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Abstract

This study investigates the self-assembly of C7o fullerene and decanethiol (DT) molecules on
Au(l11) substrates, focusing on the influence of different factors (molecular symmetry,
intermolecular interactions, deposition methods, etc) in forming ordered nanostructures. Utilizing
the low-temperature scanning tunnelling microscopy (LT-STM) in an ultra-high vacuum
environment, I characterize the bicomponent C70/DT system at room temperature (RT) and low
temperature (LT) conditions (290 K and 77 K). Two primary self-assembled structures, dimer row
and porous framework, are observed, with their formation driven by van der Waals forces and
sulfur-gold bonding. Intramolecular LT-STM data reveals the molecular orientations of Cho,
enabling the construction of structural models for C;0/DT system, though the uncertainties
necessitate further refinement. Additionally, mixed Ceo-C70/DT system demonstrate that both
fullerenes adapt their orientations to form guided supramolecular frameworks, highlighting the
role of molecular geometry and deposition methods in controlling molecular assembly. These
findings advance the understanding of C7o-based self-assembly mechanisms and their potential

applications in molecular electronics, sensors, and surface engineering.



Abbreviation

AFM Atomic Force Microscopy

DFT Density Functional Theory

DT Decanethiol

FCC Face Centred Cubic

FCS Fluorescence Forrelation Spectroscopy
HCP Hexagonal Closed Packed

HOMO Highest Occupied Molecular Orbital
HOPG Highly Oriented Pyrolytic Graphite
LDOS Local Density of States

LEED Low Energy Electron Diffraction

LT Low Temperature

LUMO Lowest Unoccupied Molecular Orbital
MBE Molecular Beam Epitaxy

PVD Physics Vapor Deposition

RT Room Temperature

SAM Self-Assembled Monolayer
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SC Simple Cubic

SEM Scanning Electron Microscopy
ST™M Scanning Tunnelling Microscopy
STS Scanning Tunnelling Spectroscopy
TEM Transmission Electron Microscopy
TSP Titanium Sublimation Pump

UHV Ultra-High Vacuum

VT Variable Temperature

XPS X-Ray Photoelectron Spectroscopy
XRD X-Ray Diffraction

2D Two Dimensional

3D

Three Dimensional
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I. Introduction

Self-assembly is an import process, particularly for its applications in nanotechnology, molecular
electronics, and catalysis. Among various molecules used for self-assembled monolayer formation,
fullerene molecules and alkanethiol molecules are of particular interest due to their electronic
properties, superior stability in the ambient and compatibility with gold substrates. In the fullerene-
alkanethiol system, this phenomenon involves the interaction between fullerene molecules and
alkanethiol molecules, which are long-chain hydrocarbons terminated with a thiol (-SH) group.
This system is of significant interest due to its potential in creating well-defined nanostructures for

applications in molecular electronics, sensors, and surface engineering.

In the Ceo/Cro-alkanethiol system, self-assembly is driven by a synergy of interactions, including
van der Waals forces, n-n stacking among fullerene molecules, and the sulfur-metal bonding of
alkanethiols. These interactions facilitate the formation of ordered hybrid architectures, such as
fullerene-terminated SAMs, fullerene clusters within alkanethiol matrices, or mixed fullerene-
alkanethiol layers. The geometric differences between Ceo (sphere, highly symmetric) and Cro
(elongated, less symmetric) influence the packing density, molecular orientation and the stability
of the assemblies, offering different properties for specific applications. In this work, we mainly
focus on the self-assembly of C7o-decanethiol system. With lower symmetry, the self-assembly of
Cro 1s considered to be more limited, as the C7o have less available stable binding types with the
Au(111) substrate than Cso. Understanding the self-assembly mechanism of C7o will not only fill
the gap in research on this system, but can also help to analyse the self-assembly mechanism of

C6().

In Chapter I, the literature reviews about various relevant fields are introduced. First, I introduced
the molecular self-assembly, which is the basic concept of the research I conducted. Then, I
introduced the Au(111) surface, which is used as the substrate for our sample. Au(111) is
commonly used in the studies in surface science due to its low reactivity and high chemical stability.
Understanding the properties of the Au(111) surface can be useful for analysing the molecule-

surface interaction. Then, the self-assembly of decanethiol (DT) on Au(111) is introduced. DT
1



molecules bind with the Au(111) substrate through forming the Au-S bond or the S-Au-S bond.
The structure of the alkanethiol monolayer is coverage dependent. The mobility of the DT alkane
chains makes it available to interact effectively with other molecules. Finally, I introduced the Ceo
and Cro fullerenes, which have unique shapes and properties. Understanding the properties of Ceo
and Cryo fullerenes can help us to analyse the interactions of molecules within the complex

bicomponent and multicomponent self-assembly system.

In Chapter 111, the low temperature scanning tunnelling microscope (LT-STM) housed in an ultra-
high vacuum (UHV) chamber is introduced. STM is a powerful instrument for studies in surface
science. Especially, with the cryogenic equipment of LT-STM, the molecules and atoms can be
frozen at 77 K or 5 K, which can reveal the intramolecular structure. The other equipment used for
sample preparation and maintaining the UHV system is then introduced. The working principle

for STM is also introduced in this chapter.

In Chapter IV, the first experiment is introduced, which is the C7/DT self-assembled structures at
RT. There are mainly two self-assembled structures observed in this system, respectively the
C7/DT dimer row structure and the C;0/DT porous framework structure. Through careful
measurement, we have learned the details of these bicomponent self-assembled structures, and we
explain how these structures are formed. The thermal stabilities of both structures are also

introduced.

In Chapter V, we conducted the LT scanning for the C70/DT system. According to intramolecular
information from the LT data, we clarified the molecular orientations of C79 molecules in different
structures and hence constructed structural models. Based on our measurement for the structure
and our analysis about the arrangement of DT, several reasonable structural models are built.
Further work is still needed to determine which structural model is the most appropriate because

of uncertainties in the measurement.

In Chapter VI, the self-assembly of mixed Ceo-C70/DT system is introduced. Through changing the
deposition methods of Cs and Cro, three different samples were prepared to compare the
behaviours of Ceo and Cro. It is interesting to notice that both Cso and C7o can be guided to form
the pre-existing self-assembled structure through adapting their molecular orientations and binding
sites on the Au(111) surface, which reveal their potential in the synthesis of surface supramolecular

frameworks.



Through the research in the C7o/DT self-assembly on the Au(111) surface, we have observed how
the geometric shape influences the molecular self-assembly. And from the data showing the
formation of their structures, we have noticed how the C7o arrange their positions and interact with
the neighbouring C70 molecules. And that shows us a clear process of the self-assembly in C7o/DT

system.

Through the research in mixed Ceo-C70/DT self-assembly on Au(111) surface, we observed how
the different fullerene molecules affect the arrangement of other surrounding fullerene molecules.
And the appearance of mixed structure of Cso and C7o indicates that the self-assembled structure
can be precisely controlled by carrying experimental parameters (molecular ratio, molecule-

substrate interaction).



II. Literature Review

1. Molecular Self-Assembly

Molecular self-assembly is defined as the assembly of molecules without any guidance from an
external source. The molecules spontaneously organize into the ordered structures driven by non-
covalent interactions, such as van der Waals interaction, hydrogen bonding, n-n bonding, metal
coordination, etc.! Molecular self-assembly has been widely observed and proved to be one of the
fundamental mechanisms in natural systems, such as DNA double-helix assembly and protein
folding**. Due to its ability to achieve nanoscale precision, molecular self-assembly has been
widely applied in the fields such as nanotechnology, medicine, and materials science as a synthetic

strategy1°,

1.1 Basic Principles of Molecular Self-Assembly

Different from covalent bonding, of which the molecules form strong and permanent chemical
bonds, self-assembly relies on the weaker and reversible interactions, allowing dynamic and
adaptable structures. Normally, these interactions include: 1) Van der Waals force. This kind of
non-specific attraction comes from the temporary dipoles in molecules'!, which contributes to the
molecular packing in crystals (three-dimensional (3D)) and surfaces (two-dimensional(2D))
assemblies. 11) Hydrogen bonding. This is a relatively strong and directional interaction between
electronegative atoms (such as oxygen, nitrogen) and hydrogen atoms bonded to other similar
atoms'?, which is found critical in stabilizing structures such as the DNA double helix'. iii) n-n
stacking. This kind of interaction happens in between the aromatic rings, where they interact with
each other through overlapping the m-orbitals'*, and the supramolecular assemblies such as in
conjugated polymers system!> are thus stabilised. iv) Metal coordination. This is the interaction
between metal ions and ligands'¢, which can direct the assembly of complex structures, such as

1718 ") Electrostatic interactions. This kind of interaction happens in

metal-organic frameworks
between the groups which are charged oppositely, which contribute to the assembly such as in

ionic systems'’. vi) Hydrophobic interactions. This interaction happens in the aqueous
4



environments, the nonpolar molecules will aggregate to avoid contact with water, which is

observed in the formation of structures like lipid bilayers in cell membranes?’.

In each particular system, some of these interactions act synchronously, but usually only one of
them is considered to play a dominant role, which needs to be analysed based on the specific

molecular systems and their environmental conditions.

To ensure the formation of ordered structures, the molecular self-assembly is governed by several
fundamental principles. First, the self-assembled structures minimize the free energy of the system,
which is determined by the Gibbs free energy change?®!, and the self-assembly process helps the
system to achieve a thermodynamically stable state??. This is driven by the balance of attractive
and repulsive interactions of the neighbouring molecules, leading to structures with the lowest
possible energy configuration. In addition, the kinetic effects also play important roles in some
systems, which can further affect the final self-assembled structures. It is possible for the samples
transfer into kinetically trapped states, where the overall self-assembly process of the system is
obstructed when the local areas of the system have reached their minimum energy?*. This has been
observed in the processes such as the formation of the self-assembled monolayers (SAMs)**.
During the preparation of SAMs, the molecules deposited on the substrate may form into the
clusters if the deposition rate is too fast. And this rapid accumulation of molecules makes it easier

for them to stack into more stable structures in the z direction, thus the diffusion of molecules on

the substrate is restricted.

Except for these two major principles, the molecular self-assembly would also be affected by the
external factors, such as environmental temperature, molecular concentration and solvent/substrate
types?>°. Even for the same system, the self-assembly can be varied in the different external
conditions?®. Therefore, when synthesising the specific self-assembled structures, it is necessary
to analyse not only the interactions between the target molecules, but also the external factors such

as the molecules-substrate interactions, the substrate temperature and the deposition methods?!3.

1.2 Development and Applications

The molecular self-assembly was first discovered from the biological systems ~ 1950’s, Pauling

et al. explored how chemical bonds shape protein structures*®, laying the groundwork for

understanding the self-assembly process. Then Watson and Crick reported their discovery of DNA
5



double-helix structure®, showing how molecules pair up naturally, and it is considered to be one
of the classic examples of self-assembly in nature. By the 1980s and 1990s, with more of the self-
assembly systems are further studied by researchers, their potentials are gradually being discovered,
and researchers started to use it as an effective method to create and synthesize new materials.
Mann reported the inorganic-organic molecular recognition processes at interfaces between the
crystals and substrate macromolecules®®, revealing the potential technological application in
synthetic materials. Whitesides et al. reported that the self-assembly could be used as a method to
build the tiny structures in nanoscale!®, which strongly sparked the interest of researchers. Since
the 1990s, with the support of the more advanced techniques, such as the scanning tunnelling
microscopy (STM), atomic force microscopy (AFM), fluorescence correlation spectroscopy (FCS)
and X-ray photoelectron spectroscopy (XPS), the properties of various of self-assembly systems
are studied in detail*’*°. In addition, with the development of computational and theoretical
approaches, such as density functional theory (DFT) and molecular dynamics (MD)
simulations**, the theories of self-assembly are also gradually refined and developed, which lays

a strong foundation for the applications of molecular self-assembly in various fields.

In recent studies, molecular self-assembly has been used in the fields such as high-performance
batteries, cancer therapy and synthetic biology****. Li et al. reported a kind of flexible all-
perovskite tandem solar cells, which achieves a more stable power conversion efficiency, showing
the potential of self-assembly in enhancing energy conversion®. Tan et al. reported the enzymatic
self-assemblies of thiophosphopeptides, which are used for selective cancer cell killing, and shows
the potential of self-assembly for personalized medicine*®. Liu et al. reported the Cu**-phenolic
nanoflower designed to combat the fungi, which is prepared by coordination interaction, showing

a potential of self-assembly for therapeutic strategy*’.

2. Au(111) Surface Structure

The Au(111) surface, representing the (111) crystallographic orientation of face-centred cubic
(FCC) gold, is widely studied for its unique herringbone reconstruction*®, which contributes to
enhance its stability and utility in various applications. Au(111) surface has low reactivity and high
chemical stability, which makes it to be one of the most ideal substrates for catalysis,

nanotechnology and surface molecular self-assembly*®.
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2.1 Structural Details of Au(111) Surface

The Au(111) surface is characterized by its herringbone reconstruction, as shown in the STM
image in Figure 2.1 (b). The Au(111) reconstruction pattern shown as the zigzag herringbone
stripes, which represents a periodic arrangement of alternating FCC and HCP stacking regions
separated by discommensuration lines (brighter lines)*. The elbows within the herringbone stripes
represent the regions of localized strain, and these elbow sites are usually the preferred initial

binding sites for the other atoms and molecules deposited onto the Au(111) surface®.

Figure 2.1 The STM image of Au(111) surface collected at 5 K.>! (a) Atomically resolved

image. Image size 5 x 5 nm?. (b) Image size 50 x 50 nm?.

The atomically resolved STM image in Figure 2.1 (a) shows the arrangement of Au atoms in
Au(111) surface, and the Au(111) lattice constant a is proved to be 2.88 A%2. Due to the unavoidable
errors during the STM scanning process, such as the thermal drift, this lattice constant a is always

used to correct the distances measured from the STM images.

The period of this reconstruction patten is measured to be 6.3 nm after the correction*’, which
corresponds to 22 lattice sites of the substrate. However, it is found that there are 23 Au atoms fit
into this limited region, which is then proved to be the reason causing the reconstruction on Au(111)

surface. The illustration for the Au(111) 22xV/3 reconstruction is shown in Figure 2.2.



TSNS YN
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Figure 2.2 (a) The model of the Au(111) 22 x 3 reconstruction. This model shows how 23 Au
atoms on the surface fit into 22 lattice sites by compressing the top layer of the surface with the
additional atoms coloured dark red. The positions corresponding to lined-up FCC and HCP sites

are indicated by the vertical lines. (b) STM image of the Au(111) herringbone reconstruction. >3

In Figure 2.2 (a), The basic unit cell is shown in the black rectangular frame, which is two atomic
rows wide in the <112> direction and contains two extra atoms every 22 lattice spacings in the
<110> surface direction. In the bulk, there are 44 Au atoms fit within the unit cell, while in the
surface layer there are 46 Au atoms. These two more Au atoms at the surface then lead to a 4.5%
compression in the <110> direction, which further creates alternating FCC and HCP regions, with
widths of 38 A and 28 A respectively. And there is slight buckling between these two regions,

where the atomic density is higher.

2.2 Formation of Herringbone Reconstruction on Au(111) Surface

The surface reconstruction is an important feature of transition metals, which is caused by the
mismatching of the coordination number of atoms. Usually, the coordination number on the metal
surfaces is lower than that in the bulk phase, leading to a tensile stress on the metal surface and a
tendency for the surface to reconstruct and release the stress>*. The reconstruction of Au(111)
surface is also driven by such a force. The Au(111) reconstruction pattern can be considered as
consisting of two parts: the stripes and the elbows. Thus, the formation of this herringbone pattern
of Au(111) reconstruction can be regarded as a two-step process: 1) The top layer densifies into the

22 x 3 stripe reconstruction by inserting an extra Au atom into an atomic chain in <110> direction
8



every 22 lattice constants. This densification creates a slight fluctuation on the surface of Au(111)
surface, with a height of approximately 0.2 A* on the surface. ii) The formation of stripe
reconstruction mainly releases the tensile stress in Au top layer along the <110> direction.
However, according to continuum elastic theory®, this stripe reconstruction is not stable and will
further reconstruct into a herringbone pattern with periodic stress domains. The details are shown

in the Figure 2.3%.

a Top layer C

W NS0 .

23 atoms

Figure 2.3 Illustration of the herringbone reconstruction on Au(111) surface. (a) Unit cell of the

22x 3 stripe reconstruction (top view). Colormap denotes the corrugation on the top layer

where atoms on bridge sites are higher and are shown in brighter colours. (b) Stripe grains with
different rotations. The brighter solitons consist of top-layer atoms located on bridge sites. (¢)
Rearrangement of stripe grains forming the herringbone pattern. Arrows on the domain walls

denote the force density directions. 3

Figure 2.3 (a) shows the arrangement of Au atoms in the top layer and the second layer respectively.
The atoms filled in yellow in the top layer correspond to the bright stripes on Au(111) surface,
representing the positions of discommensuration lines, which are the boundaries of FCC and HCP
regions. On the second layer, with no extra Au atom filling in the space, the Au atoms remain their
arrangements in FCC stacking>®. In Figure 2.3 (b), two regions of reconstruction stripes have the
different orientations, and that is caused by the rotational symmetry of (111) oriented plane. Due
to the HCP arrangement of gold atoms in the (111) plane, this surface has a three-fold rotational

symmetry. This symmetry allows the surface to reconstruct along three equivalent crystallographic
y ry y ry
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directions, specifically the <110> directions (or the equivalent directions in the surface plane).
These directions correspond to the close-packed rows of Au atoms, which are rotated 120° relative
to each other. As a result, the reconstruction stripes can align along any of these three directions,
leading to domains with different stripe orientations, as the domains A and B shown in Figure 2.3
(b). Then, a stress domain would appear at the boundaries of these stripe domains, and the force

density directions are corresponding to the orientations of the stripes, as shown in Figure 2.3 (c).

|

Figure 2.4 Schematic of the herringbone reconstruction. Regions I and II are two rotationally
equivalent domains of the 22 x 3 stripe phase. Regions Il and IV are two types of threading

edge dislocations. °’

The details of the arrangement of Au atoms at the elbow sites are shown in Figure 2.4. The
transformation from the stripe pattern (regions I and II) to the herringbone pattern (regions III and
IV) is attributed to the fact that the stripe pattern is more anisotropic and thus mainly allows the
stress relaxation along one direction on Au(111) surface. While the formation of the herringbone

pattern, of which the arrangement is more isotropic, allows the relaxation of the stress in another

10



direction, and the system energy is thus lower*®. According to the calculations reported by Li et
al., with the formation of the herringbone reconstruction, the tensile stress is reduced by about 26%
from that of the pristine Au(111) surface. Though the herringbone reconstruction cannot reduce
the Au(111) surface stress to near zero either, it is still a more stable structure compared with the
stripe reconstruction. The formation of the herringbone reconstruction is highly sensitive to the
strain applied to the surface. By applying a tensile or compressive strain to the Au(111) surface,
the reconstruction pattern can be changed. When the magnitude of the applied strain becomes over

0.2%, the herringbone reconstruction will be replaced by the stripe reconstruction.

3. Decanethiol Self-Assembly on Au (111)

Decanethiol (CioH22S, DT) is a straight-chain alkanethiol with a ten-carbon alkane chain and a
thiol (-SH) functional group. It is a colourless to pale yellow liquid with a strong odour, which is
commonly used in self-assembled monolayers (SAMs) on metal surfaces like gold for

nanotechnology and surface chemistry applications.

Tl
: Thiol group

. .
.

.
------------------------------------------------------------------ Fansnanas®

Alkane chains

Figure 2.5 The ball-stick model for DT molecules

The model for DT molecule is shown in Figure 2.5. In this model, the sulfur atom is in yellow, the
carbon atoms are in grey and hydrogen atoms are in white. The right half of this model is the thiol
(-SH) group of DT, which enables a strong binding to surfaces. And the left half is the long

hydrocarbon chain, which provides hydrophobic properties (van der Waals interaction).

3.1 Decanethiol Self-Assembled Monolayer on Au(111) Surface

3.1.1 Formation and Structural Detail

The self-assembly of alkanethiol molecules has been widely studied for its ability to form highly
organized SAMs on the Au(111) surface. Sulfur have a strong affinity to transition metal surfaces>®
60, and they are able to form multiple bonds with surface metal clusters®!. The formation of DT

SAMs starts from the rapid formation of S-Au bond with the sulfur head group (-SH) attaching to
11



the Au(111) surface®*%, with a bond dissociation energy of ~ 40-50 kcal/mol, significantly
stronger than physisorption (~ 5-10 kcal/mol) but weaker than Au-Au bonds (~ 60 kcal/mol),
allowing adsorbed molecules to diffuse across the surface to minimize defects during assembly®*.
This chemisorption involves electron donation from the lone-pair orbitals of sulfur to conduction
band of gold, forming a polarized thiolate bond (R-S-Au), as confirmed by X-ray photoelectron
spectroscopy (XPS) showing S 2p peaks at ~162 eV, distinct from free thiols (~ 163-164 eV)®.
This chemisorption occurs within seconds to minutes, which depends on the concentration of DT
solution®. After the chemisorption, the disordered DT molecules are then driven by the van der
Waals interaction among alkane chains, adjusting their arrangement and gradually occupying their
preferred sites of Au(111) substrate. And this process would last for hours or days. Finally, most

of'the DT molecules transfer from the disordered phase to close-packed ¢ phase on Au(111) surface.

The STM image of the close-packed ¢ phase DT is shown in Figure 2.6 (a).

Figure 2.6 (a) The STM image of a 250 A x 250 A area of the close-packed ¢ phase DT.% (b)
Higher-resolution STM image of decanethiol molecules adsorbed on Au(111) surface. The
structural model for the ordered adlayer of decanethiol molecules adsorbed on Au(111) is shown

on the right.®

The arrangement of DT molecules is shown in Figure 2.6 (b). The DT molecules are found to form
into a (V3 x Y3R30°) adlayer structure on Au(111) surface®, which means that the sulfur atoms
from the DT molecules bind to the Au(111) surface in a pattern that repeats every V3 times the
lattice constant of gold (\3a = 0.499 nm) and is rotated by 30°, leading to a close-packed and stable
monolayer. The standard (V3xV3)R30° alkanethiol SAM on Au(111) is found to consist of domains

12



with Au-adatom-alkanethiolate occupying the FCC hollows site, alongside domains where the hcp

hollow site is occupied’®. The coverage of DT in this arrangement is calculated to be 0.33 ML"".

For the alkane chains of DT in this close-packed phase, they are not standing vertically on the
Au(111) surface, but tilting with an angle of approximately 30° off the surface normal’”. The
appearance of this tilt angle of DT alkane chains arises from a combination of molecular
interactions and structural properties. Firstly, the tilting allows the alkane chains to pack more
efficiently, which enhances the van der Waals interactions between neighbouring DT molecules.
And this dense packing further contributes to the stability of the DT monolayer. Secondly, the tilt
facilitates alignment of the alkane chains with the lattice of Au(111) substrate, accommodating the
(N3 x V3)R30° superstructure observed in these systems’®. Thus, the tilt angles for the alkane
chains within different alkanethiol SAMs are different, which is due to the variations in the density
of their head groups. A higher density of the head groups may lead to a smaller tilt angle due to
limitation of the space, while a lower density allows for a larger tilt angle”. Similarly, the tilt angle
for the same kind of alkanethiol in different phase are also different, which leads to a large

uncertainty for analysing the behaviour of the alkane chains in lower coverage phases.

3.1.2 Electrical and Thermal Features

The charge conductivity of the DT SAMs on metal surface is generally found to be low’¢, which
is due to the large HOMO-LUMO gap (~ 10 eV) of the alkane chains, and that makes the charge
transport occurring primarily via the tunnelling”’-%°. Due to the low conductance of alkane chains,
the signals of DT we observed from STM images, such as in Figure 6.2 (a), are mainly contributed
by the terminal (-CHs) groups of the alkane chains®!. These groups are positioned at the outermost
surface of the monolayer, making them the closest to the STM tip and most accessible for electron
tunnelling. Thus, the signals from the STM images of DT SAMs actually reflect the positions of
the terminal groups rather than the positions of S-Au bonds. Meanwhile, the low conductance of
DT could also lead to the inaccurate height information from the STM data. For example, when
Ceso and DT molecules coexist on the Au(111) surface, the height profile shows that the Ceo
molecules are about 0.25 nm higher than DT molecules. However, the true heights of C¢o and DT
are respectively 0.71 nm® and the 1.32 nm®. Though the DT molecules are almost twice longer
than the Cso molecules, due to a relatively large difference in their conductivities, the DT molecules

look even about 0.25 nm shorter than the Ceo molecules.
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The thermal stability of the DT SAMs on Au(111) is mainly attributed to the thermal cleavage of
the S-Au bond. As the temperature of sample increases, the thermal energy can overcome the
binding energy of the S-Au bond®*%°, leading to desorption of the thiol molecules. The desorption
temperature of DT on Au(111) surface is around 380 K - 400 K388 According to the different
binding sites of DT in different phases, the desorption temperature of DT varies. In addition, the
thermal stability can be affected by the chain length and packing density. The alkanethiol with
longer chains like decanethiol show enhanced stability due to the stronger van der Waals

interactions, which delays their desorption compared to shorter thiols.

3.2 0 Phase Decanethiol on Au(111) Surface

3.2.1 Au-Adatom-Decanethiolate Model

DT molecules have been observed to form various self-assembled phases on Au(111) surface, and
the formation of these ordered phases is strongly related to the coverage of DT’4. The coverage of
DT can be adjusted through the thermal annealing of the sample. During the thermal annealing,
some of the DT molecules desorb from the surface, and the rest of the DT molecules rearrange and
absorb on the surface. Each two S atoms bind with an Au adatom, and finally reform into the Au—
adatom—decanethiolate (AAD)%, which is also represented as RS-Au-SR (R = CH3(CHa)s) staples.
The model for the RS-Au-SR staple is shown in Figure 2.7.

(a) top view (b) . side view

°
\.(‘ ;.( ;:( ,:’( ;‘uuup&,«,\_/u
b‘~b\/'b‘~/u"—' © ©00606006 060

Figure 2.7 (a) Structural model showing the details of the RS-Au-SR staple and how it is

attached to the Au(111) substrate. (a) The top view. (b) The side view. The Au adatom (in blue) is
located at the bridge site between two substrate Au atoms (in yellow) on the top layer. The two S

atoms (in red) sit almost directly above the substrate Au atoms.”
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In this model, the Au adatom occupies the two-fold bridge site of the Au(111) substrate, and the S
atom of RS makes one bond to the Au adatom and one bond to the underlying lattice Au atom,
which stabilises the whole DT molecule on the Au(111) substrate. The bond length of S-Au-adatom
is 2.33 A and the bond length of S-Au-lattice is 2.49 A*°. Through the formation of this AAD unit,
the binding energy of the RS on Au(111) surface is increased’'**?, and thus the DT molecules are

more stably fixed on the surface even the coverage of DT dropped.

The existence of Au adatoms in the self-assembled alkanethiol films on Au(111) surfaces has been
proved in previous works®**>. However, due to the low charge conductivity of alkane chains, these
Au adatoms are not visible in the STM images, which leads to an uncertainty in the position of the
Au adatoms, especially in the low coverage phase of long chain alkanethiols. For the long chain
alkanethiols such as DT in close-packed phase, since the arrangement of DT is strongly compatible
with the Au(111) surface, and the DT alkane chains remain in a specific angle off the surface
plane’, it is easier to determine the binding sites of DT. While for the DT in a lower coverage
phase, with less DT molecules occupying on the surface, there are relatively larger space for DT
alkane chains to lie down, bend or stack®®, and there is also more available binding sites for DT to
occupy. And that makes it possible for different alkane chains having different tilt angles, thus the
signals from the terminal groups of DT alkane chains may not reflect the true binding sites of DT.
Though we can still come up with the reasonable arrangement of DT by analysing the binding
energy of different sites and the stability of the overall structure, the complex van der Waals
interactions among the alkane chains still introduce uncertainty into the results. Although the
positions of the AAD units within the low coverage ordered DT phases are hard to be confirmed,

the model of the AAD unit has been supported by some following works®”%,

3.2.2 Structure of 6 Phase Decanethiol on Au(111) Surface

After the thermal annealing, the DT molecules on Au(111) surface transfer from the close-packed
¢ phase into various of other ordered phases, as shown in Figure 2.8 (a). Usually, with the decrease
of the DT coverage, the ordered phases change in sequence: 1) o phase (zigzag meshed phase); i)
y phase (alternating stripe phase); iii) p phase (stripe phase); iv) a phase (liquid phase)®®. Due to
the tiny but unavoidable temperature difference of the sample during thermal annealing, these
ordered phases are found always to coexist on the Au(111) surface. If the DT/Au(111) sample is

annealed at a lower heating rate, the DT molecules on the Au(111) surface will be more likely to
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form a uniform and consistent phase. Among these ordered phases, the 6 phase is considered to
have the highest DT coverage’*!%. The STM image of § phase DT is shown in Figure 2.8 (b). In
this region, the d phase DT coexists with the ¢ phase DT, and the 6 phase DT grows in the direction

parallel to the [112] direction and the other two equivalent directions’.

