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Abstract  

 

Understanding and characterising the behaviour of polymers at surfaces is of great 

fundamental interest, in addition to being vitally important for many applications. 

Composite materials, films and coatings, functional membranes, and nanoelectronics are 

only a few examples of applications which rely on polymers functioning at surfaces. The 

interactions between polymers and surfaces are extremely influential in governing the 

overall bulk properties of materials and products. Despite this, the behaviour of 

polymers at surfaces is not fully understood and there are many unexplored areas in this 

field of research.  

Atomic force microscopy (AFM) is a technique which can image features with a high 

spatial resolution down to a sub-nanometre scale. It can accurately image a variety of 

polymer nanostructures on surfaces such as droplets, networks, thin films, and even 

single chains. AFM can also be used in a mode of operation called force spectroscopy 

which generates information regarding the strength of adhesion between different 

materials with a piconewton force resolution. It can be used to measure the magnitude 

of interaction forces between single polymer chains and surfaces.  

The primary aim of this study was to characterise the behaviour of poly(styrene-co-

butadiene) random copolymers on various surfaces at the nanoscale using AFM 

techniques. Poly(styrene-co-butadiene) is heavily utilised within industry, particularly 

in the manufacturing of automotive tyres where it is mixed with carbon black to form a 

robust composite material. This study is the first work to provide a comprehensive 

report on the morphology of poly(styrene-co-butadiene) nanostructures on various 

surfaces, under different experimental parameters. Furthermore, it is the first time 
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where the specific interactions and adhesion between poly(styrene-co-butadiene) and 

various surfaces have been examined using AFM force spectroscopy.     

A systematic study was carried out which investigated the structural behaviour of 

adsorbed poly(styrene-co-butadiene) random copolymers on mica and graphite surfaces 

using AFM imaging.  A large range of concentrations and molecular weights allowed 

investigations and discussions of many phenomena such as thin film formation (and 

dewetting), networks, spherical cap nanodroplets, and single chain conformations. 

Polymer morphology was generally more consistent on the mica, and varied significantly 

on graphite. The contact angles of the nanodroplets on the mica surface were shown to 

be size dependent by a specific trend irrespective of molecular weight. A minimum 

contact angle was observed for droplets with radii ranging from 100 - 250 nm across 

each molecular weight. This was due to influences from line tension, changes in elastic 

modulus, and surface heterogeneities. On the graphite, the nanostructures exhibited 

distinct ordering at the nanoscale. The features reflected the crystalline symmetry of the 

graphite by orientating themselves at intervals of 60° due to π-π stacking interactions. 

The ordering was extremely precise at the lowest concentration and became less defined 

at higher concentrations, but remained statistically significant.  

An AFM force spectroscopy study was implemented in order to investigate the adhesion 

and specific interactions between poly(styrene-co-butadiene) and mica, silicon, and 

graphite substrates. AFM tips were dip coated into polymer solutions to physically 

adhere polymer chains to the surface of the tips at varying molecular weights and surface 

coverages. Polymer chains were also adhered to AFM tips using force spectroscopy 

techniques. The results showed that capillary forces were increasing polymer/substrate 

adhesion on the more hydrophilic substrates. Single chain desorption events did occur, 

but had a very low probability. The experimental system was redesigned to reduce 

capillary effects and increase desorption events. Thin polymer films were deposited onto 

each substrate using dip coating and the AFM tips were left blank. The results revealed 

that capillary forces were eliminated using this system and the probability of single chain 

desorption events occurring was extremely high. It was demonstrated that the specific 

interactions between poly(styrene-co-butadiene) and graphite were the strongest of the 

three substrates due to π-π stacking interactions and van der Waals forces.  
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Lay Summary 

 
The word polymer is not widely known outside of the scientific community. However, 

throughout the world, polymers are utilised in incredible abundance for countless 

applications. On any given day, someone is likely to come into contact with polymers 

numerous times. This includes any time that they handle a mobile phone case, laptop, 

water bottle, or shopping bag. Polymers are long chain-like molecules which make up all 

plastics. The reason why polymers are used for so many applications is due to their 

extremely favourable properties, such as being tough, lightweight, low cost, and 

malleable. However, polymers are frequently combined with filler materials to further 

enhance their properties. For example, strong fibres are introduced to stiff polymers 

(such as epoxies) to increase their strength, which makes them suitable for structural 

composites. Carbon particles are also added to rubbery polymers in the manufacture of 

automotive tyres to increase their durability and decrease wear rate.  

Understanding how polymers behave at surfaces is vital for the successful development 

of many applications. These include composite materials such as carbon fibre reinforced 

polymers, nanocomposite coatings, and films used in nanoelectronic applications. The 

interactions between polymer molecules and different surfaces are extremely influential 

in determining the overall bulk properties of a material or product. For example, the 

strength of a carbon fibre reinforced bicycle frame is governed by the interactions 

between polymers and carbon fibres within the material. However, it is very challenging 

experimentally to investigate the behaviour of polymers on surfaces because these 

interactions take place at such an incredibly small length scale. This means that 
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currently, there is limited research within this field and still many unanswered 

questions.  

This thesis presents an investigation into the fundamental behaviour of polymers on 

various surfaces at the nanoscale. Initially, analysis was carried out on the size and shape 

of polymer nanostructures which formed on different surfaces. The polymer 

nanostructures were imaged using a technique known as atomic force microscopy 

(AFM). AFM is an extremely powerful imaging technique which can accurately provide 

high resolution images of individual polymer molecules on a surface. These experiments 

showed that the behaviour of the polymer nanostructures varied significantly on 

different surfaces. The strength of interactions between individual polymer chains and 

various surfaces were then directly measured by AFM whilst using a different mode of 

operation. These experiments provided valuable information regarding the nature of 

interaction forces at the molecular scale which are dominant in these systems. This thesis 

provides a comprehensive report on the behaviour of polymers on surfaces at the 

nanoscale. It presents novel findings which broaden the scope of knowledge within the 

field and are useful to many applications where polymers are used.   
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1.1 Overview  
 

Since their initial development, synthetic polymers have been used for countless 

applications due to their low cost, versatility, and extremely favourable properties. For 

over a century, research in the field of polymer science has focused on improving the  

properties of polymers, and understanding their behaviour. Much of this research has 

focused on investigating the properties and behaviour of polymers in the bulk state. 

However, many applications rely on polymers functioning at surfaces, and therefore the 

interfacial behaviour of polymers is incredibly important. It is well established that the 

behaviour and properties of polymers can be significantly different in the bulk compared 

to at an interface. However, precisely how and why the behaviour changes is not fully 

understood. Consequently, research which investigates the behaviour of polymers at an 

interface is important to fundamental polymer science, as well as, the successful 

development of many applications, such as carbon fibre-reinforced polymers and 

automotive tyres.    

Accurately investigating the behaviour of polymers at an interface can be very difficult 

experimentally. This is because the polymers must be examined at incredibly small 

length scales so that there is not a significant influence from bulk behaviour. Atomic force 

microscopy (AFM) is one of the few techniques which can accurately investigate many 

aspects of polymer behaviour at surfaces. It can be used to image polymers at the 

nanoscale and investigate a range of phenomena, from thin films and dewetting to single 

chain conformations. Furthermore, AFM can be also be utilised to investigate the specific 

interactions and adhesion between polymers and different surfaces. This can provide 

detailed quantitative information regarding the intermolecular and surface forces which 

govern interfacial polymer behaviour.  

Previous AFM experiments have highlighted the complex behaviour of polymers at 

surfaces. However, there are still many aspects of this area which are not understood. 

Furthermore, many polymer/surface systems which are extensively utilised within 

industry have not been investigated. Consequently, there is a huge potential for research 

within this area, which could be of great benefit to fundamental polymer science and 

many applications. 
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1.2 PhD aims and scope  
 

The primary objective of this study was to investigate the fundamental behaviour of 

adsorbed poly(styrene-co-butadiene) random copolymers on various substrates at the 

nanoscale. Poly(styrene-co-butadiene) is extensively utilised within industry, most 

commonly in the manufacturing of automotive tyres where it is combined with carbon 

black to make a robust composite material. If a better understanding of the interfacial 

behaviour of poly(styrene-co-butadiene) was achieved, this could benefit in the 

intelligent design and manufacturing of tyres, as well as, numerous other materials and 

applications. AFM imaging was utilised to investigate the morphology of poly(styrene-

co-butadiene) nanostructures on mica and graphite substrates at various concentrations 

and molecular weights. Whilst AFM force spectroscopy was used to investigate the 

specific interactions and adhesion between poly(styrene-co-butadiene) and mica, 

silicon, and graphite substrates.  

   

1.3 Thesis structure  
 

This thesis contains eight chapters. Chapter 2 is a literature review which focuses on the 

topic of polymers at surfaces. The applications which rely on polymers functioning at 

surfaces were explored, as well as, the techniques which can be utilised to investigate 

this topic. However, the primary focus of the chapter was to outline the common areas 

of research and developments that have taken place in the field of polymers at surfaces 

using AFM imaging and force spectroscopy. 

Chapter 3 describes the experimental methods and apparatus which have been used for 

each experiment within the thesis. A discussion is presented regarding the polymers and 

substrates used in the experiments, as well as, a detailed outline of the sample 

preparation methods and substrate deposition techniques. Each aspect of AFM imaging 

and force spectroscopy is discussed in detail including basic principles, the machines 

used, experimental procedures, and analysis of results.  

Chapter 4 presents an AFM imaging investigation of the morphology of poly(styrene-co-

butadiene) random copolymers physically adsorbed on mica substrates using spin 

coating. Detailed analysis is presented of how the morphology of the adsorbed polymer 
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nanostructures varied with both solution concentration and molecular weight. 

Furthermore, the relationship between droplet contact angle and radius is investigated 

at the nanoscale and the macroscale. Large aspects of this chapter have previously been 

presented in the following article:  

McClements, J.; Buffone, C.; Shaver, M. P.; Khellil, S.; Koutsos, V. Poly(styrene-co-

Butadiene) Random Copolymer Thin Films and Nanostructures on a Mica Surface: 

Morphology and Contact Angles of Nanodroplets. Soft Matter 2017, 13, 6152−6166. 

 

Chapter 5 presents an AFM imaging investigation of the adsorbed morphology of 

poly(styrene-co-butadiene) random copolymers on a graphite substrate. The materials 

and methods were identical to those used in Chapter 4, except the mica substrate was 

replaced with graphite. This allowed for direct comparison between the two chapters. 

The morphology of the polymer nanostructures was investigated at many 

concentrations and molecular weights. Furthermore, the specific ordering of 

poly(styrene-co-butadiene), polystyrene, and polybutadiene was investigated on the 

graphite surface. Large aspects of this chapter have previously been presented in the 

following article:   

McClements, J.; Shaver, M. P.; Sefiane, K.; Koutsos, V. Morphology of Poly(Styrene-Co-

Butadiene) Random Copolymer Thin Films and Nanostructures on a Graphite Surface. 

Langmuir 2018, 34, 7784–7796. 

 

Chapter 6 presents an AFM force spectroscopy study which investigates the adhesion 

between poly(styrene-co-butadiene)-coated AFM tips and mica, silicon, and graphite 

substrates. Polymer chains were physically adsorbed to AFM tips using dip coating and 

force spectroscopy techniques, and were then used to interact with the surface of each 

substrate. The coated-tip/substrate adhesion was investigated for each substrate, and 

the advantages and limitations of the techniques were thoroughly examined. 

Furthermore, the impact that the tip history and tip/substrate contact time had on the 

measured adhesion was also examined.    

Chapter 7 presents an AFM force spectroscopy study which investigates the specific 

interactions and desorption forces between poly(styrene-co-butadiene) and mica, 
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silicon, and graphite substrates. Blank AFM tips were used to pick up polymer chains 

from thin films on each substrate, which had been prepared by dip coating. The specific 

interactions and desorption forces between the polymer and each substrate/AFM tip are 

presented, as well as, an examination of the forces associated with the globule-extended 

coil conformational transition and chain pull-out from the thin films. Furthermore, a 

detailed examination of polymer bridging between the tips and each substrate is 

presented.       

Chapter 8 presents conclusions for the investigations outlined above, as well as, 

describing the potential areas for future work.   
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2 Literature review 
 

 

 

 

 

 

 

 

 

 

 

 

Summary 

This chapter begins with a brief historical overview of the polymer industry and a 

discussion regarding the favourable properties of polymers. The chapter then focuses on 

the topic of polymers at surfaces. This includes a detailed discussion of applications 

which rely on polymers functioning at surfaces, as well as, outlining techniques which 

are utilised to investigate polymers at surfaces. Finally, a comprehensive discussion is 

presented of the main research areas of polymers at surfaces, which have been 

investigated using AFM imaging and force spectroscopy. 
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2.1 Polymers  
 

2.1.1 History of the polymer industry  
 

Polymers have existed since life began. They occur in a natural form and are vitally 

important for plant and animal life.1 DNA, RNA, polysaccharides, and proteins are 

biopolymers which are so fundamental to life on earth that they are collectively known 

as the molecules of life. Each of the four biopolymers are vitally important for every 

organism on Earth.2 Polymers are not only essential to the biology of humans, they have 

also been utilised as materials for thousands of years. For example, spiders silk has been 

used to manufacture clothing and decorations since ancient times due to its extremely 

favourable properties.3 However, during these times, humans did not understand that 

they were dealing with polymers.4 The birth of the modern polymer industry did not 

occur until the 19th century, when significant discoveries were made which involved 

modifying natural polymers to improve their physical properties.1  

In 1839, Charles Goodyear made a major discovery when he noted that the properties of 

rubber were vastly improved when heated with sulphur.1,5 This discovery was 

revolutionary, as natural rubber used in applications at the time became tacky and soft 

in the heat, whilst being stiff and inelastic in the cold. Goodyear’s process, called 

vulcanisation, eliminated these issues and even further enhanced the properties of 

rubber.5 Other major breakthroughs came later in the 19th century, where cellulose 

nitrate was plasticised to create tough and flexible materials, which were commercially 

known as Parkesine and Celluloid.1 However, the first truly synthetic polymer to be 

produced and commercialised was known as Bakelite resin. This was a densely cross-

linked thermoset which was synthesised by Leo Baekeland in 1907. Bakelite was 

revolutionary, not only as it was the first synthetic polymer, but also due to its favourable 

properties which meant it was heavily utilised within the automotive and electrical 

industries.6  

In the early 20th century, the polymer industry was established and chemists were 

synthesising polymers for commercial use. However, production was low (less than one 

million tonnes per annum), which was partly due to a lack of understanding of polymer 

science.1,7 At this point, the concept of macromolecules was not understood and chemists 
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believed that the materials in question were in fact aggregations of small molecules. 4 This 

meant that there was a lack of intelligent design in polymer synthesis, which limited both 

the production rates and quality of the manufactured polymers. The composition of 

polymers was not understood until 1920, when Hermann Staudinger established his 

macromolecular hypothesis. This hypothesis stated that polymers are made of up many 

small units which are covalently bonded to one another to form what Staudinger called 

macromolecules.8 The word polymer was initially introduced many years previously by 

Jöns Jakob Berzelius, who used it to describe molecules with the same chemical 

composition, but different properties. The word is derived from Greek where polys 

means ‘many’ and meros means ‘part’. However, Berzelius did not have high molecular 

weight macromolecules in mind when he coined the term.8,9 It was only later in time 

when the words macromolecule and polymer became interchangeable. Staudinger’s 

hypothesis provided the understanding and knowledge which facilitated rapid progress 

in the field of polymer science in the following years. At this time, it was stated that 

humans had entered into the ‘plastic age’.6 

In the years after Staudinger’s hypothesis, there were many significant advances in the 

field of polymer science, which occurred in relatively quick successions. Notable 

scientists such as Flory, Kuhn, De Gennes, Rouse, and Zimm carried out extensive, 

pioneering research in the field of polymer science.4 The production of polymers also 

drastically increased and many polymers were synthesised for commercial applications 

for the first time including polystyrene, nylon 6.6, and poly(styrene-co-butadiene).1 In 

this time period, polymers became one of the most commonly used materials on earth.   

 

2.1.2 The polymer industry in the modern day 
 

The production of synthetic polymers has rapidly increased since their initial 

development in the early 20th century. Currently, around 300 million tonnes of synthetic 

polymers are produced worldwide every year.7 Due to this, polymers are commonplace 

in modern society and a human can expect to come into contact with polymer-based 

products many times within a single day. The polymer industry has been incredibly 

beneficial in many fields, and facilitated huge advancements in areas such as 

transportation, personal devices, and medical applications.7 Furthermore, polymer 
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research is at the forefront of materials science and is heavily involved in the 

development of innovative products such as composite materials, nanotechnological 

devices, and smart materials.10–12 However, there are still many aspects of polymer 

science which are not fully understood and research is ongoing.   

 

2.1.3 Polymer properties  
 

The reason why polymers have been produced in such enormous quantities since their 

initial development is due to their extremely favourable properties. They are strong, 

lightweight, malleable, corrosion resistant, durable, and good insulators. 7 Furthermore, 

polymers are incredible versatile, as well as, being low-cost and easy to manufacture.13  

Polymers are generally separated into three classifications; thermoplastics, elastomers, 

and thermosets.1 Thermoplastics are linear or branched polymers with no crosslinks. 

They become liquid upon heating, which means they can be repeatedly moulded into 

almost any shape.14 Techniques such as liquid injection moulding and extrusion are 

utilised to create an enormous range of thermoplastic products.15,16 Thermoplastics can 

either by semi-crystalline or amorphous, which also impacts their material properties.1  

Common examples of thermoplastics include polyethylene, nylon, and polyvinyl 

chloride.  

Elastomers are composed of polymer chains which are crosslinked to one another. The 

crosslink density is fairly low which means that elastomers have a low Young’s modulus 

and high elasticity. When elastomers are stretched, their chain conformations become 

extended in the direction of the applied force. However, the crosslinks between chains 

prevent permanent deformation and upon release of the force, entropy drives the chains 

to return to their original, more random conformations.1 Elastomers are generally 

described as rubbery, and are well above their glass transition temperatures (𝑇𝑔 ′𝑠) at 

room temperature.17 The main application for elastomers is in the manufacture of 

automotive tyres, and common examples include polyisoprene, polybutadiene, and 

poly(styrene-co-butadiene).18    

Thermosets are polymers with a very high crosslink density. They are extremely rigid 

and stiff, with a high degree of chemical and heat resistance.1 To allow thermosets to be 
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utilised for specific applications, they are often purchased in a liquid form which is then 

cured by the user to induce crosslinking and harden the polymer. Curing is generally 

implemented using heat or some other external stimuli.19 Thermosets are frequently 

used as a polymer matrix for composite materials such as carbon fibre reinforced 

polymers.20 Typical examples of thermosets include epoxy, polyester, and 

polyurethane.21    

 

2.1.4 Poly(styrene-co-butadiene) 
 

Poly(styrene-co-butadiene) is an elastomeric copolymer composed of styrene and 

butadiene monomer units. For commercial applications, the polymer units are generally 

arranged in a random configuration and the styrene-butadiene ratio is approximately 

25:75.22 Poly(styrene-co-butadiene) was first developed for commercial applications in 

Germany in 1937, where it was named Buna S. This was to counteract the shortage of 

natural rubber which was expected to occur during the Second World War. During the 

following decades, major advancements took place regarding the polymerisation of 

poly(styrene-co-butadiene). This significantly improved its properties which meant that 

it became the most commonly utilised rubber.23  

Poly(styrene-co-butadiene) is used for many applications, such as the manufacture of 

adhesives, shoe products, sealants, and O-rings. However, the primary use for 

poly(styrene-co-butadiene) is in the manufacture of automotive tyres.22 On its own, 

poly(styrene-co-butadiene) does not have the adequate strength and wear resistance to 

be suitable for a modern day tyre. Therefore, filler materials such as carbon black or silica 

are utilised to reinforce the tyres. This creates a composite material with significantly 

increased strength, stiffness, abrasion resistance, and tear strength.24,25   

   

2.2 Polymers at surfaces 
 

Understanding the behaviour and properties of polymers in their bulk state is incredibly 

important to polymer science and has been an area of widespread research. However, 

studying polymers in their bulk state does not adequately represent the full spectrum of 
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polymer use and applications. This is because a huge amount of applications rely on 

polymers functioning at surfaces. Consequently, the interfaces between polymers and 

different materials, which are not accounted for in the research of bulk polymers, are 

very important. The behaviour of polymers at an interface is extremely influential in 

governing the overall bulk properties of a material.26 Furthermore, it is well established 

that polymer behaviour at an interface can differ greatly from behaviour in the bulk. 27 

For example, studies have demonstrated that the elastic modulus and 𝑇𝑔  of polymers can 

change substantially at an interface.28,29 However, a comprehensive understanding of 

polymers at surfaces, including the drivers responsible for these behavioural changes 

has not being achieved. There is even speculation surrounding the exact characterisation 

of the interfacial region, such as how far from the surface do polymers need to be for 

their properties to be governed by bulk parameters, and what external factors does this 

distance depend on.26 If a greater understanding of the behaviour of polymers at 

interfaces was achieved, this would be incredibly beneficial to fundamental polymer 

science, as well as, many applications.  

 

2.3 Applications of polymers at surfaces 
 

Polymers functioning at surfaces are vital for many applications. These applications are 

extremely diverse and span across many areas of industry; from structural composites 

to emerging nanotechnology applications, such as nanoelectronics.  

 

2.3.1 Nanopatterning  
 

Nanopatterning is the process of patterning a surface at the nanoscale. It is often 

implemented to create ordered patterns of polymeric material on substrates. The most 

commonly utilised technique to create polymer nanopatterns is photolithography.30 The 

process of photolithography involves using a mask to expose certain areas of a polymer 

film to photoirradiation (see Figure 2.1).31 The photoirradiation can induce a number of 

reactions in the polymers such as decomposition, photopolymerisation, and 

photocrosslinking. Desired areas of the polymer film can also be removed by dissolving 
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them with solvents. Photolithography can create polymer structures with a pattern 

resolution of less than 100 nm.31,32  

 

 

 

 

 

 

 

 

 

 

  

 

Polymer nanopatterns are utilised for many applications. Nanoelectronics rely on 

nanopatterning to create high quality electronic components.33 For example, developing 

plastic electronics by patterning semiconducting polymers onto substrates. 34 Polymer 

nanopatterning is also utilised within the medical industry to manufacture scaffolds for 

tissue engineering.31,35 These applications rely on understanding how polymers interact 

with various surfaces at the nanoscale. In nanoelectronics, the stability and wetting 

properties of the polymer structures are extremely important. Whereas in medical 

applications, how the polymers interact with human tissue in vivo is vital; not only for 

the success of the scaffolds, but also for the health of the patient.31,35    

 

Figure 2.1: Illustration outlining the optical photolithography method which can be utilised to create 

polymer nanopatterns.31 

 



Chapter 2: Literature review  42 
 

 

 

 

2.3.2 Biofouling 

 
Biofouling is the accumulation of organisms on surfaces which occurs when the surface 

is exposed to water or high humidity conditions. It is an extremely prevalent and serious 

problem which impacts many areas of industry. For example, extensive biofouling occurs 

on the submerged hulls of ships which increases surface roughness, and therefore leads 

to increased fuel consumption and a decrease in top speed.36 Another example of where 

biofouling is a serious problem is implanted medical devices such as catheters. 

Accumulations of bacteria commonly occur inside catheter tubes which can cause 

serious infections for patients.37  

Polymer coatings are often utilised to reduce biofouling. A small number of synthetic 

polymers possess the specific properties which prevent the adsorption of organic 

material to their surfaces. Furthermore, the polymers are also biocompatible and non-

toxic. These properties make the polymers suitable for numerous non-biofouling 

applications.38 Due to this, there is extensive research in creating polymer films and 

coatings which can be used to prevent biofouling in various areas of industry. This field 

of research is directly focused on the interfacial properties of polymers. How polymers 

interact with organisms to prevent biofouling, but also the interface between the 

polymers and the substrate surface, such as a ship’s hull or catheter tube.36–38 

 

 

2.3.3 Composite materials  
 

A composite material is when two or more materials are combined to create a new 

material with properties which the original component materials did not possess. 

Humans have been utilising composite materials since ancient times. For example, 

mortars for building structures were made from combinations of clay, mud, and straw. 39 

However, it is only in more recent years when polymers became a key component in the 

manufacture of composite materials. Polymer composites generally consist of a polymer 

matrix combined with filler materials, such as glass fibres or various carbon products. 

Polymer composites can have extremely favourable properties such as high strength and 

stiffness, whilst being very lightweight. This makes them suitable for many structural 
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applications such as high-cost components for aircrafts and vehicles, as well as, more 

personal items including sporting equipment.40,41         

The use of carbon filler materials in polymer composites is of particular interest to many 

industries. This is due to the excellent electrical and mechanical properties of 

polymer/carbon composites.42 Examples of polymer/carbon composites which are 

heavily utilised within industry are carbon fibre reinforced epoxies and carbon black 

reinforced poly(styrene-co-butadiene).43 Furthermore, the relatively recent 

development of carbon ‘super’ materials, graphene and carbon nanotubes (CNTs), has 

created the potential for a new class of nanocomposites with even greater properties.44,45 

The polymer/carbon interface is extremely influential in governing the overall 

properties of the composite material. Therefore, there has been substantial amounts of 

research which has focused on the interfacial behaviour of polymers at carbon surfaces. 

Investigations which examine the interactions between polymers and carbon 

nanomaterials, such as graphene and CNTs are particularly prominent (see Figure 

2.2).46,47 However, this area of research is still relatively new and there are many 

unanswered questions.      

 

 

 

 

 

 

2.4 Techniques for investigating polymers at surfaces  
 

There are many techniques which can be utilised to investigate polymers at surfaces. 

Some examples include ellipsometry, Raman spectroscopy, x-ray and neutron 

reflectivity, dynamic secondary ion mass spectroscopy, and nuclear reaction analysis.26,48 

However, the following section will focus mainly on imaging and force spectroscopy 

techniques, which are commonly utilised to investigate polymers at surfaces. Imaging 

techniques generally examine the morphology and properties of polymer thin films and 

Figure 2.2: Illustration showing the interactions between a single copolymer chain and a carbon 

nanotube.46  
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nanostructures on substrates.49 Force spectroscopy techniques investigate the 

mechanical properties of polymer chains at the nanoscale, or the specific interactions 

between polymers and different surfaces.50 These techniques are generally very precise 

as the length scales and forces involved in the investigations are incredibly small. 26   

 

2.4.1 Electron microscopy  
 

Scanning electron microscopy (SEM) is an imaging technique which involves scanning a 

focused electron beam across a sample. The electrons interact with the sample and 

produce signals which can generate an accurate image at the nanoscale. The first 

commercial SEM was developed in 1965, although research of electron microscopy 

techniques began many years earlier.51 SEM has many advantages as an imaging 

technique. It can image samples with a high resolution, down to 1 nm in some 

circumstances. Furthermore, SEM machines are easy to operate and imaging is time 

efficient.51 SEM can be utilised to image (coated) polymer structures such as microbeads, 

interacting with different materials and surfaces.52  

There are some distinct disadvantages of imaging polymers using SEM. Polymers are 

generally not electrically conductive, which leads to a build-up of negative charge when 

imaging. This causes a significant reduction in the image resolution.53,54 Polymer samples 

can be coated in thin layers of conductive materials such as gold, which increases 

conductivity and alleviates this problem. However, conductive coatings can lead to 

ambiguity in the images, particularly when investigating extremely small polymer 

nanostructures. Another problem with imaging polymers using SEM is that the electron 

beam can irreversibly damage the polymer samples.53 Accurate imaging of polymer 

nanostructures at surfaces using SEM can be difficult, and there are a number of 

limitations to consider.   

Transmission electron microscopy (TEM) is also an imaging technique which can be 

utilised to investigate polymer nanostructures and thin films. The experimental setup 

and procedures are similar to SEM. However, electrons are not scanned across the 

sample’s surface, instead they are transmitted through the sample and collected on a 

detector which creates an image. Areas in the images appear light or dark depending on 

the amount of electrons which have been transmitted through the sample in that specific 
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area. TEM can be utilised to image polymer morphology, but it can also examine the 

composition of materials, investigate defects, grain boundaries and dislocations, and 

examine crystal structure.55 TEM has a greater image resolution and magnification than 

SEM.56 Although, there are some distinct disadvantages with the technique when 

investigating polymers. For example, in order for successful imaging to be carried out, 

the samples need to be extremely thin so that they are electron transparent. However, 

creating thin polymer films which are suitable for TEM can be very difficult 

experimentally. Furthermore, the contrast when imaging is often very low due to 

polymers generally containing the same light elements, which do not strongly interact 

with the electron beam. Similarly to SEM, the electron beam irradiation can also damage 

the polymer samples.56  

 

2.4.2 Magnetic tweezers 
 

Magnetic tweezers are a force spectroscopy technique which can be utilised to 

investigate the mechanical properties of single polymer molecules. Magnetic tweezers 

operate by fixing one end of a single molecule to a substrate, and the other end to a 

magnetic particle. A magnetic field is then generated by magnets positioned above the 

particle. This creates an upward force on the particle, and therefore extends the polymer 

molecule. Additionally, the magnets can rotate, which causes the molecule to twist under 

torsional force.50,57 Figure 2.3 shows the experimental apparatus used for magnetic 

tweezer experiments. The extension of the molecule is calculated by tracking the position 

of the magnetic particle, and the force applied can be calculated from the magnitude of 

the magnetic field. Magnetic tweezers can exert extremely small forces on molecules, 

down to 0.01 pN.50 
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The most common experiments using magnetic tweezers focus on examining the 

mechanical properties of single DNA molecules.58 In the experiments, DNA molecules are 

extended and twisted which builds up torsional strain. At a critical point of torsional 

strain, the extension suddenly reduces as the molecule buckles and forms a 

plectoneme.59 This research can provide detailed information regarding the supercoiling 

of DNA, which is useful for understanding DNA interactions and structural transitions.58 

Although magnetic tweezers have a high force sensitivity and the ability to apply 

torsional strain to molecules, there are some significant drawbacks with the technique. 

In particular, there is a lack of versatility when using magnetic tweezers, especially when 

compared to similar techniques. Other than applying a torsional strain to the molecules, 

there are very few additional investigations which can be performed without the need 

for complex experimental procedures and apparatus.50  

 

2.4.3 Optical tweezers  
 

Optical tweezers are a force spectroscopy technique which can be utilised to investigate 

the mechanical properties of polymer chains. The experimental setup and procedures 

Figure 2.3: Illustration showing the experimental apparatus for magnetic tweezers. A single DNA 

molecule experiences torsional strain due to the rotation of the magnetic particle.50   

  



Chapter 2: Literature review  47 
 

 

 

 

used for optical tweezers are similar to those used for magnetic tweezers. However, 

there are some distinct differences between the two techniques. Primarily, that optical 

tweezers create an optical trap by focusing a laser through a microscope objective at a 

diffraction limited area. The focused beam then attracts any particles in close proximity, 

which have a higher refractive index than the surrounding medium. The particles 

become trapped at the beam focus due to a three-dimensional restoring force. External 

forces which are applied to the particle are measured from the change in position of the 

particle in the optical trap, or by investigating the deflection of the focused beam. The 

technique can exert forces ranging from approximately 0.1 pN to 100 pN on trapped  

particles of various sizes, and can measure the displacement of the particles with a very 

high degree of accuracy (sub-nm).50,60 Optical tweezers are generally utilised to 

investigate the mechanical properties of polymers by attaching a particle at the end of a 

polymer chain. The other end of the chain is permanently fixed to a substrate in close 

proximity to the focus beam. The polymer chain is then stretched by moving the 

substrate using a piezo-driven stage and the resulting force can be measured.61 An 

alternative experimental procedure is called the dumbbell assay, which uses two focused 

beams to trap polymer chains with particles at each end. One of the beams is then moved 

which causes the chain to stretch.50,60  

A common area of investigation using optical tweezers is to stretch and measure the 

force response of DNA and RNA molecules.60,62,63 The molecules can be stretched in 

different aqueous mediums which produces force-extension curves. The curves can then 

be fitted to the WLC model which allows values such as persistence length to be 

calculated in different environmental conditions.60,61 Optical tweezers have many 

advantages, such as being very versatile with an extremely high force resolution. 

However, there are also some limitations associated with the technique. For example, 

any dielectric particles which are in close proximity to the focused beam will be trapped. 

Therefore, many particles can be trapped in the beam simultaneously, which can make 

it difficult to achieve accurate results regarding the mechanics of single chains. Local 

heating due to the intensity of the laser beam can also impact results in optical tweezer 

experiments. For example, heating can affect the properties of the molecules being 

stretched or can alter the viscosity of the aqueous solutions in close proximity to the 

beam.50 
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2.4.4 Contact angle goniometry   
 

Contact angle goniometry is a technique which can be utilised to measure the wettability 

of liquids on substrates. The technique generally involves depositing a sessile liquid 

droplet onto a substrate and using a high-resolution camera to record the droplet. Drop 

shape analysis is then carried out on the software which provides a value of the tangent 

angle of the droplet at the three phase contact point.64 The experiments are mostly 

performed using macroscopic droplets, which generally have a size limitation close to 1 

mm.65 The most common investigations of polymers at surfaces using contact angle 

goniometry involve measuring the wettability of different liquids on polymer films. This 

can provide information regarding the polymer/liquid interface, and also the 

hydrophobicity of the polymers.66 Furthermore, some studies have examined how the 

wettability of polymer thin films changes when film thickness is reduced down to less 

than 50 nm.67 Contact angle goniometry is time efficient, uncomplicated, and can provide 

meaningful data regarding polymers at surfaces. However, the technique does have some 

distinct limitations. For example, it cannot obtain quantitative information regarding 

specific polymer/substrate interactions.   

 

2.4.5 Atomic force microscopy - imaging  
 

Atomic force microscopy (AFM) is an imaging technique which is classified as a form of 

scanning probe microscopy (SPM). Before the invention of AFM, the first SPM technique 

was developed in 1981 by Binnig and Rohrer at IBM’s research laboratory. The technique 

was called scanning tunnelling microscopy (STM), and it laid the foundation for future 

techniques, such as AFM.68 The process of STM involves bringing a sharp metal tip into 

extremely close proximity with a sample. A voltage is applied, which creates tunnelling 

between the tip and the sample. The resulting current intensity in the tip is dependent 

on the distance between the tip and sample’s surface. As the tip scans across the varying 

topography of the surface, the current is kept constant by altering the voltage applied to 

the piezo. The changes to the voltage allow for a topographical image to be created at the 

atomic scale. This was the first technique with the capabilities to image with an atomic 

resolution.68,69 STM can also be used to move and position single atoms on a surface, and 
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was famously utilised by Eigler and Schweizer to create the IBM logo on a nickel surface 

using xenon atoms (see Figure 2.4).70 The development of STM was revolutionary to the 

field of materials science and physics, and was the first technique of its kind. However, 

there are some significant disadvantages of STM. Most notably that it relies on tunnelling, 

which means that it can only image conducting or semi-conducting surfaces. Therefore, 

materials such as non-conducting polymers and biological samples cannot be 

investigated using STM.71    

 

 

 

 

 

 

 

 

 

 

The STM was revolutionary but it had distinct limitations. Therefore, in 1985, the same 

team at IBM developed the AFM. The major advantage of AFM was that it had the ability 

to image non-conducting surfaces.71 AFM does not rely on tunnelling but instead it 

operates in a similar way to a record player. An extremely sharp tip, which is attached to 

a cantilever, is scanned across a surface. A feedback loop is utilised to control the height 

of the piezo tube, and therefore the distance between the tip and the sample. The changes 

in the piezo height due to surface topography can be used to generate an image of the 

sample’s surface with a resolution in the sub-nm scale. The most common mode of AFM 

imaging is called tapping mode, where the cantilever oscillates causing the tip to have 

intermittent contact with the surface.72 AFM imaging can also be used to generate 

information regarding the viscoelastic and adhesion properties of a sample ’s surface.73 

As AFM can image non-conductive materials, it was a revolutionary development in the 

Figure 2.4: STM images of xenon atoms on a nickel surface. (A) Immediately after xenon dosing where 

the xenon atoms are arranged at random. (B) The xenon atoms are arranged into the IBM logo using STM 

techniques.70    
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research of polymers and biological sciences.71 Detailed explanations of AFM apparatus 

and experimental procedure are included in Chapter 3.      

AFM is an extremely versatile imaging technique which has an incredibly high resolution 

and does not damage the sample during operation. Even preliminary results with the 

first AFM machine presented a lateral and vertical resolution of 3 nm and 0.1 nm, 

respectively.71 Since this initial development, the improvements in AFM techniques have 

been significant. AFM can accurately image macromolecules, such as single polymer 

chains and DNA molecules, in air and liquid.74,75 Furthermore, in 2009, Gross et al.76 used 

a modified AFM system, with a tip which was terminated by a carbon monoxide molecule, 

to image the chemical structure of a single pentacene molecule (see Figure 2.5). In the 

images, the five benzene rings which make up the molecule were clearly observed. In 

more recent years, a combination of AFM and STM was utilised by Pavliček et al.77 to 

synthesise and image a triangulene molecule (see Figure 2.6). Triangulene was first 

hypothesised 1953, but it had never been successfully synthesised due its extreme 

reactivity. This pioneering experiment by Pavliček et al. allowed a previously elusive 

molecule to be synthesised and characterised using AFM/STM.77  
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Figure 2.5: (A) Model of a single pentacene molecule. (B) AFM image of a single pentacene molecule on 

a copper substrate.76      

  

Figure 2.6: (A) Schematic of a triangulene molecule. (B) AFM image of a triangulene molecule on a 

copper substrate.77 
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Since its relatively recent development, AFM imaging has been extensively utilised 

within the field of multidisciplinary materials science. Investigations which study the 

behaviour of synthetic polymers at surfaces are particularly common. These 

experiments examine many aspects of polymer behaviour, including thin film formation, 

dewetting, and single chain conformations.49,75 AFM is an extremely useful technique for 

imaging a wide variety of polymer nanostructures on surfaces. However, it still has some 

drawbacks and limitations. For example, the z-range of the piezo movement is very small, 

so only samples with a very low surface roughness can be accurately imaged. 

Convolution errors are also inevitable when imaging, which cause the lateral size of 

features to appear larger than in reality. This is due to the finite size of the AFM tip, and 

means that deconvolution methods must be implemented.78 Furthermore, AFM can be 

very time consuming as the scan rate is generally low, and extensive user experience is 

required to achieve consistent results.  

 

2.4.6 Atomic force microscopy - force spectroscopy    
 

In addition to imaging surfaces, AFM can also be used in a mode of operation known as 

force spectroscopy. Force spectroscopy is utilised to provide quantitative information 

regarding the strength of interactions between different materials at the nanoscale. 

Furthermore, it can also be used to investigate the mechanical properties of different 

materials. The general process of AFM force spectroscopy involves using a sharp tip to 

come into contact, and then retract from a sample’s surface. When the tip retracts, it 

experiences an adhesive force which causes the cantilever to deflect. This deflection can 

be converted into a value of adhesive force experienced between the tip and the sample. 

AFM force spectroscopy is extremely sensitive with a force resolution of approximately 

10 pN. This allows the technique to investigate a large range of intermolecular 

interactions from stronger covalent bonds, down to much weaker van der Waals forces.50 

Chapter 3 includes a comprehensive review of the apparatus and experimental 

procedures used for AFM force spectroscopy investigations.  

The first AFM force spectroscopy experiments were carried out only a few years after 

the initial development of AFM as an imaging technique. In 1989, Burnham et al. 79 and 

Weisenhorn et al.80 utilised AFM force spectroscopy to produce force-distance curves 
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which investigated the interactions between AFM tips and different substrates. In the 

following years, force spectroscopy experiments became more advanced and single-

molecule force spectroscopy (SMFS) was developed. SMFS investigates the behaviour 

and forces associated with single molecules. It can provide information regarding the 

specific intermolecular and surface forces which govern polymer behaviour at an 

interface.81 SMFS experiments often involve covalently bonding a polymer chain to the  

surface of an AFM tip, and measuring the interactions between the single polymer chains 

and various substrates (see Figure 2.7).82 However, there are a number of alternative 

experimental procedures which are also utilised. The development of SMFS has provided 

a huge amount of information regarding the interfacial behaviour of polymers at various 

surfaces.  

 

 

 

 

  

 

 

 

     

 

 

 

 

 

There are many AFM force spectroscopy experiments which have investigated the 

behaviour of polymers at surfaces. This research often focuses on measuring the 

desorption forces of polymer chains on various substrates.81 Furthermore, individual 

chains can be stretched, which provides information regarding the elasticity and force 

Figure 2.7: Illustration of a single polymer molecule, which is covalently bonded to an AFM tip, 

interacting with a thin polyelectrolyte film.82 
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response of single polymer molecules.83,84 Certain experiments alter parameters such as 

solvent conditions, polymer architecture, and the functionalisation of polymers to 

observe how this impacts desorption forces and chain stretching.85–87 AFM force 

spectroscopy is an incredibly useful technique for investigating the forces associated 

with polymers at surfaces, as it is extremely versatile with a large force range. However, 

experimental procedures can often be complex, particularly in SMFS experiments. 

Furthermore, experiments can be very time consuming due to having a low probability 

of observing meaningful data regarding specific interactions.  

 

2.5 AFM investigations of polymers at surfaces  
 

The following section details some of the main research areas of polymers at surfaces 

using both AFM imaging and force spectroscopy.   

