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Abstract 
Macromolecules are complex, large and often thermally labile molecules with a wide 

range of properties and potential applications. More specifically, conjugated polymers 

are a subset of macromolecules with interesting electronic properties which have been 

utilised in organic electronic devices and show several advantages over the more 

commonly used inorganic alternatives. Despite the importance of these molecules to 

a range of fields there has been very few publications which investigate the chemical 

composition, and local packing of conjugated polymer assemblies with the ultimate 

spatial resolution of ultra-high vacuum scanning tunnelling microscopy. The reason 

for this is due to the incompatibility of current surface preparation techniques with 

conjugated polymers. In this thesis, we have used electrospray deposition in 

combination with scanning tunnelling microscopy in order to deposit intact conjugated 

polymers on atomically clean single crystal surfaces held under vacuum. Firstly, we 

have developed an instrument which is capable of depositing thermally labile or 

otherwise fragile molecules onto a sample held under high or ultra-high vacuum. Not 

only this, but the instrument is also capable of controlling the landing energy and mass 

composition of molecules within the beam. Further, by using a commercially available 

electrospray deposition system, we have investigated the monomer sequence, chain 

length and local packing of a number of conjugated polymer materials. We show that 

there are unexpected defects in both the monomer composition and chain length of 

these polymers. We also show that the local packing of a number of conjugated 

polymers with linear alkyl side chains can be directly visualised for the first time and 

directly compared to results obtained for 3D thin films of the same materials.   
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1.1  General Introduction 
The advance of modern nanoscale technologies relies on being able to create and 

manipulate compounds into larger functional architectures and investigate the 

structure and the assembly of individual functional adsorbed molecules with sub-nm 

resolution. This is an essential and still missing step in the development of a molecular 

scale foundation of many contemporary research fields. In order to achieve these 

goals, ultra-high resolution scanning probe microscopy techniques will need to play 

an important role. However, these require that complex molecular units are deposited 

onto well-defined substrates under perfectly controlled conditions and that analysis is 

completed in-situ. Of particular interest are organic molecules, both synthetic and 

natural. Modern synthetic chemistry is able to concoct almost any imaginable 

compound and offers a huge play-set for the functionalisation of surfaces. For this 

reason, adsorption of organic molecules onto substrates followed by self-assembly is 

a leading candidate as a tool to create such devices. To be able to utilise the power of 

nanotechnology the assemblies and molecules must be able to interact with the broader 

world, to this end a substrate is not only required but an essential step in realising 

potential applications. This can be seen in a range of fields: thin film coatings1,2; 

heterogeneous catalysis3, and organic electronics4,5 to name but a few. The almost 

limitless range of functions possessed by organic compounds can be harnessed 

through attachment to a surface, thereby functionalising the surface itself. 

Consequently, fundamental to this is the molecule-surface interaction and a well-

defined deposition technique which can remove any ambiguity in what has landed on 

a surface. 

If one wishes to achieve a precise, reproducible, easily controlled, and well defined 

deposition the most appropriate technique is molecular beam deposition (MBD). With 

this technique one can, with minimal effort, easily and reproducibly create a well-

defined coverage of a surface whilst keeping an atomically clean environment to avoid 

cross contamination of the sample. Thermal sublimation in ultra-high vacuum is the 

strategy of choice for small and heat-resistant molecules but high molecular weight 

molecules with multiple functionalities are often not compatible with this process 

since they typically fragment at higher temperatures6–8.  Once molecules reach a 

certain size the energy needed to disrupt the intermolecular forces exceeds the energy 
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required to break internal molecular bonds and molecular fragments are deposited 

rather than intact molecules. This leads to a ‘glass ceiling’ which limits the 

experimentalist’s toolbox of molecules that can be chosen for studies on a clean 

surface. For example, the use of particularly interesting molecular subunits in polymer 

chains in OPV9, or even more so the limit on chain length of polythiophenes10 

commonly used in photovoltaic devices, where the authors explicitly state that longer 

molecules could not be studied due to ‘decomposition at high temperatures’. Placing 

limits on novel structures that can be investigated only serves to restrict the device 

performance and creates a road block in the pursuit of high performance OPVs and 

many other technologies that are heavily influenced by molecule-surface interactions. 

Another interesting example of this is the Feringa motor where only an extremely 

small percentage of the molecule was intact upon deposition11.  For this specific case 

this poses a problem as further evolutions of this molecule cannot be studied. Any 

further functionalisation will inevitably increase the overall molecular weight of the 

molecule which will only cause further problems for thermal sublimation and a greater 

number of fragmented molecules. All of these examples point towards the need for a 

different vacuum compatible technology that is able to transfer intact molecules that 

are thermally fragile into the gas phase and to make a beam out of them. Fortunately, 

such a technique exists and was developed by the mass spectrometry community to 

overcome a very similar problem12 and has been developed for the surface science 

community by several research groups over recent years13–20. The identification and 

investigation of the self-assembly properties of molecules too large to be sublimed is 

the underlying theme of this thesis. We have developed a new apparatus for the 

deposition of thermally labile or otherwise fragile molecules and have used existing 

commercial apparatus to study conjugated polymers, a subset of macromolecules 

which are too high in molecular weight to survive conventional thermal sublimation. 

1.2  Molecular identification 
Modern chemistry has a huge range of tools available to identify the synthetic product 

which the organic chemist can concoct. They range from nuclear magnetic resonance 

(NMR)21 of both protons and carbon nuclei, to mass-spectrometry (MS)22, gas 

chromatography (GC)23, infrared spectroscopy (IR)24, X-ray crystallography25 and 

many more which are too numerous to list fully here. For the most part a combination 

of these techniques can identify the vast majority of synthesised products. However, a 
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fundamental commonality between all of these techniques is the inherent averaging of 

the technique. That is, in all of these methods an ensemble of molecules is used and 

analysed, the results of which are typically an averaging of the properties of all of the 

molecules present. In the case of a completely pure sample this is not problematic and 

even with mixtures of products the structures can often be deduced from a 

deconvolution of the information given. However, for the ever more complex 

synthesis of larger and more varied molecules the ambiguity which may arise from 

averaging is a problem. For example, if a conjugated polymer were to incorporate a 

mistake in the ordering of monomer units it would be not be easily detected by any of 

the techniques listed above and as such investigations have attempted to find 

alternative ways of identifying mistakes in the sequence through indirect means26.  To 

this end, the development of alternative means of investigating the chemical structure 

of molecules has been pursued. This is not a new idea. Indeed, Richard Feynman in 

his talk ‘There’s plenty of room at the bottom’27 in 1960 envisaged a type of chemical 

identification where ‘you just look at the thing! You will see the order of bases in the 

chain; you will see the structure of the microsome’. Feynman, envisaged this type of 

analysis to be completed by electron microscopes and although there have been 

significant achievements in this direction28 it is through scanning probe microscopy 

(SPM) that this vision has been most directly achieved.  
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Figure 1.1 Overview of examples of SPM being used to identify the chemical structure 
of a molecule. Panels A, B and C are adapted from work by Crommie and co-workers29 
and panels D and E are adapted from work by Gross and co-workers30. 

Many researchers are using SPM as a tool to not only study the self-assembly of 

molecules on surfaces but to also probe the specific chemical structure of these 

molecules. A prime example of this is work by Gross and co-workers30–33, Crommie 

and co-workers29,34–37, and others38–41 (some examples can be seen in Figure 1.1). Even 

if molecular identification was not the main aim of these works, in all of these 

investigations SPM techniques (STM, non-contact atomic force microscopy 

(ncAFM), and conventional AFM) are used to image the chemical structure of a 

number of species. In certain instances33, the molecules studied were unidentifiable by 

conventional chemical techniques for a range of reasons, yet through high resolution 

imaging techniques the structures can be identified through simply looking at the 

molecules which are present. A true realisation of Richard Feynman’s vision. So far, 

this work has been limited to the types of molecules which are compatible with current 

surface preparation techniques. That is, any molecule which is too large to thermally 

sublime cannot be prepared in the ultra-high vacuum environments required for the 

high resolution imaging to occur. In some instances, this is avoided by imaging the 

molecule of interest at ambient conditions, however this can offer suffer from sample 
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contamination and the difficulties associated with working at the solid liquid interface. 

Further, in general, the resolution of images obtained at ambient conditions are often 

lower in resolution than those obtained under ideal UHV and low temperature 

conditions. As stated previously, an area which may benefit from this type of research 

could is polymers, and more specifically conjugated polymers. For this to happen the 

combination of a surface preparation technique which is compatible with vacuum and 

also large thermally labile molecules is needed.  

1.3  Depositing molecules on a surface in ultra-high vacuum  
Using a combination of scanning probe microscopy and surfaces prepared in UHV as 

a way to probe molecular structure can be a useful tool in addition to conventional 

chemistry techniques however, in order for the technique to be expanded to a wider 

range of molecules new surface preparation techniques need to be explored. A key 

advantage of using UHV environments to study molecules is the lack of contaminant 

molecules. This makes it possible to study the interaction between a molecule and a 

surface or, through decoupling42, simply the molecule itself. This lends itself well to 

complementary theoretical studies where the clean environment can be readily 

modelled. It is therefore important that the surface is prepared in a clean manner, 

maintaining the lack of contaminants.  

There are a number of surface science preparation techniques which have been well 

established over a number of years6. The most commonly used is molecular beam 

deposition (MBD), or in the case of organic molecules OMBD43. The typical apparatus 

is rather simple and consists of a crucible and a heating element (Figure 1.2). The 

sample of interest is placed inside the crucible and heated using the heating element. 

Under the UHV conditions, the molecule will sublime and form a molecular beam, 

when directed towards a surface the gaseous molecules condense and form coverages 

from sub-monolayer up to thin films dependent on a number of factors (time, 

temperature, chamber geometry). MBD has been used countless times for preparation 

of molecules or metals on surfaces and produced reproducible controllable coverages. 

The technique is compatible with a wide range of molecules but has some severe 

limitations, especially when considering the field of macromolecules. As stated 

previously, MBD is incompatible with: larger molecular weight, thermally labile, 

reactive or otherwise fragile molecules. The inherent thermal energy input into a 
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molecule to transform it from a solid powder or crystal into a gaseous beam is often 

high enough to overcome an energy barrier for an undesirable side pathway.  

 

Figure 1.2 Schematic showing the OMBD experimental setup. 

Several alternatives exist which do not have the same thermal sublimation limit. One 

of the simplest of these is rapid heating deposition44,45. In this experiment the molecule 

to be deposited is placed on a filament, or other heat conductive material. The filament 

is then placed within close proximity of the surface and a high current is applied (2-

10 A) for a fraction of a second (on the order of hundreds of milliseconds) (Figure 

1.3). In this way a very high temperature is reached in a short period of time. The 

theory behind this method is that as the activation energies of fragmentation and 

sublimation are likely to be different and thus by reaching the higher temperature 

required to sublime the molecules in a shorter time period, at least some molecules 

will arrive at the surface intact. Although this technique is useful in depositing some 

molecular species intact to a surface there are numerous pitfalls. Firstly, only some of 

the molecules will arrive intact to the surface and it can be extremely difficult to tell 

whether molecules which have arrived at the surface are intact or not, especially in the 

instance where the absolute structure of the original species is unknown. Secondly, 

due to the rapid nature of the deposition, only low coverages can be achieved. This 
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may be suitable for imaging individual molecules but can be limiting if one wishes to 

study the self-assembly of the molecules.  

 

Figure 1.3 Schematic showing the rapid heating experimental setup. 

Another alternative is the pulse injection or pulse valve technique which has been used 

to study a range of molecules including DNA46 and organic polymers47,48. In this 

method, molecules are dissolved in a suitable solvent and placed inside a container 

attached to the vacuum chamber where the surface is held under UHV. An orifice 

(approximately 0.05 mm diameter) with a fast action valve separates the solution 

containing vessel from the vacuum chamber. The molecule is deposited by opening 

the valve and releasing the solution for a few milliseconds, exposing the surface to the 

solution (Figure 1.4). This technique, unlike both thermal sublimation and rapid 

heating, does not involve any application of heat to the sample and therefore avoids 

the risk of thermal fragmentation to the molecule. However, surface coverage can 

again be very difficult and is not easily controlled through changing concentration or 

pulse times. Further, contamination of the surface by solvent molecules is an obvious 

issue and is an almost unavoidable consequence of the methodology. Despite this, 

numerous research articles have demonstrated the ability of this technique to deliver 

intact macromolecules to a surface. 

Surface

Filament	coated	in	molecule
Sublimed	molecules

2-10	A
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Figure 1.4 Schematic showing the pulsed jet experimental setup. 

The final alternative to thermal sublimation which shall be discussed here is 

electrospray deposition13–16. Electrospray deposition is the combination of an 

electrospray ionisation source and a differentially pumped system which bridges the 

pressure differential between where a sample is held and the electrospray is formed. 

There are a few existing designs for this type of system13–16 which all share the 

common features mentioned above but differ in their specific designs. The simplest 

electrospray deposition system is the commercially available Molecular Spray 

system49, where an electrospray ionisation source is coupled to several differentially 

pumped chambers which are in turn separated from the preparation chamber by a gate 

valve. The more sophisticated systems from Rauschenbach and co-workers14, Laskin 

and co-workers15 and Berndt and co-workers16 incorporate ion guiding elements in 

order to control and shape the beam as well as incorporating the capability of obtaining 

mass spectra of molecules in the ion beam. An example of the more sophisticated type 

of setup can be seen in Figure 1.5, this system is from Berndt and co-workers16 and 

incorporates many of the ion guiding elements mentioned (which are discussed in 

further detail in section 2.2) 

. 
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Figure 1.5 Overview of the electrospray deposition system developed by Berndt and 
co-workers16.The elements contained within this instrument are as follows: (a) 
ambient pressure electrospray ion source; [(b) and (c)] two stage radio frequency ion 
funnel for high ion transmission in the viscous flow regime (p1≈0.8 mbar , 
p2≈3.5×10−2 mbar ); (d) electrostatic quadrupole deflector for separation of charged 
particles and energy filtering (p3≈1×10−5 mbar ); (e) quadrupole mass filter 
(p3≈1×10−7 mbar ); (f) ion deposition (p5≈1×10−9 mbar ). 

All of these systems have been used to successfully deposit and image a range of 

macromolecules from porphyrin nanorings17 to molecular magents50, proteins51, 

peptides52 and more16,53,54. One advantage of using electrospray deposition is that any 

molecule that is soluble and can be formed into an electrospray is compatible, meaning 

a wide variety of molecules can be studied (as evidenced by the references given). 

Further, as there is no heat applied to the solution the risk of fragmentation is minimal 

meaning reactive and thermally labile molecules can be studied. On top of this, by 

including ion optics one is able to control and direct the beam in order to deposit the 

molecule of interest with either a higher or lower landing energy than is available to 

other deposition techniques which opens up the possibility of a range of 

experiments55,56. Finally, as the electrospray ionisation process creates charged 

particles, it affords the opportunity to analyse the beam composition before deposition 

in order to verify whether the molecule is arriving in the state which is intended. The 

technique obviously comes with its flaws which include the difficulty in controlling 
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molecular coverage, the incompatibility of some molecules to the electrospray process 

and the somewhat cumbersome equipment (in the case of the more sophisticated 

systems). However, despite this the technique has shown remarkable success as 

demonstrated by the examples given.  

1.4  Overview of this thesis 
In this thesis the combination of electrospray deposition, and STM are explored for 

the purpose of gaining an insigt into the complex self-assembly of macromolecules 

and specifically conjuagted polymers. We also believe futher insights into their 

structure and self-assembly on surfaces will aid in the advance of their use in key 

tecnhologies. We have chosen to use the Molecular Spray system for this purpose due 

to its ease of use and compatibility with the widest array of molecular species. 

Particular interest was given to conjugated polymers due to the current lack of 

published data in this field and the numerous oppurtunities for study opened up by the 

combination of techniques demonstrated herein. We have also developed a new 

instrument which combines electrospray deposition and STM with the capability of 

obtaining mass spectra of the ion beam and controlling the landing energy of molecular 

species. This new instrument gives our lab the capability to proceed with a number of 

experiments that are not currently possibe with existing commerical apparatus.  

Chapter 3 describes the design of SEISMIC, a complex instrument capable of 

depositing thermally labile molecules onto a surface held at UHV. The design 

principle of high transmission, adaptability and compactness are demonstrated 

throughout.  

Chapter 4 shows the resulting performance of the homebuilt ion optics and 

components which comprise SEISMIC. The first results for the instrument are shown 

and some first analysis is shown. A number of molecular test systems are studied and 

promising results are given. 

Chapter 5 is the first example in this thesis of the use of the Molecular Spray system 

being used in combination with an STM in order to study a conjugated polymer 

system. A typical diketopyrrolopyrrole polymer is deposited and the self-assembly is 

studied. The polymer is sequenced for the first time by direct visualisation of the 

backbone at sub-monomeric resolution. 
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Chapter 6 gives an investigation into the synthetic growth of conjugated polymer 

chains by studying the oligomers and corresponding polymer. By comparing the 

different stages of the polymer synthesis insights can be gained into the growth 

mechanism and the occurrence of side-reactions and synthetic by products. 

Chapter 7 demonstrates an investigation into the local packing of conjugated polymer 

side chains and investigates the relationship between the monomer composition and 

angle of the interdigitated alkyl side chains. 

Finally, chapter 8 provides a summary and outlook for the work in this thesis. 
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2 Background and theory 
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2.1 Electrospray ionisation (ESI) 

2.1.1 Introduction 

Electrospray ionisation is a technique used to generate charged intact gas phase 

molecules by means of applying a high voltage to the molecule of interest which has 

been dissolved in a suitable solvent. Electrospray ionisation has been known to exist 

since Lord Rayleigh’s theoretical calculation of the Rayleigh limit57, the maximum 

charge a liquid droplet can hold before surface tension can no longer hold the droplet 

together and jet expulsions result, this is the fundamental process involved in 

electrospray ionisation. Experimentally, the technique has been used since as early as 

1914 and was developed by Zeleny over several years58,59.  The use of electrospray 

ionisation as a technique to produce a beam of macroions was first demonstrated by 

Dole and co-workers60. The technique as we know it today, as used for mass 

spectrometry was developed by John Fenn in the 1980s61,62 for which he was awarded 

the Nobel Prize in Chemistry in 2002 (shared with Koichi Tanaka and Kurt 

Wütricht)63. In the context of this thesis electrospray ionisation is being used to 

generate intact gas phase ions which represent an appropriate sampling of the original 

dissolved compound. We are utilising the soft ionisation technique in order to 

overcome the traditional limitations of vacuum surface preparation.  

2.1.2 Basic principle of operation 

A schematic showing the general setup of an electrospray ionisation source is shown 

in Figure 2.1. It depicts the main components of an electrospray ionisation source: 

solution injection; high voltage; emitter needle; and entrance capillary. In this figure 

we also see the steps through which the gas phase ions are formed. 

 

Figure 2.1 Schematic showing the electrospray ionisation process. 
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There are 3 main stages to the production of gas phase ions by electrospray ionisation: 

generation of charged droplets at the electrospray emitter; desolvation of the initially 

formed droplets to produce small highly charged droplets; and the production of gas 

phase ions from the highly charged droplets. 

Stage 1, the generation of charged droplets at the electrospray emitter, is conducted as 

follows. The analyte of interest is dissolved in a suitable solvent (typically a polar, 

volatile solvent) and is placed into a syringe. The solution is pumped through a metal 

emitter with a diameter on the order of 0.1 mm and a high voltage (2-5 kV) is applied 

between the solution and the capillary (which is the reference ground electrode). The 

emitter is made of an electrically conducting material from which the aerosol is 

emitted. There are 2 main forces acting on the jet as it emerges from the emitter. 

Surface tension of the liquid acting to keep the droplet intact; and electrostatic 

repulsion between the like charges in the solution acting to pull the liquid apart. If one 

balances these forces the formation of a Taylor cone64 is observed. At the tip of the 

Taylor cone where the field strength is highest droplets are released containing the 

charged particles. It was shown by Smith65 that the droplets produced are close to the 

Rayleigh charge limit. The second stage, reduction in droplet size is due purely to 

neutral solvent evaporation. The charge of the droplet remains the same while the 

charge density of the droplet increases. The solvent evaporation is often aided through 

the use of heated neutral curtain gases. 

There are currently 2 main hypotheses which attempt to describe the mechanism by 

which charged particles are generated from the droplets of solvent and analyte which 

are depicted in Figure 2.2. Dole and co-workers60 proposed the charged residue model 

(CRM) and a more robust mechanism was proposed by Röllgen66,67. The CRM model 

states that droplets which have been produced undergo successive evaporation and 

fission cycles. That is, as the volatile solvent evaporates the charge density of the 

droplet increases until fission occurs resulting in smaller droplets but with a lower 

charge density. This cycle continues until droplets with either 1 or fewer charged 

molecules remain. The remaining solvent evaporates leaving ionised gas phase 

molecules. The ion ejection model (IEM) was proposed by Iribarne and Thomson68,69 

in 1976. This hypothesis states that as droplets reduce in size through evaporation of 

solvent, direct ejection of ions becomes more likely than coulomb fission.  There is 
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some evidence which suggests that the CRM is more applicable to smaller molecules 

and the IEM to larger molecules70–72.  

 

Figure 2.2 Schematic of the two main models of ion formation from an electrospray 
droplet. 

In electrospray ionisation the ions which are observed are composed of the molecular 

species, M, with the addition of a proton, H+, or some other cation (such as Na+) to 

give the species [M+H]+ or [M+Na]+ when completed in the positive mode (which is 

the only mode used in this thesis). In the case of the negative mode a hydrogen nucleus 

is removed from the molecular species resulting in a negatively charged ion, [M-H]-. 

For larger macromolecules which can sustain multiple charges on the same molecule, 

multiple charge states exist whereby either additional protons or cations are added or 

removed from the molecule.  

2.2 Ion optics and ion guides 

2.2.1 Introduction 

Having created a beam of ions through an ionisation process (such as ESI) if one 

wishes to control and manipulate their path through an instrument, ion optics can be 

used. Ion optics73,74 are a range of devices which can be used to shape, focus, collimate, 

and direct a beam based on the ions interactions with the electric fields of the ion 
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optics. Devices range from simple DC voltage electrodes through to radio-frequency 

(RF) devices which can act to transport ion beams efficiently through an instrument. 

In this section we will look at the two main ion optic elements which have been used 

in this thesis, electrostatic lenses and multipole ion guides. 

2.2.2 Electrostatic lenses 

Electrostatic lenses are devices which are used to focus an ion beam. They typically 

consist of a specific geometry of ring electrodes to which static DC voltages are 

applied. In this work we have focussed on einzel lenses and these shall be the only 

such type discussed here. Einzel lenses consist of three cylindrical electrodes placed 

in a row75,76. As a consequence of their geometry and the voltage which has been 

applied, an inhomogeneous electric field is created inside the cylinder region (as seen 

in Figure 2.3) which is used to focus ions to a focal point which is determined by the 

voltage applied to the electrostatic lenses. As can be seen in Figure 2.3, typically the 

first and last electrode of the three electrode geometry are held at 0 V (relative to the 

rest of the system).  

 

Figure 2.3 Electrostatic potential energy landscape for a central cross section of an 
einzel lens. 

As ions enter the device their path is influenced by the electric field. The critical 

section of the electrostatic lens are the transitions from the first lens to the second and 
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the transition from the second to the third. As ions leave the first electrode and pass 

into the second they reach an electric field where they are slowed axially and pushed 

outwards radially. Once ions enter the second electrode the axial deceleration 

decreases and they are pushed inwards radially. As ions leave the second electrode 

they are accelerated axially and continue to move inward radially due to their 

momentum. Finally, as ions transition from the second to the third electrode the axial 

acceleration increases and a weak and short outward radial force is applied. As ions 

are moving slower through the second electrode (where inward radially forces are 

applied) the overall effect on the ion beam is that it is compressed radially (this process 

is depicted in Figure 2.4).  

 

Figure 2.4 Depiction of the path of ions passing through an electrostatic lens 
consisting of three ring electrodes. 

The strength of focussing is determined by the voltage applied to the central electrode 

as this determines the gradient of the electric field inside the second electrode where 

inward radial forces are applied. This can be seen in several SIMION simulations for 

a bunch of ions (m/z = 100, kinetic energy = 200 eV) in Figure 2.5 where we see that 

an increasing voltage on the central electrode results in a focal point which is closer to 

the einzel lens assembly. 

0	V 0	V± 20-200	V
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Figure 2.5 SIMION simulations for an einzel lens showing the lens voltage effect on 
focal length. Ions are simulated from a parallel source with a single axial kinetic 
energy value of 50 eV. 

Since electrostatic lenses rely on the balance between an ions axial and radial kinetic 

energy and the voltage applied to the lens they do not work well for ion beams where 

there is a large spread in kinetic energy. It is therefore most useful to use electrostatic 

lenses in areas of the instrument where the spread of kinetic energies is minimal or 

where focussing of a beam is unavoidable. For ion beams with a wider range of kinetic 

energies different transport optics can be used, which will be explored in the next 

section.  

2.2.3 Multipole ion guides 

Mulitpole ion guides77 consist of an even number of cylindrical rods aligned parallel 

and placed in a circular geometry, an example of which (the hexapole) can be seen in 

Figure 2.6. Multipole ion guides are used to transport ions of a wide mass range from 

one side of an instrument to another and can operate in a wide range of vacuum 

regimes. 
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Figure 2.6 Schematic showing the arrangement of rods in a multipole (specifically a 
hexapole in this case) and the formula for the application of voltages to each of the 
rods. 

