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Summary

Rotaxane molecules (interlocked molecules consisting o f two parts bonded 

mechanically) have an inherent multi-stability. The relative positions of the sub- 

molecular components can be altered through external stimuli, a functionality that has 

been proven in solution-phase experiments. There has however, been no local, 

molecular-scale demonstration that the functionality of these molecules can be 

retained if the molecules are fixed to a surface.

In this work, Hydrogen bond assembled, switchable rotaxane molecules, assembled at 

a surface in thin films through a solvent deposition technique, have been studied 

locally by atomic force microscopy (AFM). Through this information, the effect of 

film preparation conditions, solvent character, and molecular structure upon potential 

rotaxane mobility at surfaces has been analysed. A set of experimental protocols has 

been established to produce well-ordered, molecularly-thin films, in which the 

rotaxanes are least likely to Hydrogen bond to neighbouring molecules.

Using Frequency Modulation AFM in ambient conditions, the local, molecular-scale, 

structure of these films has been observed for the first time. By recording an AFM 

signal called dissipation at the molecular-scale, which reflects the local dynamic 

properties of the molecules, a method for the detection of rotaxane switching is 

proposed. The local investigations are extended to longer, more complicated, rotaxane 

molecular ‘shuttles’ (so-called because of the character of the motion of the sub- 

molecular components). The switching technique is also developed further to include 

the rotaxane shuttle architectures, and using mixed monolayer films o f rotaxanes, the 

molecular-scale AFM signals o f the shuttling molecules during the switching process 

can be compared to a non-functional, yet similar, ‘reference’ rotaxane molecule.
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Chapter 1: Introduction
“There 's Plenty o f Room at the Bottom ”

Feynman, R. P. The Pleasure o f  Finding Things Out (Perseus Books: Cambridge, 
Massachusetts, 1999). www.its.caltech.edu/~feynman

1.1 Nano Function
The understanding, manipulation and utilization o f the nanoscale interactions and 

functionality o f  molecules have many benefits, including: (i) the potential for 

miniaturization o f current technologies which could, in theory, allow for significant 

response time and storage capacity increases, whilst simultaneously reducing cost; (ii) 

devices that would otherwise not exist, like artificial superhydrophobic surfaces' and 

chemical-specific sensors can be created.

In general, properties o f nanoscale materials do not scale to macroscale systems and 

so must be investigated at the nanoscale. One o f the core foundations o f nanoscience 

is that when dimensions approach a few atomic diameters matter no longer behaves 

according to the laws o f classical physics. For example, in electronic device 

manufacture quantum tunnelling effects must be considered, while nanoparticles of 

these dimensions have very large surface area to volume ratios, meaning that often the 

properties o f the surface dominate in lieu o f the bulk material properties. Fluid flow at 

length-scales similar to that o f the constituent fluid elements cannot be modelled by 

classical fluid flow models.

1.2 Nanotechnology -  advancing technology
There are two ways that the ongoing miniaturization o f technology can continue. One 

way is through refinement and scaling down o f current “top-down” processes (where 

the device is sculpted from the greater whole). Already the limits o f this approach are 

being encountered -  the newest semi-conductor production technologies must use 

immersion lithography for accurate pattern definition. This effectively reduces the 

wavelength o f the light used by a factor equal to the refractive index o f the liquid. The 

alternative approach is the use o f bottom-up processes, where the patterned structures 

are built through self-assembly o f the constituents. An example o f current research in



this area is the investigation o f  the grow th o f  sem iconducting nanow ires directly on 

Silicon substrates with specific orientations.^

In the interim  betw een current state-of-the-art and the adoption o f  purely ‘bottom -up ' 

strategies, there will o f  course be techniques that share traits o f  both approaches. For 

exam ple the self-assem bly o f  a block copolym er m aterial on a surface already
. 4

lithographically patterned can serve to reduce existing feature sizes.

1.3 Self Assembly I -  mimicking Nature
The concept o f  self-assem bly is core to all o f  nanoscience, both from  the perspective 

o f  chem ical synthesis and from  the perspective o f  surface patterning. Ever since the 

elucidation o f  the double-helix structure o f  DNA, which is stabilized by selective 

H ydrogen-bonding, there has been a revolution in the field o f  chem ical synthesis. The 

principles o f  biom olecular organization are being understood, adapted and applied to 

synthetic system s. Functional nano-devices are present in every living being. Large 

Ribonucleic Acid (RNA) com plexes have been observed to function as m olecular 

factories,"*’ unzipping DNA, reading the encoded inform ation and assem bling a protein. 

A denosine Triphosphate (A TP) Snthase has the form o f  a m olecular motor,^ and is 

involved in the production o f  ATP, the com pound that transports chem ical energy 

w ithin cells. It is the highly specialized functionality, and program m ed self-assem bly 

that has evolved over m illions o f  years, that M an seeks to understand and mimic.

1.4 Interlocked Molecular Architectures
W ith all the recent excitem ent in the scientific com m unity about the possibilities o f  

nanotechnology, m any scientists have been re-exam ining com plex interlocked 

m olecular architectures -  previously considered m ainly as beautiful curiosities. Some 

interlocked architectures are illustrated in Figure l . l .  A “Catenane” is com posed o f  

interlocked m acrocycles in sim ilar fashion to the Olym pic rings, while a typical 

“Rotaxane” architecture is one (or m ore) m acrocycle(s) threaded by a dum bbell

shaped sub-m olecule.
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Figure 1.1: Some Interlocked structures; the Olympic flag, and a simple model of rotaxane 
structure. ‘A’ and ‘B’ can be any molecular species, and are  not bonded chemically.

It is perhaps the resemblance of the motions o f interlocked molecules to everyday 

mechanical machines, and the intuitive stimulus-response characteristics so easily 

described in these terms, that has led to their common association with the very heart 

of nanoscience. However, just because the behaviour o f these molecules is so easily 

explained by analogy with the macroscopic world, does not mean that their potential 

functionality in nanoscale devices is diminished. This year, researchers at the 

University o f California, Los Angeles, in collaboration with Hewlett-Packard, 

announced a working molecular memory based on the reversible translational motion 

of macrocycles inside an interlocked molecular architecture.^ Although many would 

argue that these devices are slow, or that for true molecular electronics applications 

we need molecules that can function as transistors and systems that exhibit gain, this 

level of control at the molecular level is remarkable.

Nevertheless, the exact underlying mechanism for the functionality of these devices 

remains a mystery, despite much evidence by secondary and/or averaging techniques, 

it has proven impossible to elucidate definitively, and without opposition, the exact 

mechanism of, for example, the Stoddart-Heath molecular switches,* or indeed to say 

for sure if  the motion o f the molecular components in the solid state is the explanation 

for the functionality o f the device. Furthermore, direct observation o f these effects 

would be invaluable in refining these potential device components, which could lead 

to the possibility o f building devices that can actually rival the functionality and 

versatility o f silicon technology. This is where a fundamental study of model systems
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such as simple rotaxanes, at surfaces, is necessary to elucidate basic facts about 

molecule-molecule and molecule-surface interactions and their effect on sub- 

molecular mobility in rotaxane and catenane molecular machines.

1.5 Self-assembly II - molecules and atoms at surfaces
If molecular machines are to be exploited as electronic switches or sensing devices

there are four key factors that must be considered: functionality, order, addressability, 

and durability. The functionality o f  the molecules is the most important factor, and the 

other three factors, especially order and addressability are somewhat integrated. The 

rotaxanes’ surface properties are explored in this thesis with these ideas in mind.

Many elegant molecular systems have been designed with specific functionalities that 

involve molecular rearrangements or some kind o f reaction taking place.*  ̂ For the 

most part the functionality o f  these systems is tested in solution environments. In most 

cases it remains to be proven that the molecular system in question functions as 

intended when confined at a surface. Ordering o f atoms and molecules can be 

achieved through self-assembly via physorption or chemisorption if  the molecular or 

atomic size is tailored to the atomic pattern o f the surface. As an example a sulfide 

functional group will easily bind to Gold, and molecules with this functionality form 

monolayers on the A u ( l l l )  surface (Self-Assembled Monolayers (SAM s)).'^ The 

molecules in a SAM are typically long alkyl chains with a sulfide functionality to bind 

to the surface. The long alkyl chains can be modified to incorporate H-bonding groups, 

so that neighbouring molecules pack more closely together with a subsequent increase 

in film order.

The current means o f  accessing a device is through tiny metal connects, where the 

solid state device has been sculpted from a greater whole. Addressing individual 

molecular devices would seem to be beyond the scope o f lithographic patterning. Not 

only will the device need to function, and assemble into a pattern, but scaling to the 

outside world will require that the connections to these devices are also self

assembled. One might imagine incorporation o f patterned nanowires for the 

connection o f neighbouring devices, with scaling upwards involving successively 

larger patterned nanowires.
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This thesis explores the self-assembly at surfaces o f interlocked rotaxane molecules, 

themselves made through a templated self-assembly process (discussed in section 2.4). 

Self-assembly at a surface is complementary to molecular self-assembly. The 

understanding o f this field has been primarily driven by investigations using probe 

microscopy investigations, which is the primary tool o f  the experimental data 

presented in Chapters 4, 5 and 6.

1.6 Probe Microscopies
The invention o f the Atomic Force Microscope (AFM) came as an offshoot o f the 

Scanning Tunneling Microscope (STM). The existence o f a tunneling current, through 

an insulating barrier, between two conducting surfaces in close proximity is predicted 

by quantum mechanics. Tunneling through a vacuum barrier was first demonstrated 

experimentally by Binnig et al. by controllably bringing a sharp conducting tip in 

close proximity to a conducting surface.” By scanning the tip over the surface at a 

constant value o f  tunnel current a topographic picture o f  the surface with 

unprecedented resolution was produced.'^ The tunnelling current is extremely 

sensitive to distance (the tunnelling current varies exponentially with distance), so 

atomic resolution was demonstrated relatively quickly by this method.'^ Although the 

STM does not measure force, researchers noticed that the STM could measure large 

atomic-scale corrugations that could not be explained by a conducting model alone -  

the scanning tip was experiencing a force.

Binnig et al. constructed the first AFM by using an STM to sense the motion o f a 

cantilever made o f  gold foil with a sharp diamond attached as the tip which was 

brought into proximity to an insulating sample.'*^ This technique was capable o f 

imaging non-conducting samples because the motion (or deflection) o f the cantilever 

was dependent upon the force experienced by the tip. Now a sample could be imaged 

by scanning the tip over the surface at a constant value o f  deflection, which produced 

a topographic picture o f  the surface corresponding to a region o f constant force 

between the tip and sample. The STM was soon replaced as the means o f measuring 

the lever displacement by optical methods like specular laser reflecdon,'^ and 

interferom etry.’  ̂This simple “contact mode” AFM technique was able to successfully

5



17 j g
obtain lattice images of various surfaces, including Graphite, amino acid crystals, 

and NaCl.'*^ The lack of observation of atomic- and molecular-scale defects, and the 

fact that the load applied during imaging was typically much greater than the loading 

limit for a single atom, meant that the images obtained were not yet truly atomic 

images. By carefully balancing the applied load in aqueous conditions however, 

Ohnesorge et al. were able to resolve atomic-scale kinks, which corresponded to 

point-like defects, along mono-atomic step lines of calcite.^^

Eventually in 1995 by adopting a technique that measured the frequency response o f a 

deliberately oscillated cantilever, as the attached tip approached the surface, Giessibl 

et al. could obtain the first images of the Si(l 11) 7x7 structure in Ultra-High Vacuum
91 •(UHV). The technique was capable of much reduced loading forces on the sample 

during imaging. Later that year single defects and their motion was o b se rv e d .A s  

ideal experimental parameters were gradually (empirically) determined, obtaining true 

atomic resolution in UHV became more and more routine.

Some groups turned the attention of their ultra-sensitive dynamic AFMs towards the 

study of molecular films for their potential applications as functional devices. By 

investigating molecular films such as SAMs on Au(l 11),^  ̂and Fullerenes on Si,̂ '* this 

technique has added a new dimension to the knowledge already garnered by STM of 

these molecules. Since the AFM does not require a conducting or semiconducting 

surface, the AFM can investigate systems that the STM cannot, so larger molecules or 

even living biological systems can be investigated.

The adoption of dynamic modes o f operation (discussed thoroughly in Chapter 3) and 

the resulting increase in sensitivity has allowed high-resolution molecular studies to 

be carried out. In addition, extra channels of information are accessible, which give 

insight into local material properties because of the measurable energy loss from tip to 

sample. This energy loss (dissipation -  Chapter 3) has a material dependence and 

molecular scale contrast, and is exploited in this work.
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1.7 Thesis Overview:
This thesis has been undertaken during a period o f rapid development/excitement in 

the fields o f AFM, Rotaxanes and Interlocked Architectures.

With regard to the importance o f self-assembly emphasised above, in this thesis I 

investigated rotaxane molecular machines with a view to clarifying two o f the 

fundamental questions about these molecules when incorporated at a surface. That is, 

will they assemble (can we make films with order), and will they function under the 

confining influence o f the surface. The kind o f understanding I have been looking for 

is one that can be applied to a range o f molecules as opposed to specific molecules, 

with a view to establishing rules for rotaxane assembly to maximize retention o f 

functional properties that have been established in the solution phase.

Initially I studied the formation o f rotaxanc films from various solvent types. 1 first 

observed that certain macrocycle functionalities resulted in films that were substrate- 

aligned. and also that the packing seemed to depend upon the nature o f  the solvent 

used during deposition. The substrate-alignment inferred that at the molecular scale 

molecules should be aligned. This was the first known evidence o f  local molecular- 

scale packing information for rotaxane molecules.

One o f the initial intentions o f this work was to investigate rotaxanes at a molecular 

level. The Jarvis research group had members who had historically been involved in 

molecular-scale investigations o f DNA, SAMS etc. under UHV conditions. At the 

time the UHV environment was the only place such investigations were possible 

(because o f the enhanced sensitivity associated with the lack o f dam ping o f  AFM 

lever oscillations). I developed a fruitful collaboration with a UHV AFM laboratory in 

Kyoto University, Japan. I studied the ordered rotaxane films and established a 

surface reconstruction model. This model is discussed in Chapter 5.

I brought my knowledge and experience gained during this time back to the 

Laboratory in Ireland. Because the rotaxane films were created in ambient conditions 

and then transferred to the UHV environment. I had high confidence that the 

reconstructions would still be present in ambient conditions, with the only obstacle 

being instrument sensitivity. 1 modified an Asylum M FP-3D"^ AFM (section 3.5) and
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using the Frequency Modulation AFM technique {section 3.3.2) managed to achieve 

molecular resolution in air. These measurements also verified that the local 

molecular-scale tip-sample energy transfer could be measured. At this time there 

really was only one other study of molecules done outside of UHV, which was done 

on a chemically adsorbed, close-packed, highly uniform SAM on Au sample -  much 

different to the physically adsorbed and easily displaced rotaxane films I was studying. 

This other study was in fact carried out by the group 1 collaborated with in Japan, 

using a modification o f a completely different AFM system.

A lot of the work was done at the beginning o f my time as a PhD student into the 

study of the formation of ordered rotaxane films, and while it was exciting to be 

developing cutting-edge molecular-resolution-capable equipment I felt that there was 

important information to be gleaned from this early data. I therefore revisited the film 

preparation work with a view to expanding the data-set to gain some real statistics 

about the film formation process. Another reason was that the switching experiments 

of rotaxanes at surfaces that 1 was trying were producing unclear results, and it 

became apparent that I needed to be sure that the film deposition conditions were 

optimal for maximizing the potential for rotaxane functionality. Some of the 

experiments 1 carried out included systematically varying the important solvent 

parameters during rotaxane deposition. This work is described in Chapter 4.

During this time Dr. Takeshi Fukuma, a collaborator of mine from Kyoto, came to 

Ireland to work with our group. He brought considerable expertise to the group and 

built an advanced low-noise AFM. In parallel with expanding the solvent data set and 

analysing this data I began working with Dr. Fukumas instrument to establish 

experimental protocols for examining the even more challenging long-chain rotaxane 

shuttles.

The final analysis o f the solvent data was therefore done subsequent to the work 

described in Chapter 5 and most of that in Chapter 6. Flowever the chapters are 

presented in the order o f initiation of the work for ease of understanding. The data 

presented in Chapter 4 and the resulting publication^'^ suggest that acetone is not an 

ideal solvent for rotaxane film formation to favour the occurrence of sub-molecular 

motion. By no means does this invalidate the data in Chapters 5 and 6, in which I



continued working with acetone in order to maintain experimental consistency. This is 

important especially when using previous results to aid in the calculation o f a 

molecular-scale model for the rotaxane shuttle surface reconstruction (the values 

calculated in section 5.5.1, were used to aid in the calculation o f the model illustrated 

in Chapter 6, Figure 6.3).

1 thereafter achieved simultaneous molecular-scale resolution o f 2 rotaxanes - a 

reference (non-shuttle) and a switchable shuttle, with simultaneous imaging o f 

material dependant -  rotaxane molecular type dependant energy dissipation contrast, 

(this work is described in section 6.8). This gives us multiple channels through which 

to detect rotaxane switching. At the time o f submitting this thesis, to the best o f my 

knowledge, there have been no other published molecular resolution studies o f 

rotaxanes in a tllm. Furthermore due to the challenges o f high-resolution imaging very 

few other ambient molecular-scale studies have been done (for a review o f other work 

in this area see section 5.2).
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Chapter 2: Materials

2.1 Introduction

In this chapter I present a detailed background o f interlocked molecules, especially 

rotaxanes, as well as the current status of research in this field. Particular attention is 

paid to the functionality of these molecules, including the various stimuli that can 

activate their inherent multistability. I introduce the family of Hydrogen bond 

assembled rotaxanes that are the focus o f the work presented in this thesis, detailing 

their synthesis, structure and functionality. Previous investigations of interlocked 

molecules and rotaxanes, and their functionality, at surfaces, are detailed, noting in 

particular the application of probe microscopy in these studies. This background helps 

better plan experiments for detection of rotaxane functionality at surfaces and to 

understand the results presented in chapters 4, 5 and 6.

2.2 The Mechanical Bond - Interlocked molecules

Some of the interesting interlocked architectures, introduced in Chapter 1, include 

catenanes (consisting of two interlocked macrocycles), rotaxanes (consisting o f a 

macrocycle trapped onto a linear thread part by two large steric blocking groups, and 

pseudorotaxanes similar to a rotaxane, yet without the need for a steric blocker. A key 

point is that they are still single molecules, but connected by a physical rather than a 

chemical bond. Their interlocked nature implies an inherent multistability -  that is co- 

conformational energy minima of perhaps similar, perhaps very distinct values -  and 

this multisability suggests that with a little imagination we can control this bistability 

by some external means.

Catenanes, from the Latin catena meaning chain, are molecules which contain two or 

more interlocked rings, which are inseperable without the breaking of a covalent bond. 

Rotaxanes, from the Latin rota meaning wheel, and axis meaning axle, are comprised 

of a dumbbell-shaped component, in the form of a rod and two bulky stopper groups, 

around which there are encircling macrocyclic component(s). The stoppers o f the 

dumbbell prevent the macrocycle(s) ‘de-threading’ from the rod. When these stopper 

groups are absent from the ends of the rod, or if the bulky groups are of insufficient 

size to stop potential ‘slipping’ or ‘de-threading’ o f the macrocycle, we refer to the
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corresponding complexes as pseudorotaxanes. The nomenclature employed with these 

systems involves placing (in square brackets) the number of the components before 

the name of the compounds or complexes.Thus, a [2]catenane is comprised of two 

interlocked macrocycles, a [2]rotaxane is comprised of one dumbbell component and 

one macrocycle, and a pseudo[2]rotaxane is comprised of one macrocycle with a 

rodlike molecule inserted through its center.

Resin

/ / ' / / / / HO.
\ /

,0

2 NaMCOj, MeOH. a

Figure 2.1: Reaction mechanism for the production of the first ever rotaxane molecule. This is 
adapted from the 1995 review by Amabilino and Stoddart.'

The first synthesis of a [2]rotaxane as shown in Figure 2.1 was reported by Harrison 

and Harrison in 1967. They called it a “hooplane”, and it was created by the 

“statistical” approach, which is the chance formation of the macrocycle while it is 

being threaded by the dumbbell molecule part. This method has since been 

superceded by the “directed” or “templated” synthesis of rotaxanes, first demonstrated 

in the case of a rotaxane by Schill et al?’ The template that brings the rotaxane 

components together at the time of rotaxane formation can be a covalent bond, a 

coordinative bind, or a noncovalent bond.

2.3 Multistable Rotaxanes
A rotaxane can be designed in such a way that the thread can have a single or multiple 

“recognition sites” for the macrocycle. In fact it is often one of these recognition sites 

that template the rotaxane formation in the first place. A cleverly designed rotaxane 

can have multiple recognition sites, one of which usually has stronger non-covalent 

interactions than the other. Such rotaxanes can often be switched between different 

co-conformational states upon application of an external stimulus. The first such 

“molecular shuttle” was demonstrated by Bissel, Stoddart et al.^ in 1994. The
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rotaxane could be reversibly switched between two states by changing the proton 

concentration in solution or by electrochemical means, which caused the ring to move 

controllably between the two stations on the ring. To characterize the macrocycle’s 

movement between stations, 'H  NMR and ultra violet/visible spectroscopy were 

employed. The authors noted that:

"Nature abounds with molecular switching devices which perform a variety o f  

functions, such as the transport o f  metabolites across cell membranes or the 

signalling o f  nerve impulses. These processes are commonly controlled by stimuli 

such as changes in ion concentrations and electrical potentials. ”

This illustrates how the skills o f molecular engineers are approaching levels where we 

can imitate Nature’s approach o f building complex nanostructures through bottom-up 

self-assembly processes, while also designing the functionality o f the structures to suit 

our own needs.

2.3.1 Mechanism o f switching
In the case o f all stimuli-rensponsive molecular shuttles, the stimulus does not 

intrinsically induce motion o f the macrocycle, rather it alters the equilibrium between 

different translational co-conformers, by altering the affinities, o f the binding stations 

to the macrocycle, relative to each other. Either the binding strength o f the less 

populated station is increased, that o f the populated station is decreased, or both. The 

mechanism for the rotaxane shuttling is hence a biased Brownian motion mechanism 

as illustrated in Figure 2.2. Once the relative binding affinities o f the stations are 

reversed, the macrocycle will statistically spend more time on the station to which it 

has greater affinity.
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Figure 2.2: Illustration of the Free Energy of the rotaxane molecule as a function of position of 
the macrocycle along a thread. The sites of minimum energy are the “stations”, and when 
switching of one o f these stations occurs, the free energy difference between the stations is 
changed. This figure is adapted from the 2003 publication by Altieri etal.^

2.3.2 Switching Stimuli
There are many other switching stimuli that can be used to switch molecular shuttles 

besides the chemical and electrochemical means mentioned above. Changing the 

solvent environment can cause the rotaxane to switch between stations.^ As a good 

example of how such a rotaxane stimulus-response can be employed, recently a 

rotaxane-containing-polymer showed switching properties in the presence of different
8 9solvent vapours. These rotaxanes can also be switched by heat energy. Perhaps the 

most fascinating and beautiful method o f molecular shuttle switching control is the 

use of light as a switching stimulus. This is because light as a stimulus allows one to 

easily imagine applications such as integrated light-activated transistors, recordable 

films and photo-sensitive coatings. Light-switching o f rotaxanes was first reported by 

Murakami el al}^ A common switching method in rotaxanes is the E\Z isomerisation 

of a carbon-carbon or nitrogen-nitrogen double bond in one of the stations,^’ ‘' thereby 

altering the macrocycle-thread binding energy, and hence changing the equilibrium 

between the stations.