 

2.5.1 AFM imaging   
 

2.5.1.1 Thin film formation and dewetting  
 

Polymer thin films are a key component in many applications such as anti-fouling 

coatings, thin film transistors, solar cells, and microelectronic devices.88–90 However, thin 

film formation and dewetting has proven to be very complex. Many studies have 

demonstrated that the behaviour of polymer thin films differs greatly from behaviour in 

the bulk. Therefore, investigating and characterising the behaviour of polymer thin films 

is essential for the successful development of many applications. Consequently, there has 

been widespread research within this area using AFM imaging.91  

The process of creating a polymer thin film generally involves depositing a small amount 

of polymer solution onto a substrate. A coating technique is then utilised to create an 

extremely thin, homogenous film of polymeric material on the substrate’s surface. These 

techniques commonly include spin coating, dip coating, spray coating, and drop casting. 90 

The thickness of polymer films created using these techniques are generally less  than 

100 nm. After initial formation, the polymer film can either remain stable and completely 
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wet the substrate, or it can become unstable and experience dewetting. The spreading 

coefficient (𝑆) can be utilised to indicate whether a polymer film will dewet a substrate 

or remain stable. The spreading coefficient is governed by the imbalance of interfacial 

tensions in the three phase system and is defined by the following equation:92    

 𝑆 = 𝛾𝑆𝐺 − 𝛾𝑆𝐿 − 𝛾𝐿𝐺  (2.1) 

 

Where 𝛾𝑆𝐺 , 𝛾𝑆𝐿 , and 𝛾𝐿𝐺  represent the interfacial tensions of the solid-gas, solid-liquid, 

and liquid-gas phases. If 𝑆 > 0 then the polymer film will completely wet the surface, 

whereas if 𝑆 < 0 only partial wetting occurs.93 Similarly, the Hamaker constant of the 

three phase system can also be calculated to indicate whether the polymer films will be 

stable or unstable at a substrate. The Hamaker constant represents the magnitude of van 

der Waals forces acting across a system and  can be expressed using the following mixing 

rule:94 

  

   

Where 𝐴𝑖/𝑗  is the Hamaker constant of the materials i and j interacting across a vacuum. 

When 𝐴 > 0, the polymer film should be unstable and when 𝐴 < 0, the film should be 

stable.94 The spreading coefficient and Hamaker constant provide a good indication as to 

whether a polymer film will wet or partially wet a substrate’s surface. In reality, many 

polymer thin films are not stable and they experience dewetting when they are forced to 

cover a substrate. Dewetting is the formation of holes in the thin films which can be 

caused by various factors, such as nucleation due to impurities or spinodal 

decomposition. The dewetted holes can grow and change their morphology over time. 95–

97 A great deal of research has been carried out which investigates the dewetting 

behaviour of holes in polymer thin films.  

The dewetting of polystyrene thin films has been extensively examined within the 

literature.49,91,98,99 Polystyrene has a 𝑇𝑔  which is far greater than ambient room 

temperatures. This means that polystyrene thin films are glassy at room temperature, 

and capillary forces are not always strong enough to drive dewetting, even on non-

 
𝐴𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒/𝐹𝑖𝑙𝑚/𝐴𝑖𝑟 =  𝐴𝐹𝑖𝑙𝑚/𝐹𝑖𝑙𝑚 − √𝐴𝐹𝑖𝑙𝑚/𝐹𝑖𝑙𝑚𝐴𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒/𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒   (2.2) 
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wettable substrates. However, if annealing is performed to temperatures marginally 

greater than the 𝑇𝑔 , the polymer becomes visco-elastic, and significant amounts of 

dewetting are experienced in the films. Reiter et al.49,91,100 thoroughly examined the 

dewetting of polystyrene thin films on highly non-wettable polydimethylsiloxane-coated 

substrates. They demonstrated that after a short duration of annealing, many cylindrical 

holes formed in the film. At this stage of dewetting, the polymeric material from the 

dewetted holes was uniformly distributed across the whole film. Therefore, the overall 

film thickness between the holes increased. As annealing time was increased, the rate of 

hole growth decreased and frictional forces at the substrate-film interface caused the 

formation of asymmetrical raised rims around the circumference of the holes. The rims 

had a steep inside edge and a curved outside edge which could be fitted to an exponential 

decay (see Figure 2.8).49,91 There was a linear relationship between the height of the 

raised rims and the diameter of the dewetted holes. This trend, alongside the asymmetric 

shape of the rims, strongly suggested that the films were being plastically deformed, and 

that viscous flow was not responsible for the dewetting behaviour. Reiter et al. also 

observed that molecular weight did not seem to significantly impact the dewetting 

behaviour of the films. This suggested that the viscosity of the polymer film did not 

influence the rate of hole growth. This series of investigations was pioneering in 

understanding the dewetting behaviour of confined polymer  thin films.49,91,100  

 

 

 

   

 

 

 

 

 

Figure 2.8: AFM images showing the evolution of a dewetted hole with increasing annealing time for a 

polystyrene thin film on a non-wettable polydimethylsiloxane-coated silicon substrate.91      
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Many studies have also focused on how different aspects, such as the type of solvent and 

substrate topography, can influence dewetting behaviour. Akhrass et al.95 carried out 

experiments which examined the dewetting of polystyrene thin films on a nanopatterned 

substrate after annealing (see Figure 2.9). Many studies of dewetting use completely flat 

and defect free substrates. However, this is not always realistic for applications. 

Furthermore, the dewetting of thin films on patterned substrates could create ordered 

polymer nanopatterns which would be useful for many applications.33 The results of 

Akhrass et al. study demonstrated that the dewetted morphology on the patterned 

surface was highly dependent on film thickness, and therefore could be controlled by 

altering experimental parameters. It was observed that the dewetted films formed either 

cylindrical holes, spherical cap nanodroplets, or toroids depending on film thickness. It 

was presented that the width of the rim around the circumference of the dewetted holes 

was crucial in determining this dewetting behaviour.  

 

 

 

 

 

 

 

 

 

Spangler et al.101 demonstrated that the morphology of spin coated polystyrene thin films 

was influenced by the type of solvent used in the film preparation. In toluene (very good 

solvent conditions), the polymer formed thin films which had fairly smooth and flat 

surfaces. However, for ethyl acetate (fair solvent conditions), the polymer films were 

much rougher and had a less uniform morphology. This demonstrated how the specific 

conformations of polymer chains due to variations in solvent quality could influence thin 

film formation.101 Reiter et al.102 expanded on this work and demonstrated that residual 

Figure 2.9: AFM images of the dewetted structures in a polystyrene thin film on a patterned substrate 

after annealing. (A) 2D AFM height image, (B) 3D AFM height image.95 
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stresses within polystyrene thin films could impact dewetting behaviour. The residual 

stresses were created during film preparation by the rapid evaporation of dilute polymer 

solutions on the substrate surface after spin coating. This created individual chains 

which had ‘frozen-in’ non-equilibrium conformations on the substrate. The study 

demonstrated that polystyrene thin films, which were aged for approximately one year 

at room temperature before annealing, exhibited different dewetting behaviour to films 

which were annealed immediately after spin coating. The films which had been aged for 

approximately one year formed significantly fewer dewetted holes upon annealing. 

Furthermore, the raised rims at the circumference of the dewetted holes were 

considerably smaller compared to the samples which had experienced no ageing at room 

temperature. This demonstrated that ageing the samples, even in a glassy state, allowed 

the chains to form conformations which were closer to their equilibrium structures. 

Therefore, this reduced the residual stresses in the films which influenced the dewetting 

behaviour.102 Many studies have demonstrated that thin film behaviour is very different 

to behaviour in the bulk. However, it is not fully understood how interface and 

confinement effects influence the wide array of observed dewetting behaviours in 

polymer thin films. Therefore, research in this field remains a popular area of 

investigation.  

 

2.5.1.2 Single chain conformations 
 

Studying the behaviour of single polymer chains at surfaces using AFM is vital for 

fundamental polymer science. This is because individual polymer chains have no 

influence from the bulk, and therefore interfacial and confinement effects can be 

thoroughly investgated.103 Furthermore, the conformations and structures of polymer 

chains with varying molecular weights and architectures can be directly observed and 

characterised.104–106 There are also many applications where understanding and 

controlling the behaviour of single polymer chains is vital. Examples of these include 

nanoelectronics, biotechnological applications, and photovoltaics. In biology, there are 

many highly complex macromolecules which function as nanomachines. However, this 

level of technology has not yet been achieved using synthetic polymers. Consequently, 
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there is extensive ongoing research which is focused on utilising synthetic 

macromolecules as nanodevices.104  

Studying single polymer chains using AFM can be complex experimentally. This is 

because it can be difficult to isolate single chains on a substrate as they generally have a 

tendency to create aggregates. Experiments are often carried out which use polymers 

with very high molecular weights or bulky architectures. This makes the single chains 

easier to identify and image on the substrate surface. Spin coating using very dilute 

solutions can be utilised to adsorb single chains on surfaces.105 However, there are a 

number of disadvantages associated with this preparation technique. For example, spin 

coating often creates very sparse arrangements of chains on a surface, and subsequently 

it can be very time consuming to locate single chains using AFM. Furthermore, if there 

are very few chains on the surface, it limits the potential for detailed statistical 

analysis.105 Therefore, many investigations use Langmuir-Blodgett (LB) troughs to 

spread a very dilute polymer solution on the surface of water, and then transfer the 

solution to the desired substrate. This method allows for more control of the distribution 

of single polymer chains on the substrate’s surface.75  

Numerous studies have examined the conformations of single diblock copolymers on 

surfaces, in particular high molecular weight polystyrene-block-poly(methyl 

methacrylate) on mica.107,108 Polystyrene is a hydrophobic polymer, and therefore in the 

presence of water, it collapses to form a globule. Poly(methyl methacrylate) is more 

hydrophilic and it spreads as a monolayer in the presence of water. In the studies, the 

polymer was prepared using the LB trough method and exposed to high humidity 

conditions where a water layer formed on the hydrophilic mica surface. AFM imaging 

revealed that on the mica surface, the poly(methyl methacrylate) block adsorbed in a 

monolayer conformation (nanoribbons) with a thickness of 0.2 - 0.5 nm. Whereas, the 

polystyrene block formed globules on top of the poly(methyl methacrylate) monolayer 

with lengths and heights of approximately 11 - 15 nm and 2.5 nm, respectively (see 

Figure 2.10). This research observed and analysed the distinct morphology of single 

block copolymer chains on surfaces in high humidity conditions, where each block had a 

different hydrophobicity.107,108  
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Studies have also examined the behaviour of single homopolymer chains on surfaces. 

Roiter and Minko109 demonstrated that the conformations of single poly(2-

vinylpyridine) protonated cationic polyelectrolyte chains on a mica surface varied 

significantly when pH was increased. AFM imaging was carried out in aqueous mediums 

with different pH values. It was demonstrated that at a pH of 3.89, the polymers had a 

more extended conformation on the mica surface with larger radii of gyration and end-

to-end distances. Furthermore, there was a much lower fraction of loop conformations 

in the adsorbed chains. When pH was increased to 4.24, the polymers formed much more 

globular conformations with smaller radii of gyration and end-to-end distances, whilst 

the fraction of loops in the chains dramatically increased. This change in polymer 

conformation was due to the decreasing degree of ionisation in the chains with 

increasing pH of the aqueous medium.109 Investigations into the movements of 

homopolymer chains on surfaces have also been carried out. Kumaki et al. 103 

demonstrated that isotactic poly(methyl methacrylate) chains move across a mica 

substrate in high humidity conditions. Chains which were not permanently fixed to the 

mica, moved along their own lengths across the surface in a monolayer conformation. 

The degree of movement in the chains increased with increasing humidity due to the 

presence of a more established condensed water layer on the mica, which allowed the 

Figure 2.10: AFM height image showing polystyrene-block-poly(methyl methacrylate) on a mica surface 

after exposure to high humidity conditions for 27 hours. The poly(methyl methacrylate) blocks are more 

hydrophilic and form monolayer structures on the mica. The hydrophobic polystyrene blocks form 

globular particles on top of the poly(methyl methacrylate) monolayer.108 
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chains to adsorb and desorb from the substrate. At lower humidity conditions, the water 

layer was less established and the chain movements were more subtle. 103,108 These 

investigations demonstrated the complex conformational behaviour of adsorbed 

homopolymer chains under different environmental conditions.   

Many investigations characterise the behaviour and morphology of single polymer 

molecules with varying architectures. For example, a study by Schappacher and Deffieux 

analysed the morphology of polymers with complex figure-of-eight and trefoil knot 

architectures.105 By grafting many well-defined oligomers on the backbone of the 

polymers with complex architectures, it effectively increased the size of the polymer 

chains and made them much easier to identify using AFM imaging. This process was 

described as a form of magnification and allowed the conformation, morphology, and 

architecture of the complex polymer structures to be directly investigated. A study by 

Zhang et al.106 examined the morphology of dendronised polymers with varying 

architectures. This work attempted to create well-controlled, extremely large molecules 

similar to those found in biology, such as the tobacco mosaic virus (TMV). First-

generation (PG1) to fifth-generation (PG5) dendronised polymers were synthesised and 

imaged using AFM. The PG5 polymers were the largest well-controlled covalent 

macromolecules to ever be synthesised with an estimated molecular weight of 200,000 

kg/mol. AFM imaging was carried out which investigated the morphology of each 

polymer type on a mica surface. The height of the adsorbed PG1 polymer was 

approximately 0.4 nm, which is characteristic of the height of a single chain fully 

adsorbed to a surface. Whereas the height of the adsorbed PG5 polymer was 

approximately 6.2 nm, which demonstrated that the larger molecule did not flatten out 

and adsorb as strongly to the mica. This research characterised the morphology of 

extremely large single polymer molecules and could compare this morphology directly 

to that of the TMV using AFM imaging.106 Figure 2.11 shows AFM images of single 

polymer molecules with different architectures from various studies within the 

literature.  
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2.5.1.3 Ordered polymer nanostructures  
 

Creating ordered polymer nanostructures can be extremely useful in nanopatterning 

applications, such as nanoelectronics and tissue engineering.31,33 As previously 

mentioned, the most common preparation methods utilised to create ordered polymer 

nanostructures are lithography techniques.30 However, there have also been many 

investigations which focus on creating ordered polymer nanostructures using different 

techniques such as spin coating, and characterising the nanostructure morphology using 

AFM.110 This research is particularly interesting as the specific polymer/substrate 

interactions are utilised to create the ordering within the system. This research has 

provided an alternative means for creating ordered polymer nanostructures using 

relatively simple and low-cost preparation techniques. 

Many investigations have focused on creating ordered polymer nanostructures on 

graphite substrates using crystalline polymers, such as polyethylene. The first study to 

investigate this system was in 1970, where Tuinstra and Baer observed the epitaxial 

growth of polyethylene on graphite, which created ordered polymer structures with 

orientations at 60° intervals.111 This research took place before the development of AFM, 

therefore the polymer structures were observed on micrographs and the 

characterisation was limited. However, this provided the initial observations which 

would be a basis for future AFM investigations. The epitaxial ordering of polyethylene on 

graphite occurs due to the very similar size of the a-axis of the graphite until cell (2.46 

Å) and the c-axis of the polyethylene crystal cell (2.55 Å). Therefore, epitaxial nucleation 

Figure 2.11: AFM images of single polymer molecules with various architectures. (A) Linear 

polyelectrolytes. (B) Graft copolymer chains with some figure-of-eight conformations. (C) Dendronised 

polymer chains where the PG1 - PG5 labels represent the number of generations of side dendrons on 

each chain.104   
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occurs on the graphite surface which creates an ordered polymer morphology.112,113 AFM 

investigations of polyethylene on graphite have demonstrated this epitaxial ordering in 

much greater detail and provided further analysis of the system. For example, studies by 

Tracz et al.114 and Prokhorov et al.112 demonstrated that polyethylene could form 

ordered rectangular structures (see Figure 2.12) arranged at 60° on a graphite substrate. 

It was stated that these rectangular structures are probably the centres of epitaxial 

nucleation.  

 

 

 

 

 

 

 

 

 

 

 

 

Distinct ordering of amorphous polymers with alkyl side chains has also been observed 

on graphite substrates. In these instances, ordered nanopatterns are formed due to the 

distance of the 1,3 methylene group (2.51 Å) in trans alkyl chains being very similar to 

the a-axis of the graphite until cell.115,116 An investigation by Prokhorova et al.117 

examined the ordering of polystyrene with bulky dendronised side groups on a graphite 

substrate. The polymer formed a monolayer conformation on the graphite with distinct 

ordering (see Figure 2.13). It was demonstrated that if the density of branching was very 

high in the polymer molecules, steric hindrance between the alkyl side chains was 

increased and the degree of ordering was reduced. For molecules with lower branching 

densities, a higher degree of ordering was observed.117 A small number of studies have 

also investigated the specific ordering of amorphous linear polymers on graphite using 

Figure 2.12: AFM image of polyethylene crystallised on graphite. The image clearly shows the formation 

of ordered rectangular polymer nanostructures.114  
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AFM. Although, this area of research is still relatively unexplored and could prove to be 

extremely useful for nanopatterning applications. Chen et al.110 observed that specific 

ordering occurred in poly(4-vinylpyridine) on graphite substrates. The poly(4-

vinylpyridine) strongly adsorbed to the graphite and created films with varying degrees 

of dewetting. When the film had a monolayer thickness, highly ordered anisotropic 

nanotrenches formed on the surface. As film thickness increased, the degree of ordering 

decreased. At a film thickness of 4.0 nm, the dewetted structures were isotropic and no 

specific ordering was observed. Chen et al. cited this ordering to the pyridine group 

distribution in the polymer matching the lattice of the graphite, and the potential for 

nucleation along mosaic block boundaries.110  

   

 

 

 

 

 

 

 

 

 

 

 

Investigations which focus on creating ordered polymer nanopatterns using relatively 

simple preparation techniques, such as spin coating, could become very important in 

nanopatterning applications. However, there are still many polymers which have not yet 

been investigated, and therefore there is a huge potential for future work. 

 

 

 

Figure 2.13: AFM image showing the distinct ordering of polystyrene with bulky dendronised side 

chains on a graphite substrate.117    
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2.5.1.4 Polymer nanodroplets and nanoislands  
 

The formation of polymer nanodroplets is generally observed when polymer chains are 

deposited onto a weakly adsorbing substrate, and self-assemble to reduce interfacial 

contact. The morphology of polymer nanodroplets can often be characterised by a 

distinct spherical cap shape. However, on more strongly adsorbing substrates, polymers 

tend to form less uniform aggregates with more asymmetrical shapes and lower height 

values. These aggregates are known as polymer nanoislands.118 Investigating polymer 

nanodroplets and nanoislands has the potential to be useful for many applications such 

as nanopatterning, adhesion, and drug delivery.28 There are many aspects of 

nanodroplet/nanoisland formation and morphology which have been investigated 

within the literature using AFM techniques.  

Many studies have investigated the wetting and spreading behaviour of polymer 

nanodroplets on different substrates using AFM imaging. An investigation by Lau et al. 119 

demonstrated that the wetting behaviour of latex nanodroplets on silicon was not only 

governed by surface tension and line tension (as is the case with a liquid drop), but also 

the elastic modulus of the droplets. This work was developed upon by Evangelopoulos 

et al.28 who demonstrated that as the volume of polybutadiene nanodroplets on mica 

decreased below a critical value, the elastic modulus of the droplets exponentially 

increased due to surface and confinement effects. This increase in elastic modulus led to 

increased dewetting of the polymer nanodroplets. Many investigations have focused on 

examining the impact that line tension has on the dewetting of polymer nanodroplets on 

various surfaces. When examining the wetting behaviour of macroscopic droplets on flat 

substrates, Young’s equation can be used to provide a value of the droplet contact angle 

(𝜃𝑌 ):120  

cos 𝜃𝑌 =
𝛾𝑆𝐺 − 𝛾𝑆𝐿

𝛾𝐿𝐺

 (2.3) 

 

However, for nanodroplets, line tension and surface curvature can significantly influence 

dewetting behaviour and the contact angles of the nanodroplets can be very different 

from the values predicted by Young’s equation. Therefore, the modified Young’s equation 
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was developed to provide an accurate value of nanodroplet contact angle by taking into 

account line tension and droplet size:120  

cos 𝜃 = cos 𝜃𝑌 −
𝜏

𝛾𝐿𝐺 𝑟
 (2.4) 

 

Where 𝜏 is the line tension value for the system, and 𝑟 is the contact radius of the 

nanodroplet. Line tension is defined as the excess free energy per unit length at a contact 

line where three phases exist. It is similar to surface tension as it changes the shape of 

the nanodroplet in order to minimise free energy in the system. For a positive line 

tension value, the length of the contact line will decrease which increases the contact 

angle of the droplet, and therefore minimises free energy.121 The influence from line 

tension can lead to a distinct drop size dependence on the contact angle of the 

nanodroplets which is not accounted for in Young’s original equation. Although line 

tension is a defined thermodynamic quantity, there are many conflicting reports on its 

magnitude and whether it has a significant influence on the dewetting behaviour of 

polymer nanodroplets.122 For example, Seeman et al.92 investigated the wetting 

behaviour of polystyrene nanodroplets on a silicon oxide surface. They calculated that 

the value of line tension was negative for the polystyrene nanodroplets at approximately 

-10−11  N. In comparison, Milchev et al.123 simulation experiments regarding polymer 

nanodroplets on a weakly adsorbing surface suggested that a positive line tension value 

caused an increase in the contact angle of polymer nanodroplets as their radius 

decreased. Currently, the calculated values of line tension range in many orders of 

magnitude (approximately 10−11 − 10−4  N) with both positive and negative values.124 It 

is likely that a greater understanding of this phenomenon will be achieved using a 

combination of AFM experiments and simulations.   

The formation and morphology of asymmetrical nanoislands has also been the focus of 

many investigations within the literature. For example, Glynos et al.118 examined the 

morphology of polybutadiene star-like polymers when the number of arms per molecule 

was increased from 18 to 59. AFM imaging revealed that polymer nanoislands mostly 

formed on the mica surface, but the morphology varied depending on the functionality 

of the polymer molecules. The polymers with 18 arms formed much flatter nanoislands, 

whereas the polymers with 59 arms formed a shape more similar to a soft colloid. This 
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result was explained due to an increased intermolecular crowding effect which was 

experienced by the polymer with high functionality. Subsequently, there was a decrease 

in the degree of adsorption of the polymer. Glynos et al.125 also investigated the formation 

of amphiphilic poly(isoprene-b-ethylene oxide) block copolymer micelles on a mica 

surface over time. Initially after deposition, the polymer formed asymmetrical 

nanoislands on the mica. However, over time the mica surface became less hydrophilic 

which reduced the amount of water on its surface. Consequently, the polymer 

nanoislands changed their morphology due to the variations in surface hydrophilicity. 

Nanoislands which were initially large, formed spherical cap shapes with larger height 

values (see Figure 2.14). Whereas, the smaller nanoislands became flatter and more 

asymmetrical. Regardless of the size of the nanoislands, the polymer always formed a 

surface micelle structure due to the hydrophilic nature of the poly(ethylene oxide) block, 

and the flexibility of the hydrophobic polyisoprene block.125     

 

 

 

 

 

 

 

 

 

 

There have been extensive AFM investigations focused on the formation and behaviour 

of polymer nanodroplets and nanoislands, on various surfaces. However, research in this 

area often produces conflicting results, and much of the interfacial behaviour of polymer 

nanodroplets and nanoislands is still not fully understood. For example, line tension does 

not influence macroscopic polymer behaviour. However, it may play a significant role in 

influencing polymer behaviour at the nanoscale but the magnitude of this effect is 

currently unknown. Consequently, there are still many potential avenues for future work 

Figure 2.14: AFM images showing the evolution of poly(isoprene-b-ethylene oxide) nanoislands on a 

mica surface over time. (A) 89 minutes, (B) 745 minutes, (C) 2740 minutes.125 
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within this area which could be useful to numerous applications such as nanopatterning, 

adhesion, and drug delivery.28  

 

2.5.2 AFM force spectroscopy  
 

2.5.2.1 Investigating polymer/substrate interactions  
 

Intermolecular and surface forces generally govern the behaviour of polymers at 

surfaces. Understanding and characterising these forces is extremely beneficial for many 

applications, and also to fundamental polymer science.50,126 Therefore, AFM force 

spectroscopy has been extensively utilised in order to investigate the specific 

interactions between polymers and different substrates. This often involves pulling 

adsorbed polymer chains from a substrate’s surface and measuring the magnitude of the 

desorption forces. Although, these experiments are conceptually simple, it can be fairly 

difficult to achieve reliable results due to the experiments taking place on such an 

incredibly small length scale. Therefore, there are a number of different experimental 

procedures which are utilised to investigation specific polymers/substrate interactions. 

Some studies rely on physically adsorbing polymer chains to AFM tips or substrates. 

Whilst this method is generally simple and time efficient, ambiguity can arise in the 

results due to desorption from both the AFM tip and substrate.127 Another common 

experimental procedure is to covalently attach polymer chains to the surface of AFM tips. 

This method ensures desorption is only observed from the substrate ’s surface, which 

increases the accuracy of the results. However, the tip preparation procedure can be time 

consuming and experimentally complex.81,82,127 There appears to be a number of obvious 

advantages and disadvantages for many of the experimental procedures used to 

investigate polymer/substrate interactions with AFM force spectroscopy.  

The interactions between numerous linear polymers and substrates have been 

investigated using AFM force spectroscopy. For example, a number of investigations 

have focused on measuring the interactions between poly(ethylene oxide) and various 

substrates in aqueous mediums.127–129 The first experiment of this nature was carried out 

by Braithwaite et al.128 in 1996. In the experiment, a glass particle was adhered to a 

tipless cantilever and used to interact with a glass substrate in a poly(ethylene oxide) 
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solution. It was demonstrated that when the glass substrate was incubated in the 

polymer solution for 30 mins, attractive polymer/substrate interactions were measured 

due to bridging effects when the tip was in close proximity to the surface (∼50 nm). It 

was also demonstrated that the polymer interactions were more significant when the 

approach speed of the tip was reduced. In 2017, Zhang et al.127 examined the desorption 

forces of poly(ethylene oxide) on a hydroxyl-group modified quartz substrate. The 

experiments were carried using two different experimental procedures, and the 

resulting desorption forces were directly compared. In the first experiment, polymer 

chains were chemically adsorbed to the surface of an AFM tip, whilst in the second, the 

chains were physically adsorbed to the substrate ’s surface. Histograms showing the 

distribution of desorption forces for each experimental procedure were presented (see 

Figure 2.15). The histogram for the experiments where the chains were chemically 

adsorbed to the AFM tip showed a symmetrical distribution with a distinct peak at 1092 

pN. Whereas, the histogram for the experiments where the chains where physically 

adsorbed to the substrate was more asymmetrical with a long tail. Furthermore, the peak 

force was lower, with a value of 695 pN. It was suggested that this difference in peak 

desorption force was related to the geometry of the AFM tip. When the chains were 

chemically adsorbed to the tip, they interacted with a flat substrate which allowed for a 

higher degree of adsorption with a lot of anchor points. However, when the tip interacted 

with the chains on the substrate, there were less anchor points on the AFM tip which led 

to lower desorption forces. Furthermore, desorption from the AFM tip may have 

influenced the adhesion results. Despite the difference in the results, the desorption 

forces for both experimental procedures were still relatively large due to the interactions 

between the polymer chains and the hydroxyl groups which took place in each 

experiment.    
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Many experiments have also investigated the interactions between various other 

polymers and surfaces. For example, Balzer et al.82 investigated the desorption forces of 

polystyrene, poly(allylamine), and poly-L-lysine hydrobromide from a polyelectrolyte 

thin film on a silicon substrate. Each polymer was covalently bonded to the AFM tip and 

polyelectrolyte films were prepared with varying thicknesses. The results demonstrated 

that when the thickness of the films was very low, the peak adhesive force was largest. 

This was because the adhesion of the polymers was governed by the surface potential of 

the silicon substrate. When the films had larger thicknesses, the peak adhesive force was 

lower as the adhesion properties of the polymers began to become more influenced by 

polymer/polymer interactions. Hugel et al.83 investigated the desorption forces of 

polyvinylamine on a silicon oxide substrate in aqueous solutions. The desorption force 

was analysed under different salt concentrations and polymer charge densities. It was 

demonstrated that as the charge density of the polymer was increased, the peak 

desorption force increased. Furthermore, when charge density remained constant and 

salt concentration was increased, then so did the peak desorption force. Some studies 

have also investigated the pulling angle dependence on the desorption force of polymers 

at substrates. If polymers are immobile on a surface, then it has been demonstrated that 

an increased pulling angle of the polymer chains by the AFM tip can lead to smaller 

desorption forces.130,131   

Figure 2.15: Histograms showing the distributions of desorption forces for poly(ethylene oxide) on a 

hydroxyl-group modified quartz substrate. (A) Polymer chains were chemically adsorbed to the surface of 

the AFM tips. (B) Polymers were physically adsorbed to the substrate surface.127 
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A study by Kienle et al.86 investigated the desorption forces of polymer chains with 

various architectures from a hydrophobic, hydrogenated diamond substrate in water. 

The main experiment compared the desorption forces and force-separation graphs of 

linear polyisoprene, and polyisoprene with polystyrene side chains of different 

molecular weights. Histograms demonstrated that the peak desorption force was similar 

for each experiment, but the distributions were widest for the experiments using the 

graft copolymer. This was due to the variations in desorption forces for the styrene and 

isoprene segments, as well as, the higher probability of the simultaneous desorption of 

many segments for the graft copolymer. It was also observed that when the polystyrene 

side chains had the largest molecular weight, the resulting force-separation graphs had 

the highest probability of exhibiting chain stretching. This was due to the decreased 

mobility of the graft copolymer with longer side chains on the substrate’s surface.86 

AFM force spectroscopy experiments have been carried out which investigate 

polymer/substrate interactions for many systems. This has included investigating how 

desorption forces vary for polymers with different properties and architectures. 

However, there are still many systems where specific polymer/substrate interactions 

have not been investigated, despite their widespread use within industry for many 

applications. Consequently, there is still a large potential for future work within this area. 

 

2.5.2.2 Pull-out/peel experiments  
 

AFM force spectroscopy can also be utilised to investigate the interfacial energy between 

CNTs and different polymers. These experiments involve attaching a nanotube to the end 

of an AFM tip, and generally performing pull-out or peel tests on various polymers.132–135 

This is an important area of research as nanocomposites such as CNT/polymer materials 

have a huge potential to be utilised for many applications, and therefore it is vital to carry 

out extensive characterisation of their interfacial properties. It can be experimentally 

difficult to attach a single nanotube to the end of an AFM tip, and therefore the process 

is often carried out inside an SEM. This allows for the AFM tip and nanotubes to be 

directly observed in high-resolution (see Figure 2.16). There are a number of specific 

techniques which are utilised to attach nanotubes to AFM tips. For example, a nano-

manipulator can be used to pick up nanotubes dispersed on carbon tape with an AFM tip. 
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The nanotubes can then be attached to the tip using amorphous carbon deposition. 134 

Some other techniques rely on positioning nanotubes at the edge of a sharp metal surface 

inside an SEM using an AC current. An AFM tip can then be brought into contact with the 

nanotubes, and a DC bias voltage is applied between the tip and CNTs. As both the CNTs 

and AFM tip are conductive, this creates an electrostatic attraction which allows a single 

nanotube to be positioned at the end of the AFM tip. Amorphous carbon deposition is 

then used to adhere the nanotube to the tip.136 In pull-out experiments, the nanotube-

AFM tip is generally pushed into a molten polymer surface. The AFM tip then remains 

immobile while the polymer cools and solidifies. The nanotube is then retracted from the 

polymer, and the interfacial energy can be examined from the resulting force-distance 

curves. In peel experiments, the AFM tip approaches the substrate so that the nanotube 

makes lateral contact with the polymer surface. The AFM tip is then retracted which 

causes the nanotube to peel from the surface and the resulting nanotube/polymer 

interactions can be investigated from the force-distance curves.137,138    

 

 

 

 

 

 

 

 

 

 

Many pull-out experiments have investigated the interfacial shear strength between 

CNTs and various polymer surfaces. However, the results often exhibit large variations 

in the measured values. This appears to be due to the difficulty in controlling each aspect 

of the experiments at such a small length scale. For example, the nanotubes can bend, 

break, or separate from their layers which impacts the measured shear strengths. Cooper 

Figure 2.16: SEM image showing a single carbon nanotube attached to the end of an AFM tip. The 

nanotube-tip was used for peel experiments on various surfaces.135  
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et al.139 examined the adhesion of CNTs to an epoxy matrix using AFM in conjunction with 

SEM. It was demonstrated that the shear strength of the multi-walled carbon nanotube 

(MWCNT)/epoxy interface ranged from 35 MPa to 376 MPa. The shear strength was 

calculated by dividing the maximum pull-out force by the interfacial area of the 

embedded nanotube. Barber et al.132,134 demonstrated that the interfacial shear strength 

between MWCNTs and polyethylene–butane ranged from 10 MPa to 90 MPa. The results 

confirmed that the polymer matrix around the nanotubes was able to withstand 

significantly greater amounts of stress compared to the bulk polymer. Tsuda et al.133 

calculated the interfacial shear strength between MWCNTs and poly(ether ether ketone), 

which ranged from 6 MPa to 14 MPa. The results demonstrated that the interfacial shear 

strengths varied considerably depending on the type of polymer used in each 

experiment.   

It is much more common for experiments to investigate CNT/polymer interactions by 

performing pull-out tests rather than peel tests. However, despite this, Strus et al. 135 

examined the interfacial energy between CNTs and polyimide, graphite, and epoxy 

substrates by performing peel experiments. In each experiment, the force-distance 

curves exhibited three distinct stages. The first occurred at lower peeling point 

displacements and was called line-contact. Line-contact was characterised by an S-shape 

in the force-distance curves, and represented the force associated with the length of the 

nanotube peeling from the substrate’s surface. The second stage was point-contact which 

exhibited an arc shape in the curves. Point-contact represented the force associated with 

desorbing the final part of the nanotube, which remained in contact with the substrate 

after the initial peeling. The final stage was no-contact where the nanotube had 

completely desorbed from the substrate. The results demonstrated that the interfacial 

energy between the CNT and epoxy was largest of the three substrates. Whilst the 

interfacial energy between the CNT and polyimide was the smallest of the three 

substrates. The study by Strus et al. was significant as it demonstrated that the interfacial 

energy between nanotubes and different substrates could be accurately investigated 

using peel experiments. 
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2.5.2.3 Investigating polymer/polymer interactions 
 

Some AFM force spectroscopy studies have also focused on investigating 

polymer/polymer interactions. This can involve measuring the interactions between 

different polymer chains, or measuring the force associated with conformational 

transitions of single polymer chains adhered to surfaces. Although this topic is not widely 

examined within the literature, it is still important for many applications which rely on 

polymers functioning at surfaces. This is because the behaviour of polymers at surfaces 

is generally influenced by polymer/polymer interactions, as well as, polymer/substrate 

interactions. 

In poor solvent conditions, polymer chains will adsorb to surfaces in collapsed globular 

conformations. When an elongation force is applied to the chain, a transition takes place 

where the globule becomes an extended coil. AFM force spectroscopy can be utilised to 

extend single collapsed polymer chains and measure the interaction forces associated 

with this conformational transition. Koutsos et al.140 investigated the polymer-extended 

coil transition of polydimethylsiloxane chains on a silicon substrate in air. The resulting 

force-separation graphs exhibited force plateaus and steps, which appeared to represent 

the extension of polymer chains from their globular conformations. The force associated 

with the globule-extended coil transition was estimated at 25 ± 10 pN, which was in good 

agreement with theoretical predictions. Haupt et al.141 carried out force-spectroscopy 

experiments on single poly(N-isopropylacrylamide) and poly(ethylene oxide) chains 

adsorbed onto silicon nitride substrates in both poor and good solvent conditions. When 

the experiments were carried out in good solvent conditions, the force-separation 

graphs exhibited saw-tooth patterns, which are typical of the stretching of extended 

single polymer chains. However, when the experiments were carried out in a poor 

solvent, the force-separation graphs exhibited force plateaus and steps, which 

represented the pulling of polymer chains from their globular conformations. The peak 

step force associated with the globule-extended coil transition had a value of 12 - 18 pN. 

The investigations by Koutsos et al. and Haupt et al. were the first to experimentally 

investigate and characterise the force associated with the polymer globule-extended coil 

transition. Previously, this conformational transition had only been theoretically 

predicted.140,141     
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Some studies have also focused on examining the interactions between different polymer 

chains. For example, Liu et al.129 measured the force required to desorb poly(ethylene 

oxide) chains from a single crystal on a silicon substrate. In the experiments, single 

crystals of poly(ethylene oxide), which were end-terminated with thiol particles, were 

deposited onto silicon substrates. A gold-coated AFM tip was then used to interact with 

the crystals where the thiol terminals could become attached to the AFM tip. The tip was 

then retracted, which allowed for the force required to extract a single poly(ethylene 

oxide) chain from the crystal on the silicon substrate to be directly measured. The results 

demonstrated that the peak force associated with extracting a single poly(ethylene 

oxide) chain from a crystal was approximately 40 pN, which was typical of non-covalent 

bonds. Another investigation by Cui et al.142 examined the desorption force of 

polystyrene segments from a polystyrene substrate in water. It was demonstrated that 

the desorption force per polystyrene monomer unit was in the range of 1.3 - 2.1 pN. The 

interactions appeared to be primarily due to short-range hydrophobic interactions 

between the two hydrophobic polystyrene surfaces. 

 

2.5.2.4 Stretching polymer chains 
              

Many AFM force spectroscopy studies have investigated the stretching of single polymer 

chains which are adsorbed to a substrate in a solvent (poor - good). These investigations 

provide information regarding the behaviour of single chains under extensional force. At 

lower chain extensions, entropic forces are dominant as the polymer chains experience 

a loss of conformational entropy due to the reduction in the possible chain 

conformations. As the extension of the chains increases, the bonds in the polymer 

backbone become stressed and deform, which leads to an influence from both enthalpic 

elasticity and entropic forces.81 There are many experimental procedures which can be 

carried out to investigate the stretching of single polymer chains. The most simple 

involves physically adsorbing polymer chains to a substrate using dip coating or spin 

coating. A blank AFM tip is then used to pick up and stretch the polymer chains. Although 

this method is time efficient and simple, there can be a very low probability of observing 

chain stretching.85 Therefore, in many experiments, polymer chains are chemically 

attached to the AFM tip and/or substrate to increase the probability of observing chain 
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stretching.81,143 The stretching of polymer chains is represented by a spiked curve in 

force-separation graphs. If many chains are picked up and stretched by the tip 

simultaneously, this can lead to a saw-tooth pattern of multiple spiked curves. These 

graphs can provide information regarding the elasticity and force response of single 

chains. The curved spikes can be fitted to statistical models such as the worm-like chain 

(WLC) and freely jointed chain models (FJC). This can allow for calculations of physical 

quantities such as polymer Kuhn length to be carried out.81,85  

Numerous studies have focused on examining the stretching of commonly utilised linear 

polymers. For example, in 1997, Kikuchi et al.144 investigated the stretching of 

polystyrene on a silicon substrate in toluene. The polystyrene was end terminated with 

carboxyl groups, whilst the silicon substrate and AFM tip were treated with H2O2  to form 

hydroxyl groups. Therefore, the carboxyl group on each end of the polystyrene chains 

formed covalent bonds with the hydroxyl groups on the silicon tip and substrate, which 

allowed for the observation of chain stretching. The results for the experiments were not 

in good agreement with theoretical predictions, and it appeared that the elastic constant 

of the chain segments was much smaller than the spring constant for the steric structural 

change of a polystyrene backbone. It was speculated that each chain consisted of a 

number of random coil segments divided into blobs. When the chain was stretched, the 

blobs went from spherical shaped to elliptical, and therefore the small elastic constant of 

the chain segments could be due to the elasticity of the blob deformation. Radiom et al.85 

also investigated the stretching of polystyrene chains. However, in this study, the 

stretching of polystyrene in various solvents and on various substrates was examined. It 

was demonstrated that the spiked curves in the force-separation graphs were the same 

regardless of what substrate was used. Therefore, the spiked-curves represented only 

polymer stretching. The experiments were repeated for a number of solvents ranging 

from poor solvent quality to good solvent quality. The resulting spiked curves in the  

force-separation graphs were fitted to the FJC model. It was demonstrated that the 

elasticity constant of the polymer remained constant with solvent quality, but the Kuhn 

length varied considerably with solvent quality. The Kuhn length of the polymer was 0.42 

nm when the experiments were carried out in toluene (good solvent). Whereas, the 

polymer Kuhn length was 0.27 nm when the solvent was ethanol (poor solvent). The 

results demonstrated that there was an approximately negative linear relationship 

between the polymer Kuhn length and the Flory-Huggins interaction parameter for the 
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polymer in each solvent (see Figure 2.17) This was the first experiment to demonstrate 

experimentally that the Kuhn length of polymers systematically changed with solvent 

quality.85   

 

 

 

    

 

 

 

 

 

 

 

 

Ortiz et al.145 investigated the stretching of poly(methacrylic acid) using AFM force 

spectroscopy. The polymer was covalently attached to a gold substrate via gold-thiolate 

bonds and was physically adsorbed to the AFM tip upon contact. The spiked curves in 

the force-distance graphs were fitted to the FJC and WLC models, and the persistence 

length of the polymer was calculated to be approximately 0.3 nm. This was roughly the 

same length of a poly(methacrylic acid) monomer which suggested that the polymer 

chains were fairly flexible. Hugel et al.83 investigated the elasticity of polyelectrolyte 

chains with varying charge densities in different salt concentrations using AFM force 

spectroscopy. Chains were covalently attached to both the AFM tip and silicon substrate 

to increase the probability of observing chain stretching. The force-distance curves were 

fitted to the WLC model, and it was demonstrated that the persistence length and 

segment elasticity constant were the largest when the chain had the highest degree of 

charge density. This demonstrated that the elasticity of the polyelectrolyte chains 

Figure 2.17: Graph showing the relationship between the Kuhn length of polystyrene obtained using 

AFM force spectroscopy and the Flory-Huggins interaction parameter for the polymer in each solvent.85 
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decreased as the distance between electrical charges along the polymer chains increased. 

Furthermore, for each polymer investigated, the persistence length and segment 

elasticity constant increased with increasing salt concentration. This demonstrated that 

an increased salt concentration increased the screening of electrical charges on the 

polymer chains which also led to a decrease in the chain flexibility. Investigations of 

polymer chain stretching using AFM force spectroscopy is fairly limited for synthetic 

polymers. It is much more common for investigations to focus on examining the elasticity 

of biopolymers, such as DNA and proteins. Therefore, the elasticity and force responses 

of many synthetic polymers have not yet been experimentally examined using AFM force 

spectroscopy. 

