visualization of AM2 simulation.
[309]

 Reprinted with permission from reference 

309. Copyright 2013 Wiley-VCH Verlag GmbH and Co. KGaA. 

 

5.2.4 Preparation of Self-assembled Dendrimer Nanostructures 

 

It is well known that thiophene functional groups are able to bond with Au 

substrates,
[310]

 but this is not necessarily true for all molecules with a functional 

group of thiophene.
[311]

 Furthermore, the molecular geometry of G2.5 is too 

complicated to allow the thiophene group to be exposed at the outer layer of the 

molecular structure, which makes the chance of the G2.5 molecule chemically 
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binding with Au substrate tremendously small. Therefore, in this self-assembly 

process, physisorption is the main contribution. Therefore, we created our own 

protocol, referred to as Immersion-dip method, to form uniform structures on the 

Au surface. The ultraflat Au substrate was immersed into a G2.5/toluene solution 

with 1mg/mL concentration for 16 hours. Subsequently, the surface was dip 

cleaned by toluene three times, and dried. The morphology of the self-assembly 

was characterized by tapping mode AFM (Veeco Multimode SPM system with a 

NanoScope V control station). 

 

5.3  Results and Discussion 

5.3.1  Electrical Measurement with Conductive AFM 

 

A uniformly conductive Au substrate with an ultraflat surface was required 

for the following reasons: firstly, for the recognition of molecular structures; 

secondly, a good contact of tip-molecule-substrate was required to minimize the 

contact resistance; lastly, to extend the lifetime of a C-AFM tip operated in contact 

mode, surface roughness determined the lifetime of the tip. With these 

considerations in mind, an ultraflat Au substrate was fabricated according to the 

Si/SiO2 template stripping method.
[312]

  

 

The procedures of creating such an ultraflat Au include the following four 

main steps: firstly, wafer and glass need to be thoroughly cleaned by piranha 

solution, and then the wafer is used as a template, and a layer of Au film (100nm) 
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is thermally evaporated on, then two component glue is prepared with a specific 

ratio (10:1), lastly the glass is covered with this glue and pressed onto the Au film 

on the wafer, after curing, the glass with the Au film is stripped from the wafer, 

and gives rise to an ultraflat surface. The surface is examined by C-AFM for 

characteristics of roughness and conductive properties. From Figure 5.1a, it can be 

found that the Au film is flat in the sense that less than 0.5nm root-mean-square 

roughness, obtained in the area of 5 × 5 µm
2
, which can be called an ultraflat film 

according to the literature.
[313]

 Moreover, the electrical properties are characterized 

simultaneously shown in Figure 5.1b; a number of I-V curves are measured in 

order to prove that it reveals the electrical property of Au.  

 

 

 

Figure 5.1 C-AFM characterization of an ultraflat Au substrate and experiment 
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scheme: (a) Topography image of an ultraflat Au substrate (5 × 2.5 µm
2
), the 

root-mean-square roughness in the size of (5 × 5 µm
2
) is 0.35 nm. (b) Current 

image obtained simultaneously of that ultraflat Au substrate (5 × 2.5 µm
2
), the 

value of current flow is larger than 1.2 µA even with a small sample bias (– 6 

mV). (C) A set of I-V curves, showing a linear relationship. (d) Top-view of 

schematic drawing for electrical analysis of CIFs thin films. (e) Side-view of 

schematic drawing for electrical analysis of CIFs thin films.
[309]

 Reprinted with 

permission from reference 309. Copyright 2013 Wiley-VCH Verlag GmbH and 

Co. KGaA. 

 

The electrical properties of G2.5 as well as post-modified G2.5 with 4-CPD 

were characterized using a conductive AFM system with TUNA module (Veeco 

Multimode SPM system with a NanoScope V control station). The probe was 

coated with 3nm chromium and 20 nm platinum for good conductivity, with a 

radius of 20 nm. Each tip was checked by scanning electron microscope (SEM) to 

ensure consistent tip radius and good quality of the conductive film. The 

conductive tip was brought into contact with G2.5 nanostructure based thin film 

under controlled load (~10 nN) for all experiments. The specific circuit used in the 

measurements is illustrated in Figure 5.1e. Statistical analysis for the measured 

data showed good reproducibility and reliability. 