The rods have both a DC and RF potential applied to them where adjacent rods have 

an out of phase RF potential applied. The formula for the application of the potential 

to the rods in a multipole is as follows 

𝑈" = 𝑉%& + 𝑉() sin 𝜔𝑡  

Equation 2.1 

 

𝑈/ = 𝑉%& − 𝑉() sin 𝜔𝑡  

Equation 2.2 

Where 𝑈" and 𝑈/ are the overall voltages applied to the adjacent rods which is 

composed of the DC voltage, 𝑉%& , and the RF voltage, 𝑉(). The RF voltages varies 

with time, t, at a frequency 𝜔. For the transport of a wide range of masses a single 𝑉%&  

and 𝑉() value combination is chosen. Mass selection can be achieved using a 

particular type of multipole ion guide as will be discussed in section 2.3.2.  

If the electric field were static no transport would occur as ions would simply be 

repelled by like charged rods and attracted to those of the opposite charge. The device 

works as these voltages oscillate with the RF potential creating an oscillation in the 

ions movement within the multipole device. The time averaged motion of the ions can 

be approximated using an effective static potential (𝑈122)77 which is related to the 

!" = $%& − $() sin -.

!/ = $%& + $() sin -.
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distance from the centre of the multipole (r) and the number of poles in the multipole 

device (N) through the following relationship 

𝑈122 ∝ 𝑟(67/6) 

Equation 2.3 

Modelling this potential for a number of different multipoles gives the potential 

landscapes seen in Figure 2.7 (r0 is the radial distance from the centre of the device to 

the inner edge of a rod). We note that for higher order multipoles (those with more 

rods) the potential is much flatter in the centre and rises more steeply at the edges. 

This wide flat region which increases with rod number is an important consideration 

in our designs. In this region where ions are not directly under the influence of the 

electric field ions are free to move unperturbed and will fill this region of the multipole 

when being transported. This corresponds to a larger beam diameter upon exiting the 

device which can be problematic for further focussing through small apertures (such 

as those at differentially pumped limits). However, as the higher order multipoles give 

better transmission77 through the device itself a balance must be chosen between these 

two factors. 
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Figure 2.7 Graph showing the dependency of the effective potential on the distance 
from the centre of the multipole  for multipoles of different number of rods (N) using 
Equation 2.3. 

Multipole ion guides are particularly useful at transporting ions from one section of an 

instrument to another with minimal losses due to the well confined potential which 

extends for the entire length of the device.  

2.2.4 SIMION simulations of ion optics 

SIMION is a software package which can be used to predict the paths of ions under 

the influence of electric fields78. SIMION has been used in several instances in this 

thesis in order to determine the best geometry or size of a component and the expected 

values of voltages. The theory which governs the predictions SIMION makes are 

based on the interactions between the charged particles and the electric fields 

generated by the components built within the software. 

The force on a charged particle in an electric field is 

𝐹 = 𝑞𝐸 

Equation 2.4 

Where 𝐹 is the force applied to the particle with charge q in an electric field 𝐸. From 

this equation we can calculate the force on the particle knowing the electric field 

strength. In regions where	∇×𝐸 = 	0, the electric field can be expressed as a gradient 

of a scalar field, which is defined to be the electric potential V(x,y,z). 

𝐸 = 	−∇𝑉 

Equation 2.5 

Where ∇ is the differential operator, the sum of the derivative in x, y and z spatial co-

ordinates of the potential V from which the electric field originates. In regions without 

charge 

∇𝐸 = 0	 		∇. ∇𝑉 = 	∇6𝑉 = 	
𝑑6𝑉
𝑑𝑥6

+	
𝑑𝑉
𝑑𝑦6

+	
𝑑𝑉
𝑑𝑧6

= 0 

Equation 2.6 

which can be used to generate a value for V in free space with known boundary 

conditions. In SIMION the system is split into a series of smaller parts. For each of 
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these parts (corresponding to device electrodes) the potential is fixed and at the 

boundary the zero Neuman boundary condition is applied. All other potentials are 

created by averaging the potential of the surrounding potentials. This calculation is 

completed iteratively until it converges. Having calculated the potential at every point 

in the assembly we can generate an electric field and in turn the force on an ion at any 

given time. Finally, using  

𝐹 = 𝑚𝑎 = 	𝑚
𝑑𝑣
𝑑𝑡

= 	𝑚
𝑑6𝑠
𝑑𝑡6

 

Equation 2.7 

Where m is the mass of the ion, a is the acceleration, v the velocity, s the position and 

dt the time interval, SIMION can predict the position and path of each ion at a specified 

time interval. From these formulae it is possible to build potential arrays within 

SIMION, from which the path of an ion can be predicted. Scripts can be written in 

order to fly groups of ions with differing m/z, kinetic energy, kinetic energy spread 

and starting positions. 

2.3 Mass Spectrometry 

2.3.1 Introduction 

Mass spectrometry is the separation and detection of molecular species based on their 

mass to charge ratio (m/z). Mass spectrometry instruments typically consist of three 

main components: an ionisation source; a mass filtering device; and a detection 

mechanism. The ionisation source has been described in the previous section and here 

we will focus on the mass filtering device. There are many different types of mass 

filtering device which include: sector instruments; time of flight (TOF); ion traps; 

Fourier transform ion cyclotron resonance (FT-ICR); and quadrupole mass filters. The 

mechanisms by which these filtering devices work are diverse and complex. We will 

focus only on the type used in the instrumentation in this thesis, the quadrupole mass 

filter. 

2.3.2 Basic principle of operation 

The quadrupole mass filter is a type of multipole ion guide as described in section 

2.2.3. The radio-frequency (RF) device consists of four cylindrical rods set in the 

geometry shown in Figure 2.8. The mass filtering is achieved by utilising radio-

frequency (RF) voltages along with DC voltages to create an electric field where ions 
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of a particular m/z have a stable trajectory and are allowed to pass through, whereas 

those of a different m/z have an unstable trajectory and are not allowed to pass (this 

can be seen schematically in Figure 2.8). Its operation differs from that of a multipole 

ion guide as the voltages are set such that only a single m/z value has a stable trajectory 

within the device. A basic overview of the operation is given here and a more complete 

overview of the principles which govern the mass selection can be found in the 

references given77,79,80. 

 

Figure 2.8 Schematic of a quadrupole mass-filter showing the path of stable and non-
stable ions.  

In a typical experiment used to collect a mass spectrum of a sample, a beam of ions 

(of varying m/z values) is directed into the mass filtering quadrupole. As the beam 

travels through the quadrupole the ions’ path is influenced by the electric field 

generated by the quadrupole rods. Both an RF voltage and a DC voltage are applied 

to each of the rods, where opposite pairs of rods have out of phase RF voltages. The 

path of each ion can either be stable (the ion travels through the length of the 

quadrupole) or unstable (the ion is ejected before the end of the quadrupole) which 

depends on the m/z value and the specific value of the RF voltage and DC voltage 

applied. The range of RF and DC voltages for which each m/z value is stable can be 

seen in stability diagrams77,80 which can be calculated through Mathieu equations81 

and verified with ion simulations. The ion must be stable along both the x and y axis 

of the mass spectrometer (with the z axis being the one along which ions travel). It is 

the overlap in these stability regions which defines the voltages which can be applied 

to the rods in order to transmit ions of a particular m/z value. An example of these 

Path	of	stable	ion	(transmitted)

Path	of	unstable	ion	(filtered	out)
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stability overlap regions is given in Figure 2.9. A mass scan is conducted by changing 

the RF voltage and DC voltage along a pre-calculated path where at each point along 

the path only a single m/z value is stable within the quadrupole (again this can be seen 

in Figure 2.9), which is represented by where the scan line passes within the stability 

region. The difference in operation between a multipole ion guide used for transport 

and one used for mass filtering is in the specific application of DC voltages to the rods.   

 

Figure 2.9 Graph demonstrating the effect of varying the RF:DC voltage ratio to 
change the resolution of a quadrupole mass filter and the corresponding expected 
mass spectra. The intensity offset between mass spectra is arbitrary in order to make 
the difference clearer. 

By varying the ratio of RF voltage to DC voltage (the gradient of the line seen in 

Figure 2.9) it is possible to change the filtering power of the quadrupole mass-filter 

(as has been depicted in Figure 2.9). One can also completely eliminate the DC voltage 

from the applied signal, in such instances the quadrupole can be used as a high pass 

filter with minimal mass discrimination (such as is the case with a typical multipole 

ion guide used solely for transport of an unfiltered ion beam). Lowering the resolving 

power of the mass filtering (moving from the red line to the purple line in Figure 2.9) 

m/z	=	x
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also increases the total transmitted current of each ion so there are advantages to doing 

this if one is concerned about overall ion counts in the instrument.  

In the context of this work, the mass filtering quadrupole has been used in two modes. 

Firstly, as a mass-filtering device to analyse the composition of ion beams. Secondly, 

as a high pass filter where it acts as an ion guide to transmit ions from one section of 

the instrument to the next. 

2.4 Scanning Tunelling Microscopy 

2.4.1 Introduction 

The scanning tunnelling microscope (STM) has made possible the routine analysis of 

surfaces with sub-nanomeric resolution. Since the first demonstration of the 

application of quantum tunnelling to image surfaces by Binnig and Rohrer in 198282,83 

STM has had a wide ranging and sustained impact on the field of surface science. The 

STM has a number of further interesting analytical capabilities which will not be 

discussed here but can be found in the references given84,85. In this section the basic 

theory and principle of operation will be discussed to the extent the instrument has 

been used in this work.  

 

Figure 2.10 Schematic of a scanning tunnelling microscope. 
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2.4.2 Basic principle of operation 

The STM consists of several parts which are common to every variant of machine. 

They are: the STM tip, an electrically conductive sample, a piezoelectronic scanner, a 

computer interface and feedback mechanism control (a typical set up can be seen in 

Figure 2.10). In an STM experiment, the STM tip is approached to within a few 

Angstroms of the sample. The wavefunctions associated with the tip and sample decay 

exponentially into the vacuum gap between. At this critical separation of a few 

Angstroms an overlap between the wavefunctions of the tip and sample can occur. 

This overlap enables electrons to quantum mechanically tunnel across the vacuum gap. 

The decay of the wavefunction into the vacuum gap can be constructed from the 

solution of the Schrödinger equation for a particle with a rectangular barrier of height 

Φ, which in the case of the STM is the work function of the tip or sample. 

Ψ = ΨJ𝑒
/6

6L(M/N)
ℏ P 

Equation 2.8 

Where ΨJ is the wavefunction of the tip or sample before passing through the barrier, 

m is the mass of an electron and d is the distance across which the wavefunction has 

decayed (for example the distance between tip and sample). 

With no voltage bias applied between the tip and sample, electrons flow evenly in both 

directions (from tip to sample and from sample to tip). After an equilibration between 

the Fermi levels of the tip and the sample, this results in no net current. When a 

negative bias is applied to the sample the probability of electrons flowing from the 

sample to the tip becomes more favourable and an overall current is seen. The same is 

true of a positive sample bias however the flow of electrons is in the opposite direction. 

These three scenarios have been shown in Figure 2.11 
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Figure 2.11 Energy level diagrams of an STM tip-sample junction showing three 
different scenarios based on the sample bias voltage.  

The total current which flows between tip and sample can be given by the following 

equation which has been derived by Tersoff and Hamann86 using Fermi’s golden rule 

to calculate the transition probability of electrons per unit time. 

𝐼	 =
4𝜋𝑒
ℏ

𝑓U 𝐸)U	 − 𝑒𝑈	 + 𝜖 	 − 𝑓W 𝐸)W	 + 𝜖 	 ∙ 𝜌U(𝐸)U	 − 𝑒𝑈	 + 𝜖)
Z

/Z
𝜌W 𝐸)W	 + 𝜖 |𝑀𝑻𝑺|6𝑑𝜖 

Equation 2.9 

Where ℏ is the reduced Planck constant, e is the charge on an electron, 𝑓U(𝐸) and 

𝑓W(𝐸) are the contributions from the Fermi-Dirac distribution at energy 𝐸 for the tip 

and sample respectively which corresponds to the population of energy states at a 

given temperature, 𝑈 is the bias applied across the tunnel junction between tip and 

sample, 𝜌U(𝐸) and 𝜌W(𝐸) are the density of states (DOS) for the tip and sample 

respectively, 𝑀𝑻𝑺 is the matrix which describes the wavefunction overlap between the 

tip and sample.  

This equation can be simplified considerably for practical purposes. Firstly, since 

typically the bias voltage is on the order of ±1-2 V the contributions of tunnelling from 

thermally excited electrons are negligible and therefore the contribution of the Fermi-

Dirac distribution can be ignored. The second simplification which can be made is to 

the tunnelling matrix. Since solving the tunnelling matrix requires an explicit 

knowledge of the exact wavefunction associated with both the tip and sample this is a 
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useful simplification. Since the overlap of tip and sample wavefunction are 

exponentially dependent on the distance between them (Equation 2.8) the tunnelling 

current is dominated by those atoms which are closest to one another, in the case of an 

STM experiment that is the atom at the apex of the tip and the surface atom closest to 

this. As such the tunnelling matrix can be simplified to a one-dimensional tunnelling 

probability which is of the same form as the solution to the Schrödinger equation for 

a rectangular barrier we saw earlier (Equation 2.8).  

𝑃 𝜖 = 𝑃J𝑒
/6

6L(M`aa/N)
ℏ P 

Equation 2.10 

Where 𝑃 𝜖  is the one-dimensional electron tunnelling probability at energy 𝜖. From 

this simplification the STM tunnelling current can be approximated as 

𝐼	~	
4𝜋𝑒
ℏ

𝜌U(𝐸)U	 − 𝑒𝑈	 + 𝜖)
1c

J
𝜌W 𝐸)W	 + 𝜖 𝑒

/6
6L(M`aa/N)

ℏ P𝑑𝜖 

Equation 2.11 

It should be noted that this approximation holds for a positive bias, whereas for a 

negative bias the limits of the integration should be inverted. From this equation we 

can see that the tunnelling current varies with the DOS, bias voltage and tip sample 

separation. If the sample has a constant DOS across the surface, the topography of the 

surface can be extracted by monitoring the current. The situation becomes more 

complicated where the DOS varies for different areas of the sample. An example of 

this may be when organic molecules are deposited on a surface. The energy level 

diagram associated with this can be seen schematically in Figure 2.12. 
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Figure 2.12 Schematic of the energy level diagrams associated with an STM 
experiment where imaging of the HOMO and LUMO orbitals of a molecule adsorbed 
on a surface is observed. 

In this example, a molecule has been adsorbed to the metal sample, with the highest 

occupied molecular orbital (HOMO) lying below the Fermi level of the sample and 

the lowest unoccupied molecular orbital (LUMO) lying above the Fermi level of the 

sample. In the scenario where a negative sample bias has been applied electrons tunnel 

from the HOMO of the molecule into empty tip states, where the bias is positive, 

electrons from the filled tip states tunnel into the LUMO of the molecule. In this 

simplistic scenario it can be concluded that therefore in these two situations it is 

possible to measure the DOS associated with the HOMO and LUMO of the molecule. 

However, several complicating factors can cause this not to be the case. The electronic 

structure of organic molecules can be significantly modified through adsorption to 

metal surfaces which may mean a significant degree of hybridization between the 

molecular states (HOMO and LUMO) and metal states may have occurred. It is 

therefore important to remember that STM images represent a convolution of the 

topography of a sample as well as the DOS associated with the molecules and the 

underlying sample. 
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2.5 Operating in ultra-high vacuum (UHV) 
Ultra-high vacuum (UHV) is defined as an environment where the pressure is lower 

than 10-9 mbar. Many surface science techniques are exclusively (or nearly 

exclusively) carried out under UHV conditions. All of the STM experiments contained 

within this thesis have been carried out in UHV. Although STM can be readily 

conducted in ambient conditions87, UHV affords the ability to work with a wide range 

of surfaces that are otherwise incompatible with ambient conditions. In addition to this 

further benefits can be had from the clean environment in avoiding contamination 

which can often lead to STM images of a lower resolution.  

In order to achieve a UHV environment specific equipment must be used. One of the 

main problems in achieving UHV is the outgassing of components which limits the 

ultimate pressure of the system. Stainless steel chambers and vacuum pumps with high 

pumping speed have both been used to overcome the hurdles in reaching UHV. 

Stainless steel chambers have been chosen due to their low out gassing properties88.  

A series of steps are taken in order to create a UHV environment. Firstly, the system 

is roughly pumped to a low vacuum with a scroll pump89 achieving a vacuum of 

around 10-2 mbar. Following this, turbomolecular pumps can be used to reach a high 

vacuum (HV) of around 10-8 mbar90. Once this pressure is reached  the limiting factor 

in reducing the pressure further is from the presence of hydrocarbons, water and other 

adsorbates which are present on the inner walls of the chambers88 and outgas at a rate 

which is comparable to the speed at which the pumps can remove material. In order to 

overcome this, the system is heated to around 120 °C for approximately 48-72 hours. 

The contaminants desorb from the chamber surfaces at this temperature and are 

removed from the system through pumping. Additional pumping (such as ion pumps 

and getter pumps89,90) can be used to maintain the UHV conditions.  

2.6 Conjugated polymers 

2.6.1 Introduction 

A polymer is a macromolecule consisting of repeating units called monomers, every 

aspect of human life has been influenced in some way by polymer materials and there 

continues to be a staggering amount of research into every aspect of their synthesis 

and properties. Conjugated polymers are a class of polymer where an sp2 orbital 

extends along the length of the polymer backbone. As such, charge can flow freely 
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along the length of the polymer allowing them to be used in a number of electronic 

devices from solar cells91, to light emitting diodes92,93 as well as other examples94,95. 

Conjugated polymers are extremely promising in this respect as they have several 

advantages over traditional inorganic compounds96. For example, devices containing 

conjugated polymers can be made to be flexible as well as having a reduced 

manufacturing cost from the possibility of solution processing.  

2.6.2 Structure and synthetic techniques 

This thesis is not concerned with the specific methods of synthesis which organic 

chemists use in order to synthesise conjugated polymers, however, it is useful to 

understand the basic mechanism in order to interpret the results we see in later 

chapters.  

For the most part, the conjugated polymers in this thesis fall into two categories: 

homopolymers and alternating co-polymers. Homopolymers are polymers where the 

chain consists of a single monomer. Alternating co-polymers consist of alternating 

monomer units. The synthesis of a homopolymer can be achieved through a range of 

routes97 and is relatively straightforward and well understood. The synthesis of 

alternating co-polymers is less well understood and involves more complicated 

synthetic strategies91,98–101. 

A typical reaction schematic can be seen in Figure 2.13 where monomer A and 

monomer B react together in a 1:1 ratio to form an alternating (AB)n structured 

polymer. This is achieved through the use of a metal catalyst which selectively 

promotes the cross coupling of monomer A to monomer B98,99,102. Several variants of 

this technique exist where different monomer substituents (identified as X and Y in 

Figure 2.13) are paired with different metal catalysts102–104 in order to achieve 

polymerisation of a wider range of monomer materials. Several review articles91,100,105 

regarding these techniques go into more detail about the specific mechanisms which 

are beyond the scope of this work. 
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Figure 2.13 Schematic of the overall procedure for producing an alternating co-
polymer. 

The final structure of a conjugated polymer is typically probed by a number of 

techniques including nuclear magnetic resonance (NMR)106,107, ultra-violet/visible 

spectroscopy (UV/vis)26 and size exclusion chromatography (SEC)98,108. However, 

these techniques are known to have problems in accurately identifying the structure of 

the polymer chain 

2.6.3 Use in devices 

In order for the favourable properties of a conjugated polymer to be utilised to their 

full potential they must be configured into a useable device. Shown in Figure 2.14 is  

a schematic energy level diagram of an organic electronic device. The conjugated 

polymer is only one section of this device (the donor) and several other components 

are required for the device to function effectively.  
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Figure 2.14 Energy level diagram for a typical organic photovoltaic solar cell. Blue 
arrows represent the path of electrons and red arrows represent the path of holes. 

The operation of the device works in the following steps which are also shown in 

Figure 2.14. These steps represent a simplification of the overall process and for a 

fuller overview see the reference provided which includes many complicating factors 

which are beyond the scope of this discussion4. First, a photon (of energy hv) is 

absorbed by the photoactive layer; the donor and acceptor materials. In an organic 

solar cell, the donor material is typically the conjugated polymer and the acceptor 

material a fullerene or derivative thereof109. The absorption of the photon results in the 

creation of an electron-hole pair (an exciton) which is quickly separated at the donor-

acceptor interface. The electron then flows towards the cathode and the hole towards 

the anode, generating an electrical current. The important aspect of this device is the 

interface between the donor and acceptor materials. This junction is where the initial 

separation of the hole and electron occurs. In order to maximise the efficiency of these 

devices this junctions surface area is maximised which can be achieved through 

mixing the donor and acceptor molecules to create what is known as a bulk 
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heterojunction110. In the case of alternating co-polymers the structure is often chosen 

such that monomer A and B represent donor and acceptor units within the polymer 

itself111. In this way an initial charge separation can occur within the donor molecules 

with the aim of reducing the likelihood of recombination of the electron hole pair111.   
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3 Materials, methods and experimental setup 
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3.1  Super Electrospray Ionisation Source Made in Coventry 

(SEISMIC) 

3.1.1  Introduction 

SEISMIC is an instrument developed to overcome the limitations of thermal 

sublimation and to provide a sophisticated deposition system for a wide range of 

molecules. The aim was to build a system that could prepare surfaces both in high 

vacuum and ultra-high vacuum with control over landing energy and surface coverage 

whilst also having the ability to determine the exact composition of molecules in the 

beam by using mass spectrometry techniques. SEISMIC has been designed to use an 

electrospray ionisation source as a tool to deposit large molecules in vacuum with high 

control and precision. The system can be used to mass-select and energy-select 

molecules and deposit them at a controlled coverage on numerous substrates. This 

chapter presents the simulations, and 3D CAD drawings used to construct the 

instrument. Full details of the performance  and characterisation of the system will be 

discussed in Chapter 4. In particular, in this first section we focus on the instrument, 

the main constituent parts, why they were chosen and the design principles behind 

each of them. A number of similar electrospray deposition systems already exist13–16,19 

however in this work we aimed to improve on these designs and create an instrument 

for our specific needs. That is: a compact, easily modified, robust, user-friendly system 

with a high ion flux and the ability to mass and energy select the ion beam. The system 

also includes the capability of depositing under both HV and UHV stages and is 

coupled to a UHV STM which can be accessed without breaking the vacuum. 

SEISMIC consists of three main sections: the elctrospray interface; the ion guides and 

ion optics; and the deposition stages (HV and UHV). The electrospray interface is 

where ions are generated and first enter the system. The ion guides and optics are used 

for transferring the ion beam through the small apertures present in the system as well 

as for characterisation and mass-selection of the beam. Finally, the soft-landing 

deposition apparatus is a custom built set of lenses and sample housing used to slow 

or accelerate ions when being deposited onto a substrate under either HV or UHV. 
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Figure 3.1 Schematic overview of the SEISMIC instrument showing the  pressures and 
components in each of the differentially pumped chambers (not to scale).  

An overview of the instrument is shown in Figure 3.1. SESIMIC consists of a series 

of custom built stainless steel vacuum chambers each of which has been specifcally 

designed to house certain components of the system. Each chamber contains a pump, 

a vacuum gauge and part of the ion guiding apparatus. The design of each of the 

sections will be discussed in more detail below. 

3.1.2 Differential pumping of SEISMIC 

The electrospray ionisation process occurs at atmospheric pressures12. However, for 

many surface science studies, surfaces are required which are highly reactive to 

atmosphere. For example, Cu(110) is a surface which has often been used in the 

literature to study the adsorption of small peptides112,113, but it is so highly reactive 

that, if exposed to atmosphere, it would be fully oxidised within a fraction of a second. 

As such the Cu(110) sample must be held under vacuum conditions in order to 

maintain an atomically clean substrate; to be precise, Cu(110) is typically held at a 

pressure of 10-10 mbar or lower in order to prevent oxidation for any reasonable 

amount of time (several days) to allow for experiments to be carried out on this 

Bending	
quadrupole

HV	deposition	stage
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surface. In order to deposit molecules onto the Cu(110) substrate using an electrospray 

ionisation interface (such as for the study of larger peptides which fragment when 

subjected to thermal evaporation) ions must be transported from atmospheric pressure 

(103 mbar) to UHV (10-10 mbar), bridging a pressure differential of 13 orders of 

magnitude. This is a more complicated task than is typically found in electrospray 

mass spectrometers where the vacuum required for mass-selection and detection of 

ions is typically much lower (10-7 mbar). In order to achieve this pressure drop 

SEISMIC comprises 8 vacuum chambers. Each chamber is equipped with its own 

pump and is separated from the neighbouring chambers by a small hole of a few 

millimetres in diameter (this value ranges from 0.5 mm at the smallest to 2.4 mm at 

its largest, and is equal to 2 mm for the majority of the chambers). Differential 

pumping is used to gradually lower the pressure from 103 mbar to 10-10 mbar. Although 

this solution allows to overcome the 13 orders of magnitude in pressure difference 

between the start and the end of the deposition source, it also introduces several 

challenges. For example, the introduction of small apertures between chambers which 

are needed to limit the gas flow from one chamber to the next (the differential hole 

limits) make the transmission of ions much more difficult than using larger aperture 

holes where ions could be more easily transmitted. The solutions to this and further 

challenges will be discussed in this chapter.  