  

2.6 Conclusions  
 

Understanding and characterising the behaviour of polymers at surfaces is extremely 

important to fundamental polymer science, as well as, many applications. Numerous 

experiments have highlighted that polymer behaviour at an interface can greatly deviate 

from behaviour in the bulk. However, there is a distinct lack of understanding regarding 

the drivers for these behavioural changes. Atomic force microscopy is one of the few 

experimental techniques which can accurately investigate the fundamental behaviour of 

polymers at surfaces. AFM imaging can be used to investigate the morphology of polymer 

thin films, nanostructures, and single chains on various substrates. Whereas AFM force 

spectroscopy can be utilised to investigate the strength of interactions between 

polymers and substrates. In addition, AFM force spectroscopy also has the capabilities to 

investigate polymer/polymer interactions, and the stretching and elasticity of single 

polymer chains. Despite extensive examinations within the literature, there are still 

many aspects of the interfacial behaviour of polymers which are not fully understood or 

have not yet been investigated. The content of this thesis aims to use AFM imaging and 

force spectroscopy to broaden the understanding of the interfacial behaviour of 

polymers.     



 
 

 

 

 

 

 

 

 

 

 

 

3 Experimental techniques 
 

 

 

 

 

 

 

 

 

 

 

 

Summary 

This chapter presents the experimental techniques and methods implemented in order 

to systematically study the behaviour of polymers at surfaces. It outlines in detail both 

spin coating and dip coating techniques, which were used to deposit polymeric material 

onto various substrates. Furthermore, it demonstrates how AFM experiments were 

carried out using both tapping mode imaging and force spectroscopy. Details of the 

techniques used to analyse the AFM images and force-distance curves are also included. 
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3.1 Introduction 
 

Understanding the fundamental behaviour of polymers at surfaces is vital for many 

applications.31,47,146 However, accurately investigating polymers at surfaces can prove to 

be very difficult experimentally. This is because the research involves trying to 

characterise the behaviour of macromolecules at the nanoscale. This requires well 

controlled sample preparation and the utilisation of extremely precise experimental 

methods which can accurately provide information at an incredibly small length scale. 

For these reasons, there are only a limited number of experimental techniques which are 

suitable for this field of research.  

AFM is an imaging technique which has the capabilities to provide high resolution images 

of polymers at surfaces down to the sub-nanometer scale.147 It is extremely common in 

studies of polymers at surfaces, and has been heavily utilised in the field since its 

development in 1986.71 It has the capability to accurately analyse the morphology of 

single polymer chains adsorbed to a surface.103,107,148 It can also generate information 

regarding the viscoelastic properties of polymers using phase imaging mode. 73,149 

AFM can also be used to provide information regarding the strengths of interactions 

between polymers and different substrates with a force resolution of approximately 10 

pN.50 This mode of operation is known as AFM force spectroscopy. Force spectroscopy is 

commonly utilised to provide information regarding the types of polymer/substrate 

interactions which dominate at the nanoscale. These commonly include van der Waals 

forces, hydrophobic forces, π-π stacking interactions, hydrogen bonding, and 

electrostatic interactions.87,150 Polymer chains are often chemically or physically adhered 

to AFM tips in order to measure the strength of interactions with various substrates 

under different experimental conditions.82,85,142 

Both spin coating and dip coating are commonly utilised to deposit polymers on surfaces, 

which are then characterised using AFM. These AFM experiments often involve 

investigating the dewetting of common homopolymers such as polystyrene, 49,98,102 or 

studying the morphology of block copolymers at surfaces.73,108,125  However, studies 

which characterise random copolymers such as poly(styrene-co-butadiene) random 

copolymers are very limited. A comprehensive investigation which extensively 

characterises the fundamental behaviour of poly(styrene-co-butadiene) random 
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copolymers at different surfaces does not exist, despite the fact that the polymer is 

important for many applications, such as car tyres, sealants, and O-rings.  

The following chapter details the experimental methods and techniques used throughout 

the course of the PhD. This primarily involves characterising poly(styrene-co-butadiene) 

on different surfaces at the nanoscale using AFM techniques. Polymer solutions were 

prepared in toluene at various molecular weights and concentrations. The polymers 

were deposited onto different substrates using both spin coating and dip coating 

techniques. All imaging of the polymer features was carried out using tapping mode AFM 

in air, whilst the strength of interactions between polymers and surfaces was 

investigated using AFM force spectroscopy in air. Additional experiments examining the 

behaviour of polymers on surfaces were carried out at the macroscale including viscosity 

measurements and contact angle goniometry.  

       

3.2  Materials 
  

3.2.1  Polymer samples  
 

For each experiment, the polymers which were primarily investigated were 

poly(styrene-co-butadiene) random copolymer samples. Poly(styrene-co-butadiene) is 

a linear amorphous copolymer made up of individual styrene and butadiene monomer 

units. It is commonly referred to as styrene-butadiene rubber. Figure 3.1 shows the 

structure of styrene and butadiene monomers. The polymers were random copolymers, 

which means that the styrene and butadiene monomer units were arranged in a random 

configuration along the chain length. 1H NMR was conducted by Michelin to examine the 

monomer distribution in the random polymer chains. The results demonstrated that in 

the chains there was a >95% probability that the styrene blocks had lengths of 1 - 3 

monomer units. Due to their random configurations, random copolymers have similar 

properties to that of homopolymers and can often have the desirable properties of each 

of the molecules making up the chain.1 Figure 3.2 is an illustration outlining the monomer 

configuration in a random copolymer chain. Three poly(styrene-co-butadiene) samples 

were provided by Michelin as this polymer is utilised extensively in the manufacture of 

tyres. Gel permeation chromatography (GPC) conducted by the provider showed that the 
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molecular weights (𝑀𝑛) of each of the samples were 46 kg/mol, 86 kg/mol, and 355 

kg/mol. The molecular weights of the polymers were all considerably above the 

entanglement molecular weights (𝑀𝑒 ) of polystyrene (17 kg/mol) and polybutadiene 

(1.9 kg/mol) (values taken from the literature where small-angle neutron scattering was 

implemented).151,152 Therefore, this means that the copolymers used in the experiments 

were able to readily entangle with one another.4 GPC also showed that the polymers were 

monodisperse with polydispersity (Ð) values of 1.03, 1.01, and 1.02 for the 46 kg/mol, 

86 kg/mol, and 355 kg/mol samples, respectively. Using monodisperse polymers 

improved the consistency and repeatability of results. Differential scanning calorimetry 

(DSC) conducted by the provider showed very similar glass transition temperatures (𝑇𝑔 ) 

of -36.4˚C, -35.1˚C, and -35.4˚C for the three copolymers. The 𝑇𝑔  values were considerably 

lower than ambient room temperatures meaning that in all experiments, the polymer 

samples were well above (by ∼55˚C) their 𝑇𝑔 ’s, and therefore they behaved as 

viscoelastic polymer melts. The polymers had styrene-butadiene ratios of 25.9:74.1, 

26.3:73.7, and 25.9:74.1 for the 46 kg/mol, 86 kg/mol, and 355 kg/mol samples, 

respectively. Table 3.1 presents the properties of each poly(styrene-co-butadiene) 

sample.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: The structure of (A) styrene and (B) butadiene.

 

Figure 3.2: Illustration showing the random configuration of monomer units within a random 

copolymer chain.  
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Table 3.1: Properties of the poly(styrene-co-butadiene) samples used in each experimental chapter.   

 

 

Polystyrene homopolymers were used in complimentary experiments in Chapter 5. Two 

polystyrene samples were purchased from Sigma-Aldrich, with molecular weights of 150 

kg/mol and 560 kg/mol. The polystyrene samples were monodisperse with Ð’s of 1.02 

and 1.04 for the 150 kg/mol and 560 kg/mol samples, respectively. Additionally, a 

polybutadiene homopolymer was also used in complementary experiments in Chapter 5 

and was purchased from Sigma-Aldrich. The polybutadiene had a molecular weight of 

approximately 200 kg/mol and it was assumed that the sample was fairly polydisperse, 

but Ð was not directly measured. The molecular weights of both the polystyrene and 

polybutadiene homopolymers were significantly larger than the respective 

entanglement molecular weights. As the polystyrene and polybutadiene homopolymers 

only had limited use in complimentary experiments, extensive characterisation of the 

polymers was not necessary. 

   

3.2.2  Substrates 
 

Three substrates were used throughout the experiments. Ruby muscovite mica was 

purchased from Agar Scientific. Muscovite mica [(K Al2(OH)2  AlSi3O10])  is a mineral 

with a layered crystal structure which is shown in Figure 3.3A. It is composed of two 

tetrahedral honeycomb sheets of SiO4 and AlO4 which have a 4:1 ratio, respectively. In 

the middle of the tetrahedral sheets is an octahedral layer of AlO6 and OH groups. The 

Polymer 
𝑴𝒏 

(kg/mol) 
𝑻𝒈   

(°C) 
Ð 

Styrene-
butadiene ratio 

Poly(styrene-co-butadiene) 
 

46 -36.4 1.03 25.9:74.1 

Poly(styrene-co-butadiene) 
 

86 -35.1 1.01 26.3:73.1 

Poly(styrene-co-butadiene) 355 -35.4 1.02 25.9:74.1 
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tetrahedral and octahedral layers are connected due to shared oxygen atoms which 

creates a 1 nm thick 2:1 layer. The individual 2:1 layers are connected to one another 

due to the presence of 𝐾+ ions on the outside of each tetrahedral sheet which creates a 

stacked crystal structure.153 Within the 2:1 tetrahedral and octahedral layers, there are 

a large number of strong covalent bonds. However, the ionic bonds between the 2:1 

layers and the 𝐾+ ions are significantly weaker. This means that under force, the mica 

will consistently break at the 𝐾+ layer. Consequently, the exposed surface is a perfectly 

flat (001) basal plane of the negatively charged tetrahedral honeycomb sheet (see Figure 

3.3B).154 The monoclinic unit cell of the top surface has parameters of a=0.519 nm, 

b=0.901 nm, and c=2.00 nm.155 The process of exposing the basal plane is known as 

cleaving and can be very easily carried out using scotch tape. Each mica substrate can be 

cleaved many times as the process only removes an extremely thin layer of material from 

the surface. Not only does the process of cleaving create a perfectly flat surface, it is also 

extremely clean as the new surface has had no previous exposure to any atmospheric 

conditions since the crystal was originally created millions of years ago.156   

 

 

 

 

 

 

 

 

 

 

Mica is the most common substrate used in AFM experiments.  This is due to its perfect 

cleavage which exposes an atomically flat and truly fresh surface. Furthermore, it has  a 

low cost and is widely available.156 The surface facilitates the accurate imaging of single 

molecules at a sub-nanometer scale without any topographical influence from the mica 

Figure 3.3: (A) Chemical structure of muscovite mica showing the two tetrahedral layers on either side 

of the octahedral layer and 𝐾+  ions at each end.153 (B) (001) basal plane of a cleaved mica surface.154 
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substrate. Freshly cleaved mica is extremely hydrophilic with a water contact angle of 

<5˚.157,158 The hydrophilic nature of mica is a disadvantage in AFM force spectroscopy 

experiments as it is favourable for water to condense at the surface. This can create 

significant capillary forces in the system which can impact results.159 Chapter 4 presents 

a comprehensive investigation into the morphology of poly(styrene-co-butadiene) on a 

mica surface.     

ZYA highly ordered pyrolytic graphite (HOPG) substrates were purchased from Scanwel 

Ltd. Graphite is an allotrope of carbon which is composed of stacks of 2-dimensional 

single planes, known as graphene. Each graphene plane is made up of carbon atoms 

which are arranged in repeating hexagonal crystal cells.45 In order to improve the quality 

of graphite and remove defects, pyrolysis procedures were carried out by the provider. 

This involved annealing the graphite at extremely high temperatures and pressures for 

long periods of time. The process creates HOPG, which has very few defects and a low 

mosaic spread angle (<1˚).160 The mosaic spread angle is the degree of how aligned each 

plane is to one another and is measured using x-ray diffraction.161 This is important for 

AFM studies, as only HOPG with a low mosaic spread angle is suitable as a substrate. ZYA 

HOPG is the highest quality graphite available and the substrates had a very low mosaic 

spread of 0.4˚ - 0.7˚. This ensured that the graphite surface would cleave well and would 

be mostly defect free.  

Figure 3.4 shows the chemical structure of graphite. In a single plane, each carbon atom 

is covalently bonded to three other carbon atoms. These bonds are strong and the next 

nearest neighbour distance is 0.142 nm. However, the strength of the bonds between the 

individual planes are much weaker. This is because the distances between the atoms in 

each plane (0.335 nm) are considerably larger than the next nearest neighbour 

distance.162 This means that the graphite acts in a similar way to mica and cleaving the 

surface with scotch tape breaks the bonds holding the hexagonal graphene sheets 

together, which exposes a mostly smooth and clean top surface. Unlike mica, graphite 

frequently does not cleave perfectly and the surface can exhibit atomic steps which 

expose different graphene layers (see Figure 3.5). These steps are created either 

internally during crystal growth, or externally by the cleaving process. 163 The presence 

of steps on the graphite surface did not impact results such as orientation analysis. This 
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was because the quality of graphite used was the highest available with a very low 

mosaic spread angle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graphite has a water contact angle ranging from 84˚ - 86˚.164–166 This means that less 

water condenses at the graphite surface, which reduces any impact from capillary forces 

Figure 3.4: Illustrations showing the chemical structure of graphite. The unit cell is represented by the 

green box. (A) Shows the layered crystal structure of graphite where the distance between atoms in each 

plane is 0.335 nm. (B) Shows the top view of a graphite surface. The lattice constant is 0.246 nm, and the 

next nearest neighbour distance is 0.142 nm.162 

Figure 3.5: AFM height image showing the surface of a freshly cleaved ZYA HOPG substrate. Distinct 

steps can clearly be observed in the image.  
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in AFM force spectroscopy experiments. Numerous AFM investigations use graphite as a 

substrate to study polymer/carbon interactions.110,112,167 This is essential in order to 

better understand the bulk behaviour of composite materials, which is often governed 

by the fundamental interactions between polymers and various carbon components 

such as carbon black, carbon fibre, carbon nanotubes, and graphene.168 In Chapter 5, the 

morphology of poly(styrene-co-butadiene) was investigated on a graphite surface. The 

preparation of polymer samples and AFM methodology are the same in both Chapter 4 

and 5, but the mica substrates are replaced with graphite. 

Silicon substrates were purchased from Agar Scientific. They were cut into wafers (5 

mm2 ) by the provider with a thickness of approximately 0.5 mm. Silicon substrates are 

composed of crystalline silicon which has a diamond crystal structure. This means that 

there are 8 silicon atoms per unit cell arranged in a FCC structure with 4 atoms within  

the cell itself (see Figure 3.6).169,170 The silicon atoms are covalently bonded to one 

another and there is a lattice constant of 0.543 nm.171 The silicon had a crystallographic 

orientation of (111), which means its crystal plane is triangular shaped with 2 atoms 

within the plane.172 Silicon is a material which is extensively utilised in many electronic 

applications due to its semi-conducting properties. This makes it a suitable material for 

the manufacture of many components such as transistors.173   

 

 

 

 

 

 

 

 

 

The surface of silicon cannot be easily cleaved like mica and graphite.  Therefore, the 

surfaces were cleaned and extensively polished by the provider to give a surface 

Figure 3.6: Illustration showing the diamond lattice structure of a silicon unit cell. The shaded triangle 

represents the (111) plane.170  
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roughness of <1 nm and a top layer with no oxide coating. However, with exposure to 

atmospheric conditions over time, it was inevitable that an extremely thin native oxide 

layer would grow on the substrate surfaces. The native oxide layer can change the 

properties of a silicon surface such as its hydrophilicity.174 However, this appears to be 

highly dependent on the thickness of the layer and it has been demonstrated that the rate 

of oxide growth under ambient conditions is fairly slow.175 The cleaning process of the 

silicon substrates also impacts the hydrophilicity of the surface. The substrates in the 

current study were cleaned with acetone and ethanol immediately before use and did 

not undergo extensive chemical cleaning. Therefore, it was expected that the surfaces 

would not be extremely hydrophilic. This was confirmed from goniometry experiments 

which produced an average water contact angle for the silicon substrates of 45.8˚ . This 

meant that capillary forces may impact results when carrying out force spectroscopy 

experiments. However, the magnitude of the capillary forces should be substantially less 

than those experienced on the extremely hydrophilic mica substrates.   

Silicon wafers are most commonly used in electronic applications. However, they are also 

frequently utilised as substrates in AFM studies.176–178 This is due to their many 

favourable properties, such as an extremely low surface roughness, low cost, and the 

relative ease at which the wafers can be cut into small pieces suitable for AFM substrates. 

Furthermore, silicon substrates can be advantageous in force spectroscopy experiments, 

where an approximately symmetrical system can be created between the silicon tip and 

substrate.179 Silicon substrates were used in the force spectroscopy experiments in 

Chapter 6 and 7.  

 

 

3.3  Solution preparation  
 

Solutions of poly(styrene-co-butadiene) were prepared in toluene at varying 

concentrations. Toluene was used as the samples are readily soluble in this apolar 

solvent. Toluene is classed as a good solvent for poly(styrene-co-butadiene), which 

means the polymer interacts favourably with the solvent creating expanded chains 

within the solution.4 The polymer solutions were stirred using a magnetic stirrer at 750 

rpm for at least 4 hours to ensure the solutions were homogenous. The solutions were 
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made according to the polymer’s overlap concentrations, c*. This is the concentration in 

which polymer chains in solution will begin to overlap with one another.180 The overlap 

concentrations were calculated theoretically for each sample by first calculating the 

pervaded volume (𝑉𝑝) of the chains using the following equation:4 

 𝑉𝑝 ≈ 𝑅3  (3.1) 

 

Where 𝑅 is the size of the polymer chain which was calculated using the scaling 

parameter for a chain in good solvent conditions, which is valid for poly(styrene-co-

butadiene) in toluene. The overlap concentration could then be found using the 

following equation:4   

 
𝑐 ∗ =

𝑀𝑛

𝑉𝑝𝑁𝐴

 (3.2) 

 

Where 𝑀𝑛  is molecular weight and 𝑁𝐴  is Avogadro’s number. The solutions were 

prepared at 3c*, 1c*, 0.1c*, 0.01c*, and 0.001c*. The solutions ranged from far below the 

overlap concentration (dilute regime) to above the overlap concentration (semi-dilute 

regime). Utilising a wide range of concentrations allowed for the investigation of many 

polymer nanostructures on the substrates from thin films, networks, and spherical caps 

down to single chain conformations. Figure 3.7 is an illustration showing polymer 

density for solutions that are well below, equal to, and well above the overlap 

concentration. Calculating the overlap concentration for each polymer was very useful 

as it demonstrates which concentration regimes are realistic.181 Table 3.2 shows 

conversions to concentration-by-weight for each polymer sample.  

 

 

 

 

 

 

 

 

Figure 3.7 Illustrations showing polymer density at different solution concentrations. (A) Well below 

the overlap concentration (dilute). (B) At the overlap concentration. (C) Well above the overlap 

concentration (semi-dilute). 
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Table 3.2: Conversions from 𝑐∗ to mg/ml 

 

 

3.4 Polymer deposition  
 

 

3.4.1 Spin coating  
 

 

Spin coating is an experimental technique which facilitates the production of thin films, 

ultrathin films, and nanostructures upon substrates. It is widely utilised throughout 

many fields of research, but it is particularly common in experiments involving polymers 

on surfaces.182,183 Spin coating has many advantages compared to other deposition 

techniques such as the ability to create homogenous structures across fairly large surface 

areas, and a high degree of control and reproducibility. For instance, an ultrathin 

polymer film with an (almost) fixed thickness can be repeatedly produced using spin 

coating if all parameters are kept constant. Spin coated polymer films have many 

applications such as microelectronics, membranes, and protective coatings.176  

The process of spin coating involves depositing a small amount of polymer solution onto 

a stationary substrate. The substrate then begins to rotate and quickly accelerates to a 

very high angular velocity. The substrate itself is held under vacuum, but the centrifugal 

force created by the rotation causes the solution to spread across the substrate and much 

 
 

46 kg/mol sample  
(mg/ml) 

86 kg/mol sample  
(mg/ml) 

355 kg/mol sample  
(mg/ml) 

3c* 17.34 11.13 4.17 

1c* 5.81 3.71 1.39 

0.1c* 0.581 0.371 0.139 

0.01c* 0.0581 0.0371 0.0139 

0.001c* 0.0058 0.0037 0.0014 
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of the solution is expelled from the surface altogether. A very thin layer of polymer 

solution is left on the substrate and rapid evaporation of the solvent leaves behind a 

homogenous thin film of polymeric material. In many cases, such as where the polymer 

behaves as a liquid due to having a low 𝑇𝑔 , dewetting occurs creating nanostructures, 

such as spherical caps or networks. An illustration outlining the process of creating 

polymer thin films/nanostructures using spin coating is presented in Figure 3.8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Polymer morphology can be controlled during spin coating by altering many 

experimental parameters. These include type of solvent, molecular weight, glass 

transition temperature, solution concentration, and substrate type.176 Furthermore, the 

spin coating parameters themselves can be controlled in order to change polymer 

morphology. The controllable parameters on most spin coaters are time, acceleration, 

and angular velocity. If time is increased, generally more polymer solution will be 

expelled from the surface which creates a film with a lower thickness. Likewise, if 

acceleration and angular velocity are increased, generally film thickness will reduce. 

Figure 3.9 clearly shows this relationship between film thickness and angular velocity. 176  

Figure 3.8: Illustration outlining the process of creating polymer thin films/nanostructures on a 

substrate using spin coating. (A) Polymer solution is deposited onto a substrate. (B) The substrate is 

rotated at a high angular velocity leaving a thin layer of the solution on the substrate. (C) Solvent 

evaporation takes place. (D) A polymer thin film/nanostructure is left on the substrate.   
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Spin coating was used to create all thin films and nanostructures examined in the 

experiments in Chapters 4 and 5. A SPIN150 Wafer Spinner was used in all experiments 

(see Figure 3.10). Initially the mica and graphite substrates were cleaved with scotch 

tape in order to remove the top surface of material and expose a completely clean layer. 

For each molecular weight, solutions were prepared at five different concentrations. The 

solutions were deposited onto the substrates, and the spin coating was then carried out 

for 90 seconds with an acceleration of 2000 rpm/second and an angular velocity of 4000 

rpm. The parameters were fixed for every experiment to ensure consistency in the 

results. The spin coating parameters were set to a relatively large angular velocity and 

time period. This meant that much of the polymer solution was expelled from the surface, 

creating films and nanostructures with extremely low thicknesses. This is vital for 

studying the fundamental behaviour of polymers at surfaces. After spin coating, all the 

samples were thoroughly dried with a gentle nitrogen stream for five minutes and left in 

a fume hood for 16 - 72 hours to ensure the samples were dry before imaging. By using 

a large range of solution concentrations, films with varying initial thickness values were 

Figure 3.9: Graph showing the relationship between polymer film thickness and the angular velocity of 

spin coating for three concentrations of polymer solution. For each concentration, the polymer film 

thickness decreases with increasing angular velocity. Furthermore, the graph shows that an increase in 

solution concentration also leads to larger film thicknesses.176   
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formed on the substrates. More dewetting took place in the films with lower thickness 

values. Therefore, this led to a range of polymer morphologies on the surface. 

Furthermore, toluene is a rapidly evaporating solvent which promoted dewetting and 

the production of polymer nanostructures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spin coating can create homogenous films and nanostructures across relatively large 

surface areas. However, as the nanostructures investigated in Chapters 4 and 5 were 

extremely small (down to single chains), minor changes in morphology across the 

substrate may have had a significant impact on statistical analysis. Therefore, a 

preliminary experiment was designed in order to analyse the homogeneity of the 

polymer nanostructures across different areas of the substrate. A polymer solution of the 

46 kg/mol sample was prepared at a concentration of 0.1c* and spin coated onto a mica 

surface. AFM imaging was carried out at three areas on the surface which were called the 

centre, outer centre, and outer edge. Figure 3.11 is an illustration showing the location 

of where each AFM scan took place.  

 

Figure 3.10: Photograph showing the SPIN 150 Wafer Coating model spin coater used to make all thin 

films and nanostructures in Chapters 4 and 5 

.     
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Figure 3.12 shows typical AFM images of polymer morphology at each area on the 

substrate. Detailed analysis revealed that polymer morphology varied at the different 

areas of the substrate. Table 3.3 shows the average height and radius values of the 

nanodroplets at each area on the mica substrate, as well as, the average number of 

aggregates in each image. At the centre of the substrate, there were the largest number 

of aggregates, but they had the smallest average size. The aggregates at the outer centre 

had larger heights and fewer aggregates compared to the centre, but a very similar 

average radius value. At the outer edge of the substrate, there were the smallest number 

of aggregates, but they had the largest heights and radii. This demonstrated that the 

position of the AFM scan on the substrate could impact the analysis of polymer 

morphology. Therefore, to improve the consistency of results,  all imaging of the spin 

coated structures was carried out in close proximity to the centre of the substrates.  

 

Figure 3.11: Illustration showing the positions of each AFM scan on the mica substrate in order to 

examine any changes in polymer morphology across the surface. (A) Centre of the substrate. (B) Outer 

centre of the substrate. (C) Outer edge of the substrate. 
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              Table 3.3: Average height, radius, and number of nanodroplets at each area on the substrate. 

 

 

 

 

 

 
 

 

 

3.4.2 Dip coating 
 

Dip coating is another method commonly used to deposit thin films and nanostructures 

onto substrates. Dip coating is the oldest commercially applied coating process and it is 

frequency used to deposit polymers onto surfaces.184 Dip coating has many advantages; 

it is experimentally simple and does not require any expensive machinery, as well as, 

allowing the rapid coating of fairly large surfaces areas. However, the major 

disadvantages of dip coating are the difficultly in controlling the thickness of films and 

reproducing results accurately. Furthermore, films may lack homogeneity across a 

surface and extremely small features, such as monolayers, are difficult to achieve. 185  

The process of dip coating involves immersing a substrate into a polymer solution for a 

fixed amount of time. The polymer chains will then adhere to the substrate in the 

solution. The substrate is then removed from the solution leaving a thin layer of residual 

 
 

Average Height 
(nm) 

Average Radius 
(nm) 

Average 
Number of 

Nanodroplets 

Centre 10.3 117.0 154 

Outer Centre 11.8 118.2 133 

Outer Edge 11.9 148.4 103 

Figure 3.12: Typical AFM images of the 46 kg/mol sample spin coated onto mica at a concentration of 

0.1c*. (A) Centre of the substrate, (B) outer centre of the substrate, (C) outer edge of the substrate.       
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polymer solution upon the substrate. Evaporation takes place leaving behind a thin film 

of polymeric material on the surface. Figure 3.13 illustrates the process of dip coating in 

a polymer solution. There are many ways in which polymer morphology can be varied 

using dip coating methods. These include the speed at which the substrate is immersed 

and removed from the solution, the immersion time, solution concentration, and 

molecular weight.176 Although these parameters influence polymer morphology, there is 

not the same level of control compared to spin coating.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: An illustration outlining the process of dip coating into a polymer solution. (A) A substrate 
is immersed into a polymer solution. (B) Chains begin to adhere to the surface. (C) The substrate is 
removed from the solution, although a thin layer of residual polymer solution remains on the substrate. 
(D) Solvent evaporation takes place. (E) A thin polymer film remains on the substrate.  
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In Chapter 6, dip coating was implemented in order to physically adhere poly(styrene-

co-butadiene) chains to an AFM tip. This allowed the adhesion between poly(styrene-co-

butadiene) and various substrates to be directly measured at the nanoscale. AFM tips are 

extremely small and fragile, and any slight impact to them will cause severe damage. Due 

to this, many coating techniques such as spin coating, were not suitable as they would 

damage the tips. Therefore, dip coating was implemented as it is a technique with a low 

risk of damaging the tips during coating. Polymer solutions of the 46 kg/mol and 355 

kg/mol samples were prepared at 1c* and 5c*. Concentrations equal to the overlap 

concentration or above were used to ensure significant polymer adhesion to the surface 

of the tips. The solutions were prepared in a glass petri dish and the AFM tip was 

carefully placed in the bottom of the petri dish where it was completely submerged. A 

glass lid was then put on the petri dish in order to reduce solvent evaporation. The tips 

were immersed for 10 - 60 minutes to ensure a high degree of polymer coating. When 

the tips were removed from the solution, they were dried with a gentle stream of 

nitrogen for two minutes before being left overnight. If a tip with a low polymer surface 

coverage was required, then the tip was rinsed thoroughly with toluene immediately 

after removal from the polymer solution.   

In Chapter 7, dip coating was also used to create thin films on various substrates. This 

was in order to measure the interaction forces between polymer thin films on different 

substrates and a blank AFM tip. To allow for comparison with the previous experiments 

using coated AFM tips in Chapter 6, the substrates were prepared using the same 

experimental methods. Solutions of the 355 kg/mol samples were prepared at a 

concentration of 5c* in a glass petri dish. The mica and graphite substrates were cleaved 

with scotch tape immediately before immersion into the solution. However, as silicon 

cannot be cleaved, a new substrate was used for every experiment which had been 

cleaned with acetone and ethanol. To ensure the formation of thin films, the immersion 

time was 60 minutes for the experiments. The samples were then dried with a gentle 

stream of nitrogen for two minutes before being left in a fume hood overnight. 
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3.5  Tapping mode AFM 
 

Tapping mode AFM was used to image all polymer thin films and nanostructures formed 

on each substrate. AFM is an extremely useful tool for imaging polymer thin films and 

nanostructures as it can obtain high resolution images at the nanoscale.147 Furthermore, 

it does not damage the polymer surface, and does not depend on electron transfer so it 

can image non-conductive surfaces without having to apply a coating to the sample. This 

leads to an increased accuracy when imaging very small features.54   

An AFM system usually consists of an extremely sharp tip which is mounted to a 

cantilever, a piezoelectric scanner, a laser diode, a feedback control centre, and a position 

sensitive photodetector.186 The process of AFM imaging in tapping mode involves 

mounting the tip and cantilever into the piezo actuator which applies a force to the base 

of the cantilever. This causes the cantilever to oscillate at a frequency close to its natural 

resonant frequency. A laser is positioned to reflect off the back side of the cantilever, it is 

then reflected off a mirror before hitting the position sensitive photodetector. The 

amplitude of cantilever oscillation can be measured from the position of the laser on the 

photodetector and is kept constant via the feedback loop.72 When the tip approaches a 

surface, it begins to intermittently come into contact with the surface or “tap” it. When 

the tip encounters a rise in surface topography the oscillation of the cantilever decreases. 

When the tip encounters a depression in the surface, the oscillation of the cantilever 

increases. The change in oscillation of the cantilever alters the reflection of the laser and 

changes the position of where it hits the photodetector. Measurements are made of laser 

intensity on the two parts (upper and lower) of the photodetector and sent to the 

feedback control centre.  This allows the change in oscillation amplitude to be measured 

and a signal is sent to the piezo which adjusts the tip-sample separation in order to keep 

the amplitude oscillation fixed.187 The changes in piezo height are recorded in order to 

build a topographical image of the sample’s surface on the software.  

Tapping mode has many advantages over other AFM imaging modes. It avoids problems, 

such as friction and adhesion in the system which occur when using contact mode. 

Tapping mode is particularly beneficial when imaging polymers as the tip only briefly 

comes into contact with the surface, meaning there is less chance of ‘picking up’ polymer 
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chains.147 This increases image quality and reduces the chances of artefacts occurring. 

Figure 3.14 is an illustration outlining the components in a typical AFM system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the experiments, all AFM images were obtained using a Bruker Multimode/Nanoscope 

IIIa (Bruker, Santa Barbara, Ca, USA). Figure 3.15 is a photograph showing the Bruker 

AFM used for all imaging. Throughout the experiments, two scanners were used with 

different x-y ranges. For larger images, a J-scanner was used, which had an x-y range of 

∼160 µm. For smaller images, an E-scanner was used which provided higher image 

resolution over smaller length scales. The E-scanner had an x-y range of ∼15 µm.  The 

scans varied in size depending on the sample from 2 µ𝑚2  to 150 µ𝑚2 . All imaging was 

carried out in air under ambient lab conditions. 

 

 

 

Figure 3.14: A schematic diagram outlining the experimental components in a typical AFM system.186 
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The process of carrying out AFM tapping mode imaging first involved fixing the 

underside of a substrate to a metallic AFM specimen disk using double sided adhesive. 

The disk was then mounted onto the piezo tube. Next, a probe was loaded into the AFM 

piezo actuator. The tip and cantilever are attached to a larger silicon mount which means 

the tip can be loaded into the AFM with relative ease using tweezers. The position of the 

laser and mirror were then adjusted in order to ensure the laser beam reflected from the 

backside of the cantilever to the photodetector. The position of the photodetector was 

then adjusted so that the reflected laser hit directly into its centre. The Nanoscope 

software could then be used to ‘tune’ the cantilever which ensured it would oscillate 

close to its resonant frequency during imaging. Finally, the substrate was brought into 

very close proximity to the surface by moving the position of the piezo tube. This was 

carried out using a hand lens to avoid hitting the substrate into the tip and causing 

damage. The tip is then engaged and scanning begins. During scanning, the amplitude set 

point was kept at approximately 0.6 for all of the imaging. The scans were carried out at 

a low frequency of approximately 0.25 Hz. This ensured an optimal image quality.  

 

Figure 3.15: Photograph of the Bruker Multimode/Nanoscope IIIa AFM used in all experiments. 
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3.5.1 Tapping mode tips     
 

An AFM tip is an extremely sharp micro-fabricated tip mounted to a cantilever.156 The 

cantilever is then fixed to a silicon mount to provide ease of handling. The collective term 

for the tip, cantilever, and mount is often referred to as an AFM probe.  

For all imaging, AFM probes were purchased from Bruker. RTESPA model probes were 

used due to their suitability for high sensitivity tapping mode imaging in air (see Figure 

3.16). The cantilevers were rectangular with a nominal thickness of 3.75 µm and had a 

reflective aluminium coating on the backside to increase laser signal at the 

photodetector. The cantilevers had a nominal resonant frequency of 300 kHz and a 

nominal spring constant of 40 N/m. The tips were made of silicon and had a rotated 

shape, which reduced artefacts associated with asymmetry in larger features. The height 

of the tips were 15 - 20 µm which is considerably larger than the height of any features 

imaged. The tips were extremely sharp with a nominal tip radius of 8 nm, which ensured 

high image resolution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.16: An SEM image of a Bruker RTESPA tip. This model of probes was used for all imaging in the 

experiments in each chapter.  
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3.5.2 Types of imaging  
 

AFM tapping mode generates three types of images which all provide different 

information about the sample’s surface. These are height images, amplitude images, and 

phase images. Height images show the surface topography of a sample and any contrast 

relates only to differences in the heights of the features.156 Amplitude images clearly 

display edges and shapes within the sample and can often be used to help with 

qualitative analysis when contrast is poor in height images. However, the z-scale on 

amplitude images is meaningless, which means quantitative analysis cannot be 

implemented. Phase images use contrast to show the phase angle shift between the 

driving signal of the cantilever and the output signal. Therefore, the contrast in phase 

images can show differences in viscoelastic and adhesion properties of materials in an 

image. For example, if the material is softer, the cantilever will experience dampening at 

the surface, and consequently the phase angle shift will be larger. However, phase images 

can be somewhat ambiguous as contrast can also be affected by surface topography. 

Despite this, there is a strong contribution from the mechanical properties of materials 

in an image and clear differences in contrast often relate to different materials being 

present at a surface.73,149 In all experiments, height images were primarily investigated 

which allowed for detailed analysis of polymer morphology to be carried out. Phase 

images were occasionally analysed in experiments when contrast in height images were 

poor, such as investigating extremely small polymer features like single polymer chains. 

Furthermore, phase images were used to confirm that the dewetted holes in thin films 

actually exposed the substrate surface. This information was necessary in order to 

measure film thickness using AFM techniques. Amplitude images were not used for any 

analysis in the experiments.   

 

3.5.3 Image analysis  
 

Analysis of the images was carried out using the free software Gwyddion 

(http://gwyddion.net/).188 The software was used to correct the images for presentation 

via data processing functions such as plane levelling and removing horizontal scars. 

Detailed statistical analysis of the images was also implemented using Gwyddion. Size 

parameters of the features such as values of radius, height, and volume were obtained 
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using thresholding techniques. Furthermore, values for the number of features in an 

image and the total surface coverage were also generated.  

In Chapters 4, 6, and 7, polymer morphology was mostly in the form of spherical cap 

nanodroplets and thin films. Therefore, analysis could be effectively carried out using 

thresholding techniques. However, in Chapter 5, the polymer morphology on a graphite 

surface was much more variable. At concentrations of 1c* and 0.1c*, the polymers 

consistently formed continuous networks on the graphite. In order to measure the peak-

to-peak distances of these networks, fast Fourier transform (FFT) analysis was 

implemented using Gwyddion. Line scans were taken across the centre of the transform 

images to give profile plots with distinctive peaks. These peaks provided the frequencies 

of separation of the nanostructures in reciprocal space. A Lorentzian function was then 

fitted to the profile plot to obtain an exact peak position. From this, the peak-to-peak 

distance of the polymer network was calculated. Figure 3.17 outlines each step in the 

FFT analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Images outlining the steps used to calculate the peak-to-peak distances of the polymer 

networks. (A) AFM height image of a polymer network formed on the graphite surface for the 355 

kg/mol sample at 1c*. (B) An FFT image of the polymer network. (C) A profile plot of a line scan taken 

across the FFT, where q shows the separation of the peaks in reciprocal space.   
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3.5.4 Deconvolution  
 

Convolution is the apparent increase in the width of objects when imaged using AFM. It 

is unavoidable and is caused by the finite size of the cantilever tip.78 The convolution 

effect caused analysis of the polymer aggregates to be inaccurate, as the width of the 

aggregates appeared larger than in reality. This also impacted measurements that 

required a known width such as volume, number of chains per aggregate, and contact 

angle. Figure 3.18 illustrates the convolution effect during AFM imaging. For all of the 

experiments, deconvolution had to be implemented in order to achieve a more accurate 

value of the lateral size of the polymer aggregates imaged by AFM.  

 

 

 

 

 

 

 

 

 

 

 

In Chapter 4, the polymers generally formed spherical cap shaped aggregates on the mica 

surface. The ‘real’ or deconvoluted volume of the aggregates was determined using a 

method developed by Glynos et al. 118 Where 𝑉𝑟 is the real volume of the aggregate after 

deconvolution, 𝑉𝑎  is the apparent volume of the aggregate, h is the height of the aggregate 

which is unaffected by convolution, and 𝑅𝑡  is the radius of the AFM tip:   

 𝑉𝑟 =  𝑉𝑎 −  𝜋ℎ2𝑅𝑡  (3.3) 

 

Once the ‘real’ volume, 𝑉𝑟 , was known for the aggregates then this was substituted into 

the equation for the volume of a spherical cap and thus, rearranging gave a value for the 

‘real’ contact radius, 𝑟𝑟: 

Figure 3.18: Illustration outlining how convolution arises when carrying out imaging using AFM 

techniques.  
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𝑟𝑟 =  
√2𝑉𝑟 −

1
3

𝜋ℎ3

𝜋ℎ
 

(3.4) 

 

The number of chains in each aggregate was then found by calculating the volume of a 

single chain by its number average molecular weight 𝑀𝑛 , and its density, 𝜌: 

 

𝑉𝑐 =  
(

𝑀𝑛

𝑁𝐴
)

𝜌
 

 

(3.5) 

 

Where 𝑁𝐴  is Avogadro’s number, and 𝑉𝑐  is the volume of a single polymer chain. The 

density of the poly(styrene-co-butadiene) copolymers was assumed to be equal to their 

bulk values (∼0.95 g/cm3).4 The total ‘real’ volume, 𝑉𝑟 was then divided by the volume 

of a single polymer chain to provide a value of how many chains made up each aggregate.  

In Chapter 5, polymer morphology was far more variable on the graphite surface. 

Therefore, multiple deconvolution methods were adopted to account for each type of 

polymer feature. Also, the polymer feature widths were measured rather than radii. At 

some concentrations, the polymer formed more elongated structures on the surface, 

such as ribbons or networks. Cross-sections were taken of these structures to measure 

their apparent widths, 𝑊𝑎 . In order to measure the real width, 𝑊𝑒𝑙 , of these elongated 

structures, a method was adopted from Fung et al.189 who developed a technique of 

deconvolution for oligopeptides on a surface:  

 𝑊𝑒𝑙 = 𝑊𝑎 − 2√ℎ(2𝑅𝑡 − ℎ) (3.6) 

 

Where h is the height of the structures. This method was adopted as the oligopeptides in 

Fung et al. study had similar morphologies to the polymer nanoribbons or networks 

formed on the graphite surface. Therefore, giving a good estimation of the real lateral 

size of the polymer structures. 

Individual polymer aggregates (nanoislands) also formed on the graphite. However, they 

were not uniform in shape as some were spherical cap shaped and others were more 

elongated. In order to determine which deconvolution method was appropriate for the 
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individual aggregates, their eccentricity 𝜀, was measured to identify how circular or 

elliptical an aggregate was. The eccentricity was defined as:  

 

𝜀 = √1 −
𝑏𝑙

2

𝑎𝑙
2
 (3.7) 

 

Where 𝑏𝑙 is length of the minor axis (width), and 𝑎𝑙 is the length of the major axis 

(length). When 𝜀 ranged from 0.6 – 1, the features had a more elongated shape and 

Equation 3.6 was used to calculate the width of the features. When 𝜀 ranged from 0 – 0.6, 

the droplet could be considered a spherical cap and the following equation was used to 

give the real width, 𝑊 𝑐𝑎𝑝 , of the spherical cap shaped aggregates:  

𝑊𝑐𝑎𝑝 = 2√2𝑉𝑟 −
1
3

𝜋ℎ3

𝜋ℎ
 (3.8) 

 

 

3.5.5 Contact angles of nanostructures 
 

In Chapter 4, contact angle measurements were carried out on polymer nanodroplets 

that formed on the mica surface. The contact angles of the aggregates were calculated 

geometrically using the aggregates ‘real’ contact radius, 𝑟𝑟 , and the aggregates height, ℎ: 

 𝜃

2
= tan−1 (

ℎ

𝑟𝑟

) (3.9) 

 

This method gives reliable results when the shape of the aggregate is a spherical cap and 

the aggregates are small enough to not be affected by gravity. This was the case with the 

nanodroplets in this study.64 

In Chapter 5, polymer morphology on the graphite surface was variable. Some aggregates 

were more spherical cap shaped and this meant that Equation 3.9 could be used to 

calculate contact angle values. However, many of the aggregates were less uniform in 

shape. Therefore, in order to achieve reasonable contact angle values for the less 
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uniformly shaped aggregates, such as network features or asymmetrical nanoislands,  

multiple line scans were taken along the profile of each aggregate. Individually, the line 

scans across the features appeared as 2D cap shaped and thus, the contact angle along 

that profile was measured using Equation 3.9. Therefore, the average contact angles of 

the multiple line scans were calculated to give an overall value for each aggregate. Figure 

3.19 shows profile plots of polymer features at each concentration (networks, 

asymmetrical nanoislands, and nanoribbons) fitted to spherical caps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6  AFM force spectroscopy  
 

AFM can also be used to obtain quantitative data regarding the strength of interaction 

forces between different materials. This mode of operation is known as force 

spectroscopy. The setup of the AFM is the same for both force spectroscopy and imaging. 