 

5.3.2 Electrical Analysis of G2.5 Nanostructured Assemblies  
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Upon the synthesis of these organic nano-frameworks with self-similar H-

shaped conformation, we envisaged the creation of a new class of nanoscale 

semiconductors, for application in organic electronics. We fabricated G2.5 

dendrimer based nanostructured thin-films on an ultraflat Au substrate, the detailed 

protocol is elaborated in the experimental section. C-AFM is a powerful tool to 

explore the current-voltage (I-V) characteristics of self-assembled monolayers,
[119, 

314]
 molecular wires,

[112, 315]
 and thin films

[316-318]
 etc. The morphology and 

electrical properties of the G2.5 nanostructure-based thin film were measured using 

C-AFM, its key advantage being the ability to correlate the topography and the 

current image simultaneously. And because of the ability of correlating topography 

with current images, it allows us to probe the conductive tip onto the targeted area 

and measured the I-V characteristics in a precise and controllable way. For instance, 

in the topography image, the G2.5 assemblies were observed as nanostructures 

with spherical shape and Au substrate were looked like the dark trench; while in 

the current image with applying a very small voltage bias (-6mV), current were 

only observable for the Au substrate. Some of the Au substrate (dark trench) is not 

obvious in the topography image, but negative current contrast was well presented 

in the current image. Therefore, when we locate the conductive probe to measure 

the electrical properties of G2.5 assembly, we would try to locate the probe on 

those assemblies away from the Au substrate (negative current contrast in current 

image) to avoid sudden current increment, and causing inaccurate measurement as 

well as burning down the conductive layer of the probe.   
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Both topography images and I-V measurements were carried out. From 

Figure 5.2a, it can be seen that the self-assembled structure of G2.5 is spherical in 

shape due to its dendrimeric nanostructures, which represents one molecule or an 

aggregate with a number of molecules. Moreover, the nanostructures were 

assembled in a layer-by-layer fashion, forming layers of films. I-V measurements 

of the film were tested using C-AFM, which showed typical semiconductor 

properties in Figure 5.2b. Both approach (voltage is applied from negative bias to 

positive bias) and retract curves (vice versa) of the I-V measurement were analyzed, 

indicating no hysteresis in between. 5 – 7 different locations were chosen from 

which to acquire I-V measurement, which were subsequently averaged. Standard 

methods of statistical analysis were applied to determine error bars, shown in 

Figure 5.2c. This also proves that the measurement was stable and reliable during 

the electrical characterization. 

 

 

 

Figure 5.2 Topography and electrical properties of G2.5 assemblies on Au 

substrate by C-AFM: (a) Topography image of a G2.5 assemblies on Au 

substrate (2 × 2 µm
2
); (b) A set of I-V curves of G2.5 assembled film (c) Sets of 

I-V curves with error bars indicated at selected points.
[309]

 Reprinted with 
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permission from reference 309. Copyright 2013 Wiley-VCH Verlag GmbH and 

Co. KGaA. 

 

5.3.3 Postfunctionalization and Characterization  

 

So far, it has been demonstrated that G2.5 self-assembled structures are 

stable in air, readily soluble in common organic solvents and are semiconductors 

by nature. All of these properties and behaviors made it a suitable candidate for 

organic electronics. We were struck by the possibility of effectuating an 

electrically tunable material by incorporating small molecules, in particular, by 

decorating G2.5 based nanostructured thin film with 4-cyanophenyl diazonium (4-

CPD) tetrafluoroborate. From the molecular structure of G2.5, several aryl groups 

were contained, and from Huang’s work on using diazonium salts to decorate 

graphene, we learnt 4-nitrophenyl diazonium (4-NPD) tetrafluoroborate could bind 

aryl groups via σ-bonds. With a higher concentration of 4-NPD, the conductivity of 

the semiconductive surface is significantly altered.
[319]

 Therefore, in our work, we 

used an excess amount of 4-CPD to react with G2.5, and both topography images 

and I-V measurements were conducted to examine the outcome. Following the 

study from Strano,
[320]

 an Au substrate with G2.5 self-assembled film was 

immersed in 10 mM 4-CPD/water with 1wt% sodium dodecyl sulfate (SDS) for 10 

hours, and subsequently cleaned by water with and without 1wt%SDS, and dried. 