§$47 0750
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Figure 2.8 (a) Various of ordered phases of DT observed from the Au(111) surface.”” (b) The
STM image of the 6 phase DT on Au(111) surface. (¢c) The model showing the positions of the

st

)

§
J

terminal groups of DT alkane chains relative to the Au(111) substrate.”

The model of 6 phase DT is shown in Figure 2.8 (c). The darker grey spheres shows the positions
of the terminal groups of DT alkane chains, rather than the positions of the DT binding sites, as
previously discussed. The distances and angles in this 6 phase DT model are: a = 2.18 nm,
b=3.75nm, a = 81.2°, v=6.6° and w = 2.2°. And the distance of two neighbouring DT terminal
group rows is 2.16 nm (= 7.5a2)°*!%!. The local coverage of DT in & phase is calculated to be
0.23 ML. The DT molecules in this phase are deduced to bind with the Au(111) surface through
forming the AAD units. While due to the mobility of the DT alkane chains, there is the uncertainty
of the true binding sites of the AAD units. On the other hand, the mobility of the DT alkane chains
makes it easier for the other added molecules, such as Cgo fullerene molecules, to drop onto the
Au(111) substrate, rather than be held on the top of the DT alkane chains. And that enable the
added molecules to interact more effectively with the DT alkane chains, which makes the 6 phase
DT/Au(111) sample an ideal template for the studies of bicomponent and multicomponent

supramolecular self-assembly!?%103,
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4. C79 and Ceo Fullerenes

Ceso and Cro fullerenes are carbon-based molecules belonging to the fullerene family, which were
discovered by Kroto et al. in 1985'%. After several years of research on the fullerenes, Kritschmer

0'%, and then Diederich et al. reported

et al. reported the preparation method of Ce fullerene in 199
the preparation method of C7o fullerene in 1992!'%. Since then, fullerene molecules have been
widely studied and applied in various fields, such as nanotechnology (e.g. molecular cages for

drug delivery), organic electronics (e.g. solar cells), and superconductivity research.

4.1 Structural Detail and Properties of C70 and Ceo Molecules

4.1.1 Ceo Fullerene

The Ceo fullerene molecule consists of 60 carbon atoms arranged in 20 hexagonal rings and 12
pentagonal rings, with each carbon atom bonded to three others, forming a closed cage!, as shown
in Figure 2.9 (a). This arrangement ensures that no pentagonal rings share an edge, which
minimizes the structural strain and enhances stability. Ceo fullerene has the icosahedral symmetry
(In), which is the highest possible symmetry for molecules, and it is characterized by two-fold,
three-fold, and five-fold rotational axes. This high symmetry arises from the geometric
arrangement of its pentagonal and hexagonal rings. The nucleus-to-nucleus diameter of the Ceo is
0.707 nm'%’. And the van der Waals diameter of Ce is approximately 1.0 nm, which is determined

by accounting for the electron cloud surrounding the molecule'%.

wu Z0£°0

Figure 2.9 (a) Structure of Ceo fullerene. (b) The details of the carbon atoms and the C-C bonds

within the Cgp fullerene.
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As shown in Figure 2.9 (b), there are two different types of C-C bonds within the Csp molecules.
1) 6:6 ring bond (between two hexagonal rings). This type of bond is C-C double bond with a length
of approximately 1.401 A. ii) 6:5 ring bond (between a hexagonal and a pentagonal ring). This
type of bond is C-C single bond with the bond length of approximately 1.458 A!%!° And the
bond energies of both types of C-C bonds have been reported in previous work!!!"!'2, The carbon
atoms within the C¢o molecule are sp2 hybridized!'. The isolated Cgo in gas phase shows a HOMO-
LUMO gap of 4.9 eV!!4,

4.1.2 C70 Fullerene

The C7o fullerene molecule consists of 70 carbon atoms arranged in 25 hexagonal rings and 12
pentagonal rings!!®. C7 fullerene has Ds, symmetry, which is lower than the In symmetry of Ceo.
The Dsn point group reflects the ellipsoid-like structure, with a five-fold rotational axis along the
long axis and a mirror plane perpendicular to it. This reduced symmetry results from the additional
10 carbon atoms forming an equatorial belt, which breaks the high symmetry of Ceo. The Dsn
symmetry influences the electronic and optical properties of C7o, contributing to a more complex
electronic structure compared to Ceo. Figure 2.10 (a) and (b) show the side and top view of the C7o
fullerene. C7o has a long axis, which is 0.791 nm, and a short axis, which is 0.710 nm!!6. The van

der Waals diameter of C7o is approximately 1.1 nm, which is slightly larger than that of Ceo'!”.

wu 1640
wu 0TL0

side-view top-view

Figure 2.10 (a) The side view of Cyo fullerene. (b) The top view of C7o fullerene. (¢) The details

of the carbon atoms and the C-C bonds within the C7o fullerene.
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As shown in Figure 2.10 (c¢), C7o is also consisted with 6:6 C-C double bonds and 6:5 C-C single
bonds. However, due to the lower symmetry, the C7o fullerene has eight bond lengths ranging

between 0.137 and 0.146 nm!'8. The HOMO-LUMO gap of C7 is measured to be 1.72 eV!!%-12!,

4.2 Molecular Orientations of C¢o and C79 Molecules

The self-assembly of fullerenes on metal surface (Au(110), Ag(111), Pt(110), etc.) has been widely
studied'?>1?%. Research have indicated that at RT, the fullerene molecules keep rotating on the

surface before reaching thermal equilibrium!'?®

, and this rotation gradually slows down and
eventually stops when the temperature of the sample decreases to 90 K!?7. According to the
different binding sites of the fullerene molecules, they are stabilised on the surface in several
specific molecular orientations, showing different intramolecular patterns, which are found to be

consistent with the simulation results in various fullerene-metal self-assembly systems.

4.2.1 Molecular Orientations of C¢o Molecule

Ceo, due to its high symmetry, is the most commonly used fullerene in the studies of molecular
orientations'?®!?, Figure 2.11 (a) shows the molecular orientations of Cg within the Ceo
monolayers on Au(111) surface reported by Schull et al. The bright parts in the STM images
correspond to the pentagonal rings of Ceo molecules, which are known to be electron deficient!'?’.
And this can be explained with the excess LDOS in the empty-state level at pentagonal rings which
consist of five sp? bonds. Thus, according to the one, two, or threefold symmetry axis shown in
(a), it 1s easy to find the corresponding orientations with a molecular model. This method is also

applicable to the analysis of the molecular orientations of other fullerenes.
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Figure 2.11 (a) The STM images showing the C¢o molecules in three molecular orientations on
Au(111) surface at 5.7 K. (b) Corresponding top view models. Pentagonal rings are highlighted

in yellow in the models because they appear high in STM images at positive bias.!*°

Figure 2.11 (b) shows the Ceo models corresponding to the LT STM images in specific molecular
orientations and directions on Au(111) surface. The Cgo are respectively in 1) pentagonal ring
facing up; 2) 6:6 C-C bond facing up; 3) hexagonal ring facing up molecular orientations. It can
be noticed that once the corresponding molecular orientations of Cso are matched, the direction in
which these molecules bind to the substrate is determined as well, which can provide us with useful

information when constructing complex models such as supramolecular frameworks.

In addition, more possible molecular orientations are proposed through the STM simulation, as
reported by Wang et al'>”13!. In Figure 2.12, except for the three orientations observed in Figure
2.11 (a), there are two more orientations have not been observed in this multilayer Ceo/Au(111)
system, which indicates that the molecular orientations that are also related to the interactions
between the substrate and the added molecules. And the appearance of different orientations may
require different conditions (binding sites, intermolecular interactions, etc). To acquire the accurate
binding energy of the molecules, the interactions of the molecules and the surface need to be

considered thoroughly.
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Figure 2.12 (a) Simulated empty-state STM images of a free C¢o molecule with five types of
high-symmetry rotational orientations corresponding to (b) schematic diagrams of Ceo with a
hexagon, a 6:6 bond, a 5:6 bond, a pentagon, and an atop atom facing up, respectively, from left

to right.!?’

4.2.2 Molecular Orientations of C70 Molecule

Similarly, the C70 molecules are also able to bind with the substrate in different molecular
orientations. However, the C70 molecules, as discussed previously, are less symmetric than Ceo,
which makes the possible binding types of C7¢ in different molecular orientations relatively limited.
Niu et al. reported the C7o deposited on the CuSe monolayer!*’, revealing the molecular
orientations of C7o and providing the STM simulation from DFT calculations for all the other
possible adsorption configurations of C79 on CuSe monolayer, as shown in Figure 2.13. Figure
2.13 (a) shows the two different orientations of C7o, and the corresponding models and STM
simulations are shown in Figure 2.13 (b). Co are found respectively in 1) C atom facing up; 2)
6:6 C-C bond facing up molecular orientation, and C7o are both lying down with their long axes
parallel to the surface plane. The C7o in lying down orientation has been reported have be a more

stable adsorption than in standing up orientation'?,
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Figure 2.13 (a) The STM image showing the molecular orientations of C70 on the CuSe
monolayer. (b) Two possible adsorption geometries and calculation models corresponding to the
C70 molecules in (a). (¢) The STM simulation of the possible molecular orientation of C7o on

CuSe monolayer.'*?

Figure 2.13 (c) shows the four possible molecular orientations of C7o absorbing to the surface.
According to Niu et al.’s calculation'®?, the two molecular orientations of C79 shown in Figure
2.13 (b) are the two lowest energy C7o configurations in this system. For the other adsorption

configurations of C7o, they could be more stable in other systems, which needs to be further proved.
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4.3 Self-Assembled Monolayer of Ceo and C7o on Au(111) Surface

4.3.1 Co0o Monolayer on Au(111) Surface

The Ceo monolayer on Au(111) surface has been well studied!**!*°, and the first monolayer is
known to have several phases, respectively the in phase, 23 x 2v3 R30° and R14°'36-13%_ And that
depends on how the direction of close-packed Ceo related to the close-packing direction of the Au
atom on the Au(111) surface. Altman and Colton first reported the in phase structure and the
243 x 243 R30° structure of the Co monolayer on Au(111) surface'*®. Then the R14° structure

was reported by Tzeng et al'*’.

The feature of in phase structure is that the close packing direction of the Cso molecules matches
with the [110] direction or the other two equivalent direction of the Au(111) substrate, which is
also the direction of close-packed Au atoms, as shown in Figure 2.14 (d). The feature of the
243 x 23 R30° structure is that there is an angle of 30° between the close-packing directions of
Ceo and Au atoms, and the arrangement of Ceo 1s commensurate with the unreconstructed Au(111)
surface, as shown in Figure 2.14 (¢). The distance of two neighbouring Ceo is about 1 nm (2V3a,
a = 0.288 nm). The feature of the R14° structure is that the closed packed Ceso layer rotated by
+ 14° from the in-phase structure. The nearest distance of the neighbour Cgo molecules according
to the model in Figure 2.14 (f) is 1.039 nm, which is larger compared to the preferred spacing of
1.002 nm. Thus there would be a tensile stress within the C¢o monolayer in this structure, and the
Au atoms at the Cso/Au(111) interface have to reorganize to reduce this stress. Overall, though the
Ceso monolayer in different phases looks always keep the hexagonally packed structure, the

arrangement of Au atoms at the interface have adjusted to stabilise the Cso monolayer.
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Figure 2.14 The Ceo monolayer in three different phases on Au(111) surface. (a) STM image of

in phase structure of the C¢o monolayer."*! (b) STM image of 2V3 x 2v3 R30° structure of the

Ceo monolayer.'3” (c) STM image of R14° structure of the C¢o monolayer.'3” (d)!'*!, (e)'** and

(N7 show the corresponding illustrations for (a), (b) and (c).

For the Co monolayer on Au(111) surface, the HOMO-LUMO gap is proved to be 2.7 £ 0.2 eV''4,

As for the thermal stability of the Ceo monolayer, the Ceo Will desorb from the substrate at the

temperatures above 300 — 400 °C in UHV conditions'*>!*3, and the monolayer would then be

broken.

4.3.2 C70 Monolayer on Au(111) Surface

The C70 monolayer on various of surfaces have been studied'**!'4’. However, compared with the

monolayer of Cgo, much less attention has been paid to C7o monolayers, which present a greater

variety of morphologies and related properties than Ceo as its molecular symmetry drops from I

to Dn. In the previous works, C79 have been observed to form into the close-packed hexagonal and

quasi hexagonal lattice on the three-fold symmetry metal surface. Katsonis et al. reported the Cro
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sub-monolayer on the n-tetradecane/Au(111) surface, revealing the two types of C7o close-packing,
as shown in Figure 2.15. According to the ellipsoidal like shape of C7o, the a-type packing and B-
type packing respectively correspond to the close-packed phase form with the C7o in standing up
orientation and in lying down orientation'*®. In Figure 2.15 (a), the C7o in o. domain have the
nearest neighbouring distance of 1.06 nm, and they are deduced to occupy the three-fold sites of
Au(111) surface, so that the C70 monolayer forms into a 243 x 243 R30° structure, which is similar
with the Ceo monolayer'?’. For the C7 in B domain, they arrange in the direction parallel to the
[110] direction, and it is similar with the in phase structure of C¢o monolayer on Au(111) surface'*!.
And the nearest neighbouring distance along the [110] direction is 1.20 nm. In addition, the
lengths of the C70 in o and B domains are measured to be 1.1+ 0.1 nm and 1.3 £0.1 nm respectively,
which matches with the previous observation of C7o with STM!#°, Thus, the models of a and B

type close-packing with C7o in different molecular orientations are built in Figure 2.15 (b).

o-type packing

Figure 2.15 (a) The STM image (25 nm X 25 nm, Vi=+ 0.2 V, [ = 100 pA) showing the
coexistence of two types of C7o close-packed phase on surface. In the a-domain, hexagonal
close-packed molecular rows are aligned along the <112> direction; in the B-domains, the C7o
rows are aligned along <110> direction.'*® (b) Schematic representation of two C7o packing
modes on Au(111) surface: Left: 23 x 213 R30° structure of o domains. Right: in phase

structure of the b-domains.'*®

However, there is no long-range ordered C7 in any of these two packing type, and this can be
explained by the formation of misfit dislocations between molecular rows and the Au(111) lattice

along the <110> and <112> directions. In addition, the interaction between free C70 and Au(111)
25



substrate is relatively week!>’, and the Au atoms at the C70/Au(111) interface are not effectively

driven to change their arrangements.

The desorption temperature of C7o is proved to be 467 °C'>!. And due to the weaker molecule-
surface interaction, the thermal stability of the C70 monolayer on Au(111) surface is dominated by

the properties of Cyo itself.

S. Van der Waals Force in Ce/Cr0-Decanethiol Systems

Van der Waals forces, specifically London dispersion forces, are weak intermolecular forces that
arise from temporary, induced dipoles in molecules, even those that are nonpolar. These forces,
named after Johannes Diderik van der Waals, who incorporated them into his equation for real
gases'*?, are a subset of van der Waals forces, distinct from dipole-dipole interactions and hydrogen
bonding. London dispersion forces are universal, occurring in all molecules regardless of polarity,
and are critical in processes such as gas condensation, the physical properties of liquids and solids
(e.g., boiling and melting points), and the behaviour of nonpolar substances like hydrocarbons or

noble gases'’.
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Figure 2.16 The illustration of van der Waals force.!>*

The mechanism behind London dispersion forces comes from quantum mechanical fluctuations in

electron clouds. In a nonpolar molecule, the constant motion of electrons can lead to an
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asymmetrical distribution at any given moment, creating a transient dipole. This temporary dipole
induces a corresponding dipole in a neighbouring molecule, resulting in an attractive force!>. The
strength of these forces depends on the polarizability of molecule, which correlates with its size
and number of electrons. For example, larger molecules like octane have greater polarizability than
smaller ones like methane, leading to stronger dispersion forces and higher boiling points in

homologous series!*.

Although London dispersion forces are relatively weak, typically ranging from 0.1-10 kJ/mol, their
cumulative effect can be significant, particularly in large molecules or systems like polymers and
biological macromolecules such as DNA, where they contribute to structural stability!>. These

6 where r is

forces are distance-dependent, decreasing rapidly with separation (proportional to r~
the distance between molecules). Molecular shape and surface area also influence their strength,
with linear molecules exhibiting stronger dispersion forces than branched ones due to greater
contact area'>?. Therefore, the van der Waals interaction in the Ceo/C70-DT systems can be so
complex, as there are three types of molecules (Ceo (spherical), C7o (ellipsoidal), DT (linear))
contribute to this system simultaneously. Especially, for the C70 molecules, their molecular
orientation can be strongly affected by the surrounding molecules. If small amount of Cro are
deposited on the substrate, C70 would keep a lying down orientation so that the van der Waals
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interaction between C7o and the substrate could be stronger'*°. However, with the deposition of the

Ceo and DT molecules, the Crg are likely to change their orientations to interactive more effectively
with the surrounding molecules. Therefore, the molecular orientation observed via STM can also

provide useful information about this system.
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III. Experimental Instruments

1. Low Temperature Scanning Tunnelling Microscope

Scanning Tunnelling Microscopy (STM) is a technique for imaging surfaces at the atomic level,
which is widely used in nanotechnology. STM represents a cornerstone of modern surface science,
enabling the visualization and manipulation of surfaces at the atomic scale. The STM was invented
in 1981 by Gerd Binnig and Heinrich Rohrer at IBM Zurich Research Laboratories, and their work
earned them the Nobel Prize in Physics in 19862

The STM used in our group is a low temperature scanning tunnelling microscope (LT-STM) from
Scienta Omicron (Serial number: 122), equipped with an ultra-high vacuum (UHV) system. The
LT-STM is a dedicated instrument for scanning probe microscopy (SPM) experiments at very low
temperatures. A successful thermal shielding concept together with the fact that the entire SPM
stage is kept at sample temperature results in an outstanding thermal stability. Theoretically, the

sample temperature is possible down to 2.5 K.

Figure 2.1 Scienta Omicron LT-STM in UHV system.
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The sensitivity for this STM at room temperature (RT) is: Z: -6.7 nm/V; |X£| : 20.0 nm/V; |Y= :
20.0 nm/V. Sensitivity at 77 K: Z: -2.0 nm/V; [X=£| : 6.0 nm/V; |Y#] : 6.0 nm/V. Sensitivity at 5 K:
Z:-1.2 nm/V; | X% : 3.6 nm/V; |Y£| : 3.6 nm/V.

1.1 Components of Low Temperature Scanning Microscopy

1.1.1 Sample Preparation Chamber

The preparation chamber is mainly used for preparing various samples. The sample can be
transferred into the chamber from the load lock through a magnetic rod, and then be picked by the
manipulator. The manipulator is a movable and rotatable rod. Through adjusting the position and
rotation angle of the manipulator, the sample can be exposed to any port on the chamber. Samples
can also be treated with the radiation annealing and the direct current annealing on the manipulator,
and the temperature of sample will be reflected through the thermocouple connected to the

manipulator.

Figure 2.2 Preparation chamber of LT-STM.

There are several alternative ports left on the chamber, which can be installed with the extra
evaporation sources, ion gun, RGA, etc. The tip/sample carousel within the chamber has positions

available for up to 6 sample boards or tip carriers.
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1.1.2 Sample Analysis Chamber

The scanning of the sample is conducted in the analysis chamber of LT-STM, where the sample
can be transferred into the scanning stage with the wobble stick. The scanning stage is equipped
with the vibration isolation elements to block most of noise caused by the mechanical vibration,

as shown in Figure 2.3 (a).

Figure 2.3 (a) Scanning stage of LT-STM, held by springs form the sides. (b) The scanning stage

with a sample inserted at the scanning position.

When the sample is inserted onto the scanning stage, it is held by the spring flakes on the two sides.
Meanwhile, the spring flakes also make the sample grounded and in contact with the sliding pins
(Saphir Al,03), which can help the sample effectively cool down when conducting the LT
experiment. There are also some copper wires below the scanning stage connected from the bottom

of the cryostat to the scanner, which are for the tip cooling during LT scanning.

1.1.3 Cryogenic Equipment

The cryogenic equipment of LT-STM consists of two concentric bath cryostats. The outer one is
filled with LN> and serves for shielding. The inner one can be filled with either LN> or LHe and

serves for cooling the STM.
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Figure 2.4 Cryogenic equipment of LT-STM. The LN> and LHe can be filled from the top.

To cool down the system, the outer cryostat need to be filled with LN first. And then when the
inner cryostat is also filled with LN2 or LHe, the sample and tip begin to cool down simultaneously.
The sample is cooled down through the direct contact with the cooling pins, which is highly
efficient. However, the tip and piezoelectric scanner is cooled down through the copper wires,
which makes the cooling process less effective than that of the sample. Thus, there will be a tiny
temperature difference between the tip and sample during the scanning, which is likely to cause
the thermal drift. Each time the tip is moved to other areas on the sample, it requires about 30

minutes for temperature of the tip to stabilise.

1.1.4 Control Units

The control units in this LT-STM system include two parts: i) Nanonis SPM controller; ii) UHV

system controller. As shown in Figure 2.5.
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Figure 2.5 Control units of LT-STM in UHV system. (a) Nanonis SPM Controller. (b) The UHV
control panel, controlling the ion gauge, PBN heater, turbo pump and gate valve. (c) The UHV

control panel, controlling the ion pump, ion sputtering gun and the titanium sublimation pump.

Figure 2.5 (a) shows the Nanonis SPM controller system. After setting the scan parameters in the
software, the controller sends the corresponding instructions to the piezoelectric scanner of STM
to adjust the scan conditions. Meanwhile, the signals sent back form the STM are also converted
by the controller, so that the software can further process these signals and transfer them into the

graphic information.

The control panel shown in Figure 2.5 (b) and (c) integrates all the switches for the pumps that
maintain UHV. In addition, the switches of the ion sputtering gun, PBN annealing and the bakeout

are also integrated in this panel.

1.2 Basic Components for STM Scanning
A complete STM system requires multiple components to work together, typically including:
1) Scanning Tip

The scanning tip is a crucial element, typically prepared from tungsten or platinum-iridium due to
their conductive properties and ability to form a sharp end. The sharpness of the tip is vital, as the
resolution of the STM image depends on it. Tungsten tips are often electrochemically etched in
sodium hydroxide (NaOH) solution to create a sharp end, though they are prone to oxidation over

time. Pt-Ir tips, preferred for air operation due to the resistance of platinum to oxidation. The Pt-Ir
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tips are usually shaped by cutting with a wire cutter. The choice of material and preparation method

ensures the tip effectively contributes to the tunnelling current.

:| max. 2 mm

tip carrier tube

\ 4

Tunnelling tip

Figure 2.6 Standard tip carrier with a tip inserted in the carrier tube.

i1) Piezoelectric Scanner

This component enables precise movement of the tip in three dimensions (X, y, and z axes) with
sub-angstrom accuracy. Typically, a piezoelectric tube scanner is used, which expands or contracts
in response to applied voltages, allowing the tip to raster across the sample surface and maintain a
constant tunnelling current by adjusting its height. A common piezoelectric material used is lead

zirconate titanate (PZT).

Magnet (x3)
MOD +

<«——— Scanner tube

P +X, =X, +Y,-Y

z

d
T/ /
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Figure 2.7 Piezoelectric scanner of LT-STM.

ii1) Coarse Approach
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Before the auto approach of the piezoelectric scanner, a remoting box is used to manually control
the movement of the scanner base plate, so that tip position relative to the sample can be adjusted

quickly.

Figure 2.8 The remoting box for manually coarse approach.

iv) Feedback Control System

A feedback system monitors the tunnelling current and adjusts the height of the tip to maintain a
constant current setpoint. This feedback loop is essential for generating a 3D topographic map of
the surface. In constant current mode, the tip height varies to keep the current steady, while in

constant height mode, the current is measured at a fixed height, suitable for flatter surfaces.
v) Control Unit and Computer Interface

The Nanonis SPM controller controls the voltages applied to the piezoelectric scanner and process
the tunnelling current signals. Users can adjust the scanning parameters (bias voltage, tunnelling
current, loop gain, scanning speed, etc) through the Nanonis SPM Controller software, as shown

in Figure 2.9.
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Figure 2.9 The interface of the Nanonis SPM Controller software.

1.3 Working Principle of Scanning Tunnelling Microscopy

1.3.1 Basic Working Process of STM

The core mechanism of STM is rooted in a fundamental quantum mechanical phenomenon of
electron tunnelling, where particles, such as electrons, penetrate a potential energy barrier despite
having insufficient energy to overcome it classically. This behaviour comes from the wave-particle
duality of quantum mechanics, where the wavefunction of the particle, governed by the time-
independent Schrodinger equation, extends into and through the barrier, resulting in a non-zero
probability of finding the particle on the opposite side. The tunnelling probability is derived from
solving the Schrodinger equation for a potential barrier, often approximated using the Wentzel-
Kramers-Brillouin (WKB) method, which yields an exponential dependence on the barrier width
and height®. In STM, this principle is applied to measure tunnelling currents between a sharp
metallic tip and a conductive sample separated by a vacuum gap (typically 0.5-2 nm). A bias
voltage V drives electrons to tunnel through the vacuum barrier, with the current I proportional to
e~2%4 making it exquisitely sensitive to the tip-sample distance (a 1 A change alters the current
by an order of magnitude)*. The tunnelling current also depends on the electronic states of the tip
and sample, as formalized by Bardeen’s tunnelling theory, which treats the process as a transition
between initial and final states across the barrier®. This formalism accounts for the overlap of
wavefunctions and the density of states, providing a framework for understanding tunnelling in

complex systems. Beyond STM, tunnelling governs phenomena like field emission, tunnel
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junctions in semiconductors, and quantum devices, with applications in tunnel diodes and

superconducting Josephson junctions®.

The local density of states (LDOS) complements the tunnelling process by describing the spatial
and energy distribution of electronic states available for tunnelling. In STM, the tunnelling current
is proportional to the LDOS of the sample at the Fermi level, integrated over the energy window
set by the bias voltage, as described by the Tersoff-Hamann model*. This model approximates the

STM tip as a point source with an s-wave wavefunction, simplifying the tunnelling current to

EpteV
| « fEF

ps(r, E)dE, where pg(r, E) is the LDOS of sample at position r and energy E, and
Ep is the Fermi energy®. The LDOS reflects the electronic structures of different materials,
including contributions from surface states, impurities, or band edges, and is sensitive to
perturbations like defects or magnetic fields. By measuring differential conductance (dI/dV),
STM probes the energy-resolved LDOS, revealing features like superconducting gaps or
vibrational modes’. The Bardeen formalism further refines this by considering the matrix element
for tunnelling between tip and sample states, incorporating both LDOS and wavefunction overlap’.
Advanced STM techniques, such as inelastic tunnelling spectroscopy, exploit LDOS variations to

study electron-phonon interactions or spin excitations, making tunnelling a versatile probe of

quantum phenomena’.

The basic working process of Scienta Omicron LT STM is shown in Figure 2.10. The users give
out the commands in the software, and the control unit then convert these commands into the
corresponding voltage information to control the piezoelectric scanner. The current and height
information of the sample is then transferred to the amplifier, and further transferred back to the
control unit. The software can finally convert the current and height information into the STM

images.
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Tunneling
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Figure 2.10 Illustration for the working principle of STM (copied from Scienta Omicron LT
STM III Manual V6.0 (PN06897)).

1.3.2 Rectangular Barrier Model

The Rectangular Barrier Model describes the quantum mechanical phenomenon where electrons
tunnel through a thin insulating barrier, such as in a metal-insulator-metal junction. This model
simplifies the potential barrier as a rectangular shape with constant height and width, allowing for

analytical treatment of the tunnelling process.

The barrier is modelled as a region of constant potential energy Vo (barrier height) over a finite
width d. The potential outside the barrier is zero or lower than V. Then the electrons with the
energy E < V) can penetrate the barrier due to their wave-like nature. And the tunnelling current /
arises from the net flow of the electrons tunnelling through this barrier, which is driven by an
applied bias voltage. The tunnelling probability 7 is given by the Wentzel-Kramers-Brillouin

(WKB) approximation or exact solutions to the Schrodinger equation for a rectangular barrier:

d

2m

T ~exp| —2 ?(vO—E)dx

For a rectangular barrier, this equation simplifies to:
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’Zm
T = exp —-2d F(UO_E)

where m is the electron mass, # is the reduced Planck constant, V) is the barrier height, £ is the

electron energy, d is the barrier width.