Figure 3.19: Cross-sectional profile plots of typical polymer features formed at each concentration on 
the graphite surface. The cross-sections were fitted to spherical caps. (A) 1c* for the 𝑀𝑛 = 86 kg/mol 

sample. (B) 0.1c* for the 𝑀𝑛 = 46 kg/mol sample. (C) 0.01c* for the 𝑀𝑛 = 86 kg/mol sample. (D) 0.001c* 

for the 46 kg/mol sample. 
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The process of AFM force spectroscopy involves bringing a tip into contact with a 

substrate’s surface. The substrate is then pushed against the tip to induce concave 

deflection in the cantilever up to a fixed amount of force. Piezo movement then begins to 

separate the tip and the substrate surface. However, adhesion forces between the tip and 

the substrate mean that the tip is held in contact with the substrate. This causes the 

cantilever to deflect in a convex orientation, whilst the tip remains at the substrate. 

Consequently, the changes in cantilever deflection cause the laser position on the 

photodiode to change. The variations in laser position on the photodiode are measured 

and a value of the cantilever deflection is generated. As the tip-sample separation is 

increased further, the tip is released from the substrate. The interaction forces between 

the sample and the tip, F, can be calculated using Hooke’s law:  

 𝐹 = 𝑘𝑥 (3.10) 

 

Where k is the spring constant of the AFM cantilever and x is the deflection of the 

cantilever expressed as a distance.  

All force spectroscopy experiments were also carried out using the Bruker 

Multimode/Nanoscope IIIa (see Figure 3.15). The J-scanner was used in all experiments. 

The approach/retract cycles were either carried out at a fixed point on the surface, or in 

an array where the horizontal and vertical steps were 500 nm. The delay time (time 

before each approach) was set at 1 second for all experiments. The contact time (contact 

time between tip and substrate before retracting) was also kept at 1 second for all 

experiments unless explicitly stated otherwise. All experiments were carried out in air 

under ambient lab conditions. 

The process of the force spectroscopy experiments is similar to the process outlined for 

AFM imaging in Section 1.5. However, there are some fundamental differences. First, 

calibration of the AFM cantilever must be carried out. This involves loading a hard, clean 

substrate onto the piezo tube. To achieve consistent results, the calibration substrate 

must be the same in all experiments. For the experiments presented in Chapters 6 and 7, 

freshly cleaved mica was always used as the calibration substrate. The probe was then 

loaded into the AFM and the laser was aligned to reflect off the cantilever and hit the 

photodetector at its centre. As the cantilever did not oscillate during the experiments, no 

tuning was required. The tip-sample separation was reduced manually and the tip was 
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then engaged with the surface. Parameters such as delay time, contact time, z-range, and 

cantilever spring constant were then set. A single approach/retract cycle was carried out 

on the substrate which produced a standard force-distance curve showing short range 

adhesion forces. From the force-distance curve, calibration was carried out using the 

software which determined the sensitivity of the system. This measures how the 

deflection of the cantilever in nanometres related to the laser movement on the 

photodetector in volts. An inverse optical laser sensitivity (InvOLS) value was generated, 

which allowed the system to convert the movement of the laser on the photodetector 

into deflection of the cantilever. Once calibration was completed, the mica substrate was 

replaced with the substrate required for the current experimentation. Care was taken 

not to change the laser alignment at this point, as this would mean recalibration was 

required.   

 

3.6.1 Force spectroscopy tips  
 

For all force spectroscopy experiments, MSNL-10 model tips were used which were 

purchased from Bruker. The cantilevers were made of silicon nitride and had a nominal 

thickness of 0.55 µm. The cantilevers had a triangular geometry and a low nominal spring 

constant of 0.01 N/m. Soft cantilevers were required to improve the lowest detectable 

force value in the system, and therefore improve the force resolution. The MSNL-10 

cantilevers are extremely sensitive as 10 pN of force resulted in a deflection of 1 nm. The 

cantilevers had a reflective gold coating on the backside to increase the intensity of the 

laser signal at the photodetector. The tips were made from silicon and had a rotated 

geometry. The tip height is 2.5 - 8.0 µm, which is far greater than any features 

investigated. The tips are extremely sharp with a nominal radius of 2 nm.     

 

3.6.2 Force-distance curve analysis  
 

The force spectroscopy experiments generated force-distance curves. Force-distance 

curves were analysed to extrapolate information regarding the strength and type of 

interactions between the polymers and substrates. Initially, the force-distance curves 

were converted into text documents using the free software Nanoscope Analysis. From 
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this, graphs were generated using the software Origin. In cases where clear 

polymer/substrate interactions were observed, such as single chain desorption events, 

graphs representing force against tip-sample separation were more appropriate. It was 

calculated that any error associated with InvOLS was minor and would not affect the 

overall results. The total adhesive force for each graph was found using the minimum 

force value in the data. The total adhesive energy was calculated by integrating the 

complete area above each curve in the fourth quadrant of the force-separation graphs 

using Origin. Individual events were analysed using an Origin plugin which allowed the 

distance between two points to be measured. This meant the distance between events, 

force of events, and tip-sample separation at events could be accurately measured. The 

adhesive energy per segment (𝐸𝑠 ) was calculated by first integrating the area above the 

curves in the fourth quadrant where only force plateaus and steps occurred. This gave 

the total adhesive energy across the force plateaus and steps, 𝐸𝑓 , which could be used to 

calculate adhesive energy per segment with the following equation:  

 
𝐸𝑠 =  

𝐸𝑓𝑏

𝐿 𝑙

 (3.11) 

 

Where b is Kuhn length, and 𝐿 𝑙 is the length of the force plateaus and steps. 

Thermal noise is present in all curves generated by force spectroscopy.190 This is due to 

the constant fluctuations in air caused by factors, such as Brownian motion.50 As the tips 

are extremely soft (low spring constant), they are affected by these thermal fluctuations. 

This creates noise in force-distance curves which reduces the force resolution in the 

system. However, the magnitude of the noise was small and could only be observed when 

a small part of a curve was zoomed into. Figure 3.20 shows a full force-separation curve 

and a zoomed area of the same curve. Noise is only visible in the zoomed curve in Figure 

3.20B. From this curve, it is clear that the fluctuations due to noise had a significantly 

smaller magnitude than any desorption events. Analysis was carried out on multiple 

curves in order to measure the magnitude of the noise in the experiments. The 

magnitude of the thermal noise was calculated to be 3.2 pN. This is over a factor of ten 

times smaller than the average force of desorption events on each substrate. This shows 

that any effects from thermal noise were negligible, as desorption events can clearly be 

identified and measured on the curves.          
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3.7 Macroscopic contact angle measurements 
 

Macroscopic droplets were prepared by depositing small pieces of bulk polymer samples 

onto the mica surface, followed by thermal equilibration of the samples in an oven at 

40˚C. This resulted in polymer droplets forming on the mica surface (see Figure 3.21). 

These droplets had radii ranging from approximately 1 – 5 mm, and volumes from 0.2 – 

50 mm3 . The 46 kg/mol samples required 24 hours to reach equilibrium, whilst the 86 

kg/mol samples required seven days. After over eight weeks in the oven, the polymer 

with a molecular weight of 355 kg/mol did not form droplets on the surface. Therefore, 

no macroscopic contact angle measurements were possible for this sample. Macroscopic 

contact angle measurements were carried out using a KRÜSS Drop Shape Analyser 

DSA30S at ambient temperatures. Measurements were taken after the samples had been 

left for one week at ambient temperatures. Macroscopic contact angle measurements of 

Figure 3.20: A typical force-separation curve for a blank AFM tip interacting with a poly(styrene-co-

butadiene) thin film on a silicon substrate. (A) The complete curve with no observable noise. (B) A 

zoomed in section of the curve, which is represented by the blue box in graph (A).  
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polymer droplets on graphite surfaces were also carried out. However, due to difficulties 

in optimising experimental parameters, only a small amount of data was obtained (see 

Appendix). Therefore, the results were only preliminary and this area remained an 

avenue for future work.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.8  Viscosity measurements 
 

The viscosity of polymer solutions were measured for the 46 kg/mol, 86 kg/mol and 355 

kg/mol samples at a concentration of 1c*. Furthermore, the viscosity of toluene was also 

measured. All measurements were carried out on a Thermo Scientific HAAKEMARS 

Rheometer. Parallel plate geometry was used for each measurement, and the 

temperature was set at 20˚C. The shear rate range for the experiments was set at 0 to 50 

𝑠−1 . 

 

Figure 3.21: Photograph showing macroscopic droplets of the 86 kg/mol poly(styrene-co-butadiene) 

on a mica surface.    
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3.9  Conclusions 
 

The behaviour of polymers on various substrates at the nanoscale has been 

comprehensively investigated using AFM techniques. Three molecular weights of 

poly(styrene-co-butadiene) random copolymers were prepared in toluene solutions 

according to the individual polymer’s overlap concentration values. Additionally, 

polystyrene and polybutadiene homopolymers were prepared using identical methods. 

The polymer solutions were deposited onto mica, graphite, and silicon substrates, and 

the formation of thin films and nanostructures was observed. The deposition methods 

used in the experiments were spin coating and dip coating. The polymers were spin 

coated onto freshly cleaved mica and graphite substrates, at various concentrations and 

molecular weights. The polymers exhibited various morphologies on each substrate 

including thin films, spherical cap nanodroplets, continuous networks, asymmetrical 

nanoislands, and nanoribbons. All imaging of the spin coated films took place in close 

proximity to the centre of the substrates to improve consistency of results. Dip coating 

was implemented in order to coat AFM tips and each substrate with polymer chains in a 

non-destructive way.  

Tapping mode AFM imaging was used to analyse the polymer morphology on each 

substrate at the nanoscale. All imaging was carried out in air, under ambient conditions. 

Complete analysis of the polymer morphology was carried out using the freeware 

Gwyddion. This included FFT analysis to provide peak-to-peak distances of polymer 

networks. Deconvolution methods are presented for polymer features of varying 

morphologies, which allowed for an accurate measurement of the lateral size of the 

features to be achieved. Furthermore, a method for calculating the contact angle of 

various polymer features using AFM is presented.  

AFM force spectroscopy was utilised to measure the fundamental interactions between 

polymers and various substrates. All force spectroscopy experiments were carried out 

in air, under ambient laboratory conditions. A soft cantilever with a low spring constant 

was used in order to achieve a high force resolution. Comprehensive analysis of the force-

distance curves was carried out which provided information regarding the total adhesive 

force, total adhesive energy, and specific interactions. Thermal noise was present in the 

curves, but its magnitude was small and therefore did not affect analysis.  
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Complementary experiments were carried out on macroscopic polymer 

samples/solutions. Viscosity measurements were taken of polymer solutions with 

different molecular weights at a fixed concentration. Contact angle goniometry was used 

to study the effect that polymer droplet size has on contact angle, at the macroscale.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

4 Polymer morphology on a mica    

surface 
 

 

 

 

 

 

 

 

 

 

 

 

Summary 

This chapter presents an AFM investigation of the morphology of adsorbed poly(styrene-

co-butadiene) random copolymers on a mica surface. Polymer solutions with varying 

molecular weights and concentrations were deposited onto mica surfaces using spin 

coating. Differences in morphology, depending on concentration and molecular weight, 

have been observed directly in real space. Furthermore, it was demonstrated that the 

contact angles of the nanodroplets were size dependent and exhibited a specific trend 

regardless of molecular weight.  
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4.1 Introduction 
 

Many applications depend on polymers functioning at surfaces. These include, functional 

membranes,146 nanoelectronics,33 biofouling,86 and composite materials.47 However, the 

understanding of how these polymers interact with surfaces at the nanoscale is 

incomplete. It is well documented that polymers behave differently in the bulk compared 

to at an interface,191–193 although the drivers for these behavioural changes remains 

under investigation. A greater understanding of how polymers behave in the vicinity of 

a surface at a fundamental level is essential to promote the intelligent design of 

composite materials and polymers at interfaces. 

Comprehensive studies have been carried out investigating the morphology of many 

different types of polymers on surfaces using AFM. These include end-grafted polymers 

where pinned micelles form on a surface,194,195 polymer blends and their phase 

separation on surfaces,191,196,197 and diblock copolymers where terraced or layered 

structures are formed.73,108,198 Some research has been carried out investigating the 

morphology of crystalline homopolymers on surfaces, where crystalline nanolamellae 

can form.112,114 However, research on amorphous homopolymers is much less common, 

especially in the area of physisorbed homopolymers or random copolymers. This is 

somewhat surprising, as these important polymers dominate commercial applications in 

both the polymer industry and composite materials. 

Contact angle studies are also an area of intensive research investigating the wetting 

properties of liquids on different surfaces. While the wetting phenomena of various 

liquids at the macroscale are well understood, the study of contact angles at the 

nanoscale is much less common. 64 It is hypothesised that specific factors that may have 

very little influence at the macroscale can have a much larger impact at the nanoscale. 

These factors include surface heterogeneities, as topographical changes over very small 

length scales have minimal impact on the contact angle of macroscopic droplets. 

However, at the nanoscale, these topographical changes have a much larger effect on a 

droplet’s contact angle.122,199 Line tension is another factor that may affect the contact 

angle of nanodroplets. In the nanoscale, Young’s equation must be altered to  include line 

tension to allow for the influence of surface curvature and the specific free energy of the 

three-phase contact line. However, the magnitude of the effect of line tension is not 
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currently known, nor is the sign of line tension and this is what affects the size 

dependence of the contact angles.92,122,124 Another proposal suggests that below a critical 

value, polymer nanodroplets exhibit an increased elastic modulus which increases 

dewetting.28,200 

This chapter elucidates several fundamental aspects of polymer behaviour on surfaces 

for a random copolymer system on a weakly adsorbing mica substrate. This proves the 

complex interplay of many factors in the formation of polymer nanostructures, despite 

the simplicity of the system. The random monomer composition in the polymer chains 

results in a copolymer that effectively behaves as an amorphous homopolymer. Three 

different poly(styrene-co-butadiene) molecular weights were spin coated onto cleaved 

mica surfaces. A large range of concentrations was investigated, which allowed an 

examination into phenomena from thin film formation and dewetting to nanoscopic 

droplets and single polymer chains. Experiments were carried out at three distinctly 

different molecular weights and results showed that molecular weight had a significant 

impact on the morphology of the polymer nanostructures. Finally, a detailed exploration 

of the contact angles of the polymer droplets both at the nanoscale and macroscale is 

presented.       

 

4.2 Materials and methods 
 

All experiments were carried out using three molecular weights of poly(styrene-co-

butadiene) random copolymers (46 kg/mol, 86 kg/mol, and 355 kg/mol). The samples 

were monodisperse and had styrene-butadiene ratios of approximately 25:75. The 

samples were well below their 𝑇𝑔 ’s at room temperature and their molecular weights 

were well above their entanglement molecular weights. The polymers were prepared in 

toluene at five different solution concentrations (3c*, 1c*, 0.1c*, 0.01c*, and 0.001c*). The 

polymers were deposited onto freshly cleaved mica using spin coating with fixed 

parameters.    

All imaging of the samples was carried out using tapping mode AFM in air at room 

temperature. The AFM model was a Bruker Multimode/Nanoscope IIIa, and RTESPA 

probes were used for all imaging. The sizes of the scans varied from 2 - 150 𝜇𝑚2 . All 
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analysis of polymer morphology was carried out on the software Gwyddion. 

Deconvolution was implemented (see Chapter 3 for details) to provide accurate 

measurements of the lateral size of nanostructures. AFM techniques were used to 

measure the contact angles of the cap shaped nanodroplets. Additional techniques used 

throughout the experiments included viscosity measurements on a HAAKE MARS 

Rheometer and contact angle goniometry using a KRÜSS Drop Shape Analyser DSA30S.   

 

4.3  Results and discussion 
 

4.3.1  AFM images and profile plots  
 

AFM height images were obtained from five different polymer solution concentrations 

varying from very dilute to above the overlap concentration. Figures 4.1 - 4.3 show 

representative images for each molecular weight (46 kg/mol, 86 kg/mol, and 355 

kg/mol) of the poly(styrene-co-butadiene) samples. Additionally, typical profile plots 

are presented for each image, whereby each plot was taken as a complete horizontal 

line across the image. These profile plots provide a greater insight into the surface 

morphology of the samples. 

 

4.3.1.1  Mn = 46 kg/mol  
 

Figures 4.1A and 4.1B show that a mostly continuous thin film formed on the surface at 

3c*, only broken by several circular holes with depths ranging from 2.4 nm to 26 nm. 

Numerous aggregates were also present on the surface with heights ranging from 16 nm 

to 36 nm. At lower concentrations (1c* - 0.001c*), the polymer formed spherical cap 

shaped aggregates on the mica surface. The sizes of the aggregates varied dramatically 

with solution concentration. Figures 4.1C and 4.1D show that at 1c*, the aggregates were 

polydisperse with radii and heights ranging from 10 nm to 910 nm, and 5.6 nm to 241 

nm, respectively. Figures 4.1E and 4.1F show that at 0.1c*, the aggregates had a much 

narrower range of radius and height values than at 1c*, ranging from 14 nm to 361 nm, 

and 3.9 nm to 21 nm, respectively. Some droplet coalescence was observed which 

created longer, thinner aggregates. Figures 4.1G and 4.1H show that at 0.01c*, the 
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aggregates radii and heights ranged from 8.4 nm to 78 nm, and 1.5 nm to 11 nm, 

respectively. Figures 4.1I and 4.1J show that at 0.001c*, there was very little polymer 

present on the mica surface. Very small nanodroplets formed with radii and heights 

ranging from 5.1 nm to 44 nm, and 2.3 nm to 7.7 nm, respectively. The range of radii and 

heights were smallest at this concentration.  

 

 

  

Figure 4.1: A series of AFM height images and profile plots for the 46 kg/mol sample at varying 

concentrations on a mica surface. The profile plots correspond with horizontal line scans taken from the 

AFM image. (A) 3c* = 17.43 mg/ml, (B) profile plot at 3c*, (C) 1c* = 5.81 mg/ml, (D) profile plot at 1c*, 

(E) 0.1c* = 0.581 mg/ml, (F) profile plot at 0.1c*, (G) 0.01c* = 0.0581 mg/ml, (H) profile plot at 0.01c*, 

(I) 0.001c* = 0.0058 mg/ml, (J) profile plot at 0.001c*.  

 



 
Chapter 4: Polymer morphology on a mica surface  120 

 
 

 

 

4.3.1.2 Mn = 86 kg/mol  
 

Figures 4.2A and 4.2B show the polymer morphology at 3c* where a mostly continuous 

polymeric thin film formed on the surface. However, some dewetting was observed, 

characterised by the large circular aggregates with holes around them. The depth of 

these holes ranged from 2.2 nm to 17 nm, and the height of the aggregates ranged from 

9.2 nm to 634 nm. Once again, spherical cap shaped aggregates formed at all lower 

concentrations. Figures 4.2C and 4.2D show that at 1c*, the aggregates had the largest 

ranges of radii and heights from 16 nm to 1.1 µm, and 2.1 nm to 411 nm, respectively. 

Figures 4.2E and 4.2F show that at 0.1c*, the aggregates radii and heights ranged from 

4.7 nm to 383 nm, and 3.4 nm to 46 nm, respectively. Figures 4.2G and 4.2H show that at 

0.01c*, the range of aggregates radii and heights were lower than 1c* and 0.1c* with 

values from 6.2 nm to 92 nm, and 1.3 nm to 12 nm, respectively. Figures 4.2I and 4.2J 

show at 0.001c*, very small aggregates were observed with radii and heights ranging 

from 3.7 nm to 35 nm, and 1.4 nm to 6.7 nm, respectively. As with the 46 kg/mol sample, 

the average range of radii and heights of the aggregates were lowest at this 

concentration. 
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Figure 4.2: A series of AFM height images and profile plots for the 86 kg/mol sample at varying 

concentrations on a mica surface. The profile plots correspond with horizontal line scans taken from the 

AFM image. (A) 3c* = 11.13 mg/ml, (B) profile plot at 3c*, (C) 1c* = 3.71 mg/ml, (D) profile plot at 1c*, 

(E) 0.1c* = 0.371 mg/ml, (F) profile plot at 0.1c*, (G) 0.01c* = 0.0371 mg/ml, (H) profile plot at 0.01c*, 

(I) 0.001c* = 0.0037 mg/ml, (J) profile plot at 0.001c*.   
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4.3.1.3 Mn = 355 kg/mol 
 

Figures 4.3A and 4.3B show that at 3c*, a mostly continuous thin film formed on the 

surface. Dewetting was observed in the film, and there were a number of large holes with 

depths ranging from 2.9 nm to 32 nm which exhibited raised outer rims. Aggregates were 

observed on the film with heights ranging from 8.7 nm to 342 nm. At 3c*, there was a 

larger degree of dewetting for this sample compared to the two lower molecular weights. 

Similarly to the previous molecular weights, spherical cap shaped aggregates were 

observed at all other concentrations. Figures 4.3C and 4.3D show that at 1c*, aggregate 

radii and heights ranged from 95 nm to 1.1 µm, and 26 nm to 211 nm, respectively. 

Figures 4.3E and 4.3F show that at 0.1c*, fairly uniform aggregates were formed with a 

narrower range of radii (16 nm to 324 nm) and heights (2.9 nm to 191 nm) compared to 

the 1c* sample. Figures 4.3G and 4.3H show that at 0.01c*, uniform aggregates were 

formed with radii and heights ranging from 6.8 nm to 72 nm, and 2.2 nm to 29 nm, 

respectively. Figures 4.3I and 4.3J show that at 0.001c*, very small aggregates formed 

with aggregate radii and heights ranging from 7.9 nm to 63 nm, and 1.1 nm to 10 nm, 

respectively. 
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Figure 4.3: A series of AFM height images and profile plots for the 355 kg/mol sample at varying 

concentrations on a mica surface. The profile plots correspond with horizontal line scans taken from the 

AFM image. (A) 3c* = 4.17 mg/ml, (B) profile plot at 3c*, (C) 1c* = 1.39 mg/ml, (D) profile plot at 1c*, (E) 

0.1c* = 0.139 mg/ml, (F) profile plot at 0.1c*, (G) 0.01c* = 0.0139 mg/ml, (H) profile plot at 0.01c*, (I) 

0.001c* = 0.0014 mg/ml, (J) profile plot at 0.001c*.  
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4.3.1.4 Spherical cap shape of nanodroplets 
 

In order to confirm that the nanodroplets were spherical cap shaped, cross-sectional 

profile plots of individual droplets were fitted to spherical caps. The equation used to fit 

the spherical cap profile was:  

 
𝑍 = ℎ − 𝑟𝑟 + √𝑟𝑟

2 − 𝑥2 (4.1) 

 

Where Z is the vertical coordinate, ℎ is the height of the nanodroplet, 𝑟𝑟 is the contact 

radius of the spherical cap, and x is the horizontal coordinate. Figure 4.4 shows an 

example of a typical cross-sectional profile plot of a nanodroplet fitted to a spherical cap. 

From the results, it is clear that the profiles of the nanodroplets were fitted well with the 

2D equation, confirming that the droplets themselves were spherical caps. 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

Figure 4.4: A typical cross-sectional profile plot of a poly(styrene-co-butadiene) random copolymer 

nanodroplet fitted to a spherical cap. 
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4.3.1.5 Data analysis  
 

In the graphs which exhibit individual points with vertical bars, each point on the graphs 

represents an average value of either height, radius, number of chains per aggregate, 

number of aggregates, or contact angle at a given concentration or molecular weight. 

These average values of aggregate morphology were taken from a large array of 

individual aggregates. The bars on the plots are not error bars; they represent the overall 

range of aggregate values by showing the maximum and minimum values for each array. 

The reason for this was to examine the distributions of aggregate size at each 

concentration or molecular weight and observe the level of polydispersity in the 

aggregate dimensions for each of these parameters. In Figure 4.5, typical histograms for 

each measured parameter at 0.01c* are presented for the 46 kg/mol sample. The typical 

histograms show both asymmetrical and symmetrical distributions, and it is clear that 

bars representing standard deviation were not appropriate for many of the data points 

as they did not have a normal distribution. The error in the z-direction for AFM 

measurements was in the sub-nanometer scale, which is at the size of the symbols used 

(or smaller). Furthermore, deconvolution was implemented (see Chapter 3) which 

meant the error in the x-direction was also extremely small. Error in both x and z 

directions was estimated to be less than 1%. 
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4.3.2 Concentration effects  

 

4.3.2.1 Size distributions of aggregates 
 

Figure 4.6 shows how the radius of the aggregates varied with concentration at each 

molecular weight. The aggregate radius increased non-linearly with increasing 

concentration; the range of aggregate radii was largest at 1c* and it decreased with 

decreasing concentration across all molecular weights. The aggregates formed at 1c* 

were polydisperse, but at the lowest concentrations the aggregates were more 

monodisperse with consistently small radii. The radius of the aggregates varied 

considerably, but their spherical cap shape was independent of individual aggregate size. 

Polymers on non-wetting surfaces in a poor solvent (in this case air), form aggregates of 

spherical cap shapes to minimise free energy.201   

 

Figure 4.5: Typical histograms showing the distribution of aggregates for each parameter for the 46 

kg/mol sample at a concentration of 0.01c*. (A) Radius, (B) height, (C) number of chains per aggregate, 

(D) contact angle.   
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Figure 4.7 shows that the height of the aggregates increased with increasing 

concentration for each of the three molecular weights. This trend was similar to the 

relationship between aggregate radius and concentration, as the overall height and the 

range of heights were largest at the higher concentrations. At higher concentrations, 

there were many polymer chains present at the surface during the solvent evaporation 

and drying processes. This allowed (via entanglements) the creation of some aggregates 

with larger sizes. Conversely, at lower concentrations, there were simply not enough 

chains at the surface for large aggregates to form, leading to a much smaller range of 

aggregate sizes. 

 

 

 

Figure 4.6: Graphs showing the relationship between the radius of the polymer aggregates and 

concentration on the mica surface at varying molecular weights. Each graph presents the average values 
and has bars which indicate the range of values. (A) 𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 355 

kg/mol. 
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4.3.2.2 Number of chains per aggregate and single chain nanodroplets 
 

Figure 4.8 shows that the number of chains per aggregate increased with concentration. 

At higher concentrations, the aggregate size was generally larger, and therefore the 

individual aggregates were made up of more polymer chains. Similarly with aggregate 

radius and height, the range of number of chains per aggregate was much larger at higher 

concentrations. At the lowest concentration (0.001c*), the average number of chains per 

aggregate at each molecular weight was consistently small (14 - 41), showing that 

aggregates formed which contained very few polymer chains. Although, single chains 

were observed most frequently at 0.001c*, some single chains were also present at 

higher concentrations. For the 46 kg/mol sample in Figure 4.8A, the average height of 

the single chains was 2.5 nm and the average radius was 4.4 nm. For the 86 kg/mol 

sample in Figure 4.8B, the average height of the chains was 3.3 nm and the average radius 

Figure 4.7: Graphs showing the relationship between the heights of the polymer aggregates and 

concentration on the mica surface at varying molecular weights. Each graph presents the average values 
and has bars which indicate the range of values. (A) 𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 355 

kg/mol. 
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was 5.2 nm. For the 355 kg/mol sample in Figure 4.8C, the average height of the chains 

was 3.1 nm and the average radius was 6.5 nm.  As a polymer chain adsorbed flat on a 

surface has a characteristic height and width of ∼0.4 nm,109,125 these results showed that 

single chains on mica do not lie flat at the interface. A single hydrophobic polymer chain 

will instead create a globule, folding on itself to dewet the hydrophilic mica surface. This 

behaviour reduces surface contact, which is very similar to the behaviour of the larger 

aggregates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2.3 Thin film morphology 
 

At 3c*, across all molecular weights, the polymers formed mostly continuous thin films 

on the mica surface and not spherical cap shaped aggregates. Often polymer thin films 

are not homogenous and flat, but are unstable. For instance, when polystyrene thin films 

are annealed above their 𝑇𝑔 , they become unstable and dewetting occurs,98,202 while 

Figure 4.8: Graphs showing the relationship between the number of chains per aggregate and 

concentration on the mica surface at varying molecular weights. Each graph presents the average values 
and has bars which indicate the range of values. (A) 𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 355 

kg/mol. 
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stability and smoothness is maintained below the 𝑇𝑔  in the spin-coated films. For each 

molecular weight, the poly(styrene-co-butadiene) films, which were well above their 𝑇𝑔  

values, experienced partial dewetting on the mica surface. This dewetting phenomenon 

can generally be separated into three stages. First, many small cylindrical holes are 

formed in the film, this is often thought to occur due to unstable rapid nucleation caused 

by small imperfections and impurities on the substrate (or the film itself) or to spinodal 

dewetting caused by thermal fluctuations.95–97 This is exemplified in Figure 4.1A which 

shows a mostly continuous film with some small cylindrical holes which is typical of the 

early stages of dewetting. The second stage of dewetting is characterised by larger holes 

which have asymmetrical raised rims and viscous fingering patterns. It is thought that 

after nucleation, capillary forces generally drive the dewetting process and force the 

polymer chains to accumulate around the circumference of the hole to form a raised 

rim.49 This stage of dewetting is observed in the typical height and phase images of the 

355 kg/mol sample at 3c* in Figure 4.9, which clearly show dewetted holes with raised 

rims and viscous fingering patterns. The final stage of dewetting is when the holes are 

large enough to coalesce, with Plateau-Rayleigh instability causing droplets to form on 

the surface. The droplets on the surface have reached equilibrium and this signifies the 

end of the dewetting process.95 This final stage of dewetting was not reached for the films 

at 3c*, which suggested that the thin films were in a state of metastable equilibrium.  

 

 

 

 

 

 

 

 

 
Figure 4.9: AFM images of the 355 kg/mol sample at a concentration of 3c*. (A) Height image which 

shows raised rims at the circumferences of the dewetted holes. (B) Corresponding phase image where 

viscous fingering patterns are clearly observed.  
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The heights of the raised rims increased linearly with the diameter of the dewetted holes 

for the 355 kg/mol sample (see Figure 4.10). The same trend has previously been 

observed by G. Reiter when studying the dewetting phenomena of ‘almost glassy’ 

polystyrene thin films close to their 𝑇𝑔 .49  Reiter presented the following equation: 

 𝐷2𝜋ℎ𝑓 ∝ 2𝜋𝐷𝐻𝜅  (4.2) 

 

Where D is the hole diameter, ℎ𝑓 is the film thickness, H is the maximum height of the 

rim, and 𝜅 is the characteristic decay length of the rear side of the rim which can be fitted 

to an exponential decay. For each individual hole, h remained constant, and 𝜅 did not 

change with time. Therefore, Reiter showed that the height of the rim (H) must grow at 

the same rate as the diameter of the hole (D). Reiter explained that this relationship 

meant the polymer was not flowing like a liquid, and capillary forces were plastically 

deforming the highly elastic polymer films. Interestingly, the same linear relationship 

was observed between hole diameter and rim height for the viscoelastic poly(styrene-

co-butadiene) in the current study which was well above its 𝑇𝑔  at room temperature. In 

contrast to Reiter, the dewetted holes on mica also exhibited viscous fingering patterns 

(see Figure 4.9B). These occur when frictional forces acting at the interface between the 

polymer and the substrate oppose the hole growth which induces rim instability. This 

rim instability leads to the formation of viscous fingering patterns, which are 

characteristic of polymer films above their 𝑇𝑔 .203 Thus, for the poly(styrene-co-

butadiene) thin films, viscous fingering patterns were observed in the holes, as well as, a 

linear relationship between rim height and hole diameter. This suggests that the 

polymers did not behave as a simple fluid, but exhibited aspects of both viscous 

dewetting and plastic deformation.  
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The widths of the dewetted holes ranged from 1.9 µm to 15.7 µm. The rims were 

asymmetrically shaped and their widths fluctuated due to instabilities. However, after 

measuring the average rim width by taking numerous measurements along the 

circumference, a trend was identified which showed that rim width also scaled linearly 

with hole diameter. Figure 4.11 shows the linear relationship between rim width and 

hole diameter for the dewetted holes at 3c* for the 355 kg/mol sample. The 

investigations into dewetted hole morphology showed that on average both rim height 

and rim width increased linearly with increasing hole diameter. This is an interesting 

result, although not completely unexpected as it is logical that rim height and rim width 

will be closely linked. 

 

 

 

 

 

 

 

Figure 4.10: Graph showing the linear relationship between rim height and hole diameter for dewetted 

holes. The measurements were carried out on 9 holes in the polymer films formed at 3c* for the 355 

kg/mol sample.  
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The thickness of the polymer films at 3c* were approximately 6.6 nm, 8.4 nm, and 19.0 

nm for 46 kg/mol, 86 kg/mol, and 355 kg/mol samples, respectively. The film thickness 

values were obtained by using AFM techniques. Firstly, phase images were analysed to 

confirm that the dewetted holes in the films at 3c* exposed the mica substrate. Figure 

4.9B shows a typical phase image for the 355 kg/mol sample at 3c*. Distinct colour 

contrast is observed between the inside of the dewetted holes and the polymer film. This 

confirms that the holes exposed the mica surface below, and therefore could be used to 

measure film thickness. Cross-sectional profile plots were then taken across the holes in 

the film’s surface. The distance between the exposed mica surface and the surface of the 

polymer film was measured to provide a value for film thickness. In order to achieve a 

more accurate value, the measurements were taken from a flat area of the polymer 

surface and not close to the hole’s circumference where a raised rim may be present. 

Figure 4.12 shows a typical cross sectional-profile plot across a dewetted hole with 

horizontal lines denoting the film thickness. 

 

 

 

Figure 4.11: Graph showing the linear relationship between average rim width and hole diameter for 

the dewetted holes present in the films at 3c* for the 355 kg/mol sample.  
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For the thin films which formed at 3c*, larger molecular weights correlated to a larger 

film thickness and increased dewetting (see Figure 4.1A, 4.2A, and 4.3A). It has been 

reported that the dewetting phenomena of polymer films can be highly dependent on 

film thickness. This is because, factors that affect dewetting such as the magnitude of the 

van der Waals force acting on the film are heavily influenced by film thickness. 95 When 

films are thicker, dewetting takes place at a faster rate and larger holes with raised rims 

and viscous fingering patterns are often observed. Also, it is reported that for films with 

a low thickness, there is a greater number of holes in the film but less dewetting overall.49 

In polystyrene samples, it was reported that increasing polymer molecular weight 

caused an increase in the thickness of thin films spin coated onto a surface at a fixed 

concentration.101 This agrees with the presented results; increasing the molecular 

weight of the polymers resulted in a greater thickness of the thin films, and therefor e 

more dewetting was observed. Regardless of molecular weight, the polymer films 

formed at 3c* always experienced some degree of dewetting and total wetting was never 

observed. This was likely due to the polymer’s very low 𝑇𝑔 ’s which meant that at ambient 

conditions, the observation of a distinct wetting/dewetting transition line did not 

occur.204 

Figure 4.12: An example of a typical cross-sectional profile plot used to measure the thickness of the 

polymer films. This example is taken from a hole in the film of the 355 kg/mol sample at a concentration 

of 3c*.  
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Many factors can affect dewetting behaviour in thin polymer films including solvent 

evaporation, film thickness, annealing time, and chemical composition.96 A very common 

study of dewetting is carried out with polystyrene films on silicon substrates, which 

involves annealing films above the 𝑇𝑔  to allow dewetting.49,205,206 The samples are then 

quenched back to room temperature to “freeze” the polymer surface and lock the 

dewetted structures in place. For these polystyrene films, the amount of dewetting 

increases with annealing time until droplets are formed on the silicon and the system 

reaches equilibrium; after this point, more annealing has no effect. Several hours of 

annealing at temperatures generally ranging from 5 - 50˚C above the 𝑇𝑔  of polystyrene 

are required to form droplets. Interestingly, different results are observed with the 

poly(styrene-co-butadiene) on mica. Despite the polymers being approximately 55˚C 

above their 𝑇𝑔 ’s  throughout the experiments (16 - 72 hours), equilibrium structures 

were not formed at 3c* where total dewetting would be expected. Dewetting occurred 

very slowly in this system, potentially due to a change in the polymer’s 𝑇𝑔  in the vicinity 

of a surface, as interfaces and confinement can impact these temperatures. 192,207 

Importantly, it has been demonstrated that the poly(styrene-co-butadiene) thin films on 

mica appeared to be in metastable equilibrium and dewet the mica surface very slowly.  

To further investigate the dewetting mechanisms of the polymer on the mica surface, 

AFM imaging was carried out 15 minutes after the spin coating process. This meant that 

the early stages of dewetting could be examined at varying experimental parameters, 

and compared to the polymer formation after 16 - 72 hours of drying. Figure 4.13 shows 

typical AFM images comparing the polymer formation of the 46 kg/mol sample after 

approximately 15 minutes of drying and after 16 - 72 hours of drying. For the 46 kg/mol 

sample at a concentration of 1c*, a mostly continuous thin film was observed on the mica 

surface after 15 minutes of drying. The film had many small holes, as well as, some 

circular aggregates. The thickness of the film was approximately 3.3 nm. In contrast, 

when the 1c* sample was left for 16 - 72 hours, spherical cap shaped aggregates were 

observed on the surface. This showed that at the overlap concentration, dewetting did 

not occur immediately after polymer deposition during the solvent evaporation or initial 

drying processes. Instead, most of the dewetting occurred during the 16 - 72 hours the 

samples were left to dry in the fume hood.  
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At a concentration of 0.1c* (Figure 4.14), similar results were observed after both 15 

minutes of drying and 16 - 72 hours of drying, whereby spherical cap shaped 

nanodroplets formed on the mica surface. This showed that at lower concentrations, the 

majority of dewetting occurred soon after polymer deposition during solvent 

evaporation or initial drying. Interestingly, the average radii and heights of the polymer 

aggregates after 15 minutes of drying were 14% and 36% larger than the aggregates that 

were left for 16 - 72 hours. This is likely because after 15 minutes, the polymer 

aggregates were not completely dry, and therefore the chains were slightly swollen, 

which created larger droplets. These results show that the time it takes for dewetting to 

occur is influenced by solution concentration. At lower concentrations, droplet 

formation happened quickly, whilst at higher concentrations, it occurred over a larger 

time scale. When the concentration was increased up to 3c*, only partial dewetting was 

observed and the thin films entered a state of metastable equilibrium.   

 

 

 

 

 

Figure 4.13: AFM images for the 46 kg/mol sample at a concentration of 1c*, showing the polymer 

formation on the mica surface after: (A) 16 - 72 hours of drying, and (B) 15 minutes of drying.  
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In a previous study, Liu and Wang208 observed that after spin coating from toluene 

solutions, polyisoprene thin films (𝑀𝑛 > 𝑀𝑒 ) with a thickness of 50 nm did not 

experience any dewetting, even after a month’s exposure to air at room temperature. 

This demonstrated that the polyisoprene films were stable over large time scales.  In the 

current study, the thin films which formed at 3c* (thickness ranging from 6.6 nm - 19.0 

nm) were in a state of metastable equilibrium, as only partial dewetting was observed 

after 16 – 72 hours. This suggests that the stability of (thicker) films in air is directly 

related to film thickness. Therefore, additional experiments were carried out to test this 

hypothesis. Figure 4.15 shows an AFM image of a thin film formed at a concentration of 

7c* for the 355 kg/mol sample, after 24 hours in air. The image shows that as 

concentration (and presumably film thickness) increased further, a negligible amount of 

dewetting was observed in the film. This showed that a significant increase in film 

thickness corresponded to an increase in film stability.  

 

 

 

 

 

 

Figure 4.14: AFM images for the 46 kg/mol sample at a concentration of 0.1c*, showing the polymer 

formation on the mica surface after: (A) 16 - 72 hours of drying, and (B) 15 minutes of drying.  
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4.3.3 Molecular weight effects 
 

4.3.3.1 Size distribution of aggregates 
 

Figures 4.16 - 4.18 show the relationship between molecular weight and aggregate 

radius, height, and number of chains per aggregate at varying concentrations.  

Figure 4.16 shows that at a concentration of 1c* and 0.001c*, the overall radius of the 

aggregates increased with increasing molecular weight. However, for the other 

concentrations, the radius remained nearly constant with increasing molecular weight. 

The range of radius values were large and similar across the molecular weight range.  

 

 

 

 

 

 

Figure 4.15: AFM image of a thin film formed at 7c* (9.73 mg/ml) for the 355 kg/mol sample after 24 

hours.  
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Figure 4.17 shows aggregate height against molecular weight at varying concentrations.  

The overall height of the aggregates increased with increasing molecular weight, 

however this is not a strong trend at 0.001c*. The range of heights was generally largest 

for the highest molecular weight sample, and the 46 kg/mol and 86 kg/mol samples had 

smaller ranges. However, this was not the case at 1c* where the highest molecular weight  

sample had the smallest range of values. The results showed that generally aggregate 

height increased with increasing molecular weight; both higher solution viscosities and 

greater degrees of entanglement at higher molecular weights appeared to play a role in 

shaping this behaviour (vide infra). 

 

 

 

Figure 4.16: Graphs showing the relationship between aggregate radius and molecular weight on the 

mica surface at varying concentrations. Each graph presents the average values and has bars which 

indicate the range of values. (A) 1c*, (B) 0.1c*, (C) 0.01c*, (D) 0.001c*. 
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Figure 4.18 shows the number of chains per aggregate against molecular weight at 

varying concentrations. As the molecular weight increased, the number of chains per 

aggregate decreased. Although, there is only a weak trend for the 1c* and 0.1c* samples. 