Figure 3.1 shows a schematic view of the 8 chambers and their typical pressures under 

operating conditions. Extensive pumping calculations (performed by Dr. Luís 

Perdigão) were used in order to optimise the interplay between the size of the holes 

separating the various chambers and the characteristics of the pumps needed to achieve 

the targeted decreasing pressure profile. From these calculations the number of 

chambers, approximate hole diameters and required pumps were determined and can 

be seen in Table 3.1 along with the final measured pressures. 
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Table 3.1 Chamber name and corresponding aperture size, pumping speed and 
measured pressure value. No pressure value is obtained for Hexapole B - stage 1 as 
no vacuum gauge is fitted here. 

 

There are two different types of deposition that can be carried out with SEISMIC when 

considering the pressure the sample is held at: high vacuum, and ultra-high vacuum. 

We first consider the HV deposition stage. This stage can be seen in the lower part of  

Figure 3.1, lying at 90° from the entrance and can be reached by ions that have been 

directed this way via the “down” setting of the bending quadrupole. If instead a UHV 

deposition is required, the bending quadrupole is put in the “up” setting, so that the 

ions follow the path towards the preparation chamber (schematically shown at the top 

of the same figure). 

In order to achieve pressures of less than 10-8 mbar in the final sections, a baking is 

required, so as to remove the residual adsorbate film (mostly composed of water) that 

persists on the inner walls of the steel chambers even after prolonged pumping. If this 

is not removed molecules will continue to desorb and limit the ultimate pressure of the 

system to around 10-8 mbar. Only the final stages of SEISMIC are baked (bending 

quadrupole, hexapole B, preparation chamber) which are separated from the rest of 

the system by a minimum thickness gate valve114 (discussed in 3.1.8). During the 

baking, the chamber is heated to approximately 120 °C whilst being pumped for 

around 24-48 hours.  

The differential pumping of SEISMIC is an effective way to create a vacuum interface 

between two processes that occur at very different pressures. Through careful chamber 

Chamber Hole	diameter	from	
preceding chamber /	
mm

Pump	speed	/ l/s Pressure	/	mbar

Ion	funnel 0.5 69 0.8
Hexapole	A	– stage	1 2 8 0.2

Hexapole	A	– stage	2 2.4 60 2	x	10-2

Mass-filtering	
quadrupole

2.4 500 2	x	10-5

Bending	quadrupole 2 300 1 x	10-6

Hexapole	B	– stage	1 2.4 67 -
Hexapole	B	– stage	2 2.4 67 3	x	10-9

Preparation	 2.4 67 2	x	10-9



41 
 

design and consideration of pumping speeds we have been able to create a pressure 

differential which matches the needs of our UHV experiments. 

3.1.3 Electrospray ionisation interface 

The electrospray ionisation interface is the assembly of components used in order to 

generate the ion beam and transfer it with high efficiency to the first pumped stage of 

the instrument (for a detailed description of the formation of the electrospray see 

section 2.1.2). The interface assembly consists of the syringe and syringe pump used 

to deliver the solution to the emitter capillary where ions are produced and transmitted 

via the funnel inlet capillary. We use a Harvard Apparatus 11 plus programmable 

syringe pump with a 5 ml Hamilton glass syringe with a Luer lock connected to PTFE 

tubing. The tubing ends in a T junction where the electrical potential is applied to the 

solution by a stainless steel metal rod (see Figure 3.2). The T junction is mounted on 

a 3 axis positioner so that the emitter can be precisely aligned with the inlet capillary.  

The electrospray ionisation interface and its transmission are very important for the 

overall performance of the instrument as this is where most of the ion losses occur115. 

 

Figure 3.2 Labelled photograph showing the components which constitute the 
electrospray ionisation atmospheric interface. 
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The entrance capillary is a design from Rauschenbach and co-workers115. This funnel 

inlet (Figure 3.3) allows for a higher transmission of ions from the atmospheric 

interface into the first stage of the differentially pumped system. The shape of the 

funnel is such that the gas flow pulls ions in and aids in overcoming the electrostatic 

repulsive force between like charged particles (the so-called space charge field). It was 

shown that this shape of entrance capillary could achieve unity transmission for a 

range of samples115 and therefore was chosen for use in SEISMIC. The tube capillary 

section after the funnel (see Figure 3.1) has an inner diameter of 0.5 mm and is 70 mm 

long. 

 

Figure 3.3 Schematic of the entrance capillary showing the competing forces acting 
on the ion beam. Adapted from Rauschenbach and co-workers115. 

 

The funnel capillary has been built into a flanged interface (Figure 3.2). The PTFE 

holder for the capillary also houses a copper block into which heating cartridges are 

placed, capable of heating the copper block to approximately 300 °C. The funnel 

capillary is fitted into this copper block to allow for the heating of the electrospray as 

it passes into the first differentially pumped chamber. This heating aids in the 

desorption of solvent molecules116 and is essential for obtaining high ion currents in 
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the instrument. The screw-in design of the capillary into the copper block ensures a 

simple removal of the capillary for cleaning purposes and allows to easily test new 

capillary designs without the need of disassembling the main chamber. The heating 

cartridges can also be easily replaced and changed for others with increased power 

output, allowing the system to achieve even higher heating temperatures, if required. 
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3.1.4 Ion funnel 

Simulations and design of the ion funnel were completed by Dr Luís Perdigão and Dr 

Alex Colburn. The electronics which control the ion funnel were designed and 

assembled by Dr Alex Colburn.  

Beyond the flanged capillary interface is the first differentially pumped chamber of 

SEISMIC. The stainless steel chamber is connected to a rotary vane pump (pumping 

speed = 250 m3/h) and has a base pressure of approximately 0.8 mbar. Within the 

chamber is the ion funnel (Figure 3.4), which is mounted to the chamber by a custom 

designed holder.  
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Figure 3.4 Overview of the ion funnel. (A) Schematic design of the ion funnel assembly 
showing the capillary entrance, electrode spacing and exit aperture. (B) SIMION 
simulation of ions travelling through the ion funnel (see text for more details). (C) 3D 
CAD of the ion funnel. (D) Photograph of actual device. 

An ion funnel is a device used to focus ions (of either polarity) using a series of ring 

electrodes which decrease in inner radius117. A combination of a radio-frequency (RF) 

field and an electrostatic potential is applied to these electrodes, in order to shape the 
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ion beam and direct it from one end of the funnel to the other. Ion funnels are typically 

used in pressure regimes of 0.3 – 30 mbar as collisions with the background gas are 

essential for good ion focussing118.  

The principle of operation is as follows. RF electrical signals of opposite polarity are 

applied to adjacent ring electrodes. This arrangement of electrodes creates an effective 

potential energy landscape which is used to confine the ions radially. The alternating 

potential also causes ions to oscillate rapidly within the confined region, which 

increases the probability of collisions with neutral background gas. These collisions 

act to thermalize the kinetic energy of the ions, making further focussing easier by 

decreasing the energy spread of the ions. In addition to this, a DC electrical voltage is 

applied to each of the ring electrodes. A series of resistors is employed so as to obtain 

a potential gradient along the main axis of the device. The potential gradient (along 

with the pressure gradient) causes ions to flow from one end of the device to the other. 

The size of the DC potential and the amplitude of the RF voltage can be controlled 

and tuned for each specific experiment.  

A compact design of the ion funnel was chosen to allow for easy removal and cleaning. 

This is essential as the early stages of the instrument receive the highest flux of ions 

and can become contaminated over time. The ion funnel is made of two printed circuit 

boards (PCB) and a series of laser cut stainless steel ring electrodes. Each ring 

electrode is soldered to the PCB where the electrical signal is applied. The funnel itself 

is mounted to the exit flange of the first vacuum chamber with a custom built holder.  

The ring electrodes have been specifically designed to create an effective potential 

which best captures and funnels ions from one end of the device to the other. The first 

4 electrodes are of equal inner diameter (10 mm) and create what is called the ion 

conveyor, needed to collect ions emerging from the entrance capillary; the remaining 

electrodes decrease in diameter along a 10° gradient (from 10 mm down to 2 mm). As 

the ring electrodes get smaller in diameter the distance between them also decreases. 

This was shown in simulations to have the highest transmission, the results of which 

can be seen in Figure 3.4B. The first section of the ion funnel captures and re-

collimates the ions exiting the entrance capillary, preparing them for further focussing 

by the ion funnel. Due to the significant change in pressure between atmosphere and 

the first vacuum chamber, these ions undergo a rapid in-vacuum expansion in a region 
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referred to as the Mach disk77, where no collisions with background gas occur. The 

axial extension of the Mach disk, x, is dependent on the diameter of the entrance 

capillary, D0 and the ratio between the pressures, Pambient and Pvacuum on either side of 

the capillary. This can be calculated from the following formula 

𝑥 = 0.67𝐷J
𝑃gLhi1jk
𝑃lgmnnL

 

Equation 3.1 

Using this distance, which extends from the exit of the capillary, we have designed the 

ion conveyor region to be greater than this in order to capture the maximum possible 

number of ions where no collisions occur. The successive funnel region narrows to a 

final diameter of 2 mm which acts as the differential pumping limit between first and 

second vacuum chambers. 

3.1.5 Hexapole ion guide 

The electronics used to control the hexapole were designed and assembled by Dr Alex 

Colburn. 

After ions exit the ion funnel they enter the first hexapole ion guide. There are two 

hexapoles of the same design used in SEISMIC (Figure 3.1), one is before the mass-

selecting quadrupole (hexapole A) and the other is after the bending quadrupole 

(hexapole B). Both hexapoles are identical in their operation and design principle and 

shall be discussed in this subsection; the only difference between them being the length 

of the overall device and the way in which the vacuum separation between its two 

sections (see later) is made.  

A hexapole consists of 6 cylindrical rods placed in a circular geometry. As with the 

ion funnel, the hexapole ion guide is driven by an RF field on top of which a DC 

voltage is applied.  Adjacent rods are set to RF voltages that are in antiphase, thereby 

producing an electromagnetic field which, similarly to the case of the ion funnel, 

confines the ions radially within the device. The field has been simulated using the 

SIMION software package and the resulting trajectories for a group of ions can be 

seen in Figure 3.5. A more thorough discussion of the operating principles was given 

in section 2.2.3. 
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Figure 3.5 SIMION simulation of hexapole. Blue lines represent the paths followed by 
ions (m/z=500) travelling through the hexapole. The confinement of the ions to the 
central region of the hexapole is clearly visible. 

The hexapoles used in this instrument operate at 2 MHz and have an amplitude which 

can be set up to a maximum value of 250 V (peak-to-peak). The pressure differential 

and a DC voltage offset between the hexapole and the preceding component is used to 

direct the flow of ions into the device. The amplitude of the RF voltage can be used to 

control the degree of ion confinement (the shape of the effective potential, see section 

2.2.3), while the DC voltage offset is also used in order to maximise transmission 

between stages. The design phase of the hexapoles was supported by SIMION 

simulations that used sets of ions with starting conditions given by the output of the 

ion funnel simulation file. In particular, ions ranging from 10-2000 m/z were used with 

an average longitudinal kinetic energy of 20-40 eV and a transverse kinetic energy of 

1.5 eV. The optimum RF frequency, peak-to-peak voltages and DC offset were 

determined as those maximising the ion transmission. These values are then re-

optimised once the device has been built (Chapter 4). These simulations values were 

then used to build electronics for the hexapoles and the simulated values are very close 

to those used in the final apparatus. 

Both hexapoles of SEISMIC have a unique design by which they can be considered 

as a single device from the electrodynamic/ion transmission point of view, while at 

the same time being composed of two consecutive sections of decreasing pressure, 

when seen from the vacuum technological point of view. This design allows to keep 

all ions within the confining RF potential without losses while transporting them 

through successive stages of a differently pumped vacuum system. 

In a traditional differentially pumped system, most losses of ions occur as the ions are 

forced to pass through the small apertures that separate successive differentially 

pumped vacuum chambers. If using a conventional sequence of hexapoles to transmit 

ions thorugh each of the vacuum chambers, one has to break the hexapole rods, place 

an aperture (in order to define the differentially pumped limit) and place the next 

hexapole section immediately after the vacuum separation. In this way ions are 
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subjected to fringe fields77 which can cause significant losses and reduce the overall 

transmission. Fringe fields, however, are not the only problem; introducing a small 

aperture also requires additional ion optic devices (typically electrostatic lenses, see 

2.2.2) to focus the beam through it and re-collimate the beam on the other side of the 

aperture. These are all areas where losses can occur and are therefore to be avoided if 

at all possible. The hexapole designed in this work have extremely small rods and an 

inner inscribed diameter of 2.4 mm, considerably smaller than hexapoles currently 

available from commercial suppliers. This allows to use the inner inscribed section of 

the hexapole rods as a differentially pumped vacuum separation if the outside region 

is completely sealed at a given position along the hexapole. 

A schematic of the hexapole design is shown in Figure 3.6. The six rods (diameter = 

1 mm) are made of brass and are soldered to two different custom designed brass 

plates, where the electrical signal is applied. Each brass plate is connected to 3 rods, 

each of the two antiphase RF voltages being applied to one of the two brass plates. 

The plates sit in PTFE holders, electrically isolating the plates and the rods from the 

rest of the enclosure and creating, together with the enclosure, the seal between 

successive vacuum regions. The enclosure consists of aluminium pieces used for 

rigidity and to enable mounting within the vacuum chambers; the enclosure is 

electrically grounded. The designs for hexapole A and hexapole B differ slightly due 

to the constraints of working in different vacuum regimes. Hexapole A, which is in 

the lower vacuum regime, is discussed first.  
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Figure 3.6 Overview of the hexapole apparatus. (A) Schematic 3D CAD drawing of 
hexapole A, showing the 2.4 mm aperture which separates the two vacuum stages. (B) 
Photograph of hexapole A. (C) Photograph of hexapole B highlighting the differential 
pumped seal created using a vacuum flange. (D) Photograph highlighting the 
soldering of the brass rods to the brass plate where the electrical signal is applied. 

Hexapole A is used to transmit ions through from a starting pressure of 0.1 mbar (ions 

from the ion funnel) through to 10-5 mbar (where they enter the mass-selecting 

quadrupole). It consists of two differentially pumped seals and is therefore separated 

into three differentially pumped vacuum stages, the third stage of the hexapole being 

inside the quadrupole chamber. Stage 1 has a pressure of 0.1 mbar, and is pumped 
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with an Edwards rotary pump (pumping speed = 30 m3/h); stage 2 is at 10-2 mbar and 

is pumped by a Pfeiffer turbomolecular pump (pumping speed = 60 l/s); stage 3 is at 

10-5 mbar and is evacuated by an Edwards turbomolecular pump attached to the mass-

selecting quadrupole chamber (pumping speed = 500 l/s). The seals ensure that the gas 

flow between the successive differentially pumped vacuum regions is limited to only 

the inner part of the hexapole rods (inner inscribed diameter = 2.4 mm). The seal is 

made by fitting fluoroelastemer O-rings to the outside of the aluminium enclosure and 

forms a tight vacuum separation by being pressed onto the inside of the stainless steel 

chamber. This latter has a cylindrical shape with a diameter just slightly larger than 

that of the aluminium enclosure. The advantage to this design is that the hexapole 

device can be easily push fitted and removed for modifications and cleaning, which is 

essential due to the high ion flux in this region of SEISMIC (similarly to the case of 

the ion funnel).  

Hexapole B is used to transmit ions form 10-6 mbar (ions exiting the bending 

quadrupole and heading towards the UHV deposition stage) through to 10-9 mbar 

(where ions are soft-landed onto the substrate in the preparation chamber). Hexapole 

B has a single seal and is therefore split into two differentially pumped sections. The 

first section is at a pressure of 10-8 mbar and is pumped by a Pfeiffer turbomolecular 

pump (pumping speed = 67 l/s), while the second stage is at a pressure of 10-9 mbar 

(after baking) and is also pumped by a Pfeiffer turbomolecular pump (pumping speed 

= 67 l/s). The vacuum seal for hexapole B comprises a stainless steel flange to which 

the hexapole assembly (similar to that of hexapole A) has been mounted. A photograph 

of this can be seen in Figure 3.6C. O-rings cannot be used in this section due to the 

need to bake the system to achieve pressures in the UHV regime.  

Multipole ion guides are ideal devices when ions need to be taken from one position 

to another with minimal losses77, we have utilised this high transmission and pushed 

the design one step further by passing these hexapoles though differentially pumped 

limits. With our innovative design that integrates RF multipoles with a differentially 

pumped vacuum system, we have extended the functionality of these devices by 

achieving loss-less ion transport between regions of different pressure. 
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3.1.6 Mass-filtering device – Quadrupole 

The end of hexapole A is situated 8 mm inside the mass-filtering device, implying that 

ions are immediately under its influence and avoiding the need for any further 

focussing component. In SEISMIC the mass-filtering device is a commercial 

quadrupole mass-filter purchased from Extrel. The rods are 9.5 mm in diameter and 

the device is capable of transmitting ions in the 20-4000 m/z range. The main purpose 

of the quadrupole is twofold: to check the composition of the ion beam; and to transmit 

only the molecules of interest. The quadrupole is not being used for identification of 

unknown molecular species (which would require a higher resolution mass 

spectrometer) but is instead being used to ensure that no side-reactions, 

contaminations, or fragmentations have occurred from sample preparation to 

electrospray ionisation. The quadrupole can also be used in RF-only mode whereby it 

acts as a high-pass m/z filter and affords much greater transmission than when in mass-

filtering mode. The RF-only mode is reserved for experiments where high 

transmission is imperative and beam cleanliness has been previously ensured. The 

basic principle of operation of a mass-selecting quadrupole is given in section 2.3.2. 

The quadrupole is positioned in its vacuum chamber through a flange on which it is 

mounted via rods inserted into specific mounting holes. The chamber is at a pressure 

of 10-5 mbar and is pumped by the aforementioned Edwards turbomolecular pump 

(pumping speed = 500 l/s), and is separated from the successive vacuum chamber by 

an aperture with a diameter of 2 mm. In particular, because of the large inscribed 

diameter of the quadrupole (9.5 mm), severe losses would occur at this position If ions 

were not collimated and focussed before the apertures. For this reason, a lens assembly 

was designed and constructed (see next section), which is vitally important for 

achieving high ion transmission values. 

3.1.7 Electrostatic lenses  

The lenses discussed in this section have been developed in collaboration with Dr Luís 

Perdigão. SIMION calculations were performed by both Dr Luís Perdigão and the 

author, while the author completed all of the 3D CAD drawings as well as the design 

of the majority of the lenses. Dr Alex Colburn designed and built the power supplies 

which provide voltages to the electrostatic lenses. 

At various stages in SEISMIC electrostatic lenses have been used to focus ions. The 

main purpose of these lenses is to focus the beam through a small differentially 
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pumped aperture or to collimate the beam so that it is more easily accelerated and 

transmitted. 

Einsel lenses are electrostatic lenses which consist of three ring electrodes (normally 

with a cylindrical shape and a constant inner diameter) to which DC voltage are 

individually applied. Typically, the first and last electrode are at the same potential 

and the central electrode has a potential that can be varied in order to change the focal 

length of the device. As a consequence of having the first and last electrode at the same 

voltage ions are not accelerated or decelerated through this device. This is crucial 

when using the lenses to focus ions onto a sample for soft-landing as the the ions’ 

kinetic energy is crucial in determining what sort of interaction they have with the 

surface18,55,119. The focal length of an einsel lens does not depend on the mass-to-

charge ratio of the ions but is strongly dependent on their kinetic energy (as was 

discussed in section 2.2.2).  

For all of the lenses designed for SEISMIC, SIMION calculations have been used to 

optimise their geometry and range of operating voltages. These simulations were 

typically run on a large number (>500) of ions with randomised starting velocities in 

order to sample a range of starting parameters to obtain reliable approximations of the 

voltages needed to achieve the desired focal lengths and spot sizes of the beam. 

Moreover, the ions’ output conditions obtained from simulations of hexapole A were 

used as the input for the lenses directly after hexapole A in order to achieve results 

which can be considered close to what we would expect for the final device. This 

process was repeated with the output of the lens simulations being used for the next 

device and so on until the final set of lenses contained within SEISMIC. 

Lenses have been used in SEISMIC at the exit of the mass-selecting quadrupole; the 

entrance and exit of the bending quadrupole; the exit of hexapole B; the free-flight 

region between hexapole B and the manipulator; and the soft-landing stage on the 

sample manipulator. A specific design was developed for each of them as can be seen 

in Figure 3.7, which shows the corresponding CAD models. 

The first set at the exit to the quadrupole contains 3 lenses (diameter = 10 mm), an 

accelerating grid and a set of steering electrodes (Figure 3.7A). The specific design 

requirements of this particular set of lenses were: re-collimate the beam after it exits 

the quadrupole; accelerate the ion beam; focus the ion beam through a 2 mm aperture. 
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The accelerating grid is used to collimate and accelerate the beam while the 3 lenses 

work to focus the beam through the differentially pumped aperture. The accelerating 

grid is made of a stainless steel mesh with an open area of 83% to allow as many ions 

through as possible. In order to apply acceleration to the ions in only the longitudinal 

direction and not to spread the beam by applying a radial acceleration, grids have been 

chosen. By placing a grid after the quadrupole exit we aimed at achieving a linear 

acceleration field (analogous to the electric potential created between parallel plates). 

The accelerating grid is set to a voltage in the range of 30-40 V and defines the kinetic 

energy of the ion beam for the remainder of its flight before a final landing value is 

dictated by the final set of lenses (see below. The specific value of the acceleration 

value was determined from simulations that showed that a beam with kinetic energies 

of 30-40 eV was much easier to focus into the 2 mm aperture by the successive einzel 

lenses.  

The steering electrodes can be seen in Figure 3.7A. They consist of four rectangular 

stainless steel blocks, with DC voltages applied in pairs (±x and ±y), and are located 

on the edge of a circle of diameter 10 mm. As the name implies, these electrodes are 

used to steer the beam of charged particles. After the beam has been collimated and 

focussed it is sometimes necessary to realign the beam with the aperture in the gate 

valve which follows the quadrupole. (see later). By measuring the current on the gate 

valve as a function of the voltages applied to the steering electrodes, a contour plot 

can be created (see section 4.1.6). This value of steering voltage is then used to send 

the ion beam through the aperture and correct any misalignment in the system. The 

steering voltages are applied in pairs (±x and ±y so a 3D contour plot of ±x, ±y and 

current is obtained). 

The next set of lenses at the entrance of the bending quadrupole is formed of three ring 

electrodes with an inner dimeter of 5 mm (Figure 3.7B). They are mounted on the 

higher vacuum side of the minimum thickness gate valve and transport ions from the 

aperture of the gate valve into the bending quadrupole. The lenses are inserted into 

PEEK holders and are electrically isolated from the valve so that the ion beam current 

can be measured on the gate valve.  
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Figure 3.7 Overview of all lens assemblies used in SEISMIC, see main text for full 
details of each. 

There is a further set of lenses after the exit of the bending quadrupole which have a 

different geometry to the rest of the lenses used in SEISMIC. The potential landscape 
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of the bending quadrupole causes the exiting ions to be compressed in the xy plane but 

divergent along the z axis, which was determined through SIMION simulations. 

Therefore, a special lens was designed to counteract this effect and re-focus ions in 

the z axis (Figure 3.7C). The anisotropic focusing lenses consist of three aluminium 

plates, the first and third of which contain vertical slits of 10 × 5 mm. The second plate 

also contains the same vertical slit but is divided in two parts by a 5 mm gap; the 

application of two different voltages to the two segments, allows to steer the ion beam 

vertically.  The vertically elongated geometry of the slits acts to counteract the 

divergence and re-create a circular geometry which is beneficial for focussing through 

the successive circular apertures.  

The lenses situated at the exit of hexapole B consists of the standard three ring 

electrode configuration (Figure 3.7D). The electrodes are made from aluminium and 

have an inner diameter of 5 mm. The first ring electrode is mounted via a PEEK fitting 

to the end of hexapole B and has a small hole (2.5 mm diameter) which expands to the 

larger diameter (5 mm). This set of lenses collimates the beam exiting hexapole B and 

sends it into the lenses located in the free-flight region between the preparation 

chamber and the soft-landing lenses on the manipulator head. 

Ions are transmitted through the free-flight region by a further set of einzel lenses 

(diameter = 10 mm) and a set of steering electrodes (Figure 3.7E) with a design that is 

identical to that of the lenses located after the mass-selecting quadrupole (Figure 

3.7A). Both the einzel lenses and the steering electrodes are operated in an identical 

manner to what has been described previously.  

Finally, the lenses used on the manipulator head are designed for the collection of ions 

from the free-flight region (Figure 3.7F). After collection the ions are focussed onto 

the sample and accelerated or decelerated to the required kinetic energy for that 

particular experiment by applying a voltage to the sample plate. These lenses consist 

of three electrodes with a diameter of 15 mm. The larger diameter is used here in order 

to collect as many ions as possible after the free flight region. 