The tunnelling current /; is proportional to the tunnelling probability, the density of states, and the

applied bias voltage V. So the current is often approximated as:

2m

I; xV-exp| —2d v

(vo — Ef)

where Er is the Fermi energy of the electrodes, and V is the applied bias voltage.
I, in the Rectangular Barrier Model has several key features:

1) Exponential dependence on barrier width: The current decreases exponentially with increasing
barrier width d, making /; highly sensitive to small changes in d. This is critical in applications like

STM, where atomic-scale variations in distance affect the current significantly.

i1) Barrier height sensitivity: The current also depends exponentially on the barrier height V, which

is related to the material properties of the insulator or vacuum gap.

1i1) Linear voltage dependence: For small biases, /; is approximately linear with ¥, but nonlinear

effects arise at higher voltages due to changes in the effective barrier shape.

iv) Temperature Independence: In the ideal case, tunnelling is a quantum process and /; is largely

temperature-independent, unlike thermionic emission.

2. Ultra-High Vacuum System

In UHV systems, the pressure range is typically between 10”7 and 10°!! mbar. To maintain a good
vacuum level within the whole STM chamber, a system consists of several types of pumps is
designed and installed to the chamber. The pumps used in our UHV system include: rotary pump,

turbo pump, ion pump and titanium sublimation pump (TSP).
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Rotary pump is the very initial part of the UHV system. Through changing the volume of the
suction chamber inside the pump periodically, the gas in the container is continuously expanded
to the suction chamber through the pump inlet and then discharged from the pump through the
exhaust port by compression. The rotary pump can reduce the pressure in the chamber down to

about 102 mbar, which is low enough for turbomolecular pump to work.

Turbomolecular pumps are the most commonly used pump in UHV systems, due to their ability to
reduce the pressure down to about 10" mbar. The gas molecules entering the molecular pump
collided by the rotating vanes, gaining more momentum and starting to move in a directional
manner. Eventually these molecules are discharged out of the chamber. However, if there are some
molecules which are too large or too small inside the chamber, such as H>O and H», it would be

hard for the turbomolecular pumps to pump them out.

Ion pump works by continuously ionizing the ions and accelerating them with a high voltage
(3 - 7kV). The gas molecules will be trapped by these ions and finally being physically trapped at
the adsorption surface of the ion pump. With the ion pump, the pressure can be reduced to about

10" mbar, which has met the requirements for UHV system.

TSP works through periodically applying the current to the titanium wire to bring it to sublimation
temperature. The sublimated titanium will then form a titanium film on the inner surface of the
chamber, which has a strong adsorption on the reactive gases, such as CO. When the TSP works

together with an ion pump, the pressure of the chamber can be reduced to below 10! mbar.
3. Sample Preparation and Tip Etching Instruments

3.1 Molecular Evaporation Source

Molecular evaporation source is a specialized device used in vacuum deposition techniques, such
as thermal evaporation and molecular beam epitaxy (MBE)?, to deposit thin films of materials onto
substrates. As the temperature of material increases, the atoms or molecules gain sufficient kinetic
energy to overcome intermolecular forces, transitioning into the vapor phase. This process occurs
under high vacuum conditions to prevent unwanted reactions and ensure a mean free path long

enough for the vapor to travel to the substrate without collisions.
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Usually, there are several mostly used types of molecular evaporation source:

1) Resistive Heating: An electric current passes through a resistive element (like a tungsten

filament), generating heat that melts and evaporates the material.

ii) Electron Beam (E-Beam) Heating: An electron beam is directed at the material, providing

localized heating suitable for materials with high melting points.

ii1) Induction Heating: An alternating magnetic field induces eddy currents in the material,

generating heat through electrical resistance.

3.2 Ion Gun

Ion gun is a useful tool for sample preparation, as it can deeply clean the sample surface through
the ion sputtering. The sputtering process begins with the generation of ions, typically using an
inert gas such as Ar. Electrons emitted from a heated filament are accelerated into a chamber
containing the Ar gas, ionizing the Ar atoms through collisions. This creates a plasma composed
of positive ions and electrons. Then, the Ar" ions are extracted from the plasma and accelerated
towards the target material by applying a high voltage (1.0 - 2.0 kV). Electrostatic lenses and grids
focus and direct the ion beam precisely onto the target surface. When these high-energy Ar' collide
with the target surface, they transfer momentum to the atoms in the solid. If the transferred energy
exceeds the surface binding energy, atoms are ejected from the surface, which is known as

sputtering.

3.3 Thermal Annealing and Cooling

3.3.1 Heating
1) Radiation annealing: The thermal annealing for the sample is through the PBN heater on

manipulator, which could heat the sample up to 700 °C.

i1) Direct current annealing: The direct current heating is for the sample like silicon, which could

rapidly heat the sample up to 1400 °C.

3.3.2 Cooling

The cooling of the sample is through a cooling wire connected to the cooling block, which is

installed at the very end of the STM manipulator. To cool down the temperature of the sample, the
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cooling wire need to be filled with LN> through one end, and the nitrogen is then vented from the
other end of the cooling wire. The cooling efficiency is limited through this cooling wire, and the

sample temperature can be cooled down to about 100 K.

3.4 Tip Etching Device

The tip etching device is shown in Figure 2.11 (a). The tungsten wire of 0.25 - 0.4 mm diameter
is cut into approximately 5 cm length, and then the tungsten wire is connected to a metal tip holder.
The end of the wire is inserted into the 1 mol/L sodium hydroxide solution for about 2 mm to
obtain a sufficiently pointed tip by electrolysis, as shown in Figure 2.11 (b). The electrochemical

reaction process for tip preparation is: W(s) + 20H™ + 2H,0 — WO4>~ + 3Hx(g).

(b)

cathode

Figure 2.11 (a) The tip etching device. (b) Illustration for the tip etching process.

4. Software

4.1 Scanning Control

The software that supports this controller and the STM system is ‘Nanonis SPM Controller’
(Version 4.8.181) and ‘Scan Inspector’ (Version 4.4.10).
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4.2 Data Processing

The raw data of STM includes the tunnelling current information and the height information
collected from the sample. Usually, the raw data needs to be processed to make the images clear

or emphasise certain information in the images.

The software used in our group is ‘Gwyddion’ (Version 2.61).
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IV. Cr/Decanethiol Self-Assembled Structures at RT

1. Introduction

The self-assembly of bi-component system has been widely studied. Among various molecules
used in this system, fullerene molecules and thiol-based compounds are of particular interest due
to their electronic properties, superior stability in the ambient and compatibility with gold
substrates!. In previous studies, it is found that Ceo can form various two-dimensional self-
assembled structures with alkanethiols on Au(111) substrate. Zhang et al. reported a kind of
Ceo/octanethiol supramolecular framework?, Zeng et al. reported the formation of the Cgo
bimolecular chains in between the striped phase decanethiol®, Li et al. reported the confined Ceo
islands grown within the octanethiol SAMs*, Ding et al. reported a kind of Cgo/decanethiol 2D

porous network”.

The C7o, which are electronically similar with Ceo, has a rather different geometry.® The difference
in molecular shape will strongly affect the final self-assembled structures, as the intermolecular
interactions between different molecules vary. Cyo is an ellipsoid-shaped molecule with a short and
a long axis. Its short axis, with the length of 7.178 A’, is close to the diameter of Cgp (7.065 A)?,
while its long axis is 7.906 A, which is about 12% longer than the dimeter of Cgo. And the carbon
atoms from the alkane chains of decanethiol (DT) can interact more efficiently with the carbon
atoms from Cro, because the Cyg is larger in size, which makes there is relatively more carbon
atoms interact with the carbon atoms from DT alkane chains. On the other hand, the binding
energies vary when C7 contacting the substrate with different faces’, as different amount of carbon
atoms have contributed to the van der Waals force. Overall, C7¢ introduces additional complexity
and opportunities for forming unique structures on the Au(111) substrate. Comparative studies of
the C70o/DT and Ceo/DT systems can help us to hypothesise the self-assembled structures of other

fullerene-alkanethiol systems.

Our work in this chapter investigates the formation mechanisms and the structural details of the

Cyo fullerene and 6 phase DT system on the Au(111) surface at RT. Furthermore, these findings
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also have implications for understanding the role of van der Waals forces and the weakly
interacting nature of the system in determining the final two-dimensional self-assembled

architecture.

2. Sample Preparation

The substrate for the sample in this experiment is a (111)-oriented gold thin film grown on highly
oriented pyrolytic graphite (HOPG) block. The HOPG used is ZYB grade, and the top few layers
are peeled off with adhesive tape to generate a brand-new surface which is sufficiently flat and
clean. The gold film is grown on the HOPG substrate using a BOC Edward 306 vacuum evaporator.
A piece of gold wire (99.99% pure) placed in the heating boat is heated up to approximately
1100 °C, and the HOPG is also heated to approximately 350 °C before it is exposed to the gold
vapor. Heating the HOPG during film growth helps to grow samples with large atomically flat
terraces. The vacuum inside the evaporation chamber during sample preparation is around 107 ~
10°® mbar. The thickness of the prepared Au(111) film is about 300 nm. Then the Au(111) film is
transferred into the preparation chamber of LT-STM in UHV system. This sample transfer process
involves exposing the sample to air for a few hours. Once inside the UHV system, the Au(111)
film is treated by several cycles of Ar" ion sputtering and thermal annealing. Ion sputtering
removes contaminants from the Au(111) surface, and the sputtering energy is set to 1.5 keV, lasting
for 7 minutes in each cycle. The thermal annealing is conducted on the manipulator in the
preparation chamber. The sample is heated up to 550 °C, so that the contaminants in deeper layers
of gold film can be brought to the surface, and then be removed through further ion sputtering. The
Au(111) film is repeatedly cleaned until the surface is almost free of contaminants, which can be

checked with STM imaging at RT.

After the flat clean Au(111) film is prepared, it is taken out from the preparation chamber and then
immersed into a 1| mM 1-decanethiol solution in ethanol (99.5%). The sample is left in the solution
for 12 hours at RT. Later the Au(111) 1s taken out from solution and dried through blowing with
dry nitrogen. The DT/Au(111) sample is transferred back to the preparation chamber, which needs
to be annealed to reduce the coverage of DT before adding C7 to the surface. The DT/Au(111)
sample is heated to 120 °C for 1 hour on the manipulator while keeping the pressure in the

preparation chamber at < 1.0 x 10°® mbar. Through the partial thermal desorption, the reduction of
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DT coverage results in the transition from the closed-packed phase of DT (0.33ML)!° to a low
coverage & phase (0.23ML)'!.

The C70 molecules are subsequently deposited on the 6 phase DT/Au(111) sample at RT. The
evaporation source of Cyo is heated up to 409 °C, and the deposition time is 1 minute. About
0.3 ML of Cro are deposited on the sample. Finally, the prepared C70/DT/Au(111) sample is
transferred to the analysis chamber of the LT-STM for imaging.

3. Results and Discussion

The scanning of the sample is conducted in UHV (~ 1.0x10!! mbar) at RT (~ 290 K) after each
step of preparation. Figure 4.1 (a) shows a 75 nm X 75 nm area on the Au(111) film after several
cycles of ion sputtering and thermal annealing, which is clean and flat enough to be used as a
substrate for the subsequent deposition. There is nearly no contaminant left on the surface, and the
herringbone reconstructions of Au(111) surface can be observed clearly. After the liquid phase
deposition of DT, the Au(111) surface is covered by close-packed ¢ phase DT, and the DT in this
¢ phase then changed into & phase due to partial desorption of DT after 120-degrees annealing, as
shown in Figure 4.1 (b). In this area, most of DT arrange into the & phase, while in some of regions
DT still arrange as the ¢ phase. After roughly calculating the coverage of DT in these two phases
in different regions of Au(111) substrate, we found that there are over 90% DT are in 6 phase, and
the rest of DT are in ¢ phase. It indicates that there is temperature difference across the sample
surface during the thermal annealing, thus the DT do not evenly desorb form the substrate, and the
overall coverage of DT after annealing is close to, but still slightly higher than the theoretical
coverage of & phase DT. Fortunately, this coverage of & phase DT have met our requirement for
the further deposition of C7o, that there is enough space for C7o landing on the Au(111) substrate
rather than on the top of DT alkane chains. The C70 molecules on the sample are found to be
disordered initially after the deposition of C7o, as shown in Figure 4.1 (c). The average coverage
for this disordered C7o phase is calculated to be about 0.044 ML, and as the amount of C7o is higher
than we expected, the deposition temperature of Cro is reduced for the later sample preparation.
After the sample is left at RT for 24 hours, some ordered self-assembled structure started to form,
and it takes about 72 hours for the formation of large area of ordered structures. Figure 4.1 (d)

shows the C7o/DT/Au(111) sample 72 hours after deposition, and most of C7o are stabilised by the
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alkane chains of DT, though these chains are not visible at RT in this image due to their mobility
and poor charge conductivity'?. Without the incorporation of DT molecules, C7o would collapse
into a closed-packed layer. The presence of DT molecules within the C70 dimer rows will be
revealed with LT imaging in the next chapter. This area contains two types of C70/DT ordered

structures, the C70/DT dimer row structure and the C70/DT porous framework.

¢ phase DT

8 phase DT

disordered C;,

8 phase DT

C,0/DT poroli
frame

Figure 4.1 (a) The Au(111) substrate after ion sputtering and thermal annealing. (b) The
DT/Au(111) sample after annealed at 120 °C for 1 hour. Most of DT arranged into 6 phase and
some of the DT remained in ¢ phase. (c¢) The C7o/DT/Au(111) sample 24 hours after the
deposition. The scanning parameters are: [ = 100 pA, Viias = 1.6 V. No regular structure has been
formed yet. The C79 molecules are mobile. (d) The C70/DT/Au(111) sample left at RT for over 72
hours. The scanning parameters are: I = 120 pA, Viias = 1.5 V. The C7¢/DT dimer row structure,
the C7o/DT porous framework, the 6 phase DT and close-packed DT are found coexisting on the

sample.
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The coverage of these two structures is found to be different, and C70/DT dimer row structure is
more common, which indicates that the stabilities or formations of two structures are different. To
find out the possible reason for these differences, the sample is then annealed from 60 °C to 120 °C

with temperature changing by 10 °C in each step, and the results will be discussed later.

3.1 C7/Decanethiol Dimer Row Phase

3.1.1 Measurements and Details

Figure 4.2 (a) shows a large area of C7o/DT dimer row phase. The C7o/DT dimer rows are found
to be parallel to the [112] direction, which is the same direction as that of the DT rows in the &
phase!'®. It is also found that at some position, the C79 and DT form trimers rather than dimers. The
existence of C70/DT trimer rows do not affect the overall dimer row phase. While on some narrow
terraces, disordered C70 domains remain without any sign of the formation of the ordered structure.
It appears that a minimum terrace width of ~ 7 nm is required for the formation of stable dimer
rows. Between the regular C7o dimer row phase and the 6 phase of DT, it is interesting to notice
that there is a sharp boundary rather than a gradual transition region. The lack of a transition region
with a DT coverage higher or lower than that of the & phase suggest that the number of DT
molecules from the & phase is just about right to construct the regular C7o/DT structure. If there are
much more DT molecules provided by the & phase than that are needed for the formation of the
dimer rows, excess DT molecules would have been observed to accumulate at the boundaries

between the 6 phase and the dimer row phase.
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disordered C;,

Figure 4.2 (a) The large area of C70/DT dimer row islands. The direction of dimer rows follows
the direction of § phase DT, which is along the [112] direction and the other two equivalent
directions. Some of disordered C7o are observed at right corner of (a). (b) The measured distances
of pure C7o/DT dimer row structure. The unit cell is marked in yellow, which is close to, but not
a rectangular cell as the angle between the short and the long side is 89 degrees. The distance
between two C7o within the dimer is 1.14 £ 0.02 nm, and that corresponds to the distance
between two close-packed C70 molecules. The gap in between the C7o dimers is filled by DT

molecules, but they are not visible at RT.

In order to construct a structural model for the ordered C70/DT phase, we have conducted careful
measurements of lattice parameters which are displayed in Figure 4.2 (b). The distance between
two neighbouring C7o dimers along the [112] direction is 1.48 + 0.02 nm, which is close to 3V3a
(a~2.88 A)'*. The distance between the two C70 molecules within the dimer is 1.14 £ 0.02 nm,
which is close to the distance between the lying down close-packed C70 molecules.!® At RT, the
lying down C70 molecule behaves like a free rotor, so its footprint is dominated by the dimension
of the long axis. The unit cell of C70/DT dimer row structure is shown by the yellow parallelogram
in Fig. 4.2(b), and the parameters are: a = 5.54 nm, b = 1.48 nm, y = 89°. The cell is pretty close
to a rectangular one. Due to experimental uncertainties, we will consider the possibility of a
rectangular unit cell later. The C7o dimers occupy the Au(111) surface in two different orientations,

respectively with the dimer axis keeping an angle of either 70° (clockwise) or 75°
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(counterclockwise) off the [112] direction. And the axis of C7 dimers within the same dimer row

keeps the same orientation.

Different from the Ceo/DT dimer row structure in which the Cego dimer axis in each two adjacent
dimer rows can keep the same orientation, the C7o dimer axis in adjacent dimer rows always switch
directions. That indicates C7o from the dimer rows in different orientation may occupy different
sites on the Au(111) surface. As the interaction between C7o and gold substrate is weak'®!7, to keep
a stable and long-range ordered structure with DT molecules, all C7o molecules may not take the
same adsorption site or orientation in order to optimise their interactions with DT. The other
possibility is that C7o dimer rows have their preferred spacing distance, while the available binding
site between the gaps of dimer rows may be not equivalent for DT molecules as the Au adatoms
of RS-Au-SR staples have to occupy the bridge sites of Au(111) substrate. As the occupations of
DT are different, which makes the molecular interactions between C7o and DT in different gaps
inequivalent, one of C7o dimer rows may be squeezed by DT and change their orientations. It is
hard to find out the reason at RT, as both molecules are still free to rotate and diffuse on the surface.

This will be further discussed in chapter V with the LT data.

We then focus on the C70/DT trimer row structure. The C7o/DT trimer row structure can always be
found within the large dimer row domains, but the trimeric C70 does not form a domain consisting
only of C79 trimers, which behaves differently from the C7o dimers. Figure 4.3 (a) shows a C7o/DT
trimer row within the dimer row phase. The whole trimer row grows along [112] direction as well,
and the two sides of trimers are respectively along 40° (clockwise) and 48° (counterclockwise) off
the [112] direction. In comparation with the standard dimer rows, the trimer row occupies less
space in [110] direction. The distance between two standard dimer rows in same orientation is
5.53 £ 0.03 nm (= 19a), and for the dimer rows with a trimer row in the middle, that distance is
4.27 £ 0.03 nm (= 15a). Though the existence of trimer row changes the local distance of dimer

row phase, the overall dimer row structure is not affected.
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Figure 4.3 The C70/DT dimer row phase with a single trimer row in the middle. The whole dimer

row grows along [112] direction, and the neighbouring C7 within the trimer row keep the angles
of 40° (clockwise) and 48° (counterclockwise) to the [112] direction. The distance between two
dimer rows in the same orientation are found to be different. The standard distance is measured

to be 5.53 £ 0.03 nm, and the distance reduce to 4.27 + 0.03 nm with the formation of trimer row.

(b) The details of C7o/DT trimers.

The details of C70/DT trimer row structure are shown in Figure 4.3 (b). As the trimer row does not
extend along [110] direction forming a separate phase, we can only measure the repeating distance
of C7o/DT trimers, which is 2.99 £ 0.02 nm (= 6V3a) along [112] direction. The distances between
two neighbouring C7o are both measured to be 1.11 + 0.02 nm, which are close to the distance
between C7o in the close-packed phase.!> And the distance between two C7o along [112] direction
is 1.57 £ 0.02 nm. Compared with the dimer row, the trimer row contains less C7o in corresponding
area, and the coverages of C70 and DT would be different for these two structures. The coverage

of C70 and DT will be discussed in detail in the next chapter.

3.1.2 Formation of C70/DT Dimer Row Structure

As previously mentioned, it takes about 24 hours for a small area of C7o/DT dimer rows to from.
These initially formed dimer rows are all found within the large disordered C7o regions, as shown
in Figure 4.4 (a) and (b). The region marked in yellow dashed frame in Figure 4.4 (a) is the

smallest dimer row phase we observed. This initial C70/DT dimer row phase is found to consist of
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at least three rows, which could be the smallest unit needed to keep this structure in place. Figure
4.4 (b) shows the larger regions of dimer row phase, and these regions are within the large domains
of disordered Cro. It indicates that a critical number of dimer rows is requited for the structure to
grow, and the coverage of C7o in the dimer row phase could be close to the coverage of disordered
C70 (0.044 ML). However, the formation of the very beginning unit in Figure 4.4 (a) is not directly
observed. We then refer to Ceo/DT system, which is similar with C7o/DT system. According to the
formation of Ceo/DT self-assembled structures'®, it is possible that C79 also form the dimer first.
Then the dimerized C7o rotate and diffuse locally, interacting with the alkane chains of DT
molecules. When some of the molecules find their preferred site positions and the C7o-DT ratio

match with the specific requirement (1 : 3), the C70/DT dimer rows are formed.
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Figure 4.4 (a) The C70/DT/Au(111) sample about 24 hours after deposition of C79. The region
marked in yellow dashed frame is the very beginning unit of C70/DT dimer row phase. (b) The
STM image took a few hours later than (a). The dimer row phases grow larger and they are all
found within the large disordered C70 domains. (¢) STM image of C70/DT sample at RT about 48
hours after deposition of C7o. The ordered dimer row phase marked in yellow dashed frames is
observed to coexist with the 6 phase of DT and ¢ phase DT. The white dashed lines in each
region are along [112] direction, representing the corresponding positions in (d). (d) The STM
image took at the same area 8 hours later. The dimer row phase in each region grows along both

the [112] and [110] directions.

Once the initial dimer row units formed, more rapid growth is observed to form an extended two-
dimensional dimer row lattice. Figure 4.4 (¢) and (d) shows the growth of C7o/DT dimer rows over
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an eight-hour period. The dimer row regions are marked with yellow dashed lines in
Figure 4.4 (c). These regions are different in size, which indicates that the dimer rows in different
regions were not formed at the same time. In comparation with Figure 4.4 (d), the dimer rows in
all the corresponding regions expand along either the [112] or the [110] direction. The white
dashed lines represent the corresponding locations in each region. In region I, the dimer row
structure expands in the [110] direction because there is plenty of supply of C7o molecules in that
direction from the reservoir of the disordered C7o phase. In region II, the dimer rows mainly grow
along the [112] direction expanding into the region of disordered C7o, Figure 4.4 (c). The
expansion of region III is similar with region I, but some of C7o form the trimer row in the middle
of region III in Figure 4.4 (d). The possible explanation is that region III is at the boundary of two
0 phase DT domains, where the DT behave differently than those within the d phase, and the final
C7o/DT structure is also affected. The formation of C7o/DT trimer rows will be discussed later. For
region IV, as this region in Figure 4.4 (c) is within the domain of disordered C7o, the dimer row
phase is available to grow along both the [112] and [110] directions. The ordered phase will keep

growing at RT until most of disordered C7o are consumed, as shown in Figure 4.1 (d).

To find out how exactly the C7o/DT dimer row phase grows, we scanned the sample continuously
at the boundaries of the dimer row islands. Figure 4.5 (a) and (b) are the STM images acquired at
RT, showing the growth of dimer row phase along the [112] and [110] directions, respectively.
Figure 4.5 (a) shows the phase growth along the [112] direction. The dimer row marked in yellow
dashed frame is the same location of this dimer row domain, and the red dashed frame represents
the extension part of the dimer row. It can be found that at the beginning, some free C7o already
diffuse to the boundary and gather as a single row. Then these C7o keep moving along [112]
direction and ‘drop’ to the end of the pre-existing dimer row. The DT molecules at this position
are pushed away and rearrange around the extending dimer row, stabilizing the newly added Cro
through the alkane chains. Then, more of the disordered C7o gradually join the dimer row, as
highlighted in the red dashed frame in Figure 4.5 (a). And the expansion of this domain will last
until it reaches the terrace of gold substrate or the free C7o around are all consumed to form dimer

rows.
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Figure 4.5 (a) The growth of C70/DT dimer row phase along the [112] direction. The dimer row
marked in yellow dashed frame is the corresponding location. The free C7o diffuse to the edge of
dimer row domain, forming a single row. These C7 then keep moving along the [112] direction,
and join the pre-existing dimer row, as marked in red dashed frame. (b) The growth of C70/DT
dimer row phase along the [110] direction. The white dashed lines represent the corresponding
dimer rows in (b). As this dimer row phase is close to the gold terrace, the free C7o cannot diffuse

further, and then they gather here, forming a new dimer row.

Figure 4.5 (b) shows the phase growth along [110] direction. The white dashed lines represent the
corresponding locations of the dimer row region. The free C79o molecules contributing to the phase
expansion are from the disordered C70 domain on the lower left of this dimer row region. When
Cyo diffuse to the boundary of dimer row phase, they are obstructed and gather here as they are
close to the gold terrace. As shown in the yellow dashed frame, the disordered C7o interact with
the DT, forming a short dimer row gradually. And then with more C7¢ involved, the new dimer row
grows longer along the [112] direction or the other two equivalent directions ([121], [211]) till it

reaches the edge of gold terrace.
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In comparison of the dimer row phase growth in two different directions, the phase growth along
the [112] direction seems to be easier, which may be related to the way DT bind to the Au(111)
surface and how they diffuse. The DT rows in the § phase run along the [112] direction'®, and
there are some gaps between the two rows of RS-Au-SR staples, where are filled with the high
flexibility wobbling alkane chains of DT. When C7o are deposited on the & phase DT/Au(111)
surface, some Cy¢ directly land into the gaps, whilst others land on top of DT. Due to the mobility
of alkane chains at RT?, the C7o land on DT will then drop onto the gold substrate, where the C7o
can be more stable. These C7o will keep diffusing at RT, but not as free as on the pure Au(111)
surface. As introduced in chapter II, each AAD unit contains one Au adatom pulled out from the
gold substrate, occupying the bridge site of Au(111) substrate. These Au adatoms arrange along
the [112] direction, forming regular-spaced tiny Au barriers, of which the height is about la
(a=0.288 nm). When C7o travel along the [110] direction (perpendicular to the [112] direction)
on the Au(111) substrate, they have to cross over these tiny Au barriers, which indicates that the
diffusion of C7o in this direction is obstructed. While when Cr travel along the [112] direction,
there is no such a barrier, thus it is easier for C7o to diffuse in this direction. Before the ordered
C70/DT phase formed, the disordered C7o keep pushing each other, making the diffusion of Cro
almost evenly in different directions. Later on, with the formation and expansion of the C70/DT
dimer row phase, more and more Cro are stabilised, and the rest disordered C7 gradually diffuse

along the boundary of these ordered phase.

Overall, it is easier for the C7o to diffuse through the gaps along [112] direction, forming a single
row at the boundary of dimer row phase as shown in Figure 4.5 (a). The phase growth along [110]
direction requires either to overcome the Au barriers, or the diffusion along [112] direction to be
obstructed by the boundaries of different DT domains or gold terraces. And that could be the reason

for C7o/DT dimer row phase grow differently in [112] and [110] directions.

As mentioned previously, during the formation of the dimer row phase, C70 and DT will
occasionally form the trimer rows rather than dimer rows. The formation of the trimer row is shown
in Figure 4.6 (a) to (f), marked in yellow dashed frames. It is interesting to note that the formation
of this trimer row starts from an unfinished dimer row growing along the [110] direction, as shown
in Figure 4.6 (a). This dimer row grows from both two sides towards the middle, which may cause

a competing between these two ‘half” dimer rows. Then in (b), the ‘half” dimer row on the right
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break into disordered C7o, and in (c) they reform as a single row with three C7o trimers on the two
sides. This single row is broken again in (d) as more disordered C7o from the right side diffuse into
this region, while the C7o trimers on the right are not affected. Later on, the left ‘half” dimer row
is broken as well, and the C7o start to reform as the trimer. Finally, in (f), a whole C7¢/DT trimer
row form in the place of the previous unfinished dimer row. It is also found that in Figure 4.6 (f),
on the other side of C70/DT trimer row, a new dimer row already starts to form, which further

indicates that the trimer row structure will not affect the formation of C7¢o/DT dimer rows.

Figure 4.6 The formation of the C70/DT trimer row. The phase change of C70/DT from dimer row
to trimer row is shown in the region marked in yellow dashed frame. The structure in this region

changes from two ‘half” dimer rows to disordered phase, and finally stabilise as a trimer row.

