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ABSTRACT 

The impact and spreading of picolitre-sized water droplets on a substrate is of 

importance in many applications such as rapid cooling, delayed freezing, crop 

spraying, and inkjet printing. In this thesis, the effects of substrate chemistry, 

roughness, hardness, charge, and porosity on such droplet impact are studied. 

 The effect of roughness was investigated through the use of 

superhydrophobic CF4 plasma fluorinated polybutadiene. Comparison of the 

maximum spreading ratio and droplet oscillation frequencies with literature 

models shows that both are found to be lower than theoretically predicted. 

Further study of the effect of multiple types of surface topography was carried 

out via the CF4 plasma texturing of honeycomb surfaces, leading to hierarchical 

surfaces with roughness on two length scales. This led to the discovery that 

surfaces with similar static contact angles can give rise to different droplet 

impact dynamics, governed by the underlying surface topography. 

 The effect of the mechanical properties of the substrate upon picolitre 

droplets can be important in microfluidics. The oscillatory dynamics of picolitre 

droplets following impact were found to depend upon the thickness and 

elasticity of the substrate. Higher oscillation frequencies are measured for softer 

and thicker films, which are correlated to larger surface deformations around the 

contact line. 

 Static buildup during inkjet printing is known to affect print quality. The 

role of surface charge on picolitre droplet impact onto polymer substrates is 

found to give rise to increased droplet impact velocities. Higher surface 

potentials can result in unexpected behaviour such as droplet bouncing or 

increased contact area diameters leading to a decrease in print resolution. 

 Printing on porous materials is important as porosity can aid ink adhesion 

and durability. CF4 plasma fluorination of porous membranes can inhibit droplet 

spreading laterally over a surface, with little change in the imbibition behaviour 

in the material, leading to printing that is more highly defined. These 

hydrophobic membranes remain oleophilic and could also find use in oil–water 

separation. Similarly, a hydrophilic–oleophobic switching surface can be 

beneficial in a range of applications such as anti-fogging, self-cleaning, and oil–

water separation. Polelectroyle–fluorosurfactant complexes were found to 

exhibit excellent switching, resulting in a surface that quickly becomes 

hydrophilic whilst remaining oleophobic. 
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Chapter 1 Surfaces for Inkjet Printing 

1.1 Introduction 

Inkjet printing is the creation of a pattern or image through the deposition of 

small amounts of liquid on a substrate surface. Its major application is in the 

transferring of data to paper and is used in this respect in households and 

offices across the world. However, in recent years much work has been carried 

out to assess the feasibility of inkjet printing technology in manufacturing 

processes.1,2,3,4 

There are two different printing processes that are widely used in the 

industry. In continuous inkjet (CIJ) printing, a liquid jet is formed and 

subsequently broken up through perturbation, leading to uniform droplets, which 

are deflected in an electric field to fall to a specific position on the paper. 

Undeflected, uncharged droplets are captured and recycled.5 CIJ printing is 

favoured for its high speed and is utilised in textile labelling. The second 

technique is known as drop on demand (DOD). In DOD, ink droplets are formed 

as needed and ejected from nozzles on a moving print head.5 DOD is favoured 

for its accuracy and smaller droplet size. 

There are numerous reasons why inkjet printing may be considered a 

more suitable method of pattern fabrication than other techniques. Inkjet printing 

is a contactless technique, which can be modified to dispense a wide variety of 

materials onto a range of substrates. This versatility is the main reason why 

inkjet printing has been studied for use in many different applications. Such 

applications include microelectronics,1,2,3,4 pharmaceutical dosing or 

screening,6,7,8 tissue engineering,9,10 and optics.11,12 Another advantage is the 

additive aspect of inkjet printing, droplets can easily be overprinted onto dried 

dots which were printed earlier, this can result in the creation of patterned three-

dimensional structures.9,13 

However, there are several problems that limit the use of inkjet 

technology. It is simply not a case of dissolving or suspending material in a 

liquid and depositing it on the surface, numerous interactions must first be taken 

into account. Previous work has investigated the behaviour of inks during 

storage in the print head, jetting, and after impact, spreading, and eventual 
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drying on the substrate surface. All these considerations lead to ink that is a 

complex mixture of biocides, polymeric additives, humectants, low-volatility 

water miscible liquids, and more.13 

There are numerous review articles of inks and their interactions.5,13,14,15 In 

this introductory chapter, the focus will instead be placed on the substrate. The 

ink has to land somewhere, and the substrate properties can greatly affect the 

final outcome of the printing process. 

1.2 Contact Angle Theory 

When a droplet lands on a substrate, in addition to the liquid parameters 

(surface tension, viscosity, etc.), the amount to which it spreads is determined 

by the chemistry and roughness of the surface. These two characteristics 

determine the most favourable shape a droplet of a particular liquid will adopt. 

When a surface is created, the disruption of the intermolecular bonds 

causes the interface to exhibit an intrinsic energy. It is less favourable for a 

substrate molecule to be at the surface than to be in the bulk hence there is a 

difference in energies. Liquids can interact favourably or unfavourably with a 

solid surface; the wetting of a solid surface by a liquid depends upon their 

respective surface free energies. Liquids commonly adopt shapes that minimise 

their surface area as this ensures the most number of interactions with 

neighbouring molecules. The shape of a droplet on a surface is dictated by the 

balance of surface tensions at the contact line, giving rise to a contact angle 

between the drop and the substrate 

lv

lssv







cos ,       (1.1) 

where γsv, γsl, and γlv are the solid–vapour, solid–liquid, and liquid–vapour 

surface tensions respectively, and θ is the contact angle of the droplet, Figure 

1.1.  
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Figure 1.1: Balance of surface tensions resulting in a contact angle, θ. 

Favourable liquid–solid interactions cause the liquid to spread to 

minimise the surface energy, this results in a low contact angle. If water spreads 

on or wets a surface, the surface is termed hydrophilic. Hydrophilic surfaces 

tend to have water contact angles from ≈ 0° (completely wets) up to 90°. 

Hydrophilic surfaces typically contain polar groups capable of hydrogen 

bonding.16 Water contact angles above 90° and the surface is considered 

hydrophobic (unfavourable liquid–solid interactions).  

Equation 1.1 is known as the Young‘s equation.17 This equation assumes 

a perfectly flat surface, which in many situations results in a disparity between 

the actual contact angle and that predicted by Equation 1.1. This is due to the 

roughness of the surface. As shown in Figure 1.2, on a rough surface, the liquid 

can either penetrate into the fine structure at the surface, or the droplet can be 

suspended on the ‗spikes‘ creating air pockets underneath. These are the 

Wenzel18 and Cassie-Baxter19 states respectively. In the Wenzel state 

 
lv

slsvr






*cos ,       (1.2) 

where θ* is the apparent contact angle and r is the roughness ratio 

 
areasurfaceprojected

areasurface
r

  

 
 .      (1.3) 

In the Cassie-Baxter state 

1coscos *  ffrf  ,      (1.4) 
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where rf is the roughness ratio of the wet surface area and f is the fraction of 

solid surface area wet by the liquid. If rf = r and f = 1 then the Cassie-Baxter 

equation becomes the Wenzel equation. 

 

 

Figure 1.2: Two possible behaviours of a liquid droplet on a rough surface. 

Whilst the two theories provide predictions for the contact angle on rough 

surfaces, there has been much debate as to whether they are relevant, some 

arguing that the nature of the surface at the contact line is more important than 

that of the entire surface under the drop.20,21,22,23,24 

A rough surface can also exhibit contact angle hysteresis. This is where 

the contact angles of a mobile drop are different for the leading edge and the 

trailing edge. This hysteresis occurs because a droplet on a surface is 

occupying a certain metastable state. If a droplet is resting on a rough surface 

and the surface is tilted, an energy barrier must be overcome for the droplet to 

start moving. As the leading edge of a droplet moves downhill, it does so with a 

certain contact angle, this is the advancing contact angle (since the leading 

edge is advancing on the surface). When the trailing edge begins to move, it will 

do so with a receding contact angle. Advancing and receding may have 

different activation energies, resulting in a difference between their respective 

contact angles;25,26 this is the contact angle hysteresis, Figure 1.3. Droplets 

adopting a Cassie-Baxter state on a very rough surface tend to have a low 

hysteresis as the energy barrier between metastable states is low. This is 

because the contact line is distorted by the tops of asperities and so further 

distortion as the droplet moves can occur easily. Droplets adopting a Wenzel 

state tend to have a high hysteresis as the energy barriers for movement are 



 

20 

high, the contact line needs to engulf the asperities whilst advancing or dewet 

them whilst receding. 

 

Figure 1.3: The difference between high and low contact angle hysteresis becomes 
noticeable when the substrate is titled and the droplet begins to move. 

Roughening of a hydrophobic substrate usually results in a surface that 

is more hydrophobic.18 For instance, polypropylene samples can be made with 

water contact angles ranging from 104° to 160° simply by changing the 

fabrication method.27 It was found that by changing the solvent and lowering the 

drying temperature, a rougher film could be produced which resulted in a larger 

contact angle.27 Mechanically flattened alkylketene dimer displays a contact 

angle of 107°,28 however a fractal surface of the same material has a contact 

angle of 174°. Spin coated polystyrene exhibits a contact angle of 90° whereas 

electrohydrodynamic films displayed angles as large as 160°.29 Electrochemical 

deposition of poly(alkylpyrrole) leads to needle like structures and a water 

contact angle of 150°.30 However, none of these studies detail contact angle 

hysteresis data, which some argue provides a better indication of true 

superhydrophobicity.31 

With regards to inkjet printing, both high and low surface energies can be 

beneficial. With high surface energies, the droplet contact line is pinned and 

there is no receding during the drying stage. However, droplets on hydrophilic 

surfaces may not reach their equilibrium diameter immediately. Conversely, 

deposition on low surface energy surfaces results in droplets that reach their 

equilibrium diameter quickly. Because the surface is hydrophobic, this diameter 
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is usually smaller than on hydrophilic surfaces, which means printing can be 

more highly defined. However, the hydrophobic nature of these surfaces may 

introduce unfavourable drop behaviour during impact and the larger contact 

angle can result in a longer droplet drying time.32,33 

Droplet behaviour is also dependent on the constituent liquid, the size of 

the droplet formed, and its velocity. These properties form the basis of a group 

of dimensionless numbers commonly used to describe a particular droplet. 34,35 

The Weber (We) number 



 2

00UD
We  ,        (1.5) 

the Ohnesorge (Oh) number      

 




0D
Oh   ,       (1.6) 

and the Reynolds (Re) number 

Oh

WeUD
Re 



 00 .       (1.7) 

D0 and U0 are the diameter and velocity before impact respectively, both of 

which can be varied experimentally. Whilst ρ, σ, and µ are properties of the fluid, 

its density, surface tension, and viscosity respectively. Weber numbers are 

useful for categorising liquids into groups that would experience similar impact 

regimes.35 

1.3 Hydrophilic Surfaces 

Making surfaces more hydrophilic will increase the spreading of water-based 

droplets and increase the diameter of the drop on the surface. This is 

favourable in pigment-based inks when printing on materials not normally 

suitable for deposition, such as textiles.36 Hydrophilic surfaces also help to pin 

the contact line of a drying droplet. This is where the droplet spreads to an 

equilibrium diameter, which then remains constant as the height and contact 

angle of the droplet decrease during drying. 

There are numerous surface treatment techniques to improve the 

wettability of a surface, such as O2 plasma.37 O2 plasma treatment increases the 

surface energy of a substrate by installing oxygen functionalities at the surface. 

Printing on these substrates resulted in an average dot size that was three 
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times that of the nozzle diameter. Furthermore, it was reported that overprinting 

(printing of further drops on dried dots) on these substrates did not cause the 

diameter of the dried dot to increase significantly, thanks to contact line 

pinning.37 Similar results can be achieved through the use of UV/ozone38 or an 

air plasma.36 In the latter study, polyester fabrics were treated with an 

atmospheric pressure air/Ar plasma. Water droplets completely wet the treated 

substrate surface after 2 seconds, whereas droplets on the untreated substrate 

still had a finite contact angle after 90 seconds.36 This improved wettability was 

found to improve the anti-bleed performance of the substrates; however the 

rougher surfaces resulted in a lower luminance due to a smaller amount of light 

being reflected. Similar results have been reported on silk fabrics using O2 

plasma.39  

A further way to achieve better wetting is through thermal oxidation. 

Untreated silicon wafer has a water contact angle of around 70°. After treatment 

in a furnace containing dry O2 this can be reduced to 30°.40 Droplets on these 

surfaces were found to spread to up to 2.5 times the droplet diameter prior to 

impact (known as the spreading ratio), though this was also dependent on the 

velocity of the droplet. 

Whilst the use of hydrophilic surface treatments for inkjet printing is 

prevalent in the textile industry, their applications are somewhat limited in other 

areas. Although contact line pinning can be advantageous in certain scenarios, 

especially additive printing, the large spread of droplets means that the use of 

hydrophilic surfaces is not feasible in applications where print resolution is 

important.  

1.4 Hydrophobic Surfaces 

A surface is said to be hydrophobic when the contact angle of a water drop is 

greater than 90°. Hydrophobic surfaces are of interest to the inkjet printing field 

because they will inhibit droplet spreading, allowing for a smaller printed dot 

size, and a higher resolution. Hydrophobic surfaces are also beneficial because 

the contact line of a deposited liquid is not usually pinned, unlike on hydrophilic 

surfaces. This lack of pinning results in a more even deposit for particulate-

based inks, overcoming problems such as the coffee ring effect.14 
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Recently, work has been carried out to determine how plasma treatment 

can create hydrophobic surfaces for control of inkjet printed droplet size.41 In 

this study, polyimide (PI) surfaces were exposed to C4F8 plasma treatment 

using varying RF power and gas pressures. Unsurprisingly, the smallest droplet 

spreading diameters are found on the substrates that contain the greatest F 

content.41 However, some of the experiments utilised an extremely high RF 

power. It would not be unreasonable to assume that ablation is also occurring 

alongside fluorination in these high-energy plasmas, resulting in varying 

nanoscale morphology. However, no study into the morphology was carried out. 

Similar results can be achieved using CF4 plasma treatment.38  

In a second study by the same group it was found that whilst C4F8 

treated substrates offered smaller dot diameters, overprinting resulted in 

significant increases in the dot size.37 This was attributed to the de-pinning of 

the contact line and is contrary to high-energy substrates, where overprinting 

does not cause an increase in the dot diameter.37  

Hydrophobic surfaces are usually created through the adsorption of a 

self-assembled monolayer (SAM).42,43,44,45,46 1-Octadecanethiol can be used to 

form a SAM on gold coated silicon wafers, the resulting surface was found to 

have a contact angle of 110°.47 Drop impact on these substrates resulted in a 

spreading ratio (D/D0) of around 1; the droplets also reached their equilibrium 

diameter up to 4 times quicker than those dropped on more hydrophilic 

substrates.47  

The coffee ring effect is where a higher amount of solute is deposited at 

the contact line as the droplet dries and is caused by contact line pinning.14 It 

was found that by utilising a perfluorinated substrate and a mixture of good 

solvents, this phenomenon can be eliminated.14 In this case, a perfluorinated 

silane was deposited on glass. Dried polymer dots on the hydrophobic surface 

were not only more uniform than those on untreated glass, but were also much 

smaller than the nozzle diameter; leading the authors to postulate that lower 

energy surfaces could provide a route to the printing of sub-micrometre 

features.14 A separate report also utilised a hydrophobic silane deposited on 

aluminium foil.46 This resulted in water/ethylene glycol contact angles of 75° and 

droplets which were used for the templating of microsieves.46  
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In addition to adsorption onto flat substrates, SAMs have also been 

employed in conjunction with rough surfaces to achieve superhydrophobicity.48 

The term superhydrophobic (or ultraphobic) is commonly used to describe 

surfaces which display a water contact angle of 150° or more.49 One such 

example involved the creation of patterned silicon surfaces using 

photolithography. Surfaces containing silicon ‗posts‘ of varying shapes and 

sizes were fabricated and coated with hydrophobic silanes.31 This method 

resulted in contact angles as high as 174°; however significant hysteresis, up to 

40° in some cases, was reported. This was attributed to the regular array of 

‗posts‘ resulting in a straight contact line over large length scales.31 This would 

seem to be supported by work done on randomly rough surfaces, which exhibits 

a much lower hysteresis.50 Alteration of the post height or surface chemistry 

seemed to have little effect on the contact angle, though changing the post 

shape to a star or indented square contorted the contact line, resulting in a 

decreased hysteresis.31  

There are various examples in the literature of designing patterned rough 

surfaces with an aim of superhydrophobicity.51,52,53 One novel surface 

comprised an array of undercut pillars of silicon or ―micro-hoodoos‖.54 Treated 

with a hydrophobic silane, these surfaces displayed a contact angle above 

150°. Patterned silicon substrates treated with a hydrophobic silane is a 

common method for creation of superhydrophobic surface.55,56,57,58 Silanes have 

also been used to coat films of aligned carbon nanotubes, the combination of 

nanostructures and a hydrophobic layer resulting in a contact angle of 174°.59,60 

Another study involved the deposition of two silanes on micron-sized 

patterned surfaces.61 One silane was deposited in the vapour phase, resulting 

in a smooth coating. The other was deposited in solution resulting in nanoscale 

roughness on top of the microscale features. It was found that surfaces with 

only one length scale of roughness exhibited a high contact angle hysteresis of 

20°, which was attributed to pinning at the tops of the features.61 Surfaces with 

both micro and nanoscale roughness appeared to exhibit no hysteresis with 

advancing and receding angles both being measured at 176°. It was theorised 

that the lack of hysteresis was down to the nanoscale roughness lowering the 

transition energy between metastable droplet states, suggesting that two length 

scales can lead to true superhydrophobicity.61 



25 

Whilst the use of SAMs, on their own or combined with a separate 

roughening step, is common, there are several drawbacks which limit the more 

widespread use of these surfaces. Many silanes used to make a surface more 

hydrophobic are sensitive to moisture, forming insoluble polymers in 

solution.62,63,64 In the case of thiol systems, these display long term instability 

toward oxidation,65 and only assemble on specific surfaces such as gold,66 

platinum,67 or palladium.68 

Taking into account these drawbacks, there has been a push to utilise 

other methods to create hydrophobic and superhydrophobic surfaces. One such 

example involves the fluorination of polybutadiene films via plasma treatment.69 

Through this technique, surfaces could be fabricated with water contact angles 

over 170°, with low hysteresis. It was found that by varying the treatment time or 

plasma discharge power, the root-mean-squared roughness could be altered, 

which altered the surface energy of the substrate.69 However, there was no 

study into how the hysteresis varied with roughness. 

A similar study involved the plasma deposition of a fluorocarbon onto 

paper sheets giving a contact angle of over 150°.70 If this was preceded by an 

etching step, the resulting contact angle hysteresis was found to be low. If the 

plasma deposition was carried out without the etching step, the hysteresis was 

much higher. The authors concluded that the rougher surfaces allowed for the 

droplet to occupy metastable states, which were separated by a low energy 

barrier; the effect of which was a low contact angle hysteresis and ―roll off‖ of 

the droplet.70 

Other studies have attempted to couple a fluoropolymer with roughness. 

Zinc nanopowder mixed with a fluoropolymer has been shown to exhibit contact 

angles of 150°.71 It was found that altering the fabrication method could modify 

the contact angle hysteresis. By spray coating the suspension, a low root-mean-

square roughness was achieved, resulting in a high hysteresis. However if the 

suspension was spin coated a much rougher surface was created and the 

contact angle hysteresis was significantly lower. AFM analysis confirmed that 

the spin coated samples contained more peaks than valleys, and the sample 

was approaching a perfectly random roughness, both of these factors favour a 

Cassie-Baxter state of wetting and a low hysteresis. 



 

26 

Another study found that rough surfaces with needle like structures 

displayed a lower hysteresis than those with smaller features.72 This was 

attributed to the larger features being able to trap air more effectively, resulting 

in a composite solid-air interface as in the Cassie-Baxter state of wetting. 

Surfaces with lower features were unable to trap air and droplets adopted the 

Wenzel state, resulting in a much higher hysteresis.72 

1.5 Drop Impact 

Droplet impact upon solid surfaces is a prevalent phenomenon in our 

environment and naturally has been studied for over a century.73 Whilst the 

equilibrium contact angle is vital for inkjet printing, how a droplet behaves upon 

impact is also important; there are several drop impact behaviours that would 

be detrimental to printing. Such behaviours include bouncing, splashing, and 

roll-off.  

Typically, the impact of a droplet onto a solid surface can be divided into 

four regimes.  The first involves the initial impact and is largely dependent upon 

the compressibility of the drop. During the second phase, the droplet spreads to 

a maximum diameter on the surface, which is determined by a balance between 

the inertia of the drop (governed by its diameter, velocity, viscosity, and density) 

and surface tension forces. The third phase entails the dissipation of the droplet 

inertia, as seen by oscillations in the height, width, and contact area diameter of 

the drop on the surface. This phase is highly dependent upon the fluid and 

substrate surface energies, which determine the static and dynamic contact 

angles. The final stage encompasses the relaxation of the drop towards its 

equilibrium diameter. 

The magnitude of the effect of surface chemistry on the equilibrium 

position of a droplet after impact is disputed. Some studies have concluded that 

changing the surface energy of a substrate does not change the equilibrium 

diameter of a drop,74 arguing that fluid viscosity and impact velocity are more 

important parameters, especially for millimetre sized droplets. Whilst the liquid 

properties are crucial in drop impact, there are numerous studies that suggest 

that surface energy can affect not only the equilibrium diameter, but other 

aspects of the impact regime too.40,75,76,77 
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One way to control the surface energy involves the adsorption of two 

different alkanethiols, one with hydrophilic tail groups, and the other, 

hydrophobic. By changing the ratio of the two organic molecules, the surface 

energy of the resulting monolayer can be altered.78 This group were able to 

create four different water contact angles, from 55° up to 113°. This change in 

contact angle resulted in a dramatic difference in the spreading regime of the 

droplets. After impact, the droplets spread to an initial diameter, largely 

determined by the fluid properties. Therefore during the first few moments of 

impact, the spreading scenarios are similar for different surface energies.78 After 

this, the surfaces behave differently. In the case of the hydrophilic surfaces, the 

contact line is pinned and so there is little or no retraction or change in the 

droplet shape and height. In the case of the hydrophobic surface, the contact 

line recedes and the height and shape of the droplet change dramatically as the 

droplet tries to avoid interacting with the surface. After the kinetic energy from 

impact has been fully dissipated, the droplet spreads to its equilibrium diameter. 

In the case of the hydrophobic surface, this does not take long as the diameter 

would have already started to move to this value because of the mobile contact 

line. In the hydrophilic case, the droplet continues to spread over the surface. It 

was found that on the hydrophilic surface, the droplet took over twice as long to 

reach its equilibrium diameter.78 

A similar technique involved the partial oxidation of a hydrophobic SAM 

to control the surface energy of the substrate.79,80 OTS was adsorbed onto a 

glass slide and then exposed to UV-ozone plasma treatment. This technique 

resulted in a range of contact angles from 110° (no UV treatment) to 10° (300 

seconds UV).75,79 This work revealed that not only did the hydrophobic 

substrate cause the droplet to recede after impact, but the drop shape and 

deformation history of the droplet were different when compared to those 

dropped on the hydrophilic surface. Exposure of silica nanoparticles to UV 

radiation can also result in a range of wettabilities.81 Contact angles from 10° to 

165° were reported, with low contact angle hysteresis for the latter, though no 

drop impact study was carried out.81 

Droplet impact onto rough superhydrophobic surfaces usually results in 

bouncing of the drop.82,83 The situation is further complicated in that the inertia 

may be sufficient to impale the droplet on the surface features, forcing a Wenzel 
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configuration.84 Indeed, if the velocity is high enough, droplets have been known 

to bounce off a superhydrophobic substrate before landing back on the surface 

and forming a homogenous solid-liquid interface (i.e. Wenzel state).85 If the 

substrate is sufficiently rough, droplets can also fragment (or splash) upon high-

speed impact,86,87,88,89 Figure 1.4. 