3.1.8 Minimum thickness gate valve 

Adaptations to the gate vale design by O’Connor and co-workers114 were completed 

by Dr Luís Perdigão. 
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As has been stated before, a high transmission of ions is absolutely paramount for a 

successful operation of SEISMIC. In order to achieve the ultra-high vacuum of the 

landing stage, the final sections of SEISMIC must be baked and a gate valve is needed 

to separate them from those first sections that are exposed to atmospheric pressure 

during baking (this is necessary as some components cannot be baked). Typical gate 

valves are large cumbersome devices and incorporating one into SEISMIC would 

result in a free-flight region of greater than 100 mm which we decide to avoid in order 

to minimise losses. These losses are particularly significant for the divergent beams 

which exit multipoles due to the fringe fields created by the multipoles77 which cause 

ion trajectories which are far from collimated. We have chosen to incorporate instead 

a custom built minimum thickness gate valve adapted from the original design of 

O’Connor and co-workers114. This device has two sealed positions, open and closed. 

In the open position a 2 mm central aperture is aligned with the central axis of the 

quadrupole and lenses are used to guide ions through the hole (as discussed 

previously). This is the ‘in-operation’ position which is used for experiments. In the 

closed position the valve is sealed against the stainless steel plate with an O-ring 

holding the seal. The gate-valve is capable of holding a pressure differential of 11 

orders of magnitude when tested (atmosphere versus 10-8 mbar vacuum). As 

mentioned before, the gate valve has a set of lenses mounted to the high vacuum side 

which are electrically isolated from it.  
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3.1.9 Bending quadrupole 

SIMION simulations of the bending quadrupole were completed by Dr Luís Perdigão. 

The power supply for the bending quadrupole was designed and built by Dr Alex 

Colburn. 

Ions which have been focussed through the minimum thickness gate-valve arrive at 

the bending quadrupole. The bending quadrupole within SEISMIC can be used to send 

ions in one of three possible directions: towards the HV deposition stage; towards the 

electron multiplier; or towards the UHV deposition stage within the preparation 

chamber.  

 

Figure 3.8 3D CAD of the exit lenses of the mass-selecting quadrupole, the minimum 
thickness gate valve and bending quadrupole assembly demonstrating the three paths 
ions can take at this stage of the instrument. 

The bending quadrupole is a combination of four quarter-cylindrical rods (5 mm 

radius) placed on an inner inscribed radius of 15 mm. The geometry of the device is 

similar to that seen for the mass-selecting quadrupole. However, whereas the long axis 

of each of the rods in the mass-selecting quadrupole was parallel to the direction of 

ions’ travel, in the bending quadrupole the rods are placed perpendicular to the ion 

path as depicted in Figure 3.9B (in this figure rods are shown as full cylinders which 

were used for simulation purposes). Also, whereas the mass-filtering quadrupole 

works with RF voltages the bending quadrupole has DC voltages applied to pairs of 

rods. For an ion beam travelling to the ion detector no voltage is applied, while in the 
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case of ions being sent to the deposition stages, typical DC voltages range from 0-

50 V, depending on the energy of the ion beam. Optimisations can be completed by 

changing the voltage applied to each of the rods and monitoring the current after the 

bending quadrupole in order to maintain the highest transmission.  

 

Figure 3.9 (A) 3D CAD section, (B) SIMION simulation and (C) photograph of the 
bending quadrupole assembly. 

Ions directed towards the electron multiplier are measured as a function of the mass 

spectrometer scan line values (DC and RF voltages) applied to the mass-filtering 

quadrupole in order to create a mass spectrum. Ions which have been sent to the 

electron multiplier are lost and do not continue to a deposition stage. Ions directed 

towards the UHV stage are sent along hexapole B after which they are directed 

towards the soft-landing stage and subsequent analysis by in-situ STM. Ions directed 

towards the HV stage are typically being used for deposition on surfaces that will be 

analysed ex-situ. This is because the HV deposition stage also incorporates a quick 

access load lock in order to remove and insert samples relatively quickly. These types 

of sample may be analysed by X-Ray photoemission spectroscopy (XPS), Atomic 

force microscopy (AFM), Raman spectroscopy, transmission electron microscopy 

(TEM) or a number of other techniques. This versatility allows for a wider range of 

samples to be prepared and a greater number of analytical methods to be utilised. 

3.1.10 Computer control system 

The numerous electrical components, voltages and lenses that compose SEISMIC are 

all controlled by a computer interface which has been built with the LabVIEW 8 

software (National Instruments Incorporated). The software is capable of applying 

voltages, measuring currents and controlling all components of the instrument. This 

software has been adapted from a similar piece of software kindly provided by 
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Professor Stephan Rauschenbach. The software interfaces with a number of digital to 

analogues converters (DAC) connected to the electrostatic lens supplies, the mass-

selecting quadrupole control box and Keithley 617 electrometers. There are over 50 

electrical voltages that can be applied to the system and nine current read-out 

locations. This software gives a user-friendly interface for optimising voltages and 

currents for all of the components in SEISMIC. 

3.1.11 Operating procedure 

In order to prepare a beam of ions for deposition several steps are taken. First the spray 

is created at the electrospray interface by applying a high voltage between the emitter 

capillary and the entrance capillary as the analyte solution is pumped through the 

tubing. The high voltage and solution flow rate can be tuned in order to achieve a 

stable spray with an optimum current which is measured on the ion funnel in collection 

mode (DC voltage of -100 V in order to collect all transmitted ions). Typical 

electrospray voltages are 1-3 kV and typical flow rates are 50-500 µl/hr. Once a stable 

spray has been achieved, a series of optimisation steps occurs in order to maximise the 

current of the ion beam. 

Firstly, the ion funnel RF voltage amplitude and DC voltage gradient are varied while 

monitoring the current on the hexapole rods which are not in operation at this stage 

but set to a negative voltage (-50 V) in order to collect all transmitted ions. Typical 

values for high transmission are 100 V for the RF voltage and a DC gradient of 50 V. 

The next optimisation concerns the DC offset of hexapole A and its RF voltage. Again 

this is optimised by using the LabVIEW software to increase the applied values until 

an optimum current is achieved which in this instance is measured on the gate valve 

after the quadrupole. The next optimisation is that of the mass-filtering quadrupole. 

When experiments are run it is usual for the compound of interest to be of a known 

mass so this can be used as a starting point for the optimisation of the mass-filtering 

quadrupole. The first step is to increase the DC voltage of the quadrupole form 0-10 V 

(which corresponds to a mass scan in the range of 20-4000 m/z) and measure the 

current on the electron multiplier. In this way a mass spectrum is obtained. In the case 

where only a single peak is seen (or a series of peaks which can all be attributed to a 

single species, such as multiple charge states, sodium or potassium adducts, dimer or 

trimers of the species, etc.) the quadrupole is set to RF only mode and a wide 

transmission window is used to achieve maximum current. In the case where multiple 
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peaks are seen, corresponding to a number of different species, a voltage is applied to 

the quadrupole rods which corresponds to the filtering of only the mass of the analyte 

of interest. In this way the current dramatically drops (from 102 pA to 1 pA) but one 

can be sure that only the molecule of interest is being transmitted. The beam is 

focussed by the lenses on the thin gate valve, by using the mapping procedure with the 

steering voltages described before. After this point the ions enter the bending 

quadrupole where the voltages are optimised for either HV or UHV deposition, the 

two scenarios being identical in terms of optimisation. Again the voltages on the rods 

are varied using the LabVIEW interface and the current is monitored on the lenses on 

the exit of the bending quadrupole set to collection mode. After this stage, for HV 

deposition, the beam is sent through a set of lenses on the HV sample holder where 

the final current is measured. The amount of material deposited on the surface is 

measured in pAh (current of beam in pA multiplied by the deposition time in hours). 

For UHV deposition, several further optimisations steps must be completed prior to 

the final deposition. After exiting the bending quadrupole, the ions enter hexapole B 

that must be optimised by measuring the current on the UHV sample as the RF voltage 

and offset voltage are changed. This procedure is repeated for the intermediate lenses 

and steering lenses. The final optimisation is completed using the lenses attached to 

the manipulator head where the landing energy of the ions is defined by application of 

a retarding/accelerating potential to the sample. The amount of material is measured 

in the same way as was described for HV deposition. After deposition, the sample can 

be transferred without breaking the vacuum via the manipulator and wobble sticks to 

the SPECS Aarhus 150 VT-STM for characterisation.  

 

  



62 
 

3.2  Molecular Spray system 

3.2.1 Introduction 

A complementary electrospray deposition system has also been used in this work. The 

commercially available Molecular Spray120 is a compact series of differentially 

pumped chambers connected to an electrospray source; a schematic can be seen in 

Figure 3.10. This can be mounted onto a UHV chamber and used to deposit molecules. 

The Molecular Spray system has been shown to be capable of depositing a variety of 

large thermolabile molecules including molecular magnets, porphyrin rings, and 

polymers17,50,121–123. 

 

Figure 3.10 Schematic drawing of the Molecular Spray system124. The system used in 
this work had an additional differentially pumped stage before the deposition 
chamber. 

The Molecular Spray system has many advantages and disadvantages when compared 

with SEISMIC as it is significantly easier to use and can in principle deposit molecules 

of any mass, so long as they are soluble and can be formed into an electrospray. This 

is due to the lack of any form of mass selection or ion optics and therefore to the 

absence of any condition on the m/z ratio of the analyte of interest. The lack of ion 

optics also means the only optimisations that are required to be carried out are those 

at the electrospray ionisation interface meaning experiments can be conducted much 

more quickly. Further, due to the compact nature of the system it can easily be moved 

from chamber to chamber, allowing for preparation of samples at a number of different 

facilities with varying analytical capabilities (such as synchrotron sources125). The 

main drawbacks are the lack of mass filtering and in-line beam analysis meaning the 
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absence of any knowledge about the composition of the beam that is deposited on the 

surface. This includes full ignorance of any damage potentially occurring to the 

analyte molecules between the electrospray process and the surface landing; of the 

degree of desolvation and/or aggregation of the molecules of interest; of the charging 

status, including the possible presence of many neutral species (aggravated by the 

direct line of sight and the short distance between the electrospray ionisation interface 

and the surface). As a matter of fact, the beam that reaches the surface is probably a 

very complex mixture of analyte ions, solvent molecules, analyte and solvent mixed 

clusters with various degrees of ionisation and both charged and neutral microdroplets. 

Finally, the more compact nature of the Molecular Spray system means it is composed 

of fewer differentially pumped chambers resulting in a base pressure during deposition 

which is higher than with SEISMIC (10-7 mbar for the Molecular Spray versus 10-9 

mbar for SEISMIC). In this work, the Molecular Spray system has been used to deposit 

conjugated polymers on atomically clean and flat metallic surfaces and to characterise 

them by using STM. Conjugated polymers are unsuitable for use on SEISMIC mainly 

due to their mass being outside the transmission range of the mass-filtering device. 

3.2.2 Electrospray ionisation interface 

The electrospray ionisation interface used on the Molecular Spray system is very 

similar to that used on SEISMIC. The T piece, tubing and stainless steel emitter are 

all identical (see section 3.1.3), the main difference being the inlet capillary. The 

Molecular Spray system has a conventional flat geometry capillary (seen in Figure 

3.10) but with a much smaller diameter of 0.5 mm. In fact, this is the only way to 

combine a compact design and small size of the setup with the requirement to achieve 

HV in the deposition stage and to avoid the need for large pumps in the first stages of 

the source. However, this can also compromise an efficient desolvation of the analyte 

molecules, as already noted in the previous section. 

3.2.3 Differential pumping 

The Molecular Spray system consists of four differentially pumped chambers that are 

separated from those either side of it by small holes with a diameter of 0.5 mm. The 

first chamber is pumped by an Agilent scroll pump (pumping speed = 1.65 l/s) and 

achieves a pressure of approximately 0.8 mbar. The second chamber is pumped by an 

Agilent scroll pump (pumping speed = 1.65 l/s) and achieves a pressure of 10-2 mbar. 

The third chamber is pumped by a Pfeiffer 70 l/s turbomolecular pump and achieves 
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a pressure of 10-5 mbar. Finally, the fourth chamber is pumped by a Pfeiffer 70 l/s 

turbomolecular pump and achieves a pressure of 10-7 mbar. All of the quoted pressures 

are measured before the electrospray deposition has started. Once the electrospray 

process begins, the pressures increase reaching a typical pressure of 10-6 mbar in the 

fourth chamber, which gives a pressure of approximately 10-7 mbar in the preparation 

chamber where the deposition sample is kept. 

3.2.4 Operating procedure 

The operating procedure for any experiment carried out using the Molecular Spray 

system follows the same basic set of instructions. The molecule of interest is tested in 

a number of solvents to determine its compatibility and solubility with the solvents 

typically used for electrospray ionisation measurements. Once this has been 

determined a solution of approximately 0.1 mg/ml is made (this concentration has been 

chosen as in previous published work17,123,125 it has been shown to give a good surface 

coverage for a range of molecules in a reasonable deposition time of up to 30 minutes). 

Once the solution has been prepared, it is placed into the glass syringe which is 

subsequently placed into a syringe pump where the injection speed can be accurately 

controlled. Typical injection speeds are around 0.1-2.0 ml/min although this is often 

adjusted depending on a number of factors such as solvent and concentration. A high 

voltage is applied to the solution which is typically in the range of 1-3 kV with the 

same factors effecting this as those which dictate the injection speed. The position of 

the emitter relative to the inlet capillary is optimised by both monitoring the pressure 

rise in the preparation chamber and also by measuring the current on the sample 

(typical target values of 10-5 mbar and 102 pA, respectively) . A three axis movement 

is used to attain the highest current possible. After this has been achieved, the 

deposition is left for an amount of time dependent on the desired surface coverage 

(typically between 5 and 30 minutes). After deposition, the gate valve between the 

Molecular Spray system and the preparation chamber is closed and the pressure is 

allowed to revert to the base value of around 10-10 mbar. The sample is then transferred 

in-situ to the STM chamber where imaging can be performed.  

This procedure has been used for all of the results in chapters 5, 6 and 7. Any variations 

to this procedure or more specific details are given in the corresponding chapters.  
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3.3  Sample preparation 

3.3.1 Surfaces – Au(111) 

The Au(111)/mica samples were supplied by Georg Albert PVD in slides of 20 mm × 

120 mm. Au(111) samples are cut to approximately 10 mm × 10 mm and attached to 

a SPECS sample plate through spot welding with tantalum foil.  

3.3.2 Surfaces – Ag(111) 

The Ag(111)/mica samples were supplied by Georg Albert PVD in slides of 20 mm × 

120 mm. Ag(111) samples are cut to approximately 10 mm × 10 mm and attached to 

a SPECS sample plate through spot welding with tantalum foil. 

3.3.3 Surfaces – Cu(110) 

Cu(110) single crystals were purchased from SPL and in a top hat shape, with the 

polished Cu(110) surface comprising of a circle of 5 mm in diameter. The Cu(110) 

crystal was mounted onto SPECS sample plate using a tantalum ring which was spot 

welded to the plate. 

3.3.4 Surface preparation 

All surfaces used in this thesis (Au (111), Ag (111) and Cu (110)) were prepared in an 

identical manner. Repeated cycles of Ar+ sputtering at 1 keV at a current of 4 µA/cm2 

for 15 minutes were performed followed by subsequent annealing to 500 °C for 20 

minutes and checked with in-situ STM for cleanliness. The process was repeated if the 

surface was found to be unclean.  

3.3.5 Analyte solution preparation 

Table 3.2 outlines each analyte used, the solvent used to dissolve it in and the 

concentration of the solution used. The supplier is also indicated for each compound. 
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Table 3.2 Overview of all compounds used in this thesis. 

 

  

Compound Concentration Solvent Supplier Deposition	method

Rhodamine B 10-4	– 10-5 M Methanol Sigma	Aldrich SEISMIC

Bovine	Serum	Albumin 10-6 M Methanol Sigma	Aldrich SEISMIC

Polyethylene	glycol 0.1	g/ml Methanol Sigma	Aldrich SEISMIC

Nickel	octaethyl porphyrin 0.1	g/ml Methanol Porphychem SEISMIC

Zinc	phthalocyanine 0.08	g/ml Methanol Porphychem SEISMIC

poly	(C14DPPF-F) 0.04	g/ml Toluene:Methanol (4:1) Hugo Bronstein Molecular	Spray

Dimer	of	C8C6DPPT-P 0.05	mg/ml Toluene:Methanol (4:1) Hugo Bronstein Molecular	Spray

Tetramer	of	C8C6DPPT-P 0.05	mg/ml Toluene:Methanol (4:1) Hugo Bronstein Molecular	Spray

Hexamer of	C8C6DPPT-P 0.05	mg/ml Toluene:Methanol (4:1) Hugo Bronstein Molecular	Spray

poly	(C8C6DPPT-P) 0.06	mg/ml Toluene:Methanol (4:1) Hugo Bronstein Molecular	Spray

P3HT 0.07	mg/ml Toluene:Methanol (4:1) Sigma Aldrich Molecular	Spray

pBTTT 0.04	mg/ml Toluene:Methanol (4:1) Iain	McCulloch Molecular	Spray

poly	(C14DPP-T) 0.05	mg/ml Toluene:Methanol (4:1) Hugo Bronstein Molecular	Spray

poly	(C16DPPP-P) 0.05	mg/ml Toluene:Methanol (4:1) Hugo Bronstein Molecular	Spray

KF829 0.06	mg/ml Toluene:Methanol (4:1) Hugo Bronstein Molecular	Spray
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4 Development of a high flux ion source for 

controllable landing of complex molecules - 

SEISMIC 
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4.1  Performance of SEISMIC 

4.1.1 Introduction 

In this chapter the performance of each of the components of SEISMIC (which have 

been described in Chapter 3) has been evaluated. We demonstrate the capability of 

each component to transfer a high flux ion beam through the differentially pumped 

chambers of SEISMIC. In addition to this, we also demonstrate the soft landing 

capability of a test molecule to ensure that deposition is working effectively. 

4.1.2 Electrospray ionisation interface 

The electrospray ionisation interface consists of the inlet capillary and the solution 

delivery system. The solution delivery system used is a standard syringe pump and 

syringe set up (as outlined in Chapter 3), the emitter used is also a standard commercial 

emitter. However, the inlet capillary and its geometry has been specifically chosen for 

the highest possible ion transmission. The electrospray ionisation interface is the 

single most important component of SEISMIC in terms of minimising ion losses. It 

has been shown that the vast majority of losses occur at this stage due to the geometry 

of the inlet capillary and as such it was important to ensure the most effective inlet 

was chosen. The inlet capillary used in this work has been taken from a design from 

Stephan Rauschenbach and co-workers115 which has shown very good performance in 

an instrument which is very similar to SEISMIC. We have tested the capillary in order 

to benchmark it against the previous published results and to ensure it works well with 

our interface design. In all of these benchmarks the key characteristics we are looking 

to optimise is the absolute ion current as well as the transmitted ion percentage.  

The transmitted ion current was studied as a function of the temperature of the inlet 

capillary. It has been shown that an increased inlet capillary temperature can lead to 

better desolvation of solvent clusters and lead to a higher ion current116. In Figure 4.1 

we show the measured ion current as a function of the inlet capillary temperature for 

a solution of Rhodamine B dissolved to a concentration of 10-4 M in methanol inside 

the first differentially pumped chamber (pressure = 0.8 mbar). We see that there is an 

increase in current from room temperature up to around 100 °C. After this temperature 

the increase slows and eventually plateaus. We suggest the reason for this plateau may 
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be due to a sufficiently high temperature being reached in order to desolvate all of the 

ions present in the capillary achieving 100% transmission. This was confirmed by 

measuring the total ion current exiting the emitter on a flat plate which was measured 

to be 5.3 nA, indicating that the plateau occurs at unity transmission. This is in 

agreement with what has been seen previously by Rauschenbach and co-workers. 

 

Figure 4.1 Graph showing the dependence of the transmitted current on the 
temperature of the inlet capillary. 

The second transmission test of the inlet capillary was completed by varying the high 

voltage applied to the analyte solution. We see in Figure 4.2 the that as the high voltage 

is increased past a threshold value (around 1.5 kV) the current sharply increases and 

then remains at a constant value as the voltage is increased further. The overall ion 

current here is lower than in the temperature test as the experiment was completed 

with an inlet capillary temperature of 70 °C. A visual inspection of the exiting 

electrospray also confirmed that as the voltage was increased past the 1.5 kV threshold 

the spray changed from droplets to a more well defined spray.  
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Figure 4.2 Graph showing the transmitted current through the inlet capillary as a 
function of the high voltage applied to the analyte solution. 

In summary, both of these results show comparable transmission values and absolute 

current levels to the previously published results by Rauschenbach and co-workers. 

As such, we believe the funnel capillary is working as intended and provides an 

excellent starting point for SEISMIC. We have also shown that the electrospray 

ionisation interface we have built can reach sufficiently high inlet capillary 

temperatures to achieve unity transmission.  

4.1.3 Ion funnel 

The ion funnel design (section 3.1.4) has been tested for a range of molecules in order 

to characterise its performance. The ion funnel transmission has been measured as a 

function of pressure, temperature, RF voltage and DC gradient. Not only do these tests 

provide valuable information as to the effectiveness of the design of the component, 

they also provide a good basis for further experiments with molecules which may 

behave in a similar fashion giving a base line set of values which can be used as 

starting conditions. 

The first set of results show the ion current which has been transmitted as a function 

of the pressure inside the ion funnel chamber. A solution of Rhodamine B in methanol 

(10-5 M) was used with a high voltage of 2.5 kV and an inlet capillary temperature of 

100 °C. A gas valve was attached to the ion funnel chamber in order to be able to 
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manually vary the pressure inside the chamber. A graph of the results is seen in Figure 

4.3.  

 

Figure 4.3 Graph showing the dependence of the transmitted current through the ion 
funnel as a function of the pressure within the ion funnel chamber. 

We see that from 0.8-3 mbar the current measured at the final plate of the ion funnel 

increases by just over 20%. After this initial increase the current then drops by over 

30% in the pressure range 3-7 mbar. The reason for the initial current increase can be 

explained by considering that the increased number of background gas molecules 

present in the chamber result in a greater number of collisions with the ion beam. This 

means the beam is thermally cooled faster and can be transmitted and focussed more 

easily118. However, increasing the pressure past a certain threshold (in this case 3 

mbar) causes the current to drop significantly. A reason for this may be due to the 

increased amount of background gas lowering the overall pressure gradient, creating 

less of a pull for ions travelling through the funnel. Further, ions travel through the 

funnel from left to right, the gas was leaked in from above this path and the pumped 

is situated below the path of ions. It may be that the flow of leaked gas from the inlet 

to where it is removed by the pump caused ions to be dragged out of the ion funnel 

path and to not be transmitted through. From this experiment the ideal pressure range 

(2-3 mbar) was found and used for subsequent experiments optimising the voltages 

applied to the ion funnel. However, by increasing the pressure in the ion funnel to 2-3 
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mbar the pressure further along the differentially pumped system also significantly 

increased, therefore it was decided to keep the ion funnel at the lower pressure of 0.8 

mbar, sacrificing some ion transmission so that the final deposition pressure could be 

maintained at a lower value.  

As noted in the previous chapter, the pseudo potential which is created in order to 

control the path of ions through the ion funnel is generated by the RF voltage which 

is applied to the ring electrodes. The peak-to-peak voltage of this wave can be changed 

during an experiment. The effect of the peak-to-peak voltage has been studied in terms 

of its effect on the overall transmission of the ion funnel by measuring the transmitted 

ion current.  

The peak-to-peak voltage was measured as a function of the total ion current exiting 

the ion funnel, the results can be seen in Figure 4.4. Two molecules of different 

molecular weights and number of charge states were chosen so as to explore the effects 

of m/z on the transmission of the ion funnel. The peak-to-peak voltage was increased 

from 0-200 V and then decreased from 200-0 V whilst the current was being measured 

(indicated by the key in Figure 4.4). Good overlap of these data points ensured that 

there was no hysteresis in the measurements. For both rhodamine B (RhB) (m/z =440) 

and bovine serum albumin (BSA) (m/z = 1000-2000) the same shape is seen for the 

current as a function of increasing peak-to-peak voltage. That is, from 0-75 V the 

current increases linearly and then from 75-200 V the current plateaus. This plateau is 

the expected shape for an ion funnel77,118 and shows that our ion funnel is effectively 

transporting ions in the mass range tested. The plateau represents a transmission of 

100% of the ions which have entered the device. This was verified by setting the ion 

funnel into collection mode (-100 V DC voltage applied to the ring electrodes, with 

peak-to-peak voltage set to 0 V) and measuring the total current entering the ion funnel 

and comparing this to the plateau value. For all the molecules tested these values gave 

a 100% transmission. No dependence on m/z value was seen as is consistent with this 

design of ion funnel77,118.  
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Figure 4.4 Graph showing the dependence of transmitted ion current as a function of 
the peak-to-peak RF voltage for rhodamine B and BSA. 

The DC gradient along the ion funnel is also expected to play a critical role in dragging 

ions from the entrance to the exit of the ion funnel. The gradient is defined as the 

voltage applied to the final electrode minus the voltage applied to the first electrode 

and ranges from 0-130 V. This has been varied and the current measured at the exit of 

the ion funnel the results of which can be seen in Figure 4.5 (a RhB solution of 10-5 M 

in methanol was used). Across this range of values, the current increases by 

approximately 10% from 0-20 V and remains constant from 20-140 V. From these 

results it appears that the DC gradient does not make a significant difference to the 

transmitted ion current, this may be because the pressure gradient is playing a more 

significant role and the DC gradient’s effect is masked by this.  
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Figure 4.5 Graph showing the transmitted current as a function of the DC gradient 
applied to the ion funnel. 

The ion funnel design presented in Chapter 3 and tested here has shown very good 

transmission values of up to unity transmission. A wide m/z range of molecules have 

also been shown to be transmitted with no issues. This ion funnel design represents a 

robust and easy to use piece of apparatus that can be easily fitted, removed and cleaned 

in SEISMIC.  