So, what are the factors that drive the C79 and DT to form the trimer row structure? Comparing the
details of C70/DT dimer row structure and trimer row structure, as shown in Figure 4.3 (a), it is
noticed that the space occupied by trimer row is always less than that of dimer row (about 4a
difference in width in [110] direction). According to this feature, one of the possible explanation
is that the formation of the trimer row structure is due to the limited space. As we introduced, the
C70/DT dimer row structure is able to form in any suitable domains. When two C70/DT dimer row
domains gradually expand and finally reach the boundaries of each other, the space between these

domains could not be large enough for a new C7o/DT dimer row to exist, and the molecules at the
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boundaries would rearrange into trimer row structure, which requires less space to exist. In this
way, the space in between different domains is effectively occupied, and the molecules at the
boundaries are thus stabilised. In addition, that could also happen within one single large domain,
when there is no enough space left in between two C70/DT dimer row regions, the molecules at the
boundaries of these regions would also rearrange into the trimer row structure to stabilise the whole

domain.

The other possible explanation for the formation of C70/DT trimer row structure is the compression
of DT. During the formation of C70/DT dimer row phase, the C7o take some place of pre-existing
0 phase DT. Some of DT participate in the formation of C70/DT dimer rows, while the other DT
are pushed away from their binding sites, diffusing around. However, as we mentioned before,
there is no clear boundary between C70/DT dimer row phase and the 6 phase DT, which means the
pushed away DT are not gathering at the boundaries of dimer row phase. The exceed DT either
desorbed from Au(111) surface or occupied some other space inside the dimer row phase. Back to
our analysis for C7o/DT trimer row, as shown in Figure 4.3, there are less C7o in corresponding
area than in dimer row structure, which creates more space to be occupied by excess of DT. And
this trimer row could be the other stable C70/DT self-assembled structure when C7¢ interact with

more DT. The differences of the DT and C70 coverage will be discussed in later chapter.

Overall, as the C7/DT trimer row appears as a trapped structure, some of the trimer rows may
formed during the growth of different C70/DT dimer row domains. For example, when two dimer
row islands expand towards each other, the final gap between the two islands may not be large
enough for arrangement of a dimer row. According to our measurements in Figure 4.3 (a), the
distance between two normal repeating dimer rows is 19a. While when there is slightly less space
in the middle of two domains, the C7o could then arrange with DT as a trimer row, which occupies
less space, 15a. If the space even less than 15a, the C79 may not be able to form any other structure,
and there would be a boundary between the two domains. However, we have not observed such a

continuous process directly, and we will only consider it as one of the possibilities.

3.1.3 Thermal Stability

After scanning the sample for weeks, the C70/DT dimer row structure is proved to be stable at RT.
To find out the thermal stability of this structure, the sample is annealed at several temperatures

ranging from 60 °C to 120 °C in steps of 10°C. The annealing lasts for 1 hour each time, and the
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vacuum during annealing is kept to below 10 mbar. The STM images are collected after each
annealing. Table 4.1 shows the summary of the thermal annealing results. The disordered phase
images in Table 4.1 are taken within 24 hours after annealing, and the ordered phase images are
taken after 72 hours after annealing. From the set of disordered phase images, we found that the
coverage of C7o has no obvious changes after annealing, as the maximum annealing temperature
is still far lower than the estimated desorption temperature of C7o on Au(111) substrate (~ 700 K).
The C70/DT ordered phase break into disordered phase and it requires some time for them to reform

again.

The ordered phase images in Table 4.1 are collected 72 hours after annealing, which show the
structure when both C70 and DT molecules are stabilised. After the 60 °C/ 70 °C/ 80°C/ 90°C/
100°C annealing, the final stable structure is always the C70/DT dimer rows, and no other new self-
assembled structures appearing. It is found that the C70 and DT are unable to form any ordered
structure when the annealing temperature is above 110 °C, even if the sample is left at RT for over
72 hours. The reason for this change is likely to be the significant desorption of DT. The desorption
temperature of DT from Au(111) surface is 120 °C?!, however, as the temperature we read is
collected from the thermal couple on the STM manipulator instead directly collected from the
sample surface, the actual temperature of sample would be slightly higher than the reading. When
the annealing temperature is set as 110 °C, the temperature of sample surface is close to or already
reach 120 °C, which makes DT desorb from the surface. With the desorption of DT, the DT remain
on sample surface are unable to separate and hold the C7o locally, and the C70/DT dimer row
structure is not maintained due to the change in C7o-DT ratio. When all the DT desorb from the
substrate, the C7o will gradually form close-packed phase on Au(111) surface. As the C70 molecules
in image of disordered phase after 120 °C annealing have not form close-packed phase yet, there

are still a small amount of DT remain within the disordered C79 domains.
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Annealing

60 °C 70 °C 80 °C 90 °C
Temperature

Ordered
Phase

Disordered
Phase

Annealing
Temperature

100 °C 110 °C 120 °C

Ordered

Not found Not found
Phase

Disordered
Phase

Table 4.1 The summary of thermal annealing results. The disordered phase data shows the
coverage change of C7o. The ordered phase data shows the phase difference when C7o and DT

molecules are stabilised after annealing.

Overall, the C70/DT dimer row structure is a rather stable structure for this system at RT. If both
molecules have the right coverage on the Au(111) surface, they will adjust their local molecular
ratio, forming a stable long-range ordered dimer row phase. Even if this dimer row phase is broken
into disordered phase, as long as there is still a sufficient amount of C70 and DT molecules

remaining on sample, they are always able to reform this dimer row structure.
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3.2 C7/Decanethiol Porous Framework Phase

3.2.1 Measurements and Details

The C70/DT porous framework is found to form simultaneously with the C7/DT dimer row
structure on 6 phase DT/Au(111) surface after the deposition of C79. In comparation with the
C70/DT dimer row phase, the overall coverage of porous framework phase is lower. Figure 4.7 (a)
shows a domain of C70/DT porous framework. The C7o dimers within the framework all keep the
same orientation along [112] direction, which is the same with the orientation of § phase DT on
Au(111) surface'®. Similar with the C70/DT dimer row phase, there is a sharp boundary between
the porous framework and the 6 phase DT. It suggests that the C7o/DT porous framework consumes
all the DT molecules from 6 phase, and even requires more DT as the coverage of porous
framework phase is significantly less than dimer row phase. We also find several boundaries within
the porous framework domains. The boundaries are deduced to form during the formation of this
porous phase. And as the C7o dimers along the boundaries are still stable, the boundaries are likely

to be filled with DT. The formation details of C7o/DT porous framework will be discussed later.

Figure 4.7 (a) The STM image showing the domains of C7o/DT porous framework phase, which

are found to coexist with the d phase DT. The C7o dimers within the porous framework all have

the same orientation, which is along [112] direction. There are two boundaries found inside the
large porous framework domain, and it indicates that this large domain is formed with three

small porous framework domains. (b) The measurements of C7o/DT porous framework structure.
67



The distance between two C7o within the dimer is 1.04 + 0.02 nm. The parameters of porous
framework structure unit cell marked in yellow are a = 1.65 + 0.07 nm, b = 1.82 £ 0.04 nm,

y=70.0 £ 0.4°,

The details of C70/DT porous structure are shown in Figure 4.7 (b). The distance between two Cro
within the dimer is 1.04 = 0.02 nm. It is close to the distance of another type of close-packed Cro
on Au(111) surface, where the C79 form the close-packed phase with their long axis perpendicular
to the Au(111) surface!®. The unit cell for C7/DT porous framework is marked in the yellow
parallelogram, and the parameters are: @ = 1.65 + 0.07 nm, b = 1.82 + 0.04 nm, y = 70.0 = 0.4°.
The DT molecules fill the pores of framework, though they are still not observed at RT. It is
possible that the DT occupy the equivalent sites inside each pore, as the pores of framework are
all in the same size. Locally, the porous framework seems to be more ordered than the dimer row
structure in C7o-DT system, as each C7o dimer interacts uniformly with the surrounding DT inside
the pores. Whereas in the dimer row phase, it is possible that the interactions between C79 and DT
on two sides of C7o dimers are not uniform, resulting in the neighbouring dimer rows having
different orientations. The coverage of C70/DT porous framework is expected to be higher than

dimer row phase while the result is the opposite. The reason for that will be discussed later.

3.2.2 Formation of C7o/Decanethiol Porous Framework

Figure 4.8 shows the growth of a C7/DT porous framework domain. As the expansion of this
domain only happens at the boundaries, we mask the stable porous framework region in blue, and
focus on the boundaries which are marked with red lines. There is a boundary within the domain,
which is marked with a white dotted line, and the boundaries are thus divided into two parts,
respectively region I and region II. In Figure 4.8 (a), it is noticed that several single C7o arrange
along the boundary in region I, which is similar with the formation of C7o/DT dimer row phase.
Then in Figure 4.8 (b) and (c), the single C70 keep moving from right to left side of region I,
pairing with the pre-existing single C7o and forming C7o dimers along the boundary. In comparation
with the single C70 row along the boundaries of C7o/DT dimer row phase in Figure 4.5 (a), the
single C7o in region I always maintain the same distance with the distance between C79 dimers
within the porous framework, even they have not formed the dimers. It suggests that the coverage
of DT around the porous framework phase is high enough to stabilise the C7o, and the binding sites

of C79 and DT are more compatible with the Au(111) substrate.
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Figure 4.8 The formation of C70/DT porous framework phase. The area in the middle masked in

blue is the stable porous framework. The formation of porous structure happens at the boundaries
of this domain, which are marked in red lines. There is a boundary within the domain, separating
this domain into two parts. And the regions of boundaries on the two sides are respectively

marked as region I and I1.

With more Cy¢ diffusing along the boundary, the porous framework in region I grows gradually.
Then in region II, it is interesting to notice that there is one short C70/DT dimer row initially in
Figure 4.8 (a). However, this dimer row soon decomposes into disordered C7o in (b). This is
consistent with our previous reasoning that the single C70/DT dimer row cannot exist on their own.

The disordered C7o then reform and join the C7o/DT porous framework along the boundary.

According to the structure details and the formation of C7o/DT dimer row phase and porous
framework phase, there are two possible explanations for the difference in coverage of these two
structures. The first possible reason is that the stabilities of C7o are different. As we measured, the
distance within the C79 dimers in dimer row phase is close to the distance between the lying down
close-packed C70 molecules, while the distance within the C7o dimers in porous framework phase
is close to the distance between the standing up close-packed C70 molecules. It suggests that the
Cro have different molecular orientations in two phases. When C7o binding with the substrate with
different orientation, their stabilities vary as it requires different energies to keep Cro in the
particular orientations’. Therefore, if the C79 within the porous framework form the dimers in a
less stable orientation, this porous framework phase would be not as easy to maintain as dimer row
phase. Then this phase gradually breaks down and the C7o reform into dimer row phase at RT. The
information of C79 molecular orientation from RT scanning data is limited, and that will be shown

and discussed with the LT scanning data in next chapter.
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The second possible reason is that the local coverages of DT in the regions of these two phases are
different. Different coverage of molecules can greatly affect the final self-assembled structure,
whether it is higher or lower??. It is more likely that C70/DT porous framework phase starts to form
in the regions where the coverage of DT is higher than the 6 phase DT. With more DT molecules
occupying the substrate of this region, there is less space for C7o to occupy. To fit in this region,
the C7o bind with the Au(111) substrate with their long axis perpendicular to the surface so that
horizontally the C70 occupy less space. And with more DT molecules contributing to this
framework, the C7o within this domain or at the boundaries can be more effectively held by DT,
that even the single Cro at the boundaries can be held at their binding sites, as shown in Figure 4.8.
In contrast, the C7o at the boundaries of C7o/DT dimer row phase in Figure 4.5 (a) diffuse more
freely and will not be held at their binding sites. It is less possible that the C7o/DT porous
framework phase forms in the region where the coverage of DT is lower than 6 phase DT. If there
is more space for C7o to occupy, they would lie down so that this space could be occupied more
effectively, and it is hard to explain why C7o occupy the substrate with the standing up orientation.
However, we cannot disprove this point based solely on the orientation and distance of C7o in
porous framework phase at RT. It is helpful to discuss this with the thermal annealing data, as the
coverage of DT becomes more uniform and gradually decreases during annealing, and the final

C70-DT self-assembled structure changes accordingly.

3.2.3 Thermal Stability

The thermal stability of C7/DT porous framework phase is found to be much weaker than the
C7/DT dimer row phase. It is interesting to notice that all the C70/DT porous framework phase
disappear after annealing, even after the lowest 60 °C annealing. During the annealing, DT and
Cro diffuse faster on the Au(111) surface, and all the molecules change into disordered phase. If
the temperature of surface reaches 120 °C, DT would directly desorb from the Au(111) substrate?!,
and the coverage of DT would decrease rapidly. When the temperature of surface is lower than
120 °C, DT will not directly desorb, but diffuse and occupy the surface more evenly. This can be
further proved that the close-packed ¢ phase DT disappeared on the surface after annealing, which

means the coverage of DT either becomes more even or reduces.

The C70/DT porous framework phase disappear completely with the DT covering the Au(111)

substrate more evenly, and do not reappear as the annealing temperature continue to rise until the
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DT are desorbed form the Au(111) substrate. It indicates that the formation of C70/DT porous
framework phase requires the regions having higher local coverage of DT, which only exists on
the DT/Au(111) sample prepared after initial annealing. Then with the deposition of C79, more DT
are pushed away, and the amount of DT on the sample decreases gradually. Irrespective of the
temperature at which the C70/DT/Au(111) sample is annealed, the regions of higher coverage of

DT will not reappear.

According to these evidence and analysis, we deduced that there are more DT contribute to the
formation of porous framework phase. And once the coverage of DT drops, this C70/DT porous

framework phase will disappear.

4. Conclusion

In this Chapter, the bicomponent self-assembly of C7o/DT system on Au(111) surface is studied.
There are two self-assembled ordered phase observed from the surface, respectively the C70/DT
dimer row phase and C7o/DT porous framework phase. In some of the regions, the C70/DT dimer
row phase is found to transfer into the C70/DT trimer row structure. The detail of C70/DT dimer
row structure, C70/DT porous framework structure and C7o/DT trimer row structure at RT are

revealed, including their structural parameters, formation and thermal stabilities.

The C70/DT dimer row structure is the most common structure of this system observed on the
sample surface. This structure is formed with two types of C7o dimer rows with the dimer axis
keeping an angle of either 70° (clockwise) or 75° (counterclockwise) off the [112] direction,
respectively. And each two adjacent dimer rows have the same dimer axis. All the dimer rows
observed grow in the direction parallel to the [112] direction or the other two equivalent directions.
This dime row structure can be broken through thermal annealing, and will reform when the sample

temperature drop to RT.

The C70/DT porous framework structure is the structure observed after the deposition of C7o. The
porous framework structure is formed with the C7o dimers having their dimer axes in the direction
parallel to the [112] direction. The arrangement of C7 within this structure is more regular than
the C7o in dimer row phase, while this porous framework phase does not reform after the thermal

annealing. Thus, this porous framework structure is deduced to form in the regions where the local
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coverage of DT is higher. Once the local coverage of DT drops, the C7o/DT porous framework

phase will disappear.
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V. Crn/Decanethiol Self-Assembled Structures at 77K

1. Introduction

In the previous chapter, we discussed the structure of the C7o/DT mixture formed at RT on Au(111).
The positions of C7o molecules and the intermolecular distances between C7o molecules were
measured with RT scanning data. However, the molecular orientations of C7o can only be roughly
estimated from RT data. Apart from that, due to the mobility of the alkane chains at RT, no clear
signals from the DT can be found in the STM images. This significantly affected our ability to

establish a reliable structural model.

When the sample is cooled down to LN temperature (~ 77 K) or LHe temperature (~ 5 K), the
diffusion of C79 and DT on Au(111) surface stops, the molecules are all frozen in their places while
they can still be moved by tip during scanning'. The flipping of DT alkane chains and the rotation
of C7o at low temperatures are restricted as well. Thus, the intramolecular structure of C7o, as well
as the locations of the DT molecules, can be resolved with STM. The extra information acquired
at low temperatures is valuable for refining our structural model by reducing the number of
unknown parameters. Though there are still some uncertainties about DT as the signals we captured
are from the terminal group of alkane chains®, we can come up with more realistic models that are

closer to the actual physical structure.

The work in this chapter focus on the molecular orientation of C7 and the location of DT inside
the unit cell. Structural models proposed in the last chapter have been refined based on the low
temperature STM data. Several structural models are proposed in this chapter, and the advantages

and disadvantages of these models will be discussed.

2. Result and Discussion

A new C70/DT/Au(111) sample is prepared for LT scanning. The preparation of the & phase
DT/Au(111) sample is the same as described in the last chapter. While as the amount of C70 on the

first sample is more than we expected, we deposited fewer C7o molecules this time by reducing the
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temperature of the evaporation source. The C7o is deposited on the sample at 370 °C for 4 minutes,
and the C70/DT/Au(111) sample is left at RT for over 72 hours before it is cooled down. The sample
is then cooled down with LN» to 77 K, and it takes about 5 hours for the temperatures of both
sample and tip to stabilise. The LN is regularly filled into the cryostat of LT-STM, and the
temperature of C7o/DT/Au(111) sample fluctuates from 77 K to 79 K during the whole LT

experiment.

2.1 C70 Molecular Orientations

2.1.1 C70 Molecular Orientations in the C7o/Decanethiol Dimer Row Phase

Figure 5.1 shows the C70/DT dimer row phase at 77 K, and it seems that cooling down from RT
to 77 K causes no change to the overall geometric structure of the dimer row phase. The C70/DT
dimer row phase coexists with close-packed ¢ phase DT in this area, which is similar to the first
sample before annealing. The main difference between RT scanning data and the LT scanning data
below is that there are more structural details shown within the C70. The C70 molecules shown in
RT data look like spherical particles, as the thermal energy keeps the C70 molecules rotating. The
scanning speed of the STM is much slower than the speed of molecular rotation. Thus, the STM
image shows a time averaged signal lacking information on molecular orientation. A single frame
of an STM image can take as long as 15 minutes to collect. When the sample is cooled down, the
rotations of C7o gradually stop, and the C79 within the dimers adjust their orientations so that they

can finally freeze in a specific more stable orientation which can be observed with the STM.

In the STM images shown in Figure 5.1, each molecule exhibits some internal structure. The most
common feature is two or three parallel bars. The observation of intramolecular structure is a piece
of evidence that the molecule at 77 K has a fixed orientation. These bright bars could be associated
with tunnelling of electrons into the pentagonal faces of fullerene which are known to be electron
deficient (each pentagonal face is consisting of five C-C single bonds)*. When scanning with a ‘+’
bias voltage, the electrons tunnel from the STM tip to the sample surface, and they prefer to choose
the path where the unsaturated C-C single bond is located. Thus with different faces of fullerene

facing up, we can observe different features’.
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Figure 5.1 The LT scanning data of C7o/DT/Au(111) sample, and the scanning parameters are:
[ =40 pA, Viias =400 mV. C7¢/DT dimer row phase is found coexist with the ¢ phase DT, which
is the feature of C70/DT/Au(111) sample without annealing. In this area, (a) is the image
collected during backward (leftward) scanning, and (b) is collected during forward (rightward)

scanning.

Figure 5.1 (a) and (b) show respectively the backward (tip moving from right to left) and forward
(tip moving from left to right) scanning data in a single scan. The resolution of molecular
orientations seems to be affected during scanning in both directions, leading to rather noisy signals.
Comparing the details in Figure 5.1 (a) and (b), it is found that on the right side of C7o/DT dimer
rows in (a), the signals of C70 seems to be covered by some regularly located spot-like signals, and
the similar feature also happens on the left side of dimer rows in (b). It is noticed that the positions
of these features are related to the scan direction of the sample. According to the scan directions
in (a) (backward) and (b) (forward), this covering of the C79 signal could be caused by the wobbling
of the alkane chains, that the alkane chains can be attracted by tip through the tip-surface
interaction when the tip get closer to the sample surface during scanning. This observation suggests
the existence of DT in between the C79 dimer rows. Overall, the C70 molecules within the C7o/DT

dimer row phase keep the same orientation.
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We then collect the data showing the C70 molecular orientation with higher resolution, as shown
in Figure 5.2 (a). It is clearly found that there are three bright bars shown in one C79, which means
three pentagonal faces of C7o are facing up in this orientation. We then compare this feature with
published results, and this orientation looks similar with the C7o lying flat with their long axis
parallel to the substrate®. However, there is still difference between the two results, that the three
bright bars of completely flat lying C7o are evenly spaced and parallel to each other, while the
bright bars we observed from the C7o dimers seems to have a tiny shift towards one side. And in

Figure 5.2 (a), the three bright bars shift towards top right direction.

(b) Top view Side view

substrate

Figure 5.2 (a) Molecular orientation of C7o within the dimer row phase. The three bright bars
inside the C7o correspond to three pentagonal faces of C7o which are electron deficient. Scanning
parameters: Vpias =400 mV, I = 50 pA. (b) The illustration of C70 binding on the substrate, and
the model is shown in both top view and side view. The three yellow pentagonal faces
correspond to three bright bars in (a), and the C7o lies down with a hexagonal face (filled in dark
grey) in contact with gold substrate. The binding directions of C7¢ in different dimer rows and

porous framework vary, and the binding direction shown in (b) corresponds to the C7o in (a).

With the assistance of a ball-and-stick model that we constructed, we come up with a relatively
reasonable binding scheme, as shown in Figure 5.2 (b). The C70 molecule in this binding scheme
is lying down with a hexagonal face in contact with the Au(111) substrate, but its long axis makes
14° angle off the substrate plane. The hexagonal face of C7 in contact with substrate is shaded in
dark grey, and the three pentagonal faces marked in yellow corresponds to the three bright bars in

Figure 5.2 (a), which are the electron deficient parts. When Cro binds with the substrate in this
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way, the three bright pentagonal faces will shift towards one side, and we can also identify the

binding direction of C79 on the Au(111) substrate according to this shifted direction.

2.1.2 C70 Molecular Orientations in the C7o/decanethiol Porous Framework Phase

An LT scanning image for the C7o/DT porous framework phase is shown in Figure 5.3 (a). In this
area, the porous framework phase is found to coexist with the C70/DT dimer row phase. By directly
comparing the two phases, we find that the C7o dimer axis within the porous framework is parallel
to the [112] direction. Similar with the C70/DT dimer row phase, there is no change to the
geometric structure during the cooling process, and the intramolecular details of several Cro
molecules are revealed. However, the signals from porous framework are found to be more
flickering and the resolution of C7o within the porous framework phase is lower than that for the

dimer row phase. Fortunately, we can still distinguish the orientations for C70 molecules.

Similar with the features shown in the C7o within the dimer rows, several bright parallel bars are
found inside the C79, which means that these C7o are also lying down on the Au(111) substrate.
What different is that these bar-like features from C7o within the porous framework phase look
more even having no specific shift towards any side. It indicates that those C70 molecules are likely
to be lying flat with their long axis parallel to the Au(111) substrate®. To show the details of C7o
molecular orientation more clearly, we select the area marked in the yellow dashed frame, and the

zoomed-in image is shown in Figure 5.3 (b).
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Figure 5.3 (a) The LT data showing the coexistence of C7o/DT porous framework phase and
C70o/DT dimer row phase, and the orientation of C70 dimer within the porous framework is
parallel to the [112] direction. The scanning parameters for this image are: I = 50 pA,
Vbias = 700 mV. (b) The zoom in of the area marked in yellow dashed frame in (a), which shows
the details of C70 molecular orientation within the porous framework phase. The parallel bright
bars inside the C7o are contributed by the pentagonal rings of C7o. These features can only be
observed from one of C79 within the C79 dimers. (c¢) The illustration of C79 binding on the
substrate in porous framework phase, and the model is shown in both top view and side view.
The pentagonal rings marked in yellow correspond to the parallel bright bars in (a) and (b). The
Cro flatly lies down with a carbon atom (filled in dark grey) in contact with the substrate, and its

short axis and long axis parallel to the [112] direction and the [110] direction respectively.

The circled C70 molecules in Figure 5.3 (b) are found to have similar features. After careful
comparison, the feature of the circled Co is close to the feature of C7o lying flat on the substrate
with a carbon atom facing up”. Only one of the molecules in each dimer shows internal structure.

The other molecule in the dimer does not show resolved features. For different dimers, it is always
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the molecule on the same side of the dimer exhibits internal structures. This suggests that
molecules showing the same internal structure have the same orientation. To ensure that these
intramolecular features are not affected by the scanning conditions, we then scanned this area in
different scanning parameters (tunnelling current, bias voltage, scanning directions, etc), and the
features we observed are still the same as shown in Figure 5.3 (a). It is possible that those regularly
arranged C79 with no clear molecular orientation observed are less stable as they could be pushed
away from their preferred binding sites. As we discussed before, the local coverage of DT within
the porous framework phase is likely to be higher than the DT coverage in dimer row phase. If so,
the DT within the pores could over press the neighbouring C and lead to the shift of C70. However,
as there is no direct observation of the DT within the pores, we can only analyse it with the

theoretical models, and this will be further discussed in the later section.

In Figure 5.3 (c), we show the illustration for this type of C70 molecular orientation. The C7o bind
on the surface with a carbon atom in contact with the Au(111) substrate. The yellow pentagonal
rings contribute to the parallel bright bars in Figure 5.3 (a) and (b). The molecular direction of this
Cro is more ordered than the C7o in dimer row phase, which has its short axis parallel to the [112]

direction, and long axis parallel to the [110] direction.

2.2 Direct Observation of Decanethiol within the Cro/Decanethiol Dimer Row

Phase

In addition to the binding type of Cro, the binding details of DT on Au(111) substrate is also
necessary for modelling C70/DT ordered phases. However, due to the relatively low tunnelling
conductivity of alkanethiol on the gold surface®, it is still a challenge to find the details of DT even
if they are stabilised at 77 K. We then choose several areas containing stable C70/DT dimer row
phase, scanning each area with different tunnelling currents and bias voltages, and the details are

shown in Figure 5.4.

Firstly, we try to use the same tunnelling current and different bias voltages during scanning. As
shown in Figure 5.4 (a), there is a significant difference when the bias voltage is changed from
500 mV to 100 mV, that some regular arranged spots are becoming visible in between the dimer
row gaps along the [112] direction, and these features appear to have a repeating distance which
is the same as that of C7o molecules along the [112] direction. As there are only C79 and DT
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involved in this system, these extra features are likely to be contributed by DT molecules. For the
overall structure, there is no geometric changing of C70/DT dimer row phase when the bias voltage
is changed. And then when the bias voltage is changed back to 500 mV, these features become
invisible again, which indicates that the change of this feature is reversible and related to bias
voltage. The bias voltage affects which electronic states contribute to the tunnelling current during
scanning, so changing it can highlight different features of the surface electronic structure’?.
Meanwhile, the change of bias voltage will also affect the tip-surface distance, leading to different
tip-surface interactions. With the effect of this interaction, the scanning tip mechanically brushes
the flexile parts of molecules (such as the alkane chains of DT), causing temporary changes of the

features during scanning.

Figure 5.4 (a) The scanning of C70/DT dimer row phase with bias voltage change from 500 mV
to 100 mV, and tunnelling current is maintained at 40 pA. Some extra features in the gaps
between C7o dimer rows become obvious at 100 mV, which are probably contributed by DT
molecules. (b) The scanning of C7o/DT dimer row phase with tunnelling current change from
40 pA to 60 pA, and the bias voltage is maintained at 400 mV. Some similar features are found in
between the C7o dimer rows, while there is no obvious difference when the tunnelling current

changes.

To gather more details of this feature, we then decide to find out how it performs when scanned

with different tunnelling currents. However, different from the change of bias voltage, the tip-
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surface distance decreases significantly with the rising of tunnelling current, which leads to
excessively strong tip-surface interactions and makes the C70/DT self-assembled structure more
likely to be disrupted by tip during scanning. On the other hand, if the tip is too far away from the
sample surface when the tunnelling current is set lower, some details of the sample such as
molecular orientations of C79 would not be captured. Therefore, we can only change the tunnelling
current in a rather limited range, from 30 pA to 60 pA. The results of current-changing scanning
are shown in Figure 5.4 (b). This time we keep the bias voltage at 400 mV and scan the sample
with different tunnelling current of, respectively 40 pA, 45 pA, 50 pA, and 60 pA. It is found that
the similar regular arranged spots shown in between the dimer row gaps, and the repeating distance
of these spots along [112] direction is the same as that observed in Figure 5.4 (a). However, these
features of DT do not seem to change obviously when the tunnelling current is risen from 40 pA
to 60 pA. When we change the tunnelling current from 40 pA to 60 pA, to estimate with a tungsten
tip scanning a DT monolayer on Au(l111) surface, the tip-surface distance reduces by
approximately 0.3 ~ 0.4 A, which may not be sufficient to cause a significant change in the tip-
surface interactions. Though there is no obvious change found in Figure 5.4 (b), we notice that
these features have tendency to wobble in between the dimer row gaps, which matches with the
behaviour of DT as we expected. And we can deduce that the appearance of these features in both

Figure 5.4 (a) and (b) is related to DT in the C7o/DT dimer row phase.