As for the specific binding site of 4-CPD onto G2.5 nanostructure-based thin fil, 

two kinds of possibilities are considered: one possibility is to bind the aryl group, 
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which has shown in previous literature;
[321]

 and the other possibility is to bind on 

the thiophene groups.
[322]

  

 

The conductivity of G2.5 decorated with 4-CPD is much higher than G2.5 

alone as shown in Figure 5.3a. Moreover, a statistical analysis was performed to 

demonstrate the stability and reliability of the I-V measurement for G2.5 with 4-

CPD. Furthermore, AFM images have been presented in Figure 5.4, from which 

the difference between G2.5 alone and G2.5 with 4-CPD system, can be observed 

from both the topography and phase images. For both topography and phase 

images, the scale bar for before and after modification is the same, for a fair 

comparison. From topography images, the G2.5 with 4-CPD shows a layer of film 

covered on top of the G2.5 self-assembled aggregates, while this could even be 

distinguished more clearly from the phase images. Therefore, it proved the 

existence of 4-CPD on top of G2.5 nanostructure-based thin film. This is another 

direct evidence to prove the success of incorporating 4-CPD into G2.5 

nanostructures besides I-V measurements. Therefore, the electrical properties can 

be tuned to a large extent by post-modifying the dendrimer with diazonium salt, 

and this widens the opportunity for this class of dendrimers to be used in the field 

of organic electronics. 
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Figure 5.3 Electrical properties of G2.5 assemblies decorated with 4-CPD on 

Au substrate by C-AFM: (a) I-V curves of both G2.5 alone and G2.5 with 

diazonium salt decoration; (b) sets of I-V curves with error bars indicated at 

selected points.
[309]

 Reprinted with permission from reference 309. Copyright 

2013 Wiley-VCH Verlag GmbH and Co. KGaA. 
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Figure 5.4 AFM topography and phase images of G2.5 before (a and b) and 

after post-modification with 4-CPD(c and d) respectively.
[309]

 Reprinted with 

permission from reference 309. Copyright 2013 Wiley-VCH Verlag GmbH and 

Co. KGaA.  

 

5.4  Conclusion  

 

In summary, G0.5-G2.5, a series of soluble organic nanoframeworks, were 

synthesized with self-similar H-shaped conformations using an organic bottom-up 
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synthesis approach via the iterative BFR of tertiary alcohol and Suzuki C-C cross-

coupling reactions. The uniform layers of G2.5 nanostructures self-assembled via 

the immersion-dip method and showcased semiconductor properties, measured by 

C-AFM. Importantly, G2.5 was found to be sensitive to dopants and post-

modification of G2.5 nanostructure based thin film with a diazonium salt, 

rendering its electrical properties highly tunable by up to two degrees of magnitude. 

Hence, it has been demonstrated that the π-conjugation-interrupted frameworks and 

their doped counterparts broaden the options for organic electronics. As a result of 

the H-shaped conformation and photosensitive properties of CIFs, we envisage 

their potential role as active components of memory devices and photodetectors in 

the future. 
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Chapter 6 CONCLUSIONS AND 

RECOMMENDATIONS 

 

In this thesis, with the aim of understanding the structural behavior and 

functional properties of interfacial supramolecular assemblies at different 

interfaces, varied molecular systems have been investigated systematically with the 

help of scanning probe microscopy. We have provided key and useful guidance for 

fabricating molecular and supramolecular electronics in the future. The main 

conclusions drawn from this study are outlined.  

 

In order to form a 2D honeycomb network at solid-liquid interface, a series 

of HBC derivatives were designed by considering the balance among molecule-

molecule, molecule-substrate and solvent-substrate interactions. Specifically, the 

intermolecular interaction had a great influence on the outcome of self-assembled 

moieties. There were two ways to build up a 2D nanoporous network: one way was 

achieved through intermolecular hydrogen bonding interactions for HBC-COOH as 

a molecular building block, and the other way was obtained via antiparallel 

intermolecular dipole-dipole interactions between HBC-CF3 molecules. We 

demonstrate the first example showing that intermolecular dipole-dipole 

interactions can be used to form a 2D porous honeycomb structure. Molecular 

mechanics and dynamics simulations were performed to prove the detailed 

functional group interactions as well as the 2D superstructures. In conclusion, a 

delicate balance between the different substituents of the molecular building blocks 
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is important for engineering the interfacial supramolecular structures of HBC 

derivatives. 

 

The purpose of forming such a 2D honeycomb network was to 

subsequently establish a host-guest. By knowing that the tricarboxylic acid 

molecule HBC-COOH can self-assemble into a highly porous and rigid 2D 

honeycomb network at a 1-phenyloctane-HOPG interface, coronene was rationally 

selected as a guest molecule. It was found that the coronene molecules exist in a 

dynamic equilibrium between free molecules in solution and trapped molecules in 

the 2D porous network. By having this 2D rigid porous network, it was possible to 

try guest molecules with electron withdrawing properties as well; therefore it opens 

the opportunity to establish a molecular rectifier in the future.  