Generally, the average heights of the aggregates increased with increasing molecular 

weight. Additionally, the individual polymer chains are longer at higher molecular 

weights. Therefore, fewer chains were required to make larger aggregates. For the 46 

kg/mol sample, the range of number of chains per aggregates was largest at the two 

lower concentrations and also fairly large at the two higher concentrations. This is 

because there were a greater number of shorter chains in the solution which encouraged 

a larger range of chains per aggregate.  

 

 

Figure 4.17: Graphs showing the relationship between the height of the polymer aggregates and 

molecular weight on the mica surface at varying concentrations. Each graph presents the average values 

and has bars which indicate the range of values. (A) 1c*, (B) 0.1c*, (C) 0.01c*, (D) 0.001c*. 

 

 



 
Chapter 4: Polymer morphology on a mica surface  141 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 4.16 - 4.18 demonstrate that the aggregates were generally larger in size at 

higher molecular weights. The increase in aggregate size at higher molecular weights is 

likely influenced by the viscosity of a sample, which will generally increase with 

increasing molecular weight.101 If viscosity was larger at higher molecular weights, there 

may have been less polymeric material expelled from the surface during spin coating, 

leaving behind larger aggregates and thicker films. Remember that the polymer solutions 

in this chapter were prepared relative to the individual polymer’s overlap concentration. 

This means that as the molecular weight of the polymer was increased, the total mass of 

polymer in solution was decreased. As the concentration by weight of a polymer solution 

decreased, then so will the viscosity.209 These two factors thus work in opposing ways. 

To further investigate this, the viscosities of 1c* solutions at each molecular weight were 

measured. The measured dynamic viscosity of toluene at 20˚C was 0.59 mPa∙s, which 

was consistent with previous reports.210 The dynamic viscosities of the 1c* polymer 

solutions were 0.80, 0.81, and 0.85 mPa∙s for the 46, 86, and 355 kg/mol samples, 

Figure 4.18: Graphs showing the relationship between the number of chains per aggregate and 

molecular weight on the mica surface at varying concentrations. Each graph presents the average values 

and has bars which indicate the range of values. (A) 1c*, (B) 0.1c*, (C) 0.01c*, (D) 0.001c*.  
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respectively. The relative viscosities were therefore 1.36, 1.37, and 1.44 for the three 

samples. This confirmed that the viscosity of the solutions did increase with increasing 

molecular weight, under these conditions. As the solution viscosity increased, larger 

aggregates and thicker films formed, providing a significant reason for the change in 

aggregate size with molecular weight. 

The change in viscosity is not the only factor which created larger aggregates at higher 

molecular weights as chain entanglements were also significant. Figure 4.19 shows the 

average number of aggregates on a specific area of the mica surface against molecular 

weight at varying concentrations. As molecular weight increased, the number of 

aggregates present on the surface generally decreased and the range of values was 

predominantly lowest at 355 kg/mol. However, the number of aggregates remained 

constant at a concentration of 0.01c*. It has been established that as molecular weight 

increased, there were fewer but larger polymer aggregates present on the mica surface. 

As the solutions were prepared according to the overlap concentration, polymers with 

larger molecular weights had fewer but larger chains present in the solution. The 

polymer chains were in the same proximity to each other in the solution at a given 

concentration, regardless of molecular weight. Consequently, polymer chains with 

higher molecular weights experienced more entanglements than chains with lower 

molecular weights. Therefore, at higher molecular weights, the smaller quantity of larger 

chains will entangle to a greater degree compared to the lower molecular weight chains; 

hence creating fewer but larger aggregates on the mica surface. Subsequently, increased 

chain entanglements also contributed to the changes in polymer morphology on the mica 

surface. 
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4.3.4 Contact angle effects 
 

4.3.4.1 Nanoscale behaviour 
 

Figure 4.20 compares the contact angle of the polymer droplets against concentration at 

varying molecular weights, on the mica surface. Generally, it was observed that at 1c* 

and 0.001c*, the average contact angle of the droplets was largest, and the minimum 

values were at 0.01c* or 0.1c*. The range of values were largest at 1c* for the 46 kg/mol 

and 86 kg/mol samples. However, for the 355 kg/mol sample, the range of values were 

largest at 0.001c*. These results suggest that the contact angles of the droplets were size 

dependent, and that the contact angle appeared to be larger for both the very small and 

much larger droplets. However, as explained previously, there were many small droplets 

present at higher concentrations which could affect this conclusion. 

Figure 4.19: Graphs showing the relationship between the number of polymer aggregates on a specific 

surface area of mica and molecular weight at varying concentrations. Each graph presents the average 

values and has bars which indicate the range of values. (A) 1c*, (B) 0.1c*, (C) 0.01c*, (D) 0.001c*. 
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Figure 4.21 shows the relationship between contact angle and nanodroplet radius across 

varying concentrations at each molecular weight. These plots corrected the previous 

ambiguity and confirmed that there was a systematic droplet size dependence on contact 

angle. The overall trend was independent of the molecular weight; the contact angle 

values were greatest for both the smaller and larger droplets, and a minimum was 

present at 100 – 250 nm. 

 

 

 

 

 

Figure 4.20: Graphs showing the relationship between the average contact angle of polymer aggregates 

and concentration on the mica surface at varying molecular weights. Each graph presents the average 
values and has bars which indicate the range of values. (A) 𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 

355 kg/mol. 
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Figure 4.22 shows typical profile plots fitted to spherical caps for nanodroplets with radii 

ranging from 100 - 250 nm at each molecular weight. The plots show that despite their 

low contact angles, the nanodroplets in this size range maintained a spherical cap shape. 

This is a significant result, as it shows that the uniform shape of the droplets was 

maintained despite dramatic differences in contact angle values.  

 

 

 

 

Figure 4.21: Graphs showing contact angle against radius for the nanodroplets on a mica surface at 

varying molecular weights. Each graph presents the average values and has bars which indicate the 

range of values. (A) 𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 355 kg/mol. 
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When the radii of the droplets were smaller than 100 – 250 nm, a sharp rise in contact 

angle was observed. The contact angle was at a maximum when the droplet radius was 

<10 nm across each molecular weight. At this range of radii, the droplets were 

predominantly made up of aggregates containing very few chains and the average 

contact angles were 46˚, 75˚, and 61˚ for the 46 kg/mol, 86 kg/mol, and 355 kg/mol 

samples, respectively. These contact angle values were large and indicated that very 

small aggregates did not lie flat on the mica, but strongly dewetted the surface. 

Evangelopoulos et al.28 observed that as the size of polybutadiene droplets were reduced 

to the nanoscale on a mica surface, the dewetting of the nanodroplets increased. They 

showed that surface and line tension effects could not explain the observed behaviour 

and attributed it to an increased elastic modulus. After a certain critical value of size (at 

the nanoscale), the elastic modulus of the polymer droplets began to exponentially 

increase which increased dewetting, and thus contact angle. This was due to the effect of 

interactions and confinement which occur when a polymer is in the proximity of a 

Figure 4.22: Cross-sectional profile plots of typical poly(styrene-co-butadiene) nanodroplets with radii 

in the range of 100 – 250 nm at each molecular weight. The cross-sections are fitted to spherical caps. 
(A) 𝑀𝑛 = 46 kg/mol, (B) 𝑀𝑛 = 86 kg/mol, (C) 𝑀𝑛 = 355 kg/mol. 
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surface, and can have an entropic origin.211–215 This phenomenon has also been reported 

with polymer nanofibers.200,216,217 The materials and methods used in Evangelopoulos et 

al.28 study are similar to the ones used in the current experiments, and their results agree 

with the presented observations. Both the linear polybutadiene used in Evangelopoulos 

et al. study and the poly(styrene-co-butadiene) in this chapter are viscoelastic. However, 

it is important to remember that the polymers can also exhibit elastic properties. 

Examples of where viscoelastic polymers can experience elasticity are from 

entanglements or via pinning/physical bonding to the surface that creates anchor points 

(effective crosslinks). Therefore, viscoelastic polymers will only experience flow over 

large time scales which suggests they are in metastable equilibrium. Both the 

polybutadiene and poly(styrene-co-butadiene) had high molecular weights (𝑀𝑛 > 𝑀𝑒 ), 

which meant that elastic behaviour could occur. Therefore, this explanation of the 

droplet size dependence on the contact angle is plausible for the current system.  

However, a simulation study carried out by Milchev et al.123 also showed very similar 

results to the current study, but instead attributed this behaviour to line tension. In the 

nanoscale, Young’s equation must be altered to include line tension to allow for the 

influence of surface curvature and the specific free energy of the three-phase contact 

line.122,124 They found that when a polymer droplet was subjected to long-range van der 

Waals forces on a flat substrate with weak polymer/substrate adhesion, there was a 

distinct size dependence on the contact angle of the nanodroplets. The droplets 

underwent a sharp increase in contact angle as droplet size was reduced in the 

nanoscale, and this was attributed to the existence of a positive line tension influencing 

droplet morphology. These results also agree with the current observations as there is 

weak adhesion between the polymer nanodroplets and the mica surface. However, the 

study of line tension is a controversial subject and neither the magnitude nor the sign of 

the line tension value is currently established.122,124 For example, Seeman et al.92 

calculated the line tension of polystyrene nanodroplets on a silicon dioxide substrate to 

have a negative value. These opposing results regarding line tension at the nanoscale are 

not uncommon. However in this case, they could possibly be attributed to the differences 

in polymer/substrate adhesion. Two studies are presented with results that agree with 

the current experimental data regarding the size dependence on the contact angle of 

polymer nanodroplets. Currently, whilst neither theory can be decisively confirmed with 

the quantitative results presented in the chapter; it appears that both are plausible. It is 
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worthwhile noting that for polymer nanodroplets on surfaces, positive line tension and 

an increased elastic modulus may be intrinsically linked creating the observed changes 

in nanodroplet contact angle.   

The relationship between droplet height and contact angle was also investigated at the 

nanoscale. Figure 4.23 shows average contact angle against nanodroplet height for each 

molecular weight. There was not a specific dependence between nanodroplet height and 

contact angle. This is unlike the results examining radius against contact angle which 

showed a distinct size dependence. For the 46 kg/mol sample (A), there was a local 

minimum at 15 – 30 nm in an overall increasing trend. For the 86 kg/mol sample (B), 

there was a local minimum at 10 – 15 nm in a more fluctuating trend, and for the 355 

kg/mol sample (C), there was a local maximum at 15 – 30 nm in an otherwise fairly flat 

trend.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23: Graphs showing contact angle against height for the nanodroplets formed at each 

molecular weight. Each graph presents the average values and has bars which indicate the range of 
values. (A) 𝑀𝑛 = 46 kg/mol, (B) 𝑀𝑛 = 86 kg/mol, (C) 𝑀𝑛 = 355 kg/mol. 
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The relationship between contact angle and height normalised by radius of gyration was 

also investigated. Generally, the polymer chains will take on a random coil conformation 

on the mica surface. If the height of the nanodroplets was similar to the value of radius 

of gyration, this may mean that the polymer conformation could be perturbed from a 

random coil. Consequently, this may have impacted the contact angles of the 

nanodroplets. This theory was investigated by calculating the radius of gyration, 𝑅𝑔 , of 

each of the polymers. First, the number of Kuhn monomers, N, was calculated for each 

polymer sample using the following equation: 

 
𝑁 =

𝑀𝑛

𝑀0
 (4.3) 

 

Where 𝑀𝑛  is the molar mass of the polymer samples and 𝑀0  is the molar mass of its Kuhn 

monomers. The radius of gyration of the samples could then be found using the following 

equation for linear chains:  

 
𝑅𝑔

2 =
𝑏2𝑁

6
 (4.4) 

 

Where b is the polymer’s Kuhn length. Values of 𝑀0  and b for polystyrene and 

polybutadiene were taken from Polymer Physics by Rubinstein and Colby.4 Radius of 

gyration values were calculated as 6.5 nm, 8.9 nm, and 18.0 nm for the 46 kg/mol, 86 

kg/mol, and 355 kg/mol samples, respectively. Many of the nanodroplets had height 

values which were similar or lower than the polymer’s radius of gyration. Figure 4.24 

shows the average contact angle of the nanodroplets against height normalised by radius 

of gyration for each molecular weight. There was no specific trend in nanodroplet contact 

angle when h/𝑅𝑔  was in the order of 1. In ranges containing the value h/𝑅𝑔  = 1, the 

average contact angle was at a midpoint for the 46 kg/mol sample (A), at a midpoint for 

the 86 kg/mol sample (B), and at a maximum for the 355 kg/mol sample (C). These 

results show that there is not a clear relationship between h/𝑅𝑔  and contact angle, and 

there is no distinct dewetting behaviour independent of molecular weight when h/𝑅𝑔  is 

close to 1. 
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4.3.4.2 Macroscale behaviour 
 

Figure 4.21 shows that when the droplet radii was larger than 100 - 250 nm, the contact 

angle of the polymer droplets also increased. This increase in contact angle continued up 

to the largest polymer droplets which were examined using AFM. In order to investigate 

the relationship between droplet radius and contact angle further, the experiments were 

repeated at the macroscale. The contact angle of polymer droplets with radii ranging 

from approximately 1 - 5 mm were measured using contact angle goniometry. Figure 

4.25 is an annotated photograph showing a typical macroscopic polymer droplet on the 

mica surface.  

 

 

Figure 4.24: Graphs showing contact angle against height normalised by radius of gyration for the 

nanodroplets formed at each molecular weight. Each graph presents the average values and has bars 
which indicate the range of values. (A) 𝑀𝑛 = 46 kg/mol, (B) 𝑀𝑛 = 86 kg/mol, (C) 𝑀𝑛 = 355 kg/mol. 
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After annealing, the contact angles of the samples were measured at varying intervals 

over the course of 1 week (168 hours). Figure 4.26 shows how the contact angles of the 

macroscopic droplets varied with time after annealing. The 355 kg/mol polymer samples 

did not form equilibrium droplets on the surface, even after very prolonged periods (> 8 

weeks) of annealing. This meant results could not be obtained for this molecular weight. 

The graphs show that the contact angles of the droplets remained mostly constant over 

the course of 168 hours. This suggested that the droplets had formed equilibrium 

structures on the mica surface after annealing. The slight fluctuations in contact angle 

values were accounted for by experimental error.  

 

 

 

 

 

 

 

 

 

After confirmation that the contact angles of the droplets remained mostly constant with 

time, the size dependence of the contact angle values were investigated. All 

measurements took place 1 week after annealing. Figure 4.27 shows the relationship 

Figure 4.26: Graphs showing how the contact angles of the macroscopic polymer droplets varied with 
time after annealing. (A) 𝑀𝑛 = 46 kg/mol, (B) 𝑀𝑛 = 86 kg/mol.  

 

 

Figure 4.25: Photograph showing an example of a typical macroscopic poly(styrene-co-butadiene) 
droplet (𝑀𝑛= 46 kg/mol) on a mica surface, annotated with contact angle values.  
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between contact angle and radius for the 46 kg/mol and 86 kg/mol polymer droplets at 

the macroscale. The macroscopic angles were larger than the minimum in Figure 4.21, 

with values ranging from 30˚ to 36˚ for the 46 kg/mol sample, and values ranging from 

34˚ to 41˚ for the 86 kg/mol sample. However, unlike the nanoscale, there was no 

apparent droplet size dependence on contact angle. The contact angle of the droplets 

appeared to be fairly independent of droplet radius at the macroscale. The combination 

of nanoscopic and macroscopic measurements showed that when the radius of the 

droplets were larger than 100 - 250 nm, the contact angle increased with droplet radius 

until it reached a plateau for the macroscopic contact angle values. Checco et al. 199 

observed that the contact angle of alkane droplets increased with increasing droplet 

radius from approximately 200 nm to macroscopic levels. They concluded that line 

tension could not explain this behaviour and instead cited surface heterogeneities as the  

cause. The droplets will form on the most wettable parts of the surface and the existence 

of surface heterogeneities make this more probable for smaller droplets. On the contrary, 

larger droplets will not be able to avoid heterogeneities and thus will have larger contact 

angles; the same can apply for the current system. Freshly cleaved mica is hydrophilic 

but becomes less hydrophilic rather rapidly creating surface heterogeneities. 218 The size 

of heterogeneities are in the sub-micrometer range,125 fitting with the minimum of 

contact angle in the region of 100 - 250 nm.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27: Graphs showing contact angle against droplet radius for the macroscopic poly(styrene-co-

butadiene) droplets at varying molecular weights on a mica surface. Measurements were taken 1 week 

after the samples were removed from the oven. Each horizontal line represents the overall average value 
of the measurements. The bars on the graphs represent the experimental error. (A) 𝑀𝑛= 46 kg/mol, (B) 

𝑀𝑛= 86 kg/mol. 
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A distinct range of radii where the nanodroplet’s contact angle was at a minimum for 

each molecular weight has been presented. It appeared that the observed phenomenon 

was due to a substrate surface effect. As the droplet size was increased, the contact angle 

increased until it plateaued to its macroscopic value. As the droplet radius decreased 

from the minimum, a sharp increase in contact angle was observed owing to the increase 

of elastic modulus and possible influence from line tension. It appears that this is the first 

observation of such contact angle behaviour, and may prove useful in controlling the 

wetting properties of polymer droplets from the nanoscale to macroscale.  

 

4.4  Conclusions 
 

Varying solution concentration and molecular weight had a significant impact on 

polymer morphology on a mica surface. At the highest concentration, mostly continuous 

thin films formed on the mica surface with the higher molecular weight samples having 

a greater thickness. Only partial dewetting was observed in the films despite the 

polymer’s low 𝑇𝑔 , which meant that the polymers were in a state of metastable 

equilibrium. Additionally, the polymers did not behave like a simple fluid but exhibited 

both viscous dewetting and plastic deformation. This was demonstrated by the 

observation of both a linear relationship between rim height and hole diameter of the 

dewetted holes which is characteristic of plastic behaviour, as well as, fingering patterns 

which are characteristic of viscous behaviour. This chapter has provided an insight into 

the relatively unexplored field studying the dewetting mechanisms of polymer films 

above their 𝑇𝑔  at room temperature, and has shown that the polymers were in 

metastable equilibrium.  

At lower concentrations, total dewetting occurred over a small time scale and spherical 

cap shaped nanodroplets formed on the mica surface during the solvent evaporation and 

initial drying processes. Although, at the overlap concentration, nanodroplets formed 

over a larger time scale (<16 hours) due to more polymeric material being present on 

the surface. The size of the nanodroplets varied from single chains to aggregates 

containing millions of chains. Single polymer chains will dewet the mica surface and form 

spherical cap shaped nanodroplets. At higher concentrations, the average size of the 

aggregates were larger, although the nanodroplet distribution was polydisperse. At 
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lower concentrations, the aggregates were much smaller on average, but their size 

distribution was more monodisperse. 

Changing molecular weight also affected the formation of the spherical cap shaped 

nanodroplets; as molecular weight was increased, there were fewer but larger 

aggregates present on the surface. This was due to more polymer entanglements and an 

increased solution viscosity which occurred at higher molecular weights. Altering 

molecular weight and solution concentration did not only affect the size of the 

nanodroplets formed on the mica surface. There was also a significant impact on the 

number of droplets present on the surface and the size distributions of nanodroplets. 

This result provided further insight into polymer behaviour at an interface and 

suggested how the morphology of polymer aggregates could be controlled by altering 

basic parameters.  

A specific size dependence on the contact angle of the droplets at the nanoscale was 

observed. A distinct minimum in the contact angle was observed for droplets with radii 

ranging from 100 – 250 nm across each molecular weight. When the droplet size was 

lower than this minimum, a sharp increase in contact angle was observed. This appeared 

to be due to an exponential increase in elastic modulus that occurred below a critical 

value in the nano-regime (<100 nm) or a positive line tension value due to weak 

polymer/substrate adhesion. Additionally, line tension and elastic modulus may be 

intrinsically linked creating this dewetting behaviour. If the droplet size was larger than 

the minimum, then an increase in contact angle was observed which appeared to plateau 

at the macroscale. This effect has been observed in alkanes, and it is thought to be due to 

surface heterogeneities causing preferential wetting. The results show that the contact 

angle behaviour in the nanoscale is the result of two opposing factors: the elastic 

modulus increase/line tension at <100 nm and the existence of heterogeneities at the 

substrate surface which affected aggregates with radii larger than 250 nm. This 

systematic trend is previously unexplored and may prove valuable in understanding and 

controlling the wetting properties of polymer nanodroplets at an interface. Additionally, 

there is a distinct difference in the contact angle behaviour of polymer droplets at the 

nanoscale compared to the macroscale. This highlights that one cannot adopt the same 

assumptions for polymer behaviour at an interface across large length scales. This is 
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because factors such as elastic modulus and line tension which are negligible in the 

macroscale can have significant impact at the nanoscale.  
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5 Polymer morphology on a   

graphite surface 
 

 

 

 

 

 

 

 

 

 

 

Summary 

This chapter presents a comprehensive examination of the morphology of spin coated 

poly(styrene-co-butadiene) random copolymers on a strongly adsorbing graphite 

substrate using AFM. Polymer morphology varied dramatically, and was highly 

dependent on concentration and molecular weight. Specific ordering of the 

nanostructures on the surface was observed at many concentrations. The contact angles 

of the nanostructures remained constant with varying feature width.  
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5.1 Introduction 
 

Polymers are often used as a component in high performance composite materials due 

to their high toughness and low manufacturing cost.181 This has led to polymer based 

composites frequently replacing traditional materials in many applications, such as 

components for cars and aircrafts.219,220 The interface between the polymer matrix and 

filler components within composite materials is extremely influential in determining the 

materials bulk physicochemical properties.221 Despite this, the interactions between 

polymers and filler materials are often poorly understood at a fundamental level. The 

underlying physicochemical origins for the deviations in behaviour of polymers at 

surfaces are often unknown or simply unexplored. If the behaviour of polymers at 

surfaces were more thoroughly understood at a fundamental level, then this would aid 

in both the design and manufacture of polymer coatings, thin films, and composite 

materials with enhanced properties.  

Composite materials that utilise the polymer/carbon interface have been used in 

numerous applications for many years.222 Carbon black particles are used to reinforce 

elastomeric rubbers in the manufacture of car tyres, which significantly increases 

properties such as the tensile strength, stiffness, and abrasion resistance of the tyres. 24 

Carbon fibres are woven together and embedded into epoxy resins to create a 

lightweight composite material with very high strength properties which can be used for 

many structural applications.223,224 In more recent years, the discovery of carbon ‘super 

materials’ such as carbon nanotubes (CNTs) and graphene have led to further 

advancements in polymer/carbon nanocomposites.44,45,47,225,226 The understanding of the 

carbon/polymer interface is vital for improving the physicochemical properties of 

composite materials. However, there are still many open questions regarding the 

fundamental behaviour of polymers at carbon surfaces.227,228  

Studying the polymer/carbon interface is an area of extensive research. This research 

commonly includes investigating the electrical properties of polymer/carbon 

composites,42,229 studying the interactions between carbon nanotubes and 

polymers,132,133 and studying the self-assembly of polymers on graphene for 

nanolithography applications.230–233  AFM can also be used as an imaging technique to 
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study the behaviour of many different organic molecules including polymers, on graphite 

surfaces at the nanoscale. 234,235 Many AFM studies have focused on characterising the 

distinct ordering of polymers on graphite. This behaviour is commonly observed in 

crystalline polymers, such as polyethylene. In these instances, the dimension of the c-

axis of the polyethylene crystal cell is very similar to the graphite lattice constant (a-

axis). This encourages epitaxial interactions, which create a distinctly ordered polymer 

morphology. A similar effect is also reported for polymers with alkyl chains. The distance 

of the 1,3-methylene group in trans alkyl chains is very similar to the graphite lattice 

constant (a-axis), which also creates an ordered polymer morphology.115,117,236 

Investigations into the distinct ordering of amorphous linear polymers on graphite is a 

mostly unexplored area, and could prove useful for various nanopatterning applications. 

It appears that there are no studies which comprehensively characterise polymer thin 

films, networks, nanoislands, and nanoribbons on graphite, across a wide range of 

concentrations and molecular weights. Furthermore, investigations into the behaviour 

of linear amorphous copolymers, such as poly(styrene-co-butadiene) on graphite are 

limited. It appears that there are no studies investigating the specific ordering of 

poly(styrene-co-butadiene) on graphite. This is surprising as these polymers are 

extensively utilised within industry for polymer/carbon composite applications and 

would serve as a model system of graphitised carbon black.  

This chapter investigates the simple system of poly(styrene-co-butadiene) random 

copolymers on a strongly absorbing graphite substrate. The chapter demonstrates that 

despite the simplicity of the system, there is a great deal of complexity in polymer 

morphology created through specific interactions and by altering experimental 

parameters. Polymer morphology varied significantly with solution concentration and 

the formation of thin films, continuous networks, asymmetrical nanoislands, and 

nanoribbons were observed on the surface. The polymer formed ordered nanopatterns 

on the graphite due to π-π stacking interactions. At the lowest concentration, this 

ordering was very pronounced. At higher concentrations, it was less defined but still 

statistically significant. The contact angles of the polymer nanostructures remained 

mostly constant with size, which is due to the strong polymer/graphite adhesion 

dominating over line tension and entropic effects.  
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5.2  Materials and methods 
 

The same poly(styrene-co-butadiene) random copolymers samples were used in both 

the current chapter and in the experiments in Chapter 4. Furthermore, the 

polymer/toluene solutions were prepared at identical concentrations. The solutions 

were then spin coated onto freshly cleaved ZYA graphite using the same fixed 

parameters as Chapter 4. Polystyrene and polybutadiene homopolymers were also used 

with molecular weights of 150 kg/mol and 200 kg/mol, respectively. The molecular 

weights of the homopolymers were well above their entanglement molecular weights. At 

room temperature, the polybutadiene was well above its 𝑇𝑔 , but the polystyrene was well 

below its 𝑇𝑔 . The homopolymers were prepared in toluene according to their individual 

overlap concentrations and spin coated onto freshly cleaved ZYA graphite using the same 

fixed parameters as the other experiments. 

Imaging of the graphite samples was carried out using tapping mode AFM in air at room 

temperature. The AFM machine, probes, and experimental methodology were identical 

to those used in Chapter 4. Likewise, all image analysis was also carried out using 

Gwyddion. Multiple deconvolution methods were implemented in order to account for 

the varying polymer morphology on the graphite surface (see Chapter 3 for details). The 

contact angles of the various nanostructures were calculated using AFM methods.  

 

5.3  Results and discussion  

 

5.3.1  AFM images and profiles 
 

In Chapter 4, a systematic investigation of the formation of poly(styrene-co-butadiene) 

random copolymers on a mica surface was presented. The preparation of polymer 

samples and AFM methodology are the same in both studies, but the mica substrates are 

replaced with graphite.  

Figures 5.1 – 5.3 show representative AFM height images of the poly(styrene-co-

butadiene) samples on graphite, at each concentration and molecular weight. Line scan 
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plots showing the surface profiles of the images are also included. Generally, the line 

scans were taken as a full horizontal line across an image. The black lines on the profile 

plots relate to a scan which was taken across the upper part of the image, whilst the red 

lines relate to a scan across the lower part of the image. At some lower concentrations, 

bars in the AFM images represent the area where the line scan took place.          

 

5.3.1.1 Mn = 46 kg/mol  
 

Figures 5.1A and 5.1B show that at 3c*, the polymer formed a mostly continuous thin 

film. Some dewetting occurred, creating circular holes in the film with depths ranging 

from 2.4 nm to 20 nm. Circular aggregates were also observed on the film with heights 

ranging from 37 nm to 41 nm. Figures 5.1C and 5.1D show that at 1c*, a very coarse 

polymer network was formed on the graphite. The peak-to-peak distances of the 

network features ranged from 867 nm to 7.4 µm, while their heights ranged from 16 nm 

to 79 nm. Figures 5.1E and 5.1F show a very fine continuous network at 0.1c*, with peak-

to-peak distances and heights of 199 nm to 805 nm and 2.4 nm to 9.7 nm, respectively. 

The range of values were much smaller than the coarser network formed at 1c*. Figures 

5.1G and 5.1H show that at 0.01c*, asymmetrical polymer nanoislands formed with 

widths and heights ranging from 16 nm to 561 nm and 0.5 nm to 18 nm, respectively. 

Figures 5.1I and 5.1J show that at 0.001c*, polymer nanoribbons formed at the surface. 

Nanoribbons are extremely small polymer features, which contain very few chains. They 

have an elongated shape and very low height values due to the strongly adsorbing 

graphite surface. The nanoribbons had widths and heights ranging from 5.3 nm to 80 nm 

and 0.3 nm to 0.7 nm, respectively.  
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Figure 5.1: AFM height images and profile plots for the 46 kg/mol poly(styrene-co-butadiene) sample  

at varying concentrations on a graphite surface. The profile plots represent a horizontal line scan across 

the images, unless a bar is present, which corresponds to where the profile plot has taken place. (A) 3c* 

= 17.43 mg/ml, thin film (B) profile plot at 3c*, (C) 1c* = 5.81 mg/ml, network (D) profile plot at 1c*, (E) 

0.1c* = 0.581 mg/ml, network (F) profile plot at 0.1c*, (G) 0.01c* = 0.0581 mg/ml, nanoislands (H) profile 
plot at 0.01c*, (I) 0.001c* = 0.0058 mg/ml, nanoribbons (J) profile plot at 0.001c*.   
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5.3.1.2 Mn = 86 kg/mol  
 

Figures 5.2A and 5.2B show that at 3c*, a mostly continuous thin film formed with a few 

small holes with depths ranging from 1.3 nm to 9 nm. There were several aggregates 

present with heights ranging from 20 nm to 42 nm. Figures 5.2C and 5.2D show that at 

1c*, a coarse continuous network was formed with peak-to-peak distances and heights 

ranging from 1.0 µm to 2.1 µm and 11 nm to 78 nm, respectively. Figures 5.2E and 5.2F 

show that at 0.1c*, a finer continuous network was formed with peak-to-peak distances 

and heights of 125 nm to 301 nm and 0.9 nm to 3.6 nm, respectively. Figures 5.2G and 

5.2H show that at 0.01c*, irregular nanoislands formed with widths and heights ranging 

from 2.8 nm to 839 nm and 1.6 nm to 53 nm, respectively. Figures 5.2I and 5.2J show that 

at 0.001c*, nanoribbons formed with widths and heights ranging from 23 nm to 107 nm 

and 0.2 nm to 0.8 nm, respectively. 
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Figure 5.2: AFM height images and profile plots for the 86 kg/mol poly(styrene-co-butadiene) sample  

at varying concentrations on a graphite surface. The profile plots represent a horizontal line scan across 

the images, unless a bar is present, which corresponds to where the profile plot has taken place. (A) 3c* 

= 11.13 mg/ml, thin film (B) profile plot at 3c*, (C) 1c* = 3.71 mg/ml, network (D) profile plot at 1c*, (E) 

0.1c* = 0.371 mg/ml, network (F) profile plot at 0.1c*, (G) 0.01c* = 0.0371 mg/ml, nanoislands (H) profile 

plot at 0.01c*, (I) 0.001c* = 0.0037 mg/ml, nanoribbons (J) profile plot at 0.001c*. 
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5.3.1.3 Mn = 355 kg/mol 
 

Figures 5.3A and 5.3B show that at 3c*, a thin film formed with some significant amounts 

of dewetting characterised by holes with raised rims around their circumference. The 

depths of these holes ranged from 2.0 nm to 32 nm. There were numerous circular 

aggregates on the film with heights ranging from 6.5 nm to 225 nm. Figures 5.3C and 

5.3D show that at 1c*, a coarse network was formed with peak-to-peak distances and 

heights ranging from 485 nm to 728 nm and 6.3 nm to 22 nm, respectively.  Figures 5.3E 

and 5.3F show a finer continuous network at 0.1c*, with peak-to-peak distances and 

heights ranging from 275 nm to 441 nm and 1.1 nm to 3.3 nm, respectively.  Figures 5.3G 

and 5.3H show that at 0.01c*, nanoislands formed with widths and heights ranging from 

27 nm to 353 nm and 2.1 nm to 5.3 nm, respectively. Figures 5.3I and 5.3J show that at 

0.001c*, the features were much less defined than the nanoribbons that formed at lower 

molecular weights. The features widths and heights ranged from 8.3 nm to 46 nm and 

0.2 nm to 2.0 nm, respectively. 
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Figure 5.3: AFM height images and profile plots for the 355 kg/mol poly(styrene-co-butadiene) sample  

at varying concentrations on a graphite surface. The profile plots represent a horizontal line scan across 

the images. (A) 3c* = 4.17 mg/ml, thin film (B) profile plot at 3c*, (C) 1c* = 1.39 mg/ml, network (D) 

profile plot at 1c*, (E) 0.1c* = 0.139 mg/ml, network (F) profile plot at 0.1c*, (G) 0.01c* = 0.0139 mg/ml, 

nanoislands (H) profile plot at 0.01c*, (I) 0.001c* = 0.0014 mg/ml, nanoribbons (J) profile plot at 0.001c*.  
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5.3.1.4 Data analysis 
 

The analysis methods and presentation of data were similar to those utilised within 

Chapter 4. In each AFM image, there were many individual polymer features that formed 

on the graphite. Therefore, in the graphs which have bars, each point represents an 

average value of feature width, height, contact angle, or number of chains per aggregate. 

As many of the images did not exhibit normal distributions of polymer morphology (see 

Figure 5.4 for typical examples of distributions). The bars on the graphs show the  

maximum and minimum value from the data set examined at a given parameter. From 

the histograms, it was clear that adding bars to the graphs which represented standard 

deviation was not appropriate for the data sets. As with Chapter 4, error bars associated 

with the error using AFM were omitted as they were at the size or smaller than the 

symbols used. The graphite substrates had distinct topographies. The surfaces had 

terraced structures with steps of low height values. Over larger length scales, the 

surfaces also exhibited some undulations. These can clearly be observed in the AFM 

images and profile plots in Figures 5.1 - 5.3. Accurate analysis of the polymer features 

could still be carried out, despite the varying topography. For the most part, polymer 

morphology was not impacted by the surface topography. However, at a concentration 

of 0.01c*, it was observed that polymeric material could accumulate at the steps on the 

surface. Figure 5.5 shows two AFM images of the 86 kg/mol sample at 0.01c*. 

Accumulation of polymeric material at the steps is clearly observed. Analysis of these 

features was not included in the results.       
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Figure 5.5: Typical AFM height image of the 86 kg/mol sample at a concentration of 0.01c* on graphite. 

(A) 10 𝜇𝑚2 image, (B) 5 𝜇𝑚2 zoomed image. 

Figure 5.4: Typical histograms showing the distributions of polymer feature morphology for the 46 

kg/mol sample at a concentration of 0.01c* on the graphite surface. (A) Width, (B) height, (C) number of 

chains per aggregate, (D) contact angle. 
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5.3.2 Concentration effects 
 

5.3.2.1  Size distribution of polymer features  
 

Figure 5.6 shows how the width of the polymer features varied with concentration for 

each molecular weight. The average width of the polymer features increased in small 

increments between 0.001c* and 0.1c*. The nanoribbons that formed at 0.001c* always 

had average width values less than 50 nm. Whereas, the networks that formed at 0.1c* 

all had average width values greater than 170 nm. There was a consistent abrupt 

increase in feature width between 0.1c* and 1c* for all molecular weights investigated. 

At 1c*, the polymer morphology changed from a fine continuous network to a much 

coarser one, and the average width values varied from approximately 600 nm to 3000 

nm. Furthermore, the range of values for the coarse networks at 1c* were considerably 

larger than the three lower concentrations. The coarse networks had a polydisperse 

width distribution, whereas at 0.001c*, the width distribution was much more 

monodisperse. For the 86 kg/mol sample, the nanoislands that formed at 0.01c*, also had 

a more polydisperse width distribution. 
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Figure 5.7 shows the relationship between feature height and concentration at each 

molecular weight. At 0.001c*, the nanoribbons had small average height values (<1nm) 

and a monodisperse height distribution. At 1c*, the average height values were 

significantly larger than the three other concentrations, and the distribution was more 

polydisperse. However, the average height of the polymer features did not increase 

consistently with concentration. This is demonstrated at 0.01c*, where the asymmetrical 

nanoislands had larger average height values than the continuous networks that formed 

at 0.1c*. Furthermore, the range of values at 0.01c* were always larger than at 0.001c* 

and 0.1c*. At each concentration, the polymer features had much greater width values 

than height values. This was expected as the polymer strongly adsorbed onto the 

graphite surface.      

 

Figure 5.6: Graphs showing the relationship between polymer feature width and solution concentration 

at varying molecular weights. Each graph presents the average values and has bars which indicate the 
range of values. (A) 𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 355 kg/mol. 
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The nanoribbons that formed at 0.001c* are of particular interest due to their extremely 

small average height values of 0.44 nm, 0.42 nm, and 0.65 nm for the 46 kg/mol, 86 

kg/mol, and 355 kg/mol samples, respectively. These values are comparable to the 

characteristic height of a single polymer chain adhered to a surface (∼0.4 nm).109,125 This 

suggests that at this concentration, many of the polymers were adsorbed onto the 

graphite surface in a monolayer. However, the average widths of the nanoribbons were 

38 nm, 48 nm, and 22 nm for the 46 kg/mol, 86 kg/mol, and 355 kg/mol samples, 

respectively. These values are far greater than the width of a single polymer chain. This 

suggests that at the graphite surface, the polymer chains either fold against themselves, 

or many chains aggregate side by side to create a nanoribbon with monolayer thickness.  

 

 

Figure 5.7: Graphs showing the relationship between polymer feature height and solution concentration 

at varying molecular weights. Each graph presents the average values and has bars which indicate the 

range of values. (A) 𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 355 kg/mol. 
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5.3.2.2  Thin film morphology  
 

At the highest concentration (3c*), mostly continuous thin films were formed on the 

graphite at each molecular weight. Film thickness values were determined using the AFM 

techniques outlined in Chapter 4. Using phase images to confirm that the holes in the 

films exposed the graphite surface is particularly important in a system where the 

polymer is deposited onto a strongly absorbing substrate. This is because it is possible 

that the surface of the holes could be covered by a thin layer of polymer and not actually 

expose the graphite surface. However, Figure 5.8 shows clear contrast between the holes 

and the polymer film which indicates that the holes fully exposed the graphite surface. 

The film thickness values could then be calculated using cross-sectional profile plots (see 

Figure 5.9). The film thickness values were 20 nm and 32 nm for the 46 kg/mol and 355 

kg/mol samples, respectively. An accurate measurement of film thickness could not be 

obtained for the 86 kg/mol sample as the dewetted holes imaged were small. 

Consequently, it was not certain that the holes exposed the graphite surface. However, it 

can be concluded that the films had a thickness of ≥ 9 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Typical AFM phase image showing dewetted holes in the polymer film of the 355 kg/mol 

sample at a concentration of 3c*.  
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In order to investigate the stability of the polymer films that formed at 3c*, the radius of 

gyration (𝑅𝑔) values for each of the copolymers used in the study were compared to the 

thickness of the polymer films. As discussed in Chapter 4, the 𝑅𝑔  values were 6.5 nm, 8.9 

nm, and 18.0 nm for the 46 kg/mol, 86 kg/mol, and 355 kg/mol samples, respectively. It 

has been reported that the dewetting of polymer films on a wettable substrate is highly 

dependent on film thickness.237 If film thickness is smaller than the polymer’s 𝑅𝑔 , then 

the films experienced dewetting. Whereas, if the film thickness was larger than the 

polymer’s 𝑅𝑔 , then no dewetting was observed. For each molecular weight in the current 

study, the thin films that formed on the graphite had greater thickness values than the 

polymer’s 𝑅𝑔 . Therefore, it was expected that the films would not experience dewetting 

on the strongly adsorbing graphite surface. To further investigate film stability, the 

effective Hamaker constant for the system was calculated using Equation 2.2. Values for 

the Hamaker constant of polystyrene range from 6.1 - 7.9 x 10−20 J, and the value for 

polybutadiene is reported as 8.2 x 10−20 J.94,150 The Hamaker constant for graphite is 

reported as 47 x 10−20 J.150 Therefore, the effective Hamaker constant for the current 

system was calculated (using the styrene-butadiene ratio of 25:75) to be approximately 

-1.1 x 10−19 J.  As the calculated effective Hamaker constant is negative, the films should 

Figure 5.9: An example of a typical cross-sectional profile plot used to calculate the thickness of  polymer 

films which formed at 3c*. The plot is taken from the 355 kg/mol sample. 
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have been stable and dewetting was not expected.  From the analysis regarding the 

stability of the thin films (Hamaker constant, 𝑅𝑔), it was expected that the polymer films 

would be continuous and no dewetting would be observed on the surface. However, this 

was not the case as holes formed in the films created by dewetting through rapid 

nucleation caused by impurities, thermal fluctuations, or spinodal decompositon. 96,97 

The holes in the films were either small (Figure 5.1A), or larger with raised rims around 

their circumference (Figure 5.3A). After 16 – 72 hours at ∼ 55˚C above their 𝑇𝑔 , the 

polymers did not form equilibrium structures on the graphite. This shows that the films 

were in a state of metastable equilibrium. This metastable state could be caused by 

interface effects and surface confinement.192,207  

To further probe the dewetting behaviour of the thin films, the relationship between the 

diameter of the dewetted holes and the height of the rims around the circumference of 

the holes was investigated. A linear relationship between hole diameter and rim height 

was observed by G. Reiter using almost glassy polystyrene thin films on a highly 

nonwettable substrate annealed close to their 𝑇𝑔 .49 Reiter explained that this linear 

trend, alongside the asymmetric shape of the rim, strongly suggested that the polymer 

did not flow like a viscous liquid. Instead, driving capillary forces were responsible for 

plastically deforming the film, creating dewetting. Furthermore, under these 

experimental conditions, the reptation time of the polymer was over a year, which means 

viscous flow could not occur in the experimental time scale.  

Figure 5.10 shows the relationship between rim height and hole diameter at 3c* for the 

355 kg/mol sample. The graph shows that there is a linear relationship between hole 

diameter and rim height for the poly(styrene-co-butadiene) thin film at 355 kg/mol, 

despite the polymer being deposited onto a strongly adsorbing substrate. Furthermore, 

the shape of the rims were asymmetric, with sloped rear sides and steep insides (see 

Figure 5.9). This behaviour was only observed for the 355 kg/mol sample, as the films 

were in a more advanced state of dewetting due to an increased film thickness. This led 

to larger holes and the formation of raised rims. The slope of the graph in Figure 5.10 

relates to the material properties of the system including film thickness, viscosity in the 

film, and the coefficient of friction at the interface.93 This is an interesting result as the 

355 kg/mol polymer was considerably above its 𝑇𝑔  at room temperature, which can 
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account for the viscous fingering observed in the films (Figure 5.3A), but cannot account 

for the above observations which are usually attributed to plastic deformation. 49 

Although, it cannot be conclusively stated that the film had experienced plastic 

deformation, the observed dewetting behaviour does indicate this. Therefore, the 

polymer films may have exhibited both viscous dewetting and plastic deformation. This 

could have been influenced by an increase in the effective 𝑇𝑔  of the adsorbed polymers 

due to confinement effects at the interface.29  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 shows that the relationship between the average width of the rims and the 

hole diameters was also linear. This result supplies further evidence of plastic 

deformation in the films. In Chapter 4, the thin films on the mica surface also exhibited  

both viscous dewetting and plastic deformation. This demonstrates that the general 

mechanisms of the dewetted hole formation were similar for the polymer on both weak 

(mica) and strong (graphite) adsorbing substrates. However, there are also some 

significant differences in the dewetting behaviour of the thin films on each substrate. On 

Figure 5.10: Graph showing the relationship between the height of the raised rims around the 

circumference of the holes and diameter of the dewetted holes at 3c*. The results are taken from the 355 

kg/mol sample. 
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the mica surface, the dewetted holes were large with maximum diameters of ∼ 15 µm. 

Whereas, under the same experimental conditions on the graphite surface, the dewetted 

holes were smaller with diameters up to only ∼ 3 µm. This led to the average heights and 

widths of the rims on the mica surface (2.1 µm and 18.6 nm, respectively) being 

significantly larger than those on the graphite surface (0.8 µm and 14.6 nm, respectively).  

Additionally, on the mica substrate, the thin films had much larger viscous fingering 

patterns. This suggests that strong adsorption of the polymers to the graphite surface 

caused a decrease in the rate of hole growth by preventing movement of the chains.  

Therefore, the holes in the films on the graphite were in the earlier stages of dewetting. 

Consequently, there was a reduced accumulation of polymeric material around their 

circumferences which led to limited viscous fingering patterns.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: Graph showing the relationship between the average width of the raised rims around the 

circumference of the holes and the hole diameter at 3c*. The results were taken from the 355 kg/mol 

sample. 
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5.3.2.3 Distinct ordering of polymer nanostructures  
 

Figure 5.12A shows an AFM phase image for the 86 kg/mol polymer at 0.001c*. The 

image shows a series of nanostructures on the surface created through self-assembly of 

the polymer, with specific ordering at intervals of 60˚. This is further demonstrated in 

the histogram in Figure 5.12B, which exhibits distinct peaks at intervals of 60˚. This 

shows that the polymer chains orientated themselves to reflect the crystalline symmetry 

of graphite, creating an ordered nanopattern.158 This behaviour has been previously 

observed with crystalline polymers, such as polyethylene. Whilst graphite has a 

hexagonal crystalline structure and polyethylene has an orthorhombic crystal 

structure;112,113 the distance of the a-axis of the graphite unit cell (2.46Å) is similar to the 

length of the c-axis in a polyethylene crystal cell (2.55Å).111 This encourages epitaxial 

nucleation on the graphite surface resulting in an ordered polymer morphology. The 

effect has also been observed on graphite using polymers with pendant alkyl chains. In 

these instances, the 1,3-methylene group distance (2.51Å) in trans alkyl chains matches 

the distance of the a-axis of the graphite unit cell, with adsorption of the alkyl chains onto 

the graphite surface driving the distinct ordering.115,117,236      

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: (A) AFM phase image of the 86 kg/mol sample at 0.001c*. Annotations show examples of 

the specific ordering of the nanostructures. (B) Histogram showing the angle (relative) frequency 

distribution of the nanostructures which formed at 0.001c* for the 86 kg/mol sample. 
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Previous research has demonstrated that observing distinct ordering on graphite is 

uncommon when using a linear amorphous polymer. Chen et al.110 observed specific 

ordering with the amorphous homopolymer poly(4-vinylpyridine) on graphite. Chen et 

al. study demonstrated that this epitaxy-like orientation in dewetted thin films of poly(4-

vinylpyridine) occurred only when the height of the nanostructures was less than 4 nm. 

For structures with heights of 4 nm, no evidence of ordering was observed. Chen et al. 

cited this epitaxy-like behaviour to the pyridine-group distribution matching the 

graphite lattice and nucleation at mosaic-block boundaries.110 To our knowledge, the 

investigation by Chen et al. is the only study to observe the distinct ordering of a linear 

amorphous homopolymer on graphite. Specific ordering on graphite has never been 

observed with a linear amorphous copolymer.  

Figures 5.12B and 5.13 show typical examples of the angle (relative) frequency 

distributions for polymer features that form at 0.001c* to 1c*. Below the overlap 

concentration (0.001c* to 0.1c*), clear peaks are present in the histograms at intervals 

of 60˚. At the overlap concentration (1c*), there are still some peaks at 60˚ intervals but 

they are not so distinct. At the lowest concentration (0.001c*), the ordering was very 

precise and 96% of the features measured were arranged at intervals of 60˚. At 0.01c* 

and 0.1c*, 69% and 68% of the features measured were arranged at angles of 60˚, 

respectively. At 1c*, the average height of the features was 38 nm, and 48% of the 

features measured were arranged at 60˚ intervals. This ordering may be due to π-π 

stacking interactions between the poly(styrene-co-butadiene) and the graphite surface. 

π-π stacking is the electrostatic, non-covalent attraction which occurs between π-bonds 

within molecules.238 π-bonds are formed at double or triple covalent bonds when two 

p-orbitals overlap with one another, creating an electrostatic dipole.239 π-π stacking is 

strongest between aromatic rings, a phenomenon which is sometimes referred to as 

aromatic stacking.240 It is likely that π-π stacking occurs between the aromatic ring in 

the polystyrene molecule and the hexagonal lattice structure of the graphite surface. 

Therefore, this leads to features which are aligned at intervals of 60°. This 

intermolecular interaction appears to also drive ordering in samples at higher 

concentrations, as some ordering is observed for nanostructures with height values 

much greater than previously reported with amorphous polymers.110  
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The π-π stacking interactions may be more favourable between polystyrene and graphite 

compared to polybutadiene and graphite, due to the aromatic ring in the styrene unit. 

Thus, the nanopatterning may be driven by the ∼25% styrene units in the random 

poly(styrene-co-butadiene) copolymers. Therefore, the morphology of polystyrene and 

polybutadiene homopolymers on graphite was studied to investigate the influence of 

aromatic rings in creating this ordering in polymers at the nanoscale. The homopolymers 

had similar molecular weights to the poly(styrene-co-butadiene) samples and were 

deposited onto graphite using the same experimental methods. Table 5.1 shows the 

heights and percentage of features orientated at 60˚ intervals for each sample 

investigated. 

 

 

Figure 5.13: Typical histograms showing the angle (relative) frequency distributions for the polymer 

nanostructures at varying concentrations. (A) 355 kg/mol sample at 0.01c*, (B) 355 kg/mol sample at 

0.1c*, (C) 86 kg/mol sample at 1c*. 
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 Table 5.1: Showing the ordering and average heights of poly(styrene-co-butadiene) (SBR), polystyrene 

(PS), and polybutadiene (PB) nanostructures on graphite at various concentrations.  

 

 

 

 

 

 

 

 

 

 

 

Figures 5.14 and 5.15 show typical AFM height images and angle (relative) frequency 

distributions for the polystyrene homopolymers at each concentration investigated. The 

polystyrene formed a continuous network and asymmetrical nanoislands on the surface. 

The average height of the network was 1.3 nm, and 42% of the features measured were 

orientated at 60˚ intervals. The average height of the asymmetrical nanoislands was 1.5 

nm, and 42% of the features measured were orientated at 60˚ intervals. For 

nanostructures with similar height values, there was significantly more ordering for 

poly(styrene-co-butadiene) than polystyrene. This is somewhat surprising, as 

polystyrene contains a greater number of aromatic rings and therefore has the potential 

for increased π-π stacking. Yang et al.241 demonstrated that chain flexibility can affect the 

interactions between polymers and CNTs. In the current study, the poly(styrene-co-

butadiene) chains are more flexible than polystyrene, and the aromatic rings are 

arranged randomly along the chain. NMR conducted by Michelin demonstrated that 

there was a >95% probability that the styrene blocks in the chains had lengths of 1 - 3 

monomer units. This shows that the random copolymers did not contain large blocks of 

styrene monomer units. Therefore, the random distribution of the styrene units may 

have prevented in-chain π-π stacking interactions, and gave the chain enough flexibility 

to allow the rings to align on the surface and maximise π-π stacking with the graphite. In 

Polymer  
 

Concentration  
(c/c*) 

Average height 
(nm) 

Ordering at 60˚ 
intervals (%) 

SBR 0.001 0.4 96 

SBR 0.01 3.8 69 

SBR 0.1 1.9 68 

SBR 1 38 48 

PS 0.01 1.5 42 

PS 0.1 1.9 42 

Annealed PS 0.1 2.5 37 

PB 0.1 3.5 42 

PB 1 2.5 41 



 

Chapter 5: Polymer morphology on a graphite surface  181 
 
 
 

 

 

polystyrene, the aromatic rings are adjacent to each other, and the chain is less flexible. 

This prevents free movement of the rings and means that collectively, they cannot align 

to maximise π-π stacking with the surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: (A) Typical AFM height image of the 150 kg/mol polystyrene nanostructures formed on the 

graphite surface at a concentration of 0.1c*. (B) Accompanying angle (relative) frequency distribution 

histogram for the polystyrene at 0.1c*.     

Figure 5.15: (A) Typical AFM height image of the 150 kg/mol polystyrene nanostructures formed on the 

graphite surface at a concentration of 0.01c*. (B) Accompanying angle (relative) frequency distribution 

histogram for the polystyrene at 0.01c*.    
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Additional experiments investigating ordering were carried out on the polystyrene 

homopolymers after they had undergone annealing. This is because all experiments were 

carried out at room temperature, which is significantly lower than the 𝑇𝑔  of polystyrene 

(~100˚C).242 Therefore, the polystyrene was glassy during the experiments and may not 

have been able to form equilibrium structures on the graphite surface. This could have 

impacted the degree of ordering of the polymer. The poly(styrene-co-butadiene) and 

polybutadiene samples had very low 𝑇𝑔  values (approximately -35˚C and -100˚C, 

respectively).243 This means that throughout the experiments, the polymers were well 

above their respective 𝑇𝑔 ’s. Therefore, they behaved as viscoelastic liquids and could 

form equilibrium or metastable equilibrium polymer structures on the surface. In order 

to create a more accurate comparison between samples, annealing was carried out on 

the polystyrene samples at a temperature above the 𝑇𝑔  value. This allowed for the 

formation of equilibrium or metastable equilibrium structures. The polystyrene samples 

were annealed at 120˚C (∼20˚C above 𝑇𝑔) for 2 hours. All AFM imaging was carried out 

shortly after the samples had reached room temperature.   

Figure 5.16 shows a typical AFM image and the angle (relative) frequency distribution 

for the polystyrene sample at a concentration of 0.1c*, after 2 hours of annealing at 120˚C. 

Figures 5.14 and 5.16 were prepared using identical experimental methods, with the 

only difference being that the sample in Figure 5.16 had experienced annealing. The 

results show that the process of annealing significantly impacted polymer morphology. 

The polymer formed a continuous network before annealing, and asymmetrical 

nanoislands after annealing. Therefore, this suggests that before annealing, the 

polystyrene did not form equilibrium or metastable equilibrium structures on the 

graphite. The average height of the nanoislands was 2.5 nm which is greater than the 

height of network before annealing. After annealing, 37% of the features are orientated 

at 60˚ intervals, which is slightly less than the degree of ordering in Figure 5.14.  

However, there was not a significant difference between the two values. These results 

show that although annealing impacted polymer morphology, the degree of ordering of 

the polymer nanostructures on the surface actually decreased. This demonstrated that 

π-π stacking interactions do not significantly depend on whether the polymer is in a 

glassy or liquid state.      
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A polybutadiene homopolymer was also deposited onto the graphite surface using the 

same methods as the previous experiments. This allowed further comparisons between 

ordering and polymer structure to be carried out. Figures 5.17 and 5.18 show typical 

AFM height images and angle (relative) frequency distributions for the polystyrene 

homopolymers at each concentration investigated. The polybutadiene homopolymer 

formed a semi-continuous film and asymmetrical nanoislands at the concentrations 

investigated. The average height of the semi-continuous film was 2.5 nm, and 42% of the 

features measured were orientated at intervals of 60˚. The average height of the 

asymmetrical nanoislands was 3.5 nm, and 41% of the features measured were 

orientated at 60˚ intervals. The heights of the polybutadiene structures were very similar 

to that of the poly(styrene-co-butadiene) networks and nanoislands. The poly(styrene-

co-butadiene) experienced a significantly greater degree of ordering on the surface. This 

demonstrates that although polybutadiene is flexible, the lack of aromatic rings prevents 

a high degree of ordering due to limited π-π stacking. These results suggest that the 

ordering of amorphous polymers on a carbon surface is heavily influenced by both chain 

flexibility and the proportion of aromatic rings in a chain. This ordering effect at a carbon 

surface could prove useful in nanopatterning applications. 

Figure 5.16: (A) Typical AFM height image of the 150 kg/mol polystyrene nanostructures formed on the 

graphite surface at a concentration of 0.1c*, after annealing at 120˚C for 2 hours. (B) Accompanying angle 

(relative) frequency distribution histogram for the annealed polystyrene at 0.1c*.    
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Figure 5.17: (A) Typical AFM height image of the 200 kg/mol polybutadiene nanostructures formed on 

the graphite surface at a concentration of 1c*. (B) Accompanying angle (relative) frequency distribution 

histogram for the polybutadiene at 1c*.    

Figure 5.18: (A) Typical AFM height image of the 200 kg/mol polybutadiene nanostructures formed on 

the graphite surface at a concentration of 0.1c*. (B) Accompanying angle (relative) frequency 

distribution histogram for the polybutadiene at 0.1c*.    
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5.3.3  Molecular weight effects 

 

5.3.3.1 Size distribution of polymer features 
 

Figures 5.19 and 5.20 compare molecular weight against feature width and height at 

varying concentrations on the graphite surface. Figure 11 shows the average number of 

chains per aggregate against molecular weight at 0.01c*. The number of chains per 

aggregate could only be examined at 0.01c* as this was the only concentration where 

individual nanoislands formed.  

Figures 5.19A and 5.19B show how the width of the network features that formed at 1c* 

and 0.1c* varied with molecular weight. The two graphs show similar trends as the 

average width values of the networks consistently decreased between 46 kg/mol and 86 

kg/mol, and then stayed at similar values for the 355 kg/mol sample. Therefore, the 

networks had the largest width values when the polymer chains were the shortest. 

Additionally, the width distributions were largest for the 46 kg/mol sample at both 1c* 

and 0.1c*. Figure 5.19C shows that at a concentration of 0.01c*, where individual 

nanoislands formed, feature width remained fairly constant with increasing molecular 

weight. The average width value of the nanoislands only varied by 14 nm across all three 

molecular weights, although the range of values was lowest for the 355 kg/mol sample. 

Figure 5.19D shows that the average width of the polymer nanoribbons formed at 

0.001c* was lowest at 355 kg/mol, whilst the 46 kg/mol and 86 kg/mol samples had 

similar values of 39 nm and 48 nm, respectively. The 355 kg/mol sample also had the 

smallest range of values, whereas the two lower molecular weights had similar width 

distributions.   
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The graphs in Figures 5.20A and 5.20B show similar trends as feature height decreased 

with increasing molecular weight for the networks formed at both 1c* and 0.1c*. 

Furthermore, the height distribution was lowest at 355 kg/mol at both concentrations. 

Figure 5.20C shows that at 0.01c*, the height values of the nanoislands generally 

remained constant as molecular weight was increased. The average height value only 

varied by 9 nm across all three molecular weights. However, the 355 kg/mol sample had 

a considerably smaller height distribution than the two lower molecular weight samples. 

Figure 5.20D shows that the heights of the nanoribbons that formed at 0.001c* were very 

similar for the 46 kg/mol and 86 kg/mol samples which had average values of 0.44 nm 

and 0.42 nm, respectively. The 355 kg/mol sample had a marginally larger average 

height value (0.65 nm) and the largest height distribution. 

 

Figure 5.19: Graphs showing the relationship between polymer feature width and molecular weight at 

varying concentrations. Each graph presents the average values and has bars which indicate the range 

of values. (A) 1c*, (B) 0.1c*, (C) 0.01c*, (D) 0.001c*. 
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Figure 5.21 shows that the average number of chains per aggregate decreased with 

increasing molecular weight for the nanoislands formed at 0.01c*. This is a fairly linear 

relationship and the range of values are all large. This was expected behaviour, as Figures 

5.19 and 5.20 show that the heights and widths of the nanoislands remained mostly 

constant with variations in molecular weight. Therefore, as molecular weight increased 

and the polymer chains became longer, it took fewer chains to assemble into aggregates 

of the same size.   

   

 

 

 

Figure 5.20: Graphs showing the relationship between polymer feature height and molecular weight at 

varying concentrations. Each graph presents the average values and has bars which indicate the range 

of values. (A) 1c*, (B) 0.1c*, (C) 0.01c*, (D) 0.001c*. 
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For the networks that formed at 1c* and 0.1c*, generally the average size of the polymer 

features decreased with increasing molecular weight. However, for the nanoislands and 

nanoribbons that formed at 0.01c* and 0.001c*, the size of the features remained similar 

when molecular weight increased. The reason for this varying relationship between 

molecular weight and nanostructure size is due to adsorption effects. Chains with higher 

molecular weights tend to maximise their contact with the surface, so that the sum of the 

adsorption energy gained from the adsorbed monomers is greater than the entropic 

loss.4,215 This means it is favourable for the longer chains to maximise contact with the 

surface, despite the loss of entropy due to confinement.244 However, for the lower 

molecular weight chains, it is less energetically favourable for them to adsorb to the 

surface, as the sum of the adsorption energy gained may not exceed the entropic loss. 

Consequently, the shorter chains will stay away from the surface in a more unperturbed 

state, meaning that larger features are more likely.4 This is prevalent during the final 

stages of evaporation where the shorter chains can desorb more easily following the 

instabilities of the solvent and create larger features, whereas the longer chains are 

strongly bound to the surface. This behaviour explains why at higher concentrations, 

there was larger polymer features at lower molecular weights. However, at lower 

Figure 5.21: Graph showing the relationship between the number of chains per aggregate and molecular 

weight at 0.01c*. The graph presents the average values and has bars which indicate the range of values.  
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concentrations, the size of the polymer features remained fairly constant with increasing 

molecular weight. This is because there were fewer chains present at the surface during 

solvent evaporation, which means the chains were likely to be adsorbed onto the 

graphite surface regardless of molecular weight.  

The relationship between feature size and molecular weight on the graphite surface is 

very different to when the poly(styrene-co-butadiene) was deposited onto mica. On the 

mica substrate, the average size of the polymer features generally increased with 

increasing molecular weight at each concentration. This is because the poly(styrene-co-

butadiene) weakly adsorbs onto the mica surface which means that the chains do not 

experience the same loss of entropy and gain in adsorption energy due to confinement 

effects. Instead, it is favourable for the chains to minimise surface energy and aggregate 

into spherical caps, regardless of molecular weight. This behaviour leads to fewer but 

larger aggregates on the mica surface at higher molecular weights.  

 

5.3.3.2 Thin film morphology 
 

The 355 kg/mol polymer films had greater thickness values than the 46 kg/mol films. 

Furthermore, the 355 kg/mol thin films appeared to be in a more advanced state of 

dewetting, exhibiting larger holes (diameters up to ∼3 µm) with distinct raised rims 

around their circumferences. The 46 kg/mol films had smaller holes (diameters up to ∼2 

µm) and no raised rims. The apparent reason for this increased dewetting for the 355 

kg/mol sample does not appear to be directly due to molecular weight effects. Previous 

investigations have demonstrated that the rate of dewetting for thin films with similar 

thicknesses did not change with variations in molecular weight.49 The likely reason for 

this dewetting behaviour appears to be due to a greater initial film thickness for the 355 

kg/mol sample. A greater amount of dewetting in polymer thin films with a larger 

thickness has been reported in the literature, as well as, in Chapter 4.98,206 However, the 

reason why the 355 kg/mol sample had a greater film thickness could be due to a higher 

molecular weight. This allowed more polymeric material to remain on the graphite 

substrate during spin coating due to increased viscosity and entanglements. This 



 

Chapter 5: Polymer morphology on a graphite surface  190 
 
 
 

 

 

suggests that molecular weight effects did not directly cause an increase in dewetting. 

However, they were indirectly influencing this behaviour by creating films with larger 

thicknesses.101 

 

5.3.4  Contact angle effects  
 

5.3.4.1  Contact angle of nanostructures  
 

Figure 5.22 compares the average contact angle values of the polymer features at varying 

concentrations at each molecular weight. For the 46 kg/mol and 86 kg/mol samples, 

similar trends are observed with minimum and maximum average contact angle values 

at 0.001c* and 0.01c*, respectively. For the 355 kg/mol sample, maximum values occur 

at 0.001c* and 1c*. This is the same trend which was observed on the mica surface  in 

Chapter 4. At each molecular weight, the graphs show some similarities but there is not 

a clear trend that occurs in all graphs. This is likely because at each concentration, there 

was a wide variety of feature sizes. 
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Figure 5.23 shows how the contact angle of the polymer features varied with feature 

width at the nanoscale. There was no specific size dependence on the polymer contact 

angle and the average contact angle values were all small (<9˚). Across the nanoscale, the 

average contact angle values were fairly constant and only fluctuated by 4.2˚, 5.4˚, and 

2.9˚ for the 46 kg/mol, 86 kg/mol, and the 355 kg/mol samples, respectively. This 

opposes the results observed when the polymer was deposited onto mica, where the 

contact angle of the nanodroplets were found to be extremely size dependent.  

 

 

 

 

Figure 5.22: Graphs showing the relationship between contact angle and concentration at varying 

molecular weights. Each graph presents the average values and has bars which indicate the range of 

values. (A) 𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 355 kg/mol. 
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Milchev et al.123 simulations study demonstrated that when polymer/substrate adhesion 

was strong, the contact angle of polymer droplets at a surface remained fairly constant 

as their size was reduced across the nanoscale. This behaviour was attributed to the 

droplets having no influence from line tension effects, due to strong polymer/substrate 

adhesion. Despite having a more variable polymer morphology, the current experimental 

results are in line with Milchev et al. simulations. There was strong polymer/substrate 

adhesion, and the polymer contact angle remained fairly constant across the nanoscale. 

This may provide experimental confirmation of Milchev et al. simulations study 

regarding the fairly controversial subject of line tension. Furthermore, any possible 

influence on the polymer contact angle caused by an increased effective elastic modulus 

due to confinement effects was also prevented by the strong polymer/substrate 

adhesion.28  

Figure 5.24 shows the relationship between contact angle and feature height. The graphs 

demonstrate that the contact angle of the features did not stay constant with varying 

Figure 5.23: Graphs showing contact angle against width for the polymer features at varying molecular 

weights. Each graph presents the average values and has bars which indicate the range of values. (A) 
𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 355 kg/mol. 
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height. However, there is not a consistent trend observed between the graphs, which 

shows that there is not a specific dependence between feature height and contact angle. 

For the 46 kg/mol sample, the general trend was fluctuating and the largest contact angle 

value was at a height of 5 - 10 nm, and the two lowest values were at >2 nm and 10 - 35 

nm. For the 86 kg/mol sample, there was a generally increasing trend with the highest 

value at 10 - 35 nm and lowest value at >2 nm. For the 355 kg/mol sample, there was a 

generally increasing trend, and the highest value was at 10 - 35 nm and a lowest value of 

2 - 5 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.25 shows the relationship between contact angle and height normalised by 𝑅𝑔  

for the polymer features. Many of the polymer features had height values lower than the 

polymer’s 𝑅𝑔  values. If the height of the features was close to/lower than the 𝑅𝑔  value of 

the polymer, this could have changed the polymer conformation and affect the contact 

Figure 5.24: Graphs showing contact angle against feature height for the polymer features at varying 

molecular weights. Each graph presents the average values and has bars which indicate the range of 
values. (A) 𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 355 kg/mol. 
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angles of the features. However, this should not have a very large impact as the polymers 

already strongly adsorbed to the graphite. Figure 5.25 shows that when height/𝑅𝑔  ∼ 1, 

the contact angles values are at a maximum for the 46 kg/mol sample, close to a 

maximum for the 86 kg/mol sample, and at a midpoint for the 355 kg/mol sample. When 

height/𝑅𝑔  < 1, the contact angle of the polymer features are generally low. This suggests 

that as the heights of the features get to extremely low values, it is likely that the random 

coil conformation of the polymers is perturbed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results in Chapters 4 and 5 demonstrate that the substrate physicochemical 

properties and strength of adsorption between the polymer and the substrate are 

extremely influential in determining how the contact angle of polymer features varied 

with the lateral droplet size. Furthermore, the chapters also demonstrate that there is 

not a consistent relationship between feature height and contact angle.    

Figure 5.25: Graphs showing contact angle against feature height normalised by radius of gyration for 

the polymer features at varying molecular weights. Each graph presents the average values and has bars 
which indicate the range of values. (A) 𝑀𝑛= 46 kg/mol, (B) 𝑀𝑛= 86 kg/mol, (C) 𝑀𝑛= 355 kg/mol. 
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Experiments were also carried out which investigated the contact angles of macroscopic 

poly(styrene-co-butadiene) droplets on graphite. However, it appeared that the 

annealing time was not sufficient to allow the polymer droplets to create equilibrium 

structures on the graphite, and the contact angle values appeared larger than expected. 

The experiments were repeated with longer annealing times, but only a small amount of 

data was obtained (see appendix for preliminary results). Therefore, this experiment 

remains an area for potential future work. 

 

5.4  Conclusions 
  

This chapter presented a comprehensive study on the fundamental behaviour of 

poly(styrene-co-butadiene) random copolymers on a graphite surface at the nanoscale.  

Above the overlap concentration, mostly continuous thin films formed which 

experienced partial dewetting. This is significant as the polymers had very low 𝑇𝑔 ′𝑠 and 

the films had thickness values greater than the polymer's 𝑅𝑔 . Furthermore, the effective 

Hamaker constant for the system was negative. Therefore, it was expected that no 

dewetting would take place and equilibrium structures would form on the surface. 

However, this was not the case and dewetting occurred, demonstrating that the 

polymers were in a state of metastable equilibrium. This could be caused by interface 

and confinement effects.  

For the 355 kg/mol sample, a linear relationship between the diameter of the dewetted 

holes and the height of their raised rims was observed, in addition to evidence of viscous 

fingering. This demonstrated that the thin films exhibited both viscous dewetting and 

plastic deformation. As concentration was reduced; networks, asymmetrical 

nanoislands, and nanoribbons formed on the graphite. There was variability in feature 

size at different concentrations which appeared to be due to the changes in polymer 

morphology from continuous networks to nanoislands and nanoribbons. 

Precise ordering of the polymer chains was observed at the lowest concentration, 

creating epitaxy-like nanotrenches on the surface arranged at 60˚ intervals. This 

demonstrated that through π-π stacking interactions; poly(styrene-co-butadiene) can 

self-assemble via spin coating to reflect the crystalline structure of the graphite and 
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create ordered nanopatterns. Furthermore, at higher concentrations (up to 1c*), 

polymer morphology also experiences some degree of ordering in nanostructures with 

average heights up to 38 nm. This demonstrated that the π-π stacking interactions 

between the copolymer and the graphite are highly favourable. To further investigate 

the interactions between the random copolymer and the graphite, the experiments were 

repeated using polybutadiene and polystyrene homopolymers. Both homopolymers 

experienced significantly less ordering on the surface compared to poly(styrene-co-

butadiene). This means that a high degree of ordering was observed in poly(styrene-co-

butadiene) due to the aromatic rings being randomly spaced along a flexible chain which 

maximises π-π stacking interactions.         

The 355 kg/mol thin film exhibited a greater amount of dewetting than the 46 kg/mol 

thin film. The likely reason for this is that the 355 kg/mol sample had a larger film 

thickness which increased the rate of dewetting. For the networks that formed at 1c* and 

0.1c*, the size of the features were generally largest at the lowest molecular weight. This 

is because the shorter chains will be less likely to adsorb to the surface and remain in an 

unperturbed state, due to limited gains in adsorption energy from binding to the surface. 

However, at 0.01c* and 0.001c*, the size of the nanoislands and nanoribbons remained 

more constant with increasing molecular weight. This is because at lower 

concentrations, there were fewer chains at the surface during solvent evaporation. This 

means at every molecular weight, it is more probable for the individual chains to adsorb 

to the surface.  

This chapter has demonstrated experimentally that the contact angle of the polymer 

features remained fairly constant with varying feature size. These results are in line with 

previous simulation experiments, and show that the strong polymer/graphite adhesion 

prevents any influence on contact angle from line tension or an increased effective elastic 

modulus. 

This chapter provides a greater understanding of how polymers behave at a carbon 

surface at the nanoscale. This could prove beneficial in optimising the design and 

manufacturing processes of composite materials, and lead to improvements in their bulk 

physicochemical properties.       



 
 

 

 

 

 

6 Investigating polymer/substrate 

adhesion with force 

spectroscopy techniques  
 

 

 

 

 

 

 

 

 

 

Summary 

This chapter presents two experimentally simple techniques which were developed to 

investigate the strength of interactions between polymers and various substrates at the 

nanoscale. Polymer chains were physically adhered to AFM tips and utilised in force 

spectroscopy experiments on silicon, mica, and graphite substrates. The results provided 

information regarding the strength of polymer/substrate interactions, but there was a 

significant influence from capillary forces on the more hydrophilic substrates. 

Furthermore, very few single chain desorption events were observed.  
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6.1  Introduction 
 

The fundamental behaviour of polymers at surfaces is governed by intermolecular and 

surface forces.150 These forces are dominant at the nanoscale and directly influence 

macroscopic behaviour.81 Understanding the intermolecular and surfaces forces acting 

on polymers at the nanoscale is vitally important for many fields of research, including 

materials science, biology, and medicine50,126.  

Relatively recent technological advancements have led to the development of techniques 

which can accurately investigate forces at the nanoscale. These include AFM force 

spectroscopy, optical tweezers, and magnetic tweezers.81 AFM force spectroscopy is the 

most commonly utilised technique for investigating the fundamental interactions 

between polymers and surfaces. It works by measuring the deflection of a cantilever 

through variations in laser alignment on a photosensitive diode, and then converting the 

deflection into a force. AFM force spectroscopy is extremely sensitive with a force 

resolution of approximately 10 pN.245 Due to this high resolution, force spectroscopy 

experiments can accurately investigate the forces associated with single polymer chains 

at surfaces. This field of research is known as single-molecule force spectroscopy.  

Many AFM force spectroscopy studies have investigated the molecular-scale forces 

which govern biological processes. These commonly include experiments using 

biopolymers, such as DNA, proteins, and polysaccharides.50,246–248 There are also many 

force spectroscopy studies which have investigated synthetic polymers. These often 

include examinations into the stretching and rupturing of single polymer chains or 

measuring the force required to desorb single polymers chains from a surface.85,128,129,249 

There are no known AFM force spectroscopy studies which have investigated the 

interaction forces between poly(styrene-co-butadiene) random copolymers and various 

substrates.      

It is very common for AFM force spectroscopy experiments to use complex and laborious 

experimental techniques when examining the interactions between polymers and 

surfaces. This commonly involves functionalising the surface of a substrate or an AFM 

tip which allows for polymers to be chemically bonded to them.126,249 Furthermore, 

experiments can often be very time inefficient due to the very low probabilities of 
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observing single chain events and the process of carrying out the experiments in aqueous 

solutions.85,128  

The following chapter presents an AFM force spectroscopy study which 

comprehensively investigated the interactions between poly(styrene-co-butadiene) 

random copolymer-coated AFM tips and silicon, mica, and graphite substrates in 

ambient conditions. Polymer chains were physically adhered to AFM tips using dip 

coating and force spectroscopy methods. The experimental system was uncomplicated 

and time efficient. Dip coating parameters were varied in order to create a wide range of 

polymer surface coverages on the AFM tips. Furthermore, different aspects of the 

experimental procedure were altered to investigate how this impacted adhesion results. 

This involved studying the difference between carrying out cycles at a fixed location 

compared to in an array, increasing tip/substrate contact time, and using a single tip to 

interact with numerous substrates. The results provided quantitative information 

regarding polymer/substrate interactions and some single chain desorption events were 

observed and analysed. However, there were two significant issues associated with the 

experimental system. These were increased adhesion on the more hydrophilic 

substrates due to capillary forces and the low probability of observing specific 

desorption events.   

 

6.2  Materials and methods  
 

Two poly(styrene-co-butadiene) random copolymer samples with molecular weights of 

46 kg/mol and 355 kg/mol were used in the experiments presented in this chapter. The 

polymers were identical to the ones used in the experiments in Chapters 4 and 5, and 

were prepared in toluene solutions at three concentrations (1c*, 3c*, and 5c*). Dip 

coating was used to physically adhere polymer chains to the silicon AFM tips. 

Furthermore, polymer chains were also physically adhered to AFM tips using force 

spectroscopy techniques. In these instances, blank tips were used to interact with thin 

polymer films on silicon substrates which adhered a small amount of polymeric material 

to the very end of the tips.  

 



 
Chapter 6: Investigating polymer/substrate adhesion with force spectroscopy techniques   200 

 
 

 

 

6.2.1 Polymer morphology on silicon  
 

It was important to analyse polymer morphology on the surface of the AFM tips after dip 

coating. This was because variations to dip coating parameters, such as concentration, 

molecular weight, and immersion time impacted polymer morphology on the tips, and 

therefore influenced polymer/substrate adhesion. However, to directly observe and 

analyse polymer nanostructures on the surface of an AFM tip is very challenging 

experimentally. SEM imaging was carried out on the tips, but the spatial resolution was 

insufficient to accurately image polymer morphology. Therefore, silicon substrates were 

purchased with surfaces which were nominally composed of a similar material to the 

AFM tips. As described in Chapter 3, the properties of silicon surfaces can depend on 

factors such as cleaning processes and native oxide growth due to exposure to ambient 

conditions.174 This meant that the silicon tip and silicon substrates may have had some 

differences in surface properties. However, these differences should not have been large 

enough to significantly impact polymer morphology on each surface. Consequently, the 

silicon substrates were prepared using identical experimental methods, and the 

resulting polymer nanostructures were imaged using AFM. This allowed the polymer 

morphology on the silicon substrates to be thoroughly examined for each set of dip 

coating parameters. Therefore, an estimation of polymer morphology on the surface of 

the AFM tips was achieved without directly imaging the tips themselves.  

 

6.2.2 Dip coating parameters 
 

AFM tips were prepared with low and high polymer surface coverages using dip coating. 

The low surface coverage was classified as <20% polymer coverage, whilst the high 

surface coverage was classified as >90% polymer coverage. Two sets of experiments 

were carried out using AFM tips with low surface coverages. In the first, the tips were 

immersed in a 1c* solution of the 46 kg/mol sample for 10 minutes and were rinsed in 

toluene immediately after removal from the polymer solution. The corresponding silicon 

substrate had a polymer surface coverage of 16%. In the second experiment, the tips 

were immersed in a 3c* solution of the 355 kg/mol polymer for 10 minutes and were 

then rinsed with toluene. The corresponding silicon substrate had a polymer surface 

coverage of 9%. Although solution concentration and polymer molecular weight were 
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increased from the previous experiment, the polymer surface coverage decreased. As the 

dip coating immersion time was relatively short, this result could be due to the kinetics 

of the polymer chains within the solution. Higher molecular weight chains will generally 

move at a slower rate compared to lower molecular chains in a solution. Therefore, the 

immersion time may have been insufficient to allow a large amount of the higher 

molecular weight chains to move through the solution and adsorb to the silicon 

substrate.250 

At low surface coverages, the polymers weakly adsorbed to the silicon substrates and 

self-assembled to create nanodroplets. For some samples, the polymer morphology was 

very consistent and the nanodroplets formed exact spherical caps of similar sizes (see 

Figure 6.1) However, for other samples, the polymer morphology (and surface coverage) 

was more variable and the shapes of the nanodroplets deviated from spherical caps (see 

Figure 6.2). This variable polymer morphology was not caused by altering dip coating 

parameters, but instead appeared to be due to the inherent inconsistencies associated 

with dip coating. It is very difficult to achieve a high degree of homogeneity in polymer 

nanostructures when using dip coating techniques.185 Furthermore, variations in 

morphology could occur due to rinsing the samples in toluene. This inconsistency in 

polymer morphology at low surface coverages was a disadvantage of using dip coating, 

and may have impacted the force spectroscopy results. However, dip coating had a 

significant advantage as the polymer tips were not damaged during coating, which was 

vitally important for the success of the experiments.  

 

 

 

 

 

 

 

 Figure 6.1: (A) AFM image of poly(styrene-co-butadiene) nanostructures on a silicon surface. The 

polymers were deposited onto the surface by dip coating in a 1c* solution of the 355 kg/mol sample for 

10 minutes and were then rinsed with toluene. (B) A typical cross-sectional profile plot of a polymer 

nanodroplet in (A) fitted to a spherical cap.   
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The AFM tips with high polymer surface coverage were prepared by dip coating in a 5c* 

solution of the 355 kg/mol sample for 60 minutes. The tips were not rinsed with toluene 

after removal from the solution. This created a mostly continuous thin film on the 

corresponding silicon substrate with a thickness of 41 nm (see Figure 6.3). Some 

dewetting occurred which created circular holes in the films. However, this was fairly 

minimal and the polymer surface coverage was still very high (~95%). Therefore, 

heterogeneous polymer morphology should not have significantly impacted the 

adhesion results for the experiments which used tips with high surface coverages.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: (A) AFM image of poly(styrene-co-butadiene) nanostructures on a silicon surface. The 

polymers were deposited onto the surface by dip coating in a 3c* solution of the 355 kg/mol sample for 

10 minutes and were then rinsed with toluene. (B) A typical cross-sectional profile plot of a polymer 
nanodroplet in (A) fitted to a spherical cap.   
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6.2.3 AFM   
 

All AFM experiments were performed using the Multimode/Nanoscope IIIa AFM as 

described in the previous chapters. AFM force spectroscopy was carried out in air under 

ambient conditions, using MSNL-10 probes with very low nominal spring constants of 

0.01 N/m. The AFM tips were made of silicon with a nominal tip radius of 2 nm (see 

Chapter 3 for details). The three substrates used in the force spectroscopy experiments 

were silicon, mica, and graphite. The mica and graphite substrates were cleaved 

immediately before the experiments. Whereas, a new silicon substrate was used for each 

experiment, which was cleaned with acetone and ethanol before use. All AFM imaging 

was carried out using the same methods and probes as the experiments in Chapters 4 

and 5. 

 

6.2.4 Data analysis 
 

All image analysis was performed using Gwyddion. Whilst all analysis of force-distance 

curves was carried out on Nanoscope Analysis and Origin software. This included 

calculating values of overall adhesive force and adhesive energy, as well as, analysis of 

Figure 6.3: Typical AFM image showing a mostly continuous polymer film on a silicon surface. The film 

was created by dip coating in a 5c* solution of the 355 kg/mol sample for 60 minutes with no toluene 

rinsing.  
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specific desorption events (see Chapter 3 for details). The adhesive force was taken from 

the value of the largest minimum in each force-distance graph. Whereas, the adhesive 

energy was calculated by integrating the complete area above each curve in the fourth 

quadrant of the force-separation graphs. The adhesive energy per Kuhn segment was 

calculated by integrating the specific area above the curves in the fourth quadrant only 

where force plateaus and steps occurred. This provided a value of the adhesive energy 

of the specific desorption events which could then be used in Equation 3.11 to calculate 

the adhesive energy per Kuhn segment. Due to the wide range of adhesive energy values, 

the overall adhesive energy was presented in eV, whereas the adhesive energy per 

segment was presented in kJ/mol. The arithmetic surface roughness (𝑅𝑎 ) values of each 

substrate were calculated from AFM height images using Gwyddion. 𝑅𝑎  is defined as the 

average value of deviations in surface roughness from the mean line over an evaluation 

length. The mathematical definition of  𝑅𝑎  is represented by the following formula:251  

 
𝑅𝑎 =

1

𝑙
∫ |𝑦(𝑥)|𝑑𝑥

𝑙

0
 

 

(6.1) 

Where 𝑙 is the evaluation length and 𝑦(𝑥) is the profile height function.  

 

6.3  Results and discussion 
   

6.3.1  Surface roughness measurements 
 

It has been reported that surface roughness can affect polymer/substrate adhesion at 

the nanoscale. If a substrate has a large surface roughness, this reduces the interfacial 

contact with the polymer chains which leads to a decrease in the overall strength of 

adhesion at the interface.252 Therefore, analysis of AFM images was carried out in order 

to provide 𝑅𝑎  values for each substrate. As the desorption events of single polymer 

chains occurred across very small length scales, the surface roughness measurements 

were carried out on AFM images with small areas (2.5 𝜇𝑚2). Figure 6.4 shows typical 

AFM images of each blank substrate. The mica was the smoothest of the substrates with 

a surface roughness value of 0.1 nm. This was expected as mica has perfect cleavage 

which means a completely flat top surface is exposed upon cleaving. 153,156 The silicon 
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surfaces were polished by the provider and had a roughness value of 0.4 nm. The 

graphite had the highest surface roughness value of 0.8 nm. Although graphite can be 

cleaved, it often exhibits a distinct terraced structure (see Figure 6.4C) which increases 

surface roughness. Despite the substrates having some variation in surface roughness 

values, each substrate is still relatively very smooth (<1 nm). This meant that the 

roughness of the substrates should have not significantly impacted polymer/substrate 

adhesion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.2 Blank tip experiments 
 

Experiments were carried out to investigate the strength of interactions between a blank 

AFM tip and each substrate. Figure 6.5 shows typical force-distance curves for the 

interactions between each substrate and the AFM tip. All of the force-distance curves for 

each substrate exhibited a simple snap-out shape, which is typically observed between 

two hard surfaces where short range interactions are dominant. Table 6.1 demonstrates 

that the tip/substrate adhesion was weakest on the graphite, and strongest by a 

significant margin on the mica. Specifically, the average adhesive force on the silicon 

substrate was 0.37 nN larger than the graphite, whilst the average adhesive force on the 

mica was 1.31 nN larger than the graphite. It appeared that capillary forces were 

influencing the results as there was a correlation between the measured adhesion values 

and the substrate hydrophilicity. In force spectroscopy experiments, capillary forces 

occur when a thin film of water condenses on the surface of the substrate or AFM tip. As 

Figure 6.4: Typical AFM height images of each blank substrate with an area of 2.5 𝜇𝑚2. (A) Mica, (B) 
silicon, (C) graphite.  
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the tip approaches the substrate, a meniscus is formed between the substrate and tip, 

which creates surface tension and increases the measured adhesive force. The 

magnitude of capillary forces is influenced by the hydrophilicity of the substrate and the 

AFM tip.159 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.1: Average adhesive force and energy between a blank AFM tip and each substrate. The 

approach/retract cycles were carried out in an array, with a step size of 500 nm in both the x and y directions.  

  

 

  

  

  

  

Substrate 
Average Adhesive 

Force (nN) 
Average Adhesive 

Energy (eV) 

Silicon 0.93 ± 0.06 173 ± 21 

Mica 1.87 ± 0.82 1289 ± 1017 

Graphite 0.56 ± 0.05 91 ± 20 

Figure 6.5: Typical force-distance curves showing the interactions between a blank AFM tip and each 

substrate. The approach/retract cycles were carried out in an array with a step size of 500 nm in the x 

and y directions. (A) Silicon, (B) mica, (C) graphite.   
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Mica is extremely hydrophilic, with a water contact angle of <5˚ which means that a water 

layer forms on its surface under ambient conditions.157,158,253 Consequently, the effects of 

capillary forces were significant on the mica, which increased the measured adhesion 

values in the force spectroscopy experiment. The degree of hydrophilicity of silicon 

substrates can be influenced by various factors, such as native oxide layer thickness and 

the cleaning process of the surface.174,175 Therefore, contact angle goniometry was 

implemented to measure the water contact angle of the silicon substrates used in the 

experiments. The average water contact angle on the silicon substrates was 45.8˚, which 

is less hydrophilic than mica. This meant that the effects of capillary forces on the silicon 

substrate were smaller than those on mica. The water contact angle of freshly cleaved 

graphite ranges from 84˚ to 86˚.164–166 Therefore, graphite is significantly less hydrophilic 

than both silicon and mica. Subsequently, capillary forces should not have impacted the 

force spectroscopy results on the graphite. The adhesive force and energy values in Table 

6.1 directly relate to the hydrophobicity of each substrate. This confirmed that capillary 

forces were influencing the adhesion results.  

Additionally, the results in Table 6.1 demonstrate that the standard deviation values for 

the mica substrate were significantly larger than those for the silicon and graphite. This 

meant that there were substantial variations in the tip/substrate adhesion for cycles on 

different areas of the mica substrate. This was likely due to well-documented water-layer 

variations on the mica surface.125,218 Therefore, the magnitude of capillary forces varied 

in accordance with the water layer on the mica surface at the specific location of each 

cycle.  

 

6.3.3 Dip coated tip experiments  
 

The following force spectroscopy experiments investigated the adhesion between 

polymer-coated AFM tips (prepared using dip coating) and silicon, mica, and graphite 

substrates. The experiments were carried out using tips with low (<20%) and high 

(>90%) polymer surface coverages.  
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6.3.3.1 Low polymer surface coverage  
 

In the first experiment, the AFM tips had an approximate polymer surface coverage of 

16% (46 kg/mol). Figure 6.6 shows typical force-distance curves for the interactions 

between the polymer-coated AFM tips and each substrate. All of the graphs had simple 

snap-out shapes which did not exhibit any obvious signs of polymer bridging or 

individual desorption events.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite the simple snap-out shapes of the curves, analysis of the overall adhesion in the 

graphs provided information regarding the polymer/substrate interactions. Table 6.2 

shows that the measured adhesion was largest for the graphite substrate. This agrees 

with previous AFM observations (Chapter 5) where the hydrophobic poly(styrene-co-

butadiene) strongly absorbed to the hydrophobic graphite surface, and created 

nanostructures with large surface coverages and low contact angles. Furthermore, 

Figure 6.6: Typical force-distance curves showing the adhesion between a polymer-coated AFM tip (1c*, 

46 kg/mol, 10 minutes, rinsed in toluene) with a surface coverage of 16% and each substrate. The 

approach/retract cycles were carried at a fixed location on the substrates. (A) Silicon, (B) mica, (C) 

graphite.   
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distinct ordering of the polymer nanostructures was observed on the graphite surface 

due to 𝜋 − 𝜋 stacking interactions. In contrast, the polymer weakly adsorbed onto the 

silicon and mica substrates, and self-assembled into nanodroplets (Chapter 4). As mica 

is extremely hydrophilic, it was expected that the polymer/substrate adhesion would be 

the smallest for this substrate.157,158 The silicon surface is less hydrophilic, so a 

marginally larger polymer/substrate adhesion was expected. However, this was not the 

case as the adhesion on the mica was considerably larger than on the silicon, and only 

slightly smaller than the results obtained using graphite. Therefore, this demonstrated 

that capillary forces were significantly increasing the measured adhesion on the 

hydrophilic mica surface. The average adhesive force on the silicon substrate was very 

similar to the value obtained for the experiments using the blank AFM tip. This suggested 

that capillary forces and heterogeneous positioning of polymeric material on the surface 

of AFM tip were influencing the adhesion results.   

  

Table 6.2: Average adhesive force and energy between the polymer-coated AFM tips (46 kg/mol, 1c*, 10 
minutes, rinsed with toluene) with ~16% coverage and each substrate. The approach/retract cycles were 
carried out at a fixed position on the substrates.  

 

 

 

 

  

 

The force spectroscopy experiments were repeated using coated tips with a surface 

coverage of approximately 9% (355 kg/mol). A higher molecular weight polymer was 

used to attempt to increase the probability of observing specific desorption events. All of 

the force-distance curves for the mica and graphite substrates exhibited simple snap-out 

shapes and no obvious desorption events occurred. However, for the silicon substrate, 

there was a 10% probability of observing specific desorption events. Figure 6.7 is a force-

separation graph which shows desorption events for the polymer-coated tip with a 

surface coverage of 9% and a silicon substrate. Force-separation graphs were more 

Substrate 
Average Adhesive 

Force (nN) 
Average Adhesive 

Energy (eV) 

Silicon 0.93 ± 0.04 280 ± 10 

Mica 2.45 ± 0.25 1690 ± 360 

Graphite 3.64 ± 0.24 3610 ± 710 
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suitable for presenting data where desorption events occurred. The graph exhibits force 

plateaus and steps, which can be characteristic of the desorption of individual polymer 

chains.126 The final plateau where the adhesive force is equal to zero signifies that all of 

the bridged polymer chains have been completely desorbed from the tip or surface. The 

two plateaus which occur before the final force step are not completely horizontal. 

Instead, the lines have a very slight negative gradient. Therefore, this suggests that a very 

small amount of chain stretching may have occurred during the experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the silicon substrate, the average force of each desorption event (step force) was 176 

pN, and the average adhesive energy per segment was 105 kJ/mol (1.1 eV). Measuring 

the magnitude of desorption events can give insight into which intermolecular forces are 

dominant at the interface. In force spectroscopy investigations of polymers at surfaces, 

these commonly include van der Waals forces, 𝜋 − 𝜋 stacking interactions, electrostatic 

interactions, and hydrophobic interactions.87 In the current system, it was expected that 

weak van der Waals forces would be responsible for the polymer/silicon interactions. 

However, the average step force and adhesive energy per segment values were 

significantly larger than the typical magnitude of van der Waals forces (∼1 kJ/mol per 

atom pair).150 This confirmed that water associated forces were responsible for 

Figure 6.7: Force-separation graph for a polymer-coated AFM tip (355 kg/mol, 3c*, 10 minutes, rinsed 

with toluene) with a surface coverage of 9% and a silicon substrate. The approach/retract cycles were 

carried out at a fixed location on the silicon surface.  
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increasing adhesion on the silicon surface, even at the single chain level. This was an 

interesting result as the effects of water associated forces on the desorption of single 

polymer chains does not appear to have been previously investigated within the 

literature.  

To examine the degree of polymer bridging, the tip-sample separation at the final 

desorption event was compared to the length of a fully stretched 355 kg/mol polymer 

chain. The length of the chain was calculated using the following equation:  

𝐿 = 𝑁𝑏  (6.2) 

 

Where 𝑏 is the Kuhn length,4 𝑁 is the number of Kuhn monomers in the chain which was 

calculated using Equation 4.3, and 𝐿 is the length of the stretched chain. The calculation 

was carried out according to the polymer’s 25:75 styrene-butadiene ratio.  Therefore, 

the calculated length of the fully stretched 355 kg/mol chain was ∼2500 nm, which was 

considerably larger than the tip-sample separation at the final desorption event (391 

nm). This demonstrated that a high degree of polymer adsorption was not achieved, and 

the chains were only partially adsorbed at a maximum of 16% of their total lengths. This 

result was consistent with the nature of the silicon substrate/tip.   

Table 6.3 shows the average adhesive force and energy for the polymer-coated tips with 

a coverage of ∼9% and each substrate. These results were obtained from all of the graphs 

generated in the force spectroscopy experiment (snap-out shapes and desorption 

events). Similarly to the results in Table 6.2, the average adhesive force and energy 

values were larger for the graphite than the silicon, which agreed with previous AFM 

observations. However, the adhesion on the mica was the largest of the three substrates, 

which did not agree with previous AFM observations. The average adhesive force on the 

mica was 0.18 nN larger than the value obtained on graphite. This difference in adhesion 

was considerably smaller than when the experiments were carried out using blank AFM 

tips (difference of 1.31 nN). This demonstrated that while polymer/substrate 

interactions were being measured in the experiments, the effects of capillary forces on 

the mica substrate were still large enough to significantly impact the adhesion results. 

The silicon substrate had an average adhesive force which was only marginally larger 

than the value obtained for the experiments using the blank AFM tip (0.93 nN). However, 
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specific desorption events were observed on the silicon, which confirmed that 

polymer/substrate interactions were taking place and capillary forces were impacting 

adhesion. It appeared that heterogeneous polymer morphology on the AFM tip also had 

a significant impact on the adhesion results. The adhesion on the graphite was 

considerably smaller than the result obtained in Table 6.2, which was consistent with the 

lower polymer surface coverage of the tips. However, for the mica substrate, the 

measured adhesion was very similar to the value obtained in Table 6.2 despite the lower 

surface coverage of the tip.   

 

Table 6.3: Average adhesive force and energy between the polymer-coated AFM tips (355 kg/mol, 3c*, 10 
minutes, rinsed with toluene) with a coverage of ~9% and each substrate. The approach/retract cycles were 
carried out at a fixed location on the substrates.   

 

 

 

 

 

 

 

 

 

6.3.3.2 High polymer surface coverage  
 

For the tips with a high polymer surface coverage (355 kg/mol), all of the graphs for each 

substrate exhibited simple snap-out shapes and no specific desorption events were 

observed. Table 6.4 shows the average adhesive force and energy values for the 

experiments using AFM tips with a coverage of ~95% and each substrate. The measured 

adhesion for each substrate was considerably larger than the results obtained when 

using tips with low surface coverages (Tables 6.2 and 6.3). Similarly to the previous 

results, the adhesion was smallest for the silicon and largest for the mica. In this instance, 

these results were not influenced by heterogeneous polymer morphology as there was 

an almost continuous thin polymer film on the surface of the tips. Therefore, it can be 

concluded that any inconsistencies in the adhesion results were solely due to capillary 

forces. The mica substrate had an average adhesive force which was 0.91 nN larger than 

Substrate 
Average Adhesive 

Force (nN) 
Average Adhesive 

Energy (eV) 

Silicon 0.96 ± 0.08 310 ± 50 

Mica 2.38 ± 0.12 1780 ± 180 

Graphite 2.20 ± 0.12 1610 ± 170 
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the average value on the graphite. This demonstrated the importance of water capillary 

forces on the measured adhesion. 

  

Table 6.4: Average adhesive force and energy between the polymer-coated AFM tips (355 kg/mol, 5c*, 60 

minutes, no rinse) with a coverage of ~95% and each substrate. The approach/retract cycles were carried 

out at a fixed position on the substrates.   

 

  

  

  

  

  

 

The graphite substrate is hydrophobic, and therefore it did not appear that capillary 

forces influenced the adhesion results. This meant that the adhesion values obtained on 

graphite were predominantly due to polymer/substrate interactions. The results 

demonstrated that the measured adhesion was consistently larger on the graphite 

substrate compared to the silicon, despite the influence from capillary forces on the more 

hydrophilic silicon surface. This agreed with previous AFM observations, where the 

polymer weakly adsorbed onto the silicon and strongly adsorbed onto the graphite. On 

the silicon substrate, weak van der Waals forces are responsible for the 

polymer/substrate interactions. Whereas on the graphite, the van der Waals forces 

should be stronger between the hydrophobic polymer and substrate. Furthermore, it 

was previously demonstrated (Chapter 5) that π-π stacking interactions occurred 

between the aromatic rings in the styrene monomer units and the graphite surface, 

which created specific ordering of the nanostructures at 60˚ intervals. Therefore, it can 

be concluded that the fairly large polymer/substrate adhesion measured on the graphite 

substrate was due to strong van der Waals forces and π-π stacking interactions.     

In conclusion, capillary forces significantly influenced the measured adhesion on the 

more hydrophilic substrates. The mica surface is extremely hydrophilic, and the 

adhesion results were significantly larger than expected for interactions with a 

hydrophobic polymer where weak van der Waals forces should be dominant. The silicon 

Substrate 
Average Adhesive 

Force (nN) 
Average Adhesive 

Energy (eV) 

Silicon 2.80 ± 0.08 3020 ± 170 

Mica 6.67 ± 0.64 16180 ± 2310 

Graphite 5.75 ± 0.18 13520 ± 990 
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surface is less hydrophilic than mica, but still had a water contact angle much smaller 

than 90˚. Condensed water at the substrate surface also influenced adhesion results for 

the silicon, including the forces associated with the desorption of single chains. The 

graphite surface is hydrophobic and should have been mostly unaffected by capillary 

forces. The measured adhesion on the graphite was predominantly due to van der Waals 

forces and π-π stacking interactions.  

 

6.3.4 Approach/retract cycles - fixed position vs array  
 

Experiments were performed to investigate how polymer-coated tip/substrate adhesion 

varied over the course of many approach/retract cycles. If adhesion significantly reduced 

with the number of cycles, then this would suggest that many polymer chains were 

completely removed from the surface of the AFM tips during the experiments. The tips 

were prepared with high polymer surface coverage (5c*, 355 kg/mol, 60 mins, no rinse), 

and the experiments were carried out using two different modes of operation. In the first, 

the cycles were performed at a fixed location on the substrates for a total of 50 cycles. In 

the second, the cycles were carried out in an array with a step size of 500 nm, for a total 

of 49 (7x7) cycles.  

Figure 6.8 shows the relationship between adhesion and the number of cycles at a fixed 

position on each substrate. All of the graphs exhibited a slightly negative gradient, which 

suggested that only a small amount of polymeric material was removed from the surface 

of the AFM tips during the 50 cycles. However, this result could also be influenced by the 

cycles being carried out at a fixed location on the substrate. This meant that any polymer 

chains which were removed from the tip were located in the same position where the 

additional cycles took place. Consequently, large amounts of polymeric material were 

not completely lost from the experimental system. Therefore, adhesion did not 

significantly decrease over the 50 cycles, although it deteriorated somewhat as the 

system was slightly altered.   
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In Figure 6.8, the graphs for each substrate exhibited fluctuations in adhesion values. 

However, for the silicon and graphite substrates, the range of adhesion values were very 

small (0.3 nN and 0.8 nN, respectively). Whilst for the mica substrate, the fluctuations 

were much larger, with a range of 3.5 nN. This large range of adhesion values were likely 

caused by variations in the magnitude of capillary forces on the extremely hydrophilic 

mica surface. The cycles were carried out at a fixed location on the substrate. Therefore, 

any water which was located at this area was repeatedly interacted with by the AFM tip. 

Consequently, the water on the surface experienced a large amount of disruption and 

displacement, which impacted the magnitude of capillary forces for each cycle. This 

created large fluctuations in the measured adhesive force. 

Figure 6.9 shows the relationship between polymer/substrate adhesion and the number 

of cycles in an array for each substrate. Similarly to Figure 6.8, each graph exhibited a 

negative gradient. However, the slope of the negative gradients were larger when the 

Figure 6.8: Graphs showing the relationship between polymer/substrate adhesion and the number of 

cycles at a fixed location on each substrate. The tips had a ∼95% polymer surface coverage (355 kg/mol, 
5c*, 60 minutes, no rinse). (A) Silicon, (B) mica, (C) graphite.   
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cycles were carried out in an array, particularly on the strongly adsorbing graphite 

substrate (73% larger). The reason for this was that in an array, any polymer chains 

which were desorbed from the tip were located at an area of the substrate which was not 

in close proximity to any additional cycles. This meant that the polymer chains were 

completely removed from the system (unlike cycles in a fixed position), and therefore 

adhesion decreased more significantly. However, regardless of whether the cycles were 

carried out in an array or at a fixed positon, the adhesion did not drastically decrease 

with the increasing number of cycles. This demonstrated that there was only a limited 

amount of polymeric material which was actually desorbed from the surface of the tips 

during the experiments.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9: Graphs showing the relationship between polymer/substrate adhesion and the number of 

cycles in an array on each substrate. The tips had a ∼95% polymer surface coverage (355 kg/mol, 5c*, 

60 minutes, no rinse), and the cycles were carried out in a 7 x 7 array with a step size of 500 nm in the x 

and y directions. (A) Silicon, (B) mica, (C) graphite.   
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The range of adhesion value variations for the cycles in an array were 1.5 nN, 3.0 nN, and 

1.9 nN for the silicon, mica, and graphite substrates, respectively. For the silicon and 

graphite substrates, these values were significantly larger than compared to when the 

cycles were carried out at a fixed location. However, the range of adhesion was still 

largest on the mica substrate. This was likely due to variations in the magnitude of 

capillary forces experienced by the cycles in an array caused by heterogeneities in the 

water layer on the mica surface. The graphs also exhibited distinct undulations, which in 

the case of the graphite, decreased in magnitude as the number of cycles increased. The 

likely reason for these undulations was due to the movement of polymer chains on the 

AFM tips over the course of many cycles. Polymer/substrate interactions caused the 

polymer chains to move and accumulate at the very end of the tip, which increased 

adhesion. However, as the cycles continued, some chains were removed from the end of 

the weakly adsorbing tip, which decreased adhesion. As the number of cycles increased 

further, the magnitude of the undulations decreased due to more polymeric material 

being removed from the tip. 

 

6.3.5 Adhering polymers to AFM tips using force spectroscopy  
 

An alternative technique was established to physically adhere polymer chains to AFM 

tips without using dip coating. Blank AFM tips were used in force spectroscopy 

experiments to interact with a thin polymer film on a silicon substrate. The film was 

prepared using dip coating (355 kg/mol, 5c*, 60 mins, no rinse), and had a thickness of 

41 nm. The tips experienced 125 cycles on the polymer film in order to adhere a small 

amount of polymeric material to the end of the tips. The tips were then used in additional 

force spectroscopy experiments with blank silicon, mica, and graphite substrates to 

measure polymer-coated tip/substrate adhesion. This system did not remove any 

influence from capillary forces. However, any inconsistencies associated with dip coating 

should have been reduced. Furthermore, it is important to explore different methods of 

physically adhering polymer chains to AFM tips which are not commonly utilised within 

the literature.   

The average adhesive force and energy values for the interactions between the tips 

prepared by force spectroscopy and each substrate are presented in Table 6.5. The 
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adhesion values were significantly larger than the results obtained for the experiments 

using blank tips (Table 6.1). This confirmed that polymer chains were physically adhered 

to the tips using the force spectroscopy technique. However, the adhesion values were 

considerably lower than when the tips had a high polymer surface coverage prepared by 

dip coating (Table 6.4). This demonstrated that only a small amount of polymeric 

material was adhered to the tips. Similarly to the previous results, the silicon had the 

smallest adhesion, whilst the mica and graphite had much larger values. This once again, 

demonstrated that the effects of capillary forces were significant on the hydrophilic 

surfaces. The chance of observing specific desorption events was 11% for the silicon 

substrate, which was marginally larger than any of the previous experiments. However, 

no events were observed on the mica or graphite. The average force of the desorption 

events on the silicon was 238 pN, which is considerably larger than forces associated 

with van der Waals interactions.150 Two additional experiments were carried out using 

tips prepared by force spectroscopy. They investigated tip/substrate contact time, and 

examined whether the history of the tips influenced adhesion results.  

 

Table 6.5: Average adhesive force and energy between AFM tips coated with polymer chains using force 

spectroscopy techniques and each blank substrate. During preparation, the tips experienced 125 cycles on a 

thin polymer film on a silicon substrate. The cycles were carried out at a fixed location on the substrates.   

 

 

 

 

 

 

6.3.5.1 Contact time analysis  
 

An experiment was designed to investigate how variations in the tip/sample contact time 

impacted the measured adhesion. This provided information into the time scale of the 

specific interactions within each system. It has been demonstrated that increasing 

contact time can increase adhesion when carrying out force spectroscopy experiments 

Substrate 
Average Adhesive 

Force (nN) 
Average Adhesive 

Energy (eV) 

Silicon 1.24 ± 0.33 412 ±  119 

Mica 2.68 ± 0.30 2334 ± 468 

Graphite 2.89 ± 0.32 2534 ± 531 
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using proteins.254,255 However, it appears that there are no comprehensive investigations 

regarding how changes to contact time can impact adhesion using synthetic polymers at 

various surfaces. AFM tips were prepared using force spectroscopy techniques and were 

utilised in a series of experiments with each substrate. In each force spectroscopy 

experiment, the time which the AFM tip was in contact with the substrate was 

systematically increased from 1 to 200 seconds, in 40 second increments. All other 

aspects of the cycles (approaching and retracting) were identical to the previous 

experiments, only the tip/substrate contact time was altered for each array of cycles. 

Figure 6.10 shows the average adhesive force at varying contact times for each substrate. 

The graphs for each substrate exhibited mildly fluctuating trends with slightly negative 

gradients overall. The negative gradient can be accounted for by the removal of small 

amounts of polymeric material from the AFM tips over many cycles as previously 

described (see Figures 6.8 and 6.9). The results demonstrated that there was no evidence 

of any systematic relationship between contact time and adhesive force for any of the 

substrates. Therefore, the majority of polymer/substrate interactions must have taken 

place within 1 second of tip/substrate contact.  
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6.3.5.2 How tip history affects the measured adhesion  
 

An experiment was designed to investigate whether the same tip could be used to 

interact with numerous substrates without generating inconsistencies in adhesion 

results, due to polymeric material moving on the tips or being completely desorbed. To 

examine this, three tips were prepared using force spectroscopy methods and were then 

used to interact with silicon, mica, and graphite substrates. Each tip interacted with all 

three substrates consecutively. However, the order of the substrates were different fo r 

each tip.  

Figure 6.11 shows the polymer-coated tip/substrate adhesion for experiments using 

three different tips prepared by force spectroscopy, where the substrate order was 

altered for each experiment. The results showed that regardless of the substrate order, 

the observed trend was always the same. The silicon consistently had the lowest 

Figure 6.10: Graphs showing adhesion at varying tip/substrate contact times. Polymer chains were 

physically adhered to the tips using force spectroscopy, and the tip/substrate contact times ranged from 

1 second to 200 seconds. The approach/retract cycles were carried out in an array (3 x 3). (A) Silicon, 

(B) mica, (C) graphite.  
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adhesion with a value of ∼0.7 nN in each experiment. Whilst the mica and graphite 

substrates had larger values which were similar to one another. This demonstrated that 

the measured adhesion was predominantly due to the surface properties of the 

substrates and not the history of the AFM tips. Previous results have demonstrated that 

adhesion can slightly decrease over many cycles due to chain desorption from the tip. 

However, this relatively minor effect was not significant enough to drastically alter the 

measured adhesion values, and the observed trend was the same in each experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.6 Review of experimental methods 
 

Polymer chains were physically adhered to AFM tips in order to investigate 

polymer/substrate adhesion on various surfaces using force spectroscopy. Two methods 

Figure 6.11: Graphs showing the adhesion between three polymer-coated AFM tips prepared using 

force spectroscopy and each substrate. For each tip, the substrate order was different. Each experiment 

was carried out at a fixed location for 50 cycles on each substrate. (A) Tip 1: Silicon - Graphite - Mica, (B) 

Tip 2: Mica - Silicon - Graphite, (C) Tip 3: Graphite - Mica - Silicon.   
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were presented to adhere polymer chains to the tips (dip coating and force 

spectroscopy) which were experimentally simple and time efficient. A large amount of 

information regarding the merits and drawbacks of the methods has been presented. 

This is very useful, as these methods are not commonly utilised within the literature. The 

experiments produced results regarding the strength of interactions between polymers 

and surfaces, including some direct evidence of single chain desorption events for the 

silicon substrate. On the hydrophobic graphite substrate, the technique appeared to 

accurately measure the strength of polymer/substrate interactions, which were due to 

van der Waals forces and π-π stacking interactions. However, some of the results were 

inconsistent with previous AFM observations, particularly on the mica substrate. This 

was primarily due to the presence of capillary forces, which increased adhesion on the 

more hydrophilic substrates (mica and silicon). In order to eliminate capillary forces, the 

experiments could have been carried out in a liquid medium. However, performing force 

spectroscopy experiments in aqueous solutions can introduce other problems, such as 

significantly increasing the duration and complexity of experiments, as well as, 

impacting polymer/substrate interactions. Therefore, other experimental avenues were 

investigated in Chapter 8, in an attempt to remove the influence of capillary forces whilst 

continuing to perform the experiments in air.      

Across all of the experiments, specific desorption events were never observed on the 

mica or graphite substrates. For the silicon substrate, specific desorption events were 

observed, but they were very uncommon. It was likely that polymer bridging was only 

observed on the silicon substrates due to the experiments taking place in an 

approximately symmetrical system, where the polymer did not favour either the 

substrate or tip. However, this cannot be concluded unequivocally at this point. The low 

probability of observing polymer bridging was problematic. This was because studying 

desorption events provides information regarding specific polymer/substrate 

interactions which is of great fundamental interest and is useful for many fields of 

research.50,126 Experiments from the literature have also discussed the low probability of 

observing single chain events using AFM force spectroscopy.85,131 However, if a system 

was designed which increased the probability of observing desorption events on each 

substrate, it would provide a much greater breadth of information regarding 

polymer/substrate interactions and significantly reduce the duration of experiments. 

This issue was also addressed in Chapter 8. 
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6.4  Conclusions  
 

Force spectroscopy experiments were carried out to investigate the interactions 

between poly(styrene-co-butadiene) random copolymer-coated AFM tips and silicon, 

mica, and graphite substrates in ambient conditions. Polymer chains were physically 

adhered to AFM tips using dip coating and force spectroscopy techniques, and polymer-

coated tip/substrate adhesion was directly measured.    

Initial experiments were performed which investigated the interactions between blank 

AFM tips and each substrate. The results demonstrated that capillary forces were 

influencing adhesion on the more hydrophilic surfaces as the measured tip/substrate 

adhesion was directly related to the water contact angle of each substrate.  

Silicon AFM probes and substrates were dip coated in poly(styrene-co-butadiene) 

solutions at varying concentrations, molecular weights, and immersion times. The silicon 

substrates were imaged using AFM to provide a better understanding of polymer 

morphology on the corresponding AFM tips. At lower concentrations and shorter 

immersion times, the polymer formed nanodroplets on the silicon with low surface 

coverages. The droplets predominantly formed spherical cap shapes, although 

sometimes their morphology was more variable. Some results using tips with a low 

surface coverage appeared to be influenced by heterogeneous polymer morphology, 

which was due to the inconsistencies associated with dip coating. At higher 

concentrations and longer immersion times, the polymer formed mostly continuous thin 

films on the silicon with some dewetting. The very high surface coverage on the tips 

significantly reduced any influence from heterogeneous polymer morphology on the 

measured adhesion values.  

On the extremely hydrophilic mica substrate (water contact angle of <5˚), the measured 

adhesion was consistently larger than expected. This was caused by capillary forces due 

to a condensed water layer which formed on the mica surface in ambient conditions. 

Weak van der Waals forces should be responsible for the polymer/mica interactions, and 

previous AFM results demonstrated that the polymer weakly adsorbed to the mica and 

formed spherical cap shaped nanodroplets. However, the measured adhesion on the 

mica was often the largest of the three substrates due to the influence from capillary 
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forces. This meant that the adhesion solely due to polymer/substrate interactions could 

not be accurately investigated.    

The adhesion results on the silicon substrate were also influenced by capillary forces, 

and therefore were not completely consistent with previous AFM observations.  

However, the silicon was less hydrophilic than mica with a water contact angle of 

approximately 45.8˚. This meant that the effects of capillary forces were reduced on the 

silicon and the measured adhesion was consistently smallest on this substrate. The 

forces associated with the single chain desorption events on the silicon were much larger 

than expected for a typical system where weak van der Waals forces were responsible 

for the interactions. This confirmed that water associated forces were impacting the 

measured adhesion on the silicon, even at the single chain level.  

The graphite substrate is hydrophobic, which meant that capillary forces should not have 

influenced the measured adhesion results, and therefore polymer/substrate interactions 

were accurately investigated. The measured adhesion on the graphite was consistently 

larger than the results on the silicon, despite the increased adhesion due to capillary 

forces on the more hydrophilic silicon substrate. The relatively large measured adhesion 

on the graphite was due to strong van der Waals forces, and π-π stacking interactions 

between the graphite and the aromatic rings in the polystyrene units.  

An investigation was carried out which studied the polymer-coated tip/substrate 

adhesion (high surface coverage) over many cycles. The results showed that adhesion 

decreased more significantly when the cycles were carried out in an array compared to 

at a fixed position. This was because any chains which were desorbed from the tip when 

the cycles were carried out in a fixed position, continued to be interacted with in the 

following cycles. The range of adhesion values were always largest on the mica substrate 

due to increased capillary forces on the substrate.  

A technique was established where AFM tips interacted with thin polymer films using 

force spectroscopy to physically adhere chains to the tips surface. The adhesion results 

confirmed that a small amount of polymeric material was adhered to the tips using this 

technique. The relationship between tip/substrate contact time was investigated with 

tips prepared by force spectroscopy. It was demonstrated that the majority of 

polymer/substrate interactions occurred within one second of tip/substrate contact. 
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Furthermore, it was shown that a single tip prepared using force spectroscopy could be 

used to interact with numerous substrates without significantly impacting adhesion 

results.  

In Chapter 8, alternative methods were explored to create an experimental system in 

which capillary forces did not impact results, and the probability of observing specific 

desorption events was significantly increased.      
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7 Investigating single chain 

desorption events on various 

substrates 
 

 

 

 

 

 

 

 

 

 

Summary 

This chapter presents a force spectroscopy study which comprehensively investigated 

the specific interactions between poly(styrene-co-butadiene) random copolymers and 

mica, silicon, and graphite substrates. Blank AFM tips were used to interact with thin 

polymer films on each substrate, and the desorption forces and polymer behaviour were 

examined. The experimental system had no apparent influence from capillary forces and 

the probability of observing desorption events was high. The desorption forces and 

degree of bridging were largest on the graphite, due to stronger polymer/substrate 

interactions caused by van der Waals forces and π - π stacking interactions.    
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7.1  Introduction 
 

As described in Chapter 6, AFM force spectroscopy can be utilised to investigate the 

interactions between polymers and surfaces.81 The technique has a force resolution of 

approximately 10 pN, and therefore can accurately measure the interactions between 

single polymer chains and substrates at a molecular level.126 This field of research is very 

important fundamentally, as well as, being useful to many applications.50,126   

Force spectroscopy experiments often involve separating polymers from substrates and 

measuring the resulting adhesive force. In principle, these experiments are simple and 

the AFM has the capability to accurately measure any forces involved. However, in 

practice, the experiments can be very complex due to many interactions taking place at 

an incredibly small length scale.245 It can be very difficult to create an experimental 

system which can effectively isolate and investigate single polymer chains. 

Consequently, there are many different experimental systems which are presented 

within the literature to investigate the behaviour of polymers at surfaces using AFM force 

spectroscopy methods.81,82,85,127,142  

The experimental systems used to investigate the interactions between polymers and 

surfaces often have distinct advantages and disadvantages. For example, many 

experiments are carried out in an aqueous medium.85,128,142 This eliminates any influence 

from capillary forces and allows investigations of polymer behaviour in different solvent 

conditions. However, it can increase the complexity and duration of experiments, as well 

as, having the potential to introduce hydrophobic effects which may be undesirable. In 

many experiments, AFM tips are functionalised and polymer chains are covalently 

bonded to the surfaces of the tips.50,81,82,127 These experiments ensure that chains cannot 

be desorbed from the AFM tip, which increases consistency in the results. However, the 

procedures associated with these experiments can be laborious and complex. AFM 

probes have a relatively short working life, so the tip preparation methods have to be 

repeated many times. Finally, many experiments have very low probabilities of 

observing specific desorption events, and therefore it can be very time consuming to 

obtain suitable amounts of meaningful data.85,131   

AFM force spectroscopy experiments using synthetic polymers can generally be 

separated into two main categories. The first is studying the specific desorption forces 
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associated with polymers at surfaces. These experiments generally produce force-

separation graphs which exhibit plateaus and steps. The plateaus and steps can be 

analysed to provide valuable information regarding the nature of the intermolecular 

forces which are dominant in the system.82,142 The second common area of investigation 

involves stretching polymer chains and examining the force response. These 

experiments produce force-separation graphs with spiked curves which can be fitted to 

statistical models such as the worm-like chain (WLC) or freely-joint chain (FJC) 

models.85,145 This experimental analysis can be used to obtain values of relevant physical 

quantities (derived from theoretical concepts), such as the polymer Kuhn length. A force 

spectroscopy investigation which examines the forces associated with poly(styrene-co-

butadiene) random copolymers on various substrates at the nanoscale has not yet been 

carried out within the literature.  

This chapter presents a force spectroscopy study which comprehensively examined the 

interactions between poly(styrene-co-butadiene) random copolymers and mica, silicon, 

and graphite substrates. The experimental system was uncomplicated, time efficient, and 

produced significant amounts of meaningful data. The results provided information 

regarding the specific desorption forces between single polymer chains and each 

substrate/AFM tip, as well as, identifying the force associated with chain pull-out from 

the thin films and the globule-extended coil conformational transition.  

 

7.2  Materials and methods  
 

Dip coating was used to create polymer thin films on mica, silicon, and graphite 

substrates. Immediately before dip coating, the mica and graphite substrates were 

cleaved with scotch tape. The silicon could not be cleaved, therefore it was cleaned with 

acetone and ethanol before use. The mica, silicon, and graphite substrates were dip 

coated in 5c* solutions of the 355 kg/mol poly(styrene-co-butadiene) random 

copolymer for 60 minutes. The substrates were then dried with a gentle stream of 

nitrogen for 2 minutes, before being left in a fume hood overnight. The polymer thin films 

which formed on each substrate were characterised using AFM imaging. AFM imaging 

was carried out using the same machine, probes, and experimental procedures as the 

previous chapters. AFM force spectroscopy was carried out in ambient conditions on the 
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polymer films on each substrate. Blank silicon MSNL-10 tips with spring constants of 

0.01 N/m and tip radii of 2 nm were used for each experiment (see Chapter 3 for details). 

However, in some instances, tips which had interacted with thin polymer films on each 

substrate were then used in force spectroscopy experiments with blank silicon 

substrates. This was to confirm whether the previous interactions with the polymer thin 

films had adhered polymer chains to the tips.  

All analysis of the AFM images was carried out using Gwyddion. Whereas analysis of the 

force-separation curves was performed using Nanoscope Analysis and Origin. The 

overall adhesive force was taken as the value associated with the largest minimum in 

each graph. The overall adhesive energy was presented in eV and was measured by 

integrating the complete area above each curve in the fourth quadrant. The analysis of 

specific desorption events, such as calculating step force and plateau lengths, was carried 

out using an Origin measuring tool plugin. The step force was taken as the height of each 

individual step. The adhesive energy per segment was presented in kJ/mol and was 

calculated by first integrating the specific area above the curves in the fourth quadrant 

where force plateaus and steps occurred. This provided a value of the adhesive energy 

for the desorption events, which could then be used in accordance with Equation 3.11 to 

obtain a value for the adhesive energy per segment. Chapter 3 contains detailed 

descriptions of all the experimental methods and analysis used for AFM imaging and 

force spectroscopy.  

 

7.3 Designing the experiments 
 

Some of the results from the force spectroscopy experiments in Chapter 6 were 

ambiguous due to the presence of capillary forces, which increased adhesion on the more 

hydrophilic substrates. This was problematic as the adhesion forces solely associated 

with polymer/substrate interactions could not be accurately investigated on the 

hydrophilic substrates. Therefore, in the current chapter, an experimental system was 

designed where any apparent influence from capillary forces was eliminated. This was 

achieved by carrying out force spectroscopy experiments using a blank silicon tip which 

probed thin poly(styrene-co-butadiene) films on each substrate. This meant that the tip 

picked up polymer chains and pulled them from the films, which allowed the strength of 
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polymer/substrate interactions to be directly measured. Furthermore, both polystyrene 

and polybutadiene are hydrophobic with water contact angles of approximately 86˚ and 

97˚, respectively.256,257 Therefore, using these values from the literature and the styrene-

butadiene ratio of 25:75, it can be expected that the water contact angle of the 355 

kg/mol poly(styrene-co-butadiene) polymer was approximately 94˚. Consequently, any 

influence from capillary forces was drastically reduced as each substrate was now almost 

completely covered in a thin film of hydrophobic polymeric material. All experiments 

were carried out in air under ambient conditions. If the experiments were carried out in 

an aqueous solution, this would have created significant problems. For example, if a 

polymer-coated mica substrate was immersed in water, the favourable interactions 

between the water and mica would lead to the separation of the thin polymer film from 

the mica surface.258 This would have made it impossible to obtain accurate results 

regarding polymer/substrate interactions.    

Another disadvantage with the experimental system in Chapter 6 was that desorption 

events were never observed on the mica or graphite substrates, and had a very low 

probability of occurring on silicon. This was problematic as very little information was 

generated regarding the specific polymer/substrate interactions. For the current 

experimental system, the probability of observing desorption events was 98%, 94%, and 

99% on the mica, silicon, and graphite substrates, respectively. This was far greater than 

the probabilities in the previous chapter, as well as, many similar experiments within the 

literature.82,85,131 For example, a study by Grebíková et al.131 which investigated the 

strength of interactions between polymer chains (PMMA and PHEMA), which were 

covalently attached to an AFM tip and mica, silicon, and graphite substrates. In this study, 

the probability of observing multiple desorption events (steps and plateaus) in each 

force-separation graph was reported as 1.2%, 7.0%, and 88.1% for mica, silicon, and 

graphite substrates, respectively. These probabilities were directly related to the 

strength of the polymer/substrate interactions. Despite the simplicity of the 

experimental system in the current chapter, the probability of observing specific 

desorption events was very high for each substrate.  

The problems associated with the force spectroscopy experiments in Chapter 6 were 

eliminated by redesigning the experiments. The system presented in this chapter is time 

efficient and uncomplicated compared to many similar experiments within the 
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literature.50,81,82,127 The process of physically adsorbing polymer chains to substrates for 

AFM force spectroscopy experiments has also been recommended for its simplicity in 

the recent study by Zhang et al.127   

 

7.4 Results and discussion 
 

7.4.1 Polymer thin films  
 

Thin films of poly(styrene-co-butadiene) were prepared on each substrate using dip 

coating. The same parameters were used to create the thin films on the AFM tips in 

Chapter 6, and the substrates in the current chapter. This meant that direct comparisons 

could be made between the two experimental systems. Figure 7.1 shows typical AFM 

images of the mostly continuous thin films on each substrate. Each polymer film 

experienced a small amount of dewetting, which created circular holes in the films with 

some evidence of viscous fingering and raised rims. However, dewetting was very  

limited and the polymer surface coverage was large with average values of 99%, 95%, 

99% for the mica, silicon, and graphite substrates, respectively. This meant that there 

was a very high probability that each cycle would interact with an area on the substrate 

which was covered by the polymer film.  

 

 

 

 

 

 

 

 

 

Figure 7.1: Typical AFM height images of mostly continuous polymer thin films on each substrate. The 

films were created by dip coating (355 kg/mol, 5c*, 60 minutes, no rinse). (A) Mica, (B) silicon, (C) 

graphite.    
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The film thickness values were calculated using the AFM techniques which are described 

in Chapter 4. The approximate thickness of the films were 31 nm, 41 nm, and 27 nm for 

the mica, silicon, and graphite substrates, respectively. The values of film thickness were 

similar on the mica and graphite, but slightly larger on the silicon. This was due to 

difficulties in repeatedly creating homogenous polymer nanostructures using dip 

coating. Furthermore, the magnitude of polymer/substrate interactions were different 

on each substrate, which can also lead to differences in film thickness. Despite this, the 

differences in film thickness on each substrate were relatively small and should not have 

significantly impacted the results.   

 

7.4.2  Force-separation graphs 
  

Force spectroscopy experiments were carried out at 5 different areas of the films on each 

substrate. At each area, the tips experienced 25 cycles at a fixed location. Figure 7.2 

shows typical force-separation graphs for each substrate. The graphs all show an initial 

adhesion followed by a period of force plateaus and steps. The graphs for the silicon and 

mica substrates (Figures 7.2A and 7.2B) were similar and exhibited a smaller initial 

adhesion followed by a large period of force plateaus and steps. On the graphite substrate 

(Figure 7.2C), the overall adhesion was much larger and significant fluctuations were 

observed in the graphs at smaller tip-sample separations. At larger tip-sample 

separations, force steps and plateaus were observed but they occurred over much 

smaller length scales.  
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Before analysis of the specific polymer/substrate interactions was carried out, the 

overall adhesive force and energy for each substrate was investigated in Section 7.4.3. 

To simplify the analysis of the polymer/substrate interactions, the features on the graphs 

were separated into two categories which were called ‘initial events’ and ‘force plateaus 

and steps’. The force plateaus and steps were analysed in Section 7.4.4, whilst analysis of 

the initial events can be found in Section 7.4.5.  

 

7.4.3 Analysis of overall adhesion 
 

Force-separation curves were analysed to confirm that the overall polymer/substrate 

adhesion was consistent with previous AFM observations, where the polymer was more 

weakly adsorbed onto the silicon and mica substrates, and strongly adsorbed onto the 

graphite. Table 7.1 shows the average adhesive force and energy for the interactions 

Figure 7.2: Typical force-separation graphs for interactions between a blank silicon AFM tip and a 

polymer thin film on each substrate. (A) Mica, (B) silicon, (C) graphite.   
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between the AFM tips and the polymer films on each substrate. The results demonstrated 

that the polymer/substrate adhesion was smallest for the extremely hydrophilic mica 

substrate, and slightly larger for the less hydrophilic silicon substrate. Whilst the 

adhesion was the largest by a considerable margin on the hydrophobic graphite 

substrate. Therefore, the results agreed with previous AFM observations and 

demonstrated that polymer/substrate interactions were directly measured without any 

apparent influence from capillary forces.  

 

Table 7.1: Average adhesive force and energy between the blank silicon AFM tips and the thin polymer films 
on each substrate.   

 

 

 

 

 

 

 

7.4.4 Force plateaus and steps analysis  
 

 

7.4.4.1 Force at steps 
 

The plateaus and steps in the force-separation graphs can be interpreted as the force 

required to desorb chain segments from the surface of the substrates or AFM tips. 

However, they can also represent the force associated with the globule-extended coil 

transition, chain pull-out from a film, and chain friction with the tip and/or substrate.  

131,140,259–261 The overall graphs (see Figure 7.2) did not show the force plateaus and 

steps in great detail, therefore analysis was carried out on zoomed sections of the 

graphs (see Figure 7.3). On the zoomed graphs, the force steps and plateaus were 

clearly visible which allowed for the accurate analysis of the events.  

 

 

Substrate 
Average Adhesive 

Force (nN) 
Average Adhesive 

Energy (eV) 

Mica 1.62 ± 0.20 2060 ±  506 

Silicon 1.80 ± 0.62 2628 ± 2186 

Graphite 2.58 ± 0.47 5748 ± 1754 
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The force-separation graphs exhibited numerous plateaus and steps which were the 

product of the following phenomena. Several individual chains could desorb from the 

surface of the tip or substrate within a single cycle. Furthermore, each chain was not 

necessarily fully adsorbed to the substrate’s surface. Adsorbed chains form loop, train, 

and tail conformations on surfaces (see Figure 7.3).262 Trains are segments of the 

polymer chains which are fully adsorbed to a substrate at the monomer scale, loops are 

desorbed segments with trains at either end, and tails are desorbed segments located at 

either end of the chain.263 The presence of multiple trains means that there can be many 

force steps and plateaus created by a single polymer chain. As the polymer was more 

weakly adsorbed onto the mica and silicon, it was expected that the polymer would form 

a greater number of loop and tail conformations on these surfaces. The polymer strongly 

adsorbed to the graphite, so a greater proportion of train conformations was expected. 

This was affirmed by examining the average number of force steps per graph which was 

7, 6, and 5 for the mica, silicon, and graphite substrates, respectively. Therefore, more 

Figure 7.3: (A) Typical force-separation graph which shows the interactions between a blank silicon tip 

and a thin polymer film on a silicon substrate. (B) Zoomed section of the graph which clearly shows force 

steps and plateaus. The zoomed area is represented by the blue box in (A).  
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desorption events were observed on the substrates where the polymer formed more 

loop conformations. The AFM tip could also come into contact with any point along the 

length of the polymer chains, which meant that both ends of the same chain could desorb 

individually. Furthermore, the plateaus and steps could also be created by the globule-

extended coil transition, chain pull-out, and chain friction.131,140,259–261 It is expected that 

the steps which represented the globule-extended coil transition and chain pull-out have 

a very similar magnitude. This is because for chains with the same composition, the force 

required to extend a polymer from its own globule should be the same as the force 

required to pull-out a chain from a film. Chain friction with a substrate should also 

generate similar forces to chain desorption; polymer chain friction with a solid substrate 

can be envisaged as a process of adsorption - desorption. 

 

   

 

 

 

 

 

 

 

Figure 7.5 presents a series of histograms which show the distributions of step force 

values for each substrate. The histograms all have a number of peaks which represent 

the forces associated with specific phenomena to be discussed now. The histograms for 

each substrate have two distinctive common features: a main peak at 20 - 25 pN and a 

secondary peak at 55 - 60 pN. As these peaks are in the same position for each 

histogram, they cannot represent desorption from the three different substrates. 

Therefore, they must represent the forces associated with desorption from the AFM tip 

and polymer/polymer interactions as these phenomena will have the same step force 

values on each substrate.  

Figure 7.4: Illustration of an adsorbed polymer chain with loop, train, and tail conformations.  
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Forces associated with polymer/polymer interactions (chain pull-out from the thin films 

or globule-extended coil transitions) are expected to be prominent during the 

experiments on each substrate. On weakly adsorbing substrates and bad solvent 

conditions, polymers generally create globular conformations to minimise surface 

contact. Therefore, when polymer globules were picked up by the AFM tip in the force 

spectroscopy experiments, they may have experienced a transition from a globule to an 

extended coil.264 The force associated with this conformational transition is a plateau and 

when it finishes a force step appears in the force-separation graphs.141 Similarly, the 

force associated with chain pull-out from the films is also a plateau and when it finishes 

a step appears. The force associated with the globule-extended coil transition has been 

previously examined using AFM force spectroscopy, where Koutsos et al. 140 

demonstrated that the force associated with extending a polydimethylsiloxane polymer 

globule in air was 25 ± 10 pN. Similarly, Haupt et al.141 demonstrated that the force 

Figure 7.5: Histograms showing the step force distribution for each substrate. (A) Mica, (B) silicon, (C) 

graphite.   
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associated with extending poly(N-isopropylacrylamide) from its globular conformation 

in a poor solvent had a peak value of 12 - 18 pN. Halperin et al.264 presented an equation 

which can be utilised to estimate the force (𝐹𝑆𝑡𝑒𝑝 ) associated with the globule-extended 

coil transition for a specific polymer:  

 

 

Where 𝑟 is the radius of the coil, which was estimated at approximately 0.15 nm, and 𝛾 

is the surface energy of the polymer.140,264 The surface energy of polystyrene and 

polybutadiene are approximately 39 mJ/m2  and 31 mJ/m2 , respectively.26,265 Taking 

into account the polymer’s 25:75 styrene-butadiene ratio, the force associated with the 

globule-extended coil transition was estimated at 31 pN. Similarly, the force associated 

with chain pull-out from the thin films could also be estimated at approximately 31 pN. 

This is because the mechanisms of both the globule-extended coil transition and chain 

pull-out are very similar, and the force of each phenomena is governed by 

polymer/polymer interactions. Therefore, it is highly plausible that the observed peaks 

at 20 - 25 pN represent the force associated with extending polymer chains from their 

globular conformations, and chain pull-out from the thin films. Consequently, this 

suggests that the peak at 55 - 60 pN on each substrate likely represented the force 

associated with polymer desorption from the silicon AFM tip.  

The histograms for the silicon and graphite substrates (Figures 7.5B and 7.5C) also 

have distinct peaks with force values of 80 - 85 pN and 90 - 95 pN, respectively. As the 

peaks have different force values on the silicon and graphite, it can be assumed that 

they are influenced by desorption from each substrate. On the mica, it appears that the 

force associated with desorption from the substrate and desorption from the AFM tip 

both have values of 55 - 60 pN, and therefore are represented by a single peak with a 

larger relative frequency in the histogram (Figure 7.5A). However, these values do not 

accurately represent the true desorption forces of the polymer from each substrate. 

This is because when the chains are desorbed from each substrate, they are also pulled 

out of the polymer films. As these two phenomena occur simultaneously, they are 

represented by a single step in the force-separation profiles. Therefore, the final peaks 

in each histogram (values presented above) represent the force associated with 

 𝐹𝑆𝑡𝑒𝑝 = 2𝜋𝑟𝛾 (7.1) 
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desorption from the substrate, in addition to, chain pull-out from the thin films. This 

means that in order to achieve an accurate force value for only substrate desorption, 

the force values at the final peaks must be subtracted by the force associated with chain 

pull-out. Therefore, the true desorption forces are approximately 35 - 40 pN, 60 - 65 

pN, and 70 - 75 pN for the mica, silicon, and graphite substrates, respectively.  

The results for the desorption force from each substrate agree with the AFM 

observations in Chapters 4 and 5. The polymer was very weakly adsorbed onto the 

mica which resulted in the formation of spherical cap shaped nanodroplets. Whilst on 

the graphite, the polymer was more strongly adsorbed and formed structures, such as 

networks and nanoribbons. The desorption force values correlate with the effective 

Hamaker constants (calculated using Equation 2.2) of each system (Table 7.2). The 

effective Hamaker constants provide information regarding the strength of the van der 

Waals interactions between the polymer films and each substrate.266 The Hamaker 

constant for the graphite substrate has the largest (negative) value, and therefore the 

van der Waals interactions were strongest for this system, which agrees with the force 

spectroscopy results. The desorption force values also correlate with the water contact 

angle of each substrate (Table 7.2).  

 

Table 7.2: The desorption force, effective Hamaker constant, and water contact angle of each substrate. 

 

 

 

 

 

 

It is expected that the desorption force would be the smallest for the mica substrate. 

This is because weak van der Waals forces were solely responsible for the interactions 

between the highly polar mica and the apolar poly(styrene-co-butadiene). On the 

silicon substrate, van der Waals forces were also exclusively responsible for the 

polymer/substrate interactions. However, the van der Waals forces were stronger 

Substrate 
Desorption 
Force (pN) 

Effective Hamaker 
Constant 

(𝟏𝟎−𝟐𝟎𝑱)150 

Water 
Contact 

Angle (˚C) 
157,164–166,267 

Mica 35 - 40 -1.1 <5 

Silicon 60 - 65 -6.3 45.8 

Graphite 70 - 75 -11.3 84 - 86 
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between the polymer and the silicon substrate. This was because the silicon substrate 

only had a thin oxide layer, and therefore was less polar than the mica. Both van der 

Waals forces and π - π stacking interactions were responsible for the polymer/graphite 

interactions. The van der Waals forces were expected to be stronger for this system due 

to the polymer and substrate both being hydrophobic (apolar). Additionally, results in 

Chapter 5 demonstrate that π - π stacking interactions were responsible for creating 

ordered poly(styrene-co-butadiene) nanostructures on the graphite substrates. The π - 

π stacking interactions were optimal for the poly(styrene-co-butadiene) random 

copolymers due to the aromatic rings in the polystyrene monomer, but also the 

increased flexibility from the butadiene units. Table 7.3 shows the force values of each 

interaction which occurred during the force spectroscopy experiments.   

 

Table 7.3: The force values of each interaction which occurred during the experiments.   

 

 

 

 

 

 

 

 

7.4.4.2 Adhesive energy per segment 
 

To carry out further analysis on the force spectroscopy results, the adhesive energy per 

segment values were calculated from the force plateaus and steps. Figure 7.6 presents 

histograms showing the adhesive energy per segment distributions for each substrate. 

The mica and silicon substrates have peaks at similar positions (20 - 25 kJ/mol and 15 - 

20 kJ/mol, respectively). Whereas, the histogram for the graphite substrate has no 

distinct peaks. It was likely that the main peaks at approximately 20 kJ/mol for the mica 

Interaction Force (pN) 

Polymer - Polymer 20 - 25 

Polymer - Mica Substrate 35 - 40 

Polymer - Silicon AFM Tip 55 - 60 

Polymer - Silicon Substrate 60 - 65 

Polymer - Graphite Substrate 70 - 75 
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and silicon substrates were influenced by the energy associated with the globule-

extended coil transition and chain pull-out from the films. This was affirmed when the 

surface energy (𝛾) of poly(styrene-co-butadiene) was estimated using the following 

equation: 

 

 

 

Where 𝐸𝑆  was the energy per segment (20 kJ/mol), and 𝑏 was the length of the segment 

(1.19 nm). Using Equation 7.2, the surface energy of poly(styrene-co-butadiene) was 

calculated as 30 mJ/m2 . This was in good agreement with the calculated value of surface 

energy using values from the literature, which was 32 mJ/m2 .26,265 Therefore, this 

demonstrated that an adhesive energy per segment of approximately 20 kJ/mol likely 

related to globule-extended coil transitions and chain pull-out from the films. However, 

unlike the distributions of step force in Figure 7.5, the histograms did not exhibit distinct 

secondary peaks. Therefore, accurate quantitative information regarding the specific 

polymer/substrate interactions cannot be extrapolated from these histograms. Despite 

this, the histogram for the mica substrate has the narrowest distribution and the 

histogram for the graphite has the widest distribution which extends to higher adhesive 

energy per segment values, and therefore shows the influence from the stronger 

polymer/graphite interactions.   

                                                      

 

 

 

 

 

 

 
𝛾 =

𝐸𝑆

2𝜋𝑟𝑏𝑁𝐴
 (7.2) 
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7.4.4.3 Length of polymer bridging  
 

During the force spectroscopy experiments, there were significant amounts of polymer 

bridging between the tips and the substrates. The extent of bridging was characterised 

by investigating the tip-sample separation at the force steps. There were multiple steps 

in each graph which occurred across relatively large ranges of tip-sample separations. In 

previous experiments, similar results have been interpreted as picking up numerous 

chains with different lengths in polydisperse polymer samples.86 However, for the 

current experiments, this was not the case as the polymer was monodisperse with a Ð of 

1.02. Instead, there are a number of different factors which are responsible for the large 

variations in bridging length. The first was that the AFM tip could come into contact and 

pick up polymer chains at any point along their lengths. This effectively creates two 

individual chains of different lengths which can desorb at slightly different tip-sample 

Figure 7.6: Histograms showing the adhesive energy per segment on each substrate. (A) Mica, (B) 

silicon, (C) graphite.   
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separations. The second reason is due to the adsorbed conformations of the polymer 

chains. The presence of multiple train conformations can create numerous desorption 

events for an individual chain, and tail conformations can reduce the adsorbed length of 

the polymer chains. Finally, the force plateaus and steps could be associated with 

globule-extended coil transitions, chain pull-out from the films, and chain friction. The 

last step in the graphs signifies the final desorption event has occurred, and presents the 

maximum amount of polymer bridging for that specific cycle.   

Figure 7.7 presents histograms which show the values of tip-sample separation at the 

force steps. Each histogram has a wide and fairly asymmetric distribution, which 

demonstrated that desorption events occurred at a large range of tip-sample separations 

for each substrate. The main peaks on the histograms were located at 560 - 600 nm and 

680 - 760 nm for the mica substrate, 320 - 360 nm and 600 - 640 nm for the silicon 

substrate, and 720 - 760 nm and 1040 - 1080 nm for the graphite substrate. The average 

values of tip-sample separation at the force steps were 740 nm, 610 nm, and 889 nm for 

the mica, silicon, and graphite substrates, respectively. Therefore, on average, the chains 

bridged to 30%, 24%, and 36% of their full lengths (∼2500 nm) for the mica, silicon, and 

graphite substrates, respectively. This demonstrated that the polymer was more 

strongly adsorbed to the graphite, and there was a higher degree of loop and tail 

conformations on the more weakly adsorbing mica and silicon substrates. However, it 

was expected that the average value would be the smallest on the extremely hydrophilic 

mica substrate due to it having the weakest polymer adsorption. Although as 

aforementioned, these results were also influenced by several factors, such as where the 

AFM tip came into contact with each chain along its length, which was completely 

random.  
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The analysis of polymer bridging demonstrated that for the mica and silicon substrates, 

there was a greater probability of single chain desorption events occurring at smaller 

tip-sample separations. Whilst for the graphite substrate, single chain desorption events 

generally began at larger tip-sample separations. This trend also became obvious when 

examining the force-separation graphs. The graphs for the graphite substrate (see Figure 

7.2C for typical example), generally did not exhibit force plateaus and steps at small tip-

sample separations, but instead much larger heterogeneous fluctuations in adhesion 

occurred. As aforementioned, these fluctuations were called initial events. For the mica 

and silicon substrates (Figures 7.2A and 7.2B), the initial events were generally more 

subtle due to weaker polymer/substrate interactions. Whereas, on the strongly 

adsorbing graphite, the initial events were more significant and generally continued until 

larger tip-sample separations. Detailed analysis of the initial events is included in Section 

7.4.5. 

Figure 7.7: Histograms showing the tip-sample separations at force steps for each substrate. (A) Mica, 

(B) silicon, (C) graphite.   



 
Chapter 7: Investigating single chain desorption events on various substrates   246 

 
 

 

 

7.4.4.4 Force plateau length  
 

The length of the force plateaus generally represents the distance between individual 

desorption events. Figure 7.8 presents histograms which show the distribution of force 

plateau lengths for each substrate. The histograms all had right-skewed distributions 

with main peaks in the same position (20 - 40 nm) and extended tails. The average 

plateau length was 162 nm, 78 nm, and 112 nm for the mica, silicon, and graphite 

substrates, respectively. Therefore, the distance between the events was largest for the 

mica substrate. This was expected due to the weak polymer/substrate interactions on 

the mica, which caused larger periods of force plateaus and steps. Consequently, there 

was generally a larger window where individual desorption events could occur on the 

mica. On the graphite surface, the strong polymer/substrate interactions meant that the 

force plateaus and steps did not generally begin until larger tip-sample separations. This 

meant that there was a much smaller window where individual desorption events could 

occur. Furthermore, on the strongly adsorbing graphite, there was a higher probability 

that the chains which were picked up by the tip had final contact points which were in 

closer proximity to each other. On the silicon substrate, the average distance between 

events was the smallest of the three substrates by 34 nm. This was not in line with the 

strength of polymer/substrate interactions and demonstrated that many other factors, 

such as the position of where the AFM tip interacted with each chain, can significantly 

influence the results.  
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7.4.5 Initial event analysis  
 

Many of the graphs for each substrate exhibited evidence of polymer/substrate 

interactions at smaller tip-sample separations. These were called initial events and 

provided information regarding the polymer/substrate interactions immediately after 

initial tip retraction. The initial events were defined as sudden changes in the slope of 

the curves or secondary minima, which were not characterised by force plateaus and 

steps. These events were most significant on the graphite due to stronger 

polymer/substrate interactions. However, they still occurred on the mica and silicon but 

were generally much more subtle. Interpretation of the initial events can be difficult as 

they are unspecified in their origin, and can be representative of numerous physical 

phenomena. However, detailed analysis could provide new information regarding 

polymer behaviour during initial tip retraction in the force spectroscopy experiments. 

Figure 7.9 shows a typical force-separation graph for the polymer thin film on the 

Figure 7.8: Histograms showing the length of force plateaus for each substrate. (A) Mica, (B) silicon, (C) 

graphite.   
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graphite substrate, as well as, a zoomed section of the same graph. The zoomed sections 

of the curves were used for analysis as they showed the initial events in much greater 

detail.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.4.5.1 Force at events  
 

Similarly to the force plateaus and steps, the initial events can be associated with the 

desorption of single chains from the substrates or tips, globule-extended coil transitions, 

chain pull-out from the thin films, and chain friction with the tip and/or 

substrate.131,140,259–261 However, as the number of chains involved in the initial events is 

high, the experimental conditions are very similar to a probe tack experiment and there 

are a number of other physical phenomena which can occur.268–270 These include film 

cavitation, the desorption of many chains simultaneously from the tip or substrate, the 

formation of nanofibrils (reminiscent of crazing structures), and stick-slip phenomena 

Figure 7.9: (A) Typical force-separation graph for the polymer thin film on the graphite substrate. (B) 

Zoomed section of the graph which shows the initial events in more detail. The zoomed area is 

represented by the blue box in (A). 
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at the interfaces.131,141,259,260,271 Many of the graphs, particularly for the graphite 

substrate, experienced large, fairly sharp fluctuations in adhesion (see Figure 7.10). 

Some of these were similar in appearance to saw-tooth patterns which are commonly 

associated with the stretching of polymer chains in a solvent (good - poor 

conditions).143,144,245 The current experiment was carried out in bad solvent conditions 

(air), which is generally not a suitable environment to observe chain stretching. 

However, stretching may have been possible as the polymers formed densely packed 

thin films, which meant that some chains should have experienced melt (Θ-solvent) 

conditions. Furthermore, the polymer had a low 𝑇𝑔  and fairly high flexibility which also 

promoted stretching. Although chain stretching may have been possible, there was a low 

probability of it occurring. This was because the chains were not permanently fixed to 

either to the tip or substrate.86 It appeared that it was much more common for the initial 

events to represent the numerous other physical phenomena which were described 

above.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10: (A) Typical force-separation graph where sharp fluctuations in adhesion are observed for 

the polymer thin film on the graphite substrate. (B) Zoomed section of the graph which shows the 

fluctuations in greater detail. The zoomed area is represented by the blue box in (A). 
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Figure 7.11 presents histograms which show the force of the initial events for each 

substrate. In each histogram, the distributions were right-skewed with very long tails. 

Consequently, an inlay graph was included to show the events with larger forces (500 - 

1500 pN). The wide distributions of each graph were due to the large array of physical 

phenomena which can occur during the initial events. Despite this, the histograms all had 

main peaks in very similar positions with values of 20 - 25 pN, 15 - 20 pN, and 15 - 20 pN 

for the mica, silicon, and graphite substrates, respectively. Therefore, the histograms 

which examined the force steps (Figure 7.5) and the force of initial events all had main 

peaks in very similar positions of 15 - 25 pN. It was expected that chain pull-out from the 

films and globule-extended coil transitions of polymer chains would be prevalent during 

the initial events, as well as, the force plateaus and steps. Therefore, this confirmed that 

a force of approximately 15 - 25 pN represented chain pull-out and the globule-extended 

coil transition. Similarly to the histograms in Figure 7.5, the main peak had the largest 

relative frequency on the mica substrate. This was because the polymer/substrate 

interactions were weakest on the mica, which meant that the chains were more likely to 

form globular conformations on the surface, and the probability of chain pull-out was 

higher. The average force of the initial events was 73 pN, 84 pN, and 151 pN for the mica, 

silicon, and graphite substrates, respectively. Therefore, the average values directly 

related to the strength of the polymer/substrate interactions on each surface. However, 

the average values of the initial events were significantly larger than the force associated 

with the desorption of single polymer chains from each substrate. Therefore, this 

demonstrated that generally the initial events represented phenomena involving 

numerous chains.   
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7.4.5.2 Polymer bridging during initial events  
 

Figure 7.12 shows the tip-sample separations at the initial events for each substrate. The 

histogram for the mica substrate had a very narrow distribution with a distinct peak at 

240 - 320 nm. Whereas, the histograms for the silicon and graphite substrates had much 

wider distributions with long tails. The silicon substrate had a peak at 320 - 360 nm, and 

the graphite substrate had a very subtle peak at 400 - 440 nm. The average values of tip-

sample separation at the initial events were 331 nm (13% of chain length), 556 nm (22% 

of chain length), and 616 nm (26% of chain length) for the mica, silicon, and graphite 

substrates, respectively. Therefore, this demonstrated that the initial events generally 

occurred at larger tip-sample separations for the graphite substrate. This was due to the 

strong polymer/substrate interactions on the graphite. The average number of initial 

Figure 7.11: Histograms showing the force of the initial events on each substrate. The inlay graphs show 
the events which occurred at larger forces (500 - 1500 pN). (A) Mica, (B) silicon, (C) graphite.  
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events per force-separation graph was 7, 9, and 11 for the mica, silicon, and graphite 

substrates, respectively. This trend was expected, as there was generally a larger 

window where the initial events could occur on the graphite substrate, and a much 

smaller window on the weakly adsorbing mica. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.4.5.3 Distance between initial events  
 

Figure 7.13 presents histograms which show the distance between the initial events for 

each substrate. The histograms all had right-skewed distributions and exhibited peaks 

at 20 - 40 nm. However, the relative frequency of the peak was largest for the mica (0.34), 

and smallest for the graphite (0.25). The average distance between the initial events was 

37 nm, 49 nm, and 54 nm for the mica, silicon, and graphite substrates, respectively. The 

average distance was largest for the graphite substrate, as the initial events generally 

continued until larger tip-sample separations. All of the average values were 

Figure 7.12: Histograms showing the tip-sample separations at initial events for each substrate. (A) 

Mica, (B) silicon, (C) graphite.  
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considerably smaller than the distances between force steps examined in Section 7.4.4.4. 

This demonstrated that many initial events occurred across relatively small length scales 

during the cycles. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.4.6 Confirmation of chain adsorption to AFM tips 
 

An additional experiment was carried out to confirm whether polymer chains were 

completely desorbed from each substrate and fixed to the AFM tips during the force 

spectroscopy experiments. In the experiment, three AFM tips were used to interact with 

polymer thin films on either a mica, silicon, or graphite substrate for 125 cycles. The tips 

were then used to interact with a blank silicon substrate for an additional 50 cycles. The 

adhesion results from the tip/silicon interactions were compared to the average 

adhesive force and energy values for the interactions between a blank AFM tip and a 

Figure 7.13: Histograms showing the distance between the initial events for each substrate. (A) Mica, 
(B) silicon, (C) graphite.  
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silicon substrate, which were obtained in Chapter 6 (0.93 nN and 170 eV, respectively). 

If the adhesion results for each tip in the current experiment were larger than the values 

obtained for the blank tip, it can be assumed that polymer/substrate interactions were 

being measured. Therefore, this demonstrates that polymer chains were desorbed from 

the thin films on each substrate and attached to the AFM tips during the force 

spectroscopy experiments. Table 7.4 shows the average adhesive force and energy 

between the tips prepared by force spectroscopy and the silicon substrates.  

 

Table 7.4: Average adhesive force and energy between AFM tips prepared by force spectroscopy and a blank 
silicon substrate. Each tip experienced 125 cycles with a thin polymer film on either a mica, silicon, or 
graphite substrate prior to the experiments with the blank silicon substrate. In each experiment, the cycles 
were carried out at a fixed location.   

 

 

 

 

 

For the tip which initially interacted with the polymer film on the mica substrate, all of 

the force-separation graphs exhibited simple snap-out shapes. However, the average 

adhesive force and energy were 2.83 nN and 4355 eV larger than the values obtained in 

the experiment using the blank tip/silicon substrate. This demonstrated that a large 

amount of polymeric material was desorbed from the mica surface and fixed to the AFM 

tip during the force spectroscopy experiments as expected. For the tip which had 

interacted with the polymer thin film on silicon, the average adhesive force and energy 

were 0.31 nN and 242 eV larger than the values obtained in the blank tip/silicon 

experiments. Furthermore, force plateaus and steps were observed in some of the graphs 

which provided direct evidence of polymer interactions. Therefore, this confirmed that 

polymer chains were completely desorbed from the silicon substrate during the force 

spectroscopy experiments. For the tip which initially interacted with the polymer film 

on the graphite, the graphs all exhibited simple snap-out shapes. However, the adhesive 

force and energy were 0.09 nN and 240 eV larger than the values obtained for the 

Thin Film 
Substrate 

Average Adhesive 
Force (nN) 

Average Adhesive 
Energy (eV) 

Mica 3.76 ± 0.03 4525 ± 62 

Silicon 1.24 ± 0.33 412 ± 119 

Graphite 1.02 ± 0.04 410 ± 12 



 
Chapter 7: Investigating single chain desorption events on various substrates   255 

 
 

 

 

experiments using the blank AFM tip, which suggested that a small amount of 

polymer/substrate interactions were being measured.  

The results demonstrated that polymer chains were desorbed from the films on each 

substrate during the force spectroscopy experiments. This was essential in order to 

produce reliable results regarding polymer/substrate interactions. However, as 

expected, the amount of polymeric material which was desorbed from the substrate and 

fixed to the AFM tip appeared to be directly related to the strength of the 

polymer/substrate interactions.  

 

7.5 Conclusions 
 

A series of force spectroscopy experiments were carried out to investigate the specific 

interactions between polymers and various substrates in ambient conditions. Blank AFM 

tips were used to interact with thin poly(styrene-co-butadiene) random copolymer films 

on mica, silicon, and graphite substrates. The experimental system was vastly improved 

in comparison to the previous chapter, as there appeared to be no influence from 

capillary forces and the probability of observing desorption events was very high. 

Furthermore, the experimental procedure was uncomplicated and time efficient.  

The force-separation graphs exhibited plateaus and steps, as well as, initial events. The 

plateaus and steps represented the desorption of single chains from the substrate or tip. 

However, they also represented the force associated with the globule-extended coil 

transition, chain pull-out from the thin films, and chain friction. Analysis of the steps 

demonstrated that the polymer desorption was largest for the graphite substrate and 

smallest for the mica. This trend agreed with previous AFM observations in Chapters 4 

and 5, and directly correlated to the Hamaker constant and hydrophobicity of each 

substrate. The larger desorption force on the graphite substrate was due to stronger van 

der Waals interactions between the hydrophobic polymer and graphite surface, and π-π 

stacking interactions. The force and energy associated with chain pull-out from the thin 

films and the globule-extended coil transition was also identified. Significant amounts of 

polymer bridging were observed for each substrate. Generally, force plateaus and steps 

did not begin until larger tip-sample separations on the graphite. This was due to the 
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stronger polymer/substrate interactions, which meant that there were less loop 

conformations in the chains, and extended periods of initial events at smaller tip-sample 

separations. The distance between the steps was largest on the mica substrate. This was 

because the force plateaus and steps occurred over a larger length scale, generally 

beginning at fairly low tip-sample separations.  

Initial events were observed in the force-separation graphs for each substrate, although 

they were most prominent on the graphite. The initial events were defined as sudden 

changes in the slope of the curves or secondary minima, and generally occurred at 

smaller tip-sample separations. The initial events could represent many different 

physical phenomena, including some which are associated with probe tack experiments 

such as film cavitation and the formation of nanofibrils. The average force of the initial 

events was largest for the strongly adsorbing graphite substrate and smallest for the 

weakly adsorbing mica. For each substrate, the average force of the initial events was 

considerably larger than the forces associated with the desorption of single chains. 

Furthermore, there was a relatively high probability of chain pull-out and globule-

extended coil transitions occurring during the initial events. The tip-sample separation 

at the initial events was generally largest on the graphite and smallest on the mica. This 

was due to the strong polymer/substrate interactions on the graphite, which created 

extended periods of initial events up to much larger tip-sample separations. Similarly, 

the distance between the initial events was largest on the graphite, which was also due 

to the relatively large range of tip-sample separations where the events occurred.    

Additional experiments were carried out which confirmed that polymer chains were 

desorbed from each substrate during the force spectroscopy experiments. The amount 

of polymeric material which was desorbed from each substrate was directly related to 

the strength of the polymer/substrate interactions. This confirmation provided 

validation of the experimental system.   

A comprehensive force spectroscopy study was carried out which investigated the 

strength of interactions between poly(styrene-co-butadiene) and various substrates. 

The results provided detailed information regarding the strength of specific 

polymer/substrate interactions, as well as, identifying the force associated with the 

globule-extended coil conformational transition, chain pull-out from the thin films, and 

desorption from the AFM tip. These results are not only of fundamental interest, but are 
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also useful to many applications which rely on polymers functioning at surfaces, such as 

composite materials. Furthermore, the concept of the experimental system has many 

advantages and could be utilised for further experiments.   
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8.1 Conclusions  
 

The aim of this thesis was to investigate the behaviour of adsorbed poly(styrene-co-

butadiene) random copolymer nanostructures on various substrates. This was achieved 

by primarily using AFM imaging and force spectroscopy techniques. AFM imaging was 

utilised to investigate the morphology of poly(styrene-co-butadiene) on mica and 

graphite substrates at varying concentrations and molecular weights. Whilst AFM force 

spectroscopy was utilised to investigate the adhesion and specific interactions between 

poly(styrene-co-butadiene) and mica, silicon, and graphite substrates.  

Key conclusions deduced from this work are as follows:  

1. The adsorbed poly(styrene-co-butadiene) generally formed spherical cap 

shaped nanodroplets on the mica substrate to minimise surface contact. 

However, the size of the nanodroplets varied significantly, from single chains to 

aggregates containing many thousands of chains. As the molecular weight of the 

polymer increased, there were fewer but larger aggregates observed on the mica 

substrate. This was due to increased solution viscosity and chain entanglements 

at higher molecular weights.  

 

2. On the mica substrate, a distinct minimum in contact angle was observed for 

nanodroplets of all molecular weights with radii ranging from 100 nm to 250 

nm. As nanodroplet radius decreased from this range, the contact angle of the 

droplets increased dramatically. This appeared to be caused by an increase in 

the elastic modulus of the nanodroplets and/or a positive line tension effect. 

When the droplet radius was larger than 250 nm, the contact angle of the 

droplets also increased. This appeared to be due to surface heterogeneities 

which formed on the mica substrate over time. At the macroscale, there was no 

size dependence on the polymer droplet contact angle.    

 

3. On the graphite substrate, the adsorbed poly(styrene-co-butadiene) formed 

various nanostructures depending on solution concentration. These included 

networks, asymmetrical nanoislands, and nanoribbons. For the networks that 

formed at higher concentrations, the size of the features were generally largest 

for the lowest molecular weight polymer. This is because the shorter chains 
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were more likely to remain in an unperturbed state due to limited gains in 

adsorption energy at the surface. However, at lower concentrations, the size of 

the nanoislands and nanoribbons were mostly unaffected by changes to 

molecular weight. This is because there were fewer chains at the surface during 

solvent evaporation, which meant that it was probable for chains of all lengths 

to adsorb to the surface.  

 

4. The poly(styrene-co-butadiene) nanostructures exhibited distinct ordering at 

60˚ intervals on the graphite substrate. This demonstrated that π-π stacking 

interactions caused the nanostructures to reflect the crystalline symmetry of the 

graphite. At the lowest concentration, the ordering was very precise. Whilst at 

higher concentrations, the ordering was less defined, but remained statistically 

significant. It was also demonstrated that the degree of ordering for 

poly(styrene-co-butadiene) on graphite was considerably greater compared to 

polybutadiene and polystyrene homopolymers. This was due to the aromatic 

rings in the styrene units being randomly positioned along a flexible chain in 

poly(styrene-co-butadiene) which maximises the possibility for π-π stacking 

interactions. 

 

5. At the highest concentration investigated, the poly(styrene-co-butadiene) 

formed mostly continuous thin films on both the mica and graphite substrates. 

Dewetting occurred which created circular holes in the films with raised rims 

and some evidence of viscous fingering patterns. On both substrates, the rim 

height scaled linearly with the diameter of the dewetted holes. This suggested 

that the polymer films exhibited both viscous dewetting and plastic deformation, 

regardless of the substrate surface properties.  

 

6. AFM force spectroscopy was utilised to investigate the adhesion between 

poly(styrene-co-butadiene)-coated AFM tips and mica, silicon, and graphite 

substrates. It was demonstrated that polymer/substrate adhesion could be 

investigated by preparing AFM tips using dip coating and force spectroscopy 

techniques. The experimental system was uncomplicated and appeared to 

accurately investigate polymer/substrate adhesion due to van der Waals forces 

and π-π stacking interactions on the hydrophobic graphite substrate. However, 
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on the more hydrophilic mica and silicon substrates, the measured adhesion was 

larger than expected. This was due to condensed water at the substrate surfaces, 

which created capillary forces. The influence from capillary forces was largest 

on the extremely hydrophilic mica substrate. The results also demonstrated that 

water associated forces influenced the measured adhesion at the single chain 

level on the silicon substrate. 

 

7. AFM force spectroscopy experiments using poly(styrene-co-butadiene)-coated  

tips examined polymer/substrate adhesion over the course of many cycles. It 

was demonstrated that adhesion decreased more significantly when the cycles 

were carried out in an array compared to at a fixed location on the substrates. 

This was because when the cycles were carried out at a fixed location, any 

desorbed polymer chains continued to be interacted with in the additional 

cycles. Furthermore, it was demonstrated that variations to tip/substrate 

contact time and the history of the AFM tips did not significantly impact 

polymer/substrate adhesion.  

 

8. AFM force spectroscopy experiments were carried out where blank AFM tips 

were used to interact with polymer thin films on mica, silicon, and graphite 

substrates. This experimental system was simple and appeared to eliminate any 

influence from capillary forces. Furthermore, the probability of observing 

desorption events was very high. The resulting force-separation graphs for each 

substrate exhibited initial events, as well as, force plateaus and steps. These 

represented a number of physical phenomena which occurred during the 

experiments including single chain desorption events, globule-extended coil 

conformational transitions, chain pull-out from the thin films, chain friction, film 

cavitation, and the formation of nanofibrils. 

 

9. When blank AFM tips interacted with polymer films on each substrate, the 

desorption force and adhesive energy per segment values were largest on the 

graphite. This was due to strong van der Waals forces and π-π stacking 

interactions between the hydrophobic poly(styrene-co-butadiene) and graphite 

substrate. On the more hydrophilic silicon substrate/tip and mica substrate, the 

desorption forces and adhesive energy per segment values were smaller 
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because weak van der Waals forces were responsible for the polymer/substrate 

interactions. The degree of polymer bridging between the substrate and tip was 

largest on the graphite. This was due to stronger polymer/substrate interactions 

which meant that the adsorbed chains formed a smaller proportion of loop 

conformations, and there was an extended period of initial events at lower tip-

sample separations.  

 

10. In the force spectroscopy experiments, the force associated with the globule-

extended coil transition and chain pull-out from the thin films was identified. 

The value obtained from the force spectroscopy experiments was in good 

agreement with theoretical predictions. On the mica substrate, there was the 

highest probability of globule-extended coil transitions and chain pull-out 

occurring due to the weaker polymer/substrate interactions.  

 

8.2 Future work  
 

Building on the work from this thesis, there are a number of potential areas for additional 

research using both AFM imaging and force spectroscopy to further investigate the 

behaviour of polymers at surfaces.   

 

8.2.1 AFM imaging  
 

This thesis has comprehensively investigated the morphology of poly(styrene-co-

butadiene) nanostructures on a strongly adsorbing graphite substrate and a very weakly 

adsorbing mica substrate. However, polymer morphology on silicon was not 

systematically explored. Therefore, it would be interesting and useful to investigate 

polymer morphology on the moderately hydrophilic silicon substrate, and observe how 

the morphology is impacted with changes to concentration and molecular weight. This 

would provide a more complete understanding of how the morphology of poly(styrene-

co-butadiene) varies across a spectrum of substrates with different surface properties. 

Another area for potential work would be to repeat the AFM imaging experiments using 

end-functionalised poly(styrene-co-butadiene) random copolymers. A direct 
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comparison could be made with the AFM results obtained using the non-functionalised 

polymers. This would demonstrate exactly how the end-functionalisation impacts 

polymer morphology on different substrates under various conditions.  

In Chapter 4, it was demonstrated that the contact angle of nanodroplets on a mica 

substrate was size dependent by a distinct trend irrespective of molecular weight. The 

contact angle of polymer droplets at the macroscale was also investigated, and it 

appeared that there was no size dependence at this length scale. These experiments 

presented some interesting results regarding the complex dewetting behaviour of 

polymer droplets. Therefore, it would be worthwhile to continue this work and carry out 

a thorough investigation of the contact angles of polymer droplets at the microscale. This 

would allow the droplet size dependence on contact angle to be comprehensively 

investigated across all plausible length scales.  

In Chapter 5, it was demonstrated that a high degree of ordering occurred in 

poly(styrene-co-butadiene) nanostructures on a graphite substrate due to π-π stacking 

interactions. Furthermore, the degree of ordering was significantly greater compared to 

when the experiments were repeated using polystyrene and polybutadiene 

homopolymers. This demonstrated that both the aromatic rings in the styrene units, and 

the flexibility of the butadiene units increased the amount of π-π stacking interactions 

for the random copolymer. This result suggests that there should be a specific styrene-

butadiene ratio in the random copolymer chains which maximises the possible π-π 

stacking interactions with the graphite, and therefore creates the largest amount of 

ordering. Consequently, it would be very interesting to perform an AFM imaging 

experiment to identify this optimal styrene-butadiene ratio in the random copolymer 

chains, which maximises the degree of ordering on the graphite. Furthermore, examining 

the specific ordering of poly(styrene-co-butadiene) copolymers on graphite substrates 

with different compositions, such as block and alternating copolymers would be 

worthwhile.  

 

8.2.2 AFM force spectroscopy  
 

The AFM imaging results demonstrated that due to increased π-π stacking interactions, 

there was a higher degree of ordering for poly(styrene-co-butadiene) on graphite 
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compared to polybutadiene and polystyrene. Therefore, an interesting area for future 

research would be to repeat the AFM force spectroscopy experiments in Chapter 7 using 

polybutadiene and polystyrene homopolymers on graphite substrates. The desorption 

forces between each homopolymer and the graphite substrate could be directly 

compared to the results obtained using the poly(styrene-co-butadiene) random 

copolymer. This would allow the influence of π-π stacking interactions for each polymer 

to be quantitatively investigated using AFM force spectroscopy, in addition to being 

qualitatively investigated using AFM imaging.  

Another potential area for future research would be to repeat the force spectroscopy 

experiments in Chapter 7 using polymer films with varying thicknesses on each 

substrate. The polymer/substrate interactions could be investigated at varying film 

thicknesses. Furthermore, it would be useful to identify if the probability of chain pull-

out and globule-extended coil transitions occurring would decrease as film thickness 

reduced. However, it is worthwhile noting that polymer films with extremely small 

thicknesses could not be created on each substrate due to dewetting and instabilities.   
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9.1 Supplementary data for Chapter 5 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1: Graph showing the contact angle of various 46 kg/mol poly(styrene-co-butadiene) 
macroscopic droplets against droplet diameter on a graphite substrate. The droplets were annealed at 

65˚C for 48 hours and were then left for 1 week at room temperature before contact angle 
measurements were carried out on the KRUSS DSA30.    
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