However, because of the rapid flickering of the signal in Figure 5.4, it is not certain if each rounded
feature is from a single DT chain or more. We then change the parameters of scanning (tunnelling
current, bias voltage, loop gain, time constant), trying to find out exactly what are contained in
these features. Figure 5.5 (a) is the C7o/DT dimer row phase scanned at: I = 50 pA, Vpias = 200 mV,
and the features in between the dimer rows are similar with those in Figure 5.4. Then when we
scan the sample with: I = 50 pA, Vuias = 800 mV, more details of these features are revealed, as
shown in Figure 5.5 (b). In the circled region II, several small spots become visible in one of the
gaps. These spots come in groups of three or four, and the repeating distance of these groups is the
same with distance between C79 dimers along [112] direction. When we scan this area in Figure
5.5 (b) with a higher bias voltage, the tunnelling current is mainly contributed by the C7o lowest
unoccupied molecular orbital (LUMO)’, which makes C7o appears much taller than DT.
Meanwhile, as the tip is also relatively far away from the surface, these DT in between the Cro

dimer row gaps are supposed to be invisible as shown in the bottom half of Figure 5.4 (a). Based
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on our previous experience, we speculate that one or more molecules (C70 or DT) may have
adsorbed onto the very front of the tip during scanning, which enhances the tip (e.g. CO enhanced
tip), and the resolution of the localised area is then improved. When we further check the data, we
found that it is hard to observe clear bright spots in the image scanned in the opposite direction,
which partially confirms our speculation. However, the molecules absorbed on tip are not stable
enough at 77 K, and their positions are likely to change during the scanning, making the resolution

of the image unstable as shown in Figure 5.5 (b).

Figure 5.5 (a) Image acquired at: I =50 pA, Vpias = 200 mV. The flickering signal in between the
Cro dimers arises from the contribution of the DT molecules. (b) Image acquired at: I = 50 pA,
Vbias = 800 mV. Individually resolved DT chains at some locations. These features remain when
the bias voltage is changed to 700 mV and 600 mV. (c) Magnified views of the marked square

area | in (a) and the circular area II in (b).

To compare these features more clearly, we choose two corresponding regions from Figure 5.5 (a)

and (b), and the related details are shown in Figure 5.5 (c). The gaps marked in yellow frame
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represent the corresponding positions in regions I and II. In region I, the signal from DT alkane
chains looks flickering and mixing into larger round spots. In region II, the signal from DT alkane
chains looks more stable and discrete, and each four small spots correspond to one larger spot in
region I. From the signals in region II, we can deduce that these discrete DT alkane chains are
oriented nearly perpendicular to the Au(111) substrate so that they can be observed simultaneously
with Cro. If a DT molecule is tilted significantly from the surface normal, it may not be observed
in STM. We also notice that these observed DT chains are closer to right side of the dimer rows,
rather than in the middle. Though there is nothing observed on the other side, it is likely that there
are some tilted DT molecules, otherwise the dimer rows on the left side could not be stabilised
without the supporting of DT chains. According to what we observed that these discrete signals of
DT chains can only be viewed in the forward (rightward) scanning, the possible explanation is that
the available site positions for RS-Au-SR staple (with Au adatom occupying the bridge site of
Au(111) substrate)'? in those gaps are closer to the left side of 70°- tilted C79 dimer rows. When
tip scanned forward, due to the obstruction of C7¢ on the right, the alkane chains are held standing
up. And when tip scanned backward, there is larger space for DT chains to lie down, which makes
the signals of DT blurry. We will discuss about different possible site positions of DT later with

more straightforward models of C70/DT dimer row phase.

Overall, the direct observation of DT alkane chains provides us more useful details of DT in
C70/DT dimer row phase. Though there are still some uncertainties, it gives us guidance for model

building and improves the reliability of the models.

2.3 Models for Cro/Decanethiol Dimer Row Structure

With the relatively sufficient details of both C70 and DT within the C70/DT dimer row phase, we
tried to build up possible structural models for this structure. First, we draw a diagram representing
the close-packed Au(111) surface. We then place C79 molecules onto Au(111) using all the
measured parameters shown in Figure 5.6 (a). In this model, the grey circles represent closed-
packed Au atoms on Au(111). The C70 molecules are shown with wire-frame ovals. The size of C7o
has been calibrated with the Au(111) unit cell constant (a = 0.288 nm)!! so that all drawings here
are to scale. The orientation of C70, as we mentioned in Figure 5.2, is lying down with a hexagonal

face in contact with Au(111) substrate. Here, in Figure 5.6 (a), we also considered about the

84



different binding directions of C7o within the dimer rows in two directions, and that has been
reflected in the model. We moved the four dimer rows around by translation and tried to find the
bonding site. We expect C7o to sit on a high symmetry site. Moreover, the structure should be
commensurate with the Au(111) substrate and show the correct periods. However, we found that
it is hard to match this arrangement of C79 with the binding sites of Au(111) substrate properly. If
the C7o in dimer row 1 occupy the three-fold (left) / bridge (right) sites of substrate, then the C7o
in repeating dimer row 3 would occupy the bridge (left) / three-fold (right) sites of substrate, which
is inequivalent. And in dimer row 4, the C7o have to occupy the top sites of Au(111) substrate.
Though it is possible for C70 occupying the substrate in this way, it seems not stable enough for a

highly ordered structure.

In the previous chapter, we mentioned that the unit cell we measured for C70/DT dimer row phase
is close to, but not a rectangular cell. However, even if we minimise the measurement errors by
taking a large number of measurements, it is inevitable that there will still be errors during the
scanning process, such as the uncertainty in X/Y movement of the STM scanning head, the thermal
drift of the tip and the sample. Since the errors always exist, we then considered modifying the
unit cell for C7o/DT dimer row phase into a rectangular cell, and the corresponding model is shown
in Figure 5.6 (b). The unit cell parameters for this rectangular cell are: @ = 5.47 nm, b = 1.48 nm,
y=90.0°. The C7o in this model have the identical molecular orientations with the C79 shown in
Figure 5.6 (a), and the only difference is the site position of C70 on Au(111) substrate. With a
rectangular unit cell, the C7o in two repeating dimer rows 1 and 3 are available to occupy exactly
the same binding sites of Au(111) substrate, as the distance between each two repeating dimer rows
is an integral number of the Au(111) unit cell constant (19a). For dimer rows 2 and 4 in
Figure 5.6 (b), the C7o in these dimer rows can also occupy the three-fold hollow site, which is the
same binding site with C7o in dimer row 1 and 3. It is interesting to notice that the diagonal direction
of this rectangular unit cell is the same with the direction of C79 dimer axis in the row 2, that

bla=19/3 V¥ 3 = tan75°. And there could be some relationship between these two angles. However,

we are unable to find more correlations or probable evidence from the models in Figure 5.6, and

this will be discussed later with the adding of DT to this model.
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Figure 5.6 (a) The model of C7o within the C70/DT dimer row phase on the Au(111) substrate.
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The unit cell parameters in this model are: @ = 5.54 + 0.02 nm, b = 1.48 = 0.02 nm,
y=89.2 £ 0.6°. The distance between each two repeating dimer rows, such as row 1 and row 3,
is 19a. The Cro within different dimer rows occupy the different binding sites of Au(111)
substrate. (b) The revised model for C7o/DT dimer row phase. The unit cell parameters for this
rectangular cell are: a = 5.47 nm, b = 1.48 nm, y = 90.0°. The C7o within each dimer row occupy

the three-fold hollow sites of Au(111) substrate, which shows a higher symmetry.

Comparing these two models in Figure 5.6 (a) and (b), the arrangement of C7 in (b) is obviously
more regular, which makes the whole structure having a higher symmetry. In this arrangement, as
the Cro from two repeating dimer rows with the same dimer axis occupy the same binding sites,
the repeating distance is then 19a. While in the arrangement of C7o in (a), the repeating distance

has to be 38a, so that the C7 from two repeating dimer rows with same dimer axis would occupy
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the same binding sites of Au(111) substrate. If we only consider the arrangement of C7o on Au(111)
substrate, the model in Figure 5.6 (b) would be more reasonable. However, C7o would not form
this structure spontaneously, and we have to consider the interactions between C79 and DT. The
arrangement of DT on Au(111) surface also plays an essential role in the formation of C70/DT
dimer row phase. Therefore, the arrangement of Cro still need to be determined by considering

how DT molecules fit into the structure.

The DT molecules, different from C70 molecules, have specific binding sites on the Au(111)
substrate. As we mentioned earlier, the DT molecules bind to the substrate in the form of RS-Au-
SR staples, and the Au adatoms occupy the bridge sites of Au(111)!°. Though we are unable to
directly observe the RS-Au-SR staples from our data, we can still derive the approximate number
of RS-Au-SR staples within each unit cell based on the coverage of & phase DT and the available
binding sites among C7o dimers. The coverage of o phase DT on Au(111) substrate is 0.23 ML
before adding C7o. Then with the adsorption of C70, some of the available binding sites of DT are
occupied by Cro, and the DT coverage within the unit cell of C70/DT dimer row phase is likely to
be lower than that of § phase DT. In additional, the local DT coverage cannot be higher than that
of close-packed ¢ phase DT, which is 0.33 ML on Au(111) substrate. On the other hand, the DT
coverage cannot be too low either, otherwise the C70 molecules cannot be effectively separated and

the C70/DT dimer row phase will be less stable.

According to this information mentioned above, we came up with several possible models by
incorporating DT molecules, as shown in Figure 5.7 and Figure 5.8. Firstly, in Figure 5.7 (a) and
(b), we show two models for the C7o/DT dimer row phase with the parallelogram unit cell. In the
models below, the S-Au-S axis of the RS-Au-SR staple is represented with a horizontal bar, and
the midpoint of the bar is where the Au adatom is located and it is above the bridge site of the

Au(111) substrate. The illustration for this simplified model is shown in Figure 5.7 (¢).
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Figure 5.7 The possible models for C7o/DT dimer row phase with the parallelogram unit cell.
The short bars in the dimer row gaps are the simplified model for RS-Au-SR staples, the centre
of this simplified staple is located at the bridge site of Au(111) substrate. The highlighted orange

spheres represent the single alkane chains we observed. (a) The model with fourteen DT

molecules contained in each unit cell, and the coverage of DT is thus 0.142 ML. (b) The model
with twelve DT molecules contained in each unit cell, and the coverage of DT is thus 0.122 ML.
(c) Illustration of the simplified RS-Au-SR staple model. This RS-Au-SR staple is placed closer

to the C7 on the left, thus there is less space for DT alkane chain to tilt, and the tail of alkane
chain (highlighted in orange sphere) then becomes visible during scanning. While on the other

side, the space between RS-Au-SR staple and C7o on the right is large enough, and it allows the




DT alkane chain to tilt with a larger range of angle, which is subject to a large uncertainty. And
the alkane chain remains invisible during scanning. These two conditions correspond to the blue
(invisible) and yellow (visible) parts of the bars in (a) and (b) respectively. The alkane chains

marked in orange spheres are not only visible but can be individually distinguished.

In Figure 5.7 (a), the staples are placed evenly into the gaps between each two dimer rows and the
gaps between each two C7o dimers along [112] direction. According to the positions of the visible
DT alkane chains we observed in Figure 5.5, these blue bars are partly filled in yellow, suggesting
that the alkane chains at these positions have significant different tilt angles. And the individually
distinguished DT alkane chains are marked in orange spheres, as shown in the gap between dimer
rows 2 and 3. Then following the positions of single alkane chains, we came up with this possible
arrangement of RS-Au-SR staples in this gap and the other equivalent gaps. As we have no direct
observation of DT alkane chains in the other type of gaps, considering about the stability of the
C70/DT dimer row phase, we place the DT in a row similar to the arrangement of DT within close-
packed ¢ phase on Au(111) substrate. Overall, in this arrangement of both molecules, there are
four C70 molecules and fourteen DT molecules in one unit cell, and the C70-DT ratio is thus 2:7.
The coverage of C7o within the dimer row phase is 0.041 ML, and the coverage of DT is 0.142 ML.
As the DT alkane chains only have van der Waals interaction with C7o molecules, the carbon atoms
from two different molecules have to keep a distance larger than the van der Waals diameter. The
van der Waals radii of carbon atom is 0.170 nm'2, and in this model there is enough space for these
two kinds of molecules. The DT alkane chains tilt with different angles, effectively filling the space

and keeping C7o from joining together into close-packed phase.

However, in the model of Figure 5.7 (a), the amounts of DT in two types of dimer row gaps are
different, that there are two more DT molecules in the gap between dimer rows 2 and 3 (including
the other equivalent gaps) in one unit cell. This will make the local coverage of DT in different
gaps vary, which will further affect the stability of different C7o dimer rows. While we have not
observed such a difference from our LT or RT data, this indicates that the local coverage of DT is
supposed to be more equivalent. To make the local coverage of DT more equivalent, we have to
adjust the number of RS-Au-SR staples in each unit cell, either by adding one staple to the gap
between dimer row 1 and 2 or reducing one staple from the gap between dimer row 2 and 3. As

the DT in the gap between dimer row 2 and 3 in Figure 5.7 (a) is a little overcrowded (local
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coverage = 0.231 ML, which is slightly higher than the coverage of 6 phase DT before adding Cro),

we removed one staple and rearrange the rest of staples, and the model is shown in Figure 5.7 (b).

In the second model, with fewer DT are included in each unit cell, there are more possibilities for
the arrangement of RS-Au-SR staples. Here in Figure 5.7 (b), we present one of the most evenly
placed DT arrangements. In this arrangement, the number of DT in the gaps of any two adjacent
dimer rows is the same, which indicates that the C79 dimers can interact more uniformly with the
surrounding DT alkane chains. Overall, there are four C70 molecules and twelve DT molecules in
one unit cell, and the C70-DT ratio is thus 1:3. The coverage of C7o within this second model for
C70/DT dimer row phase is 0.041 ML, and the coverage of DT is 0.122 ML. In each gap between
dimer rows, the local coverage of DT is calculated to be 0.154 ML, which is in a reasonable range.
Then, we also tried to add a staple into the gap between dimer row 1 and 2, but we are unable to

find suitable and equivalent binding sites for all the staples in this gap.

In comparation of these two C7o/DT dimer row phase models in Figure 5.7 (a) and (b), the first
model contains more of DT molecules, and the enough amount of DT molecules can ensure that
there are strong enough interactions between C79 and DT. While for the second model, the RS-Au-
SR staples occupy the Au(111) substrate more evenly, and the equivalent arrangement of DT can
ensure that the interactions between C79 and DT are uniform. Both of these two points mentioned
are important factors for a long-range ordered self-assembled structure. Due to the lack of

additional evidence of this structure, both models are considered to be possible.

As we mentioned in Figure 5.6, the unit cell of C7o/DT dimer row phase can be revised into a
rectangular cell. Though there is only a tiny shift of C7o within the revised unit cell, the available
binding sites of DT could be different. Similar with the process we built the first two models, we
add the simplified RS-Au-SR staples into the gaps of C79 dimer rows, and the possible models are

shown in Figure 5.8.
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Figure 5.8 The possible models for C7o/DT dimer row phase with the rectangular unit cell. The
RS-Au-SR staples are shown in short bars as well, the centre of this simplified staple is located at
the bridge site of Au(111) substrate. The yellow parts of the bars represent the alkane chains here

having limited space to tilt. (a) The model with fourteen DT molecules contained in each unit
cell, and the coverage of DT is thus 0.142 ML. (b) The model with twelve DT molecules
contained in each unit cell, and the coverage of DT is thus 0.122 ML. (¢) The STM image from

the C70/DT dimer stripes for direct comparison with the structural model.

When we place the RS-Au-SR into the gaps, it is found that the arrangement of the staples can be
exactly the same with the arrangement in Figure 5.7 (a) and (b). In further comparison with the
C7o arrangement in Figure 5.6, the corresponding C70 dimers have a maximum shift of 0.5a
(= 0.144 nm) in the [112] direction. However, due to the flexibility of the DT alkane chains, this
tiny shift of C70 does not seem to be large enough to affect the arrangement of RS-Au-SR staples.
And the distances between C70 and DT alkane chains can still be kept within a reasonable range
(> 0.170 nm)'2. In Figure 5.8 (c), an STM image of C70/DT dimer row phase including signals
from both C70 and DT molecules is displayed for direct comparison with the models we built.

There is a good agreement between the model and the features shown in the STM image.
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Overall, we have come up with four possible models for the C7o/DT dimer row phase, and each
model has its justifications and limitations. For C79 molecules, if the C70-Au interaction is much
weaker than the S-Au interaction on C70/DT/Au(111) sample, then the arrangement of C7o would
be strongly affected by the arrangement of DT, and C7o could arrange into a parallelogram unit
cell. Otherwise, they would arrange into a rectangular unit cell as the Co in this arrangement have
higher symmetry. Though there are references introducing the C7o-Au and DT-Au systems
separately, we cannot directly compare them with these parameters, as there is also interaction
between C79 and DT, which would also affect the C70-Au and S-Au interactions. For DT molecules,
though we can roughly derive the positions of DT according to the signals from the terminal groups
of DT alkane chains, we still lack the direct observation of the head groups of DT, which leads to

a large uncertainty about the coverage of DT in the C7o/DT dimer row phase.

2.4 Models for C7/DT Trimer Row Structure

Similar to the procedures we applied to build the models for the C7o/DT dimer row phase, we
firstly placed the C70 onto the Au(111) substrate according to our measurements in Figure 4.3, and
the initial model is shown in Figure 5.9 (a). As we have not directly observed the clear molecular
orientations of C7¢ within the C7 trimers, we use the same orientation for these C7¢ as the
orientation in C7o dimers. And we place these C70 on the Au(111) substrate with their short axis
parallel to the [112] direction, so that the distances between C7o in the model would not be too
close and they would match better with our previous measurements. The C7o within the C7o trimers
are highlighted in orange, which occupy the bridge sites of Au(111) substrate. For the C7o within
the dimer rows in this model, they are arranged into the parallelogram unit cell as shown in Figure
5.6 (a) so that the overall arrangement of C7o is more consistent with our measurements. The
repeating distance of C7o trimers along the [112] direction is 6Y3a, and parameters specifying the
internal structure of the trimer of C7o trimers are: a = 1.11 + 0.02 nm, b = 1.11 + 0.02 nm,
c=1.57£0.05 nm, y =93.2 + 0.4°. In this arrangement, the local coverage of Co is calculated to
be 0.044 ML.
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Figure 5.9 (a) The model showing the arrangement of C7o within the trimer row in between two

dimer rows with 70-degree dimer axis on Au(111) substrate. The C7o trimers are highlighted in
orange, and the local coverage of C7 is 0.044 ML. (b) The possible arrangement of RS-Au-SR
staples around the C7o trimer row. The RS-Au-SR staples are still shown in blue bars. The local
coverage of DT is 0.128 ML. (c) STM image of C7o trimer row for direct comparation with the

model.

Then we tried to add the RS-Au-SR staples into the gaps between C70 molecules. The staples
around the dimer rows have the same arrangements as shown in Figure 5.7 (b). As the space
around the Cro trimers is relatively larger, there are more possible arrangements of the RS-Au-SR
staples. Considering that the C7o trimer rows always coexist with the C79 dimer rows, which
indicates that the coverage of DT within the two structures is similar, we then present a model in
Figure 5.9 (b) of which the DT coverage around C7 trimers is close to the coverage in dimer row
phase. In this arrangement, the DT coverage of C7o trimer row is 0.128 ML, which is higher than
the coverage of dimer rows (0.122 ML). A STM image of the C7o trimer row is shown in Figure

5.9 (c), which corresponds to the model we built.

In addition to the C7o/DT trimer row shown above, which formed in between the dimer rows with
75-degree dimer axis, we also find the other type of C7o trimer row formed in between the dimer
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rows with 70-degree dimer axis. Figure 5.10 (a) shows the arrangement of C7o within this type of
C70/DT trimer row. The C70 within the trimers in Figure 5.10 (a) have the same molecular
orientation, and they occupy the bridge sites of the Au(111) substrate as well. In comparison with
the arrangement of C7o in Figure 5.9 (a), there is no other difference except for the dimer axis

orientation of the neighbouring C7o dimer rows. The local coverage of Cro is still 0.044 ML.
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Figure 5. 10 (a) The model showing the arrangement of C7o within the trimer row in between
two dimer rows with 75-degree dimer axis on Au(111) substrate. The C7o trimers are highlighted
in orange. (b) The possible arrangement of RS-Au-SR staples around the C7o trimer row. (c)

STM image of Cro trimer row for direct comparation with the model.

For the arrangement of DT, due to the different occupations of C7o in 75-degree and 70-degree
oriented dimer rows, the available binding sites in the gaps between C7o and Ceo dimer rows are
different. After roughly counting the number of the two types of C7o trimer rows, since they appear
with similar probabilities on the sample, we then place the same number of RS-Au-SR staples into
the gaps evenly. Figure 5.10 (b) shows the arrangement of RS-Au-SR staples around the second
type of C7o trimer row, and the local coverage of DT molecules is 0.128 ML. The STM image in

Figure 5.10 (c) shows the area corresponding to this type of C7o trimer row.
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2.5 Models for C7o/Decanethiol Porous Framework Structure

Though the C70/DT porous framework phase is not as frequently observed as the C7o/DT dimer
row phase, there is still enough information for us to build up a reasonable model for this structure.
According to our observation in Figure 5.3, the C7o within each C7o dimer can be divided into two
types. In order to distinguish between these two types of C70, we define the C7o that the molecular
orientation can be clearly observed as type 1 and the C7o for which we cannot observe the
orientation as type 2. As we previously discussed, the type 1 Cy are likely to occupy the equivalent
binding sites on Au(111) surface. Since type 1 C7o have specific molecular orientation and seem
to have a regular arrangement, we placed these C70 on to the model for Au(111) substrate first.
Then for the type 2 C7o, though their relative site positions can be derived from the positions of
neighbouring type 1 Cro, we still need to find out the possible molecular orientation of them.
According to the distance between type 1 and 2 C7o within each dimer (1.04 + 0.02 nm), as we
mentioned in Figure 4.7 (b), which is close to the distance between two standing up C70'®, we then

derived that type 2 C7 is standing up with its long axis perpendicular to the Au(111) surface.

By adjusting the binding sites of two types of C70 on Au(111) substrate, we finally came up with a
relatively reasonable model for the arrangement of C7o within the C70/DT porous framework phase,
as shown in Figure 5.11 (a). In this model, the two types of C7o within a dimer, as marked in red
dashed frame, are filled in yellow and blue respectively. For the type 1 C7o in yellow, they occupy
the three-fold hollow sites with a carbon atom in contact with the Au(111) substrate. For the type
2 Cyo in blue, they occupy the bridge sites with a pentagonal ring in contact with the Au(111)
substrate. The distance between the type 1 and 2 C7o is 1.04 + 0.02 nm, which is closer than that
of the C70 dimer within C7o/DT dimer row phase. Though the type 1 Cy is also lying down on
Au(111) substrate, its long axis is parallel to the [110] direction and perpendicular to the C79 dimer
axis which is parallel to the [112] direction. Thus in this arrangement, the distance between the
type 1 and 2 Cyo can be almost the same with the distance between two standing up Cro. The unit
cell of C7o/DT porous framework phase is marked in black dashed parallelogram, and the unit cell

parameters are: @ = 1.81 £0.03 nm, » = 1.65 + 0.05 nm, y = 70.0 £ 0.5°.
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Figure 5.11 (a) The arrangement of C7o within C70/DT porous framework phase. The type 1 C7o

marked in yellow occupy the three-fold hollow sites of Au(111) substrate in the molecular
orientation with a carbon atom facing up. The type 2 C70 marked in purple occupy the bridge
sites of Au(111) substrate in the molecular orientation with a pentagonal ring facing up. The
distance between type 1 and 2 C7o within each C7o dimer is 1.04 = 0.02 nm. The unit cell
parameters of C70/DT porous framework structure are: @ = 1.81 = 0.03 nm, b = 1.65 = 0.05 nm,
y=70.0 = 0.5°. The coverage of C7o in this arrangement is 0.070 ML. (b) The possible
arrangement of DT within C7o/DT porous framework phase. There are two RS-Au-SR staples
contained in each unit cell, and the coverage of DT is 0.140 ML. (c¢) The STM image of C70/DT
porous framework phase for direct comparison. The C70 molecules marked in red dashed frame

correspond to the type 1 and 2 Cyoin (a).

Due to the lack of direct observation of DT inside the pores, the arrangement of DT could only be

deduced through simplified modelling analysis. According to our previous inference, the porous
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framework phase requires higher coverage of DT to be maintained. However, comparing with the
regular gaps in between the C79 dimer rows, the space in the pores of this framework is relatively
more separated due to the arrangement of C7o, and thus the available binding sites in each pore are
more limited. After careful adjustment, we came up with a reasonable arrangement of RS-Au-SR
staples in C70/DT porous framework phase, as shown in Figure 5.11 (b). When we place two RS-
Au-SR staples in one unit cell in this arrangement, the space inside the pores can be filled more
evenly and sufficiently by the DT alkane chains. If we add one more staple into the pore, the
distance between alkane chains and C7o would be too close, which could cause a strong competition
between C79 and DT. On the other hand, if we only place one staple into the pore, there would be
enough space for DT alkane chains to tilt freely with a large angle, and that they could not be able
to stabilise all the surrounding Cro. In this arrangement of DT, the type 2 C7o could be pushed out
from a more preferred binding site by the surrounding DT alkane chains, which makes them bind
less stably on the Au(111) substrate. Overall, there are two C79 molecules and four DT molecules
included in one unit cell, and the C70-DT ratio is thus 1:2. The coverage of C70 within this C7o/DT
porous framework phase model is 0.070 ML, and the coverage of DT is 0.140 ML, which are both
higher than the coverages of C70 and DT in the dimer row phase. And that may help to explain the

difference in thermal stability between these two structures.

Before we conducted the thermal annealing for the C7o/DT/Au(111) sample, the distribution of C7o
is not even as they are deposited randomly on to the DT/Au(111) surface. And even for DT
molecules on Au(111) surface, though we have annealed the sample to reduce the DT coverage,
the DT do not evenly desorb from the surface due to the tiny temperature differences in different
regions of sample, and some of DT still shown in close-packed ¢ phase as we mentioned in Figure
4.1 (d). This uneven distribution makes it possible for various phases appearing on the Au(111)
sample simultaneously (DT in ¢ phase and 6 phase, C70/DT in dimer row phase, porous framework
phase and disordered phase). Though the C7o and DT molecules are still available to diffuse on the
substrate at RT, they are both unable to travel a long distance due to their interactions with the
surrounding molecules. C7o are mainly obstructed by the van der Waals interaction between them
and DT alkane chains. For DT, they are not only obstructed by the van der Waals interaction with
the neighbouring C79 and DT alkane chains, but also be held in the RS-Au-SR staples by the S-Au
bond'’. The thermal annealing, however, provides both molecules with sufficient thermal energy

to overcome the energy barrier and diffuse more freely across the sample surface'®. Then after
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thermal annealing, C7o and DT molecules both have a more even distribution on Au(111) substrate,
and those phases which require higher local molecular coverage (e.g. ¢ phase DT) are not available
to reform. According to the analysis above, it is likely that the C70/DT porous framework phase
formed in the regions where the molecular coverage is relatively higher, and this phase disappeared
when the molecular coverage dropped. This is consistent with our results in thermal annealing

experiment and prove that the model we built for C70/DT porous framework is reasonable.

3. Conclusion

In this chapter, the details of C70 and DT within the C7o/DT self-assembled structures are revealed
through LT scanning at 77 K. The C7o/DT dimer row structure, C70/DT porous framework structure
and the C70o/DT trimer row structure are analysed in detail, and possible models of each structure

showing the arrangements of C7o and DT on Au(111) substrate are established.

In the C7o/DT dimer row structure, C7o molecules are found arrange into two kinds of dimer rows
of which having the dimer axes in two different directions. With the DT molecules efficiently
filling in the gaps, some local C7o dimer rows are thus stabilised and expand into a long-range
ordered dimer row phase. The C7o within the dimer rows have specific molecular orientation,
which occupy the Au(111) substrate with their long axes almost parallel to the surface. The DT
molecules form as a RS-Au-SR unit, and they are stabilised by the S-Au bond with Au adatoms,
which occupy the bridge sites of Au(111) substrate. In addition, for the single C7o/DT trimer row
appearing within the C70/DT dimer row phase, though we have not observed clear molecular
orientations of these C79 molecules, we still come up with a relatively reasonable model for C7o/DT

trimer row structure according to the distance and the shape of Cro.