 

Figure 1.4: Drop impact outcomes on a superhydrophobic surface. Reprinted with 
permission from (84). Copyright (2008) American Chemical Society. 

The impact of water droplets on superhydrophobic carbon nanofiber 

jungles showed that droplet behaviour could be changed from complete 

rebound (bouncing) to deposition (non-bouncing) by simply decreasing the 

Weber number of the droplet.90 This can be achieved by decreasing the size or 

velocity of the water droplet, or altering the fluid properties. This behaviour was 

similar to that of a separate microstructured polymer surface with a similar 

contact angle, indicating that the precise nature of the surface roughness may 

have little effect on impact regimes, though they may still affect drop behaviour 

within a certain regime.90 

Studies of droplet impact over a range of roughness‘s are rare, as surface 

roughness is difficult to define.91 Many papers use root-mean-squared 

roughness values, the average magnitude of the peaks and valleys typically 

determined via atomic force microscopy, however these do not adequately 

describe the actual topography of a surface, which may be crucial for droplet 
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impact. For instance two surfaces may have similar root-mean-square values of 

roughness but different distribution of asperities. A droplet will behave differently 

on a surface with large scale infrequent features than on a surface with frequent 

smaller scale features. 

1.6 Conclusions 

Both hydrophilic and hydrophobic surface treatments can be beneficial for inkjet 

printing depending upon the underlying substrate and application. Hydrophilic 

treatments are more suitable on substrates for which inkjet printing would not 

normally be feasible. Treatment of man-made textiles improves the wettability, 

leading to a more vivid print albeit at lower resolution. 

If resolution is important, a hydrophobic coating can improve the 

definition of the inkjet printing technique by inhibiting the spread of a droplet and 

hence decreasing the size of deposit on the substrate. Because on hydrophobic 

surfaces liquid–solid interactions are unfavourable, the contact line is usually 

de-pinned. This invariably leads to a more even deposit for particulate based 

inks and can help to eliminate the coffee ring effect. Application of a 

hydrophobic treatment is easier than trying to improve performance through 

modification of the ink itself, since other interactions must be considered, 

including those in the bulk, at the meniscus, and whilst jetting. 

Whilst the equilibrium position of a drop is important for assessing surface 

treatments for their suitability for inkjet printing, drop impact behaviour is also 

vital. A rough superhydrophobic surface may help improve resolution by 

decreasing the diameter of the drop, but it may also introduce unfavourable 

impact events such as bouncing, splashing, or roll off. 

1.7 Scope of Thesis 

There has been a range of work carried out on the wettability of surfaces and 

the role this can play in inkjet printing. However, in many cases the droplet sizes 

utilised are not inkjet-relevant. In this thesis, the effect of substrate chemistry, 

roughness, hardness, charge, and porosity on inkjet-sized picolitre droplets is 

studied and compared to microlitre droplets more commonly used to 

characterise surface wettability. 
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 Chapter 3 investigates the impact of picolitre droplets on CF4 plasma 

fluorinated polybutadiene. Such surfaces are determined to be 

superhydrophobic for microlitre droplets, resulting in high contact angles and 

low hysteresis. In the case of picolitre droplets however, the impact and 

spreading is determined not only by the extent of surface roughness (RMS 

value) but also the average feature size relative to the size of the drop. A 

comparison of the maximum spreading ratio and droplet oscillation frequencies 

with literature models shows that both are found to be lower than theoretically 

predicted. 

 Chapter 4 describes CF4 plasma texturing of honeycomb surfaces, 

leading to hierarchical surfaces with roughness on two length scales. For 

picolitre droplets, it is found that surfaces with similar static contact angles can 

give rise to different droplet impact dynamics, governed by the underlying 

surface topography. 

 In Chapter 5, the oscillatory dynamics of picolitre droplets following 

impact is found to be influenced by the mechanical properties of the substrate. 

Higher oscillation frequencies are measured for oscillating droplets on softer 

and thicker films, which correlates to a larger surface deformation around the 

contact line. 

 Chapter 6 investigates picolitre droplet impact onto charged polymer 

substrates, which is found to give rise to increased droplet impact velocities. 

Higher surface potentials can result in the electrostatic attraction of the droplet, 

causing unexpected behaviour such as increased contact area diameters 

(decrease in print resolution) or droplet bouncing. 

 Chapter 7 investigates the effects of CF4 plasma fluorination on the 

imbibition behaviour of porous polymer membranes as a function of pore size. 

These membranes are hydrophobic–oleophilic and efficient oil–water 

separators. 

 Finally, Chapter 8 describes the creation of copolymer–fluorosurfactant 

complex film surfaces, which exhibit hydrophilic–oleophobic behaviour. The 

time taken for the surface to become hydrophilic is much shorter than in 

previous studies. Such surfaces are found to display excellent anti-fogging, self-

cleaning, and oil–water separation properties. 
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Chapter 2 Experimental Techniques 

2.1 Introduction 

Throughout this thesis, a range of surface fabrication and analysis techniques 

are utilised to modify and characterise various substrate properties such as 

chemistry, morphology, and roughness as well as determine their effect on 

droplet impact. This chapter includes a brief summary of the experimental 

techniques used in this thesis. 

2.2 Plasma Processing 

Plasma is commonly referred to as the ‗fourth state of matter‘. The term, first 

coined in the late 1920s by Irving Langmuir1 is now used to describe a gas 

composed of mostly ionised particles, such as charged ions, electrons 

metastables, and neutrals. Plasma discharge occurs when electrons 

accelerated by an applied electric field undergo collisions, which lead to 

ionisation and excitation processes causing the acceleration of secondary 

electrons and resulting in a cascade, Figure 2.1. Plasma discharge can be used 

in the deposition, treatment, and etching of polymer films. Non-polymerising 

plasmas such as O2 or CF4 plasmas can be used to treat existing polymer 

surfaces improving the wettability or hydrophobicity respectively. Such 

treatments can be used to alter the properties of the substrate surface whilst 

maintaining those of the bulk.2 CF4 plasma treatment results in fluorination of 

the polymer surface, which has been shown to dominate over polymer 

deposition.3 
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Figure 2.1: Plasma chamber during CF4 plasma discharge. 

2.2.1 Plasma Treatment 

The treatment of a sample with a non-polymerising plasma can result in 

modification of the chemical and morphological properties of the surface. One 

example is the fluorination and texturing of polymer surfaces treated with CF4 

plasma. The presence of an alternating RF electromagnetic field causes 

electron acceleration, which in turn leads to bond cleavage and ionization of 

CF4 molecules. Surface roughening takes place through the etching of volatile, 

low molecular weight species formed via the cleavage of polymer chains by ion 

bombardment,4 vacuum ultraviolet (VUV) irradiation,5 and chemical attack by 

fluorine atoms during electrical discharge treatment. Such polymer chain 

scission increases their mobility to enable topographical rearrangement6,7 so as 

to minimise the surface free energy.8,9 The extent of this polymer chain 

rearrangement results in different surface topographies, and is dependent upon 

the degree of chain scission and etching  (i.e. the parameters employed during 

plasma processing such as plasma power and exposure time).10 VUV irradiation 

can also penetrate below the polymer film surface. In this subsurface region, 

permeation of gaseous species is limited, and hence any photo-initiated 

reaction will proceed along different reaction pathways compared to those at the 

surface. Such reactions may include the efficient dissociation of polymer chain 
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σ-bonds,11 leading to increased cross-linking of the subsurface, to create 

regions more resistant to ablation, which eventually become uncovered 

following prolonged or energetic surface etching.12 VUV irradiation however 

does not affect the bulk properties of the polymer because the penetration 

depth is typically <100 nm.11,12,13 

2.2.2 Plasma Polymerisation 

Traditionally, continuous wave (CW) plasma polymerisation has yielded films 

bearing very little structural resemblance to the parent precursor and is highly 

influenced by process parameters such as: electrode configuration,14 power 

input,15 temperature,16 precursor pressure,17 and flow rate.14 CW plasma 

polymerisation is often described as consisting of two distinct reaction 

processes, namely plasma-induced polymerisation and plasma-state 

polymerisation.18 The former is a conventional polymerisation mechanism 

requiring double bonds or cyclic rings to be present within the monomer 

structure which get initiated by electrons or radicals contained within the 

electrical discharge.19 Whereas the latter only takes place in the vicinity of a 

plasma,18 where precursor fragmentation produces radicals and electrons which 

then reform into larger molecular species. This process repeats itself until 

macromolecular chains are formed. Therefore, the monomer for CW plasma 

polymerisation does not necessarily need to contain conventional polymerisable 

functional groups (such as double bonds). Subsequently, CW plasma 

polymerisation yields polymeric films that are highly cross-linked20 and often 

display little resemblance to the precursor originally used to form them. 

These shortcomings can be resolved by utilising pulsed plasmas 

comprising short on-periods (typically µs–ms) followed by extended off-periods 

(typically ms). This leads to lower fragmentation of the precursor molecule, less 

damage to the growing film, and allows the propagation of conventional reaction 

pathways, for example monomer carbon-carbon double bond polymerisation 

during each plasma duty cycle off-period.21,22,23,24,25 As a consequence, polymer 

films can be produced which are structurally very similar to those produced by 

conventional polymerisation mechanisms. 
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2.3 Atom Transfer Radical Polymerisation (ATRP) 

ATRP is an example of a controlled radical polymerisation technique. The 

technique takes advantage of the oxidation states of a metal, typically copper, 

to transfer atoms (X, typically halides) between the metal centre and the 

growing polymer chain, Figure 2.2.  This transfer results in a cycling of the 

polymer chain between active and dormant states. In the active state, the 

polymer chain contains a radical centre, which is able to undergo further 

reaction with monomer units (i.e. propagation).  By tethering halide-containing 

groups onto a surface, it is possible to grow surface-immobilised polymer chains 

using this technique.26 

 

Figure 2.2: Schematic of typical ATRP reaction pathway. P denotes growing polymer 
chain, X is a halide, and M is a monomer unit.  

2.4 X-Ray Photoelectron Spectroscopy (XPS) 

XPS is a surface sensitive technique that provides quantitative information 

about the chemical composition of a sample. Photo-irradiation of a sample 

using soft X-rays results in the emission of core-level electrons from the sample 

surface, typically the top 5 nm.27 The measured kinetic energy of the emitted 

electron can be related to its binding energy28 

  bk EhE ,       (2.1) 

where Ek is the kinetic energy of the emitted electron, Eb is the binding energy, 

hν is the excitation energy, and ϕ is the work function. 

 The core electron binding energies are sensitive to the surrounding 

chemical environment. Therefore XPS spectra can contain broad envelopes 

containing individual peaks from elements in slightly different environments.29  

To prevent contamination or scatter of photo-electrons, XPS analysis is carried 

out in ultra-high vacuum conditions.  

X-ray photons are created via the impaction of thermionic electrons on 

magnesium (Mg Kα: 1253.6 eV) or aluminium (Al Kα: 1486.6 eV) coated 

anodes. These photons have sufficient energy to eject core electrons for a 

range of elements. Ejected electrons are captured by a concentric 
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hemispherical analyser operating under constant analyser energy, permitting 

electrons of a certain pass energy (20 eV).  

2.5 Infrared Analysis 

Infrared analysis is a common technique used to identify chemical groups 

present in a liquid or solid sample. Infrared radiation is used to excite vibrational 

modes of molecules, which occur at characteristic group frequencies dependent 

upon the covalent bond being excited. 

 Fourier transform infrared spectroscopy (FTIR) is based on analysis of 

the absorbance of light containing many frequencies at once. This is achieved 

by taking a broadband source (containing the full spectrum of wavelengths to be 

measured) and passing it through an interferometer. This contains fixed and 

movable mirrors, which results in the blocking and transmission of various 

wavelengths of light due to interference between two separate beams passed 

through the mirrors. As the movable mirror is adjusted, the wavelengths that are 

blocked or transmitted vary, resulting in a different spectrum of light leaving the 

interferometer. This is then passed through the sample to be measured and to a 

detector where the raw data (an interferogram of light absorption/transmission 

at each position of the movable mirror) must be processed into an infrared 

spectrum (light absorption/transmission at each wavelength). 

 Infrared analysis of solid samples is generally carried out in two ways. 

The first is reflection absorption infrared spectroscopy (RAIRS), which entails 

the bouncing of the beam off the surface of a reflective substrate upon which 

the film of interest is coated. Silicon is typically used as the reflective substrate 

and this technique is able to measure the infrared spectra of thin films deposited 

on top. As the beam passes through the coating (before and after being 

reflected by the silicon below) excitation of the molecular vibrations within the 

film can occur, resulting in an infrared spectrum being recorded. 

For thick films (typically >2 µm) or liquid samples, attenuated total 

reflectance (ATR) can be used. In this case, the beam is passed through a 

diamond crystal where it undergoes total internal reflection at the crystal–

sample interface. At the point of internal reflectance, an evanescent wave 

extends several microns into the sample; this allows an infrared spectrum of the 

sample to be captured. 



 

42 

2.6 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) is a surface analysis technique commonly 

used to determine the topography of a sample. This is achieved by scanning the 

sample with a sharp tip located on the end of a cantilever. As the tip responds 

to the topography of the surface, it deflects a laser beam positioned at the end 

of the cantilever. This deflection is monitored by a photodiode and fed into a 

feedback loop, which controls the sample stage, Figure 2.3. Three imaging 

modes are possible using this setup. 

 

Figure 2.3: Schematic diagram showing the key components of an atomic force 
microscope. 

2.6.1 Contact Mode 

In contact mode, the tip is brought into close proximity with the surface so that 

the repulsive forces are dominant. As it is scanning, the tip–surface height is 

varied so as to maintain a constant force between the two; determined by 

maintaining a constant laser deflection. Changes in Z height through the sample 

piezo are collected to build a topographic image of the surface. This is 

preferable to a ‗constant height‘ contact mode as this would risk crashing the tip 

in to the sample. However, contact mode still involves strong repulsive forces, 

which can cause damage to soft samples. 
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2.6.2 Non-Contact Mode 

Non-contact mode relies on the oscillation of the cantilever near its resonant 

frequency just above the sample surface with an amplitude of around 10 nm. 

Long range forces between the sample and the tip reduce the resonant 

frequency of the cantilever. The feedback loop keeps the tip frequency constant 

by altering the tip–sample distance. Non-contact mode can be used with soft 

samples without the risk of damage, however the weak interactions involved 

mean the resulting images can contain a greater amount of noise. Any 

adsorbed liquid on the surface of the sample will also reduce the sensitivity of 

this mode due to hydro-dynamic damping. 

2.6.3 Tapping Mode 

In tapping mode, the cantilever is oscillated near its resonance frequency as in 

non-contact mode. However in tapping mode, the amplitude of this oscillation is 

far greater, typically 100 to 200 nm. When the tip moves closer to the sample 

surface, the interactive forces cause the oscillation amplitude to decrease. By 

adjusting the tip–sample distance, a constant oscillation amplitude can be 

achieved and a topographic image produced. This mode lessens the damage 

caused to both the tip and the sample compared to contact mode and also does 

not suffer from the same problems as non-contact mode with regards to 

adsorbed liquids. It is therefore suitable for the imaging of soft surfaces in 

ambient conditions. 

2.7 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is used to capture a high-resolution image of a 

sample. A highly focussed beam of electrons is used to excite atoms on the 

surface, which emit secondary electrons that can be captured. The electron 

beam is scanned across the surface and this movement is combined with the 

secondary electron signal to create an image. By coating the sample with an 

ultra-thin gold coat, the emission of secondary electrons is enhanced and 

problems arising due to surface charging are mitigated. 
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2.8 Thickness Measurements 

Thickness measurements of thin films can be determined through the use of a 

spectrophotometer that measures the reflectance and transmittance of light 

from an irradiated sample, Figure 2.4. Such measurements can help to 

determine the refractive index (n), extinction coefficient (k), and thickness (d) of 

a film. 

 For incoming light of different wavelengths (350–1000 nm), the amount 

reflected by a sample will vary due to varying amounts of constructive and 

destructive interference from the reflections at the top and bottom of a 

deposited film. The refractive index of a film is determined by the speed which 

light travels through it, relative to the speed of light in a vacuum. This affects the 

distance travelled and therefore will affect the path length of the light travelling 

through the film. The extinction coefficient is a measure of the amount of light 

absorbed by a film which can affect the intensity of the light reflected. The 

resulting spectrum can be fitted with a Cauchy model30 (which assumes the 

extinction coefficient is low) to give values of the refractive index and thickness 

of the film, Figure 2.5. 

 

Figure 2.4: Determining film parameters through irradiation of sample with 
monochromatic light at various wavelengths. 
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Figure 2.5: Reflectance graph for a polymer film on an opaque substrate. The variation 
in the amount of reflected light as a function of wavelength can be used to determine 
the film's refractive index and thickness. 

2.9 Water Contact Angle Analysis 

The spread of a liquid on a solid sample is highly dependent upon the surface 

energy and roughness. Contact angle measurements therefore can prove 

useful in characterising samples. 

 The angle a liquid droplet makes with a surface is determined by the 

balance of liquid–solid–vapour interactions at the three phase boundary, 

Equation 1.1 and Figure 1.1 (pages 17 and 18). 

 Differences in liquid contact angles can arise due to surface roughness 

and inhomogeneities, a liquid advancing over a surface can do so with a greater 

angle than when it is receding. This difference is known as contact angle 

hysteresis. The more homogenous the surface, the lower the energy difference 

between different contact line positions and therefore the lower the hysteresis. 
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 Advancing and receding angles can be measured by increasing or 

decreasing the amount of fluid in a droplet on a surface respectively, and 

measuring the contact angle when the contact line begins to move.31
 

2.10 Drop Impact Rig 

To study the impact and spreading of picolitre-sized droplets, an imaging rig 

was setup as shown in Figure 2.6. A high-speed camera is required to capture 

the initial moments following droplet impact. The camera, controlled by 

computer software, sends a signal to the jetting driver, which in turn sends a 

pulse to the inkjet nozzle. The size and shape of this pulse is set using 

accompanying software. A piezo in the nozzle contracts and expands as it 

responds to the pulse. This causes a pressure change in the filled capillary, 

which results in the expulsion of an amount of liquid. Through surface tension 

effects, this portion of fluid forms a droplet, which then impacts upon the 

substrate below. The jetting driver pulse can be fine-tuned to deliver single 

droplets with reproducible diameters and velocities. A representative pulse 

shape is shown in Figure 2.7. The nozzle piezo contracts when a positive 

voltage is applied during the dwell time of the pulse, expelling a droplet. To 

prevent satellite droplets from being generated, a negative voltage is applied 

during the echo time, expanding the piezo and decreasing the pressure in the 

capillary. 
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Figure 2.6: Droplet imaging rig: (a) pressure adjustment; (b) illumination source; (c) ink 
reservoir; (d) inkjet nozzle; (e) substrate; (f) objective lens; (g) jetting driver; (h) 
computer; (i) high-speed camera. 

 

Figure 2.7: Representative waveform sent from the jetting driver to the nozzle piezo. 
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Images recorded from this setup were post-processed using custom 

MATLAB code to ascertain the evolution of the droplet shape after impact, 

Figure 2.8.  

 
Figure 2.8: Post processing of raw image data using custom MATLAB code. 

Binary images were used to determine the height, width, and diameter of 

the contact line of the droplet by pixel summation. Imaging of the nozzle 

aperture served as a calibration of the setup and allowed for conversion from 

pixels to microns. The contact angle of a droplet was obtained through basic 

trigonometry and verified by assuming a spherical cap fit. By processing images 

recorded prior to impact, the initial velocity and diameter of a droplet could be 

determined. 
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Chapter 3 Deposition of Picolitre Droplets on 
Superhydrophobic Surfaces with 
Ultra-Low Spreading Ratios 

3.1 Introduction 

Droplet impact upon solid surfaces is a widespread phenomenon and has been 

investigated for over a century.1 Important technological applications include: 

rapid cooling,2,3,4 delayed freezing,5,6,7,8 crop spraying,9 and inkjet printing. In 

recent years, work has been carried out to assess the feasibility of inkjet printing 

technology in manufacturing processes. In the case of the latter, the resolution 

of impact is critical for patterning applications such as: microelectronics,10,11,12,13 

pharmaceutical dosing or screening,14,15,16 tissue engineering, 17,18 and 

optics.19,20 

Whilst liquid properties are important during drop impact,21 there exists 

strong evidence suggesting that surface properties not only affect the final static 

diameter of the droplet, but other key aspects of the surface impact. 

22,23,24,25,26,27,28 

For topographically complex superhydrophobic surfaces, the impacting 

droplet can either penetrate into the surface fine structure, or become 

suspended on the asperities creating air pockets underneath giving a composite 

solid-air interface. These are respectively the Wenzel29 and Cassie-Baxter30 

states. Droplet impact onto rough superhydrophobic surfaces usually results in 

bouncing31,32 or splashing.33,34,35,36,37 The situation is further complicated in that 

the inertia may be sufficient to impale the droplet onto surface features forcing a 

Wenzel configuration.38,39 Droplet impact studies as a function of surface 

roughness are rare, because surface roughness is difficult to define and 

control.40  

In this chapter, impact of picolitre droplets is investigated across a range 

of surface roughness values. The superhydrophobic surfaces were prepared by 

plasmachemical fluorination of polybutadiene films yielding sessile drop water 

contact angle values exceeding 170°, with negligible contact angle 

hysteresis.41,42 The surface roughness was varied whilst maintaining a constant 

surface chemistry. The influence of the substrate on the static and dynamic 
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spreading ratio as well as on droplet oscillations has been investigated and the 

results compared with models from the literature. 

3.2 Experimental 

3.2.1 Sample Preparation 

Polybutadiene (Sigma-Aldrich Inc., Mw = 420,000, 36% cis 1,4 addition, 55% 

trans 1,4 addition, 9% 1,2 addition) dissolved in toluene (BDH, +99.5% purity) at 

a concentration of 5% (w/v) was spin coated onto polished silicon (100) wafers 

(Silicon Valley Microelectronics Inc.) using a photoresist spinner (Cammax 

Precima) operating at 3000 rpm. These polymer films were subsequently 

annealed at 90 °C under vacuum for 60 min to remove entrapped solvent. 

 Plasmachemical fluorination was carried out in a cylindrical glass reactor 

(5 cm diameter, 470 cm3 volume) connected to a two stage rotary pump via a 

liquid nitrogen cold trap with a base pressure of 4 x 10-3 mbar and a leak rate 

better than 6 x 10-9 mol s-1. An L-C matching unit was used to minimise the 

standing wave ratio (SWR) for the power transmitted from a 13.56 MHz radio 

frequency generator to a copper coil externally wound around the glass reactor. 