2.3.4 Property Changes
Although the switching of the macrocycle positions in rotaxane molecular-shuttles 

can now be accomplished in a number o f ways,'^’ an important consideration is
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creating shuttles that undergo a property change based on this m otion /' To date a

few systems have been created where a positional change o f the nanoscale sub-units
8 18 20has been used to vary physical properties such as fluorescence, ' ' induced circular 

dichroism'^ and conductivity.^' Typically organic molecules show characteristic 

electrical or optical or chemical properties that are greatly sensitive to the molecular 

structure and conformation, and this is the fundamental reason why rotaxane
27 29molecules have attracted a lot o f  attention as possible future molecular devices.

The flow behind the operation o f a rotaxane molecular shuttle device is therefore: the 

station-macrocycle interactions are altered, which results molecular structure change 

(i.e. shuttling occurs), and as a result o f the new structure the 

electrical/optical/chemical properties can be different.

One o f the interesting studies at the heart o f this thesis involves a method for the 

detection o f rotaxane switching locally. Now clearly if  a rotaxane has two or more 

distinct co-conformations into which we can transform it, and if  the molecules were to 

be recrystallised, the material properties o f the crystals would depend upon the co

conformation o f the molecules when the crystal is formed. Therefore it would seem 

that confirming a property change o f the molecules is something that could be done 

for all switchable rotaxanes, but which is heavily dependent upon whether that 

property is relevant to the state o f the molecules or is a property change that can be 

detected in a given state. This thesis proposes a method to detect locally (i.e. at the 

molecular scale) if a molecule has switched based on high-resolution AFM signals 

from both conservative and dissipative force interactions. The theory behind the 

method will be discussed in chapter 3, and the development o f  the technique is 

detailed in chapters 5 and 6.

2.4 H-Bond Assembled Rotaxanes
In this study we investigated the behaviour at surfaces o f a specific family o f 

hydrogen-bond assembled rotaxanes. This is a particular family o f rotaxanes where a 

benzylic amide macrocycle (a strong hydrogen-bond donor through the amide NH 

groups) is assembled by a templated synthesis around a “recognition site” (a

hydrogen-bond accepting group) on the thread as the last step in the rotaxane
22synthesis. One o f the simplest and certainly the most elegant o f these rotaxanes is
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illustrated in Figure 2.3. This rotaxane’s thread contains a single fumararnide 

recognition site that templates the assembly benzylic amide macrocycles to form 

rotaxanes in exceptionally high yields. The fumaramide unit is a very rigid structure; 

the two hydrogen-bond accepting groups of the recognition site are in a fixed 

arrangement complementary to the hydrogen-bond donating sites of the macrocycle.

O H

Figure 2.3: Illustration of the synthesis of a simple H-Bond assembled Fumaramide rotaxane 
with a single station and minimal thread length. The rigid fumaramide structure holds the FI- 
Bond donor groups in a position that templates the formation of maerocycles. This flgure is 
adapted from the 2001 publication by Gatti et

The preparation of the fumaramide rotaxane is a two-step process, as illustrated in 

Figure 2.3P ’^̂  The rigid fumaramide thread is first synthesised from a commercially 

available amine and bis-acid chloride. In the next step, to form the macrocycle around 

the thread, four equivalents of xylylene diamine and isophthaloyl dichloride are used.
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The resulting rotaxane can easily be isolated without chromatography, by filtration 

followed by spontaneous crystallization upon addition of water to a 

dimethylformamide solution of the crude product. This method results in a yield for 

rotaxane synthesis of 97%, which has not been matched for any other rotaxane 

synthesis to the best of my knowledge. The fumaramide template is very effective as a 

rotaxane former because it so perfectly templates the formation of a benzylic amide 

macrocycle, in a relaxed (i.e. low energy) chair-type conformation. The fact that the 

fumaramide unit is structurally rigid means that no internal degrees of freedom are 

lost upon rotaxane formation, and also means that the thread does not fold and 

hydrogen-bond to itself.

2.4.1 H-Bond Assembled Rotaxanes: Activation with light
Cleverly, the double-bond in the fumaramide group, the feature that gives it structural

rigidity and makes it such an effective template for rotaxane synthesis is the very 

same feature that allows us to geometrically change the thread after rotaxane 

formation, thus altering the nature of the thread-macrocycle interaction, and therefore 

altering the strength of this interaction.^'^ While the £’-isomer (fumaramide) (Figure 

2.4 (a)), is a perfect hydrogen-bonding motif, its Z-isomer (maleamide) is quite the 

opposite (Figure 2.4 (h)), only allowing hydrogen-bonding to one of the two 

isophthalimide groups of the macrocycle.^^
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Figure 2.4: Rotaxane crystal structures and the yields for rotaxane formation associated with the 
H-Bonding template of the station. Structure (b) can only be produced by photoisomerisation of 
(a). This figure is adapted from the publication by Aitieri et al.^

Irradiation at 254 nm for 30 mins results in a 50% conversion of fumaramide to 

maleamide rotaxane after the converted solution is passed through a silica pad. The 

unconverted rotaxanes can be recycled and the process repeated, resulting eventually 

in >90% conversion. For the macrocycle to pirouette around the thread, a rotation of 

180° about the axis plus a formal chair-flip of the macrocycle must occur. The rate for 

half-circumrotation o f the macrocycle around a fumaramide station was measured by 

'H NMR experiments to be 1 Hz at 223 K. For the maleamide station (converted 

station), the macrocycle spirming rate was >1.1 x 10  ̂Hz at 223 K. This means that we 

can achieve a post-assembly photoconversion of a precise hydrogen-bonding, 

rotaxane-forming template to a motif that does not template the formation of a 

mechanical bond. The resulting mismatch in recognition sites drastically reduces the 

energy barrier to macrocycle pirouetting, resulting in a 10  ̂x increase in the spinning 

rate. This is an example o f controlled large-amplitude internal molecular motion. The 

fumaramide template can be recovered by heating at 125° C for 48 hours.
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2.4.2 H-Bond Assembled Rotaxanes: Light Activation extended to 
Shuttles
The photochemical and thermal interconversion of fumaramide units was used as the 

basis for a series of molecular shuttles, ([2]rotaxanes where there are two or more 

binding stations on the thread).^’ These stimuli-responsive shuttles allow for the 

controlled movement o f the macrocycle between the stations.

It has been found that the macrocycle binding affinity of a station is related to its 

ability to template the formation of a rotaxane.^’ When considering the single- 

binding-site [2]rotaxanes formed using the templates shown in Figure 2.4 

(fumaramide, maleamide and succinamide) the rotaxane yields for the typical 

macrocycle-templating reaction are found to be 97%, 0% and 52% for these three 

threads. The succinamide (succ-) is an intermediate hydrogen-bonding station, so use 

of a succ- station as the secondary station on a thread with another 

fumaramide/maleamide unit allows production of a kind of molecular shuttle, a 

rotaxane that acts as a 2-pole, stimulus-rensponsive switch.

2.4.3 Mechanism o f  H-Bond Assembled Rotaxane Molecular Shuttle 
Switching
The mechanism for the rotaxane shuttling is a biased Brownian motion mechanism as 

illustrated earlier in Figure 2. 2 . When the light-switchable molecular shuttle (Figure 

2. 5)  is irradiated with UV light at 254 nm the fumaramide station is converted to a 

maleamide station; switching from maleamide back to fumaramide is achieved by 

heating or reversible Michael addition. For rotaxane molecular shuttles, the stimulus 

does not inherently induce motion of the macrocycle, rather it alters the equilibrium 

between different translational co-conformers, by altering the affinity o f the binding 

stations relative to each other. Either the binding station of the less populated station 

is increased or that of the populated station is decreased, or both. Once the relative 

binding affinities of the stations are reversed, the macrocycle will statistically spend 

more time on the station to which it has greater affinity.
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Figure 2.5: Light activated H-Bond assembled molecular shuttle. The rotaxane thread has two 
stations, (a Fumaramide and a Succinamide group), and a 12 Carbon Spacer. This figure is 
adapted from the publication by Altieri et aL^

In a Fumaramide-Succinamide (Fum-Succ) molecular shuttle, the occupancy of the 

stations as calculated tlirough 'H NMR was >95% on the fumaramide station, while in 

the Maleamide-Succinamide (Mal-Succ) (UV switched) configuration the occupancy 

was 15:85 in favour of the non-photoactive succinamide station. This clearly 

illustrated that the macrocycle’s discrimination for different stations is excellent. In 

the Fum-Succ configuration, the stations offer very similar hydrogen-bonding 

surfaces, however the ratio is very high in favour of Fumaramide. This, as illustrated 

in Figure 2.5 is due to the ability of the succ-station to self-bind, when not occupied, 

as compensation.^ In the case of the 2-pole fumaramide/maleamide station, the 2-way 

control over the isomerisation of the station means that the position of the macrocycle 

on either station of the molecular shuttle can be controlled.

2.4.4 H-Bond Assembled Rotaxane Switching: Other Stimuli
Light is not the only kind of stimulus that can be used to control sub-molecular

movement in hydrogen-bonded rotaxanes. Other stimuli include solvent type,^^’ and 

electrochemical stimulus.^*’ As an example the molecular shuttle in Figure 2.6 

consists of a benzylic amide macrocycle mechanically linked onto a thread molecule 

containing two potential hydrogen-bond acceptor moieties - a succinamide {succ) 

station and a redox-active 3,6-di-/er^butyl-l,8-naphthalimidel6 {ni) station - 

separated by a 12-Carbon (C l2) aliphatic spacer.
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Figure 2.6: Electrochemically activated H-Bond assembled molecular shuttle. The rotaxane 
thread has two stations, (a Succinamide and a Naphthalimide group), and a 12 Carbon Spacer.
This figure is adapted from the publication by Altieri et al.

To minimize its free energy, the macrocycle in Figure 2.6(a) sits over the succinamide 

station in non-hydrogen-bonding solvents, so that this co-conformation predominates. 

When a naphthalimide group is reduced to the corresponding radical anion there is a 

large increase in electron density on the group, and hence a large increase in 

hydrogen-bond accepting a b i l i t y . I n  the rotaxane (Figure 2.6(h)) this change in 

oxidation state reverses the relative hydrogen-bonding abilities o f the two thread 

stations so that the rotaxane adopts this co-conformation.

2.5 Rotaxanes at Surfaces
Rotaxane molecules also have been studied at surfaces, and the findings have 

provided valuable insights for their incorporation in “smart” materials, sensors or 

nanoscale devices. Extending the controllable switching o f rotaxanes to solid-state 

devices however is not a straightforward process, for the simple reason that when 

confined to a surface, or in a crystal, the number o f degrees o f freedom (necessary for 

the activated switching mechanisms found in rotaxanes) is drastically reduced. 

Through further studies of how these switchable molecules self-assemble, pack, align, 

and function, we can hope to find conditions where the molecular bistability and not 

the effect of the surface determine their behaviour, a point well illustrated in the 

review o f the surface-specific work of the Stoddart group on rotaxanes.^^ It will be 

seen that the work performed in this thesis directly addresses many of the issues 

important for the functionality o f surface-attached rotaxanes.
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2.5.1 Current Evidence for Rotaxane sub-molecular motion at surfaces
In 1999 Gase et al. investigated the optical properties o f catenane thin films by

modulation elipsometry and optical second harmonic and second harmonic generation 

methods.^'* They attributed the large differences in measured electro-optic coefficient 

with the theoretical value to intra- or inter-ring motions o f the catenane rings with 

frequency in the DC to MHz range. This was the first time that anyone had shown 

evidence o f  ring rotation, (in this case partial ring rotation), in the solid state, for an 

interlocked molecular species.

In 2001, the “Breakthrough o f the Year” in Science magazine was an array o f devices 

arranged in crossbar architecture, with each junction consisting o f a single layer o f 

catenane molecules sandwiched between Si02 and a sputtered Titanium overlayer.^^ 

The devices showed bistable current/voltage characteristics when a voltage was 

changed from +2 to -2 Volts. This was attributed to the concerted circumrotation o f 

catenane macrocycles between two co-conformations upon oxidation and reduction o f  

the molecule. Indeed the fact that the response o f the devices showed hysteresis lent 

weight to the explanation that the switching was an activated process, as is the 

switching o f a rotaxane molecular shuttle. Some controversy arose as to the exact 

mechanism o f these devices,^^ commonly known as “Stoddart-Heath” bistable
37 38molecular switches, ' and also known as a two terminal, molecular switch tunnel 

junctions (MSTJs).^^ This controversy was a result o f  a question about the sputtered 

layer o f Ti on top o f the rotaxane thin film. Many researchers argued that the effect o f  

this layer on the film was unknown and it seemed likely that the deposition process 

would be damaging to the organic film. Also this layer meant that researchers were 

“blind” to the switching part o f the device. As a result the groups involved in this 

research have shown a lot o f interesting evidence for co-conformational switching in 

interlocked molecules, and have refined their device recently to a 160-kilobit 

molecular electronic memory, patterned at the same scale as electronic devices 

expected to be available by 2020.'^*’ If it is truly to be proven that these devices act as 

supposed then the molecules need to be addressed locally, something this thesis 

explores in Chapters 5 and 6.
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In 2 0 0 4  the Stoddart group show ed that a disulfide-tethered bistable rotaxane on a 

G old surface at a solution interface functioned properly when this interface w as 

electrochem ically  activated. The cyclic  voltam m agram s (C V s) show ed details that
• 41corresponded to the proposed sw itching m echanism  o f  the d evices. In a subsequent 

publication it was show n that the m acrocycles can actually m ove relative to the 

surface."*^ Langm uir-Blodgett (L B ) double layers o f  these sw itchable rotaxanes w ere 

deposited onto a S i0 2  surface at a high surface pressure and investigated with X-ray 

photoelectron spectroscopy (X PS). XPS w as used to track nitrogen (N ) w hich  is 

present in the m acrocycle o f  the rotaxane only, proposed to be the m obile part o f  the 

rotaxane. The N Is photoem ission  o f  the thin film  w as measured and then the film  

was im m ersed in an aqueous solution o f  oxidant to induce sw itching. The sam ple w as 

again probed with X PS and the observed d ifferences in the tw o N Is spectra w ere  

attributed to m echanical sw itching. In a further experim ent involving a condensed  

rotaxane LB film  at the air-water interface the group investigated structural aspects o f  

the m echanical shuttling using X-ray reflectom etry (X R ) to probe the out-of-plane
43structure o f  the oxid ized  and unoxidized rotaxanes. The X R profiles show ed peaks 

o f  high electron density which the authors ascribed to the locations o f  the stations 

along the m olecular thread. The relative densities o f  the peaks changed significantly  

upon oxidation o f  the film s, which corresponded to a shift o f  the electron distribution  

towards the water surface, in agreement with a translation o f  the m acrocycle towards 

the water surface.

M ost o f  the above experim ents w ere designed to elucidate the specific behaviour o f  

the rotaxanes inside the M STJs, how ever one o f  the d ifficu lties is obviously  that 

inside the devices the m olecular layer is directly covered with a sputtered layer o f  

T i0 2 , w hich  is not som ething that can easily  be replicated in surface experim ents. 

Furthermore although m otion is often observed in these experim ents the m otion  is 

never locally  measured at the m olecular level, and often the m olecules are exposed  to 

a solution, the Brownian m otion o f  which could be said to provide the activation  

necessary to a llow  the rotaxane sw itching. W hile the experim ents are very ingenious 

and do seem  to show  that the m olecules can be sw itched under certain specific  

conditions, the extent to which the surface experim ents (and in particular the air-water 

interface experim ents) can be applied to the M STJ devices is som ew hat lim ited  

because o f  the experim ental differences to the M STJ architecture.
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Katz et al. demonstrated the electrochemical switching o f a thiol-functionalised 

rotaxane on a Gold electrode.'*'* In this rotaxane it is the macrocycle part o f the 

rotaxane that is oxidized/reduced, which upon reduction loses a local 7i-donor- 

acceptor stabilizing interaction with the thread station, the motion o f the macrocycle 

down the molecular thread towards the electrode is stimulated by an electrostatic 

attraction to the electrode. They characterised the positions o f the oxidized and 

reduced macrocycle by chronoamperic and impedence measurements. They made 

interesting contact angle measurements o f  the electrodes, in situ, which showed that 

this switching o f the macrocycle position was a way to reversibly control the 

hydrophilic and hydrophobic properties o f the surface. They subsequently 

investigated the dynamics o f the motion o f  the macrocycle and found that the rate- 

constants were related to the viscosity o f  the solution by adding glycerol to the 

s o l u t i o n . T h e  rotaxanes in the more viscous environments shuttled more slowly, 

which was similar to the effects found by Flood et and Choi et when they 

varied the switching environments from solvent to Sol-Gel (although in these studies 

the molecules were not anchored at one end). The self-assembly o f rotaxanes on 

titanium dioxide nanoparticles has also been studied using NMR and cyclic 

voltammetry,'**’*'® and it was found that the molecules are electronically addressable 

and switchable in this state.

While Katz et al. showed that by switching a surface o f  rotaxanes electrochemically 

the contact angle hydrophobicity/hydrophilicity can be controlled, this was taken a 

step further when Berna et al. used a similar phenomenon to move a solvent droplet 

up an incline upon rotaxane switching.^' The rotaxane molecular shuttle from this 

study has two stations, a fluorinated fumaramide station and a succinamide station and 

is physically adsorbed on a carboxy-terminated self-assembled monolayer (SAM) on 

Au( 111). Upon irradiation at 254 nm the relative non-covalent macrocycle-station 

binding strengths were reversed, and through biased Brownian motion the rotaxane 

components moved relative to each other to expose the fluorinated station. The 

regions irradiated hence had a higher hydrophobicity. By irradiating locally at one 

side o f the droplet the researchers could cause it to visibly move (mm-scale) because 

o f an induced hydrophobicity gradient and for certain solvents could cause the drop to 

move uphill after rotaxane switching. In order to expose the fluorinated groups the 
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molecule would need to undergo co-conformational rearrangement, therefore this is 

compelling evidence that sub-molecular motion occurs in this case for a surface- 

attached rotaxane.

One o f the most intruiging pieces o f evidence o f  mechanical switching in rotaxanes is 

from the case o f  linear artificial molecular muscles.''^''’"* These devices consist o f a 

[3]rotaxane (i.e. a rotaxane with two macrocycles), with both o f the rings tethered 

with disulfide to a microcantilever coated with gold on one side, and observations are 

made in a liquid environment.^^ The rotaxane is constructed in such a way that it is 

symmetrical (which in fact facilitates the synthesis o f  this complex molecule) with 

four binding stations on the thread in total, two towards the ends o f the molecular 

thread, where the macrocycles sit when in the initial configuration, and two more 

stations towards the centre o f the molecule. When oxidant is flowed into the system 

the rotaxane is switched and both macrocycles move towards the centre o f  the 

molecule. This results in a surface stress on the lever and an upwards bending o f 35 

nm on a 500 x 100 x 1 (length x width x thickness) micron silicon microcantilever 

coated with gold on one side.*’'̂

One more example o f how these nanometre scale movements are translated into 

macroscopic effects is the case o f a rotaxane that is known to switch between stations 

depending on the environment it is in (i.e. depending on the solvent). The macrocycle 

contains a fluorescent anthracene station, and in polar solvents the macrocycle is 

positioned over this station, quenching its fluorescence.^^ These rotaxanes were 

incorporated into a polymer film, and by lithographically exposing parts o f the surface 

to DMSO vapour the rotaxanes were switched and the surface could be patterned.* 

The fluorescence patterns were visible to the naked eye (at least a photograph was 

taken) when the sample was irradiated with UV light after patterning.

2.5.2 Observations with probe microscopy
Probe microscopy has been employed for various experiments involving rotaxanes to 

elucidate their properties at surfaces. There are a number o f reasons however, why 

there has not been much published high-resolution structural data o f close-packed 

rotaxane films at surfaces. The Scanning Tunneling Microscope (STM) can only
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operate if the substrate under investigation is conducting or semi-conducting, and can 

also be applied to extremely thin insulating films on a conductive surface. If the 

insulating film (in general this will be a film o f organic molecules) is not thin enough, 

ploughing o f the STM probe will occur. This happens when the tip must be closer 

than the thickness o f the molecular film to the underlying substrate for a detectable 

tunnelling current to flow. To date only Samori et al. have published high resolution 

STM images o f interlocked molecule (catenane) domains, which were self-assembled 

on Highly-Oriented Pyrolytic Graphite (HOPG), which because o f the flexible nature 

o f the molecules and the very large size o f the macrocycles, were able to form very 

flat-lying structures (i.e. films with a small t h i c k n e s s ) . T o  obtain structural 

information o f soft non-conducting molecules would therefore seem to be more the 

domain o f Atomic Force Microscopy (AFM). The expense and difficulty o f ultra-high 

vacuum (UHV) AFM experiments, is usually reserved for a more fundamental type of 

experiment, and also it is usually undesirable to introduce organic species into a UHV 

environment. Most rotaxane probe microscopy experiments as a result have been 

performed in ambient conditions.

Some groups have achieved more success with the imaging and manipulation of 

isolated rotaxanes at surfaces. Shigekawa et al. were able to show that the end o f  an 

STM tip can be used to manipulate cyclodextrin beads along the length o f a
S7 ^8“molecular necklace”, ' '  Although technically it would be better if the molecules 

were switched and the beads/macrocycles moved by biased Brownian motion as is the 

case in solutions, this nevertheless is an important result. This result demonstrated that 

conditions could be met where the fme balance between molecule-substrate and intra

molecule interactions (i.e. between the sub-molecular components) could be found 

and interrupted. Cacialli et al. imaged thin films o f these same molecules with 

Amplitude Modulation AFM (AM-AFM),"’'̂  as did Kumaki et al.^^ although these 

molecules did not show any o f the random movements observed in their other studies 

o f polymer chains.^' This is the opposite to the case experienced by Biscarini et al. 

who proposed that the Catenane molecules were too mobile for STM imaging.^^ This 

illustrates the importance o f balancing the surface forces experienced by the rotaxanes.

AFM has also been used as a tool to establish the general morphology o f films, e.g. 

establishing if  a film is smooth or whether or not the molecules arrange into

26



d o m a in s^ ^ 'a n d  the examination o f the spatial correlation o f rotaxane thin films.*’"''

In the literature o f the t'leld there is a distinct lack o f high resolution structural 

information however, or information about the conformation o f the rotaxanes, 

whether chemisorbed or physisorbed on the surface. This only serves to highlight the 

difficulty o f  such experiments in ambient conditions, where water layers and 

molecular contaminants are usually present. It would appear that some groups have 

almost achieved molecular resolution in e.g. SAMS with thiol-functionalised 

rotaxanes embedded.^^ unfortunately the features o f the molecules tend to be 

indistinct. Nevertheless the general morphology o f rotaxane and catenane thin films 

can be used to demonstrate that switching behaviour at surfaces can occur. A good 

example is the demonstration o f conformational self-recognition o f  catenane 

molecules.*’̂  In this case it was found that molecules are desorbed from a mica surface, 

and resorb to form a film with different morphology through interaction with other 

molecules in a solution phase, if the molecules in solution have a different 

conformation to the surface-bound molecules. The stable energy conformations o f the 

molecules in solution were switched by changing the solvent.