4.1.4 Hexapole ion guide 

The unique hexapole design outlined in section 3.1.5 has here been tested in order to 

characterise the effectiveness of transmission. The hexapole has also been tested in 

order to characterise the performance of both the differential pumping seal and the RF 

peak-to-peak voltage.  

In Figure 4.6 we see results for the transmitted current from an ion beam of RhB 

(dissolved in methanol to a concentration of 10-5 M) ions as a function of the peak-to-

peak voltage applied to the hexapole rods. We see that as the voltage is increased the 

transmitted current also increases across the full range from 0-200 V after passing a 

threshold voltage of 100 V. This shape of transmission is typical of multipole ion 

guides77 and shows the hexapole is working effectively. Moreover, the absolute 

transmitted current value of 1.2 nA is very high (compared to similar apparatus14,19) 

and demonstrates that the hexapole’s multistage differentially sealed design can result 
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in higher ion currents. The value of 1.2 nA is however significantly lower than that 

measured at the end of the ion funnel (approximately 2.5 nA for the same solution). 

This means that some losses have occurred either as the beam passes through the exit 

of the ion funnel and enters the hexapole or along the length of the hexapole. By setting 

the hexapole into collection mode (-100 V DC applied to the rods and the peak-to-

peak voltage set to 0 V) it was possible to confirm that only 1.2 nA of current arrived 

into the hexapole chamber. We can therefore conclude that the hexapole is transmitting 

all of the ions which enter but that a significant number are lost at the interface between 

the ion funnel and hexapole components.  

 

Figure 4.6 Graph showing the transmitted current through the hexapole as a function 
of the RF voltage applied. 

The differential seal system has been shown to work well here. The first stage of the 

hexapole is typically at a value of 0.2 mbar whilst the second stage is at 2 x 10-2 mbar 

and the third (which resides inside the next chamber) is at 2 x 10-5 mbar. Considering 

the significant losses which have occurred at the interface between the ion funnel and 

hexapole (50% loss), the ability to pass ions through several differentially pumped 

sections without incurring more interfacial losses is extremely beneficial. For 

example, if the same losses were incurred as was seen at the ion funnel-hexapole 

interface across the two interfaces which are mitigated by the hexapole design we 
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would have a current of 0.3 nA as opposed to the 1.2 nA which is achieved by this 

design. 

Although some losses have occurred in the transition from ion funnel to hexapole the 

absolute current is still very high when compared to the same stage in similar 

instruments14–16. The differential seal has also allowed for the instrument to be made 

more compact and to achieve a significant pressure drop across a very small volume. 

In this way the final pressure of the deposition stage has also been able to be lowered 

with the need for fewer differentially pumped components limiting the losses that may 

occur with the inclusion of these. 

4.1.5 Mass-filtering quadrupole 

The mass-filtering quadrupole is a commercially available piece of apparatus which 

has been purchased from Extrel. In this section the quadrupole has been tested for a 

range of compounds. The electronics supplied with the mass-filtering quadrupole can 

be controlled though LabVIEW software in order to control: the DC offset of the 

quadrupole; the resolving power; the mass scan range; and setting the quadrupole in 

RF only mode. For our purposes most of these values are not modified. What is 

important to test is the accurate calibration of the mass range. To do this we have taken 

mass spectra for a number of compounds and used these in order to ensure that the 

quadrupole is well calibrated.  

In Figure 4.7 we see mass spectra for RhB, nickel octaethyl porphyrin (NiOEP), and 

a zinc phthalocyanine. It has been possible to obtain a mass spectrum for each of these 

species which match with the expected values. The resolution of the instrument can 

be increased in order to see isotopic distribution patterns as can be seen for rhodamine 

B (Figure 4.7A) and NiOEP (Figure 4.7B). However, increasing the resolution of the 

spectrum results in a significantly lower transmitted current (1 pA compared with up 

to 500 pA in some instances) and is therefore only suitable for analysis and not a mode 

of operation when attempting to prepare a sample with SEISMIC. For each of the 

molecules presented here the m/z value matches with what is expected for an 

electrosprayed sample run in positive ion mode. For rhodamine B the predicted value 

is 440 m/z and we see a peak at 440 (as well as 441 and 442 representing the isotopic 

distribution pattern); for NiOEP the predicted value is 592 and again we see an isotopic 

distribution pattern which matches with this; for the zinc phthalocyanine we expect to 
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see a peak at 1088 m/z for a singly charged molecule and this is indeed what is seen. 

The other minor peak seen in the zinc phthalocyanine spectrum at 1015 m/z is likely 

due to the loss of a silyl (SiMe3) group which has either been lost in the synthetic 

procedure or as a result of the electrospray process. The peak at around 1150 m/z is 

expected to be the zinc phthalocyanine plus a solvent adduct. 
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Figure 4.7 Mass spectra and corresponding molecular structures. (A) Mass spectrum 
of rhodamine B and molecular structure. (B) Mass spectrum of nickel octaethyl 
porphyrin and corresponding molecular structure. (C) Mass spectrum of a zinc 
phthalocyanine and the corresponding molecular structure. 
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Shown in Figure 4.8 is a mass spectrum taken using SESIMIC of polyethylene glycol 

(PEG) where several peaks can be clearly identified corresponding to m/z values of: 

313.5, 337.5, 359.5, 381.5, 403.5, and 425.5. Also displayed on the figure is the 

chemical structure of polyethylene glycol. The repeat unit of PEG is 44 g/mol and we 

see that there is a separation between each of the peaks of 22 m/z. This series of peaks 

represents a series of PEG polymers which are one repeat unit different in mass. 

Therefore, we can conclude that the PEG molecules are doubly charged. We also see 

a second series of peaks at m/z values of: 326, 348, 370, 392, and 414. Again, these 

peaks are separated by 22 m/z so represent a second series of polymer chains which 

are doubly charged, the difference in mass between these two series in an indication 

of polymers with different end groups present. For example, the mass difference of 

13.5 m/z between the 313.5 m/z and 326 m/z could be indicative of the mass difference 

expected between a polymer chain terminated by an alcohol or a methyl ester 

(expected difference of 14 m/z). This result shows that the mass spectrometer 

capabilities of SEISMIC are working well and can help to identify charge states for 

larger molecules.  

 

Figure 4.8 Mass spectrum and molecular structure of polyethylene glycol. 

The mass-filtering quadrupole has been shown to be able to effectively generate 

spectra for a range of compounds with resolution high enough in some cases to be able 

to distinguish isotopic distribution patterns. Moreover, for the purposes of this 
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instrument the identification by means of mass or charge state for a number of 

molecules has been readily achieved. Transmitted currents of unfiltered ion beams can 

reach up to 500 pA and filtered ion currents of up to 200 pA have been achieved.  

4.1.6 Electrostatic lenses and minimum thickness gate valve 

After ions leave the mass-filtering quadrupole they must pass through a specially 

designed gate valve aided by an accelerating grid, a set of focussing lenses, and a set 

of steering lenses. The accelerating grid is typically biased to accelerate ions to 40 eV 

(applying a voltage of -40 V for a singly charged positive ion). The focussing lenses 

have been described in Chapter 3 as have the steering lenses and gate valve design. 

The effectiveness of the steering lenses can be seen in the heat map shown in Figure 

4.9.  

 

Figure 4.9 Heat map showing the transmitted current through the gate valve aperture 
as a function of the x and y steering voltages. 

In this figure we see a bright spot which corresponds to the maximum transmitted ion 

beam (400 pA at the maximum). By applying a voltage to the 4 steering electrodes the 

beam can be directed through the 2 mm dimeter aperture in the gate valve. We see that 
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the hole is not centred at 0 V in either the x or y axis demonstrating the necessity of 

the steering electrodes to adjust for misaligned components within SEISMIC.  

4.1.7 Bending quadrupole 

The bending quadrupole is used to send ions along 1 of 3 different pathways: towards 

the ion detector; towards the HV deposition stage; or towards the UHV deposition 

stage. The transmission along each of these pathways has been measured. The 

effectiveness of the post bending anisotropic lenses have also been tested as a function 

of the transmitted current.   

First we focus on the path which sends ions towards the electron multiplier. In this 

mode the bending quadrupole is switched off i.e. no voltage is applied to any of the 

electrodes. Ions pass through the bending quadrupole after exiting the mass selecting 

quadrupole and are accelerated towards the electron multiplier by a high voltage of 

the opposite polarity to the ions being detected (typically ±7-9 kV). This mode of 

operation is used exclusively for the collection of mass spectra and is an analysis tool 

(as has been discussed previously) the results of this were shown in the previous 

section.  
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Figure 4.10 Graph showing the bending voltage required to send ions to the UHV 
deposition stage and the corresponding current. 

The other two paths the ions can take through the bending quadrupole are towards the 

HV and UHV deposition stages. Both of these landing stages lie at 90° to the initial 

path of the ions, hence the need for the bending quadrupole. This was a deliberate 

design choice in order to avoid neutral molecules from landing on the substrate as 

neutral molecules cannot be discriminated through ion optics. In Figure 4.10 we see 

the transmitted current measured after the bending quadrupole as a function of the 

voltage applied to the bending quadrupole rods for the UHV bending directions. There 

is a sharp peak which corresponds to the voltage at which the ions are being deflected 

through the exit aperture of the bending quadrupole and onto the next stage of the 

instrument. The maximum achieved current after the bending quadrupole of 

approximately 400 pA represents a transmitted beam current of 80 % of that which 

leaves the quadrupole.  

4.1.8 Free flight and ion landing energy 

Not only is SEISMIC able to controllably deposit molecules which are otherwise 

incompatible with more conventional deposition techniques, there are additional 
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benefits which cannot be achieved through, for example, thermal sublimation. The one 

which is demonstrated in this section is the controlled landing energy of an ion beam.  

After ions exit from the bending quadrupole and second hexapole there is a region of 

free flight. In this region ions are collimated and guided by two sets of electrostatic 

lenses. Typical lens voltages of -100 V are used to collimate and focus the beam onto 

the soft landing apparatus. A sample current of up to 300 pA can be achieved 

representing an overall transmission for the system of 12%. This value may appear 

low but it represents the ability to generate a monolayer coverage of molecules within 

a reasonable time frame (approximately 1 hour).  

After ions have been detected at the landing stage an optimisation for deposition can 

occur. First, the exact energy of the ion beam is determined. The set of 3 lenses are 

used to collect the ion beam and focus it onto a small spot on the substrate. The exact 

spot size can be varied by changing the focusing voltage, a higher voltage giving a 

smaller spot size and a lower voltage giving a larger spot size. Below the lenses is the 

sample which can be biased using a voltage supply. By biasing the voltage of the 

sample from 30-40 V and measuring the current we obtain a graph as seen in Figure 

4.11. Differentiation of this curve gives energy distribution of this beam. For this 

particular experiment the energy of the beam was 36.5 ± 1.2 eV. This relatively narrow 

beam energy is very important for the controlled landing of the sample as if the beam 

energy distribution is too wide then a large number of ions would be lost upon 

deceleration of the beam.  
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Figure 4.11 Graph showing the sample current as a function of the retarding potential 
applied to the sample. 

Knowing the polarity of the ions and the average beam energy it is then possible to 

control whether ions arrive with more or less energy, i.e. whether they will be 

reactively or soft landed. In order to test this NiOEP was used as an example molecule, 

the results of which can be seen in the next section.    

4.1.9 Nickel octaethyl porphyrin – test molecule 

Nickel octaethyl porphyrin has been used as a test study molecule for the overall 

deposition performance of SEISMIC. The reasons for this decision are: the molecule 

has been previously studied with STM so results can be compared126–128; we found in 

tests that a high ion current could easily be achieved; the molecule is readily soluble 

in electrospray compatible solvents; no complications from fragmentation are likely 

to occur.  
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Figure 4.12 Wide range mass spectrum of NiOEP showing multiple peaks, 
corresponding to either monomer, dimer, or trimer clusters of the protonated or 
sodiated molecule. 

Previously, in Figure 4.7B we saw the mass spectrum which corresponds to the NiOEP 

molecule and in Figure 4.12 we see a mass spectrum taken a cross a wider range of 

mass values that shows no fragmentation has occurred and that no other species are 

present in the ion beam. We do see clustering of porphyrin molecules which may be 

an indication of strong intermolecular bonds between molecules. After optimisations 

the current of NiOEP which arrived at the Au(111) surface was 200 pA. We can see 

the current arriving at the deposition stage as a function of the retarding potential in 

Figure 4.11 indicating a beam energy value of 36.5 ± 1.2 eV (calculated from the 

derivative of the curve seen in Figure 4.11). The molecule was deposited for 60 

minutes in order to achieve a coverage of approximately 0.9 ML with a landing energy 

of 5 eV.  

In Figure 4.13 we see an STM image of the NiOEP molecule prepared via SEISMIC 

and in the panel adjacent an STM image from previous literature result where the same 

molecule was prepared through thermal sublimation126. We note that the NiOEP which 

has been deposited via SEISMIC has self-assembled into ordered 2D domains with a 

unit cell size of 1.62 ± 0.10 nm, 2.74 ± 0.07 nm which is in excellent agreement with 

that seen for the previous literature results (1.65 and 2.76 ± 0.20 nm). We can therefore 

conclude that the controlled deposition of NiOEP has been achieved. 
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Figure 4.13 STM images of NiOEP on Au(111). (A) NiOEP monolayer on Au(111) 
deposited via SEISMIC. (B) NiOEP monolayer on Au(111) deposited via thermal 
sublimation, adapted from Hipps and co-workers126. V = -2.0V, I = 30 pA. 

With the exact same setup NiOEP was also deposited at 40 eV in order to demonstrate 

the effects that different landing energies can have on the self-assembly of a molecule. 

In Figure 4.14A is a representative STM image of the Au(111) surface after having 

NiOEP deposited on it for 60 minutes at 200 pA and a landing energy of 40 eV. It is 

immediately obvious that the increased landing energy has had an effect on the self-

assembly of the molecules. We see a very disordered assembly that does not resemble 

what was seen when deposited at 5 eV. The molecule appears to have been broken 

apart upon landing which has been seen previously for high energy landing of 

molecules on surfaces56,129,130.  
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Figure 4.14 STM images of reactively and soft landed NiOEP on Au(111). (A) STM 
image of NiOEP deposited on Au(111) at a landing energy of 40 eV. (B) STM image 
of NiOEP deposited on Au(111) at a landing energy of 5 eV. V = -2.0V, I = 30 pA. 

It should also be noted that in both of these cases the Au(111) surface was checked for 

cleanliness by STM prior to deposition therefore ensuring what is seen here is a result 

of the NiOEP ions.  

4.2  Summary 
Each component of SEISMIC has been tested and shown to work well with particular 

success with creating a high transmission hexapole ion guide and ion funnel. It has 

been shown that a test molecule – Nickel octaethyl porphyrin – can be deposited and 

imaged by STM using this apparatus. We have also shown the successful transmission 

of a number of larger molecules which are not compatible with thermal evaporation 

(BSA, PEG) which represents an excellent starting point for further experiments 

utilising SEISMIC’s unique capabilities. From these results we can conclude that an 

overall transmission of up to 300 pA (12%) can be achieved representing a very high 

flux of ions. This high flux is advantageous for a number of reasons. Firstly, it allows 

experiments to be completed quickly. Secondly, we can be more selective with a 

narrow energy distribution of ions which arrive at the sample, essentially eliminating 

ions outside of a narrow distribution. In this way the effects of landing energy can be 

more precisely controlled.  

SEISMIC represents an evolution of current electrospray ion beam deposition 

apparatus13–16 and improves upon them in a range of aspects. From the more compact 
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design, greater ion flux and minimisation of user input for optimisation. Further tests 

exploring the limits of the experiments that can be completed with SEISMIC are 

currently underway and are heading in a number of interesting directions. 
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5 Using ESD-STM to Probe the Local Structure and 

Sequence of a Conjugated Polymer 
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5.1  STM studies of poly (C14DPPF-F) – a donor-acceptor polymer 

5.1.1 Introduction 

Polymer synthesis was completed by Dr David Stringer and Professor Hugo Bronstein. 

X-Ray diffraction measurements were performed by Dr Anastasia Leventis and 

Professor Hugo Bronstein. Harry Pinfold and Professor Alessandro Troisi performed 

theoretical calculations. 

The solid-state microstructure of a conjugated polymer is the most important 

parameter determining its properties and performance in (opto)-electronic devices. A 

huge amount of research has been dedicated to tuning and understanding how the 

sequence of monomers, the nature and frequency of defects, the exact backbone 

conformation, and the assembly and crystallinity of conjugated polymers impacts on 

their basic photophysics and charge transporting properties. However, due to the lack 

of reliable high-resolution analytical techniques, all the structure-property relations 

proposed in the literature are based either on molecular modelling or on indirect 

experimental data averaged on polydisperse samples. Here we show that a 

combination of electrospray vacuum deposition and high-resolution scanning 

tunnelling microscopy allows the imaging of individual conjugated polymers with 

unprecedented detail, thereby unravelling structural and self-assembly characteristics 

that have so far been impossible to determine. 

The steadily increasing research in conjugated polymers is motivated by these 

materials being at the heart of low-cost, lightweight and flexible (opto)-electronic 

applications such as organic photovoltaics, light-emitting diodes, transistors, sensors, 

actuators and supercapacitors. In recent years, it has emerged that the electronic 

properties of these materials (such as charge carrier mobility, energy band-gap, 

adsorption spectrum, etc.) are controlled at their most fundamental level by six main 

characteristics of the polymer microstructure: (i) the polymer chemical composition91; 

(ii) the planarity of the backbone131,132; (iii) the relative conformation of the 

heterocycles133; (iv) the conformation and interdigitation of the solubilizing side 

chains134; (v) the interaction between polymer strands135; (vi) the presence and nature 

of chemical defects such as regioregularity136,137 or polymerization defects26,138,139. 

The precise microstructure of conjugated polymers is however very difficult to 

determine, in particular for the new generation of materials that are based on complex 
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compositions of monomers obtained through multi- and co-polymerization 

techniques. Here the control on the final product is reliant upon differences in kinetic 

reaction rates with side-reactions being more difficult to prevent and the intrinsic 

statistical nature of the polymerization process becoming more apparent. Polymer 

sizes and mass distributions are mainly evaluated by chromatography (e.g. size 

exclusion chromatography (SEC)) and mass spectroscopy (e.g. MALDI), although 

these techniques often struggle to handle the complexity and heterogeneity of last-

generation conjugated polymers. In particular, questions on the presence and nature of 

polymerization defects and on what the exact monomer sequence within a copolymer 

is, remain essentially unanswered. This constitutes a major limitation to further 

progresses in the field, as it hampers the possibility of better understanding the 

polymerization process and thus achieving a more precise control of the ensuing 

functional materials. 

Herein we propose a novel and radically different approach to the analytics of 

conjugated polymers, based on high-resolution scanning tunnelling microscopy 

(STM). In order to fully harness the analytical power of STM and to image individual 

molecular species with subnanometer resolution, it is essential that the molecules are 

deposited in vacuum onto atomically clean and flat surfaces and that the measurements 

are performed in situ. Previous studies of conjugated polymers through the use of 

ambient STM at the liquid-solid interface have been completed140,141 however due to 

the sometimes limited resolution these studies can miss finer structural details within 

assemblies of polymers. We achieve vacuum deposition of intact polymers by 

exploiting recent advances in the soft landing of thermolabile molecules18,142, thereby 

demonstrating a significant development in vacuum electrospray deposition 

(ESD)53,143–146. In this chapter we report the first combination of ESD with sub-

molecular resolution STM to analyse diketopyrrolopyrrole (DPP) based polymers. We 

demonstrate the ability to identify the monomer units and the solubilizing alkyl side-

chains and use this to precisely sequence the polymer structure. Importantly, we show 

that we can determine the nature, locate the position, and ascertain the number of 

defects in the polymer backbone. Our analysis also reveals that the main driver for 

backbone conformation of surface-adsorbed polymers is the maximization of alkyl 

sidechain interdigitation, which leads to unexpected cis conformations of the 

heterocycles. This unique insight into the microstructure of conjugated polymers is 
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not attainable by any other existing analytical technique and represents a fundamental 

advance in polymer analytics. 

A commonly used DPP based polymer Poly Tetradecyl-diketopyrrolopyrrole-furan-

co-furan (poly (C14DPPF-F)) has been used. Poly (C14DPPF-F) is an example of the 

most recent generation of donor acceptor polymers which consist of alternating donor 

(D) and acceptor (A) monomers. The synthetic procedures used lead to an expected 

polymer sequence of (DA)n. These type of polymers have been shown to have high 

efficiency as use as the active layers in organic solar cells as well as field effect 

transistors147.  

5.1.2 Self-assembled islands of poly (C14DPPF-F) 

Poly (C14DPPF-F) was deposited for 15 minutes at a current of 20 pA via the 

electrospray procedure outlined in section 3.2.4 resulting in a coverage of 

approximately 60%. The surface was annealed to 100 ºC for 10 minutes and cooled to 

-153 ºC before being imaged by STM.  

 

Figure 5.1 Vacuum deposition and STM imaging of poly (C14DPPF-F) polymers. (A) 
Molecular structure of poly (C14DPPF-F). (B) Schematic representation of the 
experimental setup. (C) STM image showing poly (C14DPPF-F) adsorbed on Au(111) 
after annealing to 100 °C. The polymer backbones appear as bright rows, and the 
alkyl side chains are seen as darker rows perpendicular to the backbones. V = -1.8 V, 
I = 300 pA. 

Poly Tetradecyl-diketopyrrolopyrrole-furan-co-furan (poly (C14DPPF-F), Figure 5.1 

A) is a conjugated polymer of the DPP-based family100 that is currently showing some 

of the best performance in optoelectronic devices. Figure 5.1 shows a typical STM 
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image of poly (C14DPPF-F) deposited by electrospray on a Au(111) surface at room 

temperature, demonstrating that both the polymer backbone and the alkyl sidechains 

can be clearly identified. The backbones of the polymers are mostly straight and tightly 

aligned with the [ 211 ] directions of the Au(111) herringbone reconstruction, even 

bending around the elbow sites of the reconstruction, which indicates a strong 

molecule-substrate interaction. The alkyl chains are generally oriented perpendicular 

to the backbone and are thus aligned along the [ 101 ] substrate directions. The 

polymer strands self-assemble into extended two-dimensional (2D) islands through 

attractive interactions between the alkyl side-chains. Chains of neighboring polymer 

strands interdigitate to maximize van der Waals contact, resulting in an inter-strand 

separation of 2.6 ± 0.1 nm, in excellent agreement with what has been observed for 

small furan-DPP molecules148 with the same structure as the monomer repeat unit 

shown in Figure 5.1. A drop cast thin film of poly (C14DPPF-F) was also prepared and 

analysed by thin film X-ray diffraction (XRD, see Figure 5.2). This showed (100) and 

(200) Bragg reflections at 2θ = 4.3° and 8.6° respectively. These values are indicative 

of a lamellar distance of 2.05 nm which is considerably shorter than the total width of 

the molecule (∼4 nm), indicating interdigitation is likely to be occurring also in the 

solid state (as has been observed for other conjugated polymers134). Therefore, we 

speculate that the intermolecular ordering observed here provides insight for the local 

assembly of a bulk sample, but that the bulk sample may have a different geometry to 

that seen in the first layer growth. This is an area of great interest and further work is 

underway in order to investigate how the first layer growth influences the bulk 

structure growth. 
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Figure 5.2 XRD of a drop cast thin film of poly (C14DPPF-F). 

Higher magnification STM images (Figure 5.3), display a periodic sub-molecular 

contrast, allowing for the identification of the individual monomer units – DPPF (A) 

and furan (B) – and their sequence in the polymer chain. The DPPs form an angle of 

approximately ± 45° with respect to the straight backbone axis and are the points from 

which the alkyl side chains extend. The so-determined AB repeat unit has an excellent 

match with any STM image containing a section of polymer with no defects as seen 

in Figure 5.3. 
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Figure 5.3 High-resolution STM images of poly (C14DPPF-)F polymers on Au(111). 
(A) Submolecular resolution of the polymer backbone and the interdigitation of the 
alkyl side chains. White arrows indicate gaps in the alkyl chain interdigitation. (B) 
Molecular model of the polymer backbone overlaid on a section of poly (C14DPPF-F) 
(C atoms are shown in grey, O in red, N in blue, and H in white). The alkyl chains 
have been substituted with methyl groups for better visualization. An ABBA defect is 
visible in the centre of the image. (V = -1.8 V, I = 300 pA). (C) High-resolution STM 
images of poly (C14DPPF-)F polymers on Au(111) (V = 1.5 V, I = 300 pA). (D) DFT 
simulation of the HOMO for a monomer of (C14DPPF-)F showing a similar shape to 
the contrast seen in (A). 

5.1.3 Chain length distribution and estimated mass distribution 

The STM images can be used to evaluate the mass distribution of the polymer chains. 

This is not only useful information as mass distributions of polymers can be difficult 

to attain but is also a good check that these results represent a good sampling on the 

polymer distribution. The number of repeat units is obtained by measuring the length 

of a large number of polymer strands (164) and counting the number of repeat units 

present in each, this results in an average value of 17 ± 7 monomer units per chain. By 

multiplying this by the mass of a single repeat unit (724 Da), the average mass of the 

polymers is evaluated to be 12.2 ± 4.8 kDa (the full size and mass distribution are 

shown in Figure 5.4). This value can be compared with what is obtained from size 
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exclusion chromatography (SEC) measurements on the same polymer, which resulted 

in a number average (Mn) and weight average (Mw) molecular mass of 6.4 and 

37.3 kDa, respectively (as measured by high temperature SEC, Figure 5.5).  