The C7o dimers in C7o/DT porous framework structure have a more regular arrangement, as the
dimer axes of all the C7o dimers are in the same direction. The arrangement of Cro is this structure
is thus considered to be more compatible with the binding sites of Au(111) substrate. With no direct
observation of DT molecules within the pores, we derived the possible arrangement of DT
according to the features of C7o/DT porous framework structure introduced in the pervious chapter.
To meet with the feature that this structure has the weaker thermal stability than dimer row
structure, a model of C70/DT porous framework structure with more DT molecules filled in the gap

1s thus established.
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VI. Ceo/Cro/Decanethiol Multicomponent Self-Assembly

1. Introduction

In the previous chapters, we introduced the bicomponent self-assembly of C7o/DT system on
Au(111) substrate. In comparation with the self-assembly of Cso/DT system previously reported
by our group'?, the self-assembly of C70/DT system seems to be rather different, as there are
obviously less self-assembled structures observed in C70/DT system. This difference is considered
to be strongly related to the geometric shape of Cg and C7o molecules®*, which have been
introduced in chapter II. To further understand the difference between Cso/DT self-assembly and
C70/DT self-assembly, it would be more straightforward to observe and compare their self-

assembled structures on the same sample.

Considering that the pre-existing self-assembled structure could affect the self-assembly process
of the later added fullerene, we plan to prepare three such samples where the amount of Cso and
C70 deposited onto the substrate is close, but they are deposited in different ways. For the first
sample, the Ceo molecules are firstly deposited onto the 6 phase DT/Au(111) substrate. When the
Ceéo have formed their stable self-assembled structures with DT, the C7o are then add to the
Ceo/DT/Au(111) sample. For the second sample, the C7o are deposited onto the & phase DT/Au(111)
substrate firstly and then followed by Ceo. These first two samples are also treated with thermal
annealing, so that both fullerene and DT molecules are well mixed and distribute more evenly on
the substrate. For the third sample, the Cso and C7o are simultaneously deposited onto the 6 phase
DT/Au(111). Both C79 and Cso molecules are thus well mixed on the sample after deposition, while
the distribution of DT remains uneven, which makes it possible for more fullerene/DT self-

assembled structures to appear.

Through the RT scanning of these samples, our work in this chapter reveal a special property of
the fullerene/DT self-assembly, that the fullerene molecules with different symmetries have the
ability to arrange into any self-assembled structures of the other fullerene by adjusting their

molecular orientations and binding sites on Au(111) substrate. With the guidance of the pre-
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existing self-assembled structural inertia and the proper fullerene-DT ratio, the Cso and C7o at the

boundaries are both observed to join and form into the Ceo-C70 ordered phases.

2. Sample Preparation

As we planned, for this experiment, three fullerene/DT/Au(111) samples were prepared for
comparison. The substrates used for these samples were the (111)-oriented gold thin films grown
on ZYB grade HOPGs. The gold films were prepared through vapour deposition, and the thickness
of each gold film was about 300 nm. The details of gold film preparation were the same as we
mentioned in Chapter IV. Later on, each sample was treated with several cycles of Ar" ion
sputtering (1.5 keV, 7 minutes) and thermal annealing (550 °C) under UHV conditions. All the
prepared Au(111) films were then transferred out and immersed into a 1 mM 1-decanethiol solution
in ethanol (99.5%) for 12 hours at RT. The Au(111) films covered by close-packed ¢ phase DT
were transferred back into UHV chamber for thermal annealing (120 °C, 1 hour). The annealing
for each sample was conducted on the same manipulator with the same annealing parameters, and
the vacuum within the UHV chamber was kept at the same level (< 1.0x10® mbar). Through the
partial thermal desorption, the reduction of DT coverage results in the transition from the closed-

packed ¢ phase DT (0.33ML)° to a low coverage & phase (0.23ML)°.

After the preparation of these same 6 phase DT/Au(111) samples, we used three different ways to

deposit the Cso and Cro fullerenes.

1) Ceo were firstly deposited onto the DT/Au(111) sample. The evaporation source of Ceo Was
heated up to 410 °C, and the deposition time was 10 minutes. After the deposition, the
Ce0/DT/Au(111) sample was left at RT for 72 hours, during which most of the Cso formed various
self-assembled structures with DT. When we observed from the STM images that most of Cso/DT
arranged into ordered phases, the sample was then deposited with C70. As we previously mentioned
that the coverage of Cy¢ after 1 minute of deposition at 409 °C is higher than expected, we reduced
the temperature of C7o evaporation source to 370 °C and increased the deposition time to 5 minutes,

and the coverage of C7o reduced to two thirds of previous coverage.

i1) C7o were firstly deposited onto the DT/Au(111) sample. In order to keep the same coverages of
Cso and C70 on both samples, we used the same parameters for deposition. The evaporation source

of C70 was heated up to 370 °C, and the deposition time was 5 minutes. After the deposition, the
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C70/DT/Au(111) sample was left at RT for 72 hours, during which most of the C7o formed dimer
row phase and porous framework phase with DT. The Cso were then deposited onto the

C70/DT/Au(111) sample at 410 °C for 10 minutes.

ii1) The evaporation sources of Cso and C7o were heated up to 410 °C and 370 °C respectively at
the same time, and the DT/Au(111) sample was exposed simultaneously to the Cgo and C7o sources

for 10 minutes and 5 minutes respectively.

3. Results and Discussion

The scanning of the sample in this experiment is conducted in UHV (~ 1.0x107!! mbar) at RT
(~ 290 K) after each step of preparation. Figure 6.1 (a) shows a 300 nm X 300 nm area on one of
the Au(111) substrates used for this experiment, and the other two Au(111) substrates have the

same qualities. The herringbone reconstructions of Au(111) surface can be clearly observed.

6 phase DT

¢ phase DT

Figure 6.1 (a) The clean Au(111) substrate after several cycles of ion sputtering and thermal

annealing. (b) The & phase DT on Au(111) substrate.

Figure 6.1 (b) shows the DT on Au(111) substrate after annealed at 120 °C for 1 hour. Similar with

the DT/Au(111) sample we observed in Figure 4.1 (b), over 90% of DT changed from close-

packed ¢ phase into the d phase after annealing, and the rest of DT remained in ¢ phase. The single

bright spots on the DT/Au(111) surface are likely to be the contaminants absorbed on the Au(111)
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substrate during the liquid phase deposition process. After we have confirmed from the STM
images that the Au(111) substrate is ready for further preparation, the gold film is transferred into
the ambient atmosphere first and then into the decanethiol solution, during which a small amount

of contaminants will be absorbed onto the sample surface. Though thermal annealing at 550 °C

could effectively remove most of these contaminants, we are only able to anneal the sample up to
120 °C, which is the minimum temperature for DT desorption from Au(111) substrate. Fortunately,
these contaminants would not affect our observation of fullerene molecules, as they appear much

taller than the contaminants.

3.1 Au(111)-Decanethiol-Ce + C7o

3.1.1 Ceo/Decanethiol Dimer Frameworks on Au(111)
The Ceo/DT/Au(111) sample has been left at RT for 72 hours before scanning. And after rough

calculations, it is found that over 90% of Cso have formed stable self-assembled structures with
DT. Figure 6.2 (a) shows the self-assembled phases of Ceo/DT system on Au(111) substrate. In
this area, the Ceo form various dimer frameworks with the participation of DT, which is consistent
with the Ceo/DT self-assembled structures introduced in the previous works">’. In comparation
with the self-assembled structures of C70/DT system, the self-assembly of Ceo/DT system is more
complicated, which may be due to the higher symmetry of the Cso molecules. The spherical
structure of Cso molecule makes it possible for two Ceo to form dimers in various ways. Though
some of these Cgo dimers are less stable, they could still arrange on the Au(111) substrate with the
supporting of DT alkane chains. The C70, however, have a lower symmetry than Ce®®, and due to
the ellipsoidal structure of C7o, the binding energy varies obviously when C7o bind to the substrate
in different ways'®. As we mentioned in Chapter IV, that the C7o dimers are not found to exist on
their own, and it requires at least three C70 dimer rows to stabilise all the C7o dimers in their
positions. While for Cso, we could easily find the individual Ce¢o dimers within both ordered and
disordered Cso/DT domains. And then those individual Ceo dimers with different or same dimer
axis further arrange into different dimer frameworks with the participation of DT on Au(111)

substrate, as shown in Figure 6.2 (a).
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Figure 6.2 (a) The STM image of C¢o/DT dimer framework phase collected 72 hours after
deposition of Ceo. The Ceo/DT dimer frameworks coexist with DT in both 6 phase and ¢ phase.
The Ceo dimers arrange into various frameworks within this domain. (b) One of the Ceo/DT
dimer frameworks. The Ceo dimers within this framework have two arrangements, where the
B-type Ceo dimer has its dimer axis parallel to the [112] direction, and the a-type Ceo dimer has
its dimer axis 17.0 £ 0.5° off the [112] direction. Both types of Ce dimers arrange on Au(111)
substrate in the direction 17.0 + 0.5° off the [112] direction. (c) The measurements for Ceo/DT
dimer framework phase. The distances of two Cso molecules within the a-type dimer and pB-type
dimer are respectively 1.03 £ 0.02 nm and 1.21 £ 0.02 nm. The unit cell parameters for this
framework are: a =3.25 £ 0.06 nm, b = 2.40 £ 0.05 nm, y = 70.0 £ 0.5°. (d) The STM image
showing the phase changing from Cso/DT dimer framework structure to Ceo/DT dimer row

structure.
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Among several of these Cso/DT dimer framework structures, we mainly focused on this particular
structure shown in Figure 6.2 (b), which is found strongly relate to the mixed fullerene self-
assembled structures we will discuss later. In this dimer framework, the Cso dimers have two
different arrangements on Au(111) substrate, thus we divide the Ceo dimers into a-type and B-type,
as marked in the yellow dotted frames. The a-type Ceo dimer has its dimer axis 17° off the [112]
direction, and the B-type Ceo dimer has its dimer axis parallel to the [112] direction. Both two

types of Ceo dimers arrange in the direction 17.0 + 0.5° off the [112] direction.

In Figure 6.2 (c), the measurements of this C¢o/DT dimer framework are shown in detail. For the
a-type Ceo dimers, since the direction of their dimer axes is parallel to the arrangement direction
of Ceo dimers, the distance of Cgo within the a-type dimer is measured to be 1.03 = 0.02 nm, which
is close to the distance of Ceo in close-packed phase. However, as there are some DT alkane chains
filling the gaps of Ceo dimers, the a-type Ceo dimers cannot assemble together along the [112]
direction to form close-packed Ceo chains but remain separate. For the B-type Ceo dimers, the
distance of Cgo is measured to be 1.21 + 0.02 nm. This distance is relatively large, and the term
“dimer” in this case is used mainly to reflect that the two molecules are paired. With their dimer
axes in the direction 17.0 + 0.5° off the arrangement direction of Cso dimers, there is more space
that can be occupied by the B-type Cso dimers, which leads to different spacing of the Cso molecules
in a-type and B-type. The unit cell of this dimer framework is shown in yellow parallelogram in
Figure 6.2 (c). Each unit cell contains four Cso molecules, and the number of DT molecules within
each unit cell will be discussed later with the model of this structure. The unit cell parameters of

this Ceo/DT dimer framework are: @ = 3.25 + 0.06 nm, b =2.40 + 0.05 nm, y = 70.0 + 0.5°.

In addition, we also notice the phase changing from Cso/DT dimer framework structure to Ceo/DT
dimer row structure in some regions, as shown in Figure 6.2 (d). The Ceo/DT dimer rows, as
highlighted in yellow dotted lines, have their directions of 90.2 + 0.4° off the [112] direction,
which is parallel to the [110] direction of Au(111) substrate. When we observe these two structures
along the [110] direction, it is found that the C¢o/DT dimer framework structure actually can be
considered as a special Cso/DT dimer row structure which has a larger gap in between each two
Ceo dimers. According to our measurement, the gap of dimer framework structure is approximately
0.31 + 0.03 nm (= 1a) larger than that of dimer row structure, which indicates that there are more

DT molecules distributed within the gaps of dimer framework structure. While, if there is not
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enough DT molecules filling in the gap of Ceo/DT dimer frameworks, the two separated Cso would
get closer and dimerize, as highlighted in red dotted circles, which would further lead to a phase
changing to Ceo/DT dimer row structure. And more details of Cso/DT dimer row structure will be

introduced later.

3.1.2 Phase Changing after C70 Added to Ceo/Decanethiol/Au(111) Sample

When the Ceo are stabilised on DT/Au(111) surface, C7o molecules are then directly deposited to
the Ceo/DT/Au(111) sample. To find out the effect of the Cso/DT dimer frameworks on the
formation of C7o/DT self-assembled structures, we scanned the sample in different periods after
the deposition of C7o. Figure 6.3 (a) shows the STM image collected within 24 hours after the
deposition. In this area, there is clear boundary between the Ceo/DT dimer framework phase and
the disordered C70o/DT phase, which is highlighted in a yellow dotted line. For the C70 deposited
on pure 6 phase DT/Au(111) substrate, as we mentioned in Figure 4.4, it takes about 24 hours for
the C7o/DT dimer rows to initially form and stabilise. In comparison with the C7o deposited on
Cso/DT/Au(111) sample, there appears to be no significant difference in the behaviour of the Cro
molecule. It indicates that the C¢o/DT dimer framework does not directly guide or accelerate the
self-assembly process of the disordered C7o, and the Cs0/DT phase and C70/DT phase are relatively
independent of each other. It is also noticed that there are some brighter molecules randomly
arrange within the C¢o/DT domain, which are likely to be the C70 molecules landing directly into
the gaps of Cso/DT dimer frameworks. As the space within the gaps of framework is limited, the
C7o could be forced to standing up with their long axes perpendicular to the Au(111) substrate due
to the compression of surrounding Ceo, and thus those individual C7o looks brighter than the Ceso

within the Cgo/DT dimer frameworks.
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Figure 6.3 (a) The STM image of C70+Cso/DT/Au(111) sample collected within 24 hours after
the deposition of C70. The boundary of Cso/DT and C70/DT is highlighted in yellow dotted line
The C70/DT remains in disordered phase. (b) The STM image collected 24 hours after the
deposition of Co. In the middle region, Cso and C7o gradually diffuse together into a large
disordered mixture domain. However, the heights of C7o with different molecular orientations
exhibit obvious difference (brightness of the molecule), making it difficult to distinguish between
Ceo and Cyo in this region. In the Crg rich regions, as highlighted in red frames, The Cyo start to
form dimer row phase. The regions of Cs0/DT framework phase in yellow dotted lines have no
obvious change. (c) The STM image collected 48 hours after the deposition of C79. The C7o/DT
dimer row phase grows larger. (d) The STM image collected 72 hours after the deposition of C7o

Most of the C7o in region II have been consumed to form the C7o/DT dimer row phase. At the
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boundary of Ceo rich region I and C7o rich region II, a Cso-C7o strained layer is found in region

II1, where the C7o join the Cso/DT dimer framework phase in the same arrangement as the Cep.

Similar with our observation for the C7/DT system, the molecules start to form and stabilise into
some small regions of C7o/DT dimer row phase about 24 hours after the deposition, as highlighted
in red frames in Figure 6.3 (b). The Cso/DT dimer framework phases, as marked in yellow dotted
lines, have no obvious change. The Ceo and a few numbers of C79 remain their arrangements in
this framework. While some of Ceo at the boundaries of Cso/DT regions are found to diffuse into
the disordered C70/DT region, forming a large Ceo-C70/DT mixed domain. However, we have not
observed any new structures formed in this domain. Then, when the C70+Cgo/DT/Au(111) sample
is left at RT for over 48 hours after deposition of C7o, the C70/DT dimer row phase is found grow
larger gradually, as shown in Figure 6.3 (c), and it remains relatively independent from the Cso/DT
phase. Finally, after 72 hours of C7¢ deposition, most of C7o have joined the C7/DT dimer row

phase, as shown in Figure 6.3 (d).

According to the coverage and arrangements of Ceo and C7o in Figure 6.3 (d), this large domain is
divided into three regions. Region I, as marked in the yellow dotted line, is the Ceo rich domain,
where the Ceo and DT arrange into their standard dimer frameworks, and there are still several
bright individual C7o arrange within this region. Region II, as marked in the red dotted line, is the
C7o rich domain, where most of the C70 and DT arrange into the dimer rows. It is also noticed that
there are some dimmer molecules arrange randomly within the C7o/DT dimer row phase, which
are likely to be the Ceo joining in the C7o/DT dimer row phase, and we will further discuss about it
with the height measurements of these molecules. In region 111, it is interesting to notice that there
is a structure resembling that of region I, but the fullerene molecules in this region show different
heights, a clear indication of coexistence of Cgo and C7o. The brighter molecules within this dimer
framework in region III seem to have the similar heights with the individual bright molecules in
region I, and it is possible that these bright molecules are the C70 molecules in the same specific

molecular orientation. More of details will be revealed with the height measurements.

3.1.3 C70-Ceo/Decanethiol Mixture Strained Framework Phase

To identify these molecules in different brightness, we plotted height profiles of the fullerene
molecules across the boundaries of each two regions. In Figure 6.4 (a), the yellow dashed line

across the region I and III corresponds to the height profile 1 in Figure 6.4 (b), which shows the
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height difference between the Ceo and the brighter fullerene in dimer frameworks. According to
profile 1, the brighter molecules in region III are 0.088 + 0.006 nm (read from the Gwyddion)
taller than Ceo molecules in Region 1. The red dashed line in Figure 6.4 (a) across the region II
and III corresponds to the height profile 2 in Figure 6.4 (b), showing the height difference between
the lying down Cro and the brighter fullerene. From the profile 2, we find that the brighter
molecules are also taller than the lying down C70 molecules in region II by 0.078 = 0.007 nm (read

from the Gwyddion).
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Figure 6.4 (a) The STM image showing three co-existing structures: Cso/DT dimer frameworks
in region I; C70-DT dimer rows in region II; Cso-C70/DT dimer frameworks in region III. The
boundaries of each two regions are highlighted respectively in yellow and red dotted lines. The
yellow dashed line 1 cross the region I and III, and the red dashed line 2 cross the region II and
III. (b) The height profiles along the dashed lines in (a). Profile 1 is taken along the yellow
dashed line in (a) across region I and I1I boundary. Profile 2, taken along the red dashed line in

(a), shows the height difference between molecules in regions II and III. (c) Schematic diagram

109



showing Cgo and C7o and their physical dimensions*!! when they contact with the substrate in

different ways.

Then we tried to compare these height differences with the standard parameters of Ceo and Cro,
and the models for Ceo and C70 in both standing up and lying down orientations are shown in
Figure 6.4 (c). Here we show the side view of fullerene molecules on substrate so that their height
differences are more intuitive. In Figure 6.4 (c), the height of Ceo is determined using single-
crystal x-ray diffraction method, the height of standing up C7o is determined using DFT calculation,
and the height of lying down Cro is directly read from the C70 model (CAS number: 115383-22-7)
in Crystal Maker. Though these heights are measured in different ways, they reflect the physical
atoms-to-atoms distances of a single molecule. According to these parameters of Ceo and Cro
molecules, the diameter of Cgo is 0.707 nm'!, and the long axis of C79 is 0.791 nm*, the theoretical
height difference of Cso and standing up C7o (with their long axis perpendicular to substrate) is
0.084 nm. This standard height difference is consistent with our measured value in profile 1. The
theoretic height difference of standing up C7o and lying down C7o (with their long axis almost
parallel to the substrate) is 0.078 nm, which is also consistent with our measured value in profile
2. Thus, the brighter molecules in region III are identified as standing up C70 molecules with their
long axis perpendicular to the substrate. And those individual bright molecules in region I are then
deduced to be the standing up C70 molecules that have simply substituted Cso molecules within the
dimer frameworks. Thus, in the mixed fullerene/DT dimer framework phase in region III, there
are three types of fullerene dimers, respectively the Ceo-Cso dimers, C70-C70 dimers and Ceo-Cro
dimers. We then count the number of each type of fullerene dimers, and there are 25 Cgo-Ceo dimers,
28 C70-Cr0 dimers and 35 Ceo-C70 dimers in this region. In comparison to region I, region III is
expected to be a strained layer due to the replacement of Ceo with C79. However, since the footprint

of the standing up Cro is very close to that of Ceo, the level of strain in region III is relatively low.

The area covered by this strained layer (region III) is found to be relatively limited, and we have
not observed such a region where this strained layer expands as large as the pure Cs0/DT or C7o/DT
domains. After analysing the positions of Ceo and C7o within this strained layer, we notice that the
arrangements of two fullerene molecules are not even, that the local Ce0:C70 ratio decreases
significantly from the side closer to the region I to the other side closer to the region II, and then

the region II takes over where the C7o molecules take a lying down orientation. After the deposition
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of Cro, they diffuse randomly on the substrate and gradually gather at the boundaries of Ceo/DT
domains. As the sample is always kept at RT, those C70 and Cso molecules at the boundaries are
both able to diffuse into the domains of other fullerene. However, due to the obstruction of
surrounding DT and fullerene molecules, fewer of fullerene could diffuse far into the other domain.
Finally, a region (IIT) of gradient Ceo:Cro ratio is formed in between the Ceo/DT (I) and C7o/DT (IT)
domains. With the concentration of C7o increasing, the rest of disordered C7o are less affected by
the Cs0/DT template, and they then form their preferred C7o/DT dimer row structure in region IIL.
In semiconductor strained layer growth, the strained layers do not proceed far until stress release
interrupts the growth. Here the level of strain is low, and region III is able to grow under the

influence of structural inertia.

For this strained layer in our system, it is possible that if we deposit fewer C7o for more times onto
the Ceo/DT/Au(111) sample, this strained layer could expand larger. With fewer amounts of C7o
added each time, the Ceo and C7g at the boundaries both have more time to diffuse and mix more
evenly. In addition, if we deposit Cso and C79 simultaneously onto the Cso/DT/Au(111) sample,
this strained layer could also grow larger as the newly added Ce¢o would help to maintain this

Ceo/DT framework.

3.1.4 Models for C7-Ceso/Decanethiol Mixture Strained Layer

In Figure 6.5 (a), we show the measured details of this C70-Cso/DT mixture strained layer. The
brighter molecules in this region are the standing up C7o, and the rest are Cso. In comparison with
the Ceo/DT dimer framework structure, there is no structural change when some of the Cep in this
region replaced by C7o. The a-type fullerene dimer has its dimer axis 17.0 £ 0.5° off the [112]
direction, and the distance of two fullerene molecules within the a-type fullerene dimer is
1.03 £0.03 nm, which is close to the shortest possible distance between them. The B-type fullerene
dimer has its dimer axis parallel to the [112] direction, and the distance of two fullerene molecules
within the B-type fullerene dimer is 1.21 £ 0.02 nm. Both types of fullerene dimers are also
arranged in the direction 17.0 £ 0.5° off the [112] direction, as marked in red dashed lines. The
unit cell parameters of this C70-Ceo/DT mixture strained layer are: ¢ = 3.25 + 0.06 nm,
b =240 + 0.05 nm, y = 70.0 = 0.5°. It is noted that in this selected area, there are more Cro
molecules than Ceo. This suggests a strong effect from structural inertia which resists the formation

of the C70-DT-like structure. Here, the structural inertia means that the stable self-assembled
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domain such as the Cgo-DT-like structure has the ability to affect the disordered molecules at the
boundary, guiding these molecules to arrange themselves in the same structure as the one that
already exists. In other words, the molecules around the existing self-assembled structure will
prioritize arranging themselves according to the existing structures rather than forming other

structures.
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Figure 6.5 (a) The details of mixed fullerene/DT dimer framework structure. The C7 in this
structure have a standing up orientation, and as the footprint of the standing up Cr is very close
to that of Ceo, there is no structural change to this framework and the parameters we measured
are the same with those of Ceo/DT dimer framework. (b) The model showing the arrangement of

C70 and Ceo in the corresponding region in (a). The Ceo are filled in purple and the C7o are filled
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in yellow. (c) The possible arrangement of RS-Au-SR staple in this region. The RS-Au-SR

staples are shown in blue lines.

According to the parameters we measured and the arrangements of fullerene molecules, we place
the Ceo and C70 models onto the Au(111) substrate, as shown in Figure 6.5 (b). In this model, Cso
are filled in purple and Cro are filled in yellow. Since there is no difference in the arrangement of
fullerene molecules in Ceo/DT dimer framework and C70-Ceo/DT mixture strained layer, we replace
some of Cgo into standing up Cro according to Figure 6.5 (a) without changing their binding
positions. Fullerene molecules in a-type dimers occupy the bridge sites of the Au(111) substrate,
and the fullerene in B-type dimers occupy the three-fold hollow sites. The coverage of fullerene
molecules in this mixed framework is 0.044 ML. DT molecules, shown as units of RS-Au-SR
staples in short blue bars, are then placed into the gaps of the dimer framework. Each two DT
molecules form a RS-Au-SR staple with a gold adatom which occupies the bridge site of Au(111)2.
The coverage of DT molecules in this framework is 0.133 ML. In one unit cell of this fullerene/DT
dimer framework, there are four fullerene molecules and eight DT molecules, and the Cs0/C70-DT
ratio is thus 1:3. The model also shows the concentration change of Cso and C70 more clearly. The
top half of this model has higher concentration of Ceo, corresponding to the area closer to a Ceo
rich region. The bottom half corresponds to the area closer to a Cro rich region. And that the local

Ce0:Cro ratio reduced from the top half region to the bottom half region.

3.2 Au(111)-Decanethiol-C7 + Ceo

After we notice that interesting low strained layer shown in between two different fullerene/DT
self-assembled phases, it comes to our mind that C;o could also have the ability to guide Ceo to
form into a mixed fullerene strained layer. Hence, we come up with a plan for the subsequent
experiment, where we change the deposition order of the Cso and C70 molecules while keeping all
other conditions the same as before. According to our discussion in the previous chapter, C7o/DT
system on Au(111) substrate shows two distinct self-assembled phases, respectively dimer row
phase and porous framework phase. In each phase, C7o molecules bind to the Au(111) substrate at
specific sites in specific molecular orientations. As we mentioned, Cso molecules have a higher
symmetry than Cr, which allows them to bind to the Au(111) substrate in more ways. Therefore,

we initially speculate that it would be easier for Ceo to join the C7o/DT self-assembled structures,
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as they are more likely to find the proper binding sites and orientation required within the ordered

phase.

3.2.1 Comparison of Cso/Decanethiol Dimer Rows and C7o/Decanethiol Dimer Rows

The Ceo, as we introduced in Figure 6.2 (a), form various dimer frameworks with the participation
of DT on Au(111) substrate. In addition, the Cgo dimers also have the probability to form a dimer
row phase, as reported in previous works!'®. Here, in some regions of pure Cso/DT on this sample,
we observe that the Cso form into such a dimer row phase, as shown in Figure 6.6 (a). The regions
of Ceo/DT dimer row phase are marked in yellow dashed frames. The Ceo dimer rows grow in the
direction of 90.2 + 0.4° off the [112] direction, which is close to the [110] direction of Au(111)
substrate. The Ceo dimers within these dimer rows have their dimer axes 17.0 + 0.5° off the [112]

direction, which is the same direction as the a-type Ceo dimers in Cso/DT dimer framework phase.

In comparison, an STM image of C70/DT dimer row phase is shown in Figure 6.6 (b). The C70/DT
dimer row, as we discussed in Chapter IV, grows along the [112] direction of Au(111) substrate,
which is strongly related to the arrangement of DT molecules in 6 phase. And for the C7o dimers,

there are two different dimer axes, respectively.
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Figure 6.6 (a) The regions marked in yellow frames show the C¢o/DT dimer row structure on
Au(111) substrate. The Ceo dimer rows have the direction 90.2 + 0.4° off the [112] direction. (b)
The C70/DT dimer row structure on Au(111) substrate. The C7o/DT dimer rows grow along the
[112] direction. (c) The details of the C6o/DT dimer row structure. The distance between each
three dimer rows is 4.04 + 0.03 nm, and the distance of two molecules in each Cgop dimer is
1.03 £ 0.02 nm. The Ceo dimers within the dimer rows have the same dimer axes, which are in
the direction of 17.0 £ 0.5° off the [112] direction. (d) The details of C7o/DT dimer row
structure. The distance between each two repeating dimer rows is 5.53 + 0.03 nm, and the
distance of two molecules in each C7o dimer is 1.14 £ 0.02 nm. The C7¢ dimers within the dimer
rows have two different dimer axes, respectively in the direction of 70.0 £ 0.9° (clockwise) off

the [112] direction and 75.0 + 0.8° (counterclockwise) off the [112] direction.

More details of two fullerene/DT dimer row structures are shown in Figure 6.6 (c) and (d). For a

more intuitive comparison with the distance in C70/DT dimer row structure, we measure the
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distance of three repeating Ceo/DT dimer rows in the direction perpendicular to the dimer rows.
This distance is measured to be 4.04 £+ 0.03 nm (= 14a), which is about 5a shorter than the distance
between two repeating C70/DT dimer rows (= 19a). The distance of the Cgo within the dimers is
1.03 £ 0.02 nm, and it is the same with that distance of a-type Cso dimers in framework structure.
The distance of the C7o within the dimers, due to their lying down orientation on Au(111) substrate,

is slightly larger than the Ceo dimers.