Another way o f applying the AFM to rotaxane thin films is in their manipulation by 

the AFM probe for information storage. Some groups have used electrochemical
z  o

methods to apparently switch rotaxanes beneath the tip, and to produce patterns. 

I'hese images do not show distinct order in the sample or molecular-scale 

characteristics. Moulin et al. have proposed a method for extremely dense information 

storage through the reconfiguration o f large amounts o f rotaxanes into patterns with a 

characteristic length-scale when manipulated through contact mode AFM scanning.^^ 

This self-organization at the meso-scale occurs via the low energy barrier to intra

molecular rearrangement that exists because o f the mechanical bond.^^ It would seem 

to me that a possible explanation for this reconfiguration is the recrystallisation o f the 

molecules in a tip-sample water meniscus bridge until a critical mass o f rotaxanes is 

achieved and the molecules are no longer pulled along with the meniscus. In ambient 

conditions with no humidity control thin layers o f water will be present on both the tip 

and sample, and when the tip is brought in close enough proximity to the sample a 

bridging effect can occur.
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AFM was also used to provide a comparison o f the packing interaction in a crystal of 

H-Bond assembled rotaxanes with the packing interaction in a crystal o f the thread 

molecule a lo n e /” The scratching force required to make a comparable indent in the 

crystal was measured. This indentation happens when the shearing force exerted by 

the tip exceeds the adhesion forces within the crystal. The minimum load force 

required for scratching a comparable amount o f material from a crystal is qualitatively 

related to the adhesion force, which depends on the packing interactions. This 

experiment illustrated that the rotaxanes are more mobile in the solid state (in bulk 

crystal), than the thread molecules alone in crystalline state.

The thesis o f Alberto Credi showed an example o f attempting to switch a rotaxane 

monolayer with an electric field by examining the effect on the rotaxane monolayer 

AFM im ag e .U n fo rtu n a te ly  they were unsuccessful, which once again illustrates the 

difficulty o f  such experiments and our lack o f knowledge about the possibility o f sub- 

molecular motion at surfaces. Interestingly there have been many examples in the 

literature o f the switching o f the properties o f  organic monolayers by stimuli such as 

light, and the detection o f the switching by probe microscopy, however none o f these
79 7Xmolecules were rotaxanes that switched macrocycle positions.

2.6 H-Bond Assembled Rotaxanes at surfaces
To exploit fumaramide rotaxanes as molecular-scale devices it is first necessary to 

build a foundation o f knowledge about their integration with solid surfaces as thin 

films. To date most o f the work with fumaramide rotaxanes has focussed mainly on 

their interaction with two types o f surface, the Au(l 11) surface and the HOPG (1111) 

surface.

The adsorption o f H-Bond assembled rotaxanes directly on the Au(l 11) surface has 

been studied, as well as the adsorption o f the component parts (the rotaxane thread 

and macrocycle). To a lesser extent rotaxane adsorption on a Silver surface has been 

explored. A clean, highly crystalline A u(l 11) surface is relatively easy to produce by 

Gold evaporation onto Mica. The assembly o f thiol-functionalised rotaxanes on 

A u { l l l )  has also been investigated, as well as rotaxanes physisorbed on carboxy- 

terminated self-assembled monolayers (SAMs) on Gold. The other main set o f
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experiments has involved the ideal HOPG(OOOl) surface, commonly used by probe 

microscopists because o f its large and extremely flat terraces and small unit cell. To 

date the rotaxane-related studies involving HOPG have investigated the morphologies 

o f thick multilayer t'llms using probe microscopy. Special attention has been focussed 

on the self-assembly o f  clusters o f molecules at multiple length-scales, along with the 

influence o f perturbation by the scanning tip on the films.

In this thesis, the focus is to investigate molecularly-thin films locally (i.e. at the 

molecular-scale) with advanced Atomic Force Microscopy techniques to gain insight 

into how we can control, by our surface preparation techniques, the interactions that 

are important in retaining molecular functionality in thin films at a solid surface. 

Since we will be concentrating on a specific family o f rotaxanes and their behaviour 

at surfaces, it is useful to review the previous studies on these molecules, because they 

can help us to understand our present work and corroborate our results. An important 

example o f this is the work o f Biscarini et alJ^ By a statistical treatment o f rotaxane 

crystal structures they were able to predict which o f  a series o f rotaxanes including 

many fumaramide rotaxanes would most likely show motion in the solid state. The 

criteria important to this motion are low crystal packing density and weak macrocycle 

interactions between neighbouring molecules. They demonstrated that these properties 

can coexist in certain rotaxanes, especially the fumaramide rotaxanes when 

recrystallised from hydrogen-bonding solvents. This is something that is examined in 

this thesis (Chapter 4) and it will be shown that the volume o f the film is also greater 

for rotaxanes deposited at surfaces from hydrogen-bonding solvents than non

hydrogen-bonding solvents.

2.6.1 H-Bond-Assembled Rotaxanes on the A u(l 11) Surface
Studies carried out, using high-resolution electron energy-loss spectroscopy

(HREELS) and X-ray photoelectron Spectroscopy (XPS), on thiol-functionalised 

catenane and rotaxane thin films adsorbed from solution on to Au(l 11), revealed no
79long-range order in the resulting films. When the films were annealed larger 

domains were observed and it was found that there was an unwanted extra 

chemisorption o f carbonyl/amide groups on the gold surface in the case o f both the 

rotaxane and catenane. The films o f the catenane were o f better quality in terms o f
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uniform ity. It seem s that research o f  this m ethod o f  surface attachm ent was 

abandoned in favour o f  investigating the individual com ponents’ interactions with the 

gold surface. This is an exam ple o f  the im portance o f  having the surface attachment 

group as part o f  the m acrocycle as opposed to the thread, as m entioned later in this 

thesis (see section 4. 1.1 for further discussion). For this rotaxane the thiol- 

functionality was part o f  the th read /^  and since the m olecules did not behave in a way 

that w ould allow  a large num ber o f  internal degrees o f  freedom  (there was extra 

am ide chem isorption) the results were probably not considered prom ising in term s o f 

device fabrication. This m eant going back and redesigning the m olecules, which first 

m eant the difficult and com plicated redesign o f  a thread with a sulfide functional 

group. If  the surface attachm ent were through the m acrocycle rather than through the 

thread, redesign o f  the thread w ould be much less com plicated; it was decided to be 

im practical to produce m ore m olecules in such a series. Studies in this area turned to 

sim ple rotaxanes and their com ponents adsorbed on Gold directly and adsorbed to 

SAMs. ‘̂'-*'

The benzylic am ide m acrocycle was studied on A u(l 11) as a function o f  coverage as 

deposited by vacuum  sublim itation, using HREELS,*** and XPS.**' These studies 

revealed that the com ponent has a flat-lying m olecular orientation, accom panied by 

chem isorption by the am ide functional groups and also via the carbonyl functionality 

in the initial stages o f  film form ation. The structures observed involved considerable 

d istortion o f  the adsorbed m acrocycle from its crystal structure. As further layers were 

deposited the film s showed a less selective geom etry, where non-parallel orientations 

began to prevail w ith a decrease in film  order. These studies also stressed that there 

are strong m acrocycle-m acrocycle interactions in these films.

The vapour deposifion on A g ( l l l )  and A u ( l l l )  o f  thin film s o f  the sim ple 

fum aram ide rotaxane (Section 2 . 4 )  were studied by XPS, HREELS and m olecular 

dynam ics sim ulations as a next step in these series o f  experiments.*^ It was found that 

the m olecule adsorbs intact and that chem isorption at low coverage is driven by 

interactions betw een the three am ide functions o f  fum aram ide rotaxane and the 

surfaces. The rotaxane prefers to orient the m acrocycle part o f  the m olecule as close 

to the surface as possible, leading to a “collapsed x-like” structure w ith two phenyl
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rings parallel to the substrate and three amide groups within bonding distance o f  the 

substrate.

This was followed by a coverage-dependant study o f the fumaramide rotaxane and its
O T

component parts’ adsorption on Au(l 11) by HREELS. Once more chemisorption o f 

the macrocycle and rotaxane was evident from the presence o f Au-O stretching 

vibrations. The phenyl rings orient predominantly parallel to the A u ( l l l )  surface at 

up to 0.5-ML coverage for the rotaxane and 1-ML coverage for the macrocycie. The 

thread showed no evidence o f chemisorption, and the absence o f a preferential 

orientation, which according to simulations was due to the substantially higher 

mobility o f the thread. This is indeed a promising result in terms o f the mobility o f  the 

thread at a Gold surface, with no evidence o f its adsorption when in a film as part o f 

the rotaxane.

2.6.2 H-Bond-Assembled Rotaxanes on the HOPG surface
One o f the earliest probe microscopy experiments on interlocked molecules was

carried out in 1999 on H-bond assembled catenanes on HOPG.^^ Attempts were made 

to image the molecules with STM in ambient conditions as deposited at low surface 

concentration from methanol solution. Only occasionally could the molecules be 

observed, perhaps because they were mobile on HOPG as the authors suggest, or 

perhaps because o f high forces between the tip and sample that displaced the 

molecules instead o f allowing the tip to pass over the molecules. Apparently some 

sub-molecular features were observed on rare occasions though, that suggested that 

the adsorption o f the catenane is driven by electrostatic attraction o f  carbonyl groups 

and HOPG.

Recently work has been done to examine the evolution o f thin films (many 

multilayers thick however) o f simple fumaramide rotaxanes on HOPG during the 

annealing process,^^ using AFM, bright field transmission electron microscopy, 

selected area electron diffraction and molecular mechanics simulations. These layers 

are a lot thicker than the molecularly thin films that are dealt with in this thesis. At 

first the rotaxane film is spin coated to form a uniform film a few multilyers thick. As 

this film is annealed it dewets, forming nanosized droplets. These droplets coalesce by
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ripening to form patterns with distance correlation. These larger droplets coalesce and 

form crystallites and eventually larger crystals as they incorporate surrounding 

droplets. The nanostructures are metastable because the inherent degrees o f  freedom 

permitted in the rotaxane architecture can favour the re-organization and nucleaticn o f 

the film. The large-scale reorganisation can occur because concerted, small-ampli ude, 

internal motions can occur without disruption o f packing, and intermolecular coniacts 

allow low energy trajectories for reorganization. This drastic reorganisation o f the thin 

films certainly suggests that the molecules retain some o f their flexibility at this 

surface although the molecules are imparted a lot o f extra energy during the annealing 

process. However, the occurrence o f  “concerted movements” suggests inter-molecular 

hydrogen bonding, something which one would ideally hope to avoid in a molecular- 

scale device. This inter-molecular hydrogen bonding that can occur is something tnat I 

am able to address through my studies (see sections 4.5 &. 4.6). The researchers were 

unable to perform high-resolution STM measurements which meant that they could 

not provide conclusive evidence o f the arrangement o f the rotaxane molecules relative 

to the graphite lattice. This is another important area that my studies were able to 

address by adopting a highly-sensitive dynamic AFM technique to locally investigate 

molecularly thin films (see Chapters 5 Sc 6).

2.7 Conclusions
By examining the field o f mechanical molecular switches at surfaces in depth, it is 

clear that there are immense possibilities for exploitation o f rotaxanes as devices. 

Already fascinating applications are emerging, such as the recent work o f  Green, 

Stoddart. Heath e/ a l ,  who demonstrated super-high-density electronic memory based 

on interlocked molecular functionality.'*^ There is however much that needs to be 

understood about the basic principles o f  these systems, especially the burning 

question: Can these molecules actually do what we think they are doing at surfaces -  

are they operating as switching devices? In this thesis I will show that probe 

microscopy has the potential to shed some light on this area, in particular through 

local, molecular-scale investigations o f the structural and dynamic properties o f 

rotaxane thin films. In chapters 4, 5 & 6 o f  this thesis I have addressed a number o f 

the issues raised in this chapter. Amongst other things, I have helped determine the 

best film growth conditions to minimize the intermolecular H-bonding in H-bond
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assembled rotaxanes and created film structures where the rotaxane is surface- 

attached via the macrocycle. I have also established the surface reconstruction o f the 

molecules locally by AFM, and by local energy transfer mapping, come closer to a 

way of locally detecting the co-conformational changes in rotaxanes at surfaces. I 

have established the effects of long thread lengths on molecular packing and 

measured the nanostructures of thin films of various molecular shuttles. I have also 

self-assembled mixed monolayers of rotaxanes with distinct and identifiable domains 

having different functionalities; so that in this way I can locally compare structural 

differences and measure tip-sample energy-transfer differences (dissipation -  an AFM 

measurement discussed thoroughly in the next chapter) as a function of rotaxane type, 

conformation, and functionality.
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Chapter 3: Experimental Techniques

3.1 Introduction
Local, nanoscale investigations o f the interlocked rotaxane architectures described in 

chapter 2 are required to assess if  these molecules can ‘function’ at surfaces. By 

‘function’ I mean the rotaxane is ‘switched’, altering the relative binding strengths o f 

the thread stations, and then the macrocycle should move to the more stable newly- 

lower-energy site. Electrical, optical or chemical properties o f organic molecules can 

be affected by conformational changes, and most attempts to verify the functionality 

o f  rotaxanes at surfaces have relied upon measuring the averaged affect o f these 

changes at surfaces (see section 2.5 for a thorough discussion).

AFM can allow us to locally detect conformational changes in the rotaxanes through 

two signals. The first signal is straightforward -  molecular-scale constant-force 

contour images. By measuring directly, with sub-molecular resolution, the local 

structural information we can hope to detect structural changes. The other signal -  

dissipation -  is essentially used as a measure o f the molecular conformational 

freedom, and can also be measured at the molecular scale (see results presented in 

chapters 5 and 6, sections 5.10 and 6. 8 - 9 ) . When a probe is oscillating vertically in 

close proximity to a sample (i.e. within the van der Waals regime), a certain amount 

o f the vibrational energy is transferred to the sample. This energy transfer is 

dependent upon the local structural/conformational properties o f the sample, as will 

be discussed in this chapter (section 3 . 3 . 3 ) .  Thereby one can hope to detect directly 

the rotaxane functionality by one o f these two signals. The signals are discussed 

thoroughly in this chapter, and the development o f this technique is illustrated by 

experimental results throughout chapters 5 and 6.

For the case o f a rotaxane film that would be part o f an addressable device, the 

measurement o f the local molecular-scale order is o f  course integrated into the 

investigations described above. AFM is also applicable at the meso-scale in this sense 

for accurate determination o f the length-scales to which the local order extends, i.e. 

the effect o f reconstruction lattice mismatch, the resulting domain sizes and the 

morphologies o f the films. One o f the studies in this thesis uses information about the 

film structure to determine the effect o f the solvent used during deposition. The film
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structures are found to reflect the solid-state structures m easured by x-ray diffraction 

when the m olecules are crystallised from  various solvents. This work will be detailed 

in chapter 4.

In this chapter I discuss the experim ental m ethods for producing well ordered 

rotaxane films, and details o f  the A tom ic Force M icroscopy technique, and the 

adaptations used in this work, by w hich potential rotaxane functionality m ay be 

locally clarified at the nanoscale.

3.2 Sample Preparation
The film s in this study are drop-cast onto a clean HOPG surface. In the process o f  

‘drop-casting’, a solution o f  the m olecules in question is prepared in a volatile solvent. 

A drop o f  this solution is then added to the substrate and the solvent allow ed to 

evaporate, leaving only the m olecules at the surface in a thin film. I ’he thickness o f  

the film depends on the volum e and concentration o f  the drop.

3.2.1 Choice o f deposition technique: drop casting
The drop-casting m ethod is chosen because it is a straight-forward, reproducible 

technique, which can be repeated easily for a high throughput o f  samples. In chapter 4 

I will describe experim ents that illustrate changes in rotaxane film structure based 

upon the type o f  solvent used during film preparation. This type o f  com parison 

required that m any film s be m ade under various conditions. I required an efficient 

process that was not overly expensive or tim e-consum ing, since m any sam ples w ould 

be m ade. I decided to avoid vacuum  deposition  techniques such as m olecular beam  

epitaxy (or vacuum  sublim ation) for these reasons. I instead chose this liquid-solid  

interface deposition m ethod know n as drop-casting.

3.2.2 Choice o f substrate: HOPG
HOPG is the substrate o f  choice because it can be rapidly and reproducibly cleaved to 

give a clean and flat surface.' C leaving like this has long been used because perfect 

lattices spanning hundreds o f  nanom etres can be obtained.^ The graphite structure is 

illustrated in Figure 3 . 1 . For the purposes o f  AFM  experim ents HO PG is norm ally cu t
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into blocks of approximately 10 m m  x  10 m m  x  1 mm, with the 10 mm x 10 mm 

surface being the (0001) plane. The HOPG is easily cleaved on the (0001) plane 

because of the relatively weak n-n  interactions between these crystal planes (the 

carbon atoms are sp2 hybridized). Simply cleaving the substrate with scotch tape or 

some other adhesive tape I can expose a clean substrate with large flat terraces.

▲

Figure 3.1: Illustration o f  the HOPG lattice structure. This structure is stacked sheets o f  
graphene, and is easily cleavable because o f  the relatively weak bonding between the stacked  
sheets. Im age Source: W ikipedia (http://en.w ikipedia.org/wiki/G raphite - fetched July 2007).

3.1.3 Other Substrates
While developing the deposition process I did investigate other substrates to try to 

understand which surface conditions resulted in the best films for AFM experiments. 

The adsorption of exopyridyl rotaxanes on COOH-terminated thiol SAMs (on 

Au(l 11)) of 11-mercaptoundecanoic acid was demonstrated by Cecchet et (see 

section 2.5.1). A  SAM surface can be useful because the chemical properties can be 

tuned by varying the chemical structure of the end (exposed) group. An image of a 

rotaxane-functionalised SAM on Au(l 11) that I prepared is shown in Figure 3.2. The 

rotaxane molecules are physically adsorbed via an exopyridyl moiety. The height 

trace (cross section) on Figure 3.2 shows that the ‘white protrusions’ have a thickness 

of the order of 1 nm, which at the same length scale as the deposited rotaxane 

molecules. These protrusions therefore most likely represent individual rotaxanes or 

clusters of rotaxanes. The molecules do not present any distinct patterns or resolution. 

This result somewhat mirrors the films prepared by Azehara et al. and the resolution 

achieved by them.^ For these reasons the use of these surfaces as model substrates for 

the study of rotaxane surface structure and orientation was ruled out.
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Figure 3.2: AFIM image of thin flim of rotaxane molecular shuttle (of the kind discussed in section 
2.4.4) physisorbed on a SAM of 11-mercaptoundecanoic acid on A u (lll) . This film was prepared 
according to the method of Cecchet et al.̂ '

A Silicon Dioxide substrate can also be easily covered with a SAM formed through 

phosphate functionalisation. These surfaces importantly can exhibit controllable 

properties such as hydrophobicity based upon the end group o f the molecule, just as in 

the case o f thiol SAMS on Au. Such a controllable surface might be desirable to 

modulate the rotaxane-surface interaction. Upon examination o f typical phosphate 

films as demonstrated in Figure 3.3 one can see that the roughness (RMS value 450 

pm) is too high for the kinds o f resolution I would like to observe.
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Figure 3.3: AFM image o f thin film of Fum aram ide rotaxane (section 2.4) physisorbed on a 
m ethylated silicon surface. This film was prepared  by exposing a clean silicon 001 surface to 
M ethylsilane vapour. The surface has an RIMS roughness of 450 pm.

Another ‘ideal’ AFM substrate is mica in that it can be easily cleaved to prepare a 

clean (001) surface, however the highly charged nature o f  the surface groups means 

that the rotaxane molecules when deposited tend to aggregate rather than form a film, 

as shown in Figure 3 . 4 . This is because the non-polar rotaxane molecules have lower 

free energy when recrystallized than when adsorbed on a polar substrate.

20

Li- '0

•20

Figure 3.4: AFM image of Exo-pyridyl Fum aram ide Rotaxane deposited on a freshly cleaved 
Mica(OOOl) surface. The rotaxane molecule has form ed crystallites but not spread on the surface.

Graphite, not having a charged surface, having large, easily reproduced and quickly 

obtainable flat terraces is the best substrate for the study o f organic molecules that do 

not have a large overall dipole moment and which will thus be physically adsorbed 

onto the graphite surface. The low roughness means that molecules can form flat films
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where the ch ie f corrugation will be in the m olecular features (on the order o f  

picom etres) as opposed to large surface corrugations (on the order o f  nanom etres) 

seen in m olecular film s form ed on other substrates.

3.2 Atomic Force Microscopy 

3.2.1 Introduction
An introduction to probe m icroscopies was m ade in chapter 1. section 1.6 . The 

follow ing sections discuss the operation o f  AFM  in closer detail, concentrating on the 

various m odes and their applicability to the study o f  rotaxane systems. This section 

also details the concepts o f  Frequency M odulation AFM  (FM -A FM ), a dynam ic AFM  

m ode that can be used for quantitative and high-resolution studies, and the concept o f 

Energy dissipation in dynam ic AFM . Energy dissipation is an im portant concept for 

this thesis, as it is developed throughout chapters 5 and 6 as a route to detection 

locally o f  rotaxane functionality and shuttling.

3.2.2 Principle o f Operation
A typical probe m icroscope can operate in two m odes - spectroscopic m ode and 

im aging mode. (A ctually these two m ethods can be com bined for another 

“Spectroscopic M apping” m ode which allow s 3-dim ensional m easurem ent o f  an 

interaction).

In the spectroscopic m ode the interaction betw een a sharp probe and the sam ple under 

investigation is m easured as the distance betw een probe and sam ple is varied, 

resulting in a graph w hich will typically show  the approaching and retracting “curves'” 

as a function o f  relative separation. In AFM  this curve w ould typically show  the force 

experienced by the tip as a function o f  relative separation, and is typically know n as a 

“ force curve” .

By “feeding-back” on one o f  these m easured properties, (using electronics to keep a 

m easured value constant by controlling the tip-sam ple separation), there can be 

relative lateral tip-sam ple displacem ent (i.e. scanning) and the force betw een tip and 

sam ple betw een will autom atically be regulated. Typically the sam ple is placed on a
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piezo element and the tip-sample distance controlled by the voltage applied to the 

piezo. The feedback loop changes the piezo voltage in order to keep the measured 

property at a constant value. This means that by measuring the displacement applied 

to the piezo by the feedback electronics, the surface can be mapped to produce a map 

of a region above the sample where the tip-sample force is constant. At the length- 

scales of a typical AFM experiment, this essentially corresponds to a topographic 

image. Interestingly, in AFM measurements at length-scales approaching the 

molecular level however (as will be shown in Chapters 5 and 6), the notion o f force 

corresponding to topography becomes is not necessarily valid because of force 

variations from different chemical groups.

Figure 3.5 shows the operating principle of an AFM in contact mode, where the 

cantilever deflection is kept constant by a feedback loop. The force on the cantilever 

(F) is kept constant because the deflection (d ) is linearly related to the force by 

Hooke’s Law:

F = kd  (3.1) 

where k  is the cantilever spring constant.
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Figure 3.5: Principle o f AFM operation.