Prior to each plasma treatment, the chamber was scrubbed with detergent, 

rinsed in propan-2-ol, and further cleaned using a 50 W air plasma for 30 min. A 

piece of polybutadiene coated substrate was then placed into the centre of the 

reactor, followed by evacuation to base pressure. Next, CF4 gas (99.7% purity, 

Air Products) was admitted into the system via a needle valve at a pressure of 

0.2 mbar, and the electrical discharge ignited. Upon completion of surface 

functionalisation, the gas feed was turned off and the chamber vented to 

atmosphere. 

3.2.2 Surface Characterisation 

A VG ESCALAB spectrometer equipped with an unmonochromatised Mg Kα X-

ray source (1253.6 eV) and a concentric hemispherical analyser (CAE mode 

pass energy = 20 eV) was used for X-ray photoelectron spectroscopy (XPS) 

analysis. The XPS spectra were referenced to the C(1s) peak at 285.0 eV and 

fitted with a linear background and equal full-width-at-half maximum (FWHM) 

Gaussian components.43 Elemental compositions were calculated using 
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sensitivity factors derived from chemical standards, F(1s): O(1s): C(1s) equals 

0.27: 0.40: 1.00. 

Microlitre sessile drop contact angle analysis was carried out with a video 

capture system (VCA2500XE, AST Products Inc.) using 1.0 µL dispensation of 

de-ionised water (BS 3978 grade 1). Advancing and receding angles were 

measured by respectively increasing and decreasing the droplet size until the 

contact line was observed to move.44 

 AFM images were acquired using a Digital Instruments Nanoscope III 

scanning probe microscope. Damage to the tip and sample surface was 

minimised by employing Tapping Mode AFM. Root-mean-square (RMS) 

roughness values were calculated over 50 µm x 50 µm scan areas. 

3.2.3 Drop Impact and Imaging 

The inkjet nozzle (Horizon Instruments Ltd., MicroFab MJ-ABP-01) was a piezo-

type nozzle with a diameter of 30 µm. Water drops of 30 µm diameter were 

generating using a drive voltage of 9 V and pulse width of 15 µs. The distance 

between the nozzle tip and the substrate surface was set at 0.4 mm. Impact 

speeds were typically between 0.8 and 1.2 m s-1. The temperature of the nozzle 

was 30 °C. A high-speed camera (Photron Europe Ltd., FASTCAM APX RS) in 

conjunction with a microscopic objective lens (Nikon U.K. Ltd., M Plan) with a 

magnification of 20x were used to observe the droplet. A back lighting system 

(Thorlabs Ltd., HPLS-30-02) was used for the illumination source. 90000 frames 

per second were achieved, to give an image every 11 µs. The shutter speed 

was set to 1 µs. Each frame consisted of 128 x 96 pixels, with the pixel size 

equal to 0.73 µm. The jetting driver was triggered by the camera. 

Droplet impact can be described using the following three dimensionless 

numbers.45,46 The Weber number (We, Equation 1.5, page 21), the Ohnesorge 

number (Oh, Equation 1.6), and the Reynolds number (Re, Equation 1.7). 

Undesirable droplet behaviour, such as bouncing or splashing, was supressed 

by fine-tuning of these dimensionless parameters. Throughout this study, 

picolitre water droplets with We = 0.3–0.6, Oh = 0.02, and Re = 25–40 were 

utilised. 
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3.3 Results 

3.3.1 Superhydrophobic Surfaces 

The XPS elemental composition of spin coated polybutadiene was 86% C, 14% 

O, and 0% F. Following CF4 plasma fluorination, a constant F:C ratio across a 

range of electrical discharge powers was measured,41 Figure 3.1. Therefore, 

any variation in the droplet impact regime can primarily be attributed to a 

change in surface topography. 

 

Figure 3.1: XPS and AFM RMS roughness analysis following 5 min CF4 plasma 
fluorination of polybutadiene surfaces as a function of power. The lines are guides to 
the eye. Closed symbols denote microscale features, and open symbols denote 
nanoscale features. Error values: Elemental Composition = ± 2%; Roughness, RRMS = ± 
5 nm. 

The surface roughness of the freshly prepared polybutadiene surfaces 

was measured to be RRMS = 7 ± 1 nm. CF4 plasma fluorination gave rise to two 

distinct regimes of surface topography as observed by AFM, Figure 3.1 and 

Figure 3.2. Large scale (micro) undulating features, observed at low powers, 

which are replaced by finer scale (nano) roughness at higher powers.41 Longer 

treatment times can result in a composite surface exhibiting two roughness 

length scales. 
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Figure 3.2: AFM height images of the different surface topographies for CF4 plasma 
fluorinated polybutadiene surfaces with different distribution of asperities: (a) untreated 
polybutadiene; (b) microscale features; (c) nanoscale features; and (d) hierarchical 
surface. 



 

56 

Microlitre droplets placed onto these CF4 plasma fluorinated 

polybutadiene surfaces yield contact angles ranging from 140° to 174°, Figure 

3.3. With increasing surface roughness, the height of the asperities becomes 

sufficient to support a composite solid-air interface and the droplet behaviour 

corresponds to the Cassie-Baxter state.30 This state is reflected in larger water 

contact angle values in conjunction with smaller contact angle hysteresis (θadv - 

θrec), Figure 3.3. It is worth noting that both the micro- and nanoscale 

topography data sit on the same equilibrium contact angle and contact angle 

hysteresis trend lines for RRMS > 60 nm. 

 

 

Figure 3.3: Static water contact angle and contact angle hysteresis values for 1.0 µL 
water drops placed onto CF4 plasma fluorinated polybutadiene as a function of surface 
roughness. The lines are guides to the eye. Closed symbols denote microscale 
features, open symbols denote nanoscale features, and half closed symbols denote 
microscale+nanoscale features. Error values: Static Water Contact Angle = ± 5°; 
Contact Angle Hysteresis ± 0.5°; Roughness, RRMS = ± 5 nm. 
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3.3.2 Picolitre Droplet Impact 

High-speed photography of picolitre droplets striking these superhydrophobic 

surfaces without bouncing or splashing shows that, following initial impact, the 

droplet spreads outwards to a maximum diameter on the surface, Figure 3.4. 

Upon reaching this diameter, any excess energy will cause oscillations of the 

height, width, and contact line of the droplet about their static positions. The 

fluctuation in droplet height / width is pronounced, but the change in the contact 

area diameter is much more subtle due to the contact line being partially 

pinned. The droplet eventually comes to rest at its static position when its inertia 

is fully expended. 

 

 

Figure 3.4: Typical high-speed video images of a picolitre size water droplet striking a 
superhydrophobic CF4 plasma fluorinated and textured polybutadiene surface 
(including droplet reflection - lower image). White scale bar = 10 µm. 

The higher contact angle values observed for microlitre versus picolitre 

water droplets resting on CF4 plasma fluorinated polybutadiene surfaces imply 

that the smaller droplets experience a Wenzel state of wetting possibly induced 

by the force of impact, Figure 3.5. Furthermore, in the case of the picolitre size 

droplets for comparable surface roughness values, they display larger contact 

angles for the nanoscale surface topography. Whilst picolitre droplets striking 

surfaces with roughness values exceeding RRMS = 140 nm bounce, Figure 3.5. 
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Figure 3.5: Static and equilibrium contact angles of microlitre and picolitre water 
droplets respectively on CF4 plasma fluorinated polybutadiene as a function of surface 
roughness. Closed symbols denote microscale features, open symbols denote 
nanoscale features, and half closed symbols denote microscale+nanoscale features. 
Error values: Static Water Contact Angle = ± 5°; Roughness, RRMS = ± 5 nm. 

Maximum spreading occurs during the initial stages of droplet impact and 

is largely dependent upon the properties of the liquid.22 Numerous attempts 

have been made to model the maximum spreading ratio. The Pasandideh-Fard 

model47 assumes the droplet is thin and the contact angle is low, which is not 

valid for superhydrophobic surfaces. A modified model by Son27 relaxes these 

assumptions but violates volume conservation. The following analysis is based 

on the model by Attané.48 

Attané neglects the initial kinetic energy of the droplet and viscous 

dissipation within the droplet, which is reasonable when both We and Oh are 

small. At maximum spreading, all the surface energy of the droplet before 

impact is equal to the surface energy of the sessile droplet:  

 2
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where σ is the liquid surface tension, σsv is the surface free energy of the solid–

vapour interface, σsl is the surface free energy of the solid–liquid interface (both 

per unit geometrical area), A is the area of the air–water interface, D0 is the 

initial droplet diameter and Dmax is the maximum spreading diameter. Young‘s 

equation allows the elimination of the solid surface free energies to give: 

2
2 max
0 cos

2
eq

D
D A   

  
   

   

,     (3.2) 

where θeq is the equilibrium contact angle. Assuming that the air–water interface 

is a spherical cap and that volume is conserved, Equation 3.2 can be rewritten 

as: 
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where h is the height of the spherical cap. The maximum spreading ratio is 

obtained from the height as follows: 
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Equations 3.3 and 3.4 provide an upper limit for the maximum spreading ratio 

as they assume there is no dissipation. The practical problem is knowing the 

value of θeq. We assume here that θeq is the same as the static contact angle, θ, 

when the droplet motion has ceased. A lower limit to Dmax is given by the static 

spreading ratio: 
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Experimental maximum spreading ratios are compared to the results of 

Equations 3.4 and 3.5 in Figure 3.6.  
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Figure 3.6: Maximum spreading ratios (Dmax/D0) as a function of static contact angle for 
picolitre sized water droplets. Experimental data is compared with the two limiting 
cases of maximum dynamic spreading (Equation 3.4) and static contact angle 
(Equation 3.5). Closed symbols denote microscale features, open symbols denote 
nanoscale features, and half closed symbols denote microscale+nanoscale features. 
Inset: Images of droplets during maximum spreading on microscale features. White 
scale bar = 10 µm. Error values: Spreading Ratio = ± 0.05; Static Contact Angle = ± 5°. 

The oscillation of the contact diameter for picolitre droplets after impact 

was fitted to the damped oscillation equation: 49 

  y = a0 +a1e
-a2t cos(a3t +a4),     (3.6) 

where a0–a4 are fitting parameters, t is time, and y is droplet height, width, or 

contact area diameter. The first oscillation of the droplet was discarded because 

it is influenced by internal flows arising from the droplet impact.22 Beyond the 

first oscillation, a good fit to Equation 3.6 was obtained, Figure 3.7. 
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Figure 3.7: Typical damped oscillating curve (Equation 3.6) fitted to the experimental 
data for picolitre water droplet fluctuation following impact. 

Figure 3.8 plots the oscillation frequency and half-life (ln(2/a2)) as a 

function of static contact angle of picolitre droplets. The higher the static water 

contact angles, the lower the frequency of oscillation and the longer the half-life. 
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Figure 3.8: Frequency and half-life of the oscillation in height, contact area and 
diameter of picolitre sized water droplets following surface impact as a function of 
measured static contact angle. The lines are guides to the eye. Closed symbols denote 
microscale features, open symbols denote nanoscale features, and half closed 
symbols denote microscale+nanoscale features. Error values: Oscillation Frequency = 
± 0.5 kHz; Oscillation Half Life = ± 20 µs; Static Contact Angle = ± 5°.  

 The static spreading ratio (Ds/D0) is found to decrease with increasing 

surface roughness, Figure 3.9. However, two distinct regimes are evident which 

correspond to the two different types of surface roughness features (micro or 

nano), Figure 3.2. Where the two regimes meet corresponds to droplet impact 

on a surface featuring both roughness length scales (micro and nano). 
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Figure 3.9: Static spreading ratio (Ds/D0) of picolitre sized water droplets as a function 

of RMS surface roughness. The lines are guides to the eye. Closed symbols denote 
microscale features, open symbols denote nanoscale features, and half closed 
symbols denote microscale+nanoscale features. Highlighted data points denote 
composite surface. Error values: Static Spreading Ratio = ± 0.05; Roughness, RRMS = ± 
5nm. 

3.4 Discussion 

Plasmachemical fluorination of polybutadiene yields superhydrophobic 

surfaces41,42 as predicted by previously derived structure-behaviour 

relationships.50 The high level of sp2 carbon centres leads to a large F:C ratio as 

a consequence of atomic fluorine addition to carbon-carbon double bonds being 

the major reaction pathway as well as straightforward hydrogen substitution.50 

Concurrently there is phase induced surface roughening. The differences in the 

resulting roughness morphology at varying plasma power and treatment time 

are attributed to the various competing etching regimes outlined in Section 2.2.1 

(page 38), including ion bombardment,51 vacuum ultraviolet (VUV) irradiation,52 

and chemical attack by fluorine atoms. Large undulating features give way to 

finer scale roughness features at higher plasma powers and through variation of 

the plasma parameters it is possible to achieve a hierarchical surface with both 

length scales of roughness combined. 
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Static contact angle measurements show that a surface roughness of 

RRMS = 60 nm is sufficient to promote a hydrophobic state for microlitre size 

water droplets, Figure 3.3.
 For a truly superhydrophobic state, a small contact 

angle hysteresis is usually required (2° or less);53,54,55 this is achieved for 

microlitre size droplets on plasma fluorinated substrates with a surface 

roughness value of a least RRMS = 120 nm, Figure 3.3. 

 Experiments were conducted at low Weber and Ohnesorge numbers 

where the spreading model of Attané, based on conservation of surface free 

energy, might be expected to hold. For final (static) contact angles θ ≤ 110°, the 

maximum spreading ratio for picolitre drops coincides with the static ratio: in 

other words, the contact line does not retract. The maximum spreading ratio is 

much less than that predicted by the Attané model. There are two plausible 

explanations for this discrepancy, both of which may act simultaneously. First, 

the excess surface free energy is dissipated in the motion of the contact line 

across the surface. Evidence to support this explanation is that these droplets 

do not show observable oscillations from the excess energy of the droplet. 

Second, it is not appropriate to use the static contact angle in place of the 

equilibrium contact angle in Equation 3.3. If a surface exhibits large contact 

angle hysteresis then, provided that the contact angle at maximum spreading is 

greater than the receding angle, the contact line will not retract. The equilibrium 

contact angle on surfaces with hysteresis lies between the maximum advancing 

and minimum receding contact angles. Evidence to support this view is that 

static contact angles of 60–100° reported in Figure 3.6 are low for water on flat 

fluorinated surfaces. If θeq > θ, the discrepancy between the theoretical 

prediction and the experimental data is reduced.  

For static contact angles θ ≥ 110°, the maximum spreading ratio is larger 

than the static one (the contact line recedes) and oscillations are observed in 

the shape of the droplet demonstrating that spreading does not dissipate all the 

excess surface energy. The experimental maximum spreading ratios tend 

towards the Attané prediction as the static contact angle increases. However, 

we note that the assumption of a spherical cap does not hold for drops with 

static contact angles greater than 120° (see Figure 3.6, inset). Instead, the 

droplet flattens to minimise unfavourable spreading, thus reducing the 

maximum spreading ratio measured. 
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As noted above, impacting droplets with static contact angles > 110° 

undergo damped oscillations after spreading. There are very few models or 

experimental data in the literature on the oscillations of sessile droplets that 

cover a range of contact angles as wide as explored here. Strani and 

Sabetta56,57 derived an analytical model for the free oscillations of spherical 

droplets sitting in a solid, spherical cup with a pinned contact line. These 

models are close to our experimental situation with the exception that the solid 

is flat, not cupped. The Strani and Sabetta model predicts lower oscillation 

frequencies for higher contact angles, in agreements with our experimental 

data. However, theoretical results overestimate the experimental oscillation 

frequencies by a factor of approximately two. This disparity is most likely due to 

contact line motion. In the model, the contact line is pinned whereas, in the 

experimental data, the droplet dynamics include a moving contact line. It is also 

possible that the rough surfaces inhibit contact line motion,58 meaning the 

droplet oscillates at a lower frequency than that expected.  

A useful way to describe the deposition of a droplet onto a surface is to 

use a spreading ratio, which is calculated by dividing the diameter of the contact 

area by the diameter of the droplet during free flight. For inkjet applications, a 

small spreading ratio is highly desirable because it minimises the spread of the 

droplet across the surface leading to high definition printing. Previous studies of 

substrate wettability in regimes relevant for inkjet printing have reported 

equilibrium spreading ratios of 1.0 or higher.23,59 The dotted line in Figure 3.6 

shows that for contact angles > 110°, the spreading ratio is less than unity. The 

minimum value of the spreading ratio that was achieved in this study was 0.63 

(Figure 3.9), which is believed to be the smallest spreading ratio reported for 

picolitre droplets. This spreading ratio was achieved on a composite surface 

with roughness on two length scales, which is believed to be important for 

superhydrophobicity.60 It is envisaged that such smaller contact areas could be 

utilised to improve the resolution of inkjet printing techniques, without the need 

to modify the base ink. The limitation of the current surfaces is that picolitre 

droplets with impact velocities typical of commercial inkjet printers tend to 

bounce. 

By plotting static spreading ratio as a function of surface roughness, 

Figure 3.9, it is clear that two distinct regimes of roughness (micro or nano) 
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exist with their corresponding different droplet impact behaviours, Figure 3.2. 

For microlitre drops, this regime change has no effect on the droplet behaviour 

observed since the droplet is several orders of magnitude larger than the 

roughness features. However, in the case of picolitre droplets, the contact area 

diameter is only an order of magnitude larger than the asperities, making 

picolitre droplet behaviour more dependent upon the surface topography. These 

spreading characteristics are influenced by the precise nature of the surface 

roughness. 

3.5 Conclusions 

The impact and spreading of picolitre droplets of water onto superhydrophobic 

CF4 plasma fluorinated polybutadiene surfaces is strongly influenced by the 

length-scale of surface topography (for similar roughness values). Large 

differences are observed between the behaviour of microlitre and picolitre 

drops, implying that measurements made with conventional contact angle 

instruments are unlikely to be good predictors of inkjet behaviour.  Impacting 

droplet oscillation frequency is found to decrease with increasing static contact 

angle providing a good qualitative agreement, albeit a poor quantitative one, 

with available models. A static spreading ratio of 0.63 has been measured 

which is lower than previously reported values. 
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Chapter 4 Superhydrophobic Hierarchical 
Honeycombs 

4.1 Introduction 

In the previous chapter, the effect of plasma-induced roughening of a polymer 

surface on the impact of picolitre droplets was carried out using flat, spin-coated 

polybutadiene as the starting substrate. An additional level of surface 

topography can be added to such surfaces by utilising a different solvent 

casting technique. One such example is to utilise breath figures1,2 (which are 

two-dimensional hexagonally packed arrays of water droplets condensed onto a 

cooled surface) as a means for templating polymer film surfaces.3 This entails 

dissolving a polymer into a water immiscible, volatile solvent, and then film 

casting onto a surface under a controlled humid environment. Subsequent 

solvent evaporation gives rise to cooling of the solution surface, which 

culminates in water condensation4,5 and the formation of a breath figure array of 

hexagonally ordered water droplets,6 Scheme 4.1. The coalescence of these 

water droplets is avoided either by the occurrence of Marangoni convection or 

due to the precipitation of a polymer layer at the water-solvent interface.7  

Effectively, the water droplets serve as a template for the drying polymer 

solution leading to the formation of a honeycomb-like surface structure following 

complete evaporation of the solvent and water. Well-defined surface pore 

arrays are of significant interest for numerous applications including 

proteomics,8 tissue engineering,9 photonics,10,11 sensors,12,13 and catalysis.14 
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Scheme 4.1: Casting of a polymer dissolved in a water immiscible solvent under 
controlled humidity. Solvent evaporation leads to surface cooling and water 
condensation to form a hexagonal breath figure array, which acts as a template for the 
drying polymer solution.  

In the past, such honeycomb surfaces have predominantly been 

prepared using block copolymers15 or branched polymers16 because of their 

ability to more readily precipitate out at the solvent / water interface, and 

thereby negating undesired water droplet coalescence.17,18,19,20 A few linear 

homopolymers with high chain densities such as polyphenylene oxide21 and 

polystyrene22,23,24,25 have also been shown to form stable breath figure arrays. 

However, the aforementioned polymer honeycomb systems typically 

have limited surface functionality as well as needing a separate cross-linking 

step (otherwise the honeycomb structure can be unstable towards ageing, 

aggressive solvents, or elevated temperatures). In the past, this has been 

addressed by chemical-,26,27,28,29 thermal-,30 or photo-cross-linking,31,32,33,34 

which typically entail complex or harsh processing conditions (e.g. intense 

irradiation or toxic chemicals). 

In this chapter, a much simpler and more straightforward approach is 

described comprising the solvent casting of a readily available and cheap 

polymer, polybutadiene, under controlled humidity. The resultant hexagonal 

honeycomb arrays are then simultaneously functionalised (fluorinated), 
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textured, and cross-linked via CF4 plasma treatment to yield superhydrophobic 

surfaces (for microlitre and picolitre droplets) that are both chemically and 

thermally stable.  

4.2 Experimental 

4.2.1 Sample Preparation 

Control sample preparation comprised spin coating polybutadiene (Sigma-

Aldrich Inc., Mw = 420,000, 36% cis 1,4 addition, 55% trans 1,4 addition, 9% 1,2 

addition) as described in Section 3.2.1 (page 52). 

For the honeycomb surfaces, polybutadiene dissolved at varying 

concentrations in dichloromethane (Fisher Scientific, +99.9% purity) was cast 

onto clean glass slides (Smith Scientific Ltd.) under controlled humidity 

conditions. This entailed placing the glass substrate onto a wire mesh so that is 

was suspended above a saturated salt solution contained within a 25mL glass 

bottle fitted with a rubber septum. The salt solutions used were magnesium 

chloride (Sigma-Aldrich Inc., +98%), potassium carbonate (Sigma-Aldrich Inc., 

+99%), magnesium nitrate (Sigma-Aldrich Inc., +99%), sodium bromide (Sigma-

Aldrich Inc., +99.5%), strontium chloride (Sigma-Aldrich Inc., +99%), sodium 

chloride (Sigma-Aldrich Inc., +99.5%), and potassium chloride (Sigma-Aldrich 

Inc., +99.5%) which gave relative humidities of 33%, 43%, 54%, 59%, 73%, 

76%, and 85% respectively.35 For each film, 0.1 mL of polymer solution was 

deposited onto the glass slide using a microsyringe. Subsequently, these 

polymer films were annealed at 90 °C under vacuum for 60 min. 

Plasmachemical fluorination, texturing, and cross-linking of the 

polybutadiene films was undertaken in a cylindrical glass reactor of similar 

design to that used in Section 3.2.1 (page 52). A piece of polybutadiene coated 

substrate was placed into the reactor (either in the glow region for textured 

surfaces or 8 cm downstream for smooth surfaces), followed by evacuation to 

base pressure. CF4 gas (+99.7% purity, Air Products) was then admitted into 

the system via a needle valve at a pressure of 0.2 mbar and 2 cm3 min-1 flow 

rate, and the electrical discharge ignited at a power of 30 W for 5 min duration 

for textured surfaces or 60 s for smooth surfaces. Upon completion of surface 

functionalization (and texturing), the gas feed was switched off and the chamber 

vented to atmosphere. 
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4.2.2 Surface Characterisation 

The obtained honeycomb surfaces were visually examined using an optical 

microscope (Olympus BX40) fitted with a digital camera and a Euromax fibre 

optic light source. Pore size distribution, surface coverage, and lattice 

parameters were measured using image analysis software (ImageJ, public 

domain, http://rsbweb.nih.gov/ij/). Errors were calculated by analysing 

numerous images of each surface type. 

Surface elemental compositions were determined by X-ray photoelectron 

spectroscopy (XPS) using a VG ESCALAB II electron spectrometer as 

described in Section 3.2.2 (page 52). Elemental compositions were calculated 

using sensitivity factors derived from chemical standards, C(1s): O(1s): F(1s) 

equals 1.00: 0.34: 0.26. 

 Atomic force microscopy (AFM) images were collected in tapping mode 

at 20 °C in ambient air (Nanoscope III, Digital Instruments Inc.). The stiff silicon 

cantilever had a spring constant of 42–83 N m-1 (Nanoprobe, Digital Instruments 

Inc.). Root-mean-square (RMS) roughness values were calculated over 50 µm x 

50 µm scan areas. 

Microlitre sessile drop contact angle analysis was carried out with a video 

capture system (VCA2500XE, AST Products Inc.) using 1.0 µL dispensation of 

de-ionised water (BS 3978 grade 1). Advancing and receding angles were 

measured by respectively increasing and decreasing the droplet size until the 

contact line was observed to move.36 

Picolitre drop impact studies were carried out using an imaging rig as 

described in Section 3.2.3 (page 53). The piezo-type nozzle (MicroFab MJ-

ABP-01, Horizon Instruments Ltd.) had an aperture diameter of 50 µm, 

generating water drops of 50 µm diameter (65 pL).  

4.3 Results 

4.3.1 Honeycomb Formation 

Polybutadiene honeycomb surfaces were created across a range of relative 

humidities (RH), Figure 4.1. It was found that the average pore diameter 

increased and pore density decreased with rising humidity, Figure 4.2. As 

previously reported for other polymer systems, honeycombs did not form at 

100% RH23 or below 40% RH.37 
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Figure 4.1: Optical microscope images of honeycomb surfaces cast from 1% w/v 
polybutadiene solution dissolved in dichloromethane under controlled RH of: (a) 43%; 
(b) 54%; (c) 73%; and (d) 85%. The pores increase in size with rising RH. Scale bar = 
50 µm. 
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Figure 4.2: Average pore diameter and average pore density in polymer films cast 
from 1% w/v polybutadiene dissolved in dichloromethane as a function of controlled 
RH.  

The dimensions of the honeycomb arrays could also be varied by 

changing the concentration of the polybutadiene solution, Figure 4.3. The 

polymer solution concentration had little effect on the average pore diameter at 

constant humidity; whilst the flat polymer bridging regions in-between the pores 

increased in width with rising polymer concentration (albeit still dilute),38 leading 

to a concurrent decrease in overall pore surface area and a corresponding drop 

in average surface pore density, Figure 4.3 and Figure 4.4. 
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Figure 4.3: Optical microscope images of honeycomb surfaces formed under 54% RH 
from polybutadiene dissolved in dichloromethane with concentrations of: (a) 0.5% w/v; 
(b) 1% w/v; (c) 2% w/v; and (d) 3% w/v. The raised plateaus (lighter regions) encircling 
the pores (darker areas) expand in width with increasing polymer concentration. Scale 
bar = 25 µm. 
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Figure 4.4: Overall surface coverage of honeycomb pores as a function of 
polybutadiene concentration (dissolved in dichloromethane). Samples were prepared 
under 54% RH. Average pore size across the polymer concentrations shown remains 
constant within the range of 12–14 µm.  

 The breath figure templating process produces an approximate 

hexagonally ordered two-dimensional array of surface pores. The lattice 

parameter of these hexagonal arrays increased with both RH and 

concentration, Figure 4.5. 
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Figure 4.5: Lattice parameter of hexagonally ordered two-dimensional honeycomb 
array as a function of: (a) RH (1% w/v polybutadiene concentration); and (b) 
polybutadiene concentration (54% RH). 

4.3.2 Plasmachemical Fluorination and Surface Texturing 

XPS analysis of the polybutadiene honeycomb surfaces confirmed complete 

coverage of the glass slides with no Si(2p) signal detected from the underlying 

substrate, Table 4.1. The measured oxygen signal can be attributed to aerobic 

oxidation localised at the outer surface of the polymer film during annealing,39 

which disappears upon subsequent CF4 plasma fluorination.40 
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Table 4.1: XPS elemental compositions for polybutadiene honeycomb surfaces: (a) 
untreated; (b) CF4 plasma smooth (30 W, 60 s, downstream); and (c) CF4 plasma 
textured (30 W, 5 min, glow).  

XPS Elemental Composition / ± 0.5 % 

Honeycomb Polybutadiene % C % F % O 

(a) Untreated 
 

Theoretical 100.0 0.0 0.0 

Experimental 87.8 0.0 12.2 

(b) CF4 plasma fluorinated 
(smooth) 

Experimental 40.9 57.1 2.0 

(c) CF4 plasma fluorinated 
(textured) 

Experimental 41.1 58.9 1.6 

 

At room temperature, the as-prepared honeycomb structures gradually 

disappeared over a period of 48 h due to polymer chain relaxation;41 whereas a 

short exposure to the CF4 plasma was sufficient to lead to VUV-assisted sub-

surface cross-linking39,42,43 so as to stabilise the honeycomb structure, Figure 

4.6. 
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Figure 4.6: Optical microscope images of honeycomb polybutadiene surface: (a) 
solvent cast; (b) after storage for 48 h; (c) CF4 plasma treatment of (a) (30 W, 60 s, 
downstream); and (d) following storage of (c) for 48 h. Scale bar = 50 µm. 

 Surface texture could be varied by altering the location of the 

polybutadiene substrate within the CF4 plasma, Figure 4.7. A rougher surface 

was observed for the plasma glow region (due to ion bombardment44,45) as 

compared to the downstream region (absence of ion bombardment44,45), without 

any noticeable difference in surface chemistry as verified by XPS analysis, 

Table 4.1. 
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Figure 4.7: AFM height images of flat spin coated polybutadiene: (a) untreated; (b) CF4 
plasma smooth (30 W, 60 s, downstream); and (c) CF4 plasma textured (30 W, 5 min, 
glow). 

4.3.3 Water Droplet Impact 

For sessile drops with microlitre volumes, water contact angles increase 

approximately linearly with average pore diameter for the solvent cast 

polybutadiene honeycomb surfaces, Figure 4.8. CF4 plasma smooth (30 W, 60 

s, downstream) honeycomb surfaces displayed enhanced hydrophobicity, with 

water contact angles rising to 172° for average pore diameters exceeding 20 

µm, Figure 4.8. However, there remains significant contact angle hysteresis. 

Whereas for the case of CF4 plasma textured (30 W, 5 min, glow) honeycomb 

surfaces, the very low contact angle hysteresis values are indicative of 

superhydrophobicity46 (especially for pore sizes exceeding 12 µm), Table 4.2.  

This is consistent with CF4 plasma textured flat polybutadiene surfaces (i.e. in 

the absence of pores) being sufficient to yield high water contact angle and low 

contact angle hysteresis values (as seen in Chapter 3).40 It should be noted that 

an increase in the pore diameter does lead to a slight decrease in contact angle 

hysteresis value due to there being a greater amount of air trapped within the 

larger pores combined with a more irregular contact line.  
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Figure 4.8: Microlitre sessile drop (a) static water contact angle and (b) contact angle 
hysteresis as a function of average pore diameter for untreated, CF4 plasma treated 
smooth (30 W, 60 s, downstream) and CF4 plasma treated textured (30 W, 5 min) 
honeycomb surfaces. Polymer films were cast from 1% w/v polybutadiene in 
dichloromethane (by variation in RH as described in Figure 4.2). Dashed lines are 
added for guides to the eye. 
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In the previous chapter, it was shown that the wetting of picolitre drops 

(the size delivered by modern inkjet printers) on plasma fluorinated surfaces 

can be quite different from microlitre drops40 and consequently that the impact 

and spreading of picolitre drops cannot be extrapolated from studies on the 

microlitre scale. When a picolitre droplet strikes these (super)hydrophobic 

surfaces, the liquid first spreads outwards to a maximum diameter and then 

oscillates about its static position until the excess energy is lost by viscous 

dissipation. The amplitude and decay of the oscillations can be observed in the 

height or width of the drop or in the diameter of the contact line,47 Figure 4.9 

and Figure 4.10. 

 

 

Figure 4.9: Typical high-speed video images of picolitre water droplet impact upon a 
superhydrophobic CF4 plasma fluorinated polybutadiene honeycomb surface (showing 
lower reflection as well). White scale bar = 20 μm. 
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Figure 4.10: Typical damped oscillating curve fitted to the experimental data for 
picolitre water droplet fluctuation following impact. 

This oscillatory motion of picolitre water droplets during impact was 

compared for the 4 different types of plasma fluorinated polybutadiene surface: 

smooth, textured, smooth honeycomb, and textured honeycomb, Table 4.2. The 

pore size of the honeycomb (12–14 µm) was chosen to be comparable to, but 

smaller than, the diameter of the water droplet (50 µm). The CF4 plasma 

parameters for textured surfaces were chosen so as to give similar picolitre 

contact angles to those found for the smooth honeycomb surface. No oscillation 

was observed on the CF4 plasma fluorinated smooth spin coated sample as all 

the excess surface free energy was dissipated during the initial spreading of the 

contact line. Water droplets impacting upon the textured spin coated 

polybutadiene oscillated at a higher frequency compared to those on the 

smooth honeycomb surfaces despite both surfaces exhibiting similar static 

picolitre contact angles and the same mode of oscillation (moving contact line), 

Table 4.2. Picolitre droplets striking the textured honeycomb surfaces bounced 

straight off in all cases (for 5–30 µm pore size range in present study). 
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4.4 Discussion 

The pore sizes of these polybutadiene honeycomb arrays (up to 30 µm) are 

significantly larger than those previously reported for breath figure templating 

(typically 0.2–10 µm).3 This difference may be attributed to the lower chain 

density of polybutadiene,48 which leads to slower solidification around the water 

droplets and therefore increased droplet coalescence.7 The polybutadiene 

solution concentration (and therefore viscosity) had little effect on this 

precipitation behaviour (average pore diameters remain similar) across the 

range studied, Figure 4.4. In contrast, earlier studies on other polymer systems 

showed that higher polymer concentrations stabilized smaller droplet arrays;7 

again, the lower chain density of polybutadiene might be a plausible contributing 

factor.  

A key drawback encountered in prior studies of breath figure templating 

is the instability of the honeycomb structures in the presence of solvents or at 

elevated temperatures.37 Indeed, the honeycomb polybutadiene surfaces 

formed in the present study are also seen to completely disappear at room 

temperature in 48 h, Figure 4.6. Stabilisation of these honeycomb surfaces is 

easily accomplished by CF4 plasmachemical sub-surface cross-linking whilst 

concurrently lowering the surface energy via surface fluorination.39 This should 

be contrasted with sulfur monochloride vulcanization, which is commonly 

employed for other honeycomb systems and suffers from drawbacks such as 

chemical entrapment and prolonged cross-linking times (typically 5 hours).28,29  

Plasmachemical surface fluorination of polybutadiene follows earlier 

predicted structure–behaviour relationships.39,40,49 The extent of plasma-

induced surface roughening (texturing) can be decoupled from plasma 

fluorination by placement of the polybutadiene surfaces either in the electrical 

discharge glow region (plasma sheath bombardment44,45) or downstream (no 

ion bombardment,44,45 thus smooth), Figure 4.7. The honeycomb structures, 

combined with non-texturing CF4 plasma fluorination (30 W, 60 s, downstream), 

leads to an increase in hydrophobicity as observed by placing microlitre water 

droplets onto the surface, Figure 4.8. An average pore diameter of at least 20 

µm is required to achieve contact angles greater than 170°. Smaller pores may 

be too shallow (assuming constant interfacial behaviour during pore formation50) 
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to be capable of trapping air,51,52,53,54,55 which is key to achieving a Cassie-

Baxter state,56 and therefore lead to lower contact angles more indicative of a 

Wenzel state of wetting.57 Such smooth honeycomb samples also exhibit high 

contact angle hysteresis, Figure 4.8. This can be lowered if the polybutadiene 

samples are placed in the CF4 plasma glow region (which generates a textured 

surface), which is consistent with the rationale that hierarchical surfaces (two 

length scales of roughness, in this case honeycomb structure plus plasma-

induced surface roughening) can lead to true superhydrophobicity (high contact 

angles, low hysteresis).40,58,59 

 For the case of picolitre droplet impact on smooth plasma fluorinated 

polybutadiene, no oscillation was observed due to increased movement of the 

contact line during spreading, leading to an increase in the dissipation of the 

excess surface free energy of the droplet. Droplets impacting upon hierarchical 

plasma-textured honeycomb surfaces bounced due to the high contact angles 

and low hysteresis observed on these surfaces. 

A comparison between CF4 plasma fluorinated smooth honeycomb 

surfaces and CF4 plasma fluorinated and textured spin coated polybutadiene 

films (with identical picolitre static contact angle values) shows that the picolitre 

droplet impact behaviour onto these two surfaces is markedly different. The 

droplet oscillation frequency is found to be much higher for the latter, Table 4.2. 

This is in disagreement with previous theoretical models, which suggest that 

droplets with similar contact angles should oscillate at similar frequencies.60,61 

This discrepancy may be due to the fact that the static contact angle is not an 

appropriate contact angle to use when predicting oscillation frequencies, and 

that contact angle hysteresis and the motion of the contact line should be taken 

into account. 

These CF4 plasma fluorinated polybutadiene honeycomb surfaces 

provide a quick and easy route to stable hierarchical superhydrophobicity. They 

are more superhydrophobic than conventional honeycomb arrays prepared from 

fluorinated polymers.62 In addition, by utilising a solvent with a lower density 

than water it should be feasible to create a 3D honeycomb structure,22 resulting 

in a highly porous polymer layer. Such low energy porous layers could find use 

in confined crystallization,63 transportation,64 templating,65 or high surface area 

scaffolds.66 Furthermore, droplet impact onto these hydrophobic surfaces is of 
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relevance to technological processes including rapid cooling,67,68,69 delayed 

freezing,70,71,72,73 crop spraying,74 and inkjet printing (for 

microelectronics,75,76,77,78 pharmaceutical dosing, or screening,79,80,81 tissue 

engineering,82,83 and optics84,85). 

4.5 Conclusions 

Solvent casting of linear polybutadiene under controlled humidity gives rise to 

the formation of two-dimensional hexagonally ordered honeycomb arrays. Pore 

aperture size and surface coverage can be independently controlled by varying 

the humidity and polymer concentration respectively. CF4 plasmachemical 

modification imparts low surface energy functional groups in combination with 

surface texturing and sub-surface cross-linking of the honeycomb structures to 

yield superhydrophobicity (high contact angles and low hysteresis for microlitre 

droplets and bouncing for picolitre droplets).  
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Chapter 5 Controlling Liquid Droplet Impact 
Dynamics by Tailoring the Solid 
Subsurface 

5.1 Introduction 

In the previous chapters, the impact and spreading of droplets of water was 

investigated on polymer surfaces with varying levels of surface roughness. 

However, the mechanical properties of the substrate are also known to affect 

the behaviour of impacting liquid droplets. The impact of liquid droplets onto soft 

surfaces is an important phenomenon underpinning a plethora of industrial 

processes including microfluidics,1,2 electrowetting,3 droplet condensation,4 and 

inkjet printing (applications in microelectronics,5,6,7,8 pharmaceutical dosing or 

screening,9,10,11 tissue engineering,12,13 and optics14,15). 

Previous studies have shown that the vertical component of the surface 

tension resulting from a liquid droplet resting on a soft surface can induce the 

formation of a wetting ridge, Scheme 5.1, where the surface along the droplet 

contact line deforms.16,17,18,19,20,21 These deformations can perturb the dynamics 

of droplet spreading22 (viscoelastic braking) and have been seen to enhance 

contact line pinning in microlitre droplets.23 

 

Scheme 5.1: Schematic diagram showing a wetting ridge formed on a soft surface due 
to the vertical component of the liquid-vapour surface tension, γLV. 
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A comparison of the oscillation of microlitre droplets following impact 

onto hard and soft surfaces has shown that droplets oscillate at a higher 

frequency on the latter.24 This has been explained in terms of the deformed 

wetting ridge enhancing droplet pinning and reducing the amount of energy 

dissipation through contact line motion. However, the dependency of such 

behaviour upon the subsurface properties has not previously been investigated. 

In this chapter, the impact dynamics of picolitre water droplets onto a 

range of different thickness films with controllable hardness and surface 

wettability has been studied, Scheme 5.2. Firstly, non-crosslinked and 

crosslinked plasma fluorinated polybutadiene films have been compared whilst 

maintaining the same hydrophobic surface chemistry.25 An alternative system 

comprises surface initiated atom transfer radical polymerisation (ATRP)26 

growth of hydrophobic perfluorinated acrylate brushes with well-defined polymer 

chain length,27 where pulsed plasma deposited vinylbenzyl chloride28 and 

plasma chlorinated polybutadiene are utilised as ATRP initiator layers. These 

two different types of initiator layer permits any observed changes in droplet 

impact dynamics to be solely attributed to the mechanical properties of the 

underlying initiator layer. Furthermore, for a given initiator layer, the growth of 

two different perfluoroalkyl length brush layers enables the study of the effect of 

surface energy, and therefore droplet shape, upon impact dynamics whilst 

keeping the mechanical properties of the film constant. 
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Scheme 5.2: Summary of functional surfaces investigated for water droplet impact: (a) 
spin coated polybutadiene; and (b) pulsed plasma deposited poly(vinylbenzyl chloride). 
PFAC-6 and PFAC-8 denote 1H,1H,2H,2H-perfluorooctyl acrylate and 1H,1H,2H,2H-
perfluorodecyl acrylate monomers for ATRP respectively. 

5.2 Experimental 

5.2.1 Variable Thickness and Hardness Plasma Halogenated 

Polybutadiene Films  

Polished silicon (100) wafers (Silicon Valley Microelectronics, Inc.) were used 

as substrates. Polybutadiene (Mw = 420,000, 36% cis 1,4 addition, 55% trans 

1,4 addition, 9% 1,2 addition, Sigma-Aldrich Inc.) dissolved in toluene (+99.5%, 
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BDH) at various concentrations was spin coated using a photoresist spinner 

(Cammax Precima) operating at 3000 rpm. Any trapped solvent within these 

polymer films was then removed by annealing under vacuum at 90 °C for 60 

min. 

Plasmachemical fluorination (or chlorination for surface initiated ATRP) 

of the polybutadiene films was undertaken in a cylindrical glass reactor of 

similar design to that used in Section 3.2.1 (page 52). A piece of polybutadiene 

coated substrate was placed into the reactor (8 cm downstream to avoid 

surface texturing29,30,31), followed by evacuation to base pressure. CF4 gas 

(+99.7%, Air Products) (or CCl4 vapour (99.5%, May & Baker Ltd.)) was then 

admitted into the system via a needle valve at a pressure of 0.2 mbar and 2 cm3 

min-1 flow rate, and the electrical discharge ignited using a power of 50 W for 60 

s. Upon completion of surface functionalization, the gas (vapour) feed was 

switched off and the chamber vented to atmosphere. Subsequent crosslinking 

of these plasma fluorinated (chlorinated) polybutadiene films entailed placing 

them in a vacuum oven at 155 °C for 60 min.25 

5.2.2 Variable Thickness Plasma Deposited poly(vinylbenzyl chloride) 

ATRP Initiator Layers 

Vinylbenzyl chloride monomer (97%, mixture of 3- and 4- isomers, Sigma 

Aldrich Ltd.) was loaded into a sealable glass tube and further purified using 

multiple freeze-pump-thaw cycles. Pulsed plasmachemical deposition of the 

poly(vinylbenzyl chloride) initiator layer was carried out in a cylindrical glass 

reactor of similar design to that used in Section 3.2.1 (page 52). Prior to each 

plasma deposition, the chamber was scrubbed with detergent, rinsed in propan-

2-ol, and further cleaned using a 50 W air plasma for 30 min. Next, the 

substrate to be coated was placed into the center of the reactor, and the system 

pumped down to base pressure. Precursor vapor was introduced into the 

chamber at a pressure of 0.2 mbar for 5 min followed by ignition of the electrical 

discharge. The optimum duty cycle for structural retention of the vinylbenzyl 

chloride functionality corresponded to on-period = 100 µs and off-period = 4 ms 

in combination with peak power = 30 W. Upon completion of deposition, the 

precursor vapour was allowed to continue to flow through the system for a 

further 5 min in order to quench any trapped reactive sites in the deposited film. 
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5.2.3 Surface Initiated Atom Transfer Radical Polymerisation (ATRP) 

The plasma chlorinated polybutadiene or pulsed plasma deposited 

poly(vinylbenzyl chloride) initiator coated silicon wafer pieces were loaded 

inside a sealable glass tube containing copper(I) bromide (5 mmol, 98%, Sigma 

Aldrich Ltd.), copper(II) bromide (0.01 mmol, 99%, Sigma Aldrich Ltd.), 2-2‘-

bipyridyl (10 mmol, ≥98%, Sigma Aldrich Ltd.), trifluorotoluene (4 mL, >99%, 

Sigma Aldrich Ltd.), and either 1H,1H,2H,2H-perfluorooctyl acrylate (0.05 mol, 

95%, Fluorochem Ltd.) or 1H,1H,2H,2H-perfluorodecyl acrylate (0.05 mol, 98%, 

Fluorochem Ltd.).27 The mixture was thoroughly degassed using several freeze-

pump-thaw cycles and then the sample tube immersed into an oil bath 

maintained at 95 ºC for 16 h to allow polymerisation to take place. Finally, the 

cleaning and removal of any physisorbed polymer was undertaken by Soxhlet 

extraction with hot toluene for 5 h. 

5.2.4 Surface Characterisation 

Surface elemental compositions were determined by X-ray photoelectron 

spectroscopy (XPS) using a VG ESCALAB II electron spectrometer as 

described in Section 3.2.2 (page 52). Surface elemental compositions were 

calculated using sensitivity factors derived from chemical standards, C(1s): 

O(1s): F(1s): Cl(2p): Si(2p) equals 1.00: 0.36: 0.24: 0.39: 0.96. 

Fourier transform infrared (FTIR) analysis of the deposited layers was 

undertaken using an FTIR spectrometer (Spectrum One, Perkin-Elmer Inc.) 

equipped with a liquid nitrogen cooled MCT detector. Spectra were recorded at 

a resolution of 4 cm-1 across the 700–4000 cm-1 wavelength range. Reflection 

absorption infrared spectroscopy (RAIRS) measurements were performed using 

a variable angle accessory (Specac Ltd.) set at 66° and fitted with a KRS-5 

polarizer to remove the s-polarized component. 

Thickness measurements of films deposited onto silicon wafers were 

made using a spectrophotometer (nkd-6000, Aquila Instruments Ltd). The 

obtained transmittance-reflectance curves (350–1000 nm wavelength range) 

were fitted to a Cauchy model for dielectric materials using a modified 

Levenberg-Marquardt algorithm.32 

Microlitre sessile drop contact angle analysis was carried out with a video 

capture system (VCA2500XE, AST Products Inc.) using 1.0 µL dispensation of 
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de-ionised water. Picolitre drop impact studies were carried out using an 

imaging rig as described in Section 3.2.3 (page 53). The piezo-type nozzle 

(MicroFab MJ-ABP-01, Horizon Instruments Ltd.) had an aperture diameter of 

30 µm, generating water drops of 30 µm diameter (14 pL). In addition to 

recordings made at 90,000 frames per second (fps), a faster frame rate of 

180,000 fps was also employed in order to verify the droplet oscillation 

frequency. Images at the higher frame rate consisted of 128 x 32 with 0.73 µm 

pixel size. 

 Atomic force microscopy (AFM) images were collected in tapping mode 

at 20 °C in ambient air (Nanoscope III, Digital Instruments Inc.). The stiff silicon 

cantilever had a spring constant of 42–83 N m-1 (Nanoprobe, Digital Instruments 

Inc.). Root-mean-square (RMS) roughness values were calculated over 50 µm x 

50 µm scan areas. 

Hardness values were determined by microindentation (MVK-H2, 

Mitutoyo, Inc.) using a standard Vickers tip and a force of 20 mN (ASTM E384 - 

11e1).33 

5.3 Results 

5.3.1 Non-Crosslinked Versus Crosslinked Plasma Halogenated 

Polybutadiene 

The XPS elemental composition of spin coated polybutadiene showed the 

presence of some oxygen content, which can be attributed to aerobic oxidation 

at the polymer film surface during the annealing step to remove trapped solvent, 

Table 5.1.25 Following CF4 and CCl4 plasma halogenation, virtually all of this 

surface oxygen is lost accompanied with a high level of halogen incorporation. 

The slight increase in surface oxygen concentration following thermal 

crosslinking of these CF4 and CCl4 plasma halogenated films arises from the 

reaction between atmospheric oxygen and any unreacted polybutadiene alkene 

bonds located in the near-surface region.34 In the absence of the polybutadiene 

layer, no film deposition was detected following either CF4 or CCl4 plasma 

exposure to silicon wafer surfaces; thereby confirming that plasma assisted 

surface halogenation rather than plasma deposition occurs for 

polybutadiene.35,36 
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Table 5.1: XPS elemental compositions and static water contact angles for non-
crosslinked and crosslinked: (a) untreated polybutadiene; (b) CF4 plasma fluorinated 
polybutadiene; and (c) CCl4 plasma chlorinated polybutadiene. Polybutadiene film 
thickness = 1 µm. 

 

XPS Elemental 
Composition / ±0.5% 

Static Contact 
Angle† 

% C % F % Cl % O 
Microlitre 

/ ±2° 
Picolitre 

/ ±5° 

(a) Untreated 
polybutadiene 

Non-
Crosslinked 

87.8 0.0 0. 0 12.2 103 78 

Crosslinked 86.0 0.0 0.0 14.0 100 74 

(b) CF4 

plasma 
fluorinated 
polybutadiene 

Non-
Crosslinked 

40.9 57.1 0.0 2.0 134 106 

Crosslinked 41.0 54.6 0.0 4.4 133 105 

(c) CCl4 

plasma 
chlorinated 
polybutadiene 

Non-
Crosslinked 

56.5 0.0 43.5 0.0 88 74 

Crosslinked 55.3 0.0 43.0 1.7 85 72 

† In all cases, picolitre droplet (30 µm diameter) static contact angles are lower than for 
microlitre droplets (1.2 mm diameter) due to either the smaller droplet size relative to 
surface features,37 or the high-speed impact of the picolitre droplets pushing the 
contact line beyond its equilibrium position.38 

Infrared assignments for non-crosslinked polybutadiene are as 

follows:25,39 CH=CH2 stretch (3010 cm-1), -CH2 stretch (2922 cm-1), -CH2 

symmetric stretch (2845 cm-1), -CH2 deformation (1438 cm-1), -CH bending (967 

cm-1), and CH=CH2 bending (913 cm-1), Figure 5.1. No change in the infrared 

spectrum was observed following plasmachemical halogenation, thereby 

indicating that only the outermost surface of the polybutadiene film is 

halogenated (i.e. limited to the XPS sampling depth of 2–5 nm).25 Following 

thermal curing to crosslink these polybutadiene films, infrared analysis shows:25 

-OH stretch (3400 cm-1), -CH2 stretch (2922 cm-1), aliphatic ester (1730 cm-1), -

CH2 deformation (1438 cm-1), and CH=CH2 bending (913 cm-1). The strong 

attenuation of the CH=CH2 stretch (3010 cm-1) confirms that bulk crosslinking 

has taken place, and the oxygenated species are attributable to aerial 

oxidation.34 
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Figure 5.1: Infrared spectra of: (a) non-crosslinked polybutadiene; (b) crosslinked 
polybutadiene (c) non-crosslinked CF4 plasma fluorinated polybutadiene; (d) 
crosslinked CF4 plasma fluorinated polybutadiene; (e) non-crosslinked CCl4 plasma 
chlorinated polybutadiene; and (f) crosslinked CCl4 plasma chlorinated polybutadiene. * 
CH=CH2 stretch (3010 cm-1) for non-crosslinked polybutadiene. 

In all cases, the AFM RMS surface roughness was measured to be less 

than 17 nm, which confirms the low level of plasmachemical 

roughening/texturing within the selected downstream plasma glow region due to 

the lack of surface bombardment by energetic electrical discharge species (e.g. 

ions),29,30 Table 5.2. 
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Picolitre water droplet impact onto all of these surfaces displayed an 

initial spreading of the contact line to reach a maximum diameter. In the case of 

CF4 plasma fluorinated polybutadiene, this was followed by dissipation of 

excess surface free energy observed as oscillations of the droplet height 

(stemming from lower energy dissipation during spreading across a more 

hydrophobic surface), whilst motion of the contact line was inhibited due to 

pinning, Figure 5.2(a).40 The droplet oscillation frequency subsequent to impact 

was measured by monitoring the change in height of the drop over time, Figure 

5.2(b). In the case of untreated and CCl4 plasma chlorinated polybutadiene, no 

droplet oscillations were observed due to the excess surface free energy being 

more efficiently dissipated during the initial droplet impact and spreading41 

(much lower contact angles, Table 1). 

 

 

 

Figure 5.2: (a) High-speed video images (captured at 90,000 fps) of picolitre water 
droplet impact onto a hydrophobic CF4 plasma fluorinated polybutadiene surface 
(reflection in substrate is seen in lower half, white scale bar = 20 μm); and (b) typical 
damped oscillation curve fitted to the experimental data for picolitre water droplet 
height fluctuation following impact. Oscillation frequencies were calculated from images 
captured at 180,000 fps. 

 The dynamics (oscillation frequency) of picolitre droplets following impact 

onto CF4 plasma fluorinated polybutadiene were found to be dependent upon 

the film thickness, and film hardness (which could be altered by thermal 

crosslinking), Figure 5.3(a) and Table 5.2. A greater hardness reduces the 

influence of film thickness upon the change in oscillation frequency (despite the 
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droplets retaining similar static water contact angles across the entire film 

thickness range), Table 5.1 and Figure 5.3(a). The approximately linear 

relationship between oscillation frequency and film thickness was found to 

breakdowsn beyond 500 nm, with the measured oscillation frequency for the 

non-crosslinked and crosslinked CF4 plasma fluorinated polybutadiene layers 

plateauing at 38.0 kHz and 33.6 kHz respectively. 

 

 

Figure 5.3: Oscillation frequencies of picolitre (30 µm diameter) water droplets 

following impact upon: (a) non-crosslinked and crosslinked CF4 plasma fluorinated 

polybutadiene as a function of polybutadiene film thickness; and (b) 20 nm thick ATRP 

poly(perfluorooctyl acrylate) brushes grown from non-crosslinked and crosslinked CCl4 

plasma chlorinated polybutadiene as a function of polybutadiene film thickness. 

Microlitre and picolitre contact angles were not found to vary with film thickness, Table 

5.1. 
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Table 5.2: AFM RMS roughness and microindentation hardness of 1 µm thick films. 

Layer 
AFM RMS 

Roughness / nm 
Hardness / MPa 

Non-crosslinked polybutadiene 
7±1 17±2 

Crosslinked polybutadiene 
10±1 347±10 

Non-crosslinked CF4 plasma 
fluorinated polybutadiene 

10±2 38±2 

Crosslinked CF4 plasma 
fluorinated polybutadiene 

17±2 351±10 

Non-crosslinked CCl4 plasma 
chlorinated polybutadiene 

6±1 21±2 

Crosslinked CCl4 plasma 
chlorinated polybutadiene 

9±1 353±10 

Pulsed plasma deposited 
poly(vinylbenzyl chloride) 

5±1 92±1 

 

3.2 Perfluoroalkyl Polymer Brushes Surface Grafted From CCl4 Plasma 

Chlorinated Polybutadiene ATRP Initiator Layers 

Both non-crosslinked and crosslinked CCl4 plasma chlorinated polybutadiene 

layers were utilised for the surface initiated ATRP growth of 20 nm thick 

poly(perfluorooctyl acrylate) polymer brushes with a view to further investigating 

the role of the subsurface thickness upon droplet impact dynamics. ATRP 

growth of the poly(perfluorooctyl acrylate) polymer brushes from the plasma 

chlorinated polybutadiene surfaces was confirmed by XPS and infrared 

analysis, Table 5.3 and Figure 5.4. Elemental XPS compositions were found to 

be consistent with the growth of poly(perfluorooctyl acrylate) brushes containing 

an end capping chlorine as part of the ATRP mechanism.42 Infrared 

assignments for the perfluorooctyl acrylate monomer are as follows:39 C=O 

stretching (1734 cm-1), C=C stretching (1640 cm-1), C=CH2 in plane stretching 

(1412 cm-1), -CF3 stretching (1325 cm-1), -CF2- antisymmetric stretching (1242 

cm-1), and -CF2- symmetric stretching (1145 cm-1), Figure 5.4. Following surface 

ATRP grafting, the alkene bond features (C=C stretching (1640 cm-1) and 

C=CH2 in plane stretching (1412 cm-1)) have disappeared due to polymerisation 

having taken place. 
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Table 5.3: XPS elemental compositions and static water contact angles for: (a) non-
crosslinked and crosslinked CCl4 plasma chlorinated polybutadiene; and (b) 20 nm 
thick ATRP poly(perfluorooctyl acrylate) brushes grown from (a). 

 XPS Elemental 
Composition / ±0.5% 

Static Contact 
Angle 

% C % F % Cl % O 
Microlitre 

/ ±2° 
Picolitre 

/ ±5° 

(a) CCl4 

plasma 
chlorinated 
polybutadiene 

Non-
Crosslinked 

56.5 0.0 43.5 0.0 88 74 

Crosslinked 55.3 0.0 43.0 1.7 85 72 

(b) ATRP 
Poly(CF3(CF2)5 
acrylate) 
brushes grown 
from (a)  

Theoretical 40.7 48.2 3.7 7.4 – – 

Non-
Crosslinked 

50.8 39.0 3.4 6.8 119 102 

Crosslinked 49.6 38.7 3.3 8.4 118 100 
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Figure 5.4: Infrared spectra of: (a) non-crosslinked CCl4 plasma chlorinated 
polybutadiene; (b) crosslinked CCl4 plasma chlorinated polybutadiene; (c) 
perfluorooctyl acrylate monomer; (d) 20 nm thick ATRP poly(perfluorooctyl acrylate) 
brushes grown from non-crosslinked CCl4 plasma chlorinated polybutadiene; and (e) 
20 nm thick ATRP poly(perfluorooctyl acrylate) brushes grown from crosslinked CCl4 
plasma chlorinated polybutadiene. * Perfluorooctyl acrylate CF2 symmetric (1145 cm-1) 
and antisymmetric (1242 cm-1) stretching peaks. 

Droplet oscillation frequencies following impact upon 20 nm thick ATRP 

poly(perfluorooctyl acrylate) brush layers grown from non-crosslinked and 

crosslinked CCl4 plasma chlorinated polybutadiene were found to be governed 

by both the thickness and hardness of the underlying CCl4 plasma chlorinated 
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polybutadiene initiator layer, Table 5.2 and Figure 5.3(b). This was in 

conjunction with the picolitre droplet static contact angle remaining constant 

(around 100°) for both the non-crosslinked and crosslinked underlayer across 

the entire thickness range, Table 5.3. The approximately linear relationship 

between the underlayer thickness and oscillation frequency was found to 

breakdown for both the non-crosslinked and crosslinked CCl4 plasma 

chlorinated polybutadiene underlayer beyond 500 nm, with the measured 

oscillation frequency plateauing at 53.8 kHz and 38.2 kHz respectively. Control 

experiments showed that water droplets impacting upon CCl4 plasma 

chlorinated polybutadiene in the absence of the ATRP poly(perfluorooctyl 

acrylate) brush layer gave rise to spreading with no measurable oscillatory 

behaviour.   

 Following picolitre droplet (30 µm diameter) impact experiments, the 

surfaces were analysed by atomic force microscopy (AFM). For all samples, 

approximately 30 µm diameter rings were observed, which are consistent with 

the formation of a wetting ridge, Figure 5.5. The ridge height exceeds the 20 nm 

thickness of the ATRP poly(perfluorooctyl acrylate) brush, thereby indicative of 

subsurface deformation. The extent of lateral and vertical surface deformation 

during droplet impact was found to depend upon the thickness and hardness of 

the underlying CCl4 plasma chlorinated polybutadiene ATRP initiator layer. 

Water droplet impact upon 20 nm thick ATRP poly(perfluorooctyl acrylate) brush 

layers grown from crosslinked (harder) CCl4 plasma chlorinated polybutadiene 

exhibited a wetting ridge that was smaller in height and width compared to that 

measured following droplet impact onto ATRP poly(perfluorooctyl acrylate) 

brush layers grown from non-crosslinked (softer) CCl4 plasma chlorinated 

polybutadiene of the same thickness, Figure 5.5. The ridge height of the surface 

deformation following droplet impact increased in a linear fashion as a function 

of underlayer thicknesses upto 500 nm, Figure 5.5(d). For underlayer 

thicknesses exceeding 500 nm, the deformation ridge height levelled off to 130–

140 nm for non-crosslinked and 50–55 nm for crosslinked CCl4 plasma 

chlorinated polybutadiene underlayer (which is consistent with the 

aforementioned plateauing of oscillation frequency beyond 500 nm 

polybutadiene film thickness). 
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Figure 5.5: (a) Schematic of surface deformation induced by a 30 µm diameter water 
droplet impacting onto a soft surface; (b) AFM height image of surface after droplet 
impact upon poly(perfluorooctyl acrylate) brushes grown from 500 nm thick non-
crosslinked CCl4 plasma chlorinated polybutadiene; (c) height and width of wetting 
ridge following droplet impact upon poly(perfluorooctyl acrylate) brushes grown from 
500 nm thick non-crosslinked and crosslinked CCl4 plasma chlorinated polybutadiene; 
(d) ridge height of surface deformation as a function of CCl4 plasma chlorinated 
polybutadiene underlayer thickness for poly(perfluorooctyl acrylate) brushes; (e) height 
and width of wetting ridge following droplet impact upon poly(perfluorooctyl acrylate) 
brushes grown from pulsed plasma deposited poly(vinylbenzyl chloride) initiator layers 
of different thicknesses; and (f) ridge height of surface deformation as a function of 



111 

pulsed plasma deposited poly(vinylbenzyl chloride) underlayer thickness for 
poly(perfluorooctyl acrylate) and poly(perfluorodecyl acrylate) brushes. 

3.3 Perfluoroalkyl Polymer Brushes Surface Grafted From Pulsed Plasma 

Deposited poly(vinylbenzyl chloride) ATRP Initiator Layers 

XPS analysis of the pulsed plasma deposited poly(vinylbenzyl chloride) layer 

confirmed complete coverage of the silicon substrate with no Si(2p) signal 

detected. In addition, the elemental composition correlates well to the predicted 

theoretical values based on the vinylbenzyl chloride precursor, thereby 

confirming good structural retention of the benzyl chloride functionality,28 Table 

5.4. Infrared spectroscopy provided further verification with the main fingerprint 

features closely matching those of the monomer:28,39 CH2-Cl wag (1263 cm-1), 

benzyl ring stretches (1495 and 1603 cm-1), Figure 5.6. Disappearance of the 

vinyl double bond (1629 cm-1) is consistent with polymerisation having taken 

place during pulsed plasma deposition.28 

Table 5.4: XPS elemental compositions and static water contact angles for: (a) pulsed 
plasma deposited poly(vinylbenzyl chloride); (b) ATRP poly(perfluorooctyl acrylate) 
brushes grown from (a); and (c) ATRP poly(perfluorodecyl acrylate) brushes grown 
from (a). 

 XPS Elemental 
Composition / ±0.5% 

Static Contact 
Angles 

% C % F % Cl % O 
Microlitre 

/ ±2° 
Picolitre 

/ ±5° 

(a) Pulsed 
plasma 
deposited 
poly(vinylbenzyl 
chloride) 

Theoretical 90.0 0.0 10.0 0.0 – – 

Experimental 86.8 0.0 9.6 3.6 80 65 

(b) ATRP 
Poly(CF3(CF2)5 
acrylate) 
brushes grown 
from (a) 

Theoretical 40.7 48.2 3.7 7.4 – – 

Experimental 51.0 40.5 1.5 7.0 118 102 

(c) ATRP 
Poly(CF3(CF2)7 
acrylate) 
brushes grown 
from (a) 

Theoretical 39.4 51.5 3.0 6.1 – – 

Experimental 41.9 49.8 2.7 5.6 124 114 
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Figure 5.6: Infrared spectra of: (a) vinylbenzyl chloride monomer; (b) pulsed plasma 
deposited poly(vinylbenzyl chloride) (c) perfluorooctyl acrylate monomer; (d) 20 nm 
thick ATRP poly(perfluorooctyl acrylate) brushes grown from pulsed plasma deposited 
poly(vinylbenzyl chloride); (e) perfluorodecyl acrylate monomer; and (f) 20 nm thick 
ATRP poly(perfluorodecyl acrylate) brushes grown from pulsed plasma deposited 
poly(vinylbenzyl chloride). * Perfluoroalkyl acrylate carbonyl C=O peaks stretching 
(1734/1735 cm-1) peaks. 

Pulsed plasma deposited poly(vinylbenzyl chloride) was used as an 

initiator layer for the ATRP growth of poly(perfluorinated acrylate) brushes. 

ATRP growth of the poly(perfluorooctyl acrylate) polymer brushes from the 

pulsed plasma deposited poly(vinylbenzyl chloride) was confirmed by XPS and 
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infrared analysis, Table 5.4 and Figure 5.6. Elemental XPS compositions were 

found to be consistent with the growth of poly(perfluorooctyl acrylate) brushes 

containing an end capping chlorine as part of the ATRP mechanism.42 Infrared 

assignments for perfluorooctyl acrylate monomer are as follows:39 C=O 

stretching (1734 cm-1), C=C stretching (1640 cm-1), C=CH2 in plane stretching 

(1412 cm-1), -CF3 stretching (1325 cm-1), -CF2- antisymmetric stretching (1242 

cm-1), and -CF2- symmetric stretching (1145 cm-1), Figure 5.6. Following surface 

ATRP grafting, the polymerisable alkene bond features (C=C stretching (1640 

cm-1) and C=CH2 in plane stretching (1412 cm-1)) had disappeared. 

ATRP growth of the poly(perfluorodecyl acrylate) polymer brushes from 

the pulsed plasma deposited poly(vinylbenzyl chloride) was confirmed by XPS 

and infrared analysis, Table 5.4 and Figure 5.6. Elemental XPS compositions 

were found to be consistent with the growth of poly(perfluorodecyl acrylate) 

brushes containing an end capping chlorine as part of the ATRP mechanism.42 

Infrared assignments for perfluorodecyl acrylate monomer are as follows:39 C=O 

stretching (1735 cm-1), C=C stretching (1636 cm-1), C=CH2 in plane stretching 

(1412 cm-1), -CF3 stretching (1327 cm-1), -CF2- antisymmetric stretching (1195 

cm-1), and -CF2- symmetric stretching (1144 cm-1), Figure 5.6. Following surface 

ATRP grafting, the alkene bond features (C=C stretching (1636 cm-1) and 

C=CH2 in plane stretching (1412 cm-1)) have disappeared due to polymerisation 

having taken place. 

The oscillation frequency of picolitre droplets following impact onto these 

surfaces was found to be dependent upon the thickness of the underlying 

poly(vinylbenzyl chloride) ATRP initiator layer. By changing the perfluorinated 

acrylate monomer used for ATRP, the surface energy could be altered 

independently (higher water contact angle value for longer perfluorodecyl 

acrylate versus perfluorooctyl acrylate polymer brush side groups, Table 5.4). 

This showed that the dependence of oscillation frequency on the ATRP initiator 

layer thickness diminishes for droplets impacting upon surfaces with higher 

static contact angles, Figure 5.7. In both cases, the linear relationship between 

oscillation frequency and film thickness was found to breakdown beyond 500 

nm, with the measured oscillation frequency plateauing at 51.6 kHz and 34.4 

kHz for poly(perfluorooctyl acrylate) and poly(perfluorodecyl acrylate) brush 

surfaces respectively. 
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Figure 5.7: Oscillation frequencies of 30 µm diameter picolitre droplets following 
impact onto 20 nm thick poly(perfluorooctyl acrylate) brushes (picolitre contact angle = 
102±5°) and 20 nm thick poly(perfluorodecyl acrylate) brushes (picolitre contact angle 
= 114±5°) grown from pulsed plasma deposited poly(vinylbenzyl chloride) ATRP 
initiator layers as a function of poly(vinylbenzyl chloride) underlayer thickness. 

Following picolitre droplet impact experiments, the surface deformation 

was analysed by AFM. The height of the wetting ridge was found to increase 

with poly(vinylbenzyl chloride) ATRP initiator layer thicknesses upto 500 nm, 

Figure 5.5(d) and (f). For layer thicknesses above 500 nm, the deformation 

ridge height was 100–110 nm for poly(perfluorooctyl acrylate) ATRP brush 

surfaces and 40–45 nm for poly(perfluorodecyl acrylate) ATRP brush surfaces 

(which is consistent with the aforementioned plateauing of oscillation frequency 

beyond 500 nm poly(vinylbenzyl chloride) underlayer thickness). 

The effect of underlayer thickness on the oscillation frequency of 

impacting picolitre droplets onto ATRP grown poly(perfluorooctyl acrylate) 

brushes was found to be dependent on the underlayer hardness, Figure 5.8(a). 

Impact onto softer films resulted in a larger surface deformation that is more 

dependent upon the underlayer thickness, Figure 5.8(b).  
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Figure 5.8: Effect of underlayer hardness upon: (a) drop oscillation frequency 
dependence on underlayer thickness and plateau and (b) surface deformation ridge 
height dependence on underlayer thickness and plateau after picolitre droplet impact 
upon 20 nm thick ATRP poly(perfluorooctyl acrylate)* brushes grown from initiator 
layers with varying underlayer hardness values. * Assuming similar polymer brush 
densities. 

5.4 Discussion 

Picolitre droplet impact has been studied for a range of hydrophobic surfaces 

with variable underlayer hardness. CF4 plasma fluorinated polybutadiene 

provides a hydrophobic surface and can be crosslinked to alter its mechanical 

properties, Table 5.2.25 Picolitre droplet impact onto these hydrophobic surfaces 

results in oscillation of the droplet height about a final static value, caused by 

excess energy not being fully dissipated through spreading. Unlike in the 

studies on rougher, superhydrophobic surfaces (Chapters 3 and 4),31,38 the 

contact line remains pinned during the majority of the oscillation cycle, with only 

a small retraction evidenced after the initial spreading, Figure 5.2 (compared to 

Figure 3.4 (page 57) and Figure 4.9 (page 85)). The oscillation frequency of 

droplets after impact on these surfaces was found to depend upon the 

polybutadiene thickness and hardness. On soft (non-crosslinked) CF4 plasma 

fluorinated polybutadiene, the oscillation frequency increased with increasing 

polymer film thickness. Whilst drop impact on a harder (crosslinked) polymer 

layer gives rise to lower oscillation frequencies and there is relatively little 

change in frequency observed across a range of thicknesses, Figure 5.3(a). 