 

Figure 5.4 Analysis of the mass distribution of poly (C14DPPF-F) on Au(111). 
Histogram of molecular weight distribution determined from STM images (see text for 
detailed methodology). 

The mismatch in the measured molecular weights (between SEC and STM 

measurements) is likely a consequence of the methodology used. SEC is known to 

provide inaccurate evaluations of the true molecular weight of conjugated polymers108 

as they are measured relative to polystyrene standards which have notably different 

hydrodynamic radii, with uncertainties up to a factor of 2 having been reported149. 

Additionally, solution aggregated species are commonly observed in narrow band-gap 

conjugated polymers150, further affecting the measured molecular weight. A further 

possibility which could lead to the discrepancy is in the electrospray process. It is 

known that electrospray mass spectra peak intensities do not indicate the relative 

concentrations of species present in the solution151 but instead selectively charge some 

molecular species over others. However, as this work has been carried out using the 

Molecular Spray equipment this should not be an issue. That is, it is assumed that a 

large number of neutral molecules reach the surface due to the direct line of sight 

between the inlet capillary and the surface. 
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Figure 5.5 GPC molecular weight analysis of poly (C14DPPF-F) at 160°C. Overlay 
of molecular weight distributions for two repeat experiments. Run_1: Mn = 6,400 Da, 
Mw = 37,300 Da; Đ = 5.87. Run_2: Mn = 6,500 Da, Mw = 39,400 Da; Đ = 6.06. 

Additionally, the length analysis was completed by measuring the length of each 

polymer chain whose entire length was contained within the scan frame. The logic 

behind only including those polymers whose entire length can be seen is fairly 

obvious, one cannot predict how much further outside of the scan frame a polymer 

extends and therefore cannot accurately record the length. The consequence of this is 

that there is a preference towards shorter chain length polymers which are more likely 

to be included inside a scan frame of a given size. Therefore, we can conclude that this 

selection in evaluating the chain length and inferring the molecular mass may also 

contribute towards the discrepancy between the SEC and STM values. 

5.1.4 Fitting a molecular model and sequencing a conjugated polymer  

The detail which can be seen in the backbone of the polymer can be used in order to 

accurately fit a molecular model to the polymer and attempt to determine the sequence 

of monomers within. As stated before, the sequence of monomers within a conjugated 

polymer is key in determining its properties and at present there exists no analytical 

technique which can gain insight into this for individual polymer molecules. Attempts 

have been made via MS-MS to sequence polymers but these results have been obtained 

from samples specifically designed for this purpose with predictable fragmentation 

patterns152,153. Further, these type of measurements are the result of averaging  from a 

large number of polymers which, on the one hand, provides better statistics for 

measurements but means individual mistakes may be masked or missed entirely. 
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Figure 5.6 High-resolution STM images of poly (C14DPPF-F) and corresponding 
molecular models. (A) Monomer (AB) repeat units are separated by thick dashed lines, 
individual A (DPPF) and B (furan) subunits by thin dotted lines. (B) Same image as 
(A) with the characteristic 4+2 bright lobes of A and the single bright lobe of B 
highlighted in pink and grey, respectively. (C) Same image as (B) with the molecular 
model superposed onto part of the central polymer strand. V = -1.8 V, I = 300 pA. 

To assign the features appearing in the backbone, the unambiguous location of the 

alkyl side-chains is used as a reference. The chains extend from two circular lobes 

situated at opposite positions with respect to the main polymer axis and correspond to 

the first carbon atoms extending from the DPP moieties (Figure 5.6). Quantum 

chemistry calculations show that the alkyl chains are not coplanar with the DPP moiety 

(Figure 5.7) allowing to identify these two lobes with the protruding start of the alkyl 

chains and to precisely locate the A monomer. This corresponds to four aligned bright 

dots within the backbone, two central ones for the DPP unit, and two on each side for 

the lateral furan rings (Figure 5.6). The position of the B monomer is also determined 

by using a geometry-optimized molecular model and appears to coincide with a fifth 

bright dot. 

C 1	nmA 1	nm b 1	nmB
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Figure 5.7 Ab initio calculations of the conformation of alkyl chains with respect to 
the polymer backbone. (A) Lowest energy conformation with the alkyl chain forming 
an angle of 32° with the plane of the DPP unit. (B) Conformation with the alkyl chain 
in the same plane as the DPP unit, 252 meV higher in energy than the conformation 
in (A). 

The final dimer unit (seen in Figure 5.6), which also includes 14 carbon alkyl chains 

extending from the DPP units, has an excellent agreement with the defect free polymer 

backbone seen in this image and matches well with all other sections of defect free 

polymer which have been imaged. There are instances where this sequence and 

orientation of monomer units does not fit; where defects in the monomer sequence 

have appeared.  
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5.1.5 Identifying defects in the chain sequence 

Two main types of defects can be recognized in the 2D assembly of poly (C14DPPF-

F): darker gaps in the interdigitation sequence of alkyl side-chains; and circular 

protrusions, which can be found either within these gaps or at the edge of polymer 

islands (Figure 5.3 A). While the circular protrusions are attributed to impurities either 

in the solvent or in the sample, the gaps are linked to defects in the monomer sequence 

of the polymer. Each gap is accompanied by a change in the orientation of the 

submolecular features (assigned as the DPP units) in one of the two polymer 

backbones delimiting the gap itself (wider gaps, as in the center of Figure 5.3, show 

an inversion in both flanking polymer backbones). Moreover, an additional bright dot 

is always observed between successive DPP units in correspondence to the gaps. In 

fact, while in the regular parts of the polymer strand the distance between consecutive 

DPPs is 1.4 ± 0.1 nm – corresponding well to the expected periodicity of a regular 

(AB)n polymer sequence – it becomes 1.8 ± 0.1 nm across the gaps.  
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Figure 5.8 Fitting a model to the defective regions of the C14DPPF-F polymer 
deposited on Au(111). (A) STM image of sub-molecular contrast of the polymer. (B) 
Overlay of a molecular model of the defect-free region. (C) Overlay of a molecular 
model to the defect-free region inverted through a mirror plane centred at the defect. 
(D) Overlay of a molecular model containing the ABBA defect at the centre. V = -1.8 
V, I = 300 pA. 

The defective regions can be explained by the same molecular model described in 

Figure 5.6 if, at the position of the gaps, the model is inverted through a mirror plane 

perpendicular to the polymer backbone, resulting in an extra furan ring and an ABBA 
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monomer sequence (Figure 5.8). A detailed analysis of the high-resolution STM 

images can thus reveal the presence of defects in the monomer sequence and identifies 

these as ABBA (instead of the regular ABAB) arrangements. Only this type of defect 

was observed in all analyzed images with the exception of two single occurrences of 

an ABBBBA defect (see Figure 5.9). It is speculated the ABBBBA defect has occurred 

from the coupling of two ABB defective chain ends. 

 

Figure 5.9 STM image of ABBBA defect within the C14DPPF-F polymer deposited on 
Au(111) with an overlay of the molecular model. V = -1.8 V, I = 300 pA. 

An evaluation of a large number of polymer strands (180) shows that there is 

approximately one defect in every 10 nm of strand length, which is equivalent to one 

extra B monomer for every 8.5 AB units. In particular, Figure 5.10 shows that the 

number of defects in a polymer strand scales linearly with its length, as would be 

expected for a random inclusion of defects. Moreover, Figure 5.10 also demonstrates 

that this linear relation holds across a large range of molecular weights, indicating the 

generality of this result.  

1 nm
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Figure 5.10 Analysis of the defect frequency of poly (C14DPPF-F) deposited on 
Au(111). Frequency of ABBA defects as a function of the polymer chain length 
expressed as number of (AB) monomers or molecular weight. A linear dependence is 
visible. 

5.1.6 Alkyl chain interdigitation 

It is evident from the STM images that the polymer side-chain interaction, maximized 

by interdigitation, strongly influences the orientation of the alkyl chains. This is clearly 

seen in Figure 5.3 where a number of chains at the edge of a molecular island (top and 

bottom right corner of Figure 5.3) are significantly distorted with respect to those 

within the island. Perhaps more surprisingly, the drive to maximize alkyl chain 

interactions is also responsible for the orientation of the monomers within the polymer 

backbone. In fact, while the commonly assumed all-trans-conformation of the furan 

units predicts an alternating orientation of the DPPs (Figure 5.11 A), the STM images 

clearly show that the DPP units are all parallel to each other in the defect-free regions 

of the polymer (Figure 5.3). Alternating orientations of the DPP moieties imply 

alternating large and small separations between the alkyl chains which are not ideal 

for intermolecular interactions (Figure 5.11 C). On the other hand, a backbone 

configuration where one of the furan units of the A monomer is cis to the furan of the 

B monomer (Figure 5.11 B) would have equally spaced alkyl chains, allowing an ideal 

interdigitation (Figure 5.11 D). The conformation in Figure 5.11 B is obtained from 

that in Figure 5.11 A through 180° rotations around the C-C bonds between the A and 

B monomers and is thus characterized by having all DPP units parallel to each other, 
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as experimentally observed DFT calculations show that the conformation in Figure 

5.11 B is only 0.06 eV less stable than that in Figure 5.11 A and that the two can easily 

interconvert through a barrier of 0.32 eV (Figure 5.12). 

 

Figure 5.11 Molecular structure and intermolecular interactions of pristine and 
defective C14DPPF-F polymers. (A and B) Structure of defect-free poly (C14DPPF-F) 
in the all trans configuration (A) and with a single furan-furan cis arrangement (B), 
demonstrating specular and parallel DPP orientations, respectively. (C and D) 
Schematic representation of interstrand interactions for the polymer configurations 
corresponding to (A) and (B), respectively. The alkyl chains are represented by thin 
grey lines, and the DPP units are represented by green segments. (E and F) Structure 
of poly (C14DPPF-F) around an ABBA defect in the all-trans configuration (E) and 
with a single furan-furan cis arrangement (F). The DPP units across the defect are 
arranged in a parallel and specular orientation, respectively. (G and H) Schematic 
representation of interstrand interactions for the polymer configurations 
corresponding to (E) and (F), respectively. The ABBA defects are represented by red 
dots, and larger gaps in the chain interdigitation are represented by grey-shaded 
areas. 
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The parallel orientation of the DPPs is disrupted across ABBA defects, where the DPP 

units are specular to each other (Figure 5.3). Also in this case, optimization of the 

intermolecular interaction is the driving force since an all-trans conformation with an 

extra furan ring (parallel DPPs, see Figure 5.11 E) would create two gaps in the 

sidechain interdigitation, one on each side of the defective strand (Figure 5.11 G). On 

the contrary, the experimentally observed configuration, obtained by a 180° rotation 

around the C-C bond connecting the two central furans (specular DPPs, Figure 5.11), 

generates a gap only on one side of the defective strand and thus allows a better alkyl 

chain interdigitation (Fig. 4H).  

 

Figure 5.12 Gas-phase optimized structure of a C14DPPF-F oligomer. (A) Optimized 
structure for the all-trans conformation. (B) Optimized structure with one pair of furan 
units in cis conformation, obtained from (A) through a 180° rotation around a C-C 
bond. (C) Optimized structure obtained from (B) by constraining the DPP units to be 
parallel. 

It should be noticed that the backbone of a defect-free isolated C14DPPF-F polymer in 

the conformation with parallel DPPs would not be straight but curved, due to the 

optimal angle between heterocycles (see vacuum DFT optimized structure in Figure 

5.12 B). This curved conformation is however observed only in isolated strands while, 

in the majority of cases, the polymer backbones are straight within the molecular 

islands (Figure 5.13). This latter conformation maximizes side-chain interdigitation 

by having evenly spaced alkyl chains and the calculations show that the energetic cost 

of straightening the polymer backbone, is compensated by the better alkyl-alkyl chain 

interactions formed in ideally interdigitated monolayers. The strong polymer-substrate 

A B C



106 
 

interaction and the likely electronic hybridization between the two is expected to play 

an important role too. On the other hand, the phenomena presented here do not depend 

on the specific metallic substrate, since the same alkyl chain interdigitation and the 

same structure of the backbone (straightness, monomer orientation, and defects) were 

observed also when poly (C14DPPF-F) was deposited on Ag(111) (see section 5.1.7). 

 

Figure 5.13 STM images of C14DPPF-F polymers deposited on Au(111) and Ag(111). 
(A) STM image showing poly (C14DPPF-F) adsorbed on Au(111) after annealing to 
100°C. The polymer backbones are mostly straight within molecular islands in order 
to maximise side-chain interdigitation. A curved conformation is however observed 
for isolated strands, one of which is circled in red. (B) STM image showing poly 
(C14DPPF-F) adsorbed on Ag(111) after annealing to 100°C. Irrespectively of the 
substrate, the same alkyl chain interdigitation and the same structure of the backbone 
(including monomer orientation and defects) as observed. In particular, also on 
Ag(111) interdigitated polymers have a straight backbone conformation while isolated 
strands are much more curved. V = -1.5 V, I = 350 pA. 

As mentioned, the calculations show that the energy gained by a linear polymer 

backbone with alkyl side chain interdigitation makes up for the energy loss in having 

to straighten the polymer. Structure B in Figure 5.12 is 8.4 kcal/mol higher in energy 

than structure C in the same figure. This value is given per monomer unit in the chain. 

The interaction energy has been computed for a number of n-alkane chains154, for two 

interacting decane chains the interaction energy is given to be  7.5 kcal/mol. Decane 

has been used as opposed to tetradecane due to the non-planar geometry of the first 4 

carbon atoms in the alkyl chain (Figure 5.7) which we expect will reduce the 
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interaction energy between these segments. What must also be considered is the 

number of alkyl chain interactions per monomer unit.  

 

 

Figure 5.14 Schematic representation of intermolecular interactions for C14DPPF-F 
polymer chains of varying lengths and number of monomers per chain. Grey boxes 
represent polymer backbones, green lines represent DPP units, grey lines represent 
alkyl chains, and blue arrows indicate pair-wise alkyl side chain interactions. (A) 3 
polymer chains of 2 monomers, (B) 3 polymer chains of 6 monomers and (C) 4 polymer 
chains of 2 monomers.  

Table 5.1 Number of alkyl chain interactions per monomer unit as a function of 
polymer chains in an island and number of monomer units in a polymer chain. 

 

Depicted in Figure 5.14 and given numerically in Table 5.1 is a demonstration of how 

the number of alkyl chain interactions scales with both the number of monomer units 

in a polymer chain and the number of polymer chains in an island. What this results 

in is a general formula for the number of interactions per monomer unit, which is given 

below: where I is the number of alkyl chain interactions per monomer unit; N is the 

number of polymer chains in an island assembly; and M is the number of monomer 

units per polymer chain. 

A B C

A B C General
Number	of	polymers 3 3 4 !
Monomerunits	per	
polymer

2 6 2 "

Alkyl	chain	interactions 6 22 9 (2"− 1)(! − 1)
Alkyl	chain	interactions	
per	polymer

2 7.33 2.25 (2"− 1)(! − 1)
!

Alkyl	chain interactions	
per	monomer	unit

1 1.22 1.125 (2"− 1)(! − 1)
!M



108 
 

 

𝐼 = 	
(2𝑀 − 1)(𝑁 − 1)

𝑁𝑀
 

Equation 5.1  

Using this formula, the average number of monomer units per chain (17) and the 

average number of chains in an island of polymers (12) we obtain that there are on 

average 1.78 alkyl chain interactions per monomer unit. Taking this value and 

multiplying it by the interaction energy of a pair of decane chains we obtain a value 

of 13.3 kcal/mol. This value more than compensates for the energy required for 

straightening the backbone of the polymer chain.  

5.1.7 Poly (C14DPPF-F) on Ag(111) 

The same experiments were also completed on a Ag(111) substrate in order to try and 

understand the degree to which the substrate influenced the assembly of the polymer 

on the surface. 

Poly (C14DPPF-F) was deposited for 15 minutes at a current of 20 pA resulting in a 

coverage of approximately 60%. The surface was annealed to 100 ºC for 10 minutes 

and cooled to -153 ºC before being imaged by STM.  

 

Figure 5.15 STM images of poly (C14DPPF-F) polymers deposited on Ag(111) after 
annealing to 100°C. (A) Large scale STM image showing dark gaps in the 
interdigitation sequence of alkyl side-chains caused by ABBA defects in the monomer 
sequence. (B) Higher magnification STM image demonstrating the parallel 
orientation of DPP units in unfaulty sections of the polymer strand, and specular 
orientation across defects. A molecular model of the polymer backbone is overlaid on 

2	nm4 nmA B
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part of a polymer strand. The alkyl chains have been substituted with methyl groups 
for better visualisation. The alkyl chain interdigitation and the structure of the 
backbone (straightness, monomer orientation, and defects) are the same as those 
observed when poly (C14DPPF-F) is deposited on Au(111). V = -1.5 V, I = 350 pA. 

Figure 5.15 shows a typical STM image of the polymer on the Ag(111) surface. It is 

immediately obvious that there are a number of similarities in the assembly of poly 

(C14DPPF-F) on Ag(111) as compared to Au(111).  

Firstly, in both cases polymers have formed 2D islands with chains held together 

through interdigitation between strands, with the same chain-chain separation of 

2.6 ± 0.1 nm. We also note that the defects within the polymer backbone present 

themselves in the same fashion for both adsorptions on Ag and Au. That is, the same 

flipping of DPPs is present indicating that the driving force for this is maximisation of 

alkyl chain interdigitation and is not dependent on a particular surface geometry. We 

also see the same characteristic bright blob indicative of the first few carbons of the 

alkyl side chain. Again we can overlay a molecular model and confirm that this once 

again fits with the model from section 5.1.4. Numerically, the spacing between parallel 

DPP units is again measured to be 1.4 ± 0.08 nm and for specular DPP units to be 1.8 

± 0.07 nm.  

We again use the molecular model to assess the mass distribution of the polymer 

chains on Ag(111). By analysing a large number of chains (127) from different regions 

of the sample we measure that there are an average of 16 ± 6 monomer units per chain 

(with a corresponding mass distribution of 11.6 ± 4.9 kDa), which is in very close 

agreement with what was seen on Au(111) suggesting the surface has not played a 

significant role in selecting for different chain length molecules. The full size 

distribution can be seen in Figure 5.16.   
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Figure 5.16 Analysis of the mass distribution of poly (C14DPPF-F) on Ag(111). (A) 
Histogram of molecular weight distribution determined from STM images (see text for 
detailed methodology). 

The agreement between the results on Ag(111) and Au(111) provide further evidence 

that the polymer we sample on the surface is representative of the bulk solution and 

that the surface selection is not playing a significant role on the results.  

5.2  Summary 
In summary, we have presented a radical new approach to polymer analytics based on 

the concept of structural analysis through high-resolution microscopy27. The 

unprecedented spatial resolution of our STM images allows us to precisely sequence 

conjugated polymers by simply counting the monomer units. This is used to 

demonstrate the presence of unexpected ABBA defects in the poly (C14DPPF-F) co-

polymer and to quantify their occurrence. The existence of chemical defects in a 

conjugated polymer backbone has long been speculated and suggested155. While these 

defects have been identified as possible exciton trap sites, little was known about their 

nature and their frequency, although it has always been assumed that they were either 

torsional defects in the backbone – i.e. hairpin defects156 – or chemical defect – which 

can be either intrinsic157 or extrinsic158. In the specific case of DPP polymers, it has 

been suggested that the primary defects are chemical, resulting from the homocoupling 

between the DPP-containing units26,139. Here we show unambiguously that this is not 

always the case, by identifying the chemical defects in the poly (C14DPPF-F) co-
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polymer as homocouplings between furan rings. By proving the possibility of attaining 

a detailed understanding of the amount and types of defects in conjugated polymers, 

our work demonstrates the potential to finally resolve this long-standing issue and to 

establish an essential – presently still missing – structure-property relationship. A 

further emerging field of research that would highly benefit from the analytical 

advances demonstrated here, is the recent development of greener methods for the 

synthesis of conjugated polymers. New synthetic strategies such as the direct arylation 

polymerization159 do not rely on the use of highly toxic tin-containing compounds but 

produce conjugated polymers with widely varying properties, often inferior to those 

obtained using conventional reaction schemes  (e.g. via the Stille cross coupling 

reaction160). Although progress has been made using the conventional analytical 

techniques of NMR, MS, and SEC it is still not clear what the origin of the defects is 

and how they can be avoided. Using the ESD-STM technique, it would be possible to 

analyse polymers synthesized by different methods, identify and quantify the defects, 

and then relate these to the measured optical and electronic properties. Current work 

by Meyer and co-workers161,162 combining electrospray deposition and non-contact 

atomic force microscopy (ncAFM) could provide even greater insight into the 

sequence and location of defects within conjugated polymers due to the additional 

information ncAFM contrast can afford30,31,35. 

The analysis of the STM data also allowed the determination of the orientation of 

individual monomers within the polymer backbone, showing that surface-adsorbed 

polymers adopt unexpected conformations in order to optimize intermolecular 

interactions. These results represent a further unique insight into the microstructure of 

conjugated polymers that is not attainable by any other existing analytical technique. 

Since the sequence of a polymer is clearly not altered when adsorbed on a substrate, 

the chemical composition uniquely determined from our STM analysis is valid in 

absolute terms and thus relevant to any type of device or application involving this 

material. This might not be true for some aspects of the observed 2D assembly, which 

could result from the interaction with a metallic surface and thus not be representative 

of the solid-state bulk packing. However, we believe that other features – such as the 

maximization of alkyl chain interdigitation – are very general and that our work thus 

lends insight relevant for the local packing of functional polymeric thin films. As we 
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will see in later chapters this rule of alkyl chain interdigitation holds for a number of 

related polymer systems we have also investigated. 

We speculate that this novel approach might have profound impact on the wider field 

of polymer science, representing a first, fundamental step in tackling a major and still 

unresolved problem, i.e. how to precisely and reliably characterize a polymeric 

macromolecule with monomeric precision. 
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6 ESD-STM as a new analytical tool to investigate 

conjugated polymer synthesis 
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6.1  Conjugated polymer synthesis and the developments in 

conjugated polymer structures 
All molecules in this section have been synthesised by Dr Anastasia Leventis and 

Professor Hugo Bronstein. 

There are many synthetic pathways and reaction conditions which can be used to 

synthesise a conjugated polymer and the choice of method depends heavily on the 

requirements of the final product91,163. The latest generation of conjugated polymers 

rely on specific patterns of monomer repeat units and a great level of control over the 

chain length in order to achieve the highest device efficiencies100. A great number of 

factors are considered when designing a conjugated polymer for use in an organic solar 

cell or other organic electronic devices. They range from the electronic structure of 

the polymer to the physical properties such as the ability to be easily cast in a film91. 

The simplest conjugated polymer structure is a homopolymer – the same monomer 

unit repeated in a sequence. A commonly studied example of this is poly (3-

hexylthiophene-2,5-diyl) (P3HT)164. Due to the good processability and relatively 

easy and controllable synthesis which can be used to create the regioregular version 

of P3HT97,165, this type of polymer has been widely studied166 and significant amounts 

of research activity are still invested in developing devices based on this molecule. 

This synthesis is well understood. As such, P3HT in particular, and homopolymers in 

general were not chosen as system where to further test the analytical capabilities of 

ESD-STM. 

Alternating co-polymers are also a common structure where two monomer units are 

added in an alternating sequence to build the polymer molecules98,99,131,167. In the field 

of organic electronics, these typically consist of alternating donor (D) and acceptor 

(A) units. As was outlined in chapter 2, when used in photovoltaic devices a key 

statistic of good device performance is the lifetime of the charge carrier168. By having 

the donor and acceptor units in an alternating pattern along the length of the chain one 

establishes a series of local charge separation states therefore increasing the possibility 

of hole-electron separation and increased charge carrier lifetime5. The choice of donor 

and acceptor units also allows the synthetic chemist to finely tune the HOMO and 

LUMO levels in order to optimise the efficiency of charge transport (and, in 

photovoltaic devices, to maximise light absorption) and charge separation within the 
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polymer molecule. In a conventional photovoltaic device created from a conjugated 

polymer (acting as the donor) and another molecule (typically a fullerene or derivative 

thereof acting as the acceptor) the only place where charge separation of the exciton 

can occur is where these two meet (the microscopic heterojunction). For that reason 

many techniques of blending the molecules110,169,170 were developed to maximise the 

size and number of boundary regions.  

Synthetic control over the alternating sequence of a co-polymer is achieved by 

utilising the differences in reactivity ratios between the monomer units in the case of 

radical polymerisation171. Alternatively, and more commonly for conjugated 

polymers, the selective cross-coupling of a halide and a nucleophilic substituted (such 

as stannyl102, boron103 or copper104) monomer using a nickel or palladium based 

catalyst can be used. All of the polymers in this chapter utilise the Stille coupling 

method with stannyl and bromide monomer substituents98,99. In this method, there are 

competing reactions between the coupling of monomer units. The catalyst is chosen 

so as to favour the cross-coupling of one monomer preferentially to the other and to 

avoid homocoupling of monomers. However, as we have seen previously and will see 

further in this chapter the competition between reactions is not as efficient as has 

always been assumed and deviations from the ideal monomer sequence can occur. 