3.3 Dynamic AFM
Contact or D.C. mode AFM has proven unsuitable for many applications, including 

imaging of soft samples, including biological samples, because o f the large and 

constant forces typically applied during the experiment. The minimum force that can 

be applied between the tip and sample is limited by the spring constant o f the lever 

combined with the tip-sample adhesion. Contact mode therefore suffers from “snap-in” 

-  an effect which occurs when the force gradient experienced by the tip is greater than
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the cantilever spring constant and the tip jumps into contact with the surface. This has 

partly driven the growth in use o f  dynamic AFM methods,^  ̂ where the AFM lever is 

oscillated at or around its resonance frequency and the characteristics o f  the vibration
O Q

are altered as a result o f the tip’s interaction with the surface. ' Snap-in is avoided in 

dynamic modes because stiffer levers can be used while still retaining sensitivity, and 

by using large amplitudes o f oscillation. Contact mode also suffers from thermal drift, 

which results in movement o f the laser spot on the photodiode, mimicking 

displacement o f the lever and causing inaccurate measurements and feedback. Drift o f  

the laser spot in dynamic modes is not so impacting because the properties o f the 

oscillation do not vary so severely with laser spot displacement (the dependence is 

obviously directly proportional in contact mode).

These multi-environment dynamic techniques can image cell surfaces, proteins and 

DNA as well as other soft molecules without sample damage. True atomic resolution 

in UHV is routinely possible,'^ and during the period o f the undertaking o f  this thesis, 

atomic and molecular resolution in gaseous" and liquid'^ environments has also been 

reported.

The motion o f the cantilever and tip ensemble can be described by the equation o f  

motion for a Simple Harmonic Oscillator with forced oscillation and damping terms:

mZ[ -I- -t- kzt — Fts(z) -r Fq cos(cL)t) (3.2)

where m  is the effective mass o f the probe, is the instantaneous position o f the tip, 

(jOq is the unperturbed resonance frequency o f the lever, Q is the quality factor, k is the 

cantilever spring constant, is the total tip-sample force, z is the tip-sample distance 

and Fq and co are the amplitude and frequency o f the driving force. By solving this 

equation^ it can be shown that the dynamics o f  a vibrating cantilever can be expressed 

in terms o f the phase (9),  frequency (o)) and amplitude (̂ 4) o f the oscillation. The 

Amplitude {A) can be described by the expression:

 r  (3-3)

and the phase (0) by the expression:

t a n e = i | ^  (3.4)
0)q - 0)^
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Names for various dynamic modes o f AFM come from whichever o f  these three 

properties is used as a feedback parameter for distance regulation.

3.3.1 Amplitude Modulation AFM
In Amplitude Modulation AFM (AM-AFM) the cantilever with sharp probe is 

oscillated at a fixed frequency on or close to the cantilever resonance, (usually, but 

not always the fundamental). The value o f the amplitude is calculated from the signal 

measured at the photodiode, and is used as a feedback parameter to measure the 

region o f  constant force above the sample.

The amplitude o f the oscillating system depends upon the frequency o f the fixed 

driving oscillation relative to the resonance and upon the damping forces experienced 

(equation J .i) .  Any change in the amplitude o f  the oscillation occurs either due to a 

shift in the resonance peak relative to the fixed driving signal (conservative) or due to 

an overall reduction in the amplitude o f the resonance peak (reduction in Q factor i.e. 

dissipation). The amplitude o f  an oscillating probe will thus be influenced as the tip 

approaches the surface by conservative tip-sample forces, dissipative tip-sample 

forces, and the viscous damping from the environment.

R epulsive]

uT

Attractive
-0.5

2 3 4 5
Z//

Figure 3.6: Graph o f the Lennard-Jones force law (eq. 3.5).

Let us briefly consider a simple Lennard-Jones force law which describes the forces 

experienced by two bodies in close proximity as an approximation for the tip-sample 

interaction, as shown in Figure 3. 6 . This consists o f a long-range attraction and a 

short-range repulsive interaction:

=  (3.5)
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where Fq is a constant, z is the tip-sample separation, and I is the separation at which 

the attractive force is a maximum. As the tip moves towards the sample the force 

experienced changes from points a to c. Between points a and h the tip feels an 

attractive force towards the sample which perturbs the natural oscillation of the 

system such that the effective spring constant is altered (reduced in an attractive force). 

This equates to a reduction of the natural resonance frequency of the lever, via the 

relationship:

6l) =  y jk /m  (3.6)
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Figure 3.7: Typical AM -AFM  interaction curves (Phase and Am plitude). The curve was 
measured on a HOPG surface using a Silicon tip (with a native oxide layer) with radius approx. 
10 nm (as specified by supplier).

A typical interaction curve for AM-AFM is shown in Figure i. 7, where the 

unperturbed cantilever oscillation amplitude is around 50 nm. Mathematically 

speaking there are two solutions to the cantilever equation of motion (Equation 3.2). 

The sharp jump in the amplitude and phase curves is indicative of a jump between 

these states, and occurs somewhere to the right of point b on the force interaction 

curve (Figure 3.6), The two solutions to the cantilever equation of motion are known 

as the high amplitude (H) and low amplitude (L) solutions. The L-state solution 

dominates when the tip-sample force is a net attractive force (commonly considered 

as being non-contact).^ After the discontinuity in the amplitude curve (point b in 

Figures 3.6 and 3.7) the repulsive force begins to dominate the interaction and the 

oscillation changes to the H-state and the tip is considered to be intermittently 

contacting the surface. The “non-contact” mode (imaging with conditions where the
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I  ^
L-solution dom inates) is useful for non-destructive im aging o f  soft sam ples. This 

inherent bistability can result in unstable im aging conditions as the oscillation can 

seem to random ly switch between the tw o solutions.'"^ This sw itching can be 

m inim ized by using small lever oscillations and im aging set-points that are close to 

the unperturbed oscillation am plitude o f  the lever.'"' This bistability actually prevents 

quantification o f  the forces m easured by the technique, and is som ething that can be 

avoided by utilizing frequency-m odulation A FM  (FM -A FM ), discussed in the next 

section.

“Phase im aging” involves recording the phase difference betw een the driving force o f  

the lever and the actual oscillation frequency.''^ A typical variation o f  phase with 

relative tip-sam ple separation is also shown in Figure 3 . 7. This technique could 

potentially allow  us to chem ically distinguish m aterials, or to detect variations in 

m aterial properties such as adhesion, elasticity and viscoelasticity because o f  the 

relationship betw een the phase signal and the energy transferred betw een tip and 

sam ple during im aging.'^' In Figure 3 . 7, in the phase signal show s two solutions (at 

point b) which m eans there are also quantification difficulties associated w ith this 

technique.

3.3.2 Frequency Modulation AFM
In Frequency M odulation AFM  (FM -A FM ), the cantilever w ith sharp probe is 

oscillated at its resonance frequency. The detected cantilever oscillation signal is 

am plified and phase-shifted and used to drive the cantilever. To ensure that the lever 

is alw ays oscillated at its resonance a constant phase difference o f  90° betw een the 

driving signal and the detected signal is m aintained by a phase-locked-loop (PLL).

As the tip approaches the sam ple the force interaction changes the effective stiffness 

o f  the oscillation system , which changes the resonance frequency. The “frequency 

shift” (Aco) as it is called can be used as a feedback param eter for the im aging o f  

contours o f  constant force. The am plitude o f  the system  is dam ped by viscous forces 

and the dissipative tip-sam ple interaction. The signal that drives the lever can be 

am plified in one o f  tw o ways. It can be m ultiplied by a fixed value (constant 

excitation) or another feedback loop can be em ployed to keep the value constant
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(constant amplitude). The method employed in this study is Constant Amplitude FM- 

AFM (hereafter referred to as simply FM-AFM).

Figure 3.8: Typical FIM-AFM interaction curves (Frequency and Excitation Voltage). The curve 
was m easured on a HOPG surface using a Silicon tip (with a native oxide layer) with radius 
approx. 10 nm (box value). Point ‘a ’ is a point where the tip-sam ple separation is large and no 
perturbation  is experienced. Point ‘b ’ is the point of minimum force (i.e. maximum net attractive 
force). At point ‘c’ the tip and sam ple a re  close together and repel each other.

Actually the interpretation of the frequency versus tip-sample distance curves in terms 

of the force is more straightforward for FM-AFM than in the case of AM-AFM. A 

typical interaction curve for FM-AFM is shown in Figure 3.8, again with points of 

interest labelled a-c as in Figure 3.6. Negative values of frequency shift correspond to 

a net attractive force between tip and sample.

The amplitude feedback loop forces the cantilever to oscillate at constant amplitude 

and the 90° phase shift between drive signal and detection signal means that the 

oscillation is always at resonance. Therefore the energy losses of the cantilever 

(whether hydrodynamic, due to the structure of the cantilever, or because of the tip- 

sample interaction) must be exactly matched by the cantilever excitation required to 

keep the amplitude constant. As such the conservative and dissipative components of 

the cantilever equation of motion (Equation 3.2) can be treated separately. This means 

that conveniently the frequency shift and excitation amplitude in Constant Amplitude 

FM-AFM can respectively be used to calculate the conservative and dissipative 

components of the force interaction. Considering only the conservative parts of the

>
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interaction the following expression relating frequency shift to force can be derived 
] 8(trom reference ):

—  = — - f \ F t s ( z o  + A { l  + u ) ) j ^ d u  (3.7)
0)0  nAk'^-1  ^ V l - u 2  ^ ^

where Aco is the change in resonance frequency, Zq is the distance o f closest approach 

o f the tip and sample and u =  cos(a)t). Sader et al. successfully analytically inverted 

this equation such that it is valid for any value o f  oscillation amplitude A.^'^ Therefore 

the conservative force can now be easily calculated from the frequency shift via the 

formula:

F (z „ )  =  ! l  ( l  +  n(t) -  (3.8)

where

=  ^ 2 ^  ,3.9)
O)o

Sader et al. also showed that separation o f conservative and dissipative interactions in 

this manner is valid even for oscillating FM-AFM systems that are slightly detuned
70(and therefore not exactly on resonance), which attests to the robustness o f the 

technique.

Because the frequency shift is very sensitive to the force interaction, stiff cantilevers 

can be employed for imaging. This means that “snap-in” can be avoided and the full 

range o f the force interaction can be explored. Again, as in the case o f AM-AFM, the 

region o f net attractive force implies a “non-contact” regime, and very low-force 

imaging can be employed. This technique has successfully been used to image
I A  I

semiconductor, insulator and metal surfaces with atomic resolution in UHV, ' ’ as 

well as individual adsorbed molecules in UHV,^^ and molecular thin films.^'* The 

technique has recently been extended for operation in air and liquid environments,^^'^^ 

where atomic and molecular resolution has recently been achieved.'''

3.3.3 Energy Dissipation in FM-AFM
Even in the case o f “non-contact” imaging modes some energy loss o f the vibrating 

cantilever occurs that is associated with the tip-sample interaction. This energy is 

dissipated as heat, phonon coupling or some other mechanism (some theories are 

discussed below) and the amount depends upon the tip and sample structure and
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chemistry. As mentioned above, the energy dissipation in FM-AFM is proportional to 

the necessary excitation in the amplitude feedback circuit. This dissipation shows 

contrast between regions o f different material properties and chemical identity, 

and even shows contrast at the atomic,^^ and molecular scale.^^' As a result there is 

much interest in developing this technique for quantifiable materials property 

measurement, and for understanding atomic- and molecular-scale dissipation 

processes.

The phenomenon o f a tip-sample energy transfer which can be mapped with atomic 

and molecular resolution is difficult to explain theoretically. One suggested source o f 

the energy dissipation is the ‘stochastic friction force’, which says that random atomic 

vibrations at the tip-sample interface result in a friction force acting on the tip, 

although calculations involving this theory result in dissipated energies at least three 

orders o f magnitude smaller than e x p e r im e n t.T h e  ‘adhesion hysteresis’ mechanism 

is the other main suggested method and involves relaxation o f the tip or sample atoms 

at the interface during tip approach leading to different forces on approach and 

retract.^^ Although the calculated energies o f  this process are closer to experiment, it 

is still unclear whether such reconstruction could occur at the relatively large 

separations associated with the attractive force region and result in stable dissipation 

imaging.

The energy dissipation contrasts found during the imaging o f organic thin films 

suggests that disordered or loose packing commonly found in the molecular surface 

(and hence the stability against the tip-sample interaction force) has a strong effect on 

these images. Ichii et at. found higher dissipation on disordered dithiol monolayers
-3 0

than on a well ordered thiol monolayer. Moreover when the tip was scanned closer 

to the sample, the observed dissipation increased significantly on the dithiol 

monolayer and only slightly increased on the thiol monolayer, which suggests that the 

arrangement o f the dithiol monolayer was changed by the tip-sample interaction. 

Fukuma el al. showed that the dissipation is strongly correlated with the molecular 

packing; clear dissipation contrasts were observed for the not-so-well ordered delta- 

phase o f  a 12 Carbon chain Self Assembled Monolayer on Gold while the well 

ordered eta-phase showed hardly any molecular-scale contrast.^"^ Further results from 

Fukuma et al. also suggest that the contrasts are probably related to the number o f
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molecules interacting with the tip -  the more molecules interacting with the tip, the 

greater the dissipation; thus the dissipation image shows inverted contrast relative to 

the topographic image at the molecular scale. This phenomenon is illustrated in Figure 

3.9, and can be explained by the fact that the tip at position A has more energy 

dissipation pathways available than at position B, since at A it is interacting with more 

than one molecule. Fukuma et al. also showed that well-ordered Copper 

phthalocyanine (CuPc) grains showed lower dissipation than less well ordered (as 

shown in topography) CuPc monolayers.^^ Finally and importantly they showed direct 

evidence of energy transfer from the tip to the sample by showing that the sample was 

‘locally annealed’ after a few scans -  hence the vibrational energy of the cantilever 

was transformed into kinetic energy of molecular fluctuations through dissipative tip- 

sample interactions. Therefore, whatever the mechanism of energy transfer, it can be 

said that energy is transferred into the sample.

A;Tip Position 
b e tw e e n  m o lecu les  - 
h ig h e r  d issipa tion

B:Tip P osition  ab o v e  
m o lecu le  - low er 
d issipa tion

B

Topography 

Dissipation

Figure 3.9: Proposed model for the inverted Topography and Dissipation signals seen during 
FIM-AFM scanning.

Through the principle o f conservation of energy the total power supplied to the 

cantilever {Ptot) must equal the total dissipated power, which is comprised of the 

power dissipated through the natural damped motion of the cantilever (Pq) and the 

power dissipated through the tip-sample interaction such that:

Ptot =  h  +  Pt s -  (3.10)
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Since the cantilever is being driven at a constant amplitude, one can substitute for Ptot- 

and by characterising the lever resonance properties ( ojq and Q ), one can also 

substitute for Pq, which yields the equation for the average energy transferred to the 

sample per oscillation cycle

Q ^^exco '

where is the excitation voltage o f the Voltage Controlled Oscillator (VCO) that

drives the cantilever and Ag^co is the excitation voltage when the tip is far from the
-JQ

surface. will be in units o f eV jc yc le .

3.4 AFM probes. 

3.4.1 Measurement o f  lever displacement
In AFM the cantilever is either deflected as a result o f a tip-sample force, or if the 

lever is oscillating then the oscillation parameters are changed. Thus a sensitive 

technique for measuring the cantilever displacement is required. In the original AFM 

design, which was based on that o f the STM, an STM tip was used to detect the 

motion o f the lever. The lever itself was made from Gold foil, which is conducting so 

that its displacement might be measured by the STM tip.'̂ *’ This method was soon 

succeeded by optical methods such as heterodyne interferometry,"^' which were not 

dependent upon the roughness o f the back side o f the cantilever, and which allowed 

the cantilever to be oscillated at large amplitudes and high frequencies.* The most 

common and easy to implement method is the optical beam deflection (OBD) method, 

where a small laser beam is shone on the back side o f a reflective cantilever and the 

deflection detected with a position sensitive detector, typically a segmented 

photodiode."*^ It was soon realised that by segmenting the photodetector laterally also, 

any torsional bending o f  the cantilever, caused by friction between the tip and sample 

during contact mode imaging, could also be detected.''^ An illustration o f the 4- 

quadrant photodetector can be seen as part o f  Figure 3.5.

3.4.2 Calibration o f levers
In simple contact mode the total force experienced by the cantilever (F) can be 

calculated through Hooke’s Law;

F ^ k d  (3.1)

52



where d is the cantilever deflection and k  is the cantilever spring constant. One must 

therefore have reliable methods o f determining these quantities. These values are also 

necessary for the calculation o f the tip-sample force in AM-AFM and FM-AFM.

While the interferometric methods measure the displacement o f the lever directly, in 

the case o f the OBD method it is necessary to calibrate the system for each lever by 

measuring the deflection sensitivity. The deflection sensitivity is a calibration constant 

that allows us to convert the voltage measured on the photodiode into a real 

displacement.

In the most straightforward measurement o f  this parameter the tip is pressed against 

the sample, which deflects the lever, and the voltage ( V) measured by the photodiode

is measured as a function o f displacement (/?). The sensitivity is therefore the slope —

and is usually quoted as its inverse in units o f nm/V.

Since the optical path and lever characteristics will be different in every case this 

value must be calculated for every AFM experiment, or if the laser position on the 

cantilever changes. Although this is a very straightforward method it has some major 

disadvantages such as the fact that the tip will quite likely be damaged and/or become 

contaminated by hard contact with the sample. The method also assumes zero 

deformation o f the tip or sample.

Now to calculate the force from equation 3.1 we need to know the cantilever spring 

constant as well as the displacement distance. Methods o f calculating the cantilever 

spring constant are discussed in the following section.

3.4.3 Calibration o f  spring constant
An experimental determination o f the spring constant (/c) is also normally required. 

This is despite the fact that k  can be calculated for a rectangular lever based upon the 

geometry and material properties o f the lever by the equation:

k = MePcbhL(x)lac (3.12)
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where h, h, and L are the thickness, width, and length o f the cantilever, respectively, 

Pc is the density of the cantilever, (i)vac the natural resonance of the cantilever in
44vacuum and Mg is the effective mass.

This calculation is prone to errors because geometric values must be measured with a 

microscope (for high accuracy a scanning electron microscope (SEM) must be used). 

The thickness is very difficult and awkward to measure accurately and the dimensions 

of the lever are typically non-uniform anyway. As well as this the calculation assumes 

a perfectly homogenous cantilever material, when in fact there will always be sone 

native oxide growth.

An AFM cantilever can be calibrated by measuring the displacement when pressed 

against a cantilever o f known spring constant (the Reference Cantilever Method),'^^ or 

by measuring resonance changes of the lever as masses are added to the end o f the 

lever (Dynamic Added Mass Method),"*^ however these methods are awkward and 

time-consuming.

The Thermal Noise Method is a straightforward noncontact method that uses the 

Equipartition Theorem to calculate the dynamic spring constant from the measured 

thermal noise spectrum of the cantilever. For the fundamental resonance of a
48rectangular cantilever the dynamic spring constant is 1.04 the spring constant. This 

method also required calibration of the deflection sensitivity. As discussed in the next 

section however, the equation from this method can be used inversely to calculate the 

sensitivity after the spring constant has been measured.

In this thesis the method of choice is the “Sader Method” for lever calibration as 

discussed in the next section.

3.4.4 Sader Method for Lever Calibration 

3.4.4.1 Spring Constant
The Method of Sader et al. (The Unloaded Resonance Method) can be used to 

calculate k based upon the motion of the lever through a fluid, using the formula; 

k = 0.1906pb^LQri{(OR)a)l (3.13)
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such that it is only necessary to know the length (I), width (h) resonance frequency 

(w) and quality factor (Q) of the lever, as well as the fluid density (p) and viscosity 

(Fi). The density and viscosity o f air and water are well known and the length and 

width of the lever can be measured in a SEM.

3.4 .4 .2  Sensitivity
Because we can easily measure the spring constant using the Sader method, we can

The thermal noise spectrum of the lever can be measured and the Equipartition 

Theorem applied yielding the equation:

where is the Boltzmann constant. T is the temperature and P^c is the measured 

voltage signal at the photodetector at a given frequency.

This means that by this method it is possible to calibrate the cantilever in all respects 

before the experiment is carried out and without tip damage. We can therefore know 

the exact amplitude of oscillation in-situ. Currently, force measurement calculations 

in FM-AFM using Equation 3.5 are carried out after the experiment; however with 

increasing computing power and a sophisticated algorithm it should be possible at 

some point in the future to know the forces in the experiment “live”. This would mean 

for example that a value for “Force” could be used as a set-point for imaging. This is 

currently possible for “contact mode” imaging, however as discussed in section 3.3 

this imaging method can be very detrimental to the sample. In current FM-AFM 

experiments an estimate o f the force based on the spring constant and amplitude is 

used during the experiment.

3.4.5 Cantilever Hydrodynamic Considerations
When considering the method o f Sader and Jarvis for recovering the force from the 

interaction frequency as discussed in section 3.3.2 one of the important assumptions 

that must hold true if the conversion is to be valid is that the resonant frequency must 

be independent of the tip- sample separation (it is dependent upon the tip-sample force.

47use the Thermal Noise Method in the following way to calculate the sensitivity.

Sensitivity
nkojuP^cQ

(3.14)
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not the separation). It is therefore necessary to consider the effect o f hydrodynamics 

upon the lever resonance, especially as the lever approaches the sample to within its 

hydrodynamic length scale.^*  ̂ The hydrodynamic length scale is the lever-sample 

distance at which the inertial loading of the cantilever is significantly affected by the 

interfacial hydrodynamic forces -  when a surface is present the flow of liquid around 

the cantilever is disrupted. This length-scale is typically the same as the width of the 

cantilever.^'

To verify that the resonant frequency is independant of the tip-sample separation I 

measured the frequency shift o f a cantilever as a function of separation in water 

(Sader et o/.)^‘. In liquid this effect of squeezing fluid between the lever and sample 

would be greatly enhanced compared to in ambient conditions, where the fluid (air) is 

obviously less dense. Figure 3.10(a) shows the large frequency shift over the last 14 

microns of interaction due to the hydrodynamic interaction. The frequency does 

depend on the distance for large length-scales (approximately equal to the cantilever 

width). For typical tip-sample separations that are probed in AFM however, (Figure 

3.10(h) shows the frequency shift for the last 200 nm of tip-sample separation), the 

frequency shift due to the hydrodynamic effect o f the surface is essentially constant.

ISO
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Figure 3.10: Cantilever frequency shift in liquid as the cantilever/tip ensemble approaches the 
surface. The long range shift (a) shows significant deviation due to hydrodynamic damping. This 
effect however is unimportant over the region of interest (b) (last 200 nm). This interaction was 
measured using a silicon tip under water as an approach to a HOPG surface was made.
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Figure 3.11: M easurem ent of hydrodynam ic dam ping. This was observed in Am bient conditions.

This same effect is also present in air and is a concern for the correct calibration of the 

cantilever for force and dissipation calculations. A typical resonance curve for a lever 

is shown in Figure 3.11 at large separation (a few mm) and at 500 nm separation. 

When calibrating levers using the noncontact method it is tempting and more 

convenient to perform the calibration at very large separations. In this example I have 

shown that this can result in errors of in this case 32% in the measured quality factor 

Q, which would be important in quantitative measurements of the Energy Dissipation 

(according to Equation 5.77).