Surface initiated ATRP growth of hydrophobic poly(perfluoroalkyl 

acrylate) polymer brushes has been undertaken on CCl4 plasma chlorinated 

polybutadiene (non-crosslinked and crosslinked) and pulsed plasma deposited 
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poly(vinylbenzyl chloride). By utilising the same poly(perfluorooctyl acrylate) 

ATRP polymer brushes (constant contact angle), the thickness dependence of 

the picolitre droplet dynamics of impact observed for the two different initiator 

layers (CCl4 plasma chlorinated polybutadiene and pulsed plasma 

poly(vinylbenzyl chloride)) can be directly attributable to their mechanical 

properties, Table 5.2 and Figures 5.3, 5.7, and 5.8(a). The oscillation frequency 

on non-crosslinked polybutadiene is higher than on pulsed plasma deposited 

poly(vinylbenzyl chloride) at similar film thickness, Figures 5.3(b) and 5.7, 

because the polybutadiene layer is softer, Table 5.2. 

Water droplet impact onto soft surfaces can lead to the formation of a 

wetting ridge. The extent of surface deformation is dependent upon the elastic 

shear modulus of the film and the contact angle of the droplet43 

z µ
g sinq

G
,        (5.1) 

where z  is the vertical displacement, g  is the liquid/vapour interfacial tension, 

q  is the equilibrium contact angle of the droplet, and G  is the elastic shear 

modulus of the solid. In the present study, the vertical surface displacement 

following picolitre droplet impact upon ATRP polymer brush surfaces is found to 

be dependent upon the mechanical properties of the underlying ATRP initiator 

layer, Figure 5.8(b); harder films give rise to a smaller wetting ridge as predicted 

using Equation 5.1 (assuming linear relationship with elastic shear modulus44). 

This wetting ridge has a negligible effect on the static contact angles of picolitre 

droplets, which are found to remain constant within error across a wide range of 

underlayer thicknesses. However, the size of this ridge does affect the droplet 

dynamics. The observed rise in droplet oscillation frequency following impact 

with increasing film thickness for all of the surfaces investigated correlates to 

greater surface deformation (ridge height) for thicker films,23,45,46,47 Figures 5.5 

and 5.8. 

By utilising different perfluoroalkyl chain length (hydrophobicity) ATRP 

polymer brushes grown from the same type of initiator layer (thereby ensuring 

similar mechanical properties of the bulk film), the effect of a change in the 

droplet shape shows that the frequency values are lower for the droplets with 

higher contact angles, as previously seen in Chapter 3.38 In addition, the 

dependence of the oscillation frequency on the film thickness is found to be less 
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for droplets with higher static contact angles. Equation 5.1 shows that the 

degree of surface deformation is dependent upon the sine of the contact angle 

of the droplet, therefore, above 90°, a droplet with a higher contact angle would 

be expected to induce the formation of a smaller wetting ridge on a film with the 

same mechanical properties, resulting in a smaller change in frequency as the 

film thickness increases, Figure 5.7. 

In all cases, oscillation frequency and extent of surface deformation are 

found to plateau above 500 nm underlayer thicknesses, regardless of the 

contact angle of the droplet or the mechanical properties of the film. This is 

most likely due to the size of the droplet (consistently 30 µm diameter) being 

able to induce the formation of a deformation of a certain height as suggested 

by theoretical studies.48 Above 500 nm, the underlying film can be considered 

semi-infinite and further increases in thickness do not lead to a greater surface 

deformation.46,49 

The dynamics of picolitre droplets following impact on soft surfaces and 

the resulting deformation are of relevance to microfluidics and inkjet printing.50 

Furthermore, such droplet impact studies provide a novel means to probe the 

mechanical properties of ultrathin films.51 

5.5 Conclusions 

The dynamics of picolitre water droplets following impact onto thin films is 

governed by the underlayer film thickness and mechanical hardness. Thicker 

films give rise to higher oscillation frequencies due to greater surface 

deformation (ridge formation) around the contact line.  
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Chapter 6 Droplet Impact onto Charged Polymer 
Surfaces 

6.1 Introduction 

The role of substrate surface chemistry, roughness, and subsurface mechanical 

properties on droplet impact has been outlined in the previous chapters. 

Another property that can affect droplet impact and spreading is the presence of 

surface charge. The impact and spreading of liquid droplets upon plastic 

surfaces is of increasing importance in microfluidics,1,2,3 filtration,4 and inkjet 

printing5 with the latter finding use in microelectronics,6,7,8,9 pharmaceutical 

dosing or screening,10,11,12 tissue engineering,13,14 and optics.15,16 Due to their 

non-conducting nature, such substrates are prone to charge build-up on their 

surfaces,17 which has been found to be detrimental to printing process, causing 

electrostatic attraction of the ink droplets and leading to unexpected 

results.18,19,20,21 Droplets on superhydrophobic silane surfaces have been 

observed to move against gravity to a region of higher charge density; such 

behaviour is dependent upon the degree of surface charge and the contact 

angle hysteresis of the droplet.22  

The interaction of water droplets and charged surfaces is also of 

importance for filtration products.4 Porous polymer networks are found to exhibit 

improved filtration abilities if they contain surface charges due to the 

electrostatic attraction of particulates and water droplets.23,24 Despite this, the 

effect on impact of a liquid droplet upon a charged polymer surface has 

received little focus, the majority of work being on the behaviour of static 

droplets on conducting surfaces for use in optical switches25 and 

electrowetting;26 or droplet impact on conducting surfaces for use in continuous 

inkjet27 and electrospray28,29 deposition techniques.30 

In this chapter, the effect of surface charge on the impact of picolitre 

droplets of water upon polystyrene, PTFE, and O2 plasma treated PTFE was 

investigated. Variation of O2 plasma treatment has been shown to result in 

varying levels of surface roughness,31,32,33 resulting in different static contact 

angles and contact angle hysteresis.31 The presence of surface charge was 
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found to cause an increase in picolitre droplet impact velocity resulting in a 

change in the static contact angle, depending upon the hysteresis. 

6.2 Experimental 

Polystyrene (Goodfellow Cambridge Ltd.) and polytetrafluoroethylene sheets 

(PTFE, Goodfellow Cambridge Ltd.) were used as substrates. Plasmachemical 

treatment of PTFE was undertaken in a cylindrical glass reactor of similar 

design to that used in Section 3.2.1 (page 52). A piece of PTFE was placed into 

the reactor at ambient temperature, followed by evacuation to base pressure. 

O2 gas (+99.5% purity, BOC Ltd.) was then admitted into the system via a 

needle valve at a pressure of 0.2 mbar and 2 cm3 min-1 flow rate, and the 

electrical discharge ignited at various powers for 2 min. Upon completion of 

surface functionalization, the gas feed was switched off and the chamber 

vented to atmosphere. 

Surface elemental compositions were determined by X-ray photoelectron 

spectroscopy (XPS) using a VG ESCALAB II electron spectrometer as 

described in Section 3.2.2 (page 52). Surface elemental compositions were 

calculated using sensitivity factors derived from chemical standards, C(1s): 

O(1s): F(1s) equals 1.00: 0.34: 0.26. 

 Atomic force microscopy (AFM) images were collected in tapping mode 

at 20 °C in ambient air (Digital Instruments Nanoscope III, Santa Barbara, CA). 

The stiff silicon cantilever had a spring constant of 42–83 N m-1 (Nanoprobe). 

Root-mean-square (RMS) roughness values were calculated over 10 µm x 10 

µm scan areas. 

Microlitre sessile drop contact angle analysis was carried out with a video 

capture system (VCA2500XE, AST Products Inc.) using 1.0 µL dispensation of 

de-ionised water (BS 3978 grade 1). Advancing and receding angles were 

measured by respectively increasing and decreasing the droplet size until the 

contact line was observed to move.34 

Surface charge was applied to substrates through the use of a piezo-

electric anti-static gun (Zerostat® 3, Structure Probe, Inc.). By pressing the 

trigger, the piezo crystal is compressed generating a voltage, which is applied to 

a sharp tip at the end of the gun causing ionisation of the surrounding 

atmosphere. When the trigger is released the piezo expands and a potential of 
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opposite polarity is generated.35 Placing an uncharged, non-conducting 

substrate within range of the gun causes the induction of a surface potential.36 

Pressing or releasing the trigger in close proximity to the substrate surface 

achieved positive and negative surface potentials respectively. By holding the 

gun at different heights above the substrate it is possible to achieve different 

surface potentials, which were measured using an electrostatic voltmeter 

(Isoprobe® 244, Monroe Electronics, Inc.) with a probe–surface spacing of 5 

mm.  

Picolitre drop impact studies were carried out using an imaging rig as 

described in Section 3.2.3 (page 53). The piezo-type nozzle (MicroFab MJ-

ABP-01, Horizon Instruments Ltd.) had an aperture diameter of 30 µm, 

generating water drops of 30 µm diameter (14 pL).  

6.3 Results 

6.3.1 Polystyrene 

XPS elemental compositions of polystyrene surfaces were found to be 

consistent with theoretical and literature37,38 values, Table 6.1. Flat polystyrene 

substrate surfaces were charged by exposure to a piezo-electric gun. Charging 

the substrate was not found to alter the surface chemistry, Table 6.1. Bringing a 

microlitre droplet of water into close proximity led to attraction and eventually 

the jumping of the microlitre droplet from the syringe needle to the surface, 

Figure 6.1. The height at which the droplet snapped to the surface (ds) was 

found to be dependent upon the magnitude of the surface potential on the 

substrate, Figure 6.2. 

Table 6.1: XPS elemental composition of uncharged and charged polystyrene. 

 

Polystyrene 

XPS Elemental 
Composition / ±0.5% 

% C % O 

Theoretical 100.00 0.0 

Uncharged 99.7 0.3 

Charged 99.6 0.4 
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Figure 6.1: Charged substrate moving towards a microlitre (1 µL) droplet of water: (a) 
in air; (b) deformation due to attraction between charged surface and electrostatically 
induced charge on the droplet; and (c) following detachment from the syringe occurring 
at a ‗snap distance‘, ds. Where d is the distance from the substrate to the original 
position of the bottom of the drop. 
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Figure 6.2: Snap distance (separation between bottom of water droplet in air (d=∞) 
and position of surface at threshold for droplet jumping, ds) as a function of surface 
potential for flat polystyrene and PTFE substrates (other substrates such as 
polyvinylchloride (Goodfellow Cambridge Ltd.) and Nylon-6 (Goodfellow Cambridge 
Ltd.) fit this trend). Uncharged substrates were not found to induce deformation or 
jumping of the droplet (ds = 0). 

Picolitre droplet impact onto uncharged polystyrene surfaces yielded a 

static contact angle of 92±3°, Table 6.2. Upon charging, droplet impact 

velocities were found to increase with rising surface potential resulting in larger 

static contact angles, Figures 6.3 and 6.4. Droplet impact velocities exceeding 3 

m s-1 gave static contact angles of 118±2°, Figure 6.4. 
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Figure 6.3: Picolitre droplet velocity prior to impact as a function of surface potential on 
flat polystyrene and PTFE substrates (other substrates such as polyvinylchloride 
(Goodfellow Cambridge Ltd.) and Nylon-6 (Goodfellow Cambridge Ltd.) fit this trend). 
Drop velocities prior to impact on uncharged surfaces were 1.2–1.5 m s-1. 
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Figure 6.4: Picolitre static contact angle as a function of water droplet velocity prior to 
impact onto charged, flat polystyrene. 

6.3.2 PTFE 

XPS elemental compositions of untreated PTFE surfaces were found to be 

consistent with theoretical values, Table 6.3. Following O2 plasma roughening, 

the elemental composition remained relatively unchanged, as found in previous 

studies.31,32,33 
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Table 6.3: XPS elemental composition of untreated and O2 plasma treated PTFE. 

 

PTFE 

XPS Elemental Composition / 
±0.5% 

% C % F % O 

Theoretical 33.3 66.7 0.0 

Untreated 33.1 66.7 0.2 

30 W O2 Plasma 
Treated 

33.7 65.1 1.2 

80 W O2 Plasma 
Treated 

33.2 65.3 1.5 

 

Atomic force microscopy (AFM) was carried out to determine the extent 

of O2 plasma texturing of the PTFE surfaces, Figure 6.5. A higher plasma 

treatment power was found to result in greater RMS roughness and enhanced 

hydrophobicity,31,32,33 in conjunction with larger contact angle hysteresis, Table 

6.2. This trend for contact angle hysteresis is consistent with previous work31 

and theoretical studies39 showing hysteresis increases with roughness when the 

droplets are in the Wenzel state.40 Similar behaviour could be achieved through 

roughening the PTFE via sonication for 2 h in a cyclohexane (>99% purity, 

Fisher Scientific UK Ltd.)–propan-2-ol (>99.5% purity, Fisher Scientific UK Ltd.) 

mixture. These roughened surfaces (RMS = 130.9±5 nm) were also found to 

exhibit increased static contact angles (130±2°) and contact angle hysteresis 

(63±2°). 
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Figure 6.5: AFM images and RMS roughness values for untreated PTFE and O2 
plasma textured PTFE. 

Picolitre water droplets impacting onto uncharged, O2 plasma textured 

PTFE showed that increased surface roughness leads to a lower static contact 

angle, Table 6.2. By charging the PTFE substrates, the impact velocity of 

picolitre water droplets was enhanced, Figure 6.3. The picolitre droplet static 

contact angle was found to be influenced by the droplet velocity and the 

roughness of the PTFE substrate, Figure 6.6. For the untreated PTFE 

substrate, the static contact angles were found to be independent of impact 

velocities for droplet speeds below 3 m s-1. Above 3 m s-1 the static contact 

angle was found to increase rapidly until droplets were observed to bounce after 

impact at velocities exceeding 4 m s-1, Figure 6.6(a). For O2 plasma textured 

PTFE substrates, the effect of droplet impact speed on static contact angle was 

influenced by surface roughness (and therefore droplet hysteresis which was 

seen in Chapter 4 (page 84) to be similar for microlitre and picolitre droplets41). 

In the case of 90 nm RMS roughness, the static contact angle is found to 

decrease as the droplet velocity increases upto 3 m s-1. However above 3 m s-1, 

further increases in the droplet velocity results in an increase in the static water 

contact angle, Figure 6.6(b). For the 175 nm RMS roughness plasma treated 

PTFE substrates, the static contact angle decreases with increasing droplet 

velocity across the entire range of velocities studied, Figure 6.6(c). 
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Figure 6.6: Picolitre static contact angle as a function of drop velocity prior to impact 
onto charged: (a) untreated PTFE; (b) 30 W O2 plasma treated PTFE; and (c) 80 W O2 
plasma treated PTFE. 
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6.4 Discussion 

Polystyrene and PTFE surfaces can be charged via treatment with an anti-static 

gun.36 Microlitre water contact angle analysis of charged surfaces was found to 

result in the electrostatic induction of the droplet as the surface is brought into 

close proximity. This induced charge is attracted to the substrate surface 

charge, causing deformation and eventual jumping of the droplet from the 

syringe to the surface, Figure 6.1. By increasing the surface potential, the height 

from the substrate at which a droplet would snap to the surface increased, 

Figure 6.2. This behaviour was found to be independent of the surface 

chemistry and topography and was confirmed to occur for other polymer 

surfaces (Nylon-6 (Goodfellow Cambridge Ltd.) and polyvinylchloride 

(Goodfellow Cambridge Ltd.)) charged in a similar manner. 

O2 plasma treatment of PTFE causes surface texturing without alteration 

of the chemistry of the polymer, resulting in an increase in the static contact 

angle of microlitre droplets of water.31,32,33 The resulting surfaces also exhibit 

varying levels of contact angle hysteresis, dependent upon the extent of surface 

roughness, Table 6.2 and Figure 6.5. For uncharged substrates, the static 

contact angle of impacting picolitre droplets of water was dependent upon the 

surface roughness and therefore hysteresis. A higher hysteresis resulted in a 

lower static contact angle due to the contact line being unable to retract after 

initial spreading following droplet impact, Table 6.2. 

The impact of picolitre droplets onto polystyrene, untreated PTFE, and 

O2 plasma treated PTFE substrates was also found to be dependent upon the 

magnitude of the surface potential. Droplets were attracted to the charged 

surfaces, causing droplet acceleration and resulting in an increase in the impact 

velocity with increasing surface potential, Figure 6.3. 

The higher impact speeds caused by this attraction to a charged 

substrate were found to result in a change in the impact behaviour. For 

polystyrene substrates an increase in droplet velocity resulted in an increase in 

the static contact angle, Figure 6.4. This is due to the greater amount of inertial 

energy available after initial spreading of the droplet causing an increase in 

contact line retraction and therefore a higher contact angle. For the case of the 

untreated PTFE substrates, the change in velocity had little effect on the static 
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contact angle upto speeds of 3 m s-1 due to the higher hysteresis compared to 

polystyrene, Table 6.2. However above 3 m s-1 droplets were found to display 

higher static contact angles after impact and above 4 m s-1 the amount of 

excess energy not dissipated during spreading (due to the lower surface energy 

of PTFE compared to polystyrene) is sufficient to cause the droplets to bounce, 

Figure 6.6(a). 

For O2 plasma treated PTFE substrates, the effect of increased droplet 

velocities is dependent upon the degree of hysteresis experienced by the water 

droplets. For low power treatments (30 W), there is an increase in hysteresis 

compared to that on the untreated PTFE surface, Table 6.2. The higher 

hysteresis means that there is an initial decrease in static contact angles as a 

function of droplet velocity (upto 3 m s-1) due to the greater impact speed 

causing an increase in the maximum spreading diameter of the droplet but not 

sufficiently enough for the droplet to reach the receding contact angle (i.e. 

droplet contact line becomes pinned).42 However, at higher impact velocities 

(over 3 m s-1) there is sufficient energy after initial droplet spreading for the bulk 

of the droplet to pull the contact angle to below the receding angle, which allows 

for retraction of the contact line and therefore an increase in static contact angle 

with increasing impact velocity, Figure 6.6(b) and Scheme 6.1. 

 

Scheme 6.1: Schematic of droplet impact. At higher velocities, the droplet retains 
sufficient energy after initial spreading to pull the contact angle to below the receding 
angle allowing contact line retraction, which results in a higher static contact angle. 

For higher power treatments (80 W), the surface roughness is much 

greater and the receding angle is lower, Table 6.2. For the entire range of 

velocities studied, the static contact angle decreases with increasing impact 

velocity, Figure 6.6(c) as there is no retraction of the contact line after impact. A 

similar change in static contact angle was possible by increasing the dropping 

height of microlitre droplets pipetted onto uncharged PTFE surfaces (higher 

dropping heights leading to higher velocities and lower static contact angles).  
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In the current study, the parameters used to generate the droplet are 

kept constant and any variation in droplet impact velocities is achieved through 

changing the substrate surface potential, causing a varying degree of droplet 

attraction and acceleration. Similar results were obtained for both positive and 

negatively charged surfaces; with the droplet acceleration towards the substrate 

suggesting that the droplet undergoes charging during drop generation in the 

nozzle. The presence of a negatively charged surface results in the electrostatic 

induction of a positive charge in the droplets as they are jetted from the bulk 

liquid in the nozzle.43,44,45 These positively charged droplets are then 

accelerated towards the negatively charged substrate after jetting. The exact 

nature of the migrating charged species (for example, dissolved ions in water) is 

unknown and requires further study. 

The surface potentials utilised are below what is generally considered an 

acceptable level of surface charge for applications such as inkjet printing,20 

however this work has demonstrated that issues caused by electrostatic 

attraction of ink drops can still arise even at these low surface potentials (similar 

behaviour has been found for more ink-relevant solvents such as alcohols and 

glycol ethers, though the impact speeds onto uncharged substrates were lower 

than those typically used in industry). With greater focus on the inkjet printing of 

materials onto plastic substrates,46,47 the issue of static build-up on the 

substrate (common during roll-to-roll processing48) and its effect on drop impact 

and spreading will become increasingly important. 

6.5 Conclusions 

Increased droplet velocities due to electrostatic attraction between charged 

polymer substrates and picolitre droplets of water results in varying impact 

behaviour that can depend upon the degree of surface roughness and therefore 

contact angle hysteresis. Higher surface potentials result in higher droplet 

velocities giving rise to unexpected behaviour such as a decrease in print 

resolution or droplet bouncing.  
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Chapter 7 Tuning the Imbibition Behaviour of 
Porous Membranes for Oil–Water 
Separation 

7.1 Introduction 

In the previous chapters, focus has been on the impact of picolitre droplets on 

solid surfaces. However, the impact, spreading, and imbibition of liquid droplets 

into porous media is of relevance to many applications including liquid 

packaging,1,2 water distribution in soil,3 inkjet printing,4 and oil recovery. Due to 

the frequency of off-shore oil spillages,5,6 and the emergence of fracking (where 

water-based fluids are used to fracture rocks for the release of oil and gas), the 

separation of oil and water is an important environmental challenge.7,8,9,10,11,12 

Existing methods for the removal or collection of oils from an oil–water mixture 

utilise absorbent materials13 such as zeolites,14,15 organoclays,16 non-woven 

polypropylene,17,18 or natural fibres19 (such as straw,20 cellulose,18 or wool21). 

However, these materials tend to also absorb water, thereby reducing their 

efficiency.22 In addition, extra steps are necessary to remove the absorbed oil 

from the material, which makes such methods highly incompatible with 

continuous flow systems (e.g. attached to clean-up vessels).  

There also exist separation membranes that repel one liquid phase whilst 

allowing the other to pass through. For example, these can be made out of 

hydrophobic and oleophilic materials,23,24,25,26 causing water to run off the 

surface whilst allowing oil to permeate through. However creation of such 

membranes typically involves wet chemical processes where the modifications 

necessary to ensure water repellency (superhydrophobicity) dictate the 

formation of the porous material27 (meaning only certain pore sizes and porous 

network types may be achievable) or an additional coating is applied to an 

existing porous material, which can reduce flow.23,28 

In this chapter, the behaviour of picolitre droplets after impact was 

compared on untreated and CF4 plasma fluorinated polyethersulfone 

membranes. This method of creating a superhydrophobic membrane is 

favourable as it is applied to existing membranes and does not affect the 

physical properties of the material (e.g. pore size, network type, porosity etc). 
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By varying the pore size within the membranes, the imbibition behaviour of 

liquids could be altered. CF4 plasma fluorinated polyethersulfone membranes 

were used for the separation of oil and water.  

7.2 Experimental 

Polished silicon (100) wafers (Silicon Valley Microelectronics, Inc.) were used 

as flat substrates. Polyethersulfone (Goodfellow Cambridge Ltd.) was dissolved 

in dichloromethane (99.99% purity, Fisher Scientific UK Ltd.) at a concentration 

of 2% (w/v) and spin coated using a photoresist spinner (Cammax Precima) 

operating at 2000 rpm. Porous polyethersulfone membranes (Supor-100 

membrane (0.1 µm pore size), Supor-1200 membrane (1.2 µm pore size), and 

Supor-5000 membrane (5 µm pore size), 130±3 µm thickness, Pall Corp.) were 

used as received. 

Plasmachemical fluorination of the polyethersulfone was undertaken in a 

cylindrical glass reactor of similar design to that used in Section 3.2.1 (page 52). 

A piece of polyethersulfone was placed into the reactor at ambient temperature 

(8 cm downstream to avoid surface texturing29,30,31), followed by evacuation to 

base pressure. CF4 gas (+99.7% purity, Air Products) was then admitted into 

the system via a needle valve at a pressure of 0.2 mbar and 2 cm3 min-1 flow 

rate, and the electrical discharge ignited at a power of 30 W for 60 s. Upon 

completion of surface functionalization, the gas feed was switched off and the 

chamber vented to atmosphere. 

To prepare cross-sections of the CF4 plasma treated polyethersulfone 

membranes for XPS analysis the membranes were mounted onto a rotary 

microtome (RM 2165, Leica Biosystems Ltd.) and 20 µm thick slices were cut 

off the top to reveal the cross-sections. 

Surface elemental compositions were determined by X-ray photoelectron 

spectroscopy (XPS) using a VG ESCALAB II electron spectrometer as 

described in Section 3.2.2 (page 52). Elemental compositions were calculated 

using sensitivity factors derived from chemical standards, C(1s): O(1s): S(2p): 

F(1s) equals 1.00: 0.34: 0.57: 0.26. 

Scanning electron microscopy (SEM) images of gold-coated membrane 

samples were acquired using a Cambridge Stereoscan 240. 

Microlitre sessile drop contact angle analysis was carried out with a video 
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capture system (VCA2500XE, AST Products Inc.) using 1.0 µL dispensation of 

de-ionised water (BS 3978 grade 1). Advancing and receding angles were 

measured by respectively increasing and decreasing the droplet size until the 

contact line was observed to move.32  

Picolitre drop impact studies were carried out using an imaging rig as 

described in Section 3.2.3 (page 53). The piezo-type nozzle (MicroFab MJ-

ABP-01, Horizon Instruments Ltd.) had an aperture diameter of 30 µm, 

generating water drops of 30 µm diameter (14 pL).  

 Oil imbibition times were calculated by measuring the time taken for a 2 

µL drop of decane (+99%, Sigma Aldrich Ltd.), dodecane (99%, Sigma Aldrich 

Ltd.), tetradecane (+99%, Sigma Aldrich Ltd.), or hexadecane (99%, Sigma 

Aldrich Ltd.) to imbibe. Oil–water separation was tested by pouring an agitated 

mixture of hexadecane and water over the porous membrane and measuring 

the time taken for complete separation to occur. Oil Red O (≥75% dye content, 

Sigma Aldrich Ltd) and Procion® Blue MX-R (35% dye content, Sigma Aldrich 

Ltd.) were used as oil and water dispersible dyes respectively.   

7.3 Results 

7.3.1 Surface Characterisation 

XPS elemental compositions of untreated, flat polyethersulfone surfaces were 

found to be consistent with theoretical values for the parent polymer structure, 

Table 6.3. Following CF4 plasma fluorination of the flat polyethersulfone 

surfaces, the level of fluorine incorporation was comparable to previous 

studies.33,34 In the case of the porous polyethersulfone membranes, the extent 

of surface CF4 plasma fluorination is difficult to determine quantitatively 

between different pore sizes due to the influence of roughness upon the surface 

sensitivity of the XPS technique (variable electron take-off angles alter the 

sampling depth35,36,37), Table 6.3. Cross-sectional analysis was carried out 

using a microtome to progressively slice the membranes from the outer surface 

towards the underlying bulk. XPS characterisation after removal of each 20 µm 

thick section confirmed that CF4 plasma fluorination penetrates throughout the 

membrane pore structure.38 
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Table 7.1: XPS elemental compositions of untreated and CF4 plasma fluorinated 
polyethersulfone. 

Polyethersulfone 

XPS Elemental Composition / 
±0.5% 

% C % F % O % S 

Untreated  
Theoretical 75.0 0.0 18.8 6.2 

Flat  
Non-porous 

75.4 0.0 18.8 5.8 

CF4 plasma fluorinated  
 
 
 

Theoretical 50.0 33.3 12.5 4.2 

Flat 
Non-porous 

40.6 48.7 9.1 1.6 

0.1 µm pore 
membrane 

44.9 45.4 8.2 1.5 

1.2 µm pore 
membrane 

42.8 47.9 7.5 1.8 

5 µm pore 
membrane 

40.7 52.4 5.7 1.2 

 

SEM characterisation showed surface pore morphology typical of 

polyethersulfone membranes prepared by non-solvent-induced phase 

separation.39 CF4 plasma modification did not lead to any significant etching of 

the porous membrane surfaces, Figure 7.1. 
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Figure 7.1: SEM images of polyethersulfone: (a) flat non-porous; (b) 0.1 µm pore 
membranes; (c) 1.2 µm pore membranes; and (d) 5 µm pore membranes. Pore 
morphology remains unchanged following CF4 plasma exposure (30 W, 60 s). 
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7.3.2 Water Droplet Impact 

Water contact angle analysis showed a change from hydrophilic to hydrophobic 

following CF4 plasma fluorination of flat, non-porous polyethersulfone, Table 

7.2. In the case of untreated polyethersulfone membranes, their hydrophilic 

nature leads to rapid imbibition of water into the membrane for all pore sizes, 

Table 7.2. CF4 plasma fluorination makes the membranes hydrophobic and 1 

µL water droplets are unable to imbibe into the substrate. Static water contact 

angles are found to increase with decreasing pore size, reaching 165° for the 

0.1 µm pore sized membrane. 
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The imbibition behaviour of picolitre droplets impacting on porous 

polyethersulfone membranes was studied by monitoring the change in droplet 

contact line diameter over time. In the case of untreated (hydrophilic) 

membranes, the water droplet quickly imbibes into the material leading to a 

decrease in the contact line diameter of the visible drop on the surface. The 

time taken for a droplet to imbibe decreases with decreasing membrane pore 

size, Figure 7.2(a). 

 

 

Figure 7.2: Evolution of picolitre droplet (30 µm diameter in air) contact line diameter 
over time following impact upon: (a) untreated polyethersulfone surfaces (time in ms) 
and (b) CF4 plasma fluorinated polyethersulfone surfaces (time in s). 

 Following CF4 plasma fluorination, the maximum contact line diameter 

achieved for picolitre droplets was measured to be smaller across the range of 

pore sizes (inhibiting spreading), Figure 7.2(b). The smallest pore membranes 

(0.1 µm) yield the most hydrophobic surface (smallest contact line diameter). In 

addition, the imbibition behaviour (decrease in contact line diameter over time) 

of picolitre droplets on CF4 plasma fluorinated membranes was found to be 

different compared to the untreated membranes. Imbibition time is fastest for 

CF4 plasma fluorinated membranes with the largest pores (5 µm), remaining 

relatively unchanged compared to the time observed for the untreated 5 µm 

pore membrane, Figures 7.2 and 7.3. The imbibition of droplets on CF4 plasma 

fluorinated membranes slows down with decreasing pore size (in contrast to the 

untreated membranes, where imbibition increases with decreasing pore size). In 

fact, the contact line of droplets on CF4 plasma fluorinated membranes with the 

smallest pores (0.1 µm) decreases slowly over the course of several seconds 
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suggesting the droplets were merely drying and that no imbibition occurs. This 

drying time (over 2 s) is measured to be longer than that for a drop on the CF4 

plasma fluorinated flat surface (about 1.6 s) due to the larger contact angle in 

the former case (138° vs 108° for flat).40,41  

  

 

Figure 7.3: Evolution of picolitre droplet (30 µm diameter in air): (a) contact line 
diameter and (b) contact angle over time following impact upon untreated and CF4 
plasma fluorinated (30 W, 60 s) polyethersulfone membrane surfaces (5 µm pore size). 

7.3.3 Oil–Water Separation 

Dispensation of low surface tension liquids onto the untreated polyethersulfone 

membranes leads to their imbibition. The time taken for a 2 µL drop of oil to 

imbibe into the membrane decreases with increasing membrane pore size and 

shorter hydrocarbon chain length of the oil (lower viscosity and surface tension), 

Figure 7.4(a). 
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Figure 7.4: Imbibition time of 2 µL drops of oil as a function of hydrocarbon chain 
length and pore size on: (a) untreated polyethersulfone membranes and (b) CF4 

plasma fluorinated (30 W, 60 s) polyethersulfone membranes. 

Following CF4 plasma fluorination, all three membranes were found to 

become hydrophobic, Table 7.2. However, these membranes are still able to 

absorb oils, with only a slight increase in imbibition time compared to the 

untreated membranes, Figure 7.4. Such behaviour makes these CF4 plasma 

fluorinated membranes suitable for use in the separation of oil and water. The 

fluorinated membranes were found to block the permeation of water, whilst 

hexadecane passed straight through, resulting in high separation efficiencies 

(>99%) for all membrane pore sizes, Figure 7.5. The time taken to separate an 

oil–water mixture is dependent upon the pore size of the membrane with the 

separation time increasing with decreasing membrane pore size (same trend as 

observed for imbibition of single oil drops, Figure 7.4). 
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Figure 7.5: Hexadecane–water mixture dispensed onto: (a) untreated polyethersulfone 
membrane (5 µm pore size); and (b) CF4 plasma fluorinated polyethersulfone 
membrane (5 µm pore size) where the water collects on top whilst the oil passes 
through. Hexadecane was dyed with Oil Red O (Sigma Aldrich Ltd.) whilst water was 
dyed with Procion® Blue MX-R (Sigma Aldrich Ltd.). Similar results were obtained for 
decane–water mixtures, 1.2 µm and 0.1 µm pore membranes, and also in the absence 
of dyes. 
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7.4 Discussion 

CF4 plasma fluorination of polyethersulfone was found to result in a high level of 

surface fluorination. This is consistent with previous studies, where hydrogen 

abstraction and atomic fluorine addition are major reaction pathways.34 In the 

case of the flat, non-porous surfaces, there is a change from hydrophilicity (80°) 

to hydrophobicity (112°).  

Fast imbibition of microlitre water droplets is observed on the untreated, 

porous polyethersulfone membranes, Table 7.2. Following CF4 plasma 

fluorination, the membranes became hydrophobic with microlitre contact angles 

of upto 165°. The level of hydrophobicity is enhanced by the membrane surface 

roughness,42 with the 0.1 µm pores exhibiting the highest static contact angle 

for the microlitre droplets, Table 7.2 and Figure 7.1. This results in no imbibition 

behaviour in the case of microlitre droplets of water following CF4 plasma 

fluorination of the membranes. 

Picolitre droplets were found to quickly imbibe into the untreated 

polyethersulfone membrane surfaces, Figure 7.2. This imbibition behaviour is 

fastest for 0.1 µm pore size, and is inconsistent with the equation most 

commonly used to describe imbibition into porous materials (modelled as a 

bundle of straight, non-connecting capillaries), the Lucas–Washburn equation43 
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where x is the distance travelled in the capillary, r is the radius of the capillary, t 

is the time, η is the fluid dynamic viscosity, γ is the interfacial surface tension, 

and θ is the contact angle between the walls of the capillary and the fluid. This 

predicts that wider pores fill quicker than narrower ones. However, it has been 

shown that at shorter time scales, especially in small length capillaries, it is the 

narrower ones that fill faster.44,45 This disagreement with the Lucas–Washburn 

equation is thought to be due to the acceleration experienced by a fluid as it 

enters a capillary, something not considered in Equation 7.1. This inertial flow 

regime is described as46 
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where ρ is the fluid density. In this case, the distance travelled by the liquid at 

time t is inversely proportional to the square root of the pore radius i.e. narrower 

pores fill quicker. This inertial regime is short but can result in high distances 

travelled,47 it has been found to be most important under conditions of limited 

fluid supply (such as in droplets48) and in real porous substrates, potentially due 

to the summing effect of inertia in an interconnected porous network.48 The 

inertial term is also of greater importance for short capillaries such as those 

typically found in porous membranes.44 In the current study, the membranes 

used have average thicknesses of 130±3 µm. Assuming straight channels (and 

similar aspect ratios), this capillary length is below that where the inertial regime 

is considered increasingly important.44,45 The inertial regime could therefore 

explain why the imbibition times for picolitre water droplets decrease with 

decreasing pore size (a similar trend was observed for the imbibition of 

microlitre water droplets).  

Following CF4 plasma fluorination of the porous membranes, picolitre 

droplets display lower maximum spreading diameters for all pore sizes 

compared to the untreated membranes, Figure 7.2. However, picolitre droplet 

imbibition behaviour was found to be dependent upon the pore size. CF4 

plasma fluorinated polyethersulfone membranes with 5 µm pores show little 

difference in imbibition behaviour of water droplets relative to the untreated 

membrane, whereas no imbibition of impacting picolitre water droplets is 

observed for fluorinated 0.1 µm pore membranes, and they remain visible on 

the surface (the decrease in contact line diameter is due to drying). For the 0.1 

µm pore surface, the average pore size is much smaller than the drop diameter 

(30 µm before impact) and the pore surface morphology combined with CF4 

plasma fluorination results in a hydrophobic surface (picolitre water droplet 

static contact angles of 138°). The surface roughness is less for the 1.2 µm 

pore surface and therefore the contact angle is lower (stabilising at 116°). This 

trend extends to the 5 µm pore surface (locally smoother in relation to the 30 

µm drop) to give a lower contact angle (95° before quickly decreasing). This 

variation in apparent contact angle (contact angle between drop and porous 

surface, which takes into account effect of roughness49) coincides with a 

change in the imbibition behaviour.50,51,52 Increased hydrophobicity creates a 

greater barrier against spontaneous imbibition. This barrier must be overcome 
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for imbibition to occur, at which point the behaviour is dictated by the contact 

angle between the walls of the pores and the fluid, which will differ from the 

apparent contact angle of the visible droplet on the surface53 (and would need 

to be below 90° if imbibition is to proceed). The differing behaviour between 

microlitre and picolitre droplets on the same membrane surface can be 

explained on the basis of the relative size of the surface features in the relation 

to the size of the drop resulting in different apparent contact angles54 and 

therefore barrier to imbibition, Table 7.2.51,52 Droplets with lower apparent 

contact angles were found to be more likely to imbibe into porous media.55,56 

Picolitre droplets may also be more likely to imbibe due to the increased droplet 

inertia during impact overcoming the hydrophobic barrier. 

Minimising spreading whilst ensuring adequate imbibition into porous 

materials is of relevance to inkjet printing where the spreading of a drop on the 

substrate defines the print resolution and imbibition into a porous material can 

aid print quality and durability.57,58 Furthermore, imbibition of water droplets on 

the CF4 plasma treated 5 µm pore surfaces shows a decrease in contact angle 

at constant contact area diameter for the majority of the imbibition, Figure 7.3. 

This is in contrast to droplet imbibition on the untreated 5 µm pore surfaces, 

which resulted in a decrease in both contact diameter and contact angle. Such 

contact line pinning in the case of the treated membrane should lead to a more 

even imbibition into the membrane to give more uniform printed features.59 

In the case of low surface tension liquids, the CF4 plasma treatment was 

not found to adversely affect the imbibition behaviour for droplets of straight 

chain alkanes due to the polyethersulfone surfaces still exhibiting oleophilicity 

following CF4 plasma treatment (static contact angles on flat, CF4 treated 

polyethersulfone 58–71° across oil range studied). This results in only a small 

increase in the imbibition rate of microlitre oil droplets compared to the 

untreated membranes, Figure 7.4. Oil imbibition is found to be quickest on 

membranes with the largest (5 µm) pores. This may be due to the time taken to 

transition from the initial inertial regime (Equation 7.2) to the viscous regime 

(Lucas–Washburn, Equation 7.1) being shorter for high-viscosity, low-density 

fluids.47 Oil imbibition time is also dependent upon the hydrocarbon chain length 

of the oil with longer chain length oils taking longer to imbibe, most likely due to 

increasing viscosity and higher contact angles, Equation 7.1.60  
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These CF4 plasma fluorinated membranes are efficient as oil–water 

separators; oils were found to imbibe into the porous network, passing through 

to be collected on the other side, whilst water droplets remained on the surface 

and could easily be rolled off, Figure 7.5. Their use in continuous flow systems 

may be limited as the oil imbibition time (lowest for 5 µm pore sized 

membranes) must be balanced against the water repellency (highest for 0.1 µm 

pore membranes), however such systems could potentially be utilised 

downstream of continuous flow separators to help maximise separation 

efficiencies. Such oil–water separators could prove extremely useful in reducing 

the environmental impact of the oil, gas, metal, textile, and food processing 

industries.61 

7.5 Conclusions 

CF4 plasma fluorination of polyethersulfone membranes results in changing 

imbibition behaviour dependent upon the pore size in relation to the drop 

diameter. It is possible to inhibit the spreading of picolitre droplets of water with 

little change in imbibition behaviour. In the case of microlitre droplets, water was 

found to remain on the surface whilst oils passed straight through. Such a 

membrane could be utilised in the separation of oil–water mixtures. 
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Chapter 8 Ultra-Fast Oleophobic–Hydrophilic 
Switching Surfaces for Anti-Fogging, 
Self-Cleaning, and Oil–Water 
Separation 

8.1 Introduction 

In the previous chapter, a porous membrane was CF4 plasma treated resulting 

in an efficient oil–water separator. The membranes were hydrophobic–oleophilic 

and therefore were found to repel water whilst allowing oil to permeate through. 

The main drawback of such separation membranes tends to be surface 

contamination with oil culminating in a drop in separation efficiency.1,2 Such 

separation membranes are also difficult to integrate into gravity-driven, 

continuous flow systems due to the tendency for oils to be less dense than 

water, resulting in a situation where separation cannot occur due to a water 

barrier layer between the hydrophobic–oleophilic membrane and the oil.3 A 

more attractive approach appears to be the utilisation of oleophobic–hydrophilic 

surfaces where the oil and oil-based contaminants are repelled and water 

passes through.4 Such surfaces are also of interested for self-cleaning,5,6,7 anti-

fog,5,8,9 and anti-fouling10,11 applications. 

One important and common method for creating oleophobic–hydrophilic 

surfaces is through the use of polyelectrolyte–surfactant complexes,12,13 where 

the surfactant is attached to the polyelectrolyte via an oppositely charged 

electrostatic interaction.14,15 In the case of polyelectrolyte–fluorosurfactant 

complexes, the fluorinated alkyl chains can orientate towards the air–solid 

interface to provide a low surface energy film. Such alignment localises 

hydrophilic portions of the polyelectrolyte in the near-surface region due to 

electrostatic attraction.16 This means that when water is placed onto the 

surface, it penetrates through defects in the fluorinated outermost layer towards 

the hydrophilic sub-surface to provide hydrophilicity.17 Whilst larger oil 

molecules are unable to penetrate through this top layer to leave the surface 

oleophobic.17 Earlier polyelectrolyte–surfactant complex oleophobic–hydrophilic 

surfaces have been impeded from more widespread usage due to several 

factors: it can take several minutes for the water to penetrate through the 
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fluorinated top layer, resulting in a surface that is initially hydrophobic;18,19 and 

the level of oil repellency is quite poor, (hexadecane contact angles of only 70° 

or less20,21,22). Pulsed plasma deposited poly(maleic anhydride) and poly(acrylic 

acid) surfaces that were subsequently complexed to fluorosurfactant displayed 

improved oleophobicity,12,13 however the two step process is unsuitable for 

many industrial applications. 

In this chapter, fast-switching oleophobic–hydrophilic polyelectrolyte–

fluorosurfactant surfaces are created by utilising three different maleic 

anhydride copolymers, Scheme 8.1. In order to systematically investigate the 

role of polymer backbone structure, these comprised poly(ethylene-alt-maleic 

anhydride) alternating copolymer as a reference standard (based on previously 

reported polyelectrolyte–fluorosurfactant switching studies12), poly(styrene-alt-

maleic anhydride) where the aforementioned alternating copolymer ethylene 

segments are replaced with styrene segments, and finally poly(styrene-co-

maleic anhydride) which is a copolymer comprising single maleic anhydride 

units alternating with styrene block segments (because maleic anhydride does 

not homopolymerise23). 
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8.2 Experimental 

Polished silicon (100) wafers (Silicon Valley Microelectronics, Inc.) and glass 

slides (Academy Science Ltd.) were used as flat substrates. Poly(ethylene-alt-

maleic anhydride) (Vertellus Specialties Inc.), poly(styrene-alt-maleic anhydride) 

(Apollo Scientific Ltd.), or poly(styrene-co-maleic anhydride) (Polyscope 

Polymers BV) were dissolved in acetone (+99.8%, Sigma Aldrich Ltd.) at a 

concentration of 2% (w/v). The cationic fluorosurfactant (Zonyl® FSD, DuPont 

Ltd.) employed for complexation was dissolved in high purity water at a 

concentration of 5% (v/v) and then added to the copolymer solution. The 

precipitated solid was collected from the liquid phase and dissolved at a 

concentration of 2% (w/v) in dimethylformamide (99%, Fisher Scientific UK Ltd.) 

for preparation of smooth surfaces and, in the case of the poly(styrene-co-

maleic anhydride)–fluorosurfactant complex, varying composition 

dimethylformamide–methanol (99%, Sigma Aldrich Ltd.) solvent mixtures were 

utilised to produce rough surfaces. Spin coating was carried out using a 

photoresist spinner (Cammax Precima) operating at 2000 rpm. For the oil–water 

separation experiments, stainless steel mesh (0.16 mm wire diameter, 0.20 mm 

square holes, The Mesh Company Ltd.) was dip coated in the copolymer–

fluorosurfactant complex solution and the solvent allowed to evaporate. 

 Glass transition temperatures of the copolymer and copolymer–

fluorosurfactant complexes were measured by differential scanning calorimetry 

(DSC, Pyris 1, Perkin Elmer Inc.). 

Microlitre sessile drop contact angle analysis was carried out with a video 

capture system (VCA2500XE, AST Products Inc.) using 1.0 µL dispensation of 

de-ionised water (BS 3978 grade 1), hexadecane (99%, Sigma Aldrich Ltd.), 

tetradecane (+99%, Sigma Aldrich Ltd.), dodecane (99%, Sigma Aldrich Ltd.), 

decane (+99%, Sigma Aldrich Ltd.), octane (+99%, Sigma Aldrich Ltd.), heptane 

(99%, Sigma Aldrich Ltd.), hexane (+99%, Sigma Aldrich Ltd.), and pentane 

(+99%, Sigma Aldrich Ltd.). Advancing and receding contact angles were 

measured by respectively increasing and decreasing the droplet size until the 

contact line was observed to move.24 Oil repellency was further tested using 

motor engine oil (GTX 15W-40, Castrol Ltd.) and olive cooking oil (Tesco PLC). 
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Switching parameters were determined by calculating the difference between 

equilibrium hexadecane and water contact angles. 

 Atomic force microscopy (AFM) images were collected in tapping mode 

at 20 °C in ambient air (Nanoscope III, Digital Instruments, Santa Barbara, CA) 

using a tapping mode tip with a spring constant of 42–83 N m-1 (Nanoprobe). 

Root-mean-square (RMS) roughness values were calculated over 100 x 100 μm 

scan areas.  

 Anti-fogging was tested by exposing the coated surfaces to a high purity 

water spray from a pressurised nozzle (RG-3L, Anest Iwata Inc.).25 Self-

cleaning was tested by dispensing oil droplets onto a surface followed by rinsing 

with high purity water. Oil–water separation was tested by pouring an agitated 

mixture of oil and water over stainless steel mesh which has been dip coated 

with copolymer–fluorosurfactant complex. Oil Red O (≥75% dye content, Sigma 

Aldrich Ltd) and Procion® Blue MX-R (35% dye content, Sigma Aldrich Ltd.) 

were employed as oil and water dispersible dyes respectively in order to 

enhance visual contrast (similar results were obtained in absence of dye).   

8.3 Results 

8.3.1 Surface Switching 

Differential scanning calorimetry (DSC) showed that the poly(ethylene-alt-

maleic anhydride) copolymer has a higher glass transition temperature 

compared to the poly(styrene-alt-maleic anhydride), which can be attributed to 

the larger molecular weight of the former and less ordering due to the stiff and 

bulky styrene groups26 for the latter, Table 8.1. In the case of the poly(styrene-

co-maleic anhydride) copolymer, the presence of a single glass transition 

temperature is consistent with block styrene segments alternating with single 

maleic anhydride units (since a plausible alternative diblock copolymer structure 

should display two respective glass transition temperatures27), Scheme 8.1. 

Also, its higher glass transition temperature compared to the poly(styrene-alt-

maleic anhydride) alternating copolymer stems from a combination of higher 

molecular weight and favourable intermolecular interactions between adjacent 

styrene units contained within the block styrene segments.28 
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Table 8.1: Glass transition temperatures of copolymers and copolymer–
fluorosurfactant complexes. 

Copolymer 

Maleic 
Anhydride 
Content / 

wt. % 

Molecular 
Weight / 
g mol-1 

Glass Transition 
Temperature / °C 

Copolymer 
Copolymer–

Fluorosurfactant 
Complex 

Poly(ethylene-alt-
maleic anhydride) 

50 60,000 155 157 

Poly(styrene-alt-
maleic anhydride) 

50 50,000 120 131 

Poly(styrene-co-
maleic anhydride) 

26 80,000 160 138 

 

Following fluorosurfactant complexation, both the poly(ethylene-alt-

maleic anhydride) and poly(styrene-alt-maleic anhydride) copolymer–

fluorosurfactant complexes display raised glass transition temperatures, which 

suggests a greater degree of ordering upon surfactant complexation, and is 

consistent with previous studies relating to copolymer–surfactant complex 

systems, Table 8.1.29,30 In contrast, for the poly(styrene-co-maleic anhydride)–

fluorosurfactant complex, the glass transition temperature is lower compared to 

that of the parent copolymer; this may be due to disruption of the favourable 

intermolecular interactions between adjacent styrene units contained within the 

block segments (something which is absent for the parent alternating 

copolymers).28,31 

Spin coating of all three copolymer–fluorosurfactant complexes dissolved 

in dimethylformamide (DMF) onto silicon wafers and glass slides produced 

smooth films (AFM RMS roughness = 1–5 nm), Table 8.2. In all cases, a time 

period of 10 s was sufficient for the water contact angles to reach their final 

static values (in fact, the poly(styrene-alt-maleic anhydride)–fluorosurfactant 

system underwent instantaneous water wetting); whereas hexadecane droplets 

remained stationary, Figure 8.1 and Table 8.2. Copolymer–fluorosurfactant 

complex surfaces prepared using an alternative quaternary ammonium cationic 

fluorosurfactant (S-106A, Chemguard) displayed similar oleophobic–hydrophilic 

switching behaviour. This was also found to be the case for copolymer–

fluorosurfactant complex surfaces created using a cationic copolymer 

(poly(styrene-alt-maleimide), SMA® 1000I, Cray Valley HSC) and an anionic 
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fluorosurfactant (Capstone® FS-63, Dupont Ltd.). Control experiments utilising 

any of the parent copolymers (in the absence of fluorosurfactant complexation) 

showed the converse trend, with an absence of superhydrophilicity and 

instantaneous spreading of hexadecane droplets, Table 8.2. 
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Figure 8.1: Microlitre water and hexadecane droplets dispensed onto copolymer spin 
coated from acetone solvent and copolymer–fluorosurfactant complex surfaces spin 
coated from dimethylformamide solvent. No relaxation in contact angle value was 
observed for hexadecane droplets. 
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 Oil repellency of the poly(ethylene-alt-maleic anhydride)–fluorosurfactant 

complex surfaces was found to improve (higher contact angle and lower 

hysteresis) with increasing hydrocarbon length of straight chain alkane droplets, 

Figure 8.2. A similar trend was observed for both of the poly(styrene-maleic 

anhydride)–fluorosurfactant complex surfaces. Furthermore, olive oil and motor 

engine oil spreading were shown to be inhibited on all three types of 

copolymer–fluorosurfactant complex surfaces, Figure 8.3. 

 

Figure 8.2: Static contact angles and contact angle hysteresis of microlitre droplets of 
oil on poly(ethylene-alt-maleic anhydride)–fluorosurfactant complex surfaces spin 
coated from dimethylformamide solvent as a function of liquid alkane chain length. A 
similar trend was noted for poly(styrene-alt-maleic anhydride)–fluorosurfactant and 
poly(styrene-co-maleic anhydride)–fluorosurfactant surfaces spin coated from 
dimethylformamide solvent. 
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Figure 8.3: Hexadecane, octane, olive oil, and motor oil droplets (left to right) on: (a) 
uncoated glass slide; and (b) poly(ethylene-alt-maleic anhydride)–fluorosurfactant 
complex surface solvent cast from dimethylformamide. A similar trend was noted for 
poly(styrene-alt-maleic anhydride)–fluorosurfactant and poly(styrene-co-maleic 
anhydride)–fluorosurfactant surfaces spin coated from dimethylformamide solvent. 
Hexadecane and octane droplets are dyed with Oil Red O (Sigma Aldrich Ltd.) to show 
contrast (similar results were obtained in the absence of dye). 

8.3.2 Anti-Fogging and Self-Cleaning 

Extremely low water contact angles are highly desirable for anti-fogging 

applications.32 Copolymer–fluorosurfactant complex dip coated glass slides 

using dimethylformamide solvent were found to retain their transparency (anti-

fogging) during water vapour exposure, Figure 8.4. 
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Figure 8.4: Demonstration of anti-fogging following exposure to water vapour 
(fogging): on uncoated glass slide and poly(ethylene-alt-maleic anhydride)–
fluorosurfactant complex solvent cast from dimethylformamide. Similar behaviour was 
observed for poly(styrene-alt-maleic anhydride)–fluorosurfactant and poly(styrene-co-
maleic anhydride)–fluorosurfactant complex dip coated glass slides using 
dimethylformamide solvent. 

Self-cleaning properties were demonstrated by rinsing off fouling oils with 

just water, Figure 8.5. This is consistent with the high receding contact angle 

measured for hexadecane, Table 8.2.33  
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Figure 8.5: Demonstration of self-cleaning: (a) uncoated glass slide and poly(ethylene-
alt-maleic anhydride)–fluorosurfactant complex coating solvent cast from 
dimethylformamide fouled with hexadecane; and (b) after quick rinse with water. 
Similar behaviour was observed for poly(styrene-alt-maleic anhydride)–fluorosurfactant 
and poly(styrene-co-maleic anhydride)–fluorosurfactant complex surfaces solvent cast 
from dimethylformamide. Hexadecane droplets are dyed with Oil Red O (Sigma Aldrich 
Ltd.) to show contrast (similar results were obtained in the absence of dye). 
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8.3.3 Solvent-Induced Roughening to Enhance Switching Parameter 

Further enhancement of the oleophobic–hydrophilic surface switching behaviour 

was investigated for the poly(styrene-co-maleic anhydride)–fluorosurfactant 

system by varying the casting solvent mixture composition, Figure 8.6. Diluting 

dimethylformamide with methanol gives rise to an increase in surface 

roughness, which is attributable to the poor solubility of the styrene block 

segments in methanol.34 This solvent-induced roughness lowers the static water 

contact angle (<10°) whilst concurrently raising the static hexadecane contact 

angle (>110°), to yield a hexadecane–water switching parameter exceeding 

100°, Figure 8.6. Control experiments showed a lack of surface roughness 

enhancement by varying the dimethylformamide–methanol solvent composition 

for poly(ethylene-alt-maleic anhydride)–fluorosurfactant and the poly(styrene-

alt-maleic anhydride)–fluorosurfactant complex solutions, which is consistent 

with the absence of low methanol solubility styrene block segments being 

present in the alternating copolymer structures, Scheme 8.1. 
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Figure 8.6: (a) AFM height images and RMS roughness values for poly(styrene-co-
maleic anhydride)–fluorosurfactant complex surfaces spin coated from different vol % 
dimethylformamide–methanol solutions; (b) AFM RMS roughness and hexadecane–
water static contact angle switching parameter of poly(styrene-co-maleic anhydride)–
fluorosurfactant complex surfaces as a function of dimethylformamide–methanol 
solvent mixture composition; and (c) correlation between hexadecane–water static 
contact angle switching parameter of poly(styrene-co-maleic anhydride)–
fluorosurfactant complex surfaces and AFM RMS roughness. 
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8.3.4 Oil–Water Separation 

Oil–water separation efficacy was tested using copolymer–fluorosurfactant 

complex coatings dip coated onto stainless steel mesh. These were then 

suspended over a sample vial followed by dispensing an agitated oil–water 

mixture. The water component was observed to pass through the mesh whilst 

the oil (hexadecane) remained suspended on the mesh surface, Figure 8.7. 

These meshes were then inclined at an angle, and pouring the oil–water 

mixture over them yielded separation efficiencies as high as 98% in the case of 

the poly(styrene-co-maleic anhydride)–fluorosurfactant complex surface 

(attributable to the dimethylformamide–methanol solvent mixture induced 

roughness enhancement of the oil–water switching parameter), Figure 8.7 and 

Table 8.3. The absence of solvent induced roughness resulted in lower oil–

water separation efficiencies for the two alternating copolymer–fluorosurfactant 

complex systems. 
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Figure 8.7: Demonstration of oil–water separation: hexadecane–water mixture 
dispensed onto (a) uncoated stainless steel mesh; (b) stainless steel mesh dip coated 
with poly(styrene-co-maleic anhydride)–fluorosurfactant complex in 33 vol % 
dimethylformamide–66 vol % methanol solvent mixture; and (c) inclined coated 
stainless steel mesh dip coated with poly(styrene-co-maleic anhydride)–
fluorosurfactant complex in 33 vol % dimethylformamide–66 vol % methanol solvent 
mixture acting as oil–water separator (oil and water are shown to be collected into 
separate beakers). Similar behaviour was observed for octane– and motor oil–water 
mixtures. Hexadecane is dyed with Oil Red O (Sigma Aldrich Ltd.) to show contrast 
(similar results were obtained in the absence of dye). 
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Table 8.3: Oil–water separation efficiencies for copolymer–fluorosurfactant complex 
dip coated stainless steel mesh from 33 vol % dimethylformamide–66 vol % methanol 
solvent mixtures. 

Switching Surface 
AFM RMS 

Roughness / 
nm 

Oil–Water 
Separation 

Efficiencya / % 

Poly(ethylene-alt-maleic 
anhydride) + fluorosurfactant 

1.1±0.3 0 

Poly(styrene-alt-maleic 
anhydride) + fluorosurfactant 

2.7±0.3 48±4 

Poly(styrene-co-maleic 
anhydride) + fluorosurfactant 

246±3 98±2 

a
100% efficiency corresponds to complete separation of water from hexadecane. 

8.4 Discussion 

Previously reported polymer–fluorosurfactant complex surfaces that display 

oleophobic–hydrophilic switching behaviour rely on the inherent hydrophilicity of 

the base polymer.17 For instance, in the case of solvent cast ionic polymer–

fluorosurfactant complex surfaces, the fluorinated surfactant tails segregate at 

the air–solid interface, thereby aligning the hydrolysed counterionic groups 

towards the near-surface region as a consequence of their strong electrostatic 

attraction towards the ionic surfactant head.16,35,36 This interfacial interaction 

leads to an enhanced concentration of hydrophilic groups in the near-surface 

region compared to the parent polymer. It has been proposed that such 

polymer–fluorosurfactant surfaces are able to exhibit oleophobic–hydrophilic 

switching behaviour due to the existence of defect sites or ―holes‖ at the 

fluorinated surfactant tail air–solid interface through which water molecules can 

penetrate down towards the complexing counterion hydrophilic sub-surface.17 

This description helps to explain why all three copolymer–fluorosurfactant 

complex systems in the present study display lower final static water contact 

angles compared to their parent base copolymers, Figure 8.1 and Table 8.2. 

The oleophobic–hydrophilic behaviour of such polymer–fluorosurfactant 

complex surfaces can be quantified in terms of a switching parameter (for 

instance, the difference in measured static contact angle between hexadecane 

and water droplets), Figure 8.8. Most previous studies have tended to quote 
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water contact angles only after allowing the droplet to stabilise over several 

minutes on the surface because of the slow rate at which water molecules 

penetrate through towards the hydrophilic sub-surface to manifest surface 

switching (although the surface initially is hydrophobic).18,19,21 In the present 

investigation, the time taken to reach a final static water contact angle is much 

shorter (<10 s) for all copolymer–fluorosurfactant systems. Furthermore, both 

styrene-containing copolymer–fluorosurfactant complex surfaces reach a final 

static water contact angle value much quicker than their ethylene-containing 

copolymer counterpart due to the bulky styrene side group providing a lower 

packing efficiency for the former, and thereby facilitating a faster penetration of 

water into the hydrophilic sub-surface, Figure 8.1. This explanation is consistent 

with the styrene-based copolymer–fluorosurfactant complexes having lower 

glass transition temperatures, Table 8.1. In addition, for the case of the 

poly(styrene-alt-maleic anhydride) copolymer, the more disordered nature of the 

alternating styrene side groups provides a greater level of polymer chain 

mobility,37,38 which allows the fluorinated alkyl chains to reorient themselves 

more readily at the solid–air interface (culminating in instantaneous water 

wetting and high hexadecane contact angle values, Figure 8.1 and Table 8.2).  
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Figure 8.8: Oleophobic–hydrophilic switching parameters for nominally flat surfaces 
reported in the literature: (a) Zhang,19 (b) Antonietti,20 (c) Turri,22 (d) Youngblood,6 (e) 
Sawada,18 (f) Badyal,12 (g) Sawada,21 (h) Badyal,13 (i) poly(ethylene-alt-maleic 
anhydride)–fluorosurfactant (RMS = 1.1±0.3 nm), (j) poly(styrene-alt-maleic 
anhydride)–fluorosurfactant (RMS = 2.7±0.3 nm), (k) poly(styrene-co-maleic 
anhydride)–fluorosurfactant (smooth, RMS = 5.3±1 nm), and (l) poly(styrene-co-maleic 
anhydride)–fluorosurfactant (rough, RMS = 246±3 nm). Switching parameters are 
calculated from the difference between hexadecane and water static contact angles. 
Time taken for water to reach final static water contact angle value is given in brackets 
if reported. 

The high receding hexadecane contact angle and low surface roughness 

of copolymer–fluorosurfactant complex surfaces spin coated from 

dimethylformamide solvent make them ideal for self-cleaning and anti-fog 

applications, Table 8.2 and Figures 8.3–8.5. Such surfaces are easily cleaned 

by rinsing in water (which replaces the oil–solid interaction with a much more 

favourable water–solid interaction, i.e. switching). 

Dissolving the poly(styrene-co-maleic anhydride)–fluorosurfactant 

complex in a dimethylformamide–methanol solvent mixture prior to film 

formation enhances surface roughness due to the poor solubility of the styrene 

block segments in methanol.34 This surface roughness is capable of improving 

hydrophilicity due to increased surface area (Wenzel wetting39) and 

oleophobicity due to the ability to trap air (Cassie-Baxter wetting40), Table 
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8.2.41,42,43 A key advantage of this approach is that it circumvents the need for 

introducing roughness as a separate step through the incorporation of additional 

materials19,41,44 or by mixing roughening particles into the copolymer–

fluorosurfactant complex solution. It is envisaged that a range of different 

solvents or coating methods (e.g. spray coating45) may be used to introduce 

surface roughness for the enhancement of the switching parameter for other 

types of polymer–surfactant complex systems. 

Coating of steel mesh with such roughened poly(styrene-co-maleic 

anhydride)–fluorosurfactant complex surfaces (prepared from 

dimethylformamide–methanol solvent mixtures) provides two length scales of 

roughness (steel mesh pores plus solvent-induced film roughness) both of 

which help to lower oil contact angle hysteresis (improve oil repellency).46,47 

When combined with the inherent high switching parameter, oil–water 

separation with >98% efficiency is attained, Table 8.3. This performance 

matches existing oleophobic–hydrophilic systems for oil–water separation 

(which however tend to be far more complex in nature and fabrication 

methods).7 Although there are more efficient separation processes (99.999% 

efficiency48) based on membrane filtration where small pores allow the passage 

of water whilst blocking oils,49 such filters have low volume throughput and can 

be easily clogged with excess oil (requiring cleaning or replacement). Other 

membranes, such as those investigated in Chapter 7 are hydrophobic–

oleophilic. One embodiment of the current methodology would be to deploy it for 

pre-treatment filters installed upstream of conventional membrane filters, 

thereby ensuring removal of the majority of oil-based contaminants so as to 

minimise the amount of oil reaching the membrane filters (and therefore avoid 

blockage as well as maximise efficiency). Such oil–water separators could 

potentially help to tackle the environmental impact of the gas, oil, metal, textile, 

and food processing industries.50 

8.5 Conclusions 

Solvent cast copolymer–fluorosurfactant complexes have been found to display 

large magnitude oleophobic–hydrophilic switching behaviour as well as rapid 

switching speeds. Further enhancement in switching performance is achieved 

by combining surface chemical functionality and roughness. These ultra-fast 
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switching oleophobic–hydrophilic surfaces have been shown to display 

excellent anti-fog, self-cleaning, and oil–water separation properties. 
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Chapter 9 Conclusions and Further Work 

The impact, spreading, and imbibition of picolitre droplets of water is dependent 

upon a range of surface properties including chemistry, roughness, charge, and 

porosity. In Chapter 3, it was found that the impact and spreading of picolitre 

droplets of water onto superhydrophobic CF4 plasma fluorinated polybutadiene 

surfaces is strongly influenced by the length scale of surface topography (for 

similar RMS roughness values). Large differences are observed between the 

behaviour of microlitre and picolitre drops, implying that measurements made 

with conventional contact angle instruments are unlikely to be good predictors 

of inkjet behaviour. The droplet oscillation frequency following impact was found 

to be a good parameter to differentiate the different droplet dynamics arising 

from different surfaces topographies. The superhydrophobic surfaces were 

found to inhibit spreading, resulting in a static spreading ratio of 0.63. Such 

surfaces could be utilised for high-resolution inkjet printing. Further work could 

entail studying the impact and spreading of inkjet-relevant droplets such as 

glycol ethers or alcohols. Issues such as droplet bouncing could be mitigated by 

utilising a patterned substrate featuring hydrophilic spots on a superhydrophobic 

background, increasing droplet adhesion whilst improving feature size and 

printed line formation. 

 Plasma texturing of polybutadiene was found to result in two length 

scales of surface roughness. A further level of morphology can be added via 

solvent templating. In Chapter 4, solvent casting of polybutadiene under 

controlled humidity gives rise to the formation of two-dimensional hexagonally 

ordered honeycomb arrays. Pore aperture size and surface coverage can be 

independently controlled by varying the humidity and polymer concentration 

respectively. CF4 plasmachemical modification imparts low surface energy 

functional groups in combination with surface texturing and sub-surface cross-

linking of the honeycomb structures to yield superhydrophobicity (high contact 

angles and low hysteresis for microlitre droplets and bouncing for picolitre 

droplets). Further control of the honeycomb structures could be achieved 

through altering the molecular weight or chemistry of the polymer. Other 

polymer systems could give rise to different pore sizes more suitable for 
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picolitre droplet impact and so a more systematic study of pore size and 

distribution could be carried out. Other polymer–solvent systems could also give 

rise to 3D porous networks. 

 The dynamics of droplet impact are also found to be governed by the 

mechanical properties of the substrate. In Chapter 5, it was found that the 

dynamics of picolitre water droplets following impact onto thin films is governed 

by the underlayer film thickness and mechanical hardness. Thicker films give 

rise to higher oscillation frequencies due to greater surface deformation (ridge 

formation) around the contact line. Further work could entail curing the polymer 

films at different temperatures to achieve different levels of crosslinking. In 

addition, by altering the plasma deposition parameters of poly(vinylbenzyl 

chloride) it may also be possible to control the mechanical properties of this 

layer.  

 Plastic substrates are susceptible to charging, which can affect droplet 

impact. In Chapter 6, it was found that increased droplet velocities due to 

electrostatic attraction between charged polymer substrates and picolitre 

droplets resulted in variable impact behaviour that can depend upon the degree 

of surface roughness and therefore contact angle hysteresis. Higher surface 

potentials result in higher droplet velocities and can give rise to unexpected 

behaviour such as a decrease in print resolution or droplet bouncing. Further 

work in this area could involve the introduction of patterned charge on the 

surface, which may enable the ability to observe lateral droplet movement either 

on the surface or in air. The addition of electrolytes to the jetted fluid may help 

to determine the nature of the charged species involved. 

 The previous work in this thesis was concerned with the impact and 

spreading on solid surfaces. However droplet impact upon porous materials is 

also relevant to a variety of applications. In Chapter 7, the CF4 plasma 

fluorination of polyethersulfone membranes resulted in alteration of the 

imbibition behaviour dependent upon the membrane pore size in relation to the 

drop diameter. It is possible to inhibit the spreading of picolitre droplets of water 

with little change in imbibition behaviour, which could be of use in inkjet printing 

where increased print resolution and ink adhesion are important. In the case of 

microlitre droplets, water was found to remain on the surface whilst oils passed 

straight through. Such a membrane could therefore utilised in the separation of 
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oil–water mixtures. Further work on porous materials could involve altering the 

plasma treatment parameters to introduce plasma-induced roughness to the 

porous materials, which will affect the imbibition. It would also be possible to 

acquire straight channel polyethersulfone membranes and compare them to the 

interconnected pore membranes featured in the current work. 

 The separation of oil and water is an important challenge with many 

applications. In Chapter 8, solvent cast copolymer–fluorosurfactant complexes 

were found to display large magnitude oleophobic–hydrophilic switching 

behaviour as well as rapid switching speeds. Further enhancement in switching 

performance is achieved by combining surface chemical functionality and 

roughness. These ultra-fast switching oleophobic–hydrophilic surfaces have 

been shown to display excellent anti-fog, self-cleaning, and oil–water separation 

properties. Further work could entail the addition of roughening particles to the 

copolymer–fluorosurfactant complex solution prior to deposition in order to 

enhance the oleophobic–hydrophilic properties of this coating. A study of the 

effect of polymer and fluorosurfactant properties on the switching speed (the 

time taken for water to penetrate down to the hydrophilic subsurface) could be 

carried out through the utilisation of the picolitre droplet rig from earlier 

chapters. 

 Throughout this thesis, it has been demonstrated that a range of 

substrate properties can govern the impact and spreading of picolitre water 

droplets; the behaviour of which can be found to differ from larger droplets 

typically used to characterise the wettability of a surface. This work will be 

applicable to a range of applications including microfluidics, oil–water 

separation, and inkjet printing.   

 