Comparing the arrangements of fullerene molecules in two dimer row phases, the arrangement of
Ceso seems to be more regular than that of Cro, which indicates that the arrangement of Ceo is
commensurate with the Au(111) substrate. With each of the C¢o dimer occupying the equivalent
binding sites, all the Ceo dimers could keep the same dimer axes and distances. While for Cro
dimers, their arrangements are obviously affected by the ellipsoid-like shape of C7o molecule.
When C70 molecule standing up with its long axis perpendicular to the Au(111) substrate, its
footprint is very close to that of Ceo, so that C7o in this molecular orientation could have the similar
ordered arrangement with Ceo, as we discussed in Figure 6.4. However, Cyo are less stable when
they bind to the substrate in this orientation'’, and they are likely to lying down if there is no
additional strain. Thus, on the pure C7o/DT/Au(111) sample, C7o form dimers in a lying down
orientation, which results in a larger footprint for each C70 dimer. Meanwhile, with the participation
of DT, Cro dimer have to keep a proper distance with the DT alkane chains. Eventually, due to
these various restrictions, half of the C79 dimers have to change their axes to maintain the whole
domains. Though each neighbouring C7o dimer row has the same spacing, the C79 dimers within
are unable to occupy the equivalent binding sites of Au(111) substrate, otherwise the whole
structure would be broken. And that makes the arrangement of C7o in dimer row phase less
compatible with the Au(111) substrate. Having clarified this distinction between C70/DT dimer row
structure and Ceo/DT dimer row structure, it will be easier for us to proceed with our analysis for

mixed fullerene/DT dimer row structure later.

3.2.2 Phase Changing after C¢o Added to C7o/Decanethiol/Au(111) Sample

Similar with the first sample, we need to prepare the pure C70/DT/Au(111) sample and wait for the
ordered C7o/DT structure to form before adding the Ceo. After the deposition of C7o on the d-phase
DT/Au(111) surface, the sample was left at RT for 72 hours during which time large areas of

C70/DT dimer rows formed. The final structure we observed from C7o/DT/Au(111) sample is
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similar to the region shown in Figure 4.2 (a), and we will not show it in this part. After most of
the C70 formed into ordered phase, the Cso were then deposited onto the C7o/DT/Au(111) sample
for 10 minutes (deposition temperature: 410 °C), and the STM images were collected in different
periods after the deposition. Figure 6.7 (a) shows the image of Cso+C70/DT/Au(111) sample
collected within 24 hours after the deposition of Ceo. It is noticed that in some of the regions, Cro
molecules remain in the C7/DT dimer row structure and porous framework structure, and there
are also some regions of disordered fullerene appearing after the deposition, which are deduced to

be disordered Cgo or mixture of Ceo and Cro.
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Figure 6.7 (a) The STM image of Cgo+C70/DT/Au(111) sample collected within 24 hours after
the deposition of Ceo. (b) The STM image collected over 72 hours after the deposition of Ceo.
Most of the Cgo within the Cso rich domains form into dimers, as marked region I. The C7 in

region II remain in the dimer row structure. And in region III, both two fullerene molecules are

found arrange into C70-Cso/DT mixture strained framework.

Then, same with the process for the first sample, we left the Ceo+C70/DT/Au(111) sample at RT
for 72 hours. During this time, Ceo appear to gradually form into their preferred Cso dimers, as
shown in the region I in Figure 6.7 (b). In region I, the fullerenes are in the arrangement of C7o/DT
dimer row structure, which indicates that this is a C7o rich domain. Then in region III, we observed
the similar C70-Ceo/DT mixture strained framework as we introduced in Figure 6.4. The dimmer

(lower) molecules within this framework are Ceo, and the brighter (higher) molecules are standing
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up Cro. After the deposition, Ceo diffuse randomly on the C70/DT/Au(111) substrate, and gradually
gather at the boundaries of C7o/DT domains. Meanwhile, some of the C7¢ at the boundaries diffuse
out into the Cso/DT domains, and then form into the C70-Ceo/DT mixture strained framework

structure with the guidance of the Ceo/DT structural inertia.

In addition to these similar features we observed from the C70+Cso/DT/Au(111) sample, we have
found two types of distinct fullerene/DT dimer row structures on this Cso+C70/DT/Au(111) sample,
as shown in Figure 6.8 (a) and (b). The arrangements of fullerene within these two dimer row
structures marked in yellow dotted frames are rather similar to that within the normal C7o/DT dimer
row structure. And the most notable difference is that all the three dimer rows consist of the
fullerene dimers in the same dimer axes, either in the direction of 70.0 = 0.6° (Figure 6.8 (a)) or
75.0 £ 0.5° (Figure 6.8 (b)) off the [112] direction. The normal C7¢/DT dimer row phase consists
of C70 dimers in two directions, and each two neighbouring dimer rows have their dimer axes
keeping an angle of 70.0 £ 0.9° (clockwise) and 75.2 + 0.8° (counterclockwise) off the [112]
direction respectively. We then measured the distance of these three dimer rows. Comparing it with
the distance of two repeating C7o/DT dimer rows, there is no difference in the spacing between
these two structures, which indicates that the formation of this distinct dimer row is strongly
affected by the C7¢/DT structural inertia. According to the features we observed, we can deduce
that the Ceo participate in this fullerene/DT dimer row structure, however, we still need more

information to distinguish these fullerenes.
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Figure 6.8 (a) The observation of the fullerene/DT dimer rows with the same dimer axes,
marked in yellow frame. The dimer axes of these three dimer rows are in the direction of
70.0 + 0.6° (counterclockwise) off the [112] direction. The distance of three mixed fullerene/DT
dimer rows is 5.53 £+ 0.05 nm, which is the same as the distance of two repeating C70/DT dimer
rows. (b) The other type of fullerene/DT dimer rows, of which the dimer axes are in the direction
of 75.0 £ 0.5° (clockwise) off the [112] direction. (c) The measured details of type 1 mixed
fullerene/DT dimer row structure. The fullerenes within these dimer rows are found slightly
different in size and brightness, that the fullerenes highlighted in red dashed frame look slightly
larger and brighter than the fullerenes highlighted in blue dashed frame from STM image. (d)
The measured details of type 2 mixed fullerene/DT dimer row structure. The fullerenes

highlighted in red frame also look larger and brighter.

More details of mixed fullerene/DT dimer row structure are revealed in Figure 6.8 (c) and (d). For
the convenience of subsequent descriptions, we name the mixed fullerene/DT dimer row with

dimer axes in the direction of 70.0 £ 0.6° (counterclockwise) off the [112] direction as type 1
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dimer row structure, and the dimer row with dimer axes in the direction of 75.0 + 0.5° (clockwise)
off the [112] direction as type 2 dimer row structure. In Figure 6.8 (c), the fullerene dimers next
to the type 1 dimer rows are found have their dimer axes in the angle of 70.0 + 0.6° (clockwise)
off the [112] direction, which is the same with the angle of type 1 fullerene dimer axes but in
different directions. The distance of two fullerene within the type 1 dimers is 1.14 + 0.02 nm, and
it is also the same with that of normal C7o dimers. The unit cell of type 1 dimer row structure is
marked in yellow parallelogram, and the parameters are: a = 1.48 = 0.03 nm, b = 5.49 £+ 0.05 nm,
y=285.0£0.5°. In Figure 6.8 (d), the type 2 dimer rows show the similar features to those of type
1 dimer rows. The angle of type 2 dimer axes is also the same with the neighbouring fullerene/DT
dimer row, which is 75.0 + 0.5° (clockwise) off the [112] direction. The distance of two fullerene
within the type 2 dimers is 1.14 + 0.02 nm. And the unit cell of type 2 dimer row structure is

highlight in yellow, of which the unit cell parameters are same with the type 1 dimer structure.

However, even we have collected enough details of these two Ceo-C70/DT dimer row structures, it
is still a challenging to identify the Cso from all the fullerenes. After careful comparison, we notice
that some of the fullerene molecules are different in size and brightness, as highlighted in the red
and blue dashed frames in Figure 6.8 (c) and (d). The fullerenes in red frame are found slightly
larger and brighter than the fullerenes in blue frame. According to the schematic diagram showing
the physical dimensions of Ceo and C7o in Figure 6.4 (c), there is a tiny height difference of
0.011 nm between Ceo and lying down Cro. With a higher physical height, C70 will look brighter
than Ceo from STM images. In addition, the C7o in lying down orientation has its long axis almost
parallel to the Au(111) substrate, as its long axis is about 0.084 nm longer than the diameter of the
Ceo, the lying down C7o will also look larger than Ceo from STM images. Hence, we deduced that
the larger and brighter fullerenes within these dimer rows as highlighted in red frames are lying

down C79 molecules, and the fullerenes highlighted in blue frames are C¢o molecules.

To prove our assumption, we then measured the height across the fullerenes within the type 1 and
type 2 Ceo-C70/DT dimer rows, and the height profiles are shown in Figure 6.9. In Figure 6.9 (a),
the profile on the right corresponds to the height of fullerene dimers highlighted in yellow dashed
line. Within each type 2 fullerene dimer, the fullerene in the row marked in blue dotted frame is
smaller than the fullerene in the row marked in red dotted frame, and their height differences are

shown on the right. For these three selected fullerene dimers, the height differences of two
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fullerenes vary from 0.012 nm to 0.058 nm, which indicates that the C7o within the Ceo-C70/DT
dimer rows are not as stable as the C7o within the pure C7o/DT dimer rows. We then measured the
heights of all the fullerene dimers within the Cgo-C7o/DT dimer rows. The maximum height
difference of two fullerene within a dimer is 0.072 nm, and the minimum height difference is
0.011 nm. As the pure C79 dimers have not been found have such a height difference between two
C70 molecules, we have now determined that each Cego-C70/DT dimer row consists of one single

row of Ceo (in blue dotted frames) and one single row of C7o (in red dotted frames).
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Figure 6.9 (a) The height profile showing the height difference between the fullerenes within the
type 2 Ce0-C70/DT dimer row structure. The fullerenes with different size and brightness are
respectively highlighted in red and blue dotted frames. The height differences of fullerenes

within each selected fullerene dimers are shown on the right. (b) The height profile showing the

height difference between the fullerenes within the type 1 Ceso-C70/DT dimer row structure. The

height differences of selected fullerenes are shown on the right.

The same measurements are conducted to the type 1 Ceo-C70/DT dimer rows, and the results are

shown in Figure 6.9 (b). In this region, the fullerenes within the Cgo-C70/DT dimer row show the

similar features, that the row of fullerenes marked in red dotted frames appear larger and brighter

than the row of fullerenes marked in blue dotted frames. The height profile on the right shows the

height differences of three Ceo-C70 dimers. Comparing those with the type 1 Cego-C70 dimers, the
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height differences of type 1 Ceo-C70 dimers are relatively more even. After the complete
measurement of all the type 1 dimers, the maximum height difference is found to be 0.053 nm,
and the minimum height difference is 0.012 nm. It indicates that the occupations of C7o within the

type 1 dimers are more regular than those of type 2 dimers.

According to our measurements above, the height differences of Ceo and C70 measured from all
the Cs0-C70 dimers vary a lot, and the possible explanation is that the molecular orientation of C7o
is affected by the Ceo which forms a dimer with it. Due to the high symmetry of Ceso, each Ceo
molecule can bind to substrate in various orientations'*!>. In addition, the fullerene molecules will
not form into dimers randomly. They prefer to form dimers with one of their hexagonal rings facing
each other'®. Thus, the C7 have to adjust their molecular orientations to meet the requirements of
fullerene dimerization, which leads to various heights of C7o within the Cgo-C70/DT dimer rows.
Unfortunately, we have not observed the molecular orientations of these fullerenes as the scanning
of the sample in this experiment is conducted at RT. And the LT scanning could provide us with
more useful information. In addition, as the theoretical height difference of Ceo and lying down
Cro is close to the resolution limit of STM in z direction (0.01 nm), the results could be strongly
affected by the errors during scanning. And it would be better to use other techniques or methods

to distinguish between Cso and C70 molecules, such as scanning tunnelling spectroscopy (STS).

For these mixed Ceo-C70/DT dimer rows, it is interesting to notice that both type 1 and type 2 dimer
rows could only remain in the same direction for three rows, and we have not found a large domain
formed with the pure type 1 or type 2 dimer rows. With one of the C7o replaced by Ceo within each
fullerene dimer, there is relatively more space left for DT alkane chains. Meanwhile, the interaction
between fullerene and DT alkane chains is also changed due to the change in the dimer axes of one
of the fullerene dimer rows. As there is no direct observation of DT molecules within the mixed

Ce0-C70/DT dimer rows at RT, we will discuss this later with the theoretic models.

3.2.3 Possible Models for Mixed Ce0-C70/Decanethiol Dimer Row Structures

To further understand the arrangements of fullerenes and DT molecules in the mixed Ceo-C70/DT
dimer row structures on Au(111) substrate, we try to build the models with the information we
have acquired. However, as we discussed, there is some uncertainty about the arrangements of Ceso
and C7o within the mixed dimer rows. Due to the lack of resolution, we cannot tell if a dimer is

Cs0-C70, C70-C70 or Cs0-Ceo. Though we have found some evidence showing that the mixed
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fullerene dimers consist of one Cgo and one C7o, without more straightforward data to further prove
that, we still decided to consider about all the possible formations of mixed fullerene dimers in the

models.

Firstly, we try to replace all the C7 in the dimer rows with the Cso molecules, and the models for
arrangements of fullerenes in type 1 and 2 mixed dimer row structures are shown in Figure 6.10.
Figure 6.10 (a) shows the arrangement of Ceo in type 1 dimer rows, and the Cep are filled in yellow.
In this model, all the Ceo occupy the three-fold hollow sites of Au(111) substrate with one of their
pentagonal rings in contact with the substrate. Though those Ceso in this arrangement are well
compatible with the binding sites of the Au(111) substrate, the distance of two Cgo within each
dimer is relatively too large, which is about 10.7% larger than the distance of two normal dimerized
Cso. With larger gaps left in between the Ceo dimers, it requires more DT molecules to fill into the
gaps and stabilise the whole structure. The local coverage of Ceo in this dimer row structure is
0.041 ML, which is slightly lower than that of the Cso/DT dimer framework phase (0.044 ML)
shown in Figure 6.2 (b). The arrangement of Ceo in type 2 dimer row structure is shown in Figure
6.10 (b). In comparison with the arrangement of Ceo in type 1 dimer row, there is no obvious
difference except for the directions of Ceo dimer axes, which is 75.0 = 0.5° (clockwise) off the
[112] direction. The Cgo occupy the three-fold hollow sites of Au(111) substrate, and the local

coverage of Ceo 1s 0.041 ML as well.
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Figure 6.10 (a) Possible arrangement of fullerenes in type 1 dimer row structure when all the Cro
in these three rows are replaced with Ceo. The Ceo , filled in yellow, occupy the three-fold hollow
sites of the Au(111) substrate. And the dimer axes of all the Cgo dimers are in the direction of
70.0 + 0.6° (clockwise) off the [112] direction. The distance of Ceo within each dimer is
1.14 £ 0.02 nm, and the distance of two neighbouring Ceo dimer rows is 8.5a. (b) Possible
arrangement of fullerenes in type 2 dimer row structure. The Cso occupy the three-fold hollow
sites of the Au(111) substrate. The distances of Ceo in the type 2 dimer row structure are the same
with the type 1 dimer row structure, and the only difference is that the direction of Ceo dimers are

75.0 £ 0.5° (clockwise) off the [112] direction.

Then we consider about the other possibility, that the C7o within the type 1 and 2 dimer rows are
partially replaced by Ceo. According to our discussion in Figure 6.9, that each Cgo-C70 mixed dimer
row contains one row of Cgo and one row of C7o, we then place the Cso and C79o models onto the
corresponding positions on Au(111) substrate. For the C70 molecules in type 1 and 2 dimer rows,
as we mentioned, are found to have the different heights in different Ceo-C70 dimers, which

indicates that these C7o have different molecular orientations on Au(111) substrate. However, we
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have no clear indications about the exact molecular orientation of C7, thus we use the same lying
down orientation for these C7o in this model. And the final arrangement of Cgo-C70 dimers is shown

in Figure 6.11.

Figure 6.11 (a) shows the arrangement of Ce0-C70 dimers in type 1 mixed dimer row structure. In
this model, Ceo are filled in yellow, occupying the bridge sites of Au(111) substrate, and Cro are
filled in purple, occupying the three-fold hollow sites of Au(111) substrate. The Ce0-C70 dimers
have their dimer axes in the direction of 70.0 £ 0.6° (clockwise) off the [112] direction. The
distance of the neighbouring Ceo-C7o dimers along [112] direction is 1.48 + 0.03 nm (= 3V3a), and
the distance of two neighbouring Cso-C70 dimer rows is 8.5a. The Cso and C7o form into dimers
with one of their hexagonal rings facing each other. The local coverage of fullerenes is 0.041 ML,

and the Ceo-Cyo ratio is 1:1.
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Figure 6.11 The arrangement of fullerene in type 1 and 2 dimer row structures when one row of
Cro 1s replaced by Ceo. The Ceo are filled in yellow and the C7o are filled in purple. There are two

Cso molecules and two C7o molecules within each unit cell. (a) The type 1 fullerene/DT dimer
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row formed with Ceo-C70 dimers. (b) The type 2 fullerene/DT dimer row formed with Cso-C7o

dimers.

Figure 6.11 (b) shows the arrangement of Ceo-C70 dimers in type 2 mixed dimer row structure.
According to Figure 6.9 (a), the left row of C70 molecules are replaced by Ceo. The Cso and Cro
molecules in this arrangement both occupy the three-fold hollow sites of Au(111) substrate. These
Ce0-C70 dimers have their dimer axes in the direction of 75.0 = 0.5° (clockwise) off the [112]

direction. And the distances of fullerenes are the same with those of type 1 dimer row structure.

After careful analysis, the arrangement of fullerenes in Figure 6.11 seems to be reasonable. As we
observed in Figure 6.3 (d), there are also some dimmer Cgo which replacing the C7o and joining
the C70/DT dimer row structure. These Ceo seem to be randomly arranged within the C7o/DT dimer
row domain, and the overall C70/DT dimer row structure is not affected. However, in the regions
in Figure 6.9, the height profile shows that a whole row of Cro are replaced by Ceo. It is possible
that when the Ceo regularly arranged into the C7o/DT dimer row phase, the overall structural
features will change, which appears in the mixed dimer row structure as a change in the direction
of dimer axes. While when C7¢ within the C7o/DT dimer row phase are randomly replaced by Ceo,
the tiny gaps around Ceo could be easily filled by the DT alkane chains, and the neighbouring
fullerenes of Ceo would still be held at their positions. Though the stability of this fullerene/DT
dimer row phase could be different, its structural features will still be under the influence of C7o/DT
structural inertia. The distance of Cso and C7o within each dimer in this arrangement also seems to
be more reasonable. Though the centre-to-centre distance of fullerenes is still 1.14 + 0.02 nm, with
the C7o in a lying down orientation on Au(111) substrate, the distance between the two fullerenes

can be kept in a proper range!’, which enhances the stability of the overall structure.

Then we tried to place the RS-Au-SR staples into the gaps, and the possible arrangement of DT
molecules in both types of fullerene dimer row structures are shown in Figure 6.12. In Figure
6.12 (a) and (b), we show the arrangement of DT within the type 1 and type 2 fullerene dimer rows
form by pure Cso. The RS-Au-SR staples are evenly placed with the Au adatoms in the middle
occupying the bridge sites of Au(111) substrate. There are four Cso molecules and twelve DT
molecules in each unit cell marked in dashed frame, and the local coverages of Cso and DT are
respectively 0.041 ML and 0.122 ML, which are the same with the local coverage of C70 and DT

in C70/DT dimer row structure. However, the coverage of DT molecules is lower than we expected.
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As we mentioned in Figure 6.10, the distance of two Cso within each dimer is relatively too large,
which requires more DT molecules filled in the gaps to stabilise the Ceo. We have tried to place
more RS-Au-SR staples into the gaps in many different ways to more effectively occupy the space
(also ensure that the distance between each molecule is greater than the van der Waals radii), but
it is hard to arrange them evenly within the Ceo dimer rows. Thus, the type 1 and type 2
fullerene/DT dimer row structure in the arrangement of both molecules in Figure 6.12 (a) and (b)
are considered to be less stable than the C7o/DT dimer row structure. Since we notice that this
fullerene/DT dimer row structure could maintain for at most three rows, this may be caused by the

lower structural stability, and we still consider this to be one of the possible arrangements.
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Figure 6.12 The possible arrangement of RS-Au-SR staples within the type 1 and type 2 dimer

row structures. (a) The model for the type 1 Cso/DT dimer row structure. (b) The model for the
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type 2 Ceo/DT dimer row structure. (c) The model for the type 1 Ceo-C70/DT dimer row structure.
(d) The model for the type 2 Cso-C70/DT dimer row structure. (¢) The STM image of type 1
fullerene/DT dimer row structure for direct comparison. (f) The STM image of type 2

fullerene/DT dimer row structure for direct comparison.

In Figure 6.12 (c) and (d), we show the possible arrangement of DT within the type 1 and type 2
fullerene dimer rows form by Ceo-C70 dimers. In comparison with the models in Figure 6.12 (a)
and (b), there is no difference in the arrangement of RS-Au-SR staples, that there are also twelve
DT molecules in each unit cell. While with the larger size of C70 molecules, the DT alkane chains
could have stronger interactions with C7o, which will help to stabilise the Cgo-C70 dimer row
structure more effectively. The local coverage of fullerene molecules is 0.041 ML, with Ceo and
C70 molecules accounting for half each. And the local coverage of DT is 0.122 ML. The parameters

of unit cell are: @ = 1.48 £0.03 nm, b = 5.54 + 0.05 nm, y = 85.0 £ 0.5°.

Compared with the C70/DT dimer row structure, these mixed Ce0-C70/DT dimer rows are likely to
be less stable, as they only maintain for at most three rows. Different from the C7o within the
Cso/DT dimer framework structure, that the C;o could only join the framework in one specific
molecular orientation, the Cego within this Ceo-C70/DT dimer row structure are still mobile at their
position, which allows the Cgo binding on the substrate with various of molecular orientations.
Though the Ceo occupy the equivalent binding sites of Au(111) substrate, with different molecular
orientations, their binding energies vary, and this will further affect the molecular orientations of
Cro, as we discussed in Figure 6.9. Thus, this may have led to the relatively low stability of this

mixed Cgo-C70/DT dimer row structure.

3.3 Mixed Structure after Thermal Annealing

From the C70+Ceo/DT/Au(111) sample and the Coo+C70/DT/Au(111) sample, we have observed
several interesting fullerene/DT mixed self-assembled structures, and both Ceo and C7o seem to be
able to participate in the formation of the structure of other fullerene molecules. However, due to
the slow and limited diffusion of both fullerenes at RT, Cgso and C7¢ are unable to mix well. Thus
in most of regions, these two fullerenes still maintain their respective self-assembled structures.
Since we have collected enough information about the mixed Ceo-C70/DT structures at RT, we then

plan to anneal the sample to accelerate the diffusions of both molecules, seeing what kind of self-
128



assembled structure will form on 6 phase DT/Au(111) sample when the Cso and C7o are thoroughly

mixed.

The C70+Ces0/DT/Au(111) sample is annealed at 70 °C for 1 hour, during which the vacuum of
preparation chamber is kept under 1.0 X 10® mbar. The annealed C70+Ceo/DT/Au(111) sample is
cooled down to RT before transferred back to the STM. The scanning of this sample is conducted

at RT, and the vacuum is kept under 1.0 X 10'° mbar during scanning.

3.3.1 Structural Features of C70+Ceo/Decanethiol/Au(111) Sample after Thermal Annealing

After the annealing, the C70+Ceso/DT/Au(111) sample was immediately transferred into the STM
when the sample temperature dropped down to RT (~ 290 K), and the initial arrangements of both
fullerene molecules are shown in Figure 6.13 (a). In this region, most of C70 and Ceo are shown in
the mixed disordered phase, with some small regions of & phase DT remaining within the large
Ces0/C70 domain. It indicates that both Ceo and C7o transfer into a liquid phase during annealing,
and diffuse randomly on the Au(111) substrate, which makes the fullerene molecules well mixed
with each other. In a few regions, as highlighted in yellow dotted line, it is noticed that the small
regions of mixed Cr7o-Ceo/DT dimer framework structure have started to form. Compared with the
time required for the C70/DT dimer row regions to appear, the formation of this dimer framework
structure takes much shorter time. In addition, as the self-assembled structures in
fullerene/alkanethiol system are strongly related to the local coverage of thiol molecules and the
fullerene-thiol ratio, it indicates that in these small regions, the coverage of DT and the fullerene-

DT ratio have no obvious change, so that the same dimer framework structure is able to reform.
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Figure 6.13 (a) The STM image collected soon after the annealing when the temperature of the
annealed C70+Ceo/DT/Au(111) sample drop down to RT. Most of fullerenes are in disordered
phase. The regions of initial mixed C70-Cso/DT dimer framework structure are highlighted in

yellow dotted lines. (b) The sample after left at RT for 2 hours. More of fullerenes start to form
into the dimer framework structure. (c) The sample after left at RT for 4 hours. The regions of

mixed C70-Ceo/DT dimer framework phases grow larger. (d) The STM image collected 12 hours
after the annealing. Most of disordered fullerene have joined the mixed C70-Cso/DT dimer

framework phase, which is consisted of C70-C7o dimers, Cgo-C70 dimers and Ceo-Coo dimers.

The STM image in Figure 6.13 (b) and (c) are collected several hours after the annealing. It is
noticed that the disordered fullerene molecules form into the mixed fullerene/DT dimer framework
structure in more regions simultaneously, and those existing dimer framework phase expand larger
significantly. According to this feature, we deduce that the coverages of Cego, C70 and DT in
disordered phase are relatively even on Au(111) substrate, which allows this dimer framework to

form anywhere within these disordered fullerene/DT domains.
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After the C70+Cso/DT/Au(111) sample is left at RT for about 12 hours, most of the fullerenes have
been consumed to form the mixed C70-Ceo/DT dimer framework structures, as shown in Figure
6.13 (d). The arrangement of C79 and Ceo seems to be well mixed, though in different regions the
local coverage of C7o or Ceo is relatively higher. Thus, there are in total three types of fullerene
dimers within this dimer framework, respectively C70-C70 dimers, Ceo-C70 dimers and Ceso-Ceo
dimers, which is the same with the mixed Cs0-C70/DT dimer framework we introduced in Figure
6.4. Overall, the C70 and Ceo molecules are evenly distributed. This large domain of dimer
framework is consisted of several small domains of dimer framework, and the fullerenes at the
boundaries of each dimer frameworks are still disordered. At the edge of dimer frameworks, there
is a clear boundary between fullerene and DT, which indicates that most of DT also have been

consumed to form this mixed C79-Ceo/DT dimer framework.

3.3.2 Statistical Analysis

The C70+Cs0/DT/Au(111) sample is found covered by this mixed C70-Ceo/DT dimer framework
phase formed with three types of fullerene dimers, as shown in Figure 6.14 (a). To collect more
details of this structure, we carefully counted the number of Cs0-Ceo dimers, Cso-C70 dimers and

C70-C70 dimers in a-type and B-type respectively, and the results are shown in the table in

Figure .14 (b).

131



Dimers Ratio

TYPE | Cgo-Coo | Co0-Cro | C707Cro
a 201 334 165
B 101 327 346

Total 302 661 511

Figure 6.14 (a) A 100 nm * 100 nm area on the C7+Cs0/DT/Au(111) sample selected for
counting the number of different types of fullerene dimers. (b) The table showing the number of

each type of fullerene dimers.

The table in Figure 6.14 (b) shows the numbers of all the types of dimerized fullerene in Figure
6.14 (a). In this area, there are in total 2948 fullerene molecules that participate in the formation
of this mixed C70-Cso/DT dimer framework domain, including 1265 Ceo molecules and 1683 Cro
molecules, and the Cgo-C7o ratio is thus about 3 : 4. Since we assume that both fullerene molecules
have been well mixed, this Ceo-Cro ratio reflects the overall number ratio of Ceo and C7o deposited
onto the DT/Au(111) sample. Among the 1474 fullerene dimers, there are 302 Cs0-Cso dimers
(20.49%), 661 Ceo-C70 dimers (44.84%) and 511 C70-C70 dimers (34.67%). If we deposited the
same amount of Cso and C7o onto the sample, the Cs0-Ceo : Cs0-C70 : C70-C70 dimers ratio would be

closeto1:2:1.