3.5 Experimental Setup/AFM Modifications 

3.5.1 Imaging modes for roiaxanes on HOPG
Many groups have in the past managed to achieve high imaging resolution in liquid 

environments using contact mode AFM imaging. Muller et al. could frequently image 

the lattice structure of the Bacteriorhodopsin protein. These samples are typically 

robust and the films are very tightly packed. This means that the film can withstand 

any high lateral forces exerted by the tip. Also, in a liquid environment the contact 

forces can be balanced because there is only one interface (liquid-solid). In ambient 

conditions a water meniscus forms between tip and sample when in close enough 

proximity. As the tip drags this meniscus across the surface it can exert large forces 

and greatly deform soft surfaces.
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For these reasons contact mode imaging and any possible associated high-resolution 

was not possible for rotaxanes on HOPG. The molecules are weakly physisorbed and 

the combination o f meniscus forces and lateral forces sweeps clean the area under 

investigation. The destructive result o f a typical contact mode scan on a rotaxane 

monolayer is shown in Figure 3.12. This figure shows a square area in the centre of 

the image where I performed a contact mode scan just prior to the AM-AFM scan 

shown. Despite the imaging conditions for the previous scan being “net” attractive (an 

imaging set-point o f -0.1 nN was maintained), the molecules were displaced. This is 

evidenced by the ploughing that has taken place in the contact mode scan.

Figure 3.12: AIM-AFM image of a rotaxane thin film on HOPC. The square in the centre of the 
image is where a Contact Mode scan (500 nm x 500 nm) was performed previously. In the 
Contact Mode scan no topographic details were observed. The AFM mode was changed to AM 
mode and the scan size was zoomed out to observe the damage done by tip ploughing.

As discussed in section 3.3.1, an AFM operating in AM mode can have a cantilever 

that is oscillating in one of two solutions to the cantilever equation o f motion (called 

the H and L solutions). In the experiments o f San Paulo et al. they showed the 

damaging effects o f switching between the H and L solutions to the tip-sample 

f o r c e . T h e y  imaged the trimer structure o f human serum albumin (a-HAS) while the 

cantilever was oscillating in the L branch and then switched to the H branch where no 

structure was visible. The molecular structure was destroyed by this process as 

evidenced by the subsequent scan in the L-branch.
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In my rotaxane imaging experiments I observed film damage as a result o f switching 

branches, which resulted in similar effects to those observed in Figure 3 . 12. This 

switching can be minimized by using small lever oscillations and imaging set-points 

that are close to the unperturbed oscillation amplitude o f the lever.'*’ In Figure 3. 7, 

point b indicates the tip-sample distance (x-axis) where this switching o f solutions 

occurs for this given free amplitude o f oscillation (50 nm -  the value at point a. far 

from the surface), and where the cantilever can randomly switch between solutions. 

By imaging in the attractive or “non-contact” mode I was able to maintain consistency 

in my measurements o f rotaxane film height above the HOPG between non-contact 

AM-AFM and non-contact FM-AFM. This is because the imaging forces were 

similarly low in either case and deformation o f the rotaxane film was minimized. 

Values o f amplitude set-point higher than the value at point b in Figure 3 . 7 allow for 

non-destructive imaging to take place.

3.5.2 FM-AFM Imaging: Avoiding Instrumental Artefacts
In general, it is also important to use due consideration o f the gains in the automatic

gain controller (AGC), and in the z-piezo feedback circuit, in relation to the imaging 

speed such that the acquisition rate does not exceed the bandwidth limitation o f the 

various elements o f the system. If the feedback circuit is not adjusted correctly one 

will often see “edge effects'” when the sample is rough, which are caused when the tip 

meets a feature, but the z-feedback is too slow in pulling the tip away from the surface 

we get an artificial increase in the observed dissipation caused by the tip being closer 

to the sample and/or an increase in the contact area. In the case o f a very rough 

sample o f homogeneous composition this can cause artefacts o f  higher dissipation to 

be observed which are unrelated to the mechanical properties o f the sample.

3.5.3 AFM Modifications - Introduction
The Asylum Research Molecular Force Probe Three Dimensional AFM (MFP-3D) is 

an excellent system for an innovating nanoscience laboratory. This is chiefly because 

o f the open-source nature o f the controlling software. This allowed us to rewrite the 

software to incorporate FM-detection and a new scan engine for a home-built scanner. 

A Field-Programmable Gate Array (FPGA) chip also allows for easy signal 

manipulation, to do things like incorporate software controls to switch between piezo
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cantilever activation and magnetic activation, or between the in-built scanner, and my 

home-built scanner.

For all that I could reliably measure very small differences in rotaxane film height 

with AM-AFM and FM-AFM using the Asylum MFP-3D AFM (this data will be 

presented in Chapter 4), I wished to improve its capabilities for fast feedback and 

lateral resolution, and for force and dissipation imaging (the limitations o f the 

commercial system will be described below). To this end 1 added a new scanner and 

capability for Magnetically Activated Dynamic AFM (or MAD-mode).^^' These 

modifications allowed me to achieve molecular resolution studies o f  rotaxane 

molecules in ambient conditions for the first time, and these results are discussed 

thoroughly in chapter 5.
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3.5.4 AFM Scanner Modification

Figure 3.13: Photograph of AFM scanner modifications. The new piezo tube sits In a hole in a 
heavy stainless steel fitting. This fitting is carried  along by the original flexure scanner. A 
softw are modification allows disable the original scanner and move the sam ple with the piezo 
tube. This allowed significant reduction of the positional noise caused by having such a large scan 
range on the original scanner.

The MFP-3D AFM is built with biological experiments in mind. As such the scanner 

has a very large maximum scan range to accommodate the imaging of large cells. The 

scanner also has the form of a flexure stage, a design used so that biological samples 

on glass slides can easily be investigated, and an objective microscope lens 

incorporated, and because it allows the incorporation of a lateral feedback system. 

This feedback system is useful for controlling thermal drift, but adds to the lateral 

noise o f the system. As well as this the scanner moves around 500 nm for every 1 volt 

applied. This low sensitivity means that for small movements o f the stage the motion 

is very sensitive to noise in the voltage signal. With an r.m.s. noise in the position of 

the scanner o f around 1 nm, this is not conducive to high-resolution imaging. Figure 

3.13 shows a piezo scanner assembly I designed and built to seamlessly integrate with 

the MFP-3D stage. The home-built scanner sits into the space where normally an 

optical microscope objective lens resides. The scanner housing is constructed so that 

there is space for it to “ride along” with the MFP-3D scanner. This design allows us to 

select between scanners for a large range of scan sizes without replacing the sample or 

moving the tip location above the sample. The home-built scanner has a maximum 

scan range o f 2 nm  and with a voltage range o f ± 100 V, which means it is susceptible 

to an r.m.s. displacement noise o f less than 0.2 A .  This noise level is of the order of 

other contributions to the total noise such as vibrational noise and deflection noise 

(from the Brownian motion of the lever). The ride-along scanner could be calibrated
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by sequentially matching scan traces between it and the Asylum flexure stage. A 

calibration grating was not used because the maximum scan range was too small for 

this to be applicable.

3.5.5 Magnetic Activation

Figure 3.14: Illustrations of the main m ethods used for AFM cantilever activation.

Figure 3.14 illustrates the two methods most commonly used to oscillate AFM 

cantilevers, namely piezo activation and magnetic activation. It is also possible to 

activate the lever by modulating the laser power, causing local heating and 

expansion/contraction o f the lever material at the frequency of the modulation, which 

oscillates the lever, but this method is far less common.^^ By attaching a small 

magnetic particle (with size typically on the order of the cantilever width, around 20- 

35 |xm) to the backside of the AFM cantilever, the cantilever can be oscillated in an 

alternating magnetic field. In liquids the lever response spectrum can typically contain 

a “forest of peaks” around the cantilever resonance.^* This is because the shaking of 

the piezo coupled by the surrounding liquid can activate spurious resonances o f the 

cantilever-holder/sample system. This is avoided through directly activating the end 

of the lever by magnetic activation. In relation to the ambient studies performed in 

this work. Magnetic Activation provides a cleaner response spectrum, which makes 

Frequency Modulation easier to implement. This technique also has the advantage of 

directly activating the free end o f the cantilever without any phase lag that might be 

associated with a delay between oscillating a piezo element at a certain frequency and 

the cantilever response.

NdFeB
MagnetPiezo

Actuator

Alternating
Magnetic
Field

Electromagnetic •;
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3.5.6 Design o f the coil assembly
It was necessary to design the magnetic cantilever activation system around the pre

existing available space of the commercial Asylum Research MFP-3D AFM. The 

AFM is designed with biological experiments in mind, so there is space for a 

microscope lens beneath the sample, which is generally mounted upon a standard

sized glass slide. For standard samples I could thus replace the lens with a suitable 

coil. My design of a “ride-along” scanner (section 3.4.2.1) required a revised driving 

coil design. I decided to activate the levers using the external field o f a coil (which is 

much weaker than the internal field I had previously been using).

Typical Phase Curve

Amp = 2 V 
Regular Coil (A)

0.1

9 0 “

Amp = 77 mV 
3 Coils [External]  (C)0.01

Amp = 38 mV 
1 Coil [External] (B)

0.001

2 3 k H z 2 4 k H z 2 5 k H z 2 6 k H z 2 7 k H z

(A) (B) (C)

Figure 3.15: Comparison o f the activation spectra for a cantilever with attached magnet for the 
three different coil setups. This figure also shows photographs of the Magnetic Activation 
modification used with the Asylum MFP-3D, and the modified scanner.
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Figure 3.15 shows a comparison of the resonance response of a cantilever using 

different coil arrangements and piezo activation for the same lever with a driving 

voltage of 100 mV in each case.

3.5.7 Ultrasensitive AFM experiments

actuator |
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Feedback Electronics
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Figure 3.16: Signal flow and feedback diagram  of home-built low noise AFIM operation in FIM- 
AFM mode.

During the third year of my studies by Dr. Takeshi Fukuma built an ultra-sensitive 

FM-AFM in our laboratory. An earlier commercial AFM modified in the former 

group of Dr Fukuma has in the past allowed true molecular resolution to be obtained 

on SAMs on Au(l 11) in air and liquid/* as well as true atomic resolution in liquid.'^ 

Recently using this newly-designed AFM, members of my group demonstrated that 

they could resolve the individual head groups of lipid bilayers.^^’ This AFM has 

proven itself to be a versatile tool for the imaging of soft, insulating and biological 

samples, and realizes some of the true potential of the FM-AFM technique outside of 

the UHV environment. The instrument has a deflection noise density of 5.3 fm/VHz in 

air and 7.3 fm/VHz in water.^^’ '̂ The automatic gain control (AGC) and phase shifter 

were also home built.^^ After the successes of modifying the Asylum MFP-3D AFM 

to investigate ordered films of simple rotaxanes I worked closely with Dr. Fukuma to 

establish experimental protocol for imaging of large rotaxane molecular shuttles and 

to help qualify the tool for ambient experiments. The findings of this work in relation 

to the potential functional mobility of rotaxanes in surface-mounted devices are 

discussed in Chapter 6.
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3.6 Conclusions
This chapter detailed experimental methods used during this work for the reproducible 

production o f ordered rotaxane thin films. The theory behind AFM and current status 

o f the field have been detailed with particular attention to the dynamic methods 

necessary for the investigation o f soft and easily damaged samples such as rotaxane 

thin films. In particular FM-AFM, and the properties exploited in this work, such as 

the potential for high-resolution studies, and dissipation measurements have been 

explored. The particular AFM modifications I preformed to achieve molecular 

resolution in ambient conditions were also discussed, as well as the cantilever 

calibrations necessary to obtain quantitative data. Having armed m yself with this most 

sophisticated o f local nanoscale investigation tools, the following three chapters detail 

the experimental findings on the particular H-Bond assembled rotaxane systems 

studied.
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Chapter 4: The Effect of Solvent upon Molecularly Thin
Rotaxane Film Formation

4.1 Introduction
In this chapter I discuss experiments on the growth and characterization o f thin films 

o f rotaxanes via the evaporation o f a solvent. I explore the effects o f the film 

deposition conditions upon rotaxane film formation and how the resulting film 

structures will impact potential rotaxane mobility. Specifically, 1 explore the effect on 

the molecular reconstruction o f the solvent hydrogen bonding ability (section 4.5 ) and 

o f the surface concentration (i.e. molecular packing density - and in particular how 

this relates to the type o f  solvent used) (section 4. 6) .  The molecular type is varied to 

investigate the sensitivity o f the self-assembly to changes in the molecular 

composition section 4. 4 .

It has been discussed extensively in chapter 2 , section 2 . 3 , that many rotaxane types 

are known to be switchable in the solution p h a s e . O f  course the breadth o f possible 

applicafions is extended greatly if  these molecules can also function at a solid 

interface. This chapter attempts to understand how the potential functionality o f  such 

interlocked molecules will be altered or inhibited by the interaction with the surface 

and by the conditions during film formation. As discussed in section 2 . 6 , there is 

existing evidence that solvent dependant co-conformational changes in interlocked 

molecules at surfaces have also been observed, illustrating the importance o f the 

environment during deposition.^

It will be seen in section 4.5 that the distinct hydrogen-bonding networks seen in 

crystal structures o f  rotaxanes from certain solvents are reflected in the surface 

structure o f films from these solvents as observed by AFM. Also tailoring the 

molecular type can be used to control the domain size and order -  this will be seen to 

be inter-related to the information in chapter 6 where molecular-scale details will be 

discussed.

All o f these parameters will strongly affect the potential functionality o f rotaxanes. H- 

Bonding o f neighbouring rotaxane molecules to each other would not be good for 

mobility o f the rotaxane components. The molecules should be arranged into films
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where the hydrogen-bonding interactions between neighbouring molecules are 

minimized so that they are not conformationally locked. The varying degree of order 

found by varying the molecular type is also discussed, in terms of a potential device 

and the order and addressability that would thus be required.

For the work described in this chapter I have focussed primarily upon simple non

shuttling rotaxanes, which are starting point for the study of more complicated and 

functional rotaxanes. In the solid state such molecules are usually immobilised by 

inter-molecular hydrogen bonding^ and the knowledge gained here provides insight 

into whether or not the extra degrees o f freedom associated with the molecules being 

at a surface may allow the occurrence of sub-molecular motion. The work described 

in this chapter has also been published in the Journal “Applied Surface Science”.̂

4.2 Sample preparation

4.2.1 Materials 
H  IF:X,Y =  CH 

EF: X,Y =  N
ISN:X,Y =  CH 

ESN:X,Y =  N

t-Bu

t-Bu

Figure 4.1: Rotaxane m olecular structures o f  IF (isophthalyl Fum aram ide rotaxane), EF (Exo- 
pyridyl Fum aram ide), ISN (Isophthalyl Succinam ide-Naphthalim ide Shuttle) and ESN (Exo- 
pyridyl Succinam ide-Naphthalim ide Shuttle).

In these experiments I investigated four related rotaxane molecules. The fumaramide 

rotaxanes (IF and EF) (Figure 4.1(a)) have only one fumaramide station and a short 

chain length; the molecules are identical except for an (exo-)pyridyl group in the
o  •

macrocycle o f EF. The remaming two molecules (ISN and ESN) (Figure 4.1(b)) are 

rotaxane molecules, where the thread portion has two stations, in this case 

succinamide and naphthalimide stations, and similarly the molecules are distinguished

by an (exo-)pyridyl feature on the macrocycle. 9 , 10 These [2]rotaxanes are
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electrochemically switchable. Acetone, Chloroform, Tetrahydrofuran (THF), 

Methanol and Dimethyl sulfoxide (DMSO), were used as solvents for the preparation 

o f dilute rotaxane solutions. All solvents were HPLC grade.

4.2.2 Solvent evaporation times
To prepare the films on a freshly cleaved 10 mm x 10 mm HOPG substrate, a single 

drop o f solution (rotaxanes in acetone, concentration approximately 1 [aM) was 

deposited and the acetone solvent was allowed to evaporate slowly m a 500 cm 

container with an atmosphere saturated with acetone vapour. The area per rotaxane at 

the surface was estimated to be around 2.1 nm^ by using the rotaxane molecular 

dim ensions." These dimensions o f the rotaxane reconstruction will be illustrated in 

chapter 5 , section 5 . 5 . 1. A drop volume o f 14 |iL provided an even solvent 

distribution to the whole sample and with this volume any concentration less than 

5x10'^ M gave sub-monolayer coverage o f  rotaxanes, as verified by AFM 

measurements. Optimisation o f the method showed that a drop o f 14 |aL o f acetone on 

a square 10 mm x 10 mm HOPG sample is at the upper limit o f a stable droplet 

(above this and the contact surface tension o f the droplet is not sufficient to keep the 

droplet from spilling o ff a substrate o f this size). Subsequent experiments were 

conducted at this limh to ensure that the molecules form a film free o f the influence o f 

pulling effects o f evaporation and dewetting o f the solvent.

4.3 Film Characterisation
The resulting structures were imaged by AFM, using both AM-AFM'^ and FM- 

A FM "' for tip-sample distance regulation. By maintaining a consistent set of 

experimental parameters I was able to compare film height data from many different 

tip-sample combinations. In AM mode the phase between cantilever excitation and 

deflection detection was monitored to ensure that the tip-sample interaction was 

always in the attractive regime. Similarly in FM mode the tip-sample force was 

always attractive. Dynamic AFM techniques were employed exclusively in this study 

and a net attractive force between tip and sample was always maintained, to ensure 

that the weakly-physisorbed and flexible rotaxanes were not deformed by a strong tip- 

sample interaction or displaced by meniscus forces between tip and sample. Film 

heights o f  the imaged rotaxanes were consistent between the two modes.
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Typical experimental parameters for all of the images in this chapter are as follows; 

(AM mode: Amplitude (A) = 16 nm, Set Point (S.P.) = 95%; FM mode: A = 10 nm. 

Frequency Shift (Af) = -50 Hz). The AFM probes used in this experiment were 

Nanosensors PPP-EFM levers (typical characteristics: spring constant (k): 0.1 N/m, 

Resonance Frequency (fo): 69 KHz, tip radius: 10 nm). An Asylum Research MFP-3D 

SA AFM was used for all images.

4.3.1 Surface coverage calculation
The surface coverage percentage was calculated by printing the image with a 200- 

point grid superimposed and counting the number o f points intersecting with the 

rotaxane film.

4.4 Rotaxane Film morphology

Figure 4.2: AFM topography images of (a) IF and (b) EF sub-monolayer films on HOPG. Scan 
sizes 2 ^m.

The images in Figure 4.2 show typical film structures for sub-monolayer films of 

rotaxane molecules IF and EF respectively as deposited from acetone. Comparing the 

film structures o f IF to its exo-pyridyl equivalent it can be seen that in the case of EF 

the angle between neighbouring domains is approximately 60° and from this result it 

can be said that the domains are preferentially oriented relative to each other 

according to the symmetry directions of the underlying graphite lattice. The only 

difference between the IF and EF molecules is the presence o f the two external 

pyridyl groups on the macrocycle o f EF, which are isophthaloyl groups in the case of
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IF. The difference in film characteristics of the two molecules suggests that it is the 

presence of the external pyridyl group on the EF that causes the molecules to sit at 

preferred sites in a preferred orientation on the graphite surface. This could occur 

either by interaction of the exopyridyl group with the surface directly, or by the 

interaction of neighbouring exopyridyl groups thus aligning the molecules and 

favouring their interaction with the surface in a specific manner. The crystal structure 

for both molecules is almost identical, and there is a n-n interaction between 

neighbouring isophthaloyl/exopyridyl groups. The relevant distances are very similar 

and there is nothing in the solid-state geometries to suggest any significant difference 

in intermolecular interactions as a result of this difference in the neighbouring group 

type. Therefore it would seem that the dominant interaction is not between 

neighbouring exopyridyl groups, but between the exopyridyl group and the graphite 

surface. The nature of this interaction could be n/n stacking or a lone-pair/7 1  

interaction. Since it is preferential that the rotaxane be attached to a surface via the 

macrocycle (as discussed in section 2.6.1), it is an important result that in this case 

registry with the surface occurs because of a slight change in the chemical 

composition of the macrocycle.

4.4.1 Morphology o f other rotaxane functionalities

Figure 4.3: AFM topography images o f (a) ISN and (b) ESN sub-monolayer films on HOPG, 
Scan sizes 1 fim.

The images in Figure 4.3 show typical film structures for ISN and ESN as deposited 

from acetone. The differences between the morphologies of the ISN and ESN are
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analogous to those between IF and EF. This means that the pridyl group is directing 

the alignment o f  ESN in the same manner as the EF molecule. It is clear that the long 

thread o f the ESN molecule and the rotaxane’s resulting decrease in symmetry and 

increase in size has resulted in a greater lattice mismatch between the film and the 

graphite surface since the molecular domains are so much smaller in the case o f  ESN.

4.5 Effect of solvent basicity on rotaxane film structure
To investigate the effect o f  the solvent used during rotaxane deposition I measured the

height o f the sub-monolayer films formed for each solvent, focussing on the EF 

molecule because o f the large and uniform domain size and the fact that the molecule 

is anchored to the surface via its exo-pyridyl moiety. This film quality allows the best 

chance o f observing film structure differences between samples.

F-2 Rotaxane 
deposited from

a: Chloroform 
b; Acetone 
c: Tetrahydrofuran 
d: Methanol 
e: Dimethyl Sulfoxide

Figure 4.4: AFM topography images of EF sub-m onolayer films on HOPG as deposited from a 
range of solvents. Scan sizes 1 ^m.

In Figure 4.4 are typical images o f sub-monolayer films o f  the EF Rotaxane as 

deposited from five different solvents with a range o f hydrogen-bond basicity (B), 

which is a measure o f  the ability o f the solvent to accept hydrogen bonds, with 

solvents o f high B being better hydrogen-bond acceptors. Irrespective o f  the solvent 

used molecular assembly with substrate registry was observed. To measure the height
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of the rotaxane films, cross-sections of the images were taken. The sections were 

locally plane-fitted to subtract the slope evident in most AFM images to ensure 

correct measurement of the height. On average 10 measurements of the height were 

taken per solvent of deposition. Figure 4.5 shows the average height measured by 

AFM, plotted with the 13-value of each solvent of deposition. There is a clear change 

in the height of the sub-monolayer film with increasing hydrogen-bond basicity of the 

solvent. This difference in height suggests that for low-B value solvents the molecules 

adopt a different arrangement to the molecules deposited from higher-B solvents.

1.2

?
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Figure 4.5: Film height of rotaxane IF monolayer films for five different solvents, plotted against 
solvent hydrogen-bond basicity (p). Numbers in brackets are the percentage coverage of the films 
for those measurements.

It has previously been found in the case of Rotaxanes that the type of crystal formed 

depends on the solvent from which it has been recrystallised.^’ When recrystallised 

from a hydrogen bonding solvent (e.g. DMSO), IF and EF have almost identical 

structures; the crystal structures in Figure 4.6(a) and (b) illustrate this similarity. The 

molecules pack in ‘diagonal’ columns with a n-n interaction between the ‘top’ 

pyridyl/isophthaloyl group of one rotaxane and the bottom pyridyl/isophthaloyl group 

of the rotaxane above. Bonding to the thread carbonyls satisfies all of the macrocycle 

amides and the solvent is bonded to the thread amides. The hydrogen bonding of the 

rotaxane as a whole is self-satisfied. In the crystal structure from a non-hydrogen 

bonding solvent, as shown in Figure 4.6(c), the IF molecule has two out of four 

macrocycle amides bonding to the thread and the other two bonding to the next 

rotaxane. In this manner the crystal consists of rows of molecules connected by 

hydrogen bonding. The molecule has a distorted shape especially along the rows of 

inter-molecular hydrogen-bonding. In the case of the EF molecule, as adsorbed to the 

HOPG surface, the pyridyl groups are interacting with the surface. The inter-

DMSO
(29%)

J

^Chloroform A cetone i
(2S’ '-) (30%) , •

M ethanol. 
(25%) |3gy.) •

.-f... F
r
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molecular hydrogen-bonding leads to a significant change in the film height since the 

plane of the macrocycle will be closer to being parallel to the HOPG plane in order to 

hydrogen-bond to its neighbouring rotaxane.