Several other synthetic strategies exist for producing conjugated polymers, for 

example more ‘green’ methods, avoiding the use of stoichiometric tin163. Block 

polymers can also be created through the engineered choice of monomer units that 

preferentially homopolymerise. For block polymers the opposite is true in terms of the 

reactivity ratios; each monomer preferentially reacts with itself rather than with the 

other monomer and, only once one monomer has been used up, the second is 

incorporated into the structure creating a block of one monomer followed by the other. 

Alternatively, block copolymers can be created through living radical 

polymerisation172 where a chain end can be reactivated to add additional monomer 

units of a different structure. Finally, a random inclusion of two monomers into a 

sequence can be achieved by selecting monomers where the probability of homo and 

heteropolymerisation are approximately equal. A schematic illustration of the different 

types of polymer structures is shown in Figure 6.1. 
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Figure 6.1 Schematic showing a representation of some of the different types of 
polymer composition, blue and orange balls represent different monomer chemical 
structures. 

These methods have been developed over the last 20 years and a great degree of 

control has been achieved over the resulting product5,91,98. However, as new methods 

are developed, it is of paramount importance that the products can be thoroughly 

analysed and evaluated. This lies at the basis of developing and optimising new and 

efficient synthetic strategies and we see the feedback form our ESD-STM analysis as 

a key step in the iterative process of improvement. 

As we have seen in chapter 5, the lack of high-resolution single molecule analytical 

techniques has meant that a great deal of information about the polymer sequence has 

been missed even in what were thought to be well understood synthetic 

methodologies123. We have also seen that ESD-STM provides complementary 

information to several existing analytical techniques about mass distribution and self-

assembly. 

In this chapter we aim to identify the size and monomer composition of synthetic 

polymer products through STM imaging. We have taken a series of oligomers and the 

corresponding alternating polymer and imaged them by STM. The aim was to 

investigate the growth mechanism of the polymer chains, whether defects occurred 

preferentially at a certain stage of polymer chain length growth and how the control 

over the number distribution of the length of the polymers changes with time.   

Homo-polymer

Alternating	co-polymer

Block	co-polymer

Random	co-polymer
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6.2  Oligomer studies 

6.2.1 Molecules being studied 

Shown in Figure 6.2 are the molecules studied in this section of the thesis. The basic 

monomer unit is shown which consists of acceptor (A) and donor (D) subunits. The 

dimer consists of 2 monomer units, the tetramer of 4 units, and the hexamer of 6 units. 

The number of monomer units in the polymer chain is difficult to ascertain by means 

of standard analytical techniques – as has been previously discussed in chapter 5 – and 

could not be obtained by our synthetic collaborators due to coagulation of the solids 

at the concentration needed for SEC measurements. The growth mechanism by which 

the polymer chain is synthesised starts with the coupling of monomers to form a dimer, 

this then grows to a trimer, then to a tetramer and so on. The final length of the polymer 

chain is controlled by a number of factors101 including the ratio of monomers to 

catalyst as well as the amount of time the reaction is allowed to run for. A final 

separation of products can occur via a mass separation step completed via a solvent 

extraction. In this work, we have chosen to study the dimer, tetramer and hexamer 

molecules as they represent the first steps along the synthetic pathway from monomer 

to polymer.  

 

Figure 6.2 Chemical structure of dimer (n=2), tetramer (n=4), hexamer (n=6) and 
polymer (n>6) of poly (C8C6DPPT-P). 
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6.2.2 Dimer 

The dimer was deposited (by the method outlined in section 3.2.4) for 20 minutes with 

a current of 50 pA onto a Au(111) surface which had been cleaned through repeated 

cycles of Ar+ sputtering and subsequent annealing to 500 °C. Prior to deposition, the 

Au(111) was checked for cleanliness by an in-situ STM. The sample was then 

transferred to the in-situ STM and cooled to -153 °C. Images were acquired in constant 

current mode. 

Figure 6.3A shows a typical STM image of the surface after deposition. The dimer can 

be identified as the rod-like shape which has ordered into 2D islands characterised by 

a rhombic unit cell with parameters a = 2.8 ± 0.1 nm, b = 2.4 ± 0.1 nm, and θ = 70 ± 

2°. As this unit cell is incommensurate with the underlying Au(111) surface and the 

herringbone can still be seen faintly in large scale images (Figure 6.3A) the molecule-

surface interaction is expected to be relatively low173,174. It is therefore anticipated that 

the stabilising force within the 2D islands is van der Waals interactions between 

molecules and, more specifically between, the alkyl side chains which are seen to slot 

together in order to maximise this interaction. This is similar to what has been seen in 

the previous chapter and also in a number of small molecule studies175–177, although 

the alkyl chains studied here have a more complicated branched structure meaning that 

the simple geometric interdigitation cannot be the case here.  
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Figure 6.3 (A) STM image of dimer molecules deposited on Au (111) showing the self-
assembled island. (B) Higher magnification of (A). The unit cell is explicitly indicated 
with parameters a = 2.8 ± 0.1 nm, b = 2.4 ± 0.1 nm, and θ = 70 ± 2°. (C) Molecular 
overlay of the dimer molecule. The sequential alkyl chain separation distance is 
indicated with the white line. (D) Molecular overlay of the C8C6 alkyl chains and green 
ovals showing expected location of second set of alkyl chains. V = 1.5V, I = 100 pA. 

Both the backbone and branched alkyl side chains are visible. The backbone of the 

dimer is assigned as the central brighter section of the structure seen in the images and 

the alkyl side chains extend from this central rod. The unit cell vectors are a = 2.8 ± 

0.1 nm, b = 2.4 ± 0.1 nm, θ = 70 ± 2°. A scaled and geometrically optimised molecular 

model of the dimer has been placed on the STM image (Figure 6.3C) showing a good 

size agreement between the measured structure and the molecule. This agreement can 

be quantitatively evaluated across the molecular islands by measuring the distance, c, 

between sequential alkyl side chain protrusions along the length of the backbone 

(which is essentially the repeat unit of the polymer chain itself) as shown in Figure 
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6.3. This is a useful measurement guide as the alkyl chain protrusions are easily 

recognisable across many tip conditions and can be used as a good indication of 

potential polymerisation defects such as to the inclusion of additional D or A units in 

a molecule. The expected distance for the molecule shown in Figure 6.1 is 1.6 nm 

(obtained from a geometrically optimized molecular model) and the measured value 

for the dimer of 1.6 ± 0.1 nm is in excellent agreement with this value (measured for 

185 molecules across different sample locations).  

Some alkyl side-chains can be identified as Y shaped structures protruding from the 

central rod. The chemical structure in Figure 6.1 shows that this is the expected shape 

of the branched alkyl side chains. By overlaying a scaled molecular model with the 

correct number of carbons it is clear to see that again the size of the alkyl chain matches 

with what is expected in most cases (Figure 6.3D). There is some variability in how 

well the model fits with the Y shape, this is likely due to the highly flexible and easily 

distortable nature of the alkyl group. The 3D nature of the alkyl group is also expected 

to cause significantly more tip-molecule interactions and there is some indication of 

this in the frequent noise and streaks seen in the images presented here.  

The best fit with the STM images is obtained for a molecular model where the poly 

(C8C6DPPT-P) dimers form rows of parallel offset molecules and the short and long 

branches of the alkyl chains interact selectively, and exclusively, among each other. 

In particular, the C6 branch in the alkyl chain of one molecule packs next to the C6 

branch of the dimer in the neighbouring row, while its C8 branch interacts with the C8 

branch of the preceding dimer in the neighbouring row (see Figure 6.3B). This model 

explains well two out of the four alkyl chains that compose each dimer molecule (one 

set of two branched solubilising chains for each monomer unit). While the STM 

images show clear evidence for the remaining two alkyl chains, it is much more 

difficult to assign their exact location. Most probably this is because the remaining 

two alkyl chains are located in a more compact areas between the dimer backbones 

(see green ovals in Figure 6.3B) where they are likely not to lie flat on the surface and 

instead adopt an out of plane geometry.  

By using higher resolution images, it is possible to identify sub-monomeric contrast 

and attempt to identify potential defects occurring in the monomer sequence. Acceptor 

units (A) can be easily located through the presence of the alkyl side chains which, by 
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subtraction from the remaining parts of the backbone, allows also the identification of 

the donor units (D). By analysing all of the acquired STM images in this manner, the 

ideal (AD)2 sequence can always be assigned, as for example shown in Figure 6.3B. 

This is clearly a different manifestation of the fact that the measured alkyl chain 

spacing is in perfect agreement with the value of 1.6 nm, expected for ideal dimers. 

It is clear from these results that the poly (C8C6DPPT-P) dimer has been deposited 

intact and that there seem to be no defects in its structure, for both the length and the 

chemical composition of the chains. This further implies that defects must be very rare 

at this early stage of the synthesis of the (C8C6DPPT-P) polymer.  

 

6.2.3 Tetramer 

The tetramer was deposited on Au(111) following the same procedure used for the 

dimer (previous section) but using a deposition time of 6 minutes at a current of 60 

pA. Also in this case, the sample was transferred to the in-situ STM and cooled 

to -153 °C before images were acquired in constant current mode. 

 

Figure 6.4 (A) STM image of (C8C6DPPT-P) tetramer molecule deposited on Au (111) 
showing the self-assembled island. (B) Higher magnification of (A) showing the unit 
cell of the molecular superstructure with parameters a = 2.0 ± 0.2 nm, b = 1.6 ± 0.1 
nm, and θ = 90 ± 1° and a molecular overlay. V = 2.0 V, I = 300 pA. 

As was seen for the dimer, STM images reveal that the molecules have self-assembled 

into ordered 2D islands (Figure 6.4), although these are considerably smaller in size. 
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For the dimer, islands were in excess of 50 nm x 50 nm, but tetramer islands were 

rarely larger than 20 nm × 20 nm. The 2D islands are comprised of individual tetramer 

molecules – easily identifiable as the narrow rod structures with bright protrusions at 

regular intervals along the length – which run parallel to one another with an average 

separation distance of 2.0 ± 0.2 nm. The most common packing is for molecules to 

align their long axes parallel to one another with the alkyl chains either side interacting 

with the alkyl chains of neighbouring molecules appearing to slot together.  

The straight backbones are reminiscent of what has been seen in chapter 5 for poly 

(C14DPPF-F). There it was determined that the straightening of the backbone was in 

order to maximise the alkyl chain interdigitation, as the enhanced van der Waals 

interaction compensated for the energy cost associated with adopting a linear 

conformation. Figure 6.4 demonstrates that also for the tetramers of poly (C8C6DPPT-

P) the alkyl chains are interacting even if the exact interdigitation motif is not as clear 

as with the linear alkyl chains in chapter 5. Moreover, for poly (C14DPPF-F) in chapter 

5 it was possible to determine the rotational conformation of the furan rings directly 

from the STM images, while this is not the case for the tetramer. In this case, a better 

way to determine the rotational conformation is to establish which molecular structure 

– among several different optimised structures – fit with the STM images. In Figure 

6.5 we see two such possible optimised structures of the tetramer overlaid on the STM 

data, where structure A (parallel DPP units, panel A) provides a much better match 

than structure B (specular DPP units, panel B).  
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Figure 6.5 (A) Overlay of tetramer model A where all DPP units are parallel on an 
STM image of the molecule and (B) an overlay of tetramer model B where subsequent 
DPP units are specular. V = 2.0 V, I = 300 pA. 

The alkyl side chains appear brighter than the backbone of the polymer and, as they 

are not expected to have a higher density of states we conclude that the alkyl chains 

have adopted a non-planar geometry. Further evidence for this comes from comparing 

the shape of these bright protrusions to the Y shape of the alkyl chains seen in the 

dimer molecule. Whereas that Y shape fits well with the branched geometry of the 

chains, the more elongated shape of these chains does not match directly match with 

it. The origin of this is not clear: the out-of-plane geometry of the tetramer alkyl chains 

might have been adopted in order to facilitate a greater degree of interdigitation 

between neighbouring molecules. At the same time, the increased length of polymer 

backbone could change the balance between the unfavourable distortion of alkyl 

chains and their favourable interdigitation.  

The measured repeat unit length (1.7 ± 0.1 nm) was close to the expected value (1.6 

nm), as demonstrated by the excellent match of the optimised molecular model and 

the STM image in Figure 6.4. This indicates that there are no defects in the expected 

monomer sequence of the tetramer, as a shorter repeat distance would be expected for 

an AA defect and a greater distance for an ADDA defect. However, several of the 

analysed molecules contain more than the expected 4 monomer units. A complete 

distribution of the number of monomers per molecule is shown in Figure 6.6 where 

105 chains were analysed across several different images and regions of the sample. 

A B

2 nm2 nm
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Only 55% of the imaged molecules here the expected 4 monomer units length. Both 

longer (up to 6 units) and shorter (as low as 2 units) are present in this synthetic batch. 

 

Figure 6.6 Histogram showing the distribution of oligomers lengths in the nominal 
(C8C6DPPT-P) tetramer sample expressed as a function of the number of monomer 
units. 

This discrepancy between the nominal and actually measured chain length was not 

expected and had not been picked up by the traditional analytical methods available to 

our collaborators who synthesised the molecules. As such these results are a further 

demonstration of the unique analytical power of the ESD-STM technique.  

The tetramer was synthesised by taking the dimer and adding further monomer units 

to it. As no chain length mistakes were observed in the dimer, it can be expected that 

the synthetic errors have occurred in the step from dimer to tetramer. This information 

will be useful in determining a more controlled synthetic strategy for making 

monodisperse tetramers (and hexamers, see next section), i.e. in precisely mastering 

the number of monomer units that can be added to existing oligomers. It has been 

shown that the length of the conjugated polymer has a dramatic effect on the band gap 

of the material and the device performance178 and it is therefore very important to be 

able to achieve a full control over these factors. 

6.2.4 Hexamer 

The final oligomer studied in this chapter was the hexamer which was deposited on a 

Au(111) surface in a similar manner as for the dimer and the tetramer but for 15 
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minutes and at a current of 40 pA. Again, the sample was then then transferred to the 

in-situ STM and cooled to -153 °C, after which images were acquired in constant 

current mode. 

The packing of the hexamer chains is similar to what was observed for the tetramer 

chains, with the formation of 2D ordered islands where the hexamer molecules are 

oriented with their long axes parallel to one another. The islands orient themselves in 

line with the herringbone reconstruction of the Au(111) surface (Figure 6.7A). This is 

in contrast to the dimer where molecule-molecule interactions appear to be of greater 

importance and no registry with the underlying surface was seen. The island size is 

smaller than what was seen for both the tetramer and dimer with an average extension 

of approximately 10 nm × 10 nm. A chain-chain spacing of 2.0 ± 0.1 nm is measured 

and is consistent with what was seen for the tetramer chains. This is not surprising as 

the separation between the chains is driven by the interdigitation of the alkyl side 

chains and these are identical for all of the oligomers studied in this chapter. Also the 

appearance of the alkyl chains, brighter than the polymer backbones, is analogous to 

the case of the tetramer, suggesting a similar raised position in order to facilitate 

greater packing.   

 

Figure 6.7 (A) STM image of hexamer molecule deposited on Au(111) showing the 
self-assembled island. (B) Higher magnification of hexamer assembly with a 
molecular model of a section of the hexamer. V = -1.5 V, I = 500 pA. 

The hexamer was synthesised by taking some remaining product of the tetramer 

synthesis and repeating the same steps that were carried out to make the tetramer from 

the dimer. It is therefore not surprising that the size distribution of the hexamer 

2 nm 2 nm

A B
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molecules (Figure 6.8) is quite similar to that of the tetramers, if even not more 

disperse Only 52% of the final product is actually composed by 6 monomer units in 

length and 4% of the chains are twice the expected hexamer length at 12 monomer 

units. The presence of these longer chains and the fact we do not see chains with 9, 10 

or 11 monomer units suggests that they could be the result of 2 hexamer chains 

coupling together. Apart from this specific observation, it is however not possible to 

tell whether the errors inherent in the batch of tetramer have just been translated into 

equivalent errors of the hexamer batch (thus implying that the second synthesis from 

tetramer to hexamer was error free) or if also the second synthesis suffered from 

further errors. 

 

Figure 6.8 Histogram showing the distribution of hexamer chain lengths of 
(C8C6DPPT-P) expressed as a function of the number of monomer units. 

Using higher resolution images, it is possible to overlay a scaled molecular model 

showing that, also for the hexamer molecules, the repeat unit matches the expected 

size (Figure 6.7), indicating any absence of defects in the oligomer sequence. This is 

further confirmed by the expected number of alkyl chains (2) being seen for each 

monomer unit and by the lack of any anomalous packing. These STM images are at 

high enough resolution that a sub-molecular contrast can be seen, displaying the same 

number and type of lobes associated with the DPP sub-units (as was seen in chapter 

5). The DPP moieties lie parallel to one another, likely in order to maximise the 

interaction between the alkyl chains. In fact, the same argument made in chapter 5 can 
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be proposed here, in that parallel DPP units provide a more regular spacing of alkyl 

chains in order to better optimise their interdigitation. It appears from these results that 

the rational used in chapter 5 for linear alkyl side-chains may also be applicable to 

branched side-chains and that, also in this case, alkyl chain interdigitation is the 

driving force for polymer assembly and influences the polymer backbone 

conformation. 

 

6.2.5 Polymer 

The final molecule studied in this chapter was the (C8C6DPPT-P) polymer (structure 

displayed in Figure 6.1). It should be noted that the synthetic pathway employed for 

making the full polymer was different from the reaction scheme used to obtain each 

of the (C8C6DPPT-P) oligomer molecules (dimer, tetramer and hexamer), presented 

in the three previous sections. This is because when the oligomer reaction conditions 

were attempted an incomplete reaction occurred and the product was irretrievable. 

This made the ESD-STM analysis of the full polymer product and its comparison with 

the results obtained for the oligomer series, even more interesting. 

The polymer was deposited on a Au(111) surface under the same conditions used for 

the oligomers, with a deposition time of 10 minutes and at a current of 50 pA. Also 

here, the sample was transferred without breaking vacuum to the STM which had been 

cooled to -153 °C. 

Figure 6.9 shows a high coverage of the (C8C6DPPT-P) polymer molecule on the 

Au(111) substrate, the polymer can be identified by both the backbone and alkyl side 

chains. Besides more regular regions, where the polymer backbones are linear and 

parallel to one another, other regions exist where the polymers are significantly bent. 
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Figure 6.9 (A) STM image of a high coverage deposition of the(C8C6DPPT-P)  
polymer on Au(111) and (B) high resolution STM image of the same surface. V = -1.8 
V, I = 500 pA. 

These different packing regimes can be recognised in Figure 6.9 with the main 

difference being the degree to which the alkyl chains appear to interdigitate. There are 

sections that are fully interdigitated with the minimum chain-chain distance of 1.8 ± 

0.1 nm and others where the backbones are the furthest apart at 2.4 ± 0.1 nm. In the 

lower left hand corner of Figure 6.9A, a regular packing of chains can be seen with a 

spacing between backbones of 2.0 ± 0.1 nm, which is analogous to the packing seen 

for the tetramer and hexamer molecules (Figure 6.4 and Figure 6.7).  

At lower coverages chains assemble into high aspect ratio 2D islands consisting of 2-

4 strands which appear much more regular than those at higher coverages (Figure 6.10) 

and are characterised by a chain-chain separation of 1.9 ± 0.1 nm. The islands follow 

the herringbone reconstruction of the Au(111) substrate and extend across different 

substrate terraces. The step edges are also decorated with polymer chains which have 

aligned themselves along them. Apart from where the chains follow the herringbone 

elbow sites, polymers appear completely linear at these lower coverages. This leads 

us to the conclusion that the irregularity of the assembly seen for higher coverage is 

indeed a consequence of the higher coverage and of the polymer chains not having 

sufficient space to re-organise into a lower energy conformation.  

2 nm

B

20	nm
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Figure 6.10 STM of the polymer molecule on Au(111) at a low coverage. V = -1.8 V, 
I = 500 pA. 

Acquiring high resolution images at low coverages becomes significantly more 

difficult, because of a much higher surface mobility of the polymers, as can be seen in 

the centre of Figure 6.10 (a polymer has moved under the influence of the tip while 

being scanned). As such, the higher resolution images showing sub-monomeric 

contrast were exclusively acquired on the high coverage preparation.  

The protrusions in Figure 6.11A can be associated with the sub-units within the repeat 

unit, thereby allowing to test the validity of a molecular model in much the same way 

as has been done previously in this thesis. However, any attempt to associate a 

molecular model of the polymer structure in Figure 6.1 to high-resolution STM images 

produces a poor fit (eg. see Figure 6.12C). Numerically, the repeat unit of the AD unit 

is 1.6 nm, the measured periodicity of the polymer is 2.0 ± 0.1 nm. This difference is 

significant and indicative of a defect in the repeat unit of the polymer. This is not an 

isolated instance of a defect appearing infrequently along the polymer chain but 

represents a fundamental difference in the chemical composition of the repeat unit.  

50	nm
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Figure 6.11 (A) STM image of high coverage polymer on Au(111) and (B) zoom in of 
same area shown in (A). V = -1.8 V, I = 500 pA. 

We can attempt to identify the actual repeat unit by using a combination of molecular 

models and some ‘chemical intuition’. As a starting point, we can think of two main 

defects that may occur in the reaction mechanism: while the ideal polymer should 

result from a series of heterocoupling steps, where an A monomer reacts with a D unit 

(or a D monomer reacts with an A unit) at the end of the growing chain, homocoupling 

reactions leading to AA or DD sequences might also occur, though they should be 

highly unlikely. While the coupling of two acceptor units would produce a shortening 

of the distance between alkyl chains, which is not the case, the inclusion of an 

additional donor unit (the same type of defect that was seen in chapter 5, ABBA defect 

of poly (C14DPPF-F)) would result in a lengthening of the distance between 

subsequent alkyl side chains from 1.6 nm to 1.9 nm, which matches well with the value 

for this sample, 2.0 ± 0.1 nm. 

2 nm 1 nm
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Figure 6.12 (A) High resolution STM image of the polymer with sub-molecular 
contrast, (B) with molecular overlay of DADDA defect sequence and (C) with expected 
DADA sequence. V = -1.8 V, I = 500 pA. 

An overlay of a molecular model of this type of defect can be seen in Figure 6.12B 

and fits well with the size of the repeat unit seen in the image (the alkyl chains appear 

in the correct position). We therefore conclude that the actual sequence of the polymer 

seen in these STM images is (ADD)n and not (AD)n. This is expected to have 

significant implications for the performance of this polymer in devices and shows 

again the need for high-resolution single molecule techniques for the analysis of 

conjugated polymers. However, it should be stated that what we image on the surface 

may not be representative of the initial synthesised population (as was discussed in 

chapter 5). For example, the defective polymer we see here may be far more soluble 

in our chosen electrospray solvent and therefore be incredibly over represented in the 

STM images we obtain. 
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6.3  Summary 
In conclusion, we have demonstrated that synthetic procedures and existing analytical 

methodology are severely lacking when it comes to the analysis of conjugated polymer 

macromolecules. Not only have we shown that we can easily identify the chain length 

of oligomers and polymers but we can even identify defective chemical structures with 

less than perfect tip resolution. The system studied here, with branched side chains, 

demonstrates a more ‘realistic’ conjugated polymer than was used in our previous 

study (chapter 5) but we are still able to maintain the same degree of analytical power 

as was seen previously.  

We believe the insights produced by these results will prove invaluable when 

combined with further synthetic studies in improving the design, growth and use of 

conjugated polymers in organic electronic and photovoltaic devices.  

  



133 
 

7 Conjugated polymer microstructure determined by 

alkyl side-chain interdigitation  
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7.1  Investigating the effects of monomer composition on the local 

packing of conjugated polymers 
The molecules provided in this section of the thesis have been synthesised by Dr 

Anastasia Leventis, Professor Hugo Bronstein, and Professor Iain McCulloch. 

The structure of conjugated polymer thin films has been extensively studied as it is 

one of the most important factors controlling the performance of devices fabricated 

from these materials. Alkyl side-chains, originally introduced to improve the 

processability of otherwise insoluble molecules, have been shown to play an essential 

role in controlling the interaction between individual polymer chains and in 

determining the three-dimensional (3D) ordering, and the electronic properties of 

conjugated polymer thin films. In particular, it has been proposed that maximisation 

of side-chain interdigitation is the key driving force controlling the microstructure of 

many crystalline conjugated polymers. By combining electrospray deposition and 

scanning tunnelling microscopy, we show that two-dimensional (2D) polymer 

monolayers deposited on inert metallic surfaces reproduce well the 3D packing of  π-

stacked lamellar thin films and can thus be used as model systems for studying their 

solid state microstructure. On this basis, we investigate the 2D assembly of a series of 

conjugated polymers with varying backbone chemical compositions to explore the 

range of applicability of a simple model for linear alkyl side-chain interdigitation 

based on the maximisation of van der Waals interactions. 

Conjugated polymer side-chains are known to significantly interact with one another 

and to significantly influence the microstructure of polymer thin films123,179–182. In 

particular, it has been shown that the solid state phase of a number of conjugated 

polymer molecules is characterised by the interdigitation of their side-chains (both for 

linear and branched side-chain structures). The level of interdigitation typically 

correlates with the degree of crystallinity, the long range order and the extent of π-

stacking in the thin film, thereby dictating its optoelectronic properties. For this reason 

there is a great deal of interest in the field of side-chain engineering183–185, essentially 

trying to direct the structure of a polymer thin film through the selective choice of 

side-chain substituents. This can range from the most simple interdigitation through 

to more complex hydrogen bonding motifs. Even though a significant amount of 

research has been invested in looking at the effects of different side-chain 
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morphologies and chemistries, a molecular scale understanding capable of predicting 

how side-chains influence the polymer assembly is largely missing even for the 

simplest interdigitation of alkyl chains.  