 

Although a bottom-up approach via self-assembly of π-conjugated 

molecules for producing such a 2D honeycomb network with sp
2
 carbon atoms has 

been demonstrated with uniform structure and stability, its ability to fabricate those 

structures into devices remains a challenge due to the liquid environment involved, 

and it would be even more difficult to functionalize the self-assembled structure for 

multipurpose device performance. Therefore, a top-down approach to fabricate 

such a 2D structure was used via exfoliation of graphite, and a solid-state material 

graphene with perfect 2D honeycomb structure was selected to be the target 

material. We have proved that graphene photoresponse was successfully obtained 

using an easy covalent chemical modulation strategy involving diazonium 
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chemistry. And the photocurrent mapping by using C-AFM has revealed the 

correlation between homogeneous functionalization and uniform photoresponse of 

chemically modulated graphene. The mechanism for the photoresponse was due to 

the interaction of modulated graphene with gas molecules. Most importantly, 

graphene with modulatable photoresponse is an ideal candidate for more practical 

applications such as gas sensors, photovoltaics, and photoresponse transistors. 

 

The two-dimensional large π-conjugated system promoted electron transfer 

from an electronic point of view, while π-conjugation-interrupted dendrimers 

offered more degrees of freedom both with respect to assembly behavior and 

electrical properties. Therefore, a series of soluble organic nanoframeworks was 

synthesized with self-similar H-shaped conformations using organic bottom-up 

synthesis approach, and the uniform layers of G2.5 nanostructures self-assembled 

via an immersion-dip method and showcased semiconductor properties, measured 

by C-AFM. Importantly, G2.5 was found to be sensitive to dopants and post-

modification of G2.5 nanostructure based thin film with diazonium salts, rendering 

its electrical properties highly tunable by up to two degrees of magnitude. Hence, it 

has been demonstrated that the π-conjugation-interrupted frameworks and their 

doped counterparts broaden the options for organic electronics. As a result, we 

envisage their potential role as active components of memory devices and 

photodetectors in the future. 
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In conclusion, self-assembly of π-conjugated molecules was conducted at 

the solid-liquid interface for the purpose of establishing a host-guest system. 

Graphene was considered as basic building blocks for 2D nanocarbons, and 

chemically modulated graphene with stable and uniform photoresponse was 

demonstrated by photocurrent mapping. Last but not least, π-conjugation-

interrupted frameworks revealed tunable electrical properties upon dopant 

decoration. Overall, this study has provided key and useful guidance toward the 

development of molecular and supramolecular electronics, by correlating the 

structural behavior and functional properties of different molecular systems at 

different interfaces.  

 

Recommendation for Future Work 

 

We have demonstrated that current mapping and I-V characteristics of 

targeted materials were obtained by using C-AFM at the solid-vapor interface, and 

the structure of the targeted material was at two-dimensional level. Up to now, with 

the development of molecular electronics, more and more advanced techniques and 

tools are required to understand fundamental phenomenon at single molecular or 

single atomic level. For instance, conductance of single molecule has been 

measured via STM break junction technique,
[179]

 but the measured results are 

inconsistent from one research group to another, which is due to the unclear 

molecular conformation of molecules between the metal junctions. Therefore, from 

a more fundamental point of view, we would like to recommend visualizing 
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molecular conformational change with respect to bias variation. In order to achieve 

that, different technique may be required, such as transmission electron microscopy, 

fluorescence microscopy, Raman spectroscopy and of course the families of 

scanning probe microscopy.   

 

Both the structural behavior and functional properties of molecular systems 

in this study used one technique at a time, either by using scanning tunneling 

microscopy to investigate the self-assembly behavior of HBC derivatives, or by 

using conductive-AFM to understand the photoresponse of chemically modulated 

graphene. In the next generation of SPM development, more probes will be 

recommended to be integrated in one system, and more functional properties could 

be probed simultaneously, such as the multiple-probe scanning probe microscope 

developed recently.
[323-324]

   

 

Beyond the integrated multiple-probe SPM, the testing environment should 

also be well controlled in the future, for instance, the local characterization of 

battery performance could be measured by SPM techniques to fundamentally 

understand the charging and discharging process at a nano or even molecular scale. 

One of the problems causing shortening battery life is due to strain developed 

during intercalation and electrochemical reactions.
[107]

 One could apply an 

alternating current (AC) bias on the sample to obtain oscillatory surface 

displacement, which is detectable by an SPM tip. Moreover, the amplitude of this 

oscillation reflects the Li-ion transport, so that it is possible to probe the Li-ion 
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flow locally and determine the origin of battery failure. It is also recommended to 

integrate SPM with other techniques, especially those good at obtaining chemical 

information of materials, such as Raman spectroscopy, so that a set of 

complementary tools will be utilized to their full potential.  
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