Figure 4.6; Rotaxane crystal structures; (a) IF as recrystallised from DMSO, (b) EF as 
recrystallised from DMSO , (c) IF as recrystallised from CHCI3/IVleCN (non hydrogen-bonding 
solvent).

The observed differences in height are direct evidence that the solvent used in the 

rotaxane deposition influences the final orientation and hydrogen-bonding state o f the 

rotaxane thin film. A rotaxane that is not hydrogen-bonded to neighbouring molecules 

will have increased mobility o f its sub-molecular components (thread and macrocycle) 

relative to each other. Analysis o f the energetics of a Fumaramide rotaxane system in 

the solid state by Biscarini et al. has also demonstrated this to be true.^

4.6 Effect of surface coverage on rotaxane film structure
Figure 4.7 shows a rotaxane thin film as deposited from chloroform solution at

surface coverages o f 20% (a), 50% (b), 78% (c) and 95% (d). Figure 4.8 shows a 

rotaxane thin film as deposited from DMSO solution at surface coverages o f 14% (a), 

29% (b), 55% (c) and 88% (d). Figure 4.9 shows the film heights for the different 

surface coverages. Clearly another variable in the film height observed by AFM is the 

packing density o f the rotaxanes. Rotaxanes are large and flexible molecules and as a 

result of these characteristics a large lattice mismatch can be accommodated in these
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epitaxial films. This was apparent from the fact that substrate registry occurred for all 

solvents and is further demonstrated here by the dramatic difference in film structure 

between high and low coverages, from chloroform solution, while substrate registry is 

maintained. At higher coverage from chloroform solvent the packing density is 

greatly increased, shown by the increase in film height, while the molecules will still 

be hydrogen-bonded to their neighbours, two factors that will strongly disfavour 

switching effects in the solid state. Films grown from DMSO on the other hand, show 

similar film heights regardless o f rotaxane coverage, which demonstrates that the 

structure o f the film is independent of surface coverage. The thickness of these layers 

is consistent with a single layer of rotaxanes and measured crystal interplanar 

distances when the molecules are recrystallised from DMSO.''*

Figure 4.7: AFM topography images of EF sub-monolayer films on HOPG as deposited from 
chloroform for a range of surface coverages; (a) 20%, (b) 50%, (c) 78% and (d) 95%. Scan sizes: 
(a), (c), (d) 2 Jim , (b) 1 fim .

Figure 4.8: AFM topography images of EF sub-monolayer films on HOPG as deposited from 
DMSO for a range of surface coverages; (a) 14%, (b) 29%, (c) 55% and (d) 88%. Scan sizes 2 ;im.

It is clear that one cannot ignore the solvent o f deposition. Actually it can be said that 

to favour the occurrence of switching effects in such rotaxane thin films it would be 

best to use a solvent with high hydrogen-bond basicity such as DMSO. A commonly- 

used solvent in rotaxane surface experiments, where the method of deposition has 

been drop-casting, is acetone.^’ In hindsight this solvent may not have been the 

best choice because I have shown that its use results in thin films with rows of 

rotaxanes that are hydrogen-bonded in a way not conducive to sub-molecular motion. 

This inter-molecular hydrogen-bonding may even have been an important factor in the
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concerted motion o f rotaxanes under the influence o f an AFM tip, which resulted in 

the formation of periodically spaced dots and which is being exploited as a molecular 

nano-recording device.'^ These experiments have illustrated the importance of solvent 

choice for the drop-casting technique, and I have directly observed with AFM 

controlled conformational differences in rotaxane structure based upon the deposition 

solvent.

DMSO

Chloroform

40 60

Film C overage [%]

Figure 4.9: Film height o f  rotaxane IF m onolayer Films for chloroform  and DM SO, plotted as a 
function o f surface coverage.

4.7 Conclusions
I have investigated differences in the structure o f molecularly-thin rotaxane films 

deposited by solvent evaporation as a result of small changes in the molecular 

structure, as a function of hydrogen-bond basicity of the deposition solvent and as a 

function of the surface coverage. The addition of exopyridyl moieties to the rotaxanes 

resulted in uniform domains having orientation corresponding to the underlying 

substrate lattice while a larger, less symmetric molecule resulted in a greater lattice 

mismatch and smaller domain sizes. When a solvent is a poor hydrogen-bond acceptor 

(has low hydrogen-bond basicity (B)) the rotaxane film will be greatly different in 

structure when compared to a film formed from a good hydrogen-bond acceptor, since 

molecules in the former will be hydrogen-bonded to their neighbours rather than self- 

satisfied. I have demonstrated the importance o f solvent choice in the ‘wet’ formation 

of rotaxane thin films because o f the effect of the solvent on the thread-macrocycle 

interaction, and that a good hydrogen-bond accepting solvent such as DMSO will 

result in films more likely to favour the occurrence o f sub-molecular switching events 

in rotaxanes.
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Chapter 5: Quantitative conservative and dissipative
force imaging of rotaxanes at the meso and molecular 
scale

5.1 Introduction
This chapter discusses the first m olecular-scale investigation o f  an ordered rotaxane 

thin film. In C hapter 4 the im portance o f  film preparation param eters in producing 

film s w ith properties conducive to surface functionality was discussed. As part o f  that 

w ork I showed how  sim ple variations in the m olecular structure vastly affect the 

m orphology o f  the resulting dom ains in the film. One o f  these film types -  the 

exopyridyl fum aram ide m olecule, had the h ighest degree o f  m eso-scale order o f  the 

set, from which it w ould follow  that the order at the m olecular scale w ould be good 

also. M olecular-scale investigation o f  rotaxanes was desirable to help assess potential 

functionality and order, and the EF m olecule seem ed to be the m ost prom ising 

candidate for such experim ents.

The im portance o f  ordering and addressability in device form ation has been discussed 

throughout this thesis. Interestingly in this case the order is o f  use because it enables 

easier m olecular-scale investigations. The specific results in this chapter, the 

m easured reconstruction (section 5 . 5. 1) , tell us that at the m olecular level the film s are 

ordered, and this order can be increased by adding energy to the system , i.e. annealing. 

The EF m olecule is in fact sw itchable by UV light (although no shuttling takes place, 

only increased rates o f  rotation; as discussed in section 2. 4. 1) .  O ther sim ilar benzylic 

am ide rotaxanes can have different kinds o f  sw itching behavior (section 2 . 4. 4) , ' '^  and 

from the results o f  the sim ple m olecule used in this chapter we may predict some 

aspects o f  their behaviour on a surface. In fact som e o f  the data in this chapter is used 

to help calculate the reconstruction o f  a m ore com plicated rotaxane shuttle studied in 

chapter 6 (the reconstruction is illustrated in Figure 6. 3 , section 6. 6) .  In the solid-state 

such m olecules are usually im m obilised in a fixed conform ation due to interm olecular 

hydrogen bonding.'^ These m easurem ents help determ ine if  the potential sw itching 

effects will be restricted at a surface also despite the extra degrees o f  freedom  relative 

to the solid state.
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The molecular-scale information is first measured in UHV conditions (section 5.5) by 

FM-AFM and I later extend this technique for use in ambient conditions (sections 5.6- 

5. JO). FM-AFM is shown to be a powerful tool for ambient exploration o f organic 

films. The molecular-scale dissipation signal that was also measured for the first time 

in ambient conditions is promising as a potential technique for switching detection. 

This idea is further developed in chapter 6 (sections 6.8-6.9). The dissipation (as 

discussed in section 3.3.3) is a barometer for molecular flexibility (i.e. degrees o f 

freedom) at surfaces. The development o f dissipation imaging in ambient conditions 

on this model rotaxane system provides the opportunity to study externally stimulated 

sub-molecular motion at the local molecular level simultaneously with topography in 

this practical environment.

At the time o f obtaining the UHV high-resolution experiments discussed in this 

chapter the only means o f accessing such resolution o f soft organic molecules was in 

a UHV FM-AFM system. This is unless the molecules are small enough that a thin 

film can be investigated with STM (i.e. thin enough that a current can pass through a 

film), which is not the case for these rotaxanes. The problems associated with ambient 

AFM (discussed in section 3.3, and 5.2 below) had not yet been addressed sufficiently. 

The modification and qualification o f an AFM for high-resolution observations o f 

rotaxanes, including FM mode and Magnetic activation, were obviously not to be 

under taken blindly. It was unclear at the offset o f this work if  the high-resolution 

structure o f  the EF molecule would actually be observable at all. This is why the need 

was there for UHV experiments -  so as not to test a developing technique on an 

unknown system. So the rotaxane films at this time had the double purpose o f 

measuring the effectiveness o f the ambient AFM setup, while being used to test the 

rotaxane functionality with AFM. The work described in this chapter has also been 

published in the Physical Review.^

5.2 Imaging in ambient vs UHV conditions -  challenges overcome 
during this work
This chapter also considers the use o f Ambient AFM in the sense o f evaluating its 

worth as a tool for quantitatively measuring interaction forces and energy transfer (i.e.
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degrees o f  freedom ), as well as discussing the potential for use as an investigative tool 

for fragile biological and other soft samples.

Real w orld chem ical and biological applications require operation in air or liquid

environm ents. In the liquid environm ent, where m eniscus forces are not present, the

FM -AFM  technique is being adopted.^’̂  In am bient conditions the presence o f  any

native w ater layer lim its the im aging resolution and resolution o f  the full range o f  the

force interaction, although som e FM -AFM  experim ents in air have been presented.'*^' 
11

F^ecently Sasahara et al. im aged oxygen-atom  vacancies as depressions in oxygen 

atom  row s in a controlled dry N 2 environm ent after back-filling o f  a UHV cham ber.'^ 

Fukum a et al. also im aged a hydrophobic alkanethiol SAM  with true-m olecular 

resolution.'^ Holscher et al. used the constant excitation FM -AFM  m ethod to quantify 

the force in am bient conditions valid for large cantilever oscillation amplitudes.''^' 

Using the related dynam ic technique o f  AM -A FM  with ~  1 nm cantilever oscillation 

am plitudes in the attractive force regim e, Anselm etti et al. reported single m olecular 

resolution o f  a hexagonal packed interm ediate protein l a y e r . B y  m onitoring the Q- 

factor o f  the cantilever as a function o f  tip-sam ple distance an indication o f  the energy 

dissipation was provided. These other works listed here represent the only other high 

resolution FM -AFM  and dynam ic AFM  studies carried out in am bient conditions to 

this date to the best o f  my knowledge.

I show  that an FM -AFM  experim ent carried out in am bient conditions can achieve 

com parable results to an FM -AFM  experim ent carried out in UHV. I discuss the 

im portant inform ation that can be obtained with the technique in relation to the 

specific system  o f  rotaxane m olecules. This inform ation includes qualitative im aging, 

high-resolution im aging, exact determ ination o f  the force irrespective o f  the 

oscillation am plitude and quantitative energy dissipation im aging at different length 

scales.
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5.3 Experiment

Figure 5.1: M olecular struc tu re  of exopyridyl fum aram ide rotaxane (EF).

The synthesis o f ftimaramide rotaxane molecules has been described in Chapter 2, 

section 2.4, and the exopyridyl version used in this study (EF - as shown in figure 5.1) 

was prepared by an analogous m e th o d .S am p les  were prepared by dropping from 

acetone solution (HPLC grade, Aldrich). 0.005 mM solutions o f exopyridyl 

fumaramide rotaxane were dropped (14 |al/cm^) onto a freshly cleaved HOPG surface 

(ZYA quality, NT-MDT) to give approximately one monolayer surface coverage. As 

discussed in Chapter 4, section 4.2.2, the acetone solvent was allowed to evaporate 

slowly in a 500 cm container with an atmosphere saturated with acetone vapour.

A commercially available FM-AFM (JEOL JSPM-4500) was used for UHV imaging

(base pressure; about 1x10 '^  Pa). It was modified so that the original frequency shift
18detector was replaced with a newly-developed frequency modulation detector. A 

highly-doped n-Si cantilever (Nanosensors: NCH) with a resonance frequency of 

about 300 kHz and a nominal spring constant o f 40 N/m was used for FM-AFM 

imaging. The Q factor measured under UHV conditions was about 30,000. After 

preparation the sample was immediately placed into the UHV chamber. For annealing 

the sample was removed and annealed in air at 150° C for two hours and re-introduced 

to the UHV chamber.

The modified Asylum MFP-3D AFM, as discussed in section 3.5 was used for 

imaging in ambient conditions, operated in FM-AFM mode with piezo activation, or 

in the case of the high-resolution imaging magnetically activated cantilevers (MAD- 

Mode).'^ Magnetic activation is discussed in section 3.4.2, and is implemented here 

for the cleaner cantilever oscillation response compared to piezo activation, which 

makes FM-AFM easier to implement. Using the same Nanosensors NCH cantilevers
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as above a magnetic particle of NdFeB (with dimensions around 20 microns) was 

attached with epoxy to the end of the backside of the cantilever. After attachment the 

resonance of the lever was typically reduced to about 50 kHz. The Q-factor in ambient 

conditions was around 500. The home-built piezo tube scanner discussed in section 

3.4.4 was also used for high resolution imaging.

All FM-AFM measurements were performed in the constant frequency shift mode, 

where the negative frequency shift of the cantilever resonance frequency (A/) induced 

by the tip sample interaction was kept constant during FM-AFM imaging. The 

cantilever is vibrated at constant amplitude, where the vibration amplitude of the 

cantilever (a) was kept constant by adjusting the amplitude of a cantilever excitation 

signal Aexc- In this excitation mode, energy dissipation caused by the tip-sample 

interaction can be calculated from the additional increase of Aexc-̂  ̂ Thus, the 

dissipation image was obtained as a two-dimensional map of Aexc-

5.4 Meso-scale imaging in UHV and ambient conditions
Figure 5.2(a) shows an FM-AFM image of a thin film of expyridyl fumaramide

rotaxane on HOPG. The orientation of the domains according to the lattice direction 

of the substrate again shows that the molecule grows epitaxially on graphite. After 

annealing (Figure 5.2(b) it can be seen that the domain edges are straight and that 

domains are more clearly defined. The increased uniformity of the surface indicates 

that the energy provided by the annealing process has resulted in rearrangement of the 

molecules in a lower energy configuration. Figure 5.2(c) demonstrates that the shape 

of the domains can also be evaluated by FM-AFM imaging in air.

Figure 5.2 IMeso-scale FIM-AFM images o f an EF thin film on HOPG (a) in UHV before 
annealing (464 nm x 558 nm, cantilever: Nanosensors NCH, Af = - 15 Hz, a = 8 nm), (b) in UHV
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after annealing (500 nm x 500 nm, cantilever: NCH, Af = - 20 Hz, a = 8 nm), (c) in ambient 
conditions no annealing (500 nm x 500 nm, cantilever: Nanosensors EFM, Af = - 25 Hz, a = 9.6 
n m , Q =  154).

5.5 Molecular-scale imaging in UHV conditions
Molecular-scale topographic images of the un-annealed sample are shown in Figures 

5.3(a)-(c). Individual molecules in the rows can often be resolved, however no 

periodic intermolecular distance is found along the rows (stripes in the image) and the 

rows are also unevenly spaced. The molecules are in a somewhat disordered non

equilibrium arrangement. In the case of the annealed sample (Figure 5.3(d)), there is 

strong periodicity in both directions. This increase in long and short-range order is 

typical of the annealing process.

Kr -

r

Figure 5.3: Molecular-scale UHV FM-AFM images of an EF thin film on HOPG. (a), (b), (c) 
Before annealing and (d) annealed sample, |(a): 9 nm x 9 nm, Af = - 150 Hz, a = 6.5 nm, (b): 9 nm 
X 9 nm, Af = - 150  Hz, a = 6.5 nm, (c): 9 nm x 9 nm, Af = - 170 Hz, a = 6.5 nm, (d): 9 nm x 9 nm, Af 
= - 180 Hz, a = 5.9 nm; measured lattice parameters: asurf = 1.65 nm ± 0.1 nm, bsurf = 1.35 ± 0.1 
nm, 0 = 70° ± 2°|.

5.5.1 Rotaxane surface reconstruction
Heating the sample gives the molecules the extra energy required to move from their 

local energy minimum and break up the non-equilibrium packing structure. In fact, 

the measured dimensions of asurf = 1.65 ± 0.1 nm and 1.35 ± 0.1 nm with 0 ^  70° 

strongly suggests a commensurate molecular reconstruction of the form:

as illustrated in Figure 5.4.
^ s u r f a o’

= M , where M  =
P s u r f , b_ -1 6_
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Figure 5.4: A pparent equilibrium  reconstruction of the EF film on HOPG afte r annealing with 
param eters: 8s„rf = 1.65 nm, bj„rf = 1.37,0 = 68°.

Strong intermolecular interactions in a closely packed film are restrictive to sub- 

molecular motion so it is not necessarily a good thing that the film be so well ordered 

and it is useful that we are able to access the many non-equilibrium film-structures 

shown in 5.3(a)-(c). The reconstructions measured in this work do not correspond to
7  Iany of the crystal planes measured by X-Ray diffraction in bulk crystals.

5.6 Molecular-scale imaging in air

Figure 5.5: M olecular-scale am bient FIM-AFM topography image of EF thin film on HOPG (70 
nm X 70 nm, cantilever: Nanosensors NCHR + m agnet, a = 10.8 nm, Af = - 35 Hz).
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Figure 5.5 is a 70 x 70 nm  image taken in am bient conditions, which shows clear 

m olecular-scale features and has been chosen because it shows two neighbouring 

dom ains and therefore true structure, as opposed to periodic noise. The film structure 

d im ensions are consistent with those m easured in UHV for the un-annealed sample. 

Despite the lower Q -factor o f  the cantilever in air (500) com pared to vacuum  

(-30 ,000), the presence o f  a liquid layer and contam ination from  long-chain 

hydrocarbons alw ays present in am bient conditions, the resolution is still very high. 

The tip can m ove through the liquid layer w hile im aging the film, and any surface 

contam ination m ust only be loosely bound and does not affect the imaging. The FM- 

AFM  technique should thus be useful for the m any kinds o f  study where high 

resolution is desirable.

5.7 Quantitative force measurements in ambient conditions
In am bient conditions the native layer o f  w ater adsorbates is often a problem  for AFM

techniques. "Contact m ode", while allow ing exact determ ination o f  the force, suffers 

from "jum p-to-contact" instabilities (caused w hen the force gradient is higher than the 

cantilever stiffness) and adhesion instabilities (caused by a w ater m eniscus between 

the tip and the local sam ple area). D ynam ic A FM  system s, as discussed in section 3. 3 , 

can be used to overcom e these instabilities. "Interm ittent-contact mode" can overcom e 

these obstacles w ith large am plitudes and stiffer cantilevers, how ever unam biguous 

determ ination o f  the force is difficult w ith th is technique.^^ The FM m ethod with 

constant am plitude has the sam e advantages but allow s recovery o f  the force, as has 

been dem onstrated in liquid and UHV environm ents, and discussed in section 3. 3 . 2 } ^ '  

Furtherm ore, in the FM  m ethod the attractive and repulsive force regions are easily 

distinguished which allow s for exact control o f  the force. A portion o f  the attractive 

part o f  the force vs. distance curve for a tip w ith a m agnetically activated cantilever in 

am bient conditions is shown in Figure 5. 6 . The force has been calculated from the 

frequency shift using the m ethod o f  Sader and J a rv is ,( s e c t io n  3 . 3. 2) .  The dissipation 

is also calculated to give quantitave values, using the m ethod discussed in (section 

3 . 3. 3 ) .  The force curve clearly show s that jum p-to-contact instabilities do not occur 

and the retract curve (not show n for clarity) follow s the approach exactly (i.e. no 

adhesion from  the w ater layer occurs) and therefore we have shown that w ith this 

technique we can stably m easure the force even in am bient conditions.
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Figure §.6: Typical frequency, force and dissipation vs. tip-sam ple distance curves in am bient 
conditions, dots: raw data, line: sm oothed data (Cantilever; NCHR + m agnet, Q =  510, a =  8.9 
nm).

5.8 Energy dissipation in FM-AFM
It is extensively discussed in section J .i .J  how the disordered or loose packing 

commonly found in organic thin films (and hence their stability against the tip-sample 

interaction force) has a strong influence on the contrast formation in energy 

dissipation images. Dissipation is increased on less ordered, less well-packed surfaces, 

both at the molecular scale and the meso scale.^^’ Fukuma et al. showed that the 

contrasts are probably related to the number of molecules interacting with the tip -  the 

more molecules interacting with the tip the greater the energy transfer; thus at the 

molecular scale the dissipation image shows inverted contrast relative to the 

topographic image.^*
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5.9 Imaging molecular mobility at surfaces

^  V? ^  \B ;

Figure 5.7: M olecular-scale UHV FM-AFIM images of an EF thin film on HO PG . Simultaneous 
topography (a) and dissipation (b) images (23.2 nm x 27.9 nm, cantilever: NCH, Af = -1 0 0  Hz, a =
8.9 nm).

Figure 5.7 shows a molecular-scale topographic image (a) of a non-equilibrium 

arrangement of the rotaxanes and the corresponding map of Aexc (dissipation image) 

(b), taken in UHV conditions. The dissipation image displays essentially inverted 

contrast with respect to the corresponding topographic image. Arrows A and B mark 

the same points on each image. Position A corresponds to a tip position directly above 

a molecule. The internal motion of the molecule provides a coupling pathway and 

energy is dissipated into the sample. At position B the tip is over an intermolecular 

space and more than one molecule is involved in the dissipation process and thus the 

relative contrast is increased in these places. An illustration of this effect is shown in 

Figure 3.9, section 3.3.3. This model explains the contrast inversion between the two 

image types. Images of Aexc such as these are easily converted to quantitative images 

of the average dissipated energy per oscillation.^*^

5.10 Energy dissipation maps 

5.10.1 Meso-scale
Figure 3.8(a) shows a 500 nm scan with the same cantilever with corresponding 

quantified dissipation image (b) in units of eV per oscillation. The dissipated energy is 

greater on the rotaxane monolayer. The contrast in this large-scale image is essentially 

the same as in the height trace, the sub-molecular motion of the film providing more 

dissipation channels than the graphite.
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Figure 5.8: IWeso-scale am bient FIM-AFM sim ultaneous topography (a) and dissipation (b) 
images of an EF thin film on HOPG (500 nm x 500 nm, Af = - 26 Hz, a = 11.8 nm).

5.10.2 Molecular-scale

Figure 5.9: IMolecular-scale am bient FIM-AFM sim ultaneous topography (a) and dissipation (b) 
images of an EF thin film on HOPG (30 nm x 30 nm, Af = - 52 Hz, a = 8.9 nm).

The molecular-scale dissipation contrast however (Figure 9(b)), captured using the 

same tip is, by contrast, inverted with respect to the height trace (Figure 9(a)). In this 

image the presence of a defect in the film indicates that the image shows true structure. 

For the higher resolution image a smaller amplitude, but also a greater frequency shift 

set point (-52 Hz) is used. The optimum force is probably similar in both cases. 

Unstable imaging conditions occur if this force is exceeded, presumably because the 

tip enters the force region where the feedback polarity is reversed. In Figure 3.8, 

section 3.3.2 this point in the frequency vs. separation curve is the minimum indicated 

by the point ‘b’. This is because the frequency curve mirrors a typical force 

interaction potential (Figure 3.6, section 3.3.1). The inversion of the dissipation image 

at the molecular scale compared to the meso-scale supports the proposed mechanism 

of increased dissipation when the number of energy transfer pathways is increased (by



increased internal molecular motion), as opposed to a simple tip artefact. If this 

contrast difference were for example due to contact potential differences between 

graphite and the molecules, then this would imply that at a molecular scale the 

contrast would not be inverted as in Figure 5.6 and Figure 5. 9, but would show similar 

contrast to topography -  i.e. higher above the molecules and lower above the 

molecular spaces. Observation of increased molecular motion (and hence increased 

dissipation) as a result of externally induced rotaxane molecular switching would 

seem possible therefore by dissipation imaging.

5.11 Conclusions
In this chapter, by applying the FM-AFM technique to the study of a simple H-Bond 

assembled rotaxane, 1 have for the first time demonstrated the molecular-scale order 

and hence potential addressability possible in such thin films. I have also 

demonstrated the stable imaging capabilities of the constant amplitude FM-AFM 

technique outside of UHV and the high resolution imaging of a soft organic film 

despite low Q-factor and the native water layer. The studies of rotaxanes made in this 

thesis have been in a systematic fashion, i.e. with multiple variations in the deposition 

conditions (as in Chapter 3) or with multiple film composition investigations (i.e. the 

rotaxane type is varied as in Chapter 6). For investigations of this type the UHV 

environment is not an option due to the excessive setup time, maintenance and cost. 

Most UHV STM/AFM experimentalists in fact will try to avoid the introduction of 

organics into their system at all costs because o f the potential for contamination. In 

relation to the dissipation contrast observed at the molecular scale for the first time, 

the observation of switching of material properties of organic films, especially 

rotaxane films, is a specific potential usefulness of the FM-AFM technique in ambient 

conditions.

This chapter showed the evaluation o f the FM-AFM technique in ambient conditions. 

Accurate determination of the interaction force was achieved, and the energy 

dissipation was quantitatively measured even at the molecular level, by which means 

induced sub-molecular motion may be observed in the future. These experiments help 

to demonstrate the increasing applicability of the FM-AFM technique outside of UHV 

and the potential usefulness of the technique for the development of practical
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chemical and biological applications, which should help make this important 

technique even more widely applicable.
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Chapter 6: Using mixed rotaxane thin films to
investigate the effects of rotaxane structure on mechanical 
and morphological properties of rotaxane thin films

6.1 Introduction
While knowledge o f the simplest rotaxanes’ behaviour at surfaces is important, 

applications o f these molecules often involve the more complex, less symmetric 

rotaxane types such as molecular shuttles.''^ Rotaxanes were initially regarded as 

molecular curiosities,**'^ but in recent times the publication output o f the field has 

increased significantly, and some rotaxanes are beginning to show promise for 

applications as surface mounted devices. As discussed in chapter 2 it has been 

demonstrated that the functionality o f these molecules is maintained, as measured by 

averaging techniques such as surface pressure measurements o f Langmuir-Blodgett 

films,** and cyclic voltammetry.^ Interesting behaviour o f rotaxanes at surfaces has 

already been demonstrated in the case o f a hydrogen-bond assembled rotaxane (the 

kind used in this study) that, when irradiated with UV light, underwent translational 

sub-molecular motion, exposing a tluorinated group in the molecules that altered the 

wettability o f the surface.'*^ In another example, the exposure o f a film o f polymerised 

hydrogen-bond assembled rotaxanes to solvent vapour resulted in a switching o f  the 

molecules and their subsequent sub-molecular rearrangement caused change in the 

fluorescence properties o f the molecules. By masking the surface an optically 

viewable pattern could be produced through selective exposure; one might easily 

imaging lithographic applications for such a technique.''

The question, however, o f what happens at the molecular scale when rotaxanes are 

switched at a surface still remains open. Little or no local or molecular-scale 

characterization has been carried out. and a direct observation o f externally-induced 

sub-molecular motion is required such that we might understand the specific 

switching characteristics. These parameters include the time-scale o f  the response (i.e. 

switching rates), the percentage o f molecules that are switched, the uniformity o f  the 

motion, the stability o f the switched molecules, and the effects o f the surface 

interactions and molecular packing.
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In this chapter, characterization o f some o f the promising molecular-shuttle type 

rotaxanes in close-packed molecularly-thin film environments on a HOPG surface is 

presented. Using a highly-sensitive AFM technique the surface reconstruction o f  these 

molecules could be determined. It is demonstrated how single and multi-component 

films can be precisely controlled in their surface concentration and built up step-by- 

step. In this way, one can characterise the reorganization o f complex molecular 

shuttles in terms o f surface concentration. Furthermore, by means o f a direct 

comparison with model rotaxanes, the effects that the long thread has on the surface 

behaviour o f these complicated molecules is shown. Thereby, the challenges faced by 

the surface chemists who would use them as surface devices or sensors are better 

understood. It is also demonstrated how film structure changes, as a result o f changes 

in molecular composition, by directly comparing complex shuttles with simpler, non

shuttling, but closely related molecules in multi-component monolayers. Finally in 

these mixed films it is shown how the FM-AFM technique may be applied to monitor 

switching events via changes in molecular structure or the relative energy dissipation 

signatures. An example o f a switching experiment based upon this technique is also 

illustrated.

6.2 Mixed monolayers
Mixed monolayers could be employed such that a surface can perform more than one 

function. For example, a chemical sensor that was based upon complexation o f  a 

surface species with a species under investigation could contain more than one
I ")chemical receptor, or a surface could be made with multiple functionalities to 

promote the adsorption o f proteins and cell proliferation.'^ On the other hand, one 

might simply want to precisely tune the behaviour o f these surfaces, since depending 

on the relative ratios o f components in surface-attached monolayers, surfaces can 

exhibit varying interfacial properties such as hydrophobicity/hydrophilicity.'"^ Or for 

device manufacture one might be interested in “monolayers with controllable in-plane 

molecular organization”.'^ Overall the use o f mixed monolayers allows a greater 

flexibility in surface design.

In this chapter, mixed monolayers o f different rotaxane molecules were used in an 

effort to make direct measurements o f induced sub-molecular motion. This would be
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done through the observation of local contrast, in structural and dynamic properties, 

(or conservative and dissipative interactions), by FM-AFM as discussed in chapters 3 

and 5. This technique is extended in this chapter to observations on contrast in these 

signals between regions of active rotaxanes and regions of inactive rotaxanes before, 

during, and after switching events, where both rotaxanes are part o f a mixed 

monolayer with discrete domains. The method o f creating the mixed monolayers uses 

successive drop-casting events of different chemical species on the same surface, and 

is used to elucidate molecular and film properties as well as the possibility of 

observing switching. Since in this method the formation of the mixed monolayer is 

done in a two step process, it is similar to the two-step mixed-monolayer formation 

technique of Morgenthaler et al.}^ In their work, they prepared gradients of one type 

of molecule by drawing the substrate from the solvent at a constant rate during film 

formation. The method described in this chapter differs in that the films have no 

gradient and are formed by successive drop-casting events. The resulting tllms share 

similarities in that they both demonstrate that structures formed during the first 

deposition propagate into the final film, as will be shown in section 6.7.

At the simplest level, this method for creating mixed monolayers can be used in 

conjunction with AFM measurements to reliably characterize the spatial distribution 

of phase-separated molecules on the 1-100 nm scale in these monolayers, and 

importantly the layers need not necessarily be very thin, nor conducting (as is the case 

in STM measurements). These molecules are observed with extremely high-resolution 

in ambient conditions and the films are created under solvent in a very simple process. 

On the other hand, the cleanliness and purity of the separated domains is an 

interesting avenue to explore, in itself, in terms o f cost-effective self-assembly 

processes. If there is potential for rotaxanes as functional electronic devices then 

viable bottom-up self assembly of functional, multi-component, ordered surfaces will 

be required.

6.3 Energy Dissipation in FM-AFM
The concept of energy dissipation in FM-AFM has been discussed in-depth in 

sections 3.3 and 5.8. The energy dissipation signal is used in this chapter as a possible 

means for the observation of induced rotaxane switching. The technique is to contrast
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the energy dissipation signals of active and inactive rotaxane molecules in a mixed 

monolayer. In doing this a second signal is gained for direct observation of rotaxane 

switching - the other signal is the local molecular structure, and the observation of 

local topographical changes in the film.

Interestingly, other parties have investigated mixed monolayers using FM-AFM. Ichii

et al. showed that they could detect differences in energy dissipation in mixed SAMs

based on the end functional group type,'^' and upon the length/flexibility of the

molecule.'^’ Fujii et al. showed that they could differentiate thiol molecules with

different head groups in a heterogeneously mixed SAM by controlling the chemical

species on the tip apex. The energy dissipation due to the tip-sample mteraction is

dependent upon the atomic-scale tip chemistry and structure (for the interaction area).

Some authors have suggested that a carbon nanotube tip might be useful in this regard

as a reusable and chemically stable tip.^^ In the experiments by Fujii et al. (molecular

surface in UHV) the atomic-scale tip structure was controlled using a reference

crystalline surface that has been extensively characterised. The tip was scanned across

the surface resulting in the addition of some surface atoms, thereby altering the

imaging contrast seen. They then proceeded to image the SAM, and the tip was
2 1checked on the crystal surface afterwards. These experiments are also 

complimentary to theoretical work by Martinez et al. because compositional contrast 

may soon be transformed into quantitative information about the materials properties.

On a chemically inert molecular surface in ambient conditions it is difficult to control 

the exact structure of the tip, and if a tip change occurs it is impossible to predict the 

chemical structure.^'' The chemical differentiation in the experiments presented here is 

done on a morphological basis. A key feature of the measured dissipation images 

[Section 6.8.2 -  6.8.4] is that they are stable and consistent. Knowing the relationship 

between materials properties and the energy dissipation, we can directly compare 

rotaxane species in mixed monolayers (using the same tip), and potentially use such 

measurements to examine the occurrence of sub-molecular motion in rotaxane 

shuttles.
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6.4 Experimental 

6.4.1 Materials
The method used in these experiments was to contrast complex molecular shuttles 

with the simpler non-shuttling rotaxane (EF) that we had already extensively studied 

[Chapters 4 and  J]. The four molecules investigated in this chapter are shown in 

Figure 6.1 (over); the simple naming scheme is according to the type o f  station 

species present on each molecule, and according to whether or not the molecule has 

an exopyridyl group. The molecules IFS (isophthalyl fumaramide-succinamide C12 

molecular shuttle) and EFS (exo-pyridyl fumaramide-succinamide C12 molecular 

shuttle) are distinguished by an exopyidyl group on the macrocycle. These molecules
26 27are light-switchable molecular shuttles, as were discussed in section 2.4.1. ' The 

ESN molecule (exopyridyl-succinamide-naphthalimide) is an electrochemically 

switchable shuttle as discussed in section 2.4.2?^'^'^ Since all shuttles share a common 

thread length between stations o f 12 carbons, there is no need for further distinction.

6.4.2 Rotaxane Film Preparation
I'o prepare the films on a freshly cleaved 10 mm x 10 mm HOPG substrate, a single 

drop o f solution (rotaxanes in acetone, concentration approximately 1 |iM ) was 

deposited and the solvent was allowed to evaporate slowly in a 500 cm^ container 

with an atmosphere saturated with acetone vapour. Mixed monolayers were prepared 

by first adding one drop o f solution containing the first molecule to the sample and 

when this had evaporated the second type o f molecule was dropped. In these 

experiments, discretely controlling the surface coverage is achieved by controlling the 

concentration o f  the solution and the amount deposited. Optimisation o f  the method 

showed that a drop o f  14 |iL o f  acetone on a square 10 mm x 10 mm HOPG sample is 

at the upper limit o f a stable droplet (above this and the contact surface tension o f the 

droplet is not sufficient to keep the droplet from spilling o ff a substrate o f  this size. 

Subsequent experiments were conducted at this limit to ensure that the molecules 

form a film free o f  the influence o f  pulling effects o f  evaporation and dewetting o f  the 

solvent. This volume is used to calculate the concentration required to ensure 

complete surface coverage.
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EF:X,Y= N

ESN;X,Y = N

t - B u

t-Bu

IPS; X,Y = CH 
EFS: X,Y = N

Figure 6.1: M olecular structures and nom enclature for the rotaxane molecules used in the 
experim ents presented in this chapter. The macrocycles are  distinguished by being Isophthalyl (X, 
Y = CH) and Exopyridyl (X, Y = N). The various “stations” (areas of the rotaxane th read  w here 
the thread-m acrocycle interaction energy is locally minimized) are  Fum aram ide, Succinam ide 
and Naphthalim ide. A CA' prefix corresponds to the num ber of carbon atoms in the th read  
backbone (e.g. C12 for a 12 C arbon chain). Hence the name in (a) is EF, a rotaxane with an 
exopyridyl-functionalised macrocycie and a single fum aram ide station; (b) is a C12-ESN, which 
would correspond to an exopyridyl succinam ide naphthalim ide benzylic am ide hydrogen-bond- 
assembled rotaxane m olecular shuttle; (c) corresponds to an isophthalyl/exopyridyl macrocycle 
with fum aram ide-succinam ide stations and a 12 carbon thread

6.4.3 FM-AFMImaging
To obtain high-resolution information about the rotaxanes an ultra-sensitive AFM 

built in our laboratory was used. The FM-AFM imaging technique and the 

construction o f this AFM are discussed in-depth in section 3.3 and section 3 . 5. 6 . The 

resolution achieved in these experiments cannot be achieved on any current
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commercial instrument in ambient conditions without considerable modification o f 

the instrument. All measurements were performed in the constant frequency shift 

mode where the frequency shift o f the cantilever resonance frequency. A/' induced by 

the tip-sample interaction is kept constant during FM-AFM imaging by using a 

feedback loop to modulate the tip-sample separation. The cantilever is vibrated at 

constant amplitude, where the vibration amplitude o f  the cantilever was kept constant 

by using a second feedback loop to modulate the amplitude o f a cantilever excitation 

signal, Aexc- In this constant amplitude mode, energy dissipation caused by the tip- 

sample interaction for a given A/ can be estimated from Aexc- Thus, the dissipation 

image is obtained as a two-dimensional map o f Aexc-

6.5 Controlling the surface concentration of rotaxane thin films / The 
effect o f packing on the observed molecular-scale structure

In Figure 6.2(a) and (h) a sub-monolayer coverage film o f IFS shows molecular-scale 

details that reveal a random morphology; the surface concentration in this case is not 

known exactly but will be called y. The dark regions o f  the image are the bare HOPG 

surface. Figure 6.2(c) shows the same rotaxane-covered HOPG surface with a surface 

concentration o f 3y. This is known exactly because the same droplet size was used to 

add additional material to the original film. It is immediately apparent that in order to 

minimise the energy o f the surface the molecules have packed much more closely and 

the order o f the film has been greatly increased. Adding more material to give a 

surface concentration o f 4y (Figure 6.2(d)) we can see that the first monolayer has 

reached saturation. There are some bare patches o f  graphite still remaining, yet the 

second layer has started to grow. As the first monolayer becomes more ordered with 

increasing rotaxane concentration it begins to present a lower energy surface for 

subsequent molecules to reside upon. The first layer o f rotaxanes is, at this stage, 

composed o f domains where the molecules are in a striped reconstruction. Taking the 

width o f a domain as the distance from edge to edge normal to the stripe direction, 

widths o f between 90 and 180 nm are observed.
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Figure 6.2: FIM-AFIM (ambient conditions) topography images showing molecular-scale details of 
C12-IFS on HOPG as deposited from acetone. The surface concentration in (a) and (b) is 
arbitrarily y, and the surface concentration of (c) is 3y and that of (d) is 4y- The films in (c) and (d) 
were made by adding molecules to (a) and (c) respectively by repeating the film deposition 
process. Thus the sequence of images shows the gradual completion of a rotaxane monolayer.

6.6 High-resolution structure in a closely-packed film of unsymmetric 
rotaxanes
The images in Figure 6.3(a) and (b), trace and retrace, showing that the observations 

show true structure and are not an instrumental artefact, show fine structure at the 

molecular scale. (Periodic electrical or mechanical noise can appear in AFM scans as 

stripes, but in a forward and backward scan a characteristic of the stripes will be that 

they are at opposing angles). Specifically, we can observe a double feature on the 

molecular-scale stripes as indicated by the arrow in Figure 6.3(a). The periodic 

distance between stripes as calculated by FFT (inset. Figure 6.3(a)) is 5.3 nm, a value 

significantly greater than the molecular length.

I have created a model for the molecular reconstruction using this information by 

imposing three conditions upon the molecular film: (1) The molecules are
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unsymmetric and as such form a Hke-with-like structure, (such as is typically seen

reconstruction has a perpendicular row to row distance of 5.3 nm; (3) The

molecule shown in (d)) has the same unit cell that was calculated in Figure 5.4.

This reconstruction is illustrated in image (c) where the rotaxane molecules are drawn 

exactly to scale and overlaid on the AFM image. The rotaxanes are ‘interdigited’ (i.e. 

the threads o f neighbouring molecules form a structure like interlocked fingers) and 

we can use some simple trigonometry to extrapolate a surface reconstruction unit cell. 

The smaller box drawn on the figure is the unit cell of the EF molecules calculated in 

section 5.5. The extrapolated dimensions of — 1-65 nm  and b^urf — 5.31 nm  

with 9 = 86.4° give us a commensurate molecular reconstruction o f the form:

with unsymmetric molecules on HOPG);^' In this case (2) The molecular

macrocycle-containing fumaramide end of the molecules (region I of the IFS

where

7 0
- 1 2  26

and where a and b are the graphite surface lattice vectors.^^
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Figure 6.3: FM-AFM (ambient conditions) topography images showing high-resolution 
molecular-scale details of C12-IFS on HOPG deposited from acetone. The molecules are part of a 
compressed film as in Figure 6.2 (c). In image (a) it can be seen that the main rows actually have 
a fine double-row structure (indicated by the arrow); image (b) is the retrace topography image, 
which also shows the double-row structure, indicating that this is a true structure and not noise. 
The FFT of image (a) (inset) reveals a periodic distance of 5.3 nm between the double-rows.

Topographically the reconstruction is logical since region 1 of the IFS molecule 

(Figure 6.3(d)) corresponds to the white (higher) areas o f the stripes in the image, and 

the double feature in the stripes should therefore correspond to two macrocycles while 

the exposed threads are situated in the lower parts o f the scan (the darker regions 

between stripes). When an unsymmetrical molecule forms a film the reconstruction 

formed is almost always a like-with-like structure, and since the macrocycle is going
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to be the m ost prom inent feature in a topography scan we can logically assign these 

double features, having greater prom inence in the m olecular rows, to rows o f  

m acrocycles. Such soft m olecules as the rotaxanes are very difficult to image with 

high resolution. The “surface pressure” o f  m olecules at the surface m ust be sufficient 

that the m olecules are not easily fluctuated by the tip-sam ple interaction, because the 

im aging o f  these double rows was only possible when the first layer o f  rotaxanes on 

HOPG had been filled. This is because w hen close-packed the m olecules are resilient 

to lateral m otion under the influence o f  the tip.

The ‘inter-digitation’ and close-packing seen in the rotaxane reconstruction model is 

another barrier (in addition to the m olecule substrate interactions) to the potential 

sw itching o f  rotaxanes. This interaction w ould im pede m otion o f  rotaxane m acrocycle 

and thread com ponents relative to each other. It is im portant to note that we have 

show n here that the surface reconstruction o f  varied and m ore com plicated rotaxanes 

(i.e. m olecular shuttles) can be better understood (from  a m olecular m otion at surfaces 

standpoint) using this AFM  technique. Typically high m olecular-resolution imaging, 

especially outside o f  UHV conditions, is lim ited to STM  observations, how ever STM 

m easurem ents are precluded in this case due to the large thickness o f  the film (and the 

ease with which the m olecules can be displaced by static im aging m ethods, as was 

dem onstrated in section i.5 ) .

6.7 Multi-component rotaxane thin films
The advantage o f  the step-by-step nature o f  the film form ation process show n in 

Figure 6.2 is that it can be used to directly com pare m olecular surface reconstructions 

i f  a film with tw o com ponents is made. Thus one can detennine the effects o f  small 

changes in m olecular structure on rotaxane film form ation. Figure 6.4 dram atically 

show s the clear form ation o f  dom ains o f  two types o f  m olecule (EF follow ed by IFS). 

The different m olecular types are easily identified by the m orphology o f  the different 

dom ains, the EF form ing substrate-oriented dom ains that are quite closely-packed 

(These correspond to the features seen earlier in Figures 4.2 and 5 . 2 , and the IFS film 

having a less ordered m orphology. The darkest areas on the im age are again the 

rem aining bare HO PG substrate.
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Figure 6.4: FIM-AFM topography image o f a two-component rotaxane film on HOPG, formed 
using EF and IFS partial components deposited in the order EF then IFS. The meso-scale image 
shows that the mixed films retain the morphological characteristics of the individual components’ 
films. The brighter, more ordered regions are the EF molecule (region A) (which can be 
compared to the image in Figure 4.2(b) and the molecules in region B are IFS molecules (which 
can be compared to the image in Figure 6.2(a)). Region C is the HOPG surface.

In Figure 6.5(a) and (h) are images of a mixed monolayer of EF and EFS. The EF 

domains in each case are easily identifiable by the film structure that has been 

previously established at these concentrations -in  Figure 4.2 (b). The EFS molecule 

forms domains with a similar morphology to the IFS molecule at this surface 

concentration. In Figure 6.5(a) the order of deposition was EF then EFS, while in 

Figure 6.5(b) the order of deposition was reversed (the exact same concentrations 

were used in each experiment). By comparing these two images it can be seen that 

when the EFS molecule is deposited afi;er the smaller EF molecule there seems to be a 

build up of a second layer of molecules on top of the EF molecules as well as on the 

HOPG surface. This second layer of molecules is not present in Figure 6.5(b). It 

would seem that the second layer on top of the EF molecules in Figure 6.5(b) is in fact 

composed of EFS molecules. The EF molecules present a well-ordered surface for the 

EFS molecules to form a film upon. The fact that the EFS molecules have an exo- 

pyridyl group and the fact that both molecular types have this group should also lead 

to a stronger interaction between the two layers. The EF domains in Figure 6.5(b) are 

smaller than those in 5 (a) since the already-present EFS molecules disrupt the long- 

range packing of the EF because they are using the available space. In Figure 6.6 a 

film is formed with EF followed by IFS and it is clear that no secondary layers have 

formed on top of the EF domains, the only difference between the films in 5 (a) and 6 

(a) being the exo-pyridyl moieties on the EFS molecules.