It is well-known that the interaction of the alkyl side-chains has a significant impact 

on the polymer conformation and that, together with π-stacking, it controls the growth 

of (locally) crystalline thin films for conjugated polymer samples. Several studies have 

also demonstrated that this high degree of order is accompanied by high charge 

transport properties135,186, making it the basis for the design of polymer materials with 

increasing charge carrier mobilities. However, very few studies exist where the precise 

chemical structure of a monomer unit is linked to polymer crystallisation and almost 

nothing is known about how defects might affect the assembly of films of conjugated 

polymers. One such available investigation is the 2007 work by R.J. Kline et al.186 

who showed that the degree of interdigitation in the thin films formed by three selected 

polythiophenes (poly(3-hexylthiophene), P3HT; poly[5,5′-bis(3-alkyl-2-thienyl)-2,2′-

bithiophene], pQT; and poly(2,5-bis(3-quaterdecylthiophene-2-yl)-thieno[3,2-

b]thiophene, pBTTT), is determined by the attachment density of their linear alkyl 

side-chains. Whether interdigitation occurs (and to what extent) could be explained 

through a simple geometric model and verified by means of X-ray diffraction (XRD), 

infrared spectroscopy (IR), and atomic force microscopy (AFM) measurements. 

Essentially, there is an enthalpic gain from the van der Waals interaction of the alkane 

chains, and this is maximised when the chains pack together at a close packed density 

corresponding to the density of the analogous aliphatic linear hydrocarbons in their 

crystal structure. Additionally, it was demonstrated that in thin films of the three 

examined polythiophenes, this optimal density is adopted by the alkyl chains through 

changes in their tilt angle with respect to the polymer backbone and through 

interdigitation. 

In the present work, we perform a combined electrospray deposition (ESD) and 

scanning tunnelling microscopy (STM) study to investigate the assembly of a number 

of polythiophenes and diketopyrrolopyrrole (DPP) polymer monolayers at the 

molecular scale. By directly visualising the interdigitation and the alkyl chain tilt angle 

of monolayers of pBTTT and comparing them with the results reported by R.J. Kline 

et al.186, we first show that two-dimensional (2D) monolayers of conjugated polymers 

can be an ideal model systems for studying the three-dimensional (3D) packing of 
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their thin films. We then analyse three further DPP-based polymers, revealing the 

interactions between individual polymer strands and the arrangements of their alkyl 

chains. Our results overcome the indirectness and inherent averaging of previously 

used analytical techniques, and unambiguously demonstrate the wide applicability but 

also the limits of a model of alkyl chain interdigitation based on the minimisation of 

van der Waals contact potential. 

7.2  Results 
Figure 7.1B shows a representative STM image of a monolayer of pBTTT-C14 

deposited on a Ag(111) substrate by ESD. This technique has been used to prepare all 

of the polymer samples in this work and has been described in details elsewhere123. 

Briefly, it allows the fabrication of (sub-)monolayer coverages of complex polymer 

molecules on atomically clean and flat substrates under vacuum conditions; these 

samples can then be analysed in-situ by high resolution surface science methods17,144. 

Both the backbone and alkane side-chains of individual pBTTT-C14 polymer strands 

are clearly visible and it is immediately obvious that interdigitation between parallel 

strands is occurring. The repeat units appear as a straight segments in a sort of staircase 

structure and are connected to each other at an angle of about 120° (Figure 7.1C), in 

accordance with the molecular structure of pBTTT (Figure 7.1A). Their separation 

along the polymer backbone is measured to be 1.36 ± 0.06 nm, showing an excellent 

agreement with the value of 1.36 nm expected from a force field optimised molecular 

model. Each repeat unit is connected to two straight segments – representing the alkyl 

side-chains – that adopt a well-defined angle of 44 ± 2° with respect to the axis of the 

polymer backbone; this is consistent all over the monolayer except for very small 

regions where a different, less dense packing is seen. Accordingly, for the vast 

majority of the sample the separation between adjacent polymer backbones is equal to 

2.1 ± 0.1 nm, when measured perpendicular to the backbone themselves.   
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Figure 7.1 Chemical structures, STM images and molecular models of pBTTT, poly 
(C16DPPP-P), poly (C14DPP-T), poly (C14DPPF-F). (A), (E), (I) and (M) show the 
chemical structures of pBTTT, poly (C16DPPP-P), poly (C14DPP-T) and poly 
(C14DPPF-F) respectively. (B) and (C) show STM images of pBTTT on Ag(111) (V = 
-1.5V, I = 200 pA). (F) and (G) show STM images of poly (C16DPPP-P) on Au(111) 
(V = -1.0V, I = 100 pA). (J) and (K) show STM images of poly (C14DPP-T) on Au(111) 
(V = -2.0V, I = 200 pA). (N) and (O) show STM images of poly (C14DPPF-F) on 
Au(111) (V = -1.5V, I = 300 pA). (D), (H), (L) and (P) demonstrate the expected 
packing of polymer chains for monolayer coverages of pBTTT, poly (C16DPPP-P), 
poly (C14DPPT-T) and poly (C14DPPF-F) respectively. 

These results are in excellent agreement with the structural parameters reported by 

R.J. Kline et al. for highly ordered thin films of the same polymer186. By combining 

XRD and AFM measurements, these authors determined that the crystalline regions 

of pBTTT-C14 are characterised by a high degree of side-chain interdigitation, with 

and a tilt angle of 44° and a lamellar spacing (3D analogous to the backbone-backbone 

separation, see below) of 2.15 nm187,188. 

While these strong similarities could, at first sight, appear surprising, a precise analysis 

of the 3D crystalline structure of conjugated polymers allows to rationalise the relation 
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between the morphological characteristics of 2D monolayers and 3D thin films of 

these materials. Crystalline domains of conjugated polymers are characterised by π-

stacking of their aromatic backbones. The π-stacking distance of well-packed 

polymers is typically around 0.38 nm, a value that is essentially independent of the 

specific material186. This causes a largely planar conformation of the individual 

polymeric strands and drives their organisation into extended lamellae (Figure 7.2A). 

In particular for linear alkyl side-chains, these lamellae further assemble in the 

perpendicular direction through the (complete or partial) interdigitation of their side-

chains, determined by whether there is sufficient free volume between side chains 

(Figure 7.2B). As such, the 3D crystalline regions of conjugated polymers can be seen 

as a layered material constituted of sheets of planar interdigitated polymer strands 

(Figure 7.2C) that are kept together by π-stacking. 

 

Figure 7.2 Schematic representation of the packing of crystalline films of conjugated 
polymers. (a) Lamella stabilised by π-stacking of the aromatic backbones. (b) 
Assembly of lamellae into 3D film through interdigitation of the solubilising alkyl 
chains. This structure can also be seen as the π-stacking of planes of interdigitated 
polymers (highlighted). (c) Individual 2D plane of interdigitated polymer strands. 

When deposited by ESD on an atomically clean and flat metallic surface under vacuum 

conditions, conjugated polymers adopt a face-on geometry in order to maximise their 

interaction with the substrate. For relatively inert substrates such as Au(111) or 

Ag(111), this interaction is however not particularly strong and is probably 

comparable to the π-π stacking interaction in the 3D thin films. The inherently 2D 

monolayers of ESD-deposited polymers are thus analogous to the planes of 

interdigitated polymer strands that constitute the 3D films (Figure 7.2C); it is therefore 

not surprising that their assembly is characterised by similar features. In particular, the 

case of pBTTT-C14 discussed above, demonstrates a qualitative – the interdigitation 

between alkyl chains – and quantitative – tilt angle and backbone-backbone 

separation/lamellar spacing – analogy between these 2D and 3D structures. As such, 
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2D monolayers of conjugated polymers deposited by ESD on inert metallic surfaces 

can be used as model systems for studying the 3D crystalline packing of these 

materials and thus represent a valuable tool to determine their solid state 

microstructure. 

Based on this, we studied the 2D assembly of three further polymers to demonstrate 

the general validity of the simple geometric model introduced by R.J. Kline et al.186, 

capable of predicting the crystalline packing of conjugated polymers with linear alkyl 

side-chain. For planar polymer strands with a fixed π-stacking distance of 0.38 nm186, 

the optimal alkyl chain areal density, ρopt = 5.4×1014 cm-2, (i.e. that of crystalline 

polyethylene) corresponds to an optimal distance between the alkyl chains, dopt = 

0.49 nm. For a polymer with a spacing c of side-chains along the backbone, this 

optimal distance can be achieved by either tilting of the alkyl chains at an angle θNI 

(Figure 7.3A) or by interdigitation and tilting of the alkyl chains at an angle θI (Figure 

7.3A). This can be expressed in the following equations:  

𝜃7s = 𝑐𝑜𝑠/v
𝑑wxk
𝑐

 

Equation 7.1 

𝜃s = 𝑐𝑜𝑠/v
2𝑑wxk
𝑐

 

Equation 7.2 

For example, in the case of pBTTT, the spacing of side-chains along the backbone is 

c = 1.36 nm which, in the case of interdigitation, results in an expected tilt angle 

θI,pBTTT = 44° which is in perfect agreement with the values measured by STM in the 

2D monolayers and by XRD in the 3D thin films. 
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Figure 7.3 Schematic representation of the tilt angle adopted by the alkyl side-chains 
of conjugated polymers in order to maximise van der Waals interactions. (A) non-
interdigitated and (B) interdigitated case. 

The other three conjugated polymers studied in this work are DPP donor-acceptor 

polymers with different aryl substituents. Poly (C16DPPP-P)189 (Figure 7.1E) consists 

of an acceptor unit – containing a central DPP ring which is flanked by two phenyl 

rings – and a donor unit which is a phenyl ring. Figure 7.1F shows an STM image of 

a monolayer of the poly (C16DPPP-P) molecule deposited by ESD on a Au(111) 

substrate. Both the backbone of the polymer and the alkyl side-chains can be clearly 

seen and it is evident that they are highly interdigitated. In higher magnification 

images (Figure 7.1G), the DPP moieties appear as four protrusions (two brighter 

external and two dimmer internal), while the three phenyl rings form a straight 

segment oriented about 120° to the main axis of the DPP unit. Similarly to the case of 

pBTTT, this gives the poly (C16DPPP-P) backbone a staircase-like appearance with a 

measured repeat unit distance of 1.82 ± 0.03 nm, which fits extremely well with the 

predicted value  of 1.8 nm obtained from a force field optimised molecular model of 

a pentamer of C16DPPP-P. High resolution STM images as that shown in Figure 7.1G 

also allow an accurate measurement of the alkyl chain tilt angle, which results in 57 ± 

1°. This is in excellent agreement with the value predicted by the model of R.J. Kline 

et al.186, θI,poly(C16DPPP-P) = 58°. 

Poly (C14DPP-T) is a further example of a DPP based polymer, where each acceptor 

DPP unit is flanked by one thiophene ring on each side (Figure 7.1I). Figure 7.1J 

shows an STM image of the polymer deposited by ESD on a Au(111) substrate. Again, 

both the backbone and the alkane side chains are easily recognisable and an 
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interdigitated assembly is clearly seen. At variance with both pBTTT and poly 

(C16DPPP-P), the poly (C14DPP-T) sample is comprised almost exclusively of short 

chain oligomers, with a maximum of four repeat units in any given strand. These orient 

in a head-to-tail fashion with a slight overlap between the end of one chain and the 

start of the next. Despite the reduced length of the polymer strands, interdigitation is 

clearly still the driving force of assembly, resulting in individual chains being oriented 

parallel to each other. Figure 7.1K displays a higher resolution STM image of poly 

(C14DPP-T), with the DPP units showing a similar contrast to what observed in poly 

(C16DPPP-P), while the thiophene rings appear as single bright protrusions. Using 

these higher resolution images, it is possible to measure a repeat unit distance of 1.27 

± 0.02 nm – matching well with the value of 1.2 nm obtained from force field 

optimised oligomer models – and an alkyl chain tilt angle of 32 ± 1°, which is very 

close to the predicted angle θI,poly(C14DPPT) = 34°. 

The last polymer analysed was poly (C14DPPF-F), which has a repeat unit composed 

of DPP and three furan rings (Figure 7.1M) and which was extensively studied in our 

earlier work123. Similarly to the previous cases, STM images of poly (C14DPPF-F) 

deposited on Au(111) show highly interdigitated polymer strands with clearly 

recognisable backbones and linear side-chains (Figure 7.1N). Due to the lower overall 

surface coverage, it was possible to image also the edges of the molecular islands, 

revealing a significant difference between the orientation of interdigitated and non-

interdigitated alkyl side-chains (Figure 7.1O). A statistical analysis shows that the 

angle formed with the polymer backbone is 67 ± 2° for non-interdigitated chains and 

4 ± 2° for interdigitated ones. While the former value agrees well with the predicted 

angle θNI,poly(C14DPPF-F) = 70°, the latter is very different from what obtained from the 

model, θI,poly(C14DPPF-F) = 46°. 

The comparison between the structural parameters obtained by STM for ESD-

deposited polymer monolayers and those predicted by the assembly model of Kline et 

al.186 is summarised in Table 7.1, showing that all of the predicted and measured angles 

are within a few degrees of one another, except for the interdigitated poly (C14DPPF-

F). The precise reason why only this last polymer does not follow the simple model 

for the maximisation of van der Waals interactions is not known but a few possibilities 

are considered. Firstly, as we have previously reported123, poly (C14DPPF-F) contains 

homocoupling defects in the monomer sequence and we demonstrated that they 
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disrupt the orientation of individual repeat units within the backbone, generating gaps 

in the interdigitation of the side-chains. We speculate that these gaps could alter the 

energetics of interaction between polymer chains and consequently modify the 

preferred tilt angle of the alkyl chains. 

Table 7.1 Values showing the match between measured and predicted alkyl chain 
angles for the polymers studied here. 

 

Another possible cause might be found in the monomer composition of poly 

(C14DPPF-F). The schematic representation of the polymer chain shown in Figure 7.3, 

assumes that the backbones are colinear. This is probably a good approximation for 

pBTTT and poly (C14DPP-T) because their repeat units have an even number of 

thiophene rings (Figure 7.1A and I), which allows their trans orientation and an overall 

linear configuration for the backbone. The same approximation is probably still valid 

for poly (C16DPPP-P) because, even if successive DPP units are separated by an odd 

number of aryls, these are phenyl rings connected to each other in the para position, 

resulting, again, in an overall linear backbone (Figure 7.1E). On the contrary, each 

repeat unit of poly (C14DPPF-F) has an odd number of furan rings, implying that a 

straight backbone can only be achieved if each furan ring is trans with respect to its 

neighbour. While this is indeed the lowest energy configuration of an individual poly 

(C14DPPF-F) strand, it is also highly disadvantageous for intermolecular interactions 

because it implies an alternating orientation of the DPP moieties and thus alternating 

large and small separations between the alkyl chains. As a consequence, when 

interacting with one another through their side-chains, polymer strands of poly 

(C14DPPF-F) adopt a conformation where, in each repeat unit, two successive furans 

are cis to each other, and two are trans (Figure 7.1P). If isolated, individual polymer 

strands would be curved in this conformation but, within molecular islands, they 

become colinear because the energetic cost of straightening is compensated by the 

better alkyl-alkyl chain interactions123. This analysis shows that evaluating the 

energetic balance in the assembly of poly(C14DPPF-F) is more complex than just 

Polymer Repeat	unit	length	/	
nm

Predicted	angle	/	
degrees

Measured	angle	/	
degrees

I or	NI

pBTTT 1.36 44 44	± 2 I

poly (C14DPP-T) 1.17 34 32	± 1 I

poly (C16DPPP-P) 1.82 58 57	± 1 I

poly (C14DPPF-F) 1.40 46 4	± 2 I

poly (C14DPPF-F) 1.40 70 67	± 2 NI
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maximising the van der Waals interaction between its alkyl side-chains. As a 

consequence, it is not surprising that the simple representation shown in Figure 7.3 

might not hold for this polymer and that a more detailed description, probably a fully 

atomistic model, is needed to properly rationalise the assembly of this polymer. We 

expect this to be true for a much wider family of DPP-based polymers that include an 

odd number of planar five-membered ring in their repeat units. 

Finally, it should be noted that the non-interdigitated sections of poly (C14DPPF-F) 

have an alkyl chain tilt angle which is quite close to the predicted one. This suggests 

that if the energetics is only dictated by the interaction between successive alkyl chains 

on the same side of a polymer strand (i.e. if interdigitation is not involved), 

maximisation of the van der Waals contact is the only relevant driving force. 

7.3  Summary 
In conclusion, we have shown that besides being a unique technique for determining 

the exact monomer sequence of conjugated polymers123, ESD-STM is also extremely 

useful for probing their local microstructure. In particular, we compared our ESD-

STM data with previous XRD measurements of pBTTT – a prototypical molecular 

component of organic electronic and photovoltaic applications – demonstrating a close 

qualitative and quantitative correspondence between the structural properties of 2D 

monolayers and those of the crystalline regions of 3D thin films. The fact that 2D 

monolayers are a good model system for studying the 3D microstructure of conjugated 

polymers, was then used to extend the investigation to a family of acceptor-donor 

polymers based on the DPP electron acceptor moiety. By analysing at the individual 

molecular scale the separation between polymer strands and the arrangement and 

interdigitation of alkyl chains, we demonstrated the wide applicability of a simple 

model of polymer assembly based on the optimisation of van der Waals interactions 

between solubilising alkyl side-chains. However, we also recognised its limitations, 

identifying the monomer compositions that require a higher-level theoretical 

description. 

This work represents the first example of a new way of studying the solid state 

microstructure of conjugated polymers. We expect that, by overcoming the 

indirectness and inherent averaging of previously used analytical techniques, this new 

approach might be able to significantly contribute to establish new structure-function 
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relationships and, in particular, to determine how the monomer chemical composition 

and sequence affects the polymer assembly. 
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8 Conclusions and outlook 
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8.1  Summary of results 

8.1.1 SEISMIC 

In this work we have shown the development, construction and characterisation of a 

high flux electrospray ion beam deposition source which has been coupled to a 

variable temperature STM. SEISMIC represents an evolution of current ESIBD 

equipment14–16, demonstrating a greater ion flux and additional deposition stages 

which introduce enhanced capabilities for surface science of thermally labile or 

otherwise fragile molecules. Specifically, we have shown a new hexapole design 

which can transmit ions across a number of pressure regimes with minimal losses, a 

compact and modular system which can be upgraded with new equipment or trialled 

with improved designs. Several new avenues have been opened through the 

construction of SEISMIC. For example, the chemical modification of boron doped 

diamond, where one could controllably modify the surface of a boron doped diamond 

electrode through reactive landing of a precursor molecule.  Another area of study is 

through covalent organic frameworks. Many current synthetic strategies involve 

depositing the two precursor molecules on a surface and annealing them, however this 

often results in disordered or small domain sizes. Using SEISMIC it would be possible 

to seed the growth of these frameworks in the solution phase where mistakes in 

bonding are more easily reversed and then to deposit large sheets of covalent organic 

frameworks, which may aid in seeding the growth of higher ordered domains. We 

believe these represent just a few of the many experiments which are now possible 

using SEISMIC.  

8.1.2 Conjugated polymer studies 

We have also demonstrated the capabilities of the ESD-STM technique to probe the 

sequence, chain length and local packing of a range of conjugated polymer molecules. 

Conjugated polymers represent one of the most useful and studied subsections of 

macromolecules and in this thesis we have shown the use of ESD-STM as a tool to 

probe the key characteristics of these molecules which affect their performance in 

devices.  In chapter 5, we showed that by depositing a polymer onto an atomically 

clean substrate in HV we are able to obtain images that allow for the direct sequencing 

of a conjugated polymer backbone. Not only this, but we were able to identify the 

nature, frequency and type of defect that was present within the molecules. Further, in 

chapter 6 we have demonstrated the molecular identification of a number of 
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conjugated oligomers and polymers. The results showed that the control over the 

length of the polymer chains during the synthetic procedure was far from ideal and 

that the repeat unit present in the polymer molecule was different of that seen in the 

oligomer molecules. Finally, in chapter 7 we have investigated the local packing of 

polymer chains directed by the alkane side chains and shown that the 2D monolayers 

we have studied can be directly compared to 3D thin films which have been studied 

by complementary techniques. These three chapters which have investigated the 

monomer sequence, chain length, growth mechanism and local packing of conjugated 

polymers demonstrates that ESD-STM is a versatile technique which can be used to 

investigate a wide variety of aspects of conjugated polymers and their assembly. The 

areas we have chosen to investigate in this work represent some of the most important 

in terms of device performance. We believe the results we have found here will go 

some way towards helping organic chemists in iterating on their synthetic 

methodology and creating more well defined polymer structures with the ultimate aim 

of achievement higher device efficiencies. Indeed, in some areas the results presented 

here are already helping our collaborators in improving their synthetic design 

strategies. Further, the aspects we have investigated here are just the beginning. We 

believe future experiments involving imaging of polymers with ncAFM, conductance 

measurements through single polymer chains and scanning tunnelling spectroscopy 

measurements could all add to the ongoing research efforts directed towards creating 

polymers with greater device performance.  
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Appendicies 
Appendix A – List of publications 
The following is a list of artiles resulting from work performed entirtely or partly 

within this thesis that has been or will be published: 

D. A. Warr, L. M. A. Perdigão, H. Pinfold, J. Blohm, D. Stringer, A. Leventis, H. 

Bronstein, A. Troisi, G. Costantini, Sequencing conjugated polymers by eye. Sci. Adv., 

4, eaas9543 (2018). 

D. A. Warr, T. Moriarty, L. M. A. Perdigão, A. Leventis, D. Stringer, C. Jellet, I. 

McCulloch, H. Bronstein, G. Costantini, Predicting and visulaising the alkane 

interdigitation angle of conjugated polymers, in preparation. 

A. Leventis, D. A. Warr, J. Tully, L. M. A. Perdigão, G. Costantini, J. Nelson, H. 

Bronstein, Title to be determined, in preparation.  

D. A. Warr, L. M. A. Perdigão, J. Blohm, H. Pinfold, A. W. Colburn, M. Barrow, G. 

Costantini, A high flux ion deposition instrument for nanoscale imaging studies of 

thermally labile molecules, in preparation. 

P.J. Blowey, L.A. Rochford, D.A. Duncan, D.A. Warr, T.-L. Lee, D.P. Woodruff, G. 

Costantini, Probing the interplay between geometric and electronic structure in a two-

dimensional K-TCNQ charge transfer network, Faraday Discussions, 204, (2017), 97-

110.  

A. D. Pia, S. Lisi, O. D. Luca, D. A. Warr, J. Lawrence, M. Otrokov, Z. Aliev, E. 

Chulkov, R. Agostino, A. Arnau, M. Papagno, G. Costantini, TCNQ Physisorption on 

the Bi2Se3 Topological Insulator, ChemPhysChem, 10.1002/cphc.201800259, (2018). 

P. J. Blowey, S. Velari, L. A. Rochford, D. A. Duncan, D. A. Warr, T-L. Lee, A. De 

Vita, G. Costantini, D. P. Woodruff, Re-evaluating how charge transfer modifies the 

conformation of adsorbed molecules, Nanoscale, 10, (2018), 14984-14992. 

P.J. Blowey, R.J. Maurer, L.A. Rochford, D.A. Duncan, D.A. Warr, J. Lawrence, T.-

L. Lee, P.K. Thakur, G. Costantini, D.P. Woodruff, Conformational adsorption 

changes of electron acceptor molecules on metal surfaces, in preparation. 
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P. J. Blowey, R. J. Maurer, L. A. Rochford, D. A. Duncan, D. A. Warr, P. T. P. Ryan, 

T.-L. Lee, P. K. Thakur, G. Costantini, D. P. Woodruff, The structure of TCNQ/alkali 

metal charge-transfer networks on metal surfaces, in preparation. 

P. J. Blowey, R. J. Maurer, L. A. Rochford, D. A. Duncan, J.-H. Kang, D. A. Warr, A. 

J. Ramadan, T.-L. Lee, P. K. Thakur, G. Costantini, K. Reuter and D. P. Woodruff,. 

The structure of VOPc on Cu(111): does V=O point up, down, or both?, in 

preparation.  

Appendix B – Additional polymer molecules deposited via ESD-STM 
Figure B. 1 contains an assortment of additional polymer molecules which have been 

deposited using the Molecular Spray system and a procedure which was outlined in 

section 3.2.4. 

 

Figure B. 1 Chemical structures and STM images of a series of polymers deposited on 
Au(111) by ESD-STM. V = -1.5V, I = 200 pA. 

10	nm 2 nm

S

C6H13

n

N

NS
S

S

S

O

O

C8H17
C10H21

C8H17
C10H21

O

O

n

5 nm 2 nm

10	nm

1 nm

N

N

N

N

O

O

O

O

C8H17
C10H21 C8H17

C10H21

C8H17
C10H21

C8H17
C10H21

n

A

D

G

B

E

H

C

F

I



150 
 

These polymers represent a range of molecules which were trialled during this work 

and our currently being studied further within our group. At the time of writing this 

thesis insufficient analysis and data had been collected in order to draw any significant 

conclusions form this work. However, this data is included as it shows that the ESD-

STM technique can be used on a number of different conjugated polymers and not 

only on those already shown in this thesis.   
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