As we introduced in Figure 6.2 (b), this fullerene/DT dimer framework structure includes two
types of fullerene dimers, we then count the number of different fullerene dimers in a-type and B-
type. For Cgo-Cso dimers, 201 of them are in a-type and 101 of them are in B-type, and the a- ratio
is about 2 : 1; for Ce0-C70 dimers, 334 of them are in a-type and 327 of them are in B-type, and the
a-f ratio is about 1 : 1; for C70-C7o dimers, 165 of them are in a-type and 346 of them are in -

type, and the a-f ratio is about 1 : 2. It is noticed that Ceo-Ceo dimers prefer to form in a-type, and
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C70-C70 dimers prefer to form in B-type. According to the structural details of Ceo/DT dimer
framework structure, the distance of fullerenes in a-type dimers is close to distance of close-packed
Ceo, and that seems to be a preferred and more stable binding type for Ceo. However, that may
result in C79 over occupying the space, though they can still arrange into the a-type C70-C7o dimers
in a standing up orientation, it may require stronger local van der Waals interaction of DT to
stabilise the C70-C70 dimers. For the B-type dimers, that distance of fullerenes is relatively larger.
With a relatively larger space, C7o are able to slightly adjust their orientations and arrangements
have a more stable binding with the substrate and interact more effectively with the surrounding
DT molecules. For Cso molecules, the distance of B-type dimers is slightly too large, that without
the DT molecules in the gaps separating the Ceo, they would gather closer to keep a distance like
in a-type dimers, which would further result in the phase changing from Cso/DT dimer framework
phase to Ceo/DT dimer row structure as we introduced in Figure 6.2 (d). The distribution of Cgo-

C7o dimers is more even, with no obvious preference to arrange in a-type or B-type.

3.3.3 Formation of the Mixed Structure

Before we discuss the possible formation of this mixed C70-Cs0o/DT dimer framework structure, it
is necessary to introduce the thermal stabilities of C7o/DT system and Ceo/DT system on Au(111)
substrate first, which will lead to a better understanding of the formation of this mixed fullerene/DT

structure.

For C70 molecules, when they are deposited onto the 6 phase DT/Au(111) sample, the most stable
self-assembled structure we found is the C7o/DT dimer row structure. During the thermal annealing
of the C70o/DT/Au(111) sample, the C7o transfer into the disordered liquid phase, diffusing
randomly on the substrate. Then after the annealing, it takes about 24 hours for dimer row structure
to reform and about 72 hours for most of C7o transfer back into the dimer row structure at RT, as
we introduced in Table 4.1. According to our observation, the annealing temperature at 60 °C is
high enough to break the C7o/DT dimer row phase. However, there appears to be no great loss of
DT before the annealing temperature reaches to 110 °C, as the C70 and DT are always able to
reform into the same C7o/DT dimer row phase after being left at RT for the same time period. It
indicates that there is a relatively strong interaction between C70 and DT alkane chains, and this

interaction could prevent the DT to desorb significantly from the substrate during annealing.
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For Cgo molecules, the self-assembly of Cso/DT system is more complex. Due to the high symmetry
of Ceo, they are able to form various self-assembled structures with DT, and even a tiny difference
in coverage of DT could lead to a different structure. According to the previous work and our
observations, it is likely that there is a step-by-step phase changing for Ceo/alkanethiol system with
the reducing of alkanethiol coverage. From i) the large porous framework structure’, to ii) the small
porous framework?, to iii) the dimer framework structure (Figure 6.2 (b)), to iv) the dimer row
structure (Figure 6.6 (c)), to v) the single chain structure!, the fullerene-thiol ratio gradually drops.
Especially, in the work contributed by Xia et al., the Ceo/DT/Au(111) sample is treated with

thermal annealing from 50 °C to 120 °C. After each annealing, the self-assembled structures of

Ce0o/DT gradually transfer towards the phase with lower DT coverage, and eventually appear as

close-packed Ceo phase.

For this Ceo/DT dimer framework structure we introduced in Figure 6.2 (b), it forms on the
Cso/DT/Au(111) sample after the initial deposition of Ceo, but disappears after annealing (50 °C to
120 °C) and does not reform at RT, which indicates that there is an obvious desorption of the DT

molecules during annealing. It appears that the DT molecules on the Cso/DT/Au(111) sample are
less stable than on the C7o/DT/Au(111) sample. It is possible that the van der Waals interaction of
C70 and DT alkane chains is stronger than that of Cso and DT alkane chains. With a relatively larger
size of Cro, they are able to interact with DT more effectively, so that the van der Waals interaction
could be strong enough to stabilise the DT and prevent the desorption. While for Ceo, that van der
Waals interaction is less strong, thus the DT keep desorbing from the substrate during annealing.
With fewer DT molecules involved, the Cso/DT then arrange into the phase with lower fullerene-

thiol ratio.

When we add the C7o to Ceo/DT/Au(111) sample, it is interesting to notice that this Ceo/DT dimer
framework structure is able to reform after annealing with the participating of C7o. During
annealing, the C7o and Ceo both transfer into the disordered liquid phase, diffusing randomly on
the substrate, so that the two kinds of fullerenes are well mixed. Due to the relatively stronger
interaction of C79 and DT alkane chains, those evenly distributed C70 molecules help to stabilise
the local DT molecules, and the desorption of DT is thus significantly obstructed. With much less
loss of DT, the coverage of DT remains similar than that before annealing, and the Cgo then reform

into the dimer framework structure on Au(111) substrate, which indicates that the local fullerene-
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DT ratio remains the same. Though we have no specific values showing how effectively the C7o
reduce the desorption of DT during thermal annealing, we know that it is the effect of C7o that help

this self-assembled structure to reform.

In addition, we also notice that the mixed C70-Cso/DT dimer framework structure is the only
ordered structure that appeared after the annealing. However, according to our observation in
Figure 6.14, the amount of C79 molecules is about 33% more than Cso molecules on the sample,
while the overall self-assembled structure is still dominated by Ceo. Even in some local regions
where C79o molecules are only distributed, they still arrange into the dimer framework structure.
That feature is quite different from the feature we observed in Figure 6.3 before annealing, where
the Cro arrange into their own C7o/DT dimer row structure in the regions mainly distributed by Cro
molecules. Why the C70 molecules seem to be more preferred to form into Ceo/DT dimer
framework structure after annealing? Here we come up with some possible explanations for this

question.

1) The self-assembly of Cso/DT system is much faster than the self-assembly of C7o/DT system.
According to our observation, the Cso/DT self-assembled structures start to form within 2 hours
after deposition of Ceo or thermal annealing, and it takes about 24 hours for most of Cso/DT
domains transferring into the ordered phase. While for C70/DT system, it takes at least 24 hours
for the smallest unit of C70/DT dimer row phase to form, and about 72 hours for most of C7o/DT
domains transferring into the ordered phase. This difference could be strongly related to the
symmetries of Ceo and C79. With a higher symmetry, it is easier for Ceo to form into ordered phases
in various ways, on the contrary, the C;o are only able to form into ordered phases in several
specific molecular orientations, which requires a longer time period. It is possible that before the
C70 adapted into those specific molecular orientations, they have been guided by the Ceo/DT dimer
framework structure which already formed. In the area shown in Figure 6.3, the C70/DT dimer row
structure is able to form because most of Ceo have been consumed to form into the dimer
framework domain, and only the few Cgo molecules at the boundaries are able to diffuse into the
C70 domain without annealing, so that only the C7o close to the boundaries of Co/DT domain are
guided to join the dimer framework structure. For the rest of the C7o, which are less affected by
Ceo/DT structural inertia, they would have enough time to arrange into their own self-assembled

structures.
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i1) The formation process of Ce/DT dimer framework structure starts before the sample
temperature dropped to RT. As we introduced, the self-assembly of different system have different
properties, and the formation of self-assembled structures also varies at different substrate
temperatures'®2°. When the annealing of sample stopped, it takes about 2 to 3 hours for the sample
cooling down to RT. If the Cso/DT dimer framework structure have been forming during the
cooling process, till the sample temperature is eventually stabilised at RT, the self-assembly of
Ce0o/DT system would have lasted for a few hours. It is considered to be possible as we have
observed the ordered phase on Ceo/DT/Au(111) sample soon after the deposition or annealing.
While for the C70, even the sample temperature have dropped to RT, it still requires over 20 hours
for C70/DT self-assembled structure to form. Thus before the formation of their own structures, the
C70 molecules could have been consumed to form the Ceo/DT dimer framework. However, we have
not conducted any variable temperature scanning for our samples, and that needs to be further
studied with the equipment such as variable-temperature STM (VT-STM), which could provide us

with more useful information.

3.4 Simultaneously Deposition of Ceo and C79 on Decanethiol/Au(111)

Since we have observed the interesting self-assembled structure of well mixed Ce¢o and Cro
molecules on & phase DT/Au(111) sample after thermal annealing, we wonder if the similar
structures would appear when molecules are deposited onto the sample surface at the same time.
The deposition process provides the fullerene molecules with additional kinetic energy, enabling
them to diffuse further across the sample surface, which is similar to the effect of annealing the
sample. Therefore, we decide to simultaneously deposit the Ceo and C70 molecules onto the
DT/Au(111) sample, to compare with the features shown on the annealed C70+Cso/DT/Au(111)

sample.

3.4.1 Sample Preparation

To make the results more comparable, we prepare the sample using exactly the same method before
the deposition of fullerene molecules. The substrate we use is also a clean and flat Au(111) film,
and it is immersed into a 1 mM 1-decanethiol solution in ethanol (99.5%) for 12 hours at RT. The
DT/Au(111) sample is then transferred into the UHV chamber, treated with the thermal annealing
at 120 °C for 1 hour, during which the DT molecules partially desorb from the substrate and the
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remaining DT molecules arrange into 6 phase on Au(111) substrate. The evaporation sources of
Cso and C79 are then heated up to 410 °C and 380 °C respectively, and the o phase DT/Au(111)
sample is exposed to both evaporation sources simultaneously. The deposition time of Cso and C7o
is respectively 10 minutes and 5 minutes, so that the coverage of both fullerene molecules is
consistent with that of the annealed C70+Ceo/DT/Au(111) sample. The vacuum of preparation
chamber during deposition is kept below 1.0x10° mbar. And the prepared Ceo/C70/DT/Au(111)
sample is transferred to the analysis chamber of the LT-STM for imaging. The scanning of this

sample is conducted in UHV (~ 1.0x10""! mbar) at RT (~ 290 K).

3.4.2 Structural Features

Figure 6.15 (a) shows the sample soon after the deposition of Cgo and C70 molecules. The two
kinds of fullerene molecules mix well together and form into a large disordered fullerene domain.
Then, after the Cso/C70/DT/Au(111) sample is left at RT for over 24 hours (Figure 6.15 (b)), we
observe that the Ceo/DT dimer framework structure and C70/DT dimer row structure start to form
within the disordered fullerene domain. It is interesting to notice that these two structures seem to
appear at the same time on this sample, which is different from the features we have observed.
According to our discussion about the formation of different fullerene/DT self-assembled
structures, the Ceo/DT dimer framework structure is expected to appear much earlier than the
C70/DT dimer row structure, while the formation of Ceo/DT dimer framework structure seems to

be restricted until the C70/DT dimer row structure begins to form.
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Figure 6.15 (a) The STM image collected within 24 hours after deposition of fullerenes. The Ceo
and C7o molecules are still in disordered liquid phase. (b) The small regions of Ceo/DT dimer
framework structure and C70/DT dimer row structure appear on Cso/C70/DT/Au(111) sample after
the sample is left at RT for over 24 hours. (¢) The C7o/DT dimer row structure, the C70/DT porous
framework structure and the Cso/DT porous framework structure are found coexisting on the
substrate after the sample is left at RT for over 72 hours. Each structure is formed with both Ceo
and C79 molecules. (d) The mixed Cso/C70 dimer framework structure is observed on the sample

over 72 hours after deposition. The region size of this structure is limited.

After the Ceo/C70/DT/Au(111) sample is left at RT for over 72 hours, various self-assembled
structures of both Ceo/DT and C70/DT systems appear on the substrate, as shown in
Figure 6.15 (c). The C7o/DT dimer row structure, the C70/DT porous framework structure and the

Ceso/DT porous framework structure are found to coexist in this area, but the region sizes of each
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ordered phase is relatively smaller than those observed on pure Cso/DT/Au(111), C70/DT/Au(111)
and annealed C70+Cso/DT/Au(111) samples after being left at RT for over 72 hours
(Figure 6.15 (d)). The ordered phase on these samples are able to expand to over 100 * 100 nm?,
which indicates that most of the fullerene molecules have been consumed to form the ordered
phases. However, the maximum area of ordered phase appearing on this Ceo/C70/DT/Au(111)
sample is approximately 40 * 40 nm?, and only less than half of the fullerene molecules contribute
to the formation of ordered phase, as we observed in Figure 6.15 (c). The rest of the fullerene
molecules remain in disordered phase, even they are given more time to diffuse locally and interact
with DT molecules. It seems that not only the self-assembly process of the Cso/DT system are
restricted, but the self-assembly process of the all the molecules on this sample is affected. And
these self-assembled structures not only form more slowly, but also have lower coverages. We also
observe the mixed Cs0/C70 dimer framework structure on this sample, as shown in Figure 6.15 (d).
Similar with the features we mentioned above, the area of this dimer framework phase is small
than that appears on the annealed C70+Ceo/DT/Au(111) sample. The possible reason for this feature
will be further discussed later. Overall, the distributions of different ordered phases are relatively
close to each other. In a local region, either two or three ordered phases coexist or no ordered

phases appear at all.

Then we focus on the various of self-assembled structures observed on this sample.
Figure 6.16 (a) shows the two same structures as appearing on the C70+Ceo/DT/Au(111) sample
before annealing, respectively the C70/DT dimer row structure and mixed Cego-C70/DT dimer
framework structure. These two structures on different sample have the same structural features,

and the main difference is their region sizes.
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Figure 6.16 (a) The mixed fullerene/DT dimer framework structure and C7o/DT dimer row
structure observed on the C70+Ceso/DT/Au(111) sample. (b) The mixed fullerene/DT porous
framework structure and a new mixed fullerene/DT supramolecular framework structure

observed on the C70+Cso/DT/Au(111) sample.

In addition to these two same mixed fullerene/DT structures shown in Figure 6.16 (a), more of
mixed fullerene/DT structures are highlighted in yellow dotted lines in Figure 6.16 (b). In this
region, we observed the Ceo/DT supramolecular framework structure’ and the C7o/DT porous
framework structure, which have only been observed on pure Ceo/DT/Au(111) sample and
C7o/DT/Au(111) sample respectively. Similar with the features of mixed C70-Cso/DT dimer
framework structure, some of the C79 and Ceo molecules within their ordered phases are replaced
by the other kinds of fullerene molecules, and thus they form into the mixed C70-Ceo/DT

supramolecular framework structure and the mixed Ceo-C70/DT porous framework structure.

In the region of mixed C70-Cso/DT supramolecular framework structure, the C7o replace some of
the Ceo, arranging into this structure in a standing up molecular orientation. And thus we can easily
distinguish the C7o within this phase according to the molecular heights (brightness). However,
this mixed C70-Ceo/DT supramolecular framework is still slightly different from that of pure
Ceo/DT systems, that there are some fullerene dimers filled within this framework, which are likely
to be contributed by the Cro in different molecular orientations. However, we have not come up

with a specific result due to the lack of LT scanning data. For the region of mixed Ceo-C70/DT
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porous framework structure, it is also easy to distinguish the Cgo molecules within this phase,
where the Cso molecules are lower and shown as dimmer molecules in the STM image. From the
features shown on this C70+Ceo/DT/Au(111) sample, we speculate that as long as there are proper
coverage of DT molecules on Au(111) substrate, both C70 and Ceo have the ability to join any self-
assembled structures of the other fullerene molecules. And thus it is possible for us to guide the

fullerene molecules to form into a specific structure through the effect of structural inertia.

3.4.3 Formation of Structures

According to our observation, the formation of the self-assembled structures on this
C70tCs0/DT/Au(111) sample is slower compared with the other samples we introduced previously,
and the final ordered phases have rather small region sizes. During the deposition of fullerene

2122 \which allows

molecules, both Cso and C70 molecules are given relatively higher kinetic energy
them to diffuse further on the substrate though the sample temperature is always kept at RT. Thus,
the Cgo and C70 molecules are able to mix well on the substrate, as we observed in Figure 6.15 (a).
Without annealing of the sample, the distribution of DT molecules remains uneven, which makes
the local fullerene-DT interactions in different regions vary. And that is the most possible reason
for various of fullerene/DT self-assembled structures forming on this sample. If the DT molecules
diffuse as freely as fullerene molecules during the deposition, both DT and fullerene molecules
were supposed to well mixed and form into a relatively more stable structures, as shown in Figure
6.13 (d). However, these various self-assembled structures shown on the C70+Ceo/DT/Au(111)
sample only occupy the rather limited area, and over half of the fullerene molecules remain in

disordered phase when the molecules are locally stabilised at RT. Here we come up with several

possible factors.

1) The C70 molecules within the fullerene/DT domain affect the self-assembly of Cso/DT system.
As we discussed in Figure 6.15 (b), the formation of Ceo/DT dimer framework structure appears
to be restricted after the deposition, and this structure is observed until the C7o/DT dimer row
structure has formed. According to the shape of C70 molecules, we deduce that there is a stronger
van der Waals interaction of C79 and DT alkane chains. As the C70 molecules evenly distributed
within the disordered fullerene/DT domains, the DT molecules are thus locally held by
neighbouring C70, which makes it harder for Ce to interact with DT alkane chains and arrange the

DT as they preferred. Then till the C70/DT self-assembled structures start to form, some of Cro
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molecules are consumed and stabilised in the ordered phases, and the neighbouring DT are freer
to interact with Ceo, so that the self-assembly Ceo/DT is then able to start. In other words, if the C7o
are unable to form into an ordered phase with DT, then the C¢o in the neighbouring area cannot
form into any ordered phase either. And it is consisting with our observation that the Ceo/DT

ordered phases always appear next to the C7o/DT ordered phases, as shown in Figure 6.15 (c).

i1) The uneven distribution of DT on the Au(111) substrate could also be one of the main reasons.
As we introduced in Figure 4.1 (b), the distribution of DT on Au(111) substrate after 120 °C
annealing is not even, and the coverage of DT varies from 0.33 ML to 0.23 ML. As we analysed,
the C70 molecules restrict the diffusion of DT, and the local coverage of DT is thus partially fixed.
Meanwhile, the diffusion of C7 is also restricted by neighbouring Ceo and DT. With almost the
same amount of Ceo occupying the Au(111) substrate, it is harder for C7o to arrange onto their
preferred binding sites. Without a proper fullerene-DT ratio, the fullerene/DT self-assembled
structures are then unable to form, and it remains disordered phase in most of regions on the

Cr0+Ceo/DT/Au(111) sample.

4. Conclusion

4.1 Summery

In this chapter, we mainly investigate the multicomponent self-assembly of mixed fullerene/DT
system on Au(111) substrate. Three samples are treated with different deposition methods of
fullerene molecules: 1) DT/Au(111) + Ceo + Cro; 11) DT/Au(111) + C70 + Ceo; ii1) DT/Au(111) +

Ce0/C70. The sample 1) and ii) are also treated with the thermal annealing at 70 °C.

For the sample 1) and i1) before thermal annealing, it is found that both the self-assembled
structures of Ceo/DT system and C70/DT system appear to guide the following added fullerene
molecules to join the pre-existing ordered phase. After the self-assembled structures of the first
deposited fullerene molecule formed, the arrangement of DT molecules at the boundaries are
strongly fixed by the neighbouring ordered phase. And for the other fullerene molecules diffusing
to the boundaries, they will be guided to adjust their molecular orientations and arrangements to
fit into the pre-existing ordered phase, and we consider that as a low-strained phase growth with

the guidance of structural inertia. In addition, when the Ceo regularly arrange into the C70/DT dimer
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row structure, the whole dimer row structure are also arranged more regularly due to the higher

symmetry of Cgo molecule.

From the data of the sample i) and ii) after thermal annealing, we have found the most stable
multicomponent self-assembled structure of Ceo/C70/DT system when all the molecules are well
mixed and stabilised. This mixed structure is dominated by Cso/DT self-assembly, and both two
types of fullerenes are arranged into the Ceo/DT dimer framework structure. As it requires specific
molecular orientation of C7o within their own structures, most of the C79 have been consumed by

Ceo/DT self-assembly before the formation of C70/DT self-assembled structure.

From the DT/Au(111) + Ce0/C70 sample, we have observed various of Ceo/DT and C70o/DT self-
assembled structures contributed by both Ceo and C7o fullerenes, which reveals a high potential of
the fullerene-alkanethiol system. By adjusting the coverage of thiol molecules on substrate and the
ratio of fullerene molecules, it is possible for us to guide the fullerene molecules to form any

specific self-assembled structures through the effect of structural inertia.

4.2 Improvement

Although the results of this experiment have revealed many interesting phenomena of
multicomponent self-assembly in fullerene/DT system, there are still many improvements to be

made.

1) It would be very helpful to conduct the variable temperature scanning for the samples. Through
the continuous scanning of sample during the thermal annealing process, the thermal stabilities of
the C70/DT and Ceo/DT system can be clarified, and the gradual phase changing of fullerene/DT

system could also be observed.

i1) We can also try to change the Cs0-C7o ratio on the sample by adjusting the deposition time of
them. According to our discussion in Figure 6.14, with the Ce0-C7o ratio of 3 : 4, the self-assembly
is still dominated by Ceo/DT. If we gradually increase the amount of C7o molecules, it is expected
that an obvious phase changing would be observed at a certain Ceo-C7o ratio, which can provide us

with a more straightforward comparison of Ceo/DT and C7o/DT self-assembly.

ii1) To investigate the universality of this property of fullerene-alkanethiol self-assembly, we can

repeat the experiment with more types of fullerene molecules and alkanethiol molecules, to
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investigate whether they have the similar properties. And this may provide new insights for surface

synthesis.
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VII. Conclusions

I have conducted experimental investigations on the co-assembly of DT molecules and fullerene

molecules. Both Cgo and C7o are able to mix with DT to form regular two-dimensional structures

on Au(111). The van der Waals interaction between the alkane chains of DT and the fullerene cage

plays an important role in stabilising the fullerene/DT structure. The major findings from this study

arc:

1))

2)

3)

4)

S)

The dense ¢ phase of DT is not permissible to fullerene molecules. The close-packed
alkane chains in the ¢ phase prevent fullerene molecules reaching the Au(111) substrate.

Moreover, the fullerene molecules cannot stay on top of the DT layer at RT.

The lower coverage & phase consisting of nearly flat-lying alkane chains can accommodate
fullerene molecules. Fullerene molecules interact directly with the Au(111) substrate. The
interaction between the fullerene molecules and the DT chains prevents the fullerene
molecule from forming phase-separated closed-packed structure. With the addition of
fullerene molecules, DT molecules change their tilt angle from around 0° toward 90°. The
flat-lying to standing up switching facilitates van der Waals interaction between DT and

fullerene.

The DT-fullerene co-crystal has limited stability. Above 70 °C, the crystal would go
through an order-disorder phase transition. Above 120 °C, partial desorption of DT occurs
leading to the formation of close-packed fullerene. The formation of close-packed fullerene

is irreversible.

C70/DT has a rather simple structure composed of C79 dimer rows running in the [112]
direction. Crg take the lying down configuration with its long axis parallel to the substrate.

There is also a framework structure which is less frequently observed.

Ce0/DT can form a variety of stable structures. In comparison to C7o, Ceo appears to be

much more adaptive and can interact with DT more effectively.
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When Ceo, C70 and DT are mixed at 70 °C, a regular mixture can form upon cooling to RT. This
three component mixture follows one of the Ceo/DT structures with C7o randomly replacing Ceo.
Cro 1s forced to take the standing up orientation so that it takes up the same area as Cego. In the

following, each of the observed structures are further elaborated.
1. C7o/Decanethiol Bicomponent Self-Assembly on Au(111) Surface

1.1 Summary

Through the RT scanning of the sample, we have collected enough information showing the
structural details of the C70/DT self-assembled structures. In addition, the formation and the
thermal stability of these structures are also observed form our data, which help us to

comprehensively understand this system from multiple perspectives.

The intramolecular information of C7o and the position of DT within the C70/DT self-assembled
structures are revealed through the LT scanning at 77 K. The C7o/DT dimer row structure, C70/DT
porous framework structure and the C70/DT trimer row structure are analysed in detail, and the
possible models of each structure showing the arrangements of C7o and DT on Au(111) substrate

are established.

1.2 Further Work

1.2.1 LT Scanning at S K

It would be helpful to conduct the LT scanning at LHe temperature. With a lower temperature of

the sample, there would be less thermal motion, and this would lead to improved resolution.

1.2.2 Refine the 6 Phase DT Model on Au(111) Surface

As we previously mentioned, that the deposition of C79 might cause some DT to desorb leading to
reduced coverage. However, when we tried to deposit Cro at different temperatures, the features
shown on the sample have no obvious difference. It indicates that adding C70 may not cause
changes in the DT coverage. And that could explain why there is a sharp boundary between C7o/DT
dimer row phase and the & phase DT, as we mentioned in Chapter IV Figure 4.1. As we are still

unable to directly observe the whole DT chains and the S-Au-S staple, this fullerene-DT system
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could provide us indirect evidence for the coverage of DT in 6 phase. Meanwhile, the LT data of

DT can also provide the useful information about the arrangement of DT.

1.2.3 More Useful Information from Other Instruments

1) Scanning tunnelling spectroscopy (STS): to find the DOS change of Co; 11) X-ray photoelectron
spectroscopy (XPS): to find the interactions between C70-C7o, C70-DT; iii) density functional theory
(DFT) calculation and simulation: to prove our model or to find the more reasonable arrangements

of the molecules within the self-assembled structure.

2. C70/Ceo/Decanethiol Multicomponent Self-Assembly on Au(111)
Surface and the Guided Molecular Self-Assembly

2.1 Summary

For the sample 1) and ii) before thermal annealing, we have noticed an interesting phenomenon
that both of the self-assembled structures of Cs0/DT system and C70/DT system appear to guide the
following added fullerene molecules to join the pre-existing ordered phase. After the self-
assembled structures of the firstly deposited fullerene molecule formed, the arrangement of DT
molecules at the boundaries are strongly fixed by the neighbouring ordered phase. And when the
other fullerene molecules diffusing to the boundaries, these will be guided to adjust their molecular
orientations and arrangements to fit into the pre-existing ordered phase, and we consider that as a

low-strained phase growth with the guidance of structural inertia.

From the DT/Au(111) + Ce0/C70 sample, we have observed various of Ceo/DT and C7o/DT self-
assembled structures contributed by both Ceo and C7o fullerenes, which reveals a high potential of
the fullerene-alkanethiol system. By adjusting the coverage of thiol molecules on substrate and the
ratio of fullerene molecules, it is possible for us to guide the fullerene molecules to form any

specific self-assembled structures through the effect of structural inertia.
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2.2 Further Work

2.2.1 Variable Temperature Scanning

It would be very helpful to conduct the variable temperature scanning for the samples. Through
the continuous scanning of sample during the thermal annealing process, the thermal stabilities of
the C7o/DT and Ceo/DT system can be clarified, and the gradual phase changing of fullerene/DT

system could also be observed.

2.2.2 LT scanning at 5 K.
The fullerene and DT molecules will be more stable on the surface when the temperature drop
down to 5 K. And it could be easier for us to find the clear molecular orientations for both C79 and

Cs0, which would provide us with direct evidence to prove our model.

2.2.3 Expansion of Guided Molecular Self-Assembly

To investigate the universality of this property of fullerene-alkanethiol self-assembly, we can
repeat the experiment with more types of fullerene molecules and alkanethiol molecules, to
investigate whether they have the similar properties. And this may provide new insights for surface

synthesis.

3. Potential Applications

1) Nanoscale patterning

The self-assembly of fullerene/decanethiol on substrates (gold or other metals) enables precise
control over nanoscale patterns. This can be used in nanolithography or to create templates for
building complex nanostructures, such as quantum dots or nanowire arrays, with applications in

sensors and optoelectronics.
2) Organic field-effect transistors

The excellent electron-accepting properties of fullerene make it a strong candidate for n-type
semiconductors in organic field-effect transistors. Decanethiol SAMs can act as dielectric layers
or molecular linkers to improve charge transport and interface stability between fullerenes and

electrodes, enhancing device performance in flexible electronics.

3) Functional coatings
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Fullerene/decanethiol assemblies can be used to create thin films with tailored electrical, optical,
or thermal properties. For instance, these coatings can be applied to sensors, optical devices, or
energy storage systems, where the fullerene contributes conductivity or light absorption, and the

thiol ensures uniform deposition.
4) Photodetectors and sensors

Fullerene’s ability to absorb light across a wide spectrum, combined with decanethiol’s role in
forming stable, ordered films, makes these assemblies suitable for photodetectors or optical
sensors. The thiol layer can also be used to tune the bandgap or enhance charge transfer in these

devices.
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