104



Figure 6.5: FM-AFM (am bient conditions) topography images of multi-com ponent rotaxane 
films on HOPG form ed using EF and EFS molecules. The images show clearly the distinct 
morphologies of the individual com ponent m olecular films. The film in image (a) was formed by 
depositing sub-m onolayer coverage of the shorter EF molecule to form a partial film, followed by 
sub-m onolayer coverage of the EFS molecule. There appears to be a build-up of the EFS 
molecule on the already-form ed EF portion of the film. The film in image (b) was formed in the 
reverse o rd e r to (a), i.e. a partia l m onolayer coverage of EFS followed by a partia l coverage of EF. 
The film characteristics in (b) a re  different to (a); the film in (b) has sm aller EF dom ains relative 
to (a) and the EF portion does not have any apparen t coverage of EFS molecules.
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Figure 6.6: FIV1-AFM (ambient conditions) topography images of a multi-component rotaxane 
film on HOPG, formed using EF and IFS partial components deposited in the order EF then IFS. 
The images clearly show the molecular-scale details of both film components. These molecular- 
scale characteristics correspond to those of the individual components seen in Figure 4.2(b) (EF) 
and Figure 6.2(a) (IFS).
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6.8 Obsevation of film characteristics useful for the detection of 
molecular switching events
The fundamental ways in which AFM can be useful for investigation of rotaxane 

molecules are that it; (i) is useful for the investigation of the structures o f thin films 

and to determine molecular orientation, and that (ii) it might be used to locally detect 

a change in the chemical and/or mechanical properties of the film, i.e. it might 

confirm the occurrence of switching events. In the latter case we wish to show 

whether or not a sub-molecular rearrangement can occur as a result o f stimulus. This 

might be detected as a change in the observed molecular reconstruction, but also 

would manifest as a change in the sub-molecular mobility of the film which could be 

detected through changes in the dissipation signal during FM-AFM imaging. In either 

of these cases, to test switching properties, the preparation of mixed monolayers is 

useful because a change would be more easily detected in an active rotaxane if there 

were, for reference, an inactive or “control” rotaxane. In terms of fundamental 

investigations of the rotaxane monolayers, by preparing a mixed monolayer with only 

slight differences in the molecular structures of the components, a dictionary o f the 

effects on film formation of such small changes could be developed.

6.8.1 Observing molecular-scale structures in mixed monolayers
In Figure 6.6(a) the topography of a mixed film o f EF and IFS, deposited in that order,

is shown. While distinct differences in the overall morphology of the film are readily 

apparent, further examination of Figure 6.6(h) demonstrates that we can detect 

molecular-scale details in two components o f a film simultaneously. The molecules 

on the right-hand side are EF, while those on the left-hand side are IFS. The IFS 

component of the film has a molecular rearrangement consistent with that observed in 

a single-component film of IFS at a similarly low surface concentration (Figure 

6.2(a)). We can also estimate that from the large size of the twisting rows o f rotaxanes 

seen at this surface concentration (the scale of the rows is larger than the size o f an 

IFS molecule) that these rows should be composed of the same double-rows of 

rotaxanes that can be detected at higher film concentrations, (Figure 6.3(c)).

We can examine a smaller region on the EF side and detect very fine details as shown 

in Figure 6.6(c). One thing that is immediately apparent is that the rotaxane rows are
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grouped together in groups of 2, 3, 4 or 5, between which we can see darker Hnes that 

correspond to a larger gap between the molecules. This reconstruction is a part of 

what allows the film to accommodate a lattice mismatch between the molecules and 

the HOPG surface. Furthermore, there is not necessarily a corresponding lattice 

mismatch-induced disparity in the row gap width at the molecule-substrate interface, 

because the molecules are quite large (the films are 0.5 to 1.1 nm thick -  see sections 

4.6 and 4.7) and very flexible; molecules in different rows of the film might have a 

slightly different tilt angle relative to the surface. Flexible molecules are ideal for 

forming large domains in surface reconstructions because of their ability to absorb 

even severe lattice mismatches.

6.8.2 Dissipation contrast
Considering the observations of Fukuma et al. in the case of mixed self-assembled 

monolayers, and the observations in Chapter 5 (5.3) of rotaxane dissipation contrast, it 

is feasible that differing energy dissipation signatures could be observed for the 

components of a mixed rotaxane film. Since one component of the dissipation is 

related to the internal structure and hence sub-molecular mobility o f the molecule, we 

would expect switched and unswitched molecules in a film to show differing contrast. 

Again, an inactive control molecule can be used as a reference.

Figure 6.7 shows the topography (a) and dissipation (h) images for a mixed film of EF 

and EFS. In the dissipation image (Figure 6.7(h)) there are three distinct regions of 

contrast that correspond to the bare HOPG (darkest) the EF domain and the EFS 

domain (brightest). Both types o f molecule are exo-pyridyl, so the contrast difference 

between the two domains is most likely due to the fact that the EFS molecules are 

more loosely packed and less well-ordered, as can be seen in the image in Figure 

6.7(a). This therefore is the expected contrast type between the domains, in a similar 

fashion to the observations of Ichii et al., who demonstrated that in a mixed 

monolayer of similar molecules with different lengths, and hence packing efficiency 

and flexibility, the reconstruction of the longer molecules, which have formed a less 

ordered film than the shorter molecules, show higher dissipation.^**
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Figure 6.7: FM-AFM (ambient conditions) topography (a) and excitation voltage (proportional to 
dissipation) images of a multi-component rotaxane film on HOPG, formed using EF and EFS 
partial components deposited in the order EF then EFS. The dissipation image shows three clear 
regions o f contrast corresponding to the EFS molecules (brightest), EF molecules and HOPG 
(smooth dark regions).

6.8.3 Effect o f chemical structure on observed contrast
In Figure 6.8(a), the film of EF and IFS demonstrates distinct morphological

differences between the domain types in the topography image. In Figure 6.8(h) we 

can see a clear dissipation contrast between the molecular domains, however, in this 

case the relative contrast levels are different between EF and IFS than those that were 

observed between EF and EFS in Figure 6.7. As seen in the dissipation image once 

again this contrast type is quite stable over long periods of time. By comparing Figure 

6.7 with Figure 6.8 we can see that the surface concentrations of the films are similar 

and the morphology displays similarly random molecular orientations. Despite this, 

the IFS molecule in this Figure 6.8 has a higher energy dissipation signature than the 

EF molecule, while than the corresponding EFS molecule in Figure 6.7 has a higher 

energy dissipation signature than the EF molecule.

The difference between the molecular types is once again only a simple exo-pyridyl 

group and therefore the observed difference is caused by one of two things. These are 

either:

(i) The chemical attraction between the tip and exopyridyl molecule is 

causing a damping of the cantilever oscillation. This damping (in addition 

to the energy dissipated by the cantilever through hydrodynamic damping 

and the energy dissipated because of sample adhesion) must be
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com pensated by the feedback electronics, as explained by Fujii et cil. and 

Ichii et

(ii) The coupling o f  the pyridyl group to specific sites on the HOPG surface 

m eans that energy is m ore effectively channelled from  the tip through the 

m olecule into the sample.

The im portant thing is that in either case a noticeable contrast is obvious and, because 

it is constant for long periods o f  tim e (typical AFM  image capture tim es are betw een 

30 seconds and 5 m inutes), m ay be used to detect any externally-induced changes in 

the layer construction.
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Figure 6.8: FM -AFM  (am bient conditions) topography (a) and excitation voltage (proportional to 
dissipation) images of a m ulti-com ponent rotaxane film on H O PC , formed using EF and IFS 
partia l com ponents deposited in the o rd er EF then IFS. The dissipation image shows three clear 
regions of con trast corresponding to the EF molecules (brightest), IFS molecules and HOPG 
(smooth d a rk  regions). The contrast between EF and IFS regions is inverted with respect to the 
contrast seen in Figure 7.
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6.8.4 Optimum scan conditions fo r molecular resolution and dissipation 
contrast observation
The mixed monolayer EF and ESN was also investigated, the ESN molecule being an 

electrochemically switchable molecular shuttle. The ESN molecules form domains 

similar to the EF molecules as has been previously discussed in 4.5.1, however the 

ESN domains are typically much smaller than the EF domains. (This can be seen in 

section 4.4, comparing Figure 4.2(h) to 4.3(h). Figure 6.9(a) shows the meso-scale 

morphology o f a mixed film o f these components, and we can clearly observe the 

domain boundary between two regions through the morphological differences with 

the ESN molecules at the top o f the image and the EF molecules towards the bottom. 

In Figure 6.9(h) the scan size has been reduced to focus on the region o f the domain 

boundary and we can clearly see two high-resolution structures which have very 

different lattice parameters. The ESN molecules align with the HOFG surface (section 

4.5.1) but are less uniform than the EF. However; this part o f the mixed film has many 

more defects because o f the greater lattice mismatch o f the unsymmetric, longer, ESN 

molecules.

In Figure 6.9(c) and (d) I am able to demonstrate that imaging conditions can be 

selected where both types o f information (molecular structural information and energy 

dissipation contrast differences) can simultaneously be obtained. In this case both 

molecules have pyridyl groups and both are substrate-aligned. As observed previously, 

the longer, less-well packed molecular-shuttle rotaxane, the ESN molecule in this case, 

shows a higher relative energy dissipation (in agreement with the EF and EFS 

molecules; Figure 6.7). Here it is shown that both structural and energy dissipation 

information can be measured simultaneously (for two rotaxanes -  a functional 

molecular type and an inactive control), under ambient conditions, using this 

technique. This enhanced parameter access facilitates observation o f  the expected 

effects o f  switching such molecular shuttles.
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Figure 6.9: FM-AFIM (ambient conditions) topography (a), (b) and (c) and excitation voltage (d) 
(proportional to dissipation) images of a two-component rotaxane film on HOPG, formed using 
EF and ESN partial components deposited in the order EF then ESN. Image (a) shows clearly the 
distinct molecular reconstructions of the EF film (bottom part of the image) and ESN molecules 
(upper part of the image). Image (b) is a zoomed image of the same region where the molecular 
types can be identified by the morphologies of the partial components of the film (the EF being 
the more ordered component of the film in the lower part of the image); section 4.4, comparing 
Figure 4.2(b) to 4.3(b) the morphologies films of the individual components can be compared. 
Images (c) and (d) are corresponding topography and dissipation images respectively which 
illustrate that we can simultaneously observe and compare the molecular reconstruction and 
dissipation contrast of the individual film components.

In these images the tip structure is stable for long periods o f time, however, it must be 

pointed out that tip changes can frequently occur in FM-AFM imaging in ambient 

conditions. Care should be taken when interpreting dissipation images because o f  this. 

The contrast can easily appear differently from that which is presented. When this is 

the case the tip is unstable and rarely remains the same for an entire image. When the 

tip is unstable like imaging conditions can be unstable for long periods o f time, but 

eventually the imaging and the tip can be stabilized. It is only this type o f stable image 

that is presented.
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The important point is that I am interested in comparing directly the dissipation 

between two molecular types within the same image and hence under the same tip- 

sample conditions, and, in the case of switchable rotaxanes, use the technique to 

detect switching events.

6.9 Attempts at direct observation of externally stimulated rotaxane 
motion at a surface
I made a number of attempts during the course of my PhD to observe stimulated 

switching events in rotaxane monolayers. None of these attempts were successful 

however. Figure 6.10 shows one such example. In this experiment half-monolayer 

coverage of C12-IFS molecules was deposited on HOPG (Figure 6.10(a)). The AFM 

head was removed and the sample directly exposed to UV radiation (254 nm) for 40 

minutes, with a light intensity of 5 m W fcrn ^ .  To this sample, half-monolayer 

coverage of un-switched C12-1FS molecules was added. The resulting film is shown 

in Figure 6.10(h), (c) and (d). In the topographic image (Figure 10(h) no obvious 

morphological differences could be seen between any adjacent domains. Like-wise a 

100 nm scan and corresponding dissipation trace do not show any obvious signature 

differences between any regions.
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Figure 6.10: FM -AFM  (am bient conditions) topography (a), (b) and (c) and excitation voltage (d) 
(proportional to dissipation) im ages o f a C12-IFS m onolayer on HOPG. (a) is a half-m onolayer; 
this half-m onolayer was then irradiated to switch some o f the Fum aram ide groups to 
Succinam ide, hence altering the thread-m acrocycle interaction strength, (b) Shows that same 
half-m onolayer after irradiation plus another half-m onolayer o f  unswitched C12-IFS. Higher- 
resolution topography and dissipation im ages o f  the mixed sw itched/unswitched m onolayer are 
shown in (c) and (d) respectively.

The molecules in this experiment were stimulated by UV when the film was in a sub

monolayer state deliberately so that packing interactions would be minimized at the 

time of irradiation. The experiment suggests that the molecules in this case did not in 

fact switch. In Figure 6.10(a) the molecules (pre-stimulus) still show a randomly 

oriented, disordered, row structure. The structure o f the film in 6.10(b) has been 

illustrated in section 6.6 to be rows o f like-with-like oriented rotaxanes. The stripes in 

Figure 6.10(a) therefore suggest that the rotaxanes are already oriented in like-with- 

like formation at low surface coverage. This kind of orientation would prohibit 

relative motion o f the sub-molecular components. The tentative conclusion from this 

data is therefore that the molecules do not switch in this state. This rotaxane however 

is but one of many possible structure permutations, so this negative result does not 

rule out switching for all other rotaxanes. Clever design of a molecule could preclude
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overlap of like-with-like threads in adjacent molecules. For example a sufficiently 

bulky stopper group might sterically hinder adjacent molecules from interfering with 

motion.

6.10 Conclusions
To the best of my knowledge, this is the first reported example of molecular- 

resolution images of these delicate, easily deformed and functional rotaxanes and I 

have demonstrated that the molecules can systematically be compared directly on the 

same substrate in terms o f their local molecular scale structural and dynamic 

properties. The proposed model of the surface reconstruction suggests an inter- 

digitation of the long rotaxane threads. This behaviour would sterically inhibit 

rotaxane sub-molecular shuttling at a surface. I have also presented techniques by 

which switching of these molecules could be detected, i.e. through structural change 

visualised by high-resolution imaging, or through an energy dissipation signal change. 

These techniques should be extremely useful to elucidate the occurrence of sub- 

molecular rotaxane movement at surfaces when used in conjunction with mixed 

rotaxane monolayers of functional and non-functional (i.e. reference) rotaxane 

material.
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Chapter 7: Conclusions and Outlook

7.1 Introduction
The main purpose o f this thesis has been to clarify the potential for rotaxane-based 

applications. A rotaxane type that would be used in this fashion should o f course 

function when deposited on a surface, preferably the molecule should assemble into a 

film (to better enable addressability) (although a simple functional surface would be 

less constrained in terms o f addressability), and the t'llm or device itself must be 

robust. The most important o f these factors is o f course the rotaxane function. The 

results in this thesis illustrate the importance o f  film deposition conditions and 

molecular type in this regard and illustrate the potential o f AFM (particularly FM- 

AFM) in establishing the existence o f surface functionality.

7.2 Conclusions
In this thesis I have investigated H-Bond assembled rotaxanes from the perspective o f 

discovering if sub-molecular motion at surfaces might be possible. The film 

preparation conditions have a key role in potential functionality. The results in 

Chapter 4 show that the solvent o f deposition and surface concentration can be chosen 

to minimise the likelihood o f nearest neighbour inter-molecule hydrogen bonding.

When a solvent is a poor hydrogen-bond acceptor (has low hydrogen-bond basicity 

(/?)) the molecules in a film deposited from the solvent will be hydrogen-bonded to 

their neighbours rather than self-satisfied. This is because such a solvent does not 

hydrogen-bond with the thread-macrocycle system, and a film deposited from a good 

hydrogen-bond accepting solvent such as DMSO will result in films where the 

molecules are self-satisfied. This reflects the x-ray crystal structures o f rotaxanes 

recrystallised from both solvent types. Nearest neighbour binding would hinder any 

switching/shuttling o f single molecules. In a film where neighbouring molecules were 

bonded, a collective reconstruction such as discussed in the work o f Biscarini, 

Cavallini et al. would need to occur in a functional device.''^ This is important when 

considering potential functionality o f rotaxanes at surfaces.
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In Chapter 4 also, the example o f the exopyridl rotaxane shows that the selection o f 

appropriate molecule types will have a key role to play in the ordering o f  rotaxane 

films. Any rotaxane device will need to be well ordered and addressable. The 

reconstruction measured by high-resolution FM-AFM in Chapter 5 has therefore been 

a very useful experiment for showing clearly the high degrees o f order in the film (not 

to mention having been a good demonstration o f the power o f  FM-AFM in ambient 

conditions.) The fact that most images in Chapter 5 and all images in Chapter 4 and 6 

were taken in ambient conditions, and that UHV conditions were not involved in any 

stage o f the process demonstrated the robustness o f both the film preparation 

technique and o f the prepared films themselves.

In Chapter 6 1 have shown that the robust film characteristics and order are not just 

properties o f the films o f simple rotaxanes, but can be carried over to the long-chain 

rotaxane molecular shuttles. The calculated reconstruction however suggests that this 

is likely to be at the expense o f  sub-molecular mobility since the structure shows an 

overlapping and interdigitation o f neighbouring rotaxane threads. The technique 

described in Chapter 6 for measuring nanoscale rotaxane functionality will however 

still carry over to molecules that might be found to reconstruct with a higher 

likelihood o f motion. The results show that distinct dissipation signatures as well as 

molecular-scale topography o f multiple rotaxane types in neighbouring domains can 

be measured. The data in Chapter 6 thus represents a significant step towards the 

direct measurement o f the nanoscale functionality o f these molecules. This work does 

not prove either way that rotaxane switching at surfaces is possible, but it has taken 

some positive steps towards this goal.

7.3 Outlook
Using the techniques developed and knowledge generated in this thesis, the next step 

would be to explore further rotaxane types with a view towards finding a rotaxane 

with a surface reconstruction more favourable in terms o f potential sub-molecular 

motion. Future work might incorporate molecular mechanics modelling o f different 

rotaxane molecular permutations to calculate which monolayer films would have least 

crowded reconstruction. The required functionalities o f the molecular shuttle thread 

stations will limit the number o f possibilities, making the calculations easier. Because 

we know that this molecular family can form pure and well ordered films, the
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deposition technique will likely be unchanged. Switching experiments could be 

carried out while measuring molecular-scale topography and dissipation signals of the 

shuttle under investigation, and a reference molecule with no activity.

The interdigitation noted in the molecular shuttle reconstruction seen in Chapter 6 

(Figure 6.3) points towards this particular molecular type not being sub-molecularly 

mobile at this surface. There are some alternative film types that could be proposed to 

make a functional rotaxane surface because of this result. For example it might be 

necessary to use rotaxanes with shorter chain lengths. In this way the reconstruction 

should change so that the stoppers cannot sterically overlap, which might allow more 

freedom for sub-molecular motion; the exact reconstruction however would need to 

be investigated.

When conducting experiments into the switching of rotaxane molecules I hasten to 

add the following two caveats. Care must be taken when interpreting the effect of 

external stimuli because the surface and any contaminants can also easily be affected. 

As well as this it is important not to perturb the rotaxane film with the AFM in a way 

that could be mistaken for switching. Two interesting examples from my studies 

follow.

Figure 7.7 shows interesting surface behaviour under exposure to UV radiation 

(254 nm, 5mW/cm^)  for 1 hour. Without any tip changes occurring in the series of 

images, and molecular-scale resolution evident in both topography and dissipation, 

interesting changes in the series of images can be seen. The tip was not disengaged 

from the sample during this entire time. The experiment was initially very misleading 

because it turned out that the molecular surface imaged here was in fact just 

contamination from the environment in the Lab (probably a dirty vacuum pump) and 

so this series of images represented some sort o f cleaning of the graphite surface 

under the influence o f the UV radiation. I confirmed this suspicion by a control 

experiment, generating the same structures on a bare HOPG substrate without 

adsorbed rotaxanes. This is a caution for future experiments because this type of 

surface behaviour could easily be mistaken for some kind o f surface switching, yet the 

material is not rotaxane. This also reinforces the need for the multi-component films 

with an inactive control molecule as shown in chapter 6 when testing the rotaxane 
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functionality using AFM. A switching experiment where the material was definitely 

rotaxane is shown in Chapter 6 (Figure 6.10) and I was unable to see any changes in 

films of this type.

t = 0
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Figure 7.1: A series of FIM-AFM topography and dissipation images of a contaminated HOPG 
surface in ambient conditions during exposure of the surface to UV radiation at (2 5 4 nm, 
Sm W /cm } )  for 1 hour.
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Rotaxane Material removed from Surface

Figure 7.2: Illustration o f  AM -AFM  study o f  Electrochem ically switchable H-bond assembled  
rotaxane m onolayer thin film, (a) is the m olecular schem atic, (b), (c) and (d) are the Topography, 
Phase and Current signals recorded while the tip-sam ple bias was varied Bias was varied (RHS  
o f (d)). Image (e) is the resulting film structure showing the rem oval o f  rotaxane material, (f) 
shows the phase vs. Bias curve while the tip is engaged close to the surface in typical imaging 
conditions.

I Spent a lot o f time following up on the effect seen in Figure 7.2. I studied an 

electrochemically switchable rotaxane^ in a hexadecane environment to investigate 

the effects of charging the surface locally (i.e. oxidising/reducing the rotaxane) which 

should have the effect o f reversing the relative station energy minima. Hexadecane 

and other liquids with high dielectric constant can be used for STM studies at the 

liquid/solid interface.'* The high dielectric constant minimises transient currents 

between tip and sample, ensuring that the current flows only between the very end of 

the tip and the substrate. I used hexadecane for Conducting AFM experiments in this
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capacity. Using this method under certain tip-sample bias conditions and with a 

conducting AFM tip, rotaxane material spontaneously desorbed from the surface. 1 

spent some time investigating this effect, but could never demonstrate that the effect 

was not induced by the tip-sample force being changed. The experiments were done 

in AM-AFM mode, because 1 could not achieve the stable self-oscillation needed for 

FM-AFM in this dense liquid. Using this technique it is not easy to deconvolute forces 

(as discussed in section 3.3.1). I believe material was essentially scraped from the 

surface because the force was changed with changing tip-sample bias.

The experiments described in this thesis initially gave very exciting and unique results, 

which might prompt one to jum p ahead without having a complete foundation of 

knowledge. It was for this reason and because o f warning signs such as those 

described above that I deliberately took a step back at this point in the work. 1 put a lot 

o f effort into getting more fundamental data and establishing a method for observation 

o f switching effects (Chapter 6), paying particular attention to the need for a control 

molecular type in the experimental protocol for testing rotaxane functionality. 1 was 

very thorough with establishing the effect o f solvent (Chapter 4). This is despite the 

successes with topographic and dissipation resolutions (Chapter 5).

Although many attempts were made to induce the switching o f rotaxanes at surfaces it 

may be that, in the particular film configurations investigated, motion was impossible 

due to close packing and strong inter-molecular and surface molecule interactions. 

Despite the lack o f a successful observation o f switching under the studied conditions 

presented in this thesis, a vast array o f possible surface preparation parameters that 

may affect the rotaxane mobility in the final film, as well as a variety o f  molecular 

shuttles still remain to be investigated. I have, however, expanded upon the molecular 

mechanics toolkit available to researchers to include the powerful FM-AFM technique 

under ambient conditions and elucidated many properties o f these rotaxanes that I 

believe will help in the design o f useful functional surfaces or other rotaxane-based 

devices in the future.
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