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William N A Bergius 

 

Synthesis of well defined, linear-dendritic, end-functionalised poly N-vinyl 

pyrrolidone additives via reversible addition-fragmentation transfer 

polymerisation for use in polymer electrolyte membrane fuel cells 

 

Abstract 

 

An ongoing challenge in polymer science is the preparation of materials with 

specific surface properties that differ from the bulk, whilst retaining the 

advantageous mechanical properties of the bulk polymer.  We have explored the 

use of multi-end functionalised polymer additives, which undergo rapid 

spontaneous adsorption to a surface or interface, as an efficient method of 

modifying surface properties.  These materials are of potential use in tailoring the 

hydrophobicity of the gas diffusion layer (GDL) in a polymer electrolyte membrane 

fuel cell (PEMFC), and hence optimising fuel cell efficiency. 

In this research, reversible addition-fragmentation transfer (RAFT) polymerisation 

has been used to synthesise a range of well-defined, low molecular weight, end-

functionalised poly N-vinyl pyrrolidone (PVP) polymer additives bearing aryl-ether 

end groups containing up to three, low surface energy, C8F17 fluoroalkyl chains.  

Polymer end-functionality is introduced via the design of functionalised RAFT chain 

transfer agents (CTAs). 

Three novel CTAs have been made in addition to their corresponding end-

functionalised PVP additives, in a range of molecular weights.  Thin films have 

been prepared comprised of polymer blends of unfunctionalised PVP and varying 

percentages of each end-functionalised PVP additive, and these films have been 

analysed by contact angle measurements, ion beam analysis and atomic force 

microscopy in order to investigate effects of additive concentration, additive 

molecular weight, matrix molecular weight, design of functional group and 

annealing.  We have shown that modest amounts of additive (<2.5%) can render 

the surfaces of bulk PVP hydrophobic and lipophobic. 
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1.1  Introduction to PEM Fuel Cells and Gas Diffusion Layers 
 

1.1.1  Fuel Cells: basic principles, classifications and applications 

 

Most simply defined, a battery is a device which converts stored chemical energy 

into electrical energy.  While there are many different types suiting a variety of 

applications, in broad strokes a battery will typically consist of a series of voltaic 

cells, each cell comprising of an anode and a cathode connected by means of an 

electrolyte through which charged ions can migrate but electrons cannot.  Each 

electrode is made of a compound comprising one half of a redox pair, typical 

examples in “primary” (disposable) batteries include zinc-carbon, zinc-chloride, 

zinc-manganese dioxide (“alkaline” battery) and lithium-manganese dioxide 

(“lithium” battery).  Different materials have different reduction potentials which in 

turn affect the electromotive force of the resulting cell, and hence material choice is 

vital when considering the application of the battery as this will affect its operating 

characteristics.  Obviously the type of battery used in a pacemaker has very 

different requirements to that which might be used in an electric vehicle in terms of 

electrical output amongst other concerns such as operational lifetime, size and 

toxicity. 

As the electrolyte in a typical battery is ion conducting yet electrically insulating, the 

redox reaction is able to occur via the migration of ions through the electrolyte, 

however the terminals of the battery need to be connected in an electrically 

conducting circuit to allow the passage of electrons from the anode to the cathode 

and complete the redox reaction.  In this way, the chemical reaction within the 

battery is used to drive electrons around an external circuit where they are used to 

perform electrical work.  In the case of a primary battery when the fuel contained 

therein is exhausted, the battery is disposed of.  However in a so-called 

“secondary” (rechargeable) battery, the redox reaction is easily reversed by the 

application of electrical current across the battery terminals thus recharging the 

battery for further use.[1,2] 
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In principle, a fuel cell operates in much the same way as an everyday battery.  

Whereas a battery contains a finite source of fuel which when exhausted renders 

the battery useless (except in the case of a secondary battery where it is possible 

for it to be recharged), the main characteristic that differentiates a fuel cell from a 

battery is that its fuel is fed into the cell continuously from an external source (to 

the anode, and an oxidant such as air to the cathode).  Therefore a fuel cell will in 

principle continue to generate electricity and heat for as long as its fuel supply is 

maintained. In reality however, fuel cells do have a maximum working lifetime 

which varies between the differing types that are under development or in use 

today.[3,4] 

There are several significant advantages that fuel cells in general possess over 

batteries, predominantly associated with inherent problems with batteries 

themselves.  With many types of battery there is a small risk of explosion which 

can be caused by malfunction, attempting to recharge a primary battery or short 

circuiting a battery.  By the nature of their design they are a sealed vessel and due 

to the hazardous nature of their chemical contents, this can be particularly 

dangerous.  In the case of larger lead-acid batteries, overcharging can lead to the 

evolution of hydrogen gas through the electrolysis of water increasing the risk of 

explosion.  Additionally if a battery is exposed to extremes of heat or fire, again due 

to their sealed nature, a serious explosion can occur.  

Fuel cells on the other hand only contain a small amount of fuel when in use 

whereas the bulk is stored in a separate vessel or tank.  While this in itself may be 

cause for concern, for example in the case of hydrogen in a PEMFC (Proton 

Exchange Membrane or Polymer Electrolyte Membrane Fuel Cell), it is in fact 

relatively safe.  As a primary use for PEMFCs is in the automotive industry where 

fire safety is a serious concern, it is worth quickly comparing the use of hydrogen 

fuel to that of current day petroleum in this regard (Figure 1.01).  Hydrogen gas is 

approximately fifteen times less dense than air, and if released disperses 

remarkably quickly making it more difficult to ignite than one might initially imagine.  

If ignited it burns extremely quickly and cleanly and will do so well above, for 

example, the passenger compartment of a vehicle.  As well as this clear advantage 
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over liquid petroleum which pools below a vehicle and will effectively incinerate it, 

hydrogen burns at a far quicker rate than petroleum thus making hydrogen less of 

a fire threat both before and after ignition.  Hydrogen burns cleanly, producing 

nothing other than water vapour as a by-product, again in contrast to petroleum 

which produces amongst many other toxic emissions, NOx, CO, CO2 and 

particulate matter which are an extreme hazard in an accidental fire as they can 

quickly overcome anyone unfortunate enough to inhale these gases.  Hydrogen 

itself is also non-toxic, again in contrast to petroleum which is extremely toxic in its 

liquid form.  The fuel cell itself is not sealed, and if exposed to fire or impact will 

simply fail rather than explode as in the case of a battery.[5] 

 

 

 

Figure 1.01.  Series of frames from a 3 minute video of a fire test between a hydrogen powered 

vehicle (left) and a traditional petroleum powered vehicle (right).  In both cases the fuel line was 

severed and then the fuel ignited.  Frame 2 shows both vehicles 3 seconds after ignition, frame 3 is 

60 seconds after ignition and frame 4 shows the petroleum powered vehicle 140 seconds after 

ignition by which time the hydrogen powered vehicle was no longer alight.
[5]

 

 

As well as the increased risk of explosion associated with batteries over fuel cells, 

another point worth considering is the possibility of leakage.  Hydrogen is non-toxic 

and disperses extremely rapidly, thus in the case of a leakage or spill is not 

particularly dangerous unless in large amounts or near a source of ignition where it 

becomes a fire hazard, though as we have already discussed, a generally less 

serious one than petroleum.  A battery on the other hand typically contains 

materials that are corrosive, toxic or both.  In the case of leakage through accident 

or misuse this can pose a more serious problem.  In many zinc-based batteries, 
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the battery casing is in fact made of zinc, forming both the battery casing and an 

electrode.  In this case if the battery is run all the way down or is recharged after 

being run down too far, the contents of the battery are liable to leak from their zinc 

casing.  This can easily occur over long periods of inactivity as the battery slowly 

self-discharges which is why manufacturers advise removal of batteries from 

equipment when not being used for extended periods of time.  In carbon based 

batteries or “dry” cells (often referred to as “heavy duty”), self-discharge leads to 

the slow evolution of hydrogen gas within the battery causing a pressure build up 

and eventual failure of the battery seals, again leading to leakage of the battery 

contents.  The same process can also lead to swelling of the battery which 

depending upon its situation within a piece of equipment can lead to the cell 

becoming stuck and rendering the equipment unusable.  When leakage does occur 

from any battery, aside from the obvious health and safety concerns associated 

with these generally toxic and corrosive chemicals contained therein, there is often 

also the risk of permanent damage to the equipment in which they are installed. 

The widespread use of batteries also gives rise to several environmental concerns, 

most importantly the toxic metal pollution that can arise from their improper 

disposal.  In contrast with, for example, a Direct Methanol Fuel Cell (DMFC), suited 

for use with small appliances such as laptop computers and mobile phones, the 

fuel cell is a permanent fixture in the equipment, and all that is disposed of is empty 

plastic cartridges once their methanol fuel has been exhausted.  One assumes that 

as the technology develops, the ability to refill these cartridges may well become 

an option. 

As with batteries there are several different types of fuel cell which vary according 

to the type of fuel or electrolyte being used, and therefore have varying specific 

operating conditions with a range of power outputs suitable for a multitude of 

applications.  The most common types are the PEMFC, the Direct Methanol Fuel 

Cell (DMFC), the Alkaline Fuel Cell (AFC), the Phosphoric Acid Fuel Cell (PAFC), 

the Molten Carbonate Fuel Cell (MCFC) and the Solid Oxide Fuel Cell (SOFC).  

The use of DMFCs for example is generally targeted at portable applications such 

as laptop computers and mobile telephones as, while the fuel efficiency of these 
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fuel cells is significantly lower than most other types, methanol has a high energy 

density enabling a DMFC to produce a low power output for extended periods of 

time with the use of small volumes of fuel.  Methanol is reasonably stable under all 

of the conditions in which these types of device could reasonably be expected to 

operate, and typical operating temperatures of a DMFC are within the range of 50-

120°C.  In contrast the use of SOFCs are generally suited to much larger scale 

applications ranging from auxiliary power units in large vehicles to power supplies 

for entire buildings.  Typical operating temperatures are 500-1000°C, requiring an 

initial start-up sequence to heat the fuel cell, but these higher operating 

temperatures negate the use of expensive platinum catalysts required in many 

other low temperature fuel cells.  SOFCs are high output fuel cells which can 

achieve fuel efficiencies of up to 60%, have a comparatively long operational 

lifetime as well as being relatively low cost and produce few emissions.  Research 

and development is on-going with all of these fuel cell types, though only the 

PEMFC will be discussed in detail here as it is this type of fuel cell that is the focus 

of this project.[3,4] 

 

1.1.2  Proton Exchange Membrane Fuel Cells (PEMFCs) 

 

1.1.2.1  Introduction to Proton Exchange Membrane Fuel Cells 

 

There are several main advantages in the use of fuel cells, the most obvious of 

which are their efficiency as well as their cleanliness, in part due to the lack of any 

form of combustion within a fuel cell or in the case of hydrogen fuel cells, the lack 

of toxic or corrosive fuels.  In a PEMFC the only by-products of fuel cell operation 

are heat and water.  The heat can be utilised with the use of a cogeneration 

system, or used for a secondary purpose such as central heating in a PEMFC 

powered vehicle.  Some of the water can also be recycled within the fuel cell for 

use in the water management system which ensures that the polymer membranes 
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within the cell are sufficiently hydrated without being flooded.  Far higher fuel 

efficiencies can be achieved than in standard conventional power generation 

methods due to the complete absence of mechanical work involved in the 

operation of a fuel cell (between 30-65% depending on fuel cell type and operating 

conditions compared to an approximate maximum of 20% for a standard internal 

combustion engine).  Hydrogen fuel for use in PEMFCs can be generated by the 

electrolysis of water which while requiring electricity to produce, this electricity can 

be obtained from any source including all renewable forms of power generation.  

Hydrogen fuel can also be produced by a variety of other methods including steam 

reforming from fossil fuels, partial oxidation and plasma reforming.  These other 

forms of hydrogen generation are of particular interest, as in theory they can be 

performed on a small scale in a PEMFC powered vehicle with the use of an on-

board reactor.  This would potentially allow a hydrogen powered vehicle to run on 

fossil fuels, which while negating some of the environmental benefits of PEMFC 

use in personal transport, would initially aid the viability of such a vehicle during the 

period of time it would take to set up a national hydrogen fuel infrastructure. 

PEMFCs are comprised of several basic components including the unit cell (Figure 

1.02), unit cell stack (Figure 1.03), and the Balance of Plant (BoP).  The unit cell is 

the fundamental building block of a fuel cell, and is the region where the actual 

electrochemical reaction occurs, consisting of a cathode and an anode separated 

by an electrolyte (in the case of a PEMFC, a proton conducting, electrically 

insulating polymer membrane).  The unit cell itself is small and has a low power 

output (typically less than a volt), but multiple unit cells are combined in electrically 

connected stacks that can be tailored to an overall desired output. 
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Figure 1.02.  Schematic diagram of a typical unit cell in a fuel cell. 

 

The unit cell stack is the part of the fuel cell where electricity is actually generated, 

and the balance of plant (BoP) is the part that carries out all of the other functions 

that are necessary for fuel cell operation.  These functions vary depending on the 

type of fuel cell in question, but typical examples include fuel preparation where 

fuels other than pure hydrogen are being used, maintaining a consistent fuel 

supply, maintaining constant air supply to the cathode (oxidant), thermal 

management to ensure unit cell stack remains within its optimum operational 

temperature range, water management as will be discussed later, and electrical 

conditioning to provide a constant stable electrical output. 

A PEMFC utilises the electrochemical reaction between hydrogen and oxygen to 
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generate electricity, requires pure hydrogen fuel and typically uses ambient air as a 

source of oxygen.  Hydrogen is the most abundant gas in the universe, is 

colourless, odourless and tasteless, and though the lightest element, has the 

highest energy content per unit weight of all fuels.  It is also producible from a 

variety of sources, including fossil fuels such as natural gas, methane and coal, by 

means of steam reformation, as well as several renewable sources including the 

wind, solar, geothermal and hydroelectric powered electrolysis of water. 

As already mentioned, the only by-products of PEMFC operation are heat and 

water, both of which are potentially useful within the fuel cell or to the system it is 

supplying with power.  Because the electrolyte in a PEMFC is a solid membrane as 

opposed to a liquid, the manufacturing process is less complex than for some other 

fuel cell types, which can involve the handling of liquid electrolytes, often corrosive 

acids or bases.  The unit cell stack in a PEMFC typically operates at a temperature 

of 60-80˚C which is far lower than other fuel cell types (e.g. SOFC cell stack 

operational temperature is 500-1000˚C) which often require lengthy initial start-up 

times.  As already discussed, fire tests on petroleum and hydrogen powered cars 

have shown that if the fuel tank was to catch fire, hydrogen is actually no more 

dangerous a fuel than petroleum.  All of these factors combined make PEMFC 

technology a viable fuel cell technology for use in automotive transport. 

The unit cell in a PEMFC consists of the anode where hydrogen is split into protons 

and electrons by a platinum catalyst, the cathode where oxygen reacts with the 

protons and the electrons to form water, and the polymer membrane which forms a 

solid barrier between the two thus separating the fuel (hydrogen) and oxidant (air).  

Carbon electrodes are typically used, both with a platinum catalyst which is 

poisoned by carbon monoxide, thus requiring the use of extremely pure hydrogen 

(directly or via filters / fuel converter in the BoP).  The polymer membrane is 

usually a fluorinated sulfonic acid polymer (Nafion) or similar, the properties of 

which are crucial to the overall working and efficiency of the fuel cell.  It must be a 

good conductor of protons such that they may cross the membrane easily and 

recombine with oxygen and their electrons to form water.  It must also be an 

electrical insulator in order to insulate the anode from the cathode, so that the 
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electrons liberated from the hydrogen fuel by the platinum catalyst are forced to 

travel around an external circuit that connects the two electrodes.  In addition to 

this, the polymer membrane must also act as a physical barrier between the fuel 

and the oxidant in order to prevent them from reacting directly with each other and 

chemically short circuiting the cell. 

On either side of the unit cell (anode | polymer membrane | cathode) is a “porous 

backing layer” or “Gas Diffusion Layer” (GDL).  It is these layers that form the 

electrical interconnects between unit cells to form the unit cell stack (Figure 1.03), 

but they also perform several other important tasks.  As the name suggests they 

act as a gas diffuser by means of a network of small grooves termed “channels” 

that give an even and consistent spread of gas (fuel or oxidant i.e. hydrogen or air 

depending on the electrode in question) over the surface of the electrode.  They 

also offer mechanical support to the unit cell stack, and allow an exit pathway for 

water to be removed from the electrodes. 
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Figure 1.03.  Diagram of a unit cell (left) and cell stack (right) in a PEMFC.  1. Pure hydrogen is fed 

to the anode directly (or through filters / fuel converter etc) via the channels in the GDL ensuring an 

even distribution over the anode.  2. At the anode the hydrogen is split into its constituent protons 

and electrons by the platinum catalyst.  3. The polymer electrolyte membrane conducts the protons 

through to the cathode side of the unit cell but blocks the passage of electrons which are forced to 

travel around an external circuit thus electrical current is generated.  4. On the other side of the unit 

cell, air (containing oxygen) is fed to the anode, again via channels in the GDL.  5. The oxygen 

molecules then combine with the electrons and protons to form water as a by-product.  6. The water 

is channelled away from the electrode to avoid flooding of the unit cell. 

 

Water management is a key problem in the design and operation of PEMFCs, as 

the polymer membrane must be kept hydrated without being allowed to flood.  As 

previously stated, water is the only chemical by-product of the electrochemical 

reaction taking place in the unit cell, and thus when the fuel cell is running water is 

being produced within the unit cell stack continuously.  Therefore water must be 

removed from the unit cell stack at the same rate as it is produced within the stack 
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to ensure the correct level of hydration. 

The requirements for hydration of the polymer membrane are twofold.  First, the 

polymer membrane must be hydrated to a certain extent as its proton conducting 

ability relies heavily upon bound and free water associated with ionic groups within 

the polymer structure.  If it was allowed to dry, the membrane would no longer 

conduct protons from the anode to the cathode, and the unit cell would cease to 

generate electricity.  Secondly, if the membrane is allowed to dry out completely it 

will eventually crack, allowing the hydrogen fuel to react directly with the oxygen 

thus creating a gas short circuit.  This short circuit would not only cause the unit 

cell to cease generating electricity, but the direct reaction of fuel and oxidant would 

generate large amounts of heat which would cause irreparable damage to the fuel 

cell. 

However, the amount of water must be maintained at a constant level, otherwise if 

it is not efficiently removed the anodes and cathodes within the unit cell stack will 

become physically flooded, and reactant gases will not be able to reach them 

leading to a serious decrease in efficiency.  So it can be seen that water 

management within the cell stack is crucial not only to the efficient running of the 

cell, but also to avoid cracking of the polymer membrane and subsequent 

irreversible damage to the fuel cell.[3,4] 

 

1.1.2.2  The Gas Diffusion Layer (GDL) 

 

As previously discussed, the Gas Diffusion Layer performs several vital roles within 

the unit cell stack, thus requiring several important properties.  The GDL has a 

series of reactant channels etched into it, which are designed to allow an even 

distribution of reactant gas over the anode and cathode.  The areas between these 

channels are known as “lands” and are in contact with approximately 50% of the 

surface area of each electrode (the other 50% comprising of contact with 

channels).  These lands provide the electrical connectivity between adjacent unit 
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cells within the cell stack.  As well as this basic function, the GDL must possess 

several other important properties.  It must have good reactant gas permeability, 

allowing reactant gas access to the catalyst and electrodes, including in-plane 

permeability, again to allow an even distribution of reactant gas over each 

electrode.  The GDL must also possess good water permeability, allowing the 

water produced as a by-product of fuel cell operation to be removed in order to 

avoid flooding.  They must possess good through-plane and in-plane electrical 

conductivity between electrodes they separate and also the bipolar plates at either 

end of the cell stack.  In addition to this they must provide good thermal 

conductivity to allow for the efficient removal of heat from the unit cell stack to the 

bipolar plates where coolant channels are located.  Finally the GDL must have 

good mechanical strength, both to support the unit cell stack in case of reactant 

gas pressure differences occurring within the unit cell, and equally importantly to 

maintain the shape of the reactant gas channels.  The interfacial conductivities 

between GDL and electrode, or GDL and bipolar plate, are strong functions of 

compression, and so the channels in the GDL must be able to resist collapse under 

this compression, which would prevent reactant gasses from reaching the 

electrodes resulting in a substantial loss of efficiency. 

One of the main areas of research in the field of PEMFCs is in the design, 

optimisation and manufacture of the GDL, and it is this component that our 

research is intended for.  A typical GDL in a PEMFC is made from a base sheet of 

carbon fibre, used for its high porosity and good electrical conductivity.  This 

carbon fibre sheet is then typically coated by dipping in a polymer solution 

containing polytetrafluoroehtylene (PTFE), fluorinated ethylene propylene (FEP) or 

some other hydrophobic polymer to further increase hydrophobicity.  Our research 

is aimed at the manufacture of low molecular weight, low surface energy, end-

functionalised polymer additives which can be used in exceptionally small amounts 

(~0.1-5% by mass relative to the unfunctionalised base or matrix polymer) to tailor 

the surface hydrophobicity of the resulting polymer coated carbon fibre sheet.  It 

was envisaged that this additive could either be used in place of existing 

fluoropolymers which are expensive and challenging to disperse easily in the 
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matrix, or to allow the use of much reduced quantities of fluoropolymer. An 

additional potential benefit of the designed additives is that they may act as 

macromolecular surfactants to aid the dispersion of the fluoropolymers.  The end-

functionalised additive is added to the polymer solution used for dipping and, as 

will be discussed in more detail in the following section, due to its low surface 

energy, undergoes spontaneous surface adsorption giving rise to a more 

hydrophobic surface after the dipping and drying processes are complete.  By 

varying the quantity of the additive or the type of end-group, the resulting 

hydrophobicity of the GDL can then be tailored to a desired specification.  The 

ability to do this is of specific interest as being able to tailor the hydrophobicity of 

the GDL, which is adjacent to all sites where flooding can occur within a unit cell 

stack (catalyst, anode and cathode), could aid greatly in the process of water 

management and help to prevent flooding at these sites, thus increasing the 

efficiency and reliability of the fuel cell.[3,6] 

 

  



 

 
 

15 

1.2  Low molecular weight polymers as surface modifying additives 
 

The behaviour of end-functionalised polymers incorporating fluoroalkyl chains at 

surfaces and interfaces has been studied by several research groups in recent 

years.[7-20]  The aim of our research, as previously stated, is to synthesise a low 

molecular weight, end-functionalised polymer additive in order to modify the 

surface properties (specifically hydrophobicity) of its corresponding bulk polymer.  

This is achieved by virtue of a low surface energy, fluorinated end-group which, 

when blended with the un-functionalised bulk polymer (either in solution or 

significantly above its Tg), gives rise to rapid spontaneous surface adsorption of the 

functionalised additive, resulting in a polymer with a low energy, fluorine-rich 

surface.  This highly efficient method of surface functionalisation of a bulk polymer 

by spontaneous surface segregation of a low molecular weight polymer additive 

bearing 2-4 fluoroalkyl chains on a pendant end-group has been demonstrated 

previously.[21-26]  Work has also been done in this area utilising singly end-

functionalised low molecular weight polymers, however it has been shown that the 

use of a mono-functional end-group is less beneficial,[27] and as such our work is 

concerned with end-groups bearing two or three fluoroalkyl chains. 

This general approach has the benefit of requiring only a very small amount of 

additive, relative to the bulk (~0.1-5% by mass in the case of our work), in order to 

achieve the desired change in surface property, but also does not compromise the 

desirable properties of the bulk polymer - mechanical strength, conductivity etc.  

Additionally, this approach does not require any special treatment of the surface, or 

indeed any additional process step, as the surface is modified simply by adding a 

small amount of additive into the polymer solution used in the dipping process.  As 

well as this clear benefit, this method also has several advantages over other 

methods of surface modification such as plasma treatment,[28-31] wet chemical 

modification[32-34] and the application of polymeric surface coatings.[35,36]  Beyond 

the synthesis of the low molecular weight additive, there is no additional waste 

hazardous or otherwise, it is relatively safe and also comparatively cheap if the 
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right materials are used in low concentrations.  The low molecular weight polymer 

additive can also easily be incorporated into the polymer processing step in the 

manufacture of whatever is being made (such as a Gas Diffusion Layer in a 

PEMFC), safely, on any scale and to within precise specifications (simply by 

accurately adding the appropriate amount) giving rise to a surface with very 

specific properties. 

The ability of such an additive to modify the surface of its corresponding bulk 

polymer is due to the low surface energy of its pendant end-group.  When added to 

the bulk polymer in solution, the low surface energy of the end-group gives rise to 

rapid, spontaneous surface adsorption of the additive, resulting in a polymer with a 

fluorinated surface.  The extent to which this process occurs depends upon an 

equilibrium between free and aggregate additive molecules within the polymer 

bulk, which can be considered as analogous to the equilibrium existing in the case 

of surfactants in solution. 
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Figure 1.04.  Schematic
[37]

 depicting the behaviour of a low molecular weight polymer additive, with 

a pendant low surface energy end-group (red triangle), in the polymer bulk when in solution or 

significantly above the polymer Tg.  An equilibrium exists between free additive chains and 

aggregate structures but it is only the free chains that are able to surface segregate. 

 

The end-functionalised polymer additive consists of a low molecular weight 

polymer chain (the same as, or compatible with, the bulk polymer) and a heavily 

fluorinated end-group comprising a number of C8F17 fluoroalkyl chains.  These 

fluoroalkyl chains interact unfavourably with the bulk polymer and have a low 

surface energy, providing the thermodynamic drive for surface segregation when 

the bulk polymer is in solution or above its glass transition temperature.  As in the 

case of surfactants in solution where an increase in concentration of surfactants 

leads to the eventual formation of micelles at the CMC (Critical Micellisation 

Concentration), an increase in the concentration in our end-functionalised polymer 

additive gives rise to the formation of aggregates at the CAC (Critical Aggregation 

Concentration).  Once this critical concentration has been reached, the addition of 

more additive results only in the formation of additional aggregate structures within 



 

 
 

18 

the polymer bulk, and does not increase the surface concentration of fluorine any 

further.  While this equilibrium between molecularly dissolved free additive chains 

and aggregate structures is dynamic, the aggregate structures will diffuse through 

the bulk at a much slower rate than the free chains.  Additionally the very nature of 

the aggregate structures will have an encapsulating effect on the low surface 

energy end-groups, reducing their unfavourable interactions with the bulk polymer.  

These factors combined effectively mean that only the free chains will be capable 

of surface segregation. 

As with the analogous situation of surfactants in solution, there is also an 

equilibrium existing between molecularly dissolved free additive chains within the 

bulk and those at the surface.  The factors affecting this equilibrium are threefold, 

the first of which is the structure of the end-group, dictating the amount of fluorine 

present, or more specifically in the case of this work, the number of C8F17 chains.  

Secondly, the molecular weight of the additive chain as it will dictate its rate of 

diffusion through the bulk polymer.  Finally the packing density of additive chains at 

the surface which will directly affect the surface energy, and hence the 

thermodynamic gain from surface segregation of additional additive chains.[38]  In 

this work the requirement to understand the relationship between additive 

molecular weight and resulting surface properties necessitated the use of a 

controlled polymerisation mechanism in order to produce well defined polymer 

additives. 
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1.3  Controlled Radical Polymerisations 

 

1.3.1  Introduction to Controlled Radical Polymerisations 

 

Traditional free radical polymerisation techniques give little or no control over the 

molecular weight distribution of the resulting polymer.  This is due to the reactivity 

of the propagating free radical chain end and its ability to readily undergo several 

different side reactions including chain transfer to monomer, polymer or solvent, 

and termination by disproportionation or combination.  Before the advent of 

controlled radical polymerisation (CRP) techniques, living anionic and cationic 

methods, in addition to transition metal-catalysed methods, were the only way of 

polymerising a material with good control over its molecular weight, a narrow 

molecular weight distribution (MWD) and controlled molecular architecture.  Simply 

put, a “living” polymerisation is a chain growth polymerisation which proceeds in 

the absence of the kinetic steps of termination or chain transfer.[39,40]  However 

these approaches are only useful for polymerising a narrow range of monomer 

types due to their intolerance of many functional groups.  The extremely reactive 

propagating carbanion species react readily with many of the functionalities found 

in common vinyl monomers (e.g. the amide group present in N-vinyl pyrrolidone as 

intended to be used in this project).  These techniques are also experimentally far 

from trivial due to the rigorous requirements for purity, necessitating the use of 

extremely pure starting materials and the complete absence of any oxygen or 

protic impurities such as water, thus requiring high vacuum techniques to be 

employed.  It is for these reasons that these methods are unsuitable for the 

polymerisation of N-vinyl pyrrolidone and hence the work presented here. 

Generally speaking, any free radical polymerisation will proceed by means of a 

radical species being created in an initiation step, which in turn reacts with a 

monomer (often via homolytic bond cleavage of a π-bond) thus forming a covalent 

bond between the two and forming a new radical (propagating) species on the 

monomer.  It will then react with another monomer and the polymer will continue to 
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grow in this fashion.  This process is sensitive to the presence of molecular oxygen 

as it is a di-radical species and will terminate active free radical chain ends, but is 

otherwise far more tolerant to impurities and the presence of many functional 

groups than are living ionic techniques.  It is for this reason that so much research 

has gone into trying to incorporate the living features of controlled ionic 

polymerisations into free radical polymerisations, and Nitroxide Mediated 

Polymerisation (NMP) and Reversible Addition-Fragmentation Transfer 

Polymerisation (RAFT) are two important synthetic techniques that have been 

developed as a consequence of this research. 

The development of controlled radical polymerisation (CRP) has spawned a range 

of “pseudo living” techniques that are useful for the production of well defined, 

narrowly polydisperse materials.  Though there are several variations of this 

general theme including NMP[41,42], RAFT[43-46] and ATRP[47,48] (Atom Transfer 

Radical Polymerisation), they are all based on a singular mechanistic concept 

whereby the active free radical chain ends integral to the polymerisation process 

are in a state of equilibrium between an activated and a deactivated state.  This is 

accomplished in different ways depending upon the technique being used, but the 

fundamental concept behind the “pseudo livingness” of these CRPs is that the 

instantaneous concentration of active free radical chain ends within the reaction 

medium is kept to a minimum, thus minimizing the possibility of termination by 

combination. 

 

1.3.2  Nitroxide Mediated Polymerisation (NMP) 

 

In NMP, a rapid dynamic equilibrium is established between the propagating free 

radical species and an end-capped dormant species, where the propagating 

radical has reversibly coupled to a relatively stable nitroxyl radical.  Nitroxides are 

suitable for this not only because they can form thermally transient adducts, but 

also because they are free radical inhibitors and will not initiate polymerisation 

(which has been a problem in past research with some other mediating species).  
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Another advantage of nitroxides is that they can promote the dissociation of 

peroxide initiators, which means that in conjunction with such an initiator they can 

help to enable the simultaneous initiation of all of the polymer chains which in itself 

is a prerequisite for a living system.[41,42] 

The first example of NMP was a bimolecular process involving benzoyl peroxide as 

an initiator and a stable nitroxyl radical, TEMPO, as a polymerisation mediator in 

an attempt to polymerize styrene. This process yielded polystyrene with a 

polydispersity index (PDI) of 1.2-1.3 when no previous free radical polymerisation 

had ever achieved a PDI of less than 1.5.  This had to be carried out at 130°C as it 

is only at elevated temperatures that TEMPO can act as a polymerisation mediator 

as opposed to a free radical inhibitor.[41] 
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Figure 1.05.  Bimolecular nitroxide mediated polymerisation of styrene. 

 

One unfortunate drawback of the bimolecular process is that the concentration of 

the initiating species is unknown and thus good control over the molecular weight 

of the polymer produced is not always achievable.  However, since the advent of 

TEMPO and the bimolecular process described above, Hawker’s group were the 

first to develop several unimolecular initiators that offer far better control over 

molecular weight and polymer architecture.[49,50]  The first of these initiators 
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consists of TEMPO bonded directly to a styrene unit, thus essentially at room 

temperature the TEMPO is acting as a free radical inhibitor and is trapping a 

styrene radical.  Upon heating the styrene-TEMPO C-ON bond will cleave 

homolytically and will release the styrene radical which acts as an initiator, and the 

TEMPO nitroxyl radical itself will act as the polymerisation mediator.[42] 
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Figure 1.06.  Unimolecular nitroxide mediated polymerisation of styrene. 

 

Many of the current nitroxides used in NMP today are based on TEMPO, often with 

bulky substituents added to try and increase unfavourable steric interactions 

between the nitroxide and the radical.  This is desirable so that the nitroxide will act 

as a polymerisation mediator (and not a radical inhibitor) at lower temperatures 

than 130°C.  However the most successful nitroxides to date are in fact acyclic 

nitroxides which are structurally dissimilar to TEMPO and its derivatives. 
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One of the key features of this new type of nitroxide is that there is a hydrogen 

atom bonded to one of the α-carbons which makes these nitroxides inherently less 

stable than the TEMPO based derivatives containing two quaternary α-carbons.  

Figure 1.07. Two of the most successful nitroxides for use in 

NMP to date, able to polymerise a wide variety of monomer 

types and offering extremely accurate control over MW 

distribution (PDI as low as 1.05).  1.
[51]

  2.
[52]
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This makes them able to dissociate from the free radical chain end at a lower 

temperature i.e. they can act as polymerisation mediators for NMP at lower 

temperatures.[42] 

The last aspect of NMP that needs considering is the kinetics, and the most 

important kinetic feature is known as the Persistent Radical Effect (PRE).  This 

phenomenon is responsible in part for the control over molecular weight distribution 

that NMP exhibits and is relatively simple to explain.  Consider a reaction where 

transient T• and persistent P• free radicals are produced simultaneously from a 

single precursor fragmenting (as in unimolecular NMP) as shown below in Figure 

1.08. 

 

Source  T• (1) 

Source  P• (2) 

T• + P•  T – P (3) 

T• + T•  T – T (4) 

T• + T  T – T• (5) 

T – T• + P•  T – T – P (6) 

 

Figure 1.08.  General reaction scheme for NMP where T• is the transient radical (initiator / 

monomer) and P• is the persistent radical (polymerisation mediator / nitroxyl radical). 

 

In steps (1) and (2), the transient and persistent radicals are produced in a 1:1 

molar ratio at exactly the same rate, and in step (3) they are recombining, though 

at the temperatures NMP is carried out at this step is reversible.  However, when 

two transient radicals combine as in step (4) then this is irreversible and a low 

molecular weight oligomer results.  Initially of course there are equal 

concentrations of T• and P•, but subsequently every T• – T• combination causes a 

build-up of excess of P• as by its very nature it cannot undergo a combination 

reaction with another P•, only with a T•.  In step (5) we see propagation of the 
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radical polymer chain end (radical polymerisation), and in step (6) we see the 

reversible deactivation of the chain end by addition to P• (the crucial mediating step 

enabling control over molecular weight).  In the initial stages of the reaction, step 

(4) will occur as the diffusing transient radicals are mobile and in reasonably high 

concentration.  Yet as this occurs the resulting excess of P• will in itself be a 

limiting factor as an increased concentration in P• will result in more transient 

radical species being reversibly deactivated with the net result being a decreased 

concentration of transient (propagating) radical species.  So as the concentration of 

P• increases, the concentration of all transient radical species decreases and 

control ensured by this low concentration.  Also as the reaction proceeds and 

polymer is formed, the reaction medium will become more viscous thus the 

transient radical species will be less mobile.[53] 

 

1.3.3  Reversible Addition-Fragmentation Transfer Polymerisation (RAFT) 

 

The RAFT process[45,46,54] was originally discovered simultaneously by Rizzardo et 

al.[43] and Charmot et al.[44] in 1998, though Charmot’s group’s patent was only for 

a specific type of chain transfer agent known as “xanthates” and they named their 

invention “macromolecular design via the interchange of xanthates” or “MADIX”.  

When xanthates are used to polymerise such monomers as styrenic and acrylate 

monomers, they typically have a low chain-transfer constant (i.e. low reactivity) and 

do not offer very good control over the molecular weight distribution of the resulting 

polymer.  Rizzardo’s group however, employed the use of a series of dithioesters 

(Figure 1.09) which when applied to the same monomer types had a much higher 

chain transfer constant (Ctr) thus were capable of producing polymers with a wide 

range of predictable molecular weights exhibiting narrow molecular weight 

distributions.  They called this the “RAFT process”. 

 

  



 

 
 

25 

Z S
R

S

 

 

 Z R 

1 Ph C(CH3)2Ph 

2 Ph CH(CH3)Ph 

3 Ph CH2Ph 

4 Ph C(CH3)2CN 

5 Ph C(CH3)(CN)CH2CH2CO2Na 

6 CH3 CH2Ph 

 

Figure 1.09.  General structure of the dithioester reagents used by Rizzardo et al. and some 

examples from their initial publication.
[43]

 

 

The main advantages of RAFT over other controlled radical polymerisation 

techniques such as ATRP and even NMP is that a far wider range of monomers 

can be polymerised, more functionalities are tolerated, as well as a broad range of 

solvents including water, a wide range of temperatures are appropriate (20-150°C), 

and it is suitable for use in several different types of process (bulk, suspension, 

emulsion etc.).[55] 

The RAFT process is another example of a controlled free radical polymerisation.  

By carrying out a free radical polymerisation in the presence of a RAFT agent 

(Chain Transfer Agent – CTA) such as the dithioesters shown above in Figure 

1.09, control is inferred in the same way as all other CRPs – by keeping low the 

concentration of propagating free radical species within the reaction medium, 

thereby reducing the probability of unwanted termination reactions.  The 

mechanism involves the reversible addition of propagating radical species and the 

dithioester moiety, and in the same step the fragmentation of another radical 

species (initiator in the case of unreacted CTA, otherwise a second polymer chain) 
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from the CTA itself and vice versa.  The living character of the ensuing 

polymerisations is due to the high transfer constants of the dithioester CTA relative 

to that of the monomer giving a rapid rate of exchange between the propagating 

and dormant species.  The manner in which this is achieved is outlined in the 

reaction scheme shown in Figure 1.10.  Two important points need to be 

considered when undertaking a RAFT polymerisation.  The first is that the ratio of 

CTA to initiator should be high.  This is to ensure the low instantaneous 

concentration of propagating radical species that is required for living 

polymerisation as previously discussed.  As a rough guide, a molar ratio of 10:1 is 

usually sufficient.  The second point is that the ratio of monomer to CTA will 

determine the molecular weight of the resulting polymer, thus it should be tailored 

for the specific molecular weight polymer that is desired.[55,56] 
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Figure 1.10.  General mechanism for a RAFT polymerisation.
[57] 
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The effectiveness of a given dithioester as a CTA is ultimately determined by its Ctr 

which is dependent upon the nature of the Z and R groups as well as that of the 

specific monomer being polymerised.  Therefore a suitable CTA must be used for 

any particular monomer.  In order for a dithioester to have a high Ctr, Z must be 

highly activating (towards the C=S bond) and R must be an extremely good free 

radical homolytic leaving group, as well as having the ability to reinitiate the 

monomer (Step 3 in Figure 1.10).  The stability and steric bulk of the R• radical in 

part dictates R’s leaving ability, and thus larger and more stable radicals make for 

better R groups, i.e. CH3 would make a very poor R unit, whereas bulkier 

C(CH3)2CN with an electron withdrawing nitrile group would make an effective one.  

The nature of the Z and R groups are crucial for an effective CTA and hence to 

obtain a polymer with a low MWD.  Usually to achieve a PDI of less than 1.5, a 

system with a Ctr of greater than 2 is required, though polymers with a narrow 

MWD have been made with less active CTAs by the use of starved feed 

polymerisation whereby monomer is slowly and continuously fed into the reaction 

vessel throughout the course of the reaction to keep the overall concentration of 

monomer as low as possible.[58] 
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Figure 1.11.  Guidelines for selection of RAFT CTAs for the polymerisation of various different 

monomers.  For Z groups, addition rates decrease and fragmentation rates increase from left to 

right.  For R groups, fragmentation rates decrease from left to right.  Dashed lines indicate only 

partial control.
[59] 

 

As far as temperature is concerned, if a CTA has a Ctr of greater than 1 (as most 

do) then a decrease in temperature will lead to an increase in the activation energy 

of propagation, therefore the Ctr will increase.  However, though this is useful for 

conducting polymerisations using CTAs with low Ctrs, too severe a reduction in 

temperature will slow the rate of polymerisation.  In the case of CTAs with a Ctr of 

less than 1, an increase in temperature will increase the Ctr, but will also increase 

the amount of unwanted side reactions, so again the temperature can only be 

varied so much before control over Mn and MWD is adversely affected. 

Although RAFT is undoubtedly one of the most useful controlled radical 

polymerisation techniques in use today, it does have some drawbacks.  Typically 

rates of polymerisation are comparatively slow and though there is no metal waste 

as is the case in ATRP, most RAFT agents are toxic.   In the case of xanthates and 

dithiocarbamates, their usual red colour often results in obtained polymers being 

pink, thought this is not an issue with trithiocarbonates.[60-62]  Finally, until very 

recently there were no generic RAFT CTAs that were capable of polymerising a 

wide range of monomers, which can be a particular problem in the synthesis of 
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block copolymers.  As the Ctr of any RAFT polymerisation is determined by the 

chemistry of both the CTA and the monomer, the CTA usually has to be carefully 

chosen (see Figure 1.11) in order to ensure control over the polymerisation of any 

specific monomer.  However, in recent work, Moad et al. successfully 

demonstrated the use of a ‘universal’ or ‘switchable’ CTA, capable of controlling 

the polymerisation of monomers with a wide range of activities.[63-65]  This is 

achieved by virtue of an acid ‘switch’ whereby the CTA can exist in a protonated or 

unprotonated form depending upon the local pH.  This change affects the Ctr of the 

CTA and enables it to first polymerise a less activated monomer, and then upon a 

stimulus change (pH), a more activated monomer, or vice versa.  However, this 

usual limitation of RAFT is not an issue in this work, as we are only concerned with 

the polymerisation of one monomer: N-vinyl pyrrolidone. 
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1.4  Controlled radical polymerisation of N-vinyl pyrrolidone (NVP) 

 

1.4.1  Poly(N-vinyl pyrrolidone) (PVP) 

 

PVP was first prepared via the free radical polymerisation of N-vinyl pyrrolidone by 

Fikentscher and Herrle in 1939.[66]  Its first widespread application was in a salt 

water solution as a synthetic blood plasma volume expander during the Second 

World War.  Since that time the use of PVP has been widely employed in medical 

science thanks to its high biological activity, zero toxicity, water solubility and ease 

of manufacture and subsequent processing.[67]  PVP is an industrially important 

water soluble polymer that has many applications as a homo- or co-polymer 

ranging from use in drug delivery,[68,69] cosmetics,[70] stabilisation and clarification 

of beverages,[71] in adhesive sticks and water remoistenable adhesives,[72] as a 

phase transfer catalyst,[73] a selective chelating agent for the separation of 

metals,[74] a food thickener,[75] a blood plasma substitute,[76] or as previously 

discussed, a constituent part of the GDL in a PEMFC.[77,78]  It is the latter 

application that is the focus of our research, and the aim of this research was to 

synthesise an end-functionalised PVP additive using either NMP or RAFT, and a 

fluorinated, multifunctional macro-initiator / CTA to provide the end-functionality.  

Our aim was to synthesise end-functionalised PVP additives with a molecular 

weight of up to 10,000 g mol-1 and a polydispersity index of less than 1.5 which 

should be sufficient for its use in the manufacture of a PEMFC GDL. 
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Figure 1.12.  Chemical structures of N-vinyl pyrrolidone (NVP) and poly(N-vinyl pyrrolidone) (PVP).  

Due to the highly polar character of the amide group present in each repeating unit of PVP, and the 

non-polar character of the aliphatic backbone, PVP is soluble in both water and a range of organic 

solvents.
[67]

 

 

Unfortunately, due to the amide group present in NVP, this monomer is 

incompatible for use with living cationic or living anionic polymerisation.  

Additionally this monomer is incompatible with ATRP due to its tendency to form 

complexes with transition metal catalysts.  It was not until recently that PVP has 

been made in a controlled fashion using controlled radical polymerisation 

techniques such as RAFT[79,80] and NMP[80] which are far more tolerant towards 

impurities and functional groups.  Before this, only traditional free radical 

polymerisation techniques have been employed which exhibit the same tolerances 

though offer little control over molecular weight distribution and only poorly defined 

PVP has been produced. 

 

1.4.2  NMP and RAFT polymerisation of NVP 

 

Hadjichristidis’ group were simultaneously working on the RAFT and NMP of 

NVP[80]  They experimented with several different CTAs for use in RAFT, and their 

best results were obtained using the CTA shown in Figure 1.13.  They also 

investigated the impact of solvent and varied the [NVP] / [CTA] and [AIBN] / [CTA] 

ratios to find out what effect this would have on the polymerisation characteristics. 
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Figure 1.13.  S-1-dodecyl-S’-(α,α’-dimethyl-α’’-acetic acid)trithiocarbonate 

 

The first important point this group made was that an increase in the [NVP] / [CTA] 

molar ratio led to decrease in percentage conversion of monomer, however it also 

led to a narrower polydispersity.  They experimented with a difunctional CTA which 

gave the highest monomer conversion (65%) though invariably produced polymers 

with broad polydispersities indicating that termination reactions were occurring 

during polymerisation.  When carrying out polymerisations in THF at 80°C using 

the CTA shown in Figure 1.13, with [AIBN] / [CTA] and [NVP] / [CTA] ratios of 0.83 

and 1680 respectively, 55% conversion was achieved in 1 hour yielding a polymer 

with Mn = 90,000 g mol-1 and PDI = 1.5. 

In the same paper, the relatively successful nitroxide mediated polymerisation of 

NVP was reported using both unimolecular and bimolecular initiation systems.  

2,2,6,6-tetramethyl-1-(phenylethoxy)piperidine was used in the case of the 

unimolecular initiator and the well-known AIBN / TEMPO system was used in the 

case of bimolecular initiation.  In both cases acetic anhydride was used as an 

accelerator for the polymerisation reaction, and without this reagent polymerisation 

did not occur or only very low yields were obtained.  All polymerisations were 

carried out in bulk at 95°C which is lower than usual for NMP, but was necessary 

due to the thermal instability of the monomer.  This is the reason attributed by the 

authors to the low monomer conversions achieved (10-45%) as they suggested 

that the slower rate may be leading to an increased number of termination 

reactions, though attempts at increasing temperature beyond 100°C resulted in 

even lower yields.  All polymerisations were carried out in bulk due to the inability 

to find a suitable solvent for PVP which led to the eventual solidification of the 

reaction mixture and thus making high monomer conversions hard to achieve, the 

best being 45%. 
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Gnanou’s group have successfully polymerised NVP using the RAFT process 

utilising S-malonyl N,N-diphenyldithiocarbamate (DPCM) as a CTA.[79]  The DPCM 

was synthesised in house using a previously published procedure,[81] and all 

polymerisations were carried out at 80°C in 1,4-dioxane using AIBN as an initiator.   
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Figure 1.14.  RAFT polymerisation of NVP using DPCM by Gnanou’s group.  Carried out in 1,4-

dioxane using DPCM as CTA and AIBN as initiator.
[79]

 

 

At first they experimented with the initiator / CTA ratio and found that a [AIBN] / 

[DPCM] ratio of 0.125 yielded the polymer with an optimum PDI of 1.3.  Having set 

the [NVP] / [DPCM] ratio to 100 and the [AIBN] / [DPCM] ratio to 0.125, they then 

experimented with reaction time and found that there was a linear increase in 

molar mass with monomer conversion and time, and also that PDI increased with 

conversion, almost levelling off at approximately 1.5-1.6 at around 50% monomer 

conversion.  Having established that the optimal ratio of [AIBN] / [DPCM] was 

0.125, the ratio of [NVP] / [DPCM] was varied between 25 and 500, obtaining 

polymers with PDIs ranging from 1.2-1.5.  The best result was obtained with a 

[NVP] / [DPCM] ratio of 200, resulting in a polymer of Mn = 20,000 g mol-1 and PDI 

= 1.2, with 85% conversion of monomer. 
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1.5  Dendritic macro initiators for NMP and RAFT 

 

1.5.1  NMP 

 

Fréchet et al. have successfully used dendrons containing a single styrene / 

TEMPO unit at their focal point to polymerise styrene and methyl methacrylate in a 

controlled fashion.  The result was well defined [G-1]-[G-4] dendritic-linear diblock 

copolymers with significant molecular weights (good control over MWD up to c.a. 

30,000 g mol-1) and PDIs as low as 1.14.  The dendritic macroinitiators were made 

by reaction of nth (where n=1-4) generation poly(benzyl ether) bromide dendrons 

with a hydroxyl-benzyl-TEMPO derivative in the presence of sodium hydroxide as 

shown in Figure 1.15.  The resulting macro initiator was then used to polymerise 

styrene in a controlled manner by heating at 123°C under argon.[82] 
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Figure 1.15.  Reaction scheme used by Fréchet et al. showing the synthesis of a [G-1] dendritic 

macro initiator and its subsequent use in the NMP of styrene.  In this case polymers with Mn=13500, 

25000 and PDI=1.19, 1.27 respectively were successfully made, and further experiments were 

carried out with [G-0] and [G-2,3,4] initiators yielding similar results. 

 

This work shows that it is indeed feasible to use dendritic macro initiators of 

varying generations in nitroxide mediated polymerisations.  However, all of the 

problems discussed previously with regard to applying the technique of NMP to the 

polymerisation of NVP still apply, such as having to carry out the polymerisations at 

temperatures well below the optimum temperature due to the thermal instability of 

the monomer, and subsequent lack of control over MWD. 

 

1.5.2 RAFT 

 

Little work has been done on the use of dendritic macro initiators in RAFT 

polymerisation and most of it seems focussed around the synthesis of star 

polymers via a multifunctional dendritic macro initiator (i.e. the CTA functionalities 
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are situated on the terminal units at the periphery of the dendrimer).[83-85]  In fact to 

the best of our knowledge (and the authors of the paper) only one paper has been 

published whereby a dendritic-linear diblock copolymer has been made via RAFT 

polymerisation and a monofunctional dendritic macro initiator (i.e. CTA functionality 

situated at the focal point of the dendron).[86]  In this paper was reported the 

synthesis of a poly(benzyl ether)-poly(N-isopropylacrylamide) dendritic-linear 

diblock copolymer via RAFT polymerisation of N-isopropylacrylamide (NIPAM) 

using a dendritic CTA.  The CTA was synthesised by addition of a second or third 

generation dendritic poly(benzyl ether) bromide (Frechét-type dendrons) to a 

solution mixture of phenylmagnesium bromide and carbon disulphide in THF.  The 

dendritic poly(benzyl ether) bromides used have actually been used as initiators in 

their own right in ATRPs themselves, and though this would seem a more facile 

route to the dendritic-linear diblock copolymer, this CRP technique is not suitable 

for the polymerisation of NIPAM due to interactions between NIPAM and the Cu(I) 

complexes involved in ATRP.  The same problem applies for our intended 

polymerisation of NVP which is why ATRP is not considered in this literature 

survey as a potential route to our desired polymer.  The polymerisations were 

carried out using AIBN as an initiator along with the dendritic CTA and NIPAM in 

1,4-dioxane at 80°C for 12 hours.  Polymerisations exhibited pseudo-first-order 

kinetics i.e. there was linear plot of ln([M]0/[M]t) vs. time, and the line almost passed 

through the origin suggesting that there was no induction period for this system.  

80% conversion of monomer was exhibited after c.a. 12 hours and a degree of 

polymerisation (DP) of 220 with a PDI of less than 1.3 was achieved.  Liu et al. 

successfully demonstrated that a dendritic-linear diblock copolymer can be 

synthesised using RAFT polymerisation and a dendritic chain transfer agent in a 

controlled fashion.[86] 
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Figure 1.16.  Reaction scheme for the synthesis of [G-3]-PNIPAM220 (3) via the conversion of [G-3]-

CH2Br (1) into a dendritic CTA [G-3]-CH2SSCPh (2) and subsequent reaction with NIPAM and AIBN 

in 1,4-dioxane at 80°C. 
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1.6  Fluorinated initiators for NMP and RAFT 

 

An important issue in our intended synthesis is any potential incompatibility 

between fluorine and RAFT or NMP, as we wish to use a fluorinated dendritic 

macro initiator to polymerise NVP via one of these methods thus equipping the 

resulting PVP with a fluorinated dendritic end group in one step. 

 

1.6.1  NMP 

 

There seems to be no examples of the use of fluorinated initiators in NMP in the 

literature, though some examples have been reported of the use of NMP to 

produce well defined fluorinated polymers.[87,88] 

 

1.6.2  RAFT 

 

In the case of RAFT, it turns out that not only do there seem to be no 

incompatibilities with fluorinated initiators, but the incorporation of fluorine can 

actually be advantageous to the design of a CTA by virtue of its high 

electronegativity.  Their electron withdrawing nature can be useful when they are 

incorporated into the R group as this makes R a better homolytic leaving group.  

The first example of a fluorinated CTA for use in RAFT is shown in Figure 1.17, 

and this is a good example of where modification with fluorine has been used to 

enhance the Ctr of an otherwise poor CTA.[89] 
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Figure 1.17.  A xanthate used in the photo-iniferter process (only upon UV irradiation can it behave 

as a poor CTA in RAFT) and its fluorinated analogue which as a result of the electron withdrawing 

F’s on the alkoxy moiety (R group) has a higher Ctr and is a useful RAFT agent.
[89]

 

 

The same group undertook further work in this area and synthesised a series of ω-

perfluorinated dithioesters (Figure 1.18) which were successfully used to make well 

defined end-functionalised polymers via the RAFT process.  These particular 

examples are interesting because they were made by the reaction of the 

appropriate dithioester with phenylmagnesium bromide, carbon disulphide and 

benzyl bromide which is the near identical synthesis used to make the dendritic 

macro initiator discussed earlier (Figure 1.16).  Thus this reaction scheme is not 

only suitable for making a dendritic macro initiator, but would also seem tolerant to 

the presence of fluorinated reactants.[90]  It would therefore seem reasonable to 

assume that there would be no problems with using this synthesis to make a 

fluorinated dendritic macro initiator from a fluorinated poly(benzyl ether) bromide 

precursor.  In fact, given this information it would seem that the reaction scheme in 

Figure 1.16 slightly modified to incorporate fluoroalkyl groups on the terminal units 

of the poly(benzyl ether) bromide and resulting dendritic CTA, and substituting 

NIPAM for NVP would seem a viable synthesis for an example of the type of end-

functionalised PVP that is the focus of this thesis. 

 

  



 

 
 

40 

C S

S
H2

C
H2

C (CHF2)5CF3 C S

S
H
C

CH3

C

O

O(CH2)2(CF2)5CF3

C S

S
H
C C

O

O(CH2)2(CF2)5CF3 C S

S

C

CH3

C

O

O(CH2)2(CF2)5CF3

CH3

 

 

Figure 1.18.  Four of the ω-perfluorinated dithioesters synthesised and successfully used as RAFT 

CTAs by Boutevin et al.
[90] 

 

In a paper published recently, a new kind of CTA was developed known as an “F-

RAFT agent” where the Z group is actually a single fluorine atom.[91]  The aim of 

this study was to develop a single CTA that was capable of controlling the 

polymerisation of monomers of widely varying reactivities (as opposed to having to 

tune the R and Z groups of the CTA to suit a specific monomer), and in order to do 

this it was “necessary to find RAFT agent substituents that promote fragmentation 

of unstable propagating radicals by destabilising the RAFT adduct radical rather 

than stabilising the RAFT agent”.[91]  The authors successfully synthesised Benzyl 

Fluoro Dithioformate (BFDF) (Figure 1.19) and used it as a CTA in the controlled 

RAFT polymerisation of polystyrene. 

 

S

F
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Figure 1.19.  General structure of the dithioester CTAs used in RAFT, and Benzyl Fluoro 

Dithioformate (BFDF) where R=Bn and Z=F.
[91]

 

 

Though in this case the fluorine is in itself the Z group, unlike in the [G-2] / [G-3] 

fluorinated dendritic macro initiators that we intend to use where the fluorine atoms 
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will be on the R group and will be fairly far removed from the dithioester moiety, it 

at least goes further to show that there is no intrinsic incompatibility with the 

presence of fluorine in a CTA and the RAFT process.  There does not seem to be 

any information in the literature to suggest any intrinsic incompatibilities between 

fluorine and RAFT.  Moreover, the identical synthetic route in making the 

fluorinated CTAs in Figure 1.18 to that used in the making of the dendritic CTA in 

Figure 1.16 means that it should be suitable for use in making the analogous 

fluorinated dendritic CTA that we require. 
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1.7  Conclusions pertaining to relevant polymerisation technique 
 

It would appear from the recent work done on both NMP and RAFT with PVP that 

RAFT would be the more suitable mechanism for our intended research.  There 

does not seem to be anything in the literature that would suggest a problem with 

the use of a fluorinated dendritic macro initiator in the NMP or RAFT polymerisation 

of NVP, though there is more information to advocate that it would work well with 

RAFT.  In addition, RAFT can be carried out at an optimum temperature of 80°C 

whereas NMP would ideally be carried out at 120°C but in this instance the 

temperature has to be lowered to 95°C due to the thermal instability of the NVP 

monomer.  With this limitation taken into account it would seem that for the 

purposes intended RAFT offers better control over molecular structure and 

narrower polydispersities, typically better percentages of conversion of monomer, 

far shorter reaction times and all at a lower temperature. 
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1.8  Proposed Chain Transfer Agents and polymer additives 

 

1.8.1  Design of RAFT CTAs to impart end-functionality 

 

Upon examination of the general mechanism for RAFT (Figure 1.10), it can be 

seen that in step 2 the R group of the CTA is homolytically cleaved, and in step 3 

this radical species then reinitiates the polymerisation.  It is in this way that the R 

group becomes the end group of the nascent polymer chain while the rest of the 

CTA (Z-CS=S dithioester moiety) undergoes rapid reversible chain transfer with the 

propagating chain ends.  It is this rapid transfer that ensures a low instantaneous 

concentration of the propagating radical species thus ensuring effective control 

over the molecular weight of the resulting polymer.  The net result of this process 

can be visualised simply as the insertion of the polymer chain into the CTA 

[ZCS(S)-R] bond where R becomes one end group and the dithioester moiety 

becomes the other (though remains easily cleavable) as shown in Figure 1.20.  

Therefore the R group of the CTA can be tailored to give the desired end-

functionality on the resulting polymer within certain limitations.  If necessary, the 

dithioester moiety residing at the other chain end is cleavable by means of 

thermolysis,[92] radical coupling[93] or radical reduction.[94-96]  Alternatively chain end 

functionality can be introduced by converting the dithioester moiety into a thiol 

functional group either via aminolysis[97-99] or via reduction with sodium 

borohydride,[100,101] or the dithioester can be converted to a hydroxyl group, or an 

aldehyde via hydrolysis.[102] 
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Figure 1.20.  Net result of a RAFT polymerisation (for actual mechanism see Fig. 1.10) with the Z 

group-bearing dithioester moiety becoming one end group (subsequently cleavable), and the R 

group becoming the other end group. 

 

The nature of both the Z and the R groups are vital to the CTAs activity.  The Z 

group must be strongly activating towards the C=S bond and the R group must be 

a good free radical homolytic leaving group (i.e. must form a stable radical) whilst 

also being able to reinitiate the polymerisation.  In our efforts to create a CTA to 

make well defined, end-fluorinated PVP, we are obviously going to have to alter the 

R group as ultimately it must be our desired end group.  However, as DPCM has 

been shown to work well with NVP, we are basing our CTAs on DPCM and 

retaining the same Z group.  In the synthesis of DPCM shown in Figure 1.21, the 

molecule is essentially constructed from the Z group over to the R group which is 

added in the final step via reaction with its chloride.  Thus it is not hard to envisage 

a series of DPCM-type CTAs with different R groups being made via this original 

synthesis simply by using different chlorides in the final step.  This is the basic 

principle of all of our intended syntheses. 
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Figure 1.21.  Reaction scheme for original DPCM synthesis.  Bracketed step demonstrates how any 

R group can be grafted onto the molecule in the last step in the form of its chloride, R-Cl (or its 

bromide). 

 

1.8.2  Via chlorination of readily available fluoro-alcohols 

 

Our first proposed CTA synthesis was to start from readily and cheaply available 

fluoro-alcohols such as the DuPont “Zonyl” fluorotelomer intermediates (Figure 

1.22).[103]  It was hoped that these could be easily chlorinated with the use of 

thionyl chloride, and then the resulting chlorides used in the final step of the 

original synthesis of DPCM (Figure 1.21) in place of diethyl chloromalonate to give 

two fluorinated CTAs with the same Z group as DPCM.  It is these fluorinated 

groups (R groups) that will fragment from the CTA and initiate polymerisation of 

NVP thus becoming the functional end group of the resulting polymer.  The larger 

citric acid derivative, zonyl TBC, is sterically bulky and the resulting tertiary free 

radical would be stabilised by the electron withdrawing ester groups.  Therefore we 

would expect it to be a good leaving group and form a stable radical, two of the 

main requirements for an effective R group.  The smaller zonyl BA would probably 

be a much poorer R group due to its small size and the instability of the primary 

free radical that it would have to form during the RAFT process. 
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Figure 1.22.  Chlorination reactions of zonyl TBC and zonyl BA fluorotelomer intermediates 

respectively.  These chlorides would then be incorporated into the final step of the DPCM synthesis 

shown in Figure 1.21. 

 

1.8.3  Via synthesis of fluorinated analogue of diethyl chloromalonate 

 

The second proposed strategy involved the synthesis of a fluorinated analogue of 

diethyl chloromalonate as used in the final step of the DPCM synthesis.  This 

would then be incorporated into the last step of the DPCM synthesis to give 

fluorinated DPCM as shown in Figure 1.23.  The addition of these fluoroalkyl 

chains, significantly removed from the carbon atom on which the radical would be 

generated during the RAFT process, should have little effect on the activity of the 

CTA which is already known to be effective in the RAFT polymerisation of NVP. 
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Figure 1.23.  Alternative synthesis for a fluorinated CTA whereby a fluorinated analogue of diethyl 

chloromalonate is made from scratch and then used in the final step of the original DPCM synthesis 

as before. 

 

1.8.4  Via synthesis of fluorinated Frechét-type dendritic bromide 

 

Our third proposed synthesis is that of a fluorinated dendritic CTA, composed of 

the original DPCM fragment with a fluorinated Fréchet-type (poly(aryl ether)) 

dendritic R group.[104]  This R group is again sterically bulky and the aromatic ring 

at the focal point of the dendritic R group will stabilise the radical species formed 

during the fragmentation step of the RAFT process.  Therefore it should again be a 

good leaving group and form a stable free radical making it a suitable R group for a 

RAFT CTA. 
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Figure 1.24.  Suggested reaction scheme for the synthesis of an end-fluorinated dendritic CTA, 

starting with DPFPB-Br (Figure 1.25). 
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1.8.5  Via synthesis of dendritic perfluorooctyl propanol based additives 
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Figure 1.25.  3,5(di-3-(perfluorooctyl)propyloxy)benzyl bromide (DPFPB-Br) and 3,4,5(tri-3-

(perfluorooctyl)propyloxy)benzyl bromide (TPFPB-Br). 

 

Our fourth and ultimately successful strategy, which was taken to completion, 

involves the synthesis of 3,5(di-3-(perfluorooctyl)propyloxy)benzyl bromide 

(DPFPB-Br) and 3,4,5(tri-3-(perfluorooctyl)propyloxy)benzyl bromide (TPFPB-

Br)[105] shown above (Figure 1.25), and their subsequent incorporation into the 

original DPCM synthesis to give two novel CTAs, one di-functional and one tri-

functional.  These proposed R groups had the advantage of possessing an 

aromatic ring adjacent to the site of free radical generation during the RAFT 

process, and hence again were expected to form a stable radical, in addition to 

their reasonable steric bulk.  It was for these reasons that they were chosen as 

suitable R groups. 
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Figure 1.26.  Synthesis of 3,4,5(tri-3-(perfluorooctyl)propyloxy)benzyl bromide (TPFPB-Br).  Last 

step is the original DPCM synthesis using this TPFPB-Br in place of diethyl chloromalonate to give 

TPFPB-DPCM, our tri-functional CTA. 
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1.9  Aims and Objectives 
 

1. To synthesise and characterise a series of novel RAFT CTAs, compatible 

with the NVP monomer, and bearing various R group functionalities 

incorporating between two and four C8F17 fluoroalkyl chains 

2. To synthesise and characterise a series of novel well defined, low molecular 

weight, end-functionalised PVP additives via RAFT polymerisation using the 

aforementioned CTAs 

3. To spin coat a series of polymer thin films comprising of an unfunctionalised 

bulk PVP matrix and a measured quantity of end-functionalised PVP 

additive, varying the following attributes: 

 Weight percentage of end-functionalised PVP additive 

 Molecular weight of end-functionalised PVP additive 

 Number of C8F17 fluoroalkyl chains in additive end group 

 Molecular weight of unfunctionalised bulk PVP matrix 

4. To ascertain the extent / efficiency of surface segregation of the 

aforementioned end-functionalised PVP additives, and the resulting effect 

on the surface hydrophobicity / oleophobicity of the unfunctionalised bulk 

PVP matrix, taking in to account the above measured attributes, by means 

of contact angle measurements and Rutherford Backscattering Ion Beam 

Analysis 

5. To investigate thoroughly the effects of the above four attributes on the 

surface properties of the resulting PVP thin films 

6. To test the effects of incorporating these novel end-functionalised PVP 

additives into simulated Gas Diffusion Layers and subjecting them to “water 

uptake tests” under standard Polymer Electrolyte Membrane Fuel Cell 

operating conditions 
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2.1  Reversible Addition-Fragmentation Transfer Polymerisation of Styrene 
 

2.1.1  Introduction 

 

Having decided that Reversible Addition-Fragmentation Transfer (RAFT) was the 

more suitable polymerisation method over Nitroxide Mediated Polymerisation 

(NMP) for the synthesis of the proposed end-functionalised N-vinyl pyrrolidone 

(NVP) additives, some initial RAFT polymerisations of styrene were performed in 

order to familiarise ourselves with the experimental process.  Though RAFT is 

suitable for the controlled polymerisation of a wide range of monomers including 

NVP, the systems used (CTAs, solvents, temperatures etc.) vary greatly for 

different types of monomer.  Due to the relative complexity and young age of the 

new system that had been developed for NVP, it was decided to start with 

something simpler and better documented, as the basic experimental techniques 

are similar.  A small series of RAFT polymerisations of styrene were performed 

using cumyl dithiobenzoate (CDB) as a CTA,[1-3] as it met these criteria and there 

was already some experience within our research group in this area. 
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Figure 2.01.  Reaction scheme for the RAFT polymerisation of styrene using cumyl dithiobenzoate 

(CDB) as a CTA. 
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The CTA, cumyl dithiobenzoate, was obtained from Dr S. Spain who had a 

previously synthesised supply readily available, though the experimental details of 

its synthesis have been included in the experimental chapter of this thesis for the 

sake of completeness. 

 

2.1.2  RAFT polymerisations 

 

While several polymerisations were carried out under varying conditions, ideal 

conditions found to yield successful results were performing the polymerisations in 

bulk (no solvent) at 90°C for 40 hours.  Undertaking a RAFT polymerisation of 

styrene using CDB as CTA under these conditions, aiming for a molecular weight 

of 10,000 g mol-1, polystyrene was produced with a Mn of 11,400 g mol-1 and a PDI 

of 1.29 as determined by triple detection Size Exclusion Chromatography (SEC), 

and a monomer conversion of 54%.  The SEC data for this polymerisation is shown 

in Figure 2.02.  By the end of the 40 hour period, the polymerisation mixture had 

solidified completely and it was necessary for it to be dissolved in a minimum 

amount of THF in order to facilitate the subsequent precipitation of the resultant 

polymer into a 20x volume excess of methanol prior to characterisation. 
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Figure 2.02.  SEC data (Refractive Index and Right-Angle Light Scattering only) for the 10,000 g 

mol
-1

 RAFT polymerisation of styrene mediated by cumyl dithiobenzoate. 

 

In an attempt to increase monomer conversion a polymerisation was conducted in 

solution as opposed to the bulk, using 1,4-dioxane as a solvent.  Interestingly 

though this led to 100% monomer conversion and a degree of control was 

maintained over the molecular weight, it led to a complete loss of control over 

polydispersity yielding a polymer with a Mn of 8,300 g mol-1 and a PDI of 2.38.  At 

this point it was decided to move on to RAFT polymerisation of the NVP monomer. 
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2.2  RAFT of NVP with S-malonyl N,N-diphenyldithiocarbamate (DPCM) 

 

2.2.1  Introduction 

 

Having familiarised ourselves with the RAFT process, it was then decided to try 

and replicate some of the work done by Gnanou et al.[4] with DPCM and NVP in 

order to gain some experience with the use of this monomer and also the synthesis 

of DPCM on which the syntheses of our proposed novel CTAs were to be based.  

Though NVP has been polymerised for many years by means of free radical 

polymerisations, it was only recently[4] that it has been successfully polymerised in 

a controlled fashion using the RAFT process (or any other form of controlled 

polymerisation).  While the use of DPCM as a CTA was well documented in this 

paper, its synthesis was not described and at the time we were unable to find it 

described elsewhere in the literature.  The synthesis described here was originally 

thought to be novel, though it later transpired that it was very similar to that used by 

Gnanou which was discovered later in a patent application.[5]  Thus some of the 

CTA syntheses presented later in this thesis are slightly different to our original 

synthesis.  The most important difference is whether the R-group focal point is a 

bromide or a chloride which determines the reactivity of the R-group during the 

CTA synthesis, resulting in a significant impact on the required reaction conditions.  

In addition the use of either sodium amide or sodium hydride is permissible as a 

deprotonating agent, sodium amide requiring storage and handling under an inert 

atmosphere and sodium hydride in mineral oil, though inert in air, requiring a time 

consuming washing process to remove the mineral oil.  Other than these 

differences though, all of the CTA syntheses in this thesis are essentially based on 

the same underlying method. 
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2.2.2  CTA synthesis 

 

The original DPCM synthesis shown in Figure 2.03 consists of a one pot process 

whereby the CTA is built up from the Z-group end (diphenylamino moiety) through 

to the R-group end (diethyl malonate moiety).  This starts with the deprotonation of 

diphenylamine allowing subsequent nucleophilic attack by the resulting anion on 

carbon disulfide, and finally a nucleophilic substitution reaction (SN2) with diethyl 

chloromalonate. 
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Figure 2.03.  Reaction scheme for the synthesis of S-malonyl N,N-diphenyldithiocarbamate 

(DPCM), a CTA suitable for the RAFT polymerisation of N-vinyl pyrrolidone. 

 

The synthesis was performed as described in the experimental chapter, and after 

washing the organic phase with water, separating, drying and filtering, the product 

was obtained as a light yellow solid in 82% yield.  Whilst the procedure described 

in the aforementioned patent application[5] varied in minor details to that described 

here, the workup was essentially the same and at this point claimed the purity of 

the product was verified by 1H NMR, however we found that further purification was 
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necessary by recrystallisation from toluene, the resulting final product being 

obtained as a light yellow solid in 21% yield. 

 

2.2.3  RAFT polymerisations 

 

RAFT polymerisations of NVP using DPCM as a CTA were performed as 

described in the experimental chapter, in 1,4-dioxane under a nitrogen atmosphere 

at 80°C for 36 hours, using AIBN as initiator.   After filtration and drying under 

vacuum to a constant mass, the polymers were analysed by triple detection SEC. 

 

Table 2.1.  SEC data for 10,000 g mol
-1

 DPCM-mediated RAFT polymerisations of NVP. 

 

Target Mn / g mol-1 Mn (SEC) / g mol-1 PDI % Monomer conversion 

10,000 9,500 1.25 82% 

10,000 8,750 1.28 80% 

10,000 10,200 1.27 82% 

 

 

As can be seen from Table 2.1, the use of DPCM as a CTA in the RAFT 

polymerisation of NVP gave good control over both molecular weight and 

polydispersity, and its performance in this regard was directly comparable to that 

published in the literature.[4] 
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2.3  Attempt at a Zonyl fluorotelomer-based CTA 

 

2.3.1  Introduction 

 

Our first proposed fluorinated CTA synthesis was to start from readily and cheaply 

available fluoro-alcohols such as the Aldrich “Zonyl” fluorotelomer intermediates[6] 

as shown in Figure 2.04.  The main advantage of these materials was their 

extremely low cost compared to that of the 3-perfluorooctyl propanol used as the 

basis for the later novel fluorinated CTAs presented in this thesis.  In addition to the 

financial benefits of using these materials, it was also hoped that after one 

halogenation reaction they would be ready for incorporation into the DPCM 

synthesis in order to make the first of the proposed novel fluorinated CTAs.  In 

theory the Zonyl-based CTAs would be considerably less labour intensive to make 

than the 3-perfluorooctyl propanol-based CTAs discussed in the next chapter. 
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Figure 2.04.  Chlorination reactions of Zonyl TBC and Zonyl BA fluorotelomer intermediates 

respectively.  These R-group chlorides would then be incorporated into the final step of the original 

DPCM synthesis. 

 

It was hoped that these could be easily chlorinated with the use of thionyl chloride, 

and then the resulting chlorides used in the final step of the original synthesis of 

DPCM in place of diethyl chloromalonate to give two fluorinated DPCM analogues. 
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2.3.2  Halogenation of Zonyl fluorotelomer intermediates 

 

The first step in the synthesis of these DPCM derived fluorinated CTAs was to 

chlorinate the alcohol groups of the commercially available Zonyl TBC and BA 

fluorotelomer intermediates.  Initial experiments were carried out on a small scale 

(1-2g), using thionyl chloride to chlorinate each of the alcohols. 

Either Zonyl BA or TBC was placed under a dry nitrogen atmosphere before being 

dissolved in dry acetone, to which was added dry benzene and an 8x excess of 

anhydrous pyridine.  As can be seen from the reaction mechanism shown in Figure 

2.05, pyridine is required in order to deprotonate the reaction intermediate and 

maintain a basic environment ensuring a high concentration of chloride ions.  In the 

absence of pyridine, thionyl chloride would simply react with the Zonyl intermediate 

resulting in the chlorosulfite. 
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Figure 2.05.  Reaction mechanism for the desired halogenation of the Zonyl TBC fluorotelomer 

intermediate using thionyl chloride and pyridine.  The first step is a nucleophilic addition reaction 

and following rearrangement of the reaction intermediate the Zonyl compound is halogenated via an 

SN2 nucleophilic substitution mechanism. 
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2.3.3  Results 

 

Unfortunately several problems were encountered with these reactions, mainly to 

do with the limited solubility of the reactants in most common solvents.  The Zonyl 

materials were only soluble in acetone and while it was thought it might be possible 

to chlorinate these materials in a mixture of acetone and benzene, this would not 

have been the case for the following CTA synthesis.  The crude product was only 

obtainable in relatively poor yield, and even after being subjected to column 

chromatography was still a mixture of materials which proved inseparable and 

further purification was not possible.  As such it was not possible to characterise 

these materials properly.  It is strongly suspected that a side reaction may have 

occurred between the thionyl chloride and one of the solvents used in this reaction: 

acetone.  Acetone is a ketone and what was not considered until after performing 

these two reactions is the possibility of a side  reaction with acetone’s enol 

tautomer.  While the enol form was unlikely to be present in any great quantity 

under basic conditions (as not only is it orders of magnitude less stable than the 

keto form, but its formation is also acid catalysed), it may well have been enough to 

react with thionyl chloride over a 24 hour period in sufficient quantities to cause a 

problem. 

The next step of the synthesis would have been to couple the chloride to DPCM to 

make the proposed ZTBC-DPCM and ZBA-DPCM CTAs, however it is necessary for 

this reaction to be performed in benzene (owing to the fact that benzene is the only 

solvent that all of the reactants are soluble in) and neither of the fluorotelomer 

intermediates was at all soluble in benzene.  Due to the difficulties encountered 

with these very cheap fluorinated materials, it was decided to abandon this avenue 

of research and move on to the next step of making a dendritic CTA for use with 

NVP. 
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2.4  NVP RAFT with a first generation Frechét-type dendritic CTA (G1-DPCM) 

 

2.4.1  CTA synthesis 

 

Before moving on to synthesising the proposed novel fluorinated CTAs, both a 

labour intensive and expensive process, it was decided to attempt to make a 

simpler novel CTA for use with NVP.  The diphenyldithiocarbamate of 3,5-

dibenzyloxybenzyl chloride (G1-DPCM, Figure 2.06) was chosen as a suitable 

novel CTA for proof of concept: an otherwise unfunctionalised first generation, 

Frechét-type aryl-ether[7] dendritic CTA.  This served both the purpose of 

demonstrating that it was possible to make a DPCM analogue with a different R-

group, and also that an aromatic R-group (thus producing a benzyl radical during 

the RAFT process) would in fact still facilitate the controlled RAFT polymerisation 

of NVP.  This is of note as G1-DPCM shares this trait with the planned fluorinated 

DPCM analogues discussed in the next chapter (DPFPB-DPCM and TPFPB-

DPCM), and so would give a good indication of how well these fluorinated CTAs 

could be expected to perform in the RAFT polymerisation of NVP. 

As discussed in Chapter 1, significant changes in the chemical structure of the R-

group give rise to a CTA with a different chain transfer constant (Ctr) resulting in 

varying performance as a CTA with a specific monomer.  The proposed G1-DPCM 

was an ideal proof of concept as not only did the dendritic R-group have a very 

similar structure to the proposed fluorinated CTA R-groups in terms of the part of 

the molecule that is involved in the re-initiation step of RAFT polymerisation, but 

also the manner in which the molecule is constructed is very similar as well.  The 

synthesis of the G-1 dendritic R-group shown in Figure 2.06 comprises of an Appel 

reaction[8,9] and a Williamson ether coupling,[10] both of which are discussed in 

more detail in Chapter 3. 
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Figure 2.06.  Reaction scheme for the synthesis of S-3,5-dibenzyloxybenzyl N,N-

diphenyldithiocarbamate (G1-DPCM), a novel dendritic chain transfer agent for use in the RAFT 

polymerisation of N-vinyl pyrrolidone. 

 

As can be seen in Figure 2.06 the synthesis is begun with the Williamson ether 

coupling of benzyl bromide to 3,5-dihydroxybenzyl alcohol, performed using dry 

potassium carbonate and 18-crown-6 crown ether as a catalyst in dry acetone 

under a dry nitrogen atmosphere.  The procedure detailed in the experimental 

chapter was followed, affording the product (3,5-dibenzyloxybenzyl alcohol) as a 

white crystalline powder in 61% yield.  The NMR spectra for each intermediate 

compound in this synthesis are shown in Figure 2.07, the second spectrum being 

for this compound and the first being for benzyl bromide.  In the first spectrum for 
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benzyl bromide, the singlet attributable to the bromine-adjacent CH2 and the 

multiplet corresponding to the five aromatic protons are clearly visible.  Upon 

completing the coupling step described so far, we would expect a shift in the CH2 

peak owing to its new chemical environment, and the introduction of three new 

peaks attributable to the two different types of aromatic proton and the CH2-OH 

peak now present in 3,5-dibenzyloxybenzyl alcohol, all of which can be seen in the 

NMR for this compound. 

Having performed the initial coupling of benzyl bromide to 3,5-dihydroxybenzyl 

alcohol to give a Frechét-type G1 dendron with an alcohol group at its focal point, 

this alcohol then needed to be converted into a halide before continuing with the 

final CTA synthesis.  This was accomplished by means of a chlorination reaction 

using thionyl chloride and pyridine in dry benzene under an atmosphere of dry 

nitrogen gas, as detailed in the experimental chapter, affording the product as a 

white powder in 62% yield.  As can be seen in the NMR spectra shown in Figure 

2.07, the spectrum for 3,5-dibenzyloxybenzyl chloride is almost identical to that of 

its precursor, though as one would expect the CH2OH / CH2Cl peak has shifted 

position owing to its new chemical environment. 

This halogenation reaction has produced a G1 Frechét-type dendron with a 

chloride at its focal point making it a suitable R-group for incorporation into the 

original DPCM synthesis[11] in order to make a G1 Frechét-type dendronised CTA: 

G1-DPCM.  In this final step the CTA is built up in a one pot synthesis with the use 

of diphenylamine, sodium amide as a deprotonating agent, carbon disulfide and 

the dendritic R-group, 3,5-dibenzyloxybenzyl chloride.  The product was a yellow 

solid obtained in 55% yield.  As can be seen from the 1H NMR spectrum shown in 

Figure 2.07, there is a shift in the position of the formerly CH2Cl peak (latterly 

CH2S) owing to its new chemical environment, and we also see a doubling in 

intensity of the aromatic multiplet at ~7.4-7.5 ppm due to the introduction of 10 

additional aromatic protons on the diphenylamino group.  All expected and 

measured integral values that have been discussed for the NMRs shown in Figure 

2.07 can be seen in Table 2.2.  
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Figure 2.07.  Series of NMR spectra showing the starting material (benzyl bromide), each reaction 

intermediate and the final product for the synthesis of the G1-DPCM dendritic CTA. 
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Table 2.2.  Integral data for the 
1
H NMR spectra shown in Figure 2.07 showing expected and 

measured integral values for each peak. 

 

Compound Peak Expected 
integral 

Measured 
integral 

#* Proton 

Benzyl bromide 1 ArH 5 4.99 

 2 CH2Br 2 2.00** 

3,5-dibenzyloxybenzyl alcohol 1 2xPh 10 10.59 

 2 ArHCH2OH 2 2.04 

 3 ArHOCH2Ph 1 1.00** 

 4 CH2Ph 4 4.08 

 5 CH2OH 2 2.03 

3,5-dibenzyloxybenzyl chloride 1 2xPh 10 10.73 

 2 ArHCH2Cl 2 2.01 

 3 ArHOCH2Ph 1 1.00** 

 4 CH2Ph 4 4.04 

 5 CH2Cl 2 2.01 

G1-DPCM 1 4xPh 20 20.02 

 2 ArHCH2S 2 1.97 

 3 ArHOCH2Ph 1 1.00** 

 4 CH2Ph 4 3.99 

 5 CH2S 2 1.95 

*Peak number in reference to assignments made in Figure 2.07. 

**Normalised integral value set to relevant integer for this peak. 
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2.4.2  RAFT polymerisations 

 

Having successfully made the first proposed novel CTA for use with N-vinyl 

pyrrolidone, two RAFT polymerisations were then performed aiming for molecular 

weights of 10,000 g mol-1 and 20,000 g mol-1.  The required amounts of CTA and 

initiator were calculated using the standard equation of RAFT polymerisation which 

is discussed in more detail in the experimental chapter of this thesis, and which is 

shown below as equation 2.1. 

 

RAFTn

M0
0

MM

xM[M]
[RAFT]




           2.1 

 

Where [RAFT]0 is the initial concentration of CTA, [M]0 is the initial concentration 

of monomer (worked out from density of NVP [1.045 g cm-3]), MM is the molecular 

mass of the monomer, x is a decimal between zero and one representing the 

assumed fractional conversion of monomer into polymer, Mn is the desired 

molecular weight of the polymer being produced, and MRAFT is the molecular 

weight of the CTA. 

Before discussing the results of these two polymerisations it is important to note 

that in calculating the appropriate amounts of CTA and initiator for the desired 

target molecular weights, a value of 0.8 was used for “x”.  This assumption that the 

polymerisations would proceed to 80% monomer conversion was simply based on 

our previous experience with the DPCM CTA used in earlier RAFT polymerisations 

of NVP and the original information in the literature pertaining to this CTA.[4] 

 

  



 

 
 

74 

Table 2.3.  SEC data for the 10,000 g mol
-1

 and 20,000 g mol
-1

 G1-DPCM RAFT polymerisations of 

NVP. 

 

Target Mn / g mol-1 Mn (SEC) / g mol-1 PDI Revised Target Mn / g mol-1 

10,000 7,900 1.27 5,400 based on x = 0.41 

20,000 14,000 1.36 14,150 based on x = 0.56 

 

 

As can be seen from Table 2.3, the 10,000 g mol-1 polymerisation yielded a 

polymer with a Mn of 7900 g mol-1 and a PDI of 1.27 with 41% monomer 

conversion.  The 20,000 g mol-1 polymerisation yielded a polymer with a Mn of 

14,000 g mol-1 and a PDI of 1.36 with 56% monomer conversion.  The first thing to 

note is that while in both cases the molecular weight is lower than expected, the 

CTA has clearly imparted a reasonable degree of control over the polydispersity of 

the resulting polymers (control polymerisations with AIBN initiator but no CTA 

yielded polymers with PDIs of typically greater than 2.0).  While the achieved 

molecular weights are lower than their targets, when the lower monomer 

conversions are taken into account, the discrepancy actually becomes far less 

significant.  When rearranging Equation 2.1 to make Mn the subject and 

substituting in the measured monomer conversions (x = 0.41 and 0.56 

respectively), we are furnished with new expected molecular weights of 5,400 g 

mol-1 and 14,150 g mol-1 which are far closer to those measured by SEC. 

While in the case of the higher molecular weight polymer, the new target molecular 

weight is in precise agreement with the experimentally determined molecular 

weight, there is still a slight discrepancy in the case of the lower molecular weight 

polymer.  While this discrepancy is not hugely significant, it is worth noting that the 

monomer conversions for each polymerisation were calculated from the yield, 

which in turn was calculated from the mass of obtained polymer.  While every care 

was taken to be as efficient as possible when working up the polymer, it would not 
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be unreasonable to assume at this lower molecular weight that the end-group may 

have an effect on the solubility of the polymer in diethyl ether, the non-solvent used 

to precipitate the polymer in the workup.  If some of the polymer were lost through 

increased solubility in the diethyl ether then this would result in a lower calculated 

monomer conversion which when substituted into Equation 2.1 would give rise to a 

lower expected molecular weight.  It is interesting to note that if we take the value 

of 56% monomer conversion from the higher molecular weight polymerisation and 

substitute x = 0.56 into the equation for the lower molecular weight polymerisation, 

we get an expected molecular weight of 7,150 g mol-1 which is much closer to the 

actual value as determined by SEC. 

In undertaking the work presented in this chapter, several important objectives 

were achieved that were necessary to progress with the synthesis of novel 

fluorinated CTAs for the RAFT polymerisation of NVP, as discussed in Chapter 3.  

Firstly, we familiarised ourselves with the RAFT process by successfully 

performing several RAFT polymerisations of styrene using cumyl dithiobenzoate as 

CTA.  We then synthesised DPCM, a CTA used for the RAFT polymerisation of 

NVP, and familiarised ourselves further with the RAFT process, specifically as 

applied to our monomer of interest.  Several RAFT polymerisations of NVP were 

performed, yielding well-defined PVP of predetermined molecular weights.  Finally, 

a novel synthesis was devised for a dendritic CTA, G1-DPCM, in order to make 

well-defined, end-functionalised PVP.  This novel CTA performed adequately, 

giving good control over molecular weight and producing PVP with a high degree 

of end-functionalisation.  Satisfied that a good understanding of RAFT had been 

obtained, and with a novel CTA successfully utilised in the RAFT polymerisation of 

NVP, focus was then turned to one of the primary objectives of this research: the 

synthesis of novel, fluorinated CTAs. 
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3.1  Synthesis 
 

3.1.1  Functionalised R group synthesis 

 

F17C8H6C3O

F17C8H6C3O

Br

F17C8H6C3O

F17C8H6C3O

Br

F17C8H6C3O

TPFPB-BrDPFPB-Br  

 

Figure 3.01.  Chemical structure of the di-functional R group (DPFPB-Br) and the tri-functional R 

group (TPFPB-Br). 

 

Both the di-functional and tri-functional R groups are built up primarily by means of 

a series of Appel reactions[1,2] (in the case of this work, brominations of primary 

alcohols) and Williamson ether couplings,[3] starting with a commercially available, 

single chain fluoroalcohol (3-perfluorooctyl-1-propanol, PFP-OH) as shown in 

Figure 3.02.  All reaction steps in this overall synthesis contain either moisture 

sensitive reagents or reaction intermediates and as such all were performed under 

anhydrous conditions with the use of pre-dried solvents and a dry nitrogen 

atmosphere, as detailed in Chapter 5. 
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Figure 3.02.  Reaction scheme for the synthesis of the di-functional R group (DPFPB-Br, 1) and the 

tri-functional R group (TPFPB-Br, 2). 
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The initial step in both syntheses is the bromination of PFP-OH by means of an 

Appel reaction to give 1-bromo-3-perfluorooctyl propane (PFP-Br).  The term 

“Appel reaction” refers to the halogenation of an alcohol by means of a bi-

molecular nucleophilic substitution (SN2) as shown in Figure 3.03.[4]  The product 

was obtained in 79-85% yield, and 1H NMR spectra for PFP-OH and PFP-Br can 

be seen in Figure 3.05, showing a clear shift in the position of all three CH2 peaks 

owing to the change in functionality. 

 

P

CBr4

P Br Br Br
Br

P Br

Br Br
Br

H

O R

R OH

P O R

Br

P OR Br +

Where R = F17C8H4C2

F17C8H6C3O

F17C8H6C3O

F17C8H6C3O

F17C8H6C3O

F17C8H6C3O

or or

 

 

Figure 3.03.  General reaction scheme for an “Appel reaction” whereby an alcohol is halogenated 

by means of a bi-molecular nucleophilic substitution (SN2).
[4] 

 

Once brominated, PFP-Br can be coupled to the phenol groups of either 3,5-

dihydroxybenzyl alcohol to give 3,5-(di-3-(perfluorooctyl)propyloxy)benzyl alcohol 

(DPFPB-OH), or methyl-3,4,5-trihydroxybenzoate (THB-COOMe) to give methyl-
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3,4,5-(tri-3-(perfluorooctyl)propyloxy)benzoate (TPFPB-COOMe), depending upon 

which functionalised R group is being made.  This is accomplished by means of a 

Williamson ether coupling reaction, an example of which is shown in Figure 3.04.[5]  

DPFPB-OH was obtained in 73-81% yield, and the 1H NMR spectra for PFP-Br and 

DPFPB-OH are shown in Figure 3.05, where an obvious shift in the position of the 

F17C8CH2CH2CH2- peak can be seen, as well as the introduction of two ArH peaks, 

and a CH2OH peak.  

TPFPB-COOMe was obtained in 87-91% yield, and the 1H NMR spectrum for PFP-

Br and THB-COOMe are shown in Figure 3.06, where not only can be seen the 

introduction of an ArH peak along with a –COOMe peak, but also the shifting in 

position of both the F17C8CH2CH2CH2- and F17C8CH2CH2CH2- peaks, in addition to 

their splitting in the ratio of 2:1 owing to their different meta and para positions on 

the aromatic ring. 

 

C8F17Br

Acetone / N2

K2CO3 / 18-crown-6
+

HO

HO

OH

F17C8H6C3O

F17C8H6C3O

OH

O

O

OH

x 2

DPFPB-OH  

 

Figure 3.04.  Williamson ether coupling of PFP-Br to 3,5-dihydroxybenzyl alcohol to give DPFPB-

OH.
[5] 

 

In the case of the di-functional synthesis, once this Williamson ether coupling has 

been performed to give DPFPB-OH, the benzyl alcohol is brominated by means of 

a second Appel reaction to give the final product, 3,5-(di-3-

(perfluorooctyl)propyloxy)benzyl bromide (DPFPB-Br).[6]  DPFPB-Br was obtained 

in 83-88% yield, and the 1H NMR spectra for DPFPB-OH and DPFPB-Br are 

shown in Figure 3.05, where a clear shift in the position of the CH2OH / CH2Br 
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peak can easily be seen. 

In the case of the tri-functional R group synthesis, the first coupling step gives 

TPFPB-COOMe and an extra step is required to first reduce the methyl ester 

functionality to an alcohol before it is brominated to give the final product.  The 

methyl ester reduction is performed with the use of lithium aluminium hydride in 

order to give 3,4,5-(tri-3-(perfluorooctyl)propyloxy)benzyl alcohol (TPFPB-OH).  

TPFPB-OH was obtained in 86-88% yield, and the 1H NMR spectra for TPFPB-

COOMe and TPFPB-OH are shown in Figure 3.06, where a shift in the ArH peak is 

seen, in addition to the disappearance of the –COOMe peak and appearance of a 

CH2OH peak. 

A last Appel reaction to brominate the benzyl alcohol gives the final product, 3,4,5-

(tri-3-(perfluorooctyl)propyloxy)benzyl bromide (TPFPB-Br).[6]  TPFPB-Br was 

obtained in 81-85% yield, and the 1H NMR spectra for TPFPB-OH and TPFPB-Br 

are shown in Figure 3.06, where an obvious shift in the CH2OH / CH2Br peak can 

be seen. 

In the case of both R group syntheses, it is important to note that the large fluorine 

content led to problems with solubility, and with each experiment being performed 

on a larger scale than previously reported,[6] the work-up of each product as well.  

In the separation with DCM and water that followed each reaction step, this was 

carried out using a four litre separating funnel, splitting the crude product into 

approximately 10-15g potions and partitioning it between 1.5L DCM and 1.5L 

water, all heated to at least 30°C.  Care had to be taken due to the low boiling point 

of DCM, however without gentle warming, full dissolution of each crude product did 

not appear to be possible.  It was found that keeping all of the water used for 

washing of the product (often up to 20L) and washing this with further DCM to 

extract any additional product still residing in the aqueous phase greatly enhanced 

overall yield.  This was achieved by adding 1.5L of the water at a time with 1.5L 

DCM, which was reused unless any precipitate formed in which case the 

precipitate was redissolved with a small addition of extra solvent and gentle 

warming, and the solution was isolated and replaced with fresh DCM.  This DCM 
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was then amalgamated, washed three times with clean distilled water, and then 

added to the rest from the first set of separations.  This procedure necessitated the 

drying of large quantities of DCM over MgSO4 before warm filtration (30°C) and 

removal of solvent by means of rotary evaporation to isolate the washed product in 

each reaction step, which contributed heavily to the lengthy production time of 

each material. 

One final complication of note pertaining only to the lithium aluminium hydride 

reduction of TPFPB-COOMe to TPFPB-OH, was that fresh LiAlH4 was required for 

each reaction.  It was found that even after opening a fresh container under an 

inert atmosphere of dry nitrogen and resealing it, that subsequent use of the LiAlH4 

for this reduction yielded only partial or no success. 
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Figure 3.05.  Series of NMR spectra showing the starting material (PFP-OH), each reaction 

intermediate and the final product for the synthesis of the DPFPB-Br R group.  
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Figure 3.06.  Series of NMR spectra showing each reaction intermediate and the final product for 

the synthesis of the TPFPB-Br R group (the first step involving the bromination of PFP-OH to give 

PFP-Br is the same as the di-functional synthesis shown in Figure 3.05).  
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3.1.2  Functionalised chain transfer agent (CTA) synthesis 

 

With the synthesis of the two fluorinated “R groups” (with respect to the CTA, or 

“end-groups” with respect to the final polymer additive) completed, the next step 

was to use these R groups to synthesise a CTA for use in the planned subsequent 

RAFT polymerisations.  As previously discussed in Chapter 1 (see pages 48-49), 

the CTA synthesis is based upon the original synthesis of S-malonyl N,N-

diphenyldithiocarbamate (DPCM),[7] whereby the CTA is built up in a one pot 

synthesis, in which the R group (in the form of its bromide) is attached to the Z 

group bearing dithioester moiety in the final step as shown in Figure 3.07.  

Reaction with DPFPB-Br gives the di-functional CTA, S-3,5-(di-3-

(perfluorooctyl)propyloxy)benzyl N,N-diphenyldithiocarbamate (DPFPB-DPCM), 

and reaction with TPFPB-Br gives the tri-functional CTA, S-3,4,5-(tri-3-

(perfluorooctyl)propyloxy)benzyl N,N-diphenyldithiocarbamate (TPFPB-DPCM). 

 

Benzene
N
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N
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N S
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Figure 3.07.  Reaction scheme showing the synthesis of both DPFPB-DPCM and TPFPB-DPCM 

functionalised CTAs.  
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Figure 3.08.  NMR spectra for both the di-functional and tri-functional CTAs. 

 

 

3.1.3  Synthesis of low molecular weight end-functionalised polymer additive 
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molecular weight end-functionalised polymer additives.  Before the results of these 

polymerisations are discussed; a word about notation.  For the purposes of this 

work these additives are defined by the end-functionality (either di-functional or tri-

functional according to the CTA used) and their number average molecular weight.  

Throughout the rest of this thesis they will be referred to in the format “#K# PVP”, 

where the first digit(s) refers to the number average molecular weight  (x1000 g 

mol-1) of the additive as determined by SEC, and the second digit refers to the 

specific functionality (“2” for di-functional or “3” for tri-functional).  For example, the 

additive referred to as “6K2 PVP” is a polyvinyl pyrrolidone polymer additive with a 

molecular weight of 6000 g mol-1, end-capped with two C8F17 fluoroalkyl groups. 

In addition to the polymer additives that were made in this project, commercially 

available PVP was used as a PVP matrix in the preparation of thin films for surface 

analysis.  Four different molecular weights of matrix PVP were used, denoted “K15 

PVP”, “K17 PVP”, “K30 PVP” and “K90 PVP”. 

 

Table 3.1.  Molecular weights for each PVP matrix as quoted by the manufacturer and as 

determined by SEC. 

 

Type Mn (manufacturer) Mn (SEC) 

K15 PVP 10,000 6,600 

K17 PVP 12,600 32,650 

K30 PVP ~40,000 64,400 

K90 PVP ~360,000 366,000 

 

 

All RAFT polymerisations were carried out as detailed in the Chapter 5.  A typical 

polymerisation involved equal volumes of NVP and dioxane, appropriate amount of 

CTA and initiator based on the target molecular weight of the additive, under an 

oxygen-free nitrogen atmosphere at a temperature of 80°C.  Molecular weights and 
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polydispersities were determined by means of triple detection SEC using DMF as 

eluent, and the degree of end functionalization was calculated by 1H NMR 

spectroscopy, comparing peaks arising from a set of protons from the repeat unit of 

the polymer backbone against peaks corresponding to the aromatic protons of the 

fluorinated end-group. 

In addition to SEC and 1H NMR spectroscopy, 19F NMR spectroscopy was 

routinely performed in order to verify the presence of the fluorinated end-group in 

the polymers.  Early polymers were also subjected to dissolution in methanol and 

re-precipitation in diethyl ether (up to three times) and their 1H NMR spectra 

repeated in order to verify the continued presence of the end-group signal.  Re-

precipitation was never required in terms of product purity, but it was performed in 

order to ensure that the polymer was in fact end-functionalised and not a mixture of 

unfunctionalised PVP and unreacted RAFT chain transfer agent.  No re-

precipitation of any end-functionalised polymer led to a change in end-group 1H 

peak intensities, demonstrating that polymer and end-group were indeed covalently 

attached, as while diethyl ether is a non-solvent for PVP, it is an exceptional 

solvent for the fluorinated end-group. 

Shown below in Figure 3.09 is a 1H NMR spectrum for 6K2 PVP.  In conjunction 

with the known molecular weight from SEC (and hence the degree of 

polymerisation), the degree of end-functionality of any specific additive can be 

calculated by comparing those NMR peaks attributable to the functional end-group 

with peaks attributable to protons situated within the repeat unit of the polymer 

backbone.  When interpreting the 1H NMR spectra of these additives, the only 

peaks attributable to the CTA residues on each end of the polymer additive (the 

diphenylamino-bearing dithioester moiety or the “Z group”, and the fluoroalkyl chain 

bearing end-functionality or the “R group”) that are visible are in all cases the 

aromatic protons contained within these residues.  These are the only peaks with a 

chemical shift sufficiently different to and hence resolvable from those of the 

polymer backbone which are many times more intense in comparison. 
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Figure 3.09.  
1
H NMR spectra of the 6K2 PVP additive used in all of the di-functional additive 

contact angle measurements in the following section.  Of particular note are the peaks ascribed to 

the ten Z group aromatic protons (1) and the three R group aromatic protons (2). 

 

However, the peaks that have been chosen to calculate the degree of end 

functionality are those attributable to the aromatic protons in the fluoroalkyl R group 

(labelled “2” in the spectrum) as these are the only resolvable peaks from the end 
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case of the di-functional additive, simply three protons from the functional end 
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from this, in the case of the tri-functional additive whose functional end group 

contains one less aromatic proton, two protons from the end group are being 
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52.68 
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compared to three protons per monomer reside. 

In the specific case of the 6K2 PVP additive whose NMR spectrum is shown in 

Figure 3.09, the integral ratio between end group aromatic protons and the 

appropriate protons from the polymer backbone is 1:53 and the precise molecular 

weight of this additive from SEC is 5,400 g mol-1. 

The degree of polymerisation can be calculated from the known molecular weight, 

and from this the degree of end-functionalisation can be calculated by comparing 

the known degree of polymerisation to the degree of polymerisation inferred by 

NMR from the comparison between end group peaks and backbone peaks 

(assuming 100% end-functionalisation).  From the difference between these two 

values can be calculated the percentage of chains bearing a functionalised end-

group as per the following equations. 

 

M
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M
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
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3.1 

IR
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DP1

IR1
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3.2 

 

Where DP is the degree of polymerisation, Mn is the number average molecular 

weight as determined by SEC, MEG is the molar mass of the fluoroalkyl end-group, 

MM is the molecular weight of the monomer (NVP = 111.14 g mol-1), Dfunc is the 

degree of end-functionalisation, and IR is the NMR integral ratio between the three 

aromatic protons arising from the end group and the three protons per monomer 

residue within the polymer backbone.  So for the 6K2 additive: 
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As discussed in the introduction chapter on RAFT polymerisations (see pages 24-

28), a small amount of AIBN is required to initiate the polymerisation, and 

correspondingly a small amount of the resulting polymer chains will possess 2-

cyanopropyl end groups derived from AIBN in contrast to the majority of chains 

which were initiated by the R group of the CTA, and therefore possessing the 

desired end-functionality imparted by the CTA itself.  Therefore, when using a 1:8 

molar ratio of AIBN to CTA, the maximum possible degree of end-functionality in a 

perfect RAFT polymerisation would be 87.5%.  The calculated value of 74% is in 

reasonable agreement with what one would expect from a RAFT polymerisation 

using a molar ratio of 1:8 initiator to CTA as has been used in this work. 

 

Table 3.2.  SEC data for a selection of di- and tri-functional PVP additives as well as monomer 

conversion or yield and the degree of end-functionalisation as determined from 
1
H NMR 

spectroscopy. 

 

Type Target Mn Mn PDI % Yield % Functionalisation 

5K3 5,000 5,550 1.57 46% 82% 

7K3 7,000 7,150 1.45 41% 65% 

10K3 10,000 9,700 1.83 43% 54% 

20K3 20,000 17,400 1.49 39% 45% 

25K3 25,000 18,000 1.29 39% 39% 

50K3 50,000 33,100 1.57 53% 0% 

100K3 100,000 56,100 1.37 42% 0% 

6K2a 6,000 5,400 1.19 37% 74% 

6K2b 6,000 5,950 1.22 46% 79% 

10K2 10,000 7,950 1.20 57% 67% 

15K2 15,000 11,850 1.23 49% 71% 

25K2 25,000 18,050 1.34 46% 32% 

50K2 50,000 37,850 1.28 38% 0% 
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In Table 3.2 is shown a selection of polymer additives made using both the di- and 

tri-functional CTAs.  It can clearly be seen that both CTAs are capable of producing 

end-functionalised polymers with good control over molecular weight and high 

degrees of end-functionalisation.  Control over molecular weight is exceptionally 

good below 15,000 g mol-1, however between 15,000 and 100,000 g mol-1 we do 

see a divergence between target and achieved molecular weights though it is 

consistent and predictable in nature. 

From a glance at the polydispersity indices displayed in this table it can be seen 

that while both CTAs exhibit similar behaviour in terms of control over number 

average molecular weight and percentage monomer conversion, the di-functional 

CTA does perform noticeably better when considering control over polydispersity of 

the resulting polymers.  It is possible that the cause of this is that in the case of the 

tri-functional CTA, the third fluoroalkyl group is in the para position on the aromatic 

ring of the R group.  As such the electron donating ether group can directly affect 

both the likelihood of fragmentation and the stability of the radical formed in the 

reinitiation step of the RAFT process (see page 26).  It is conceivable that this will 

alter the position of the addition-fragmentation equilibrium to the detriment of the 

polydispersity.  While it is unarguable that the tri-functional CTA does not perform 

quite as well in this regard, the resulting low Mn polymers produced still maintain a 

high degree of end-functionalisation and are sufficiently well-defined to be used as 

effective surface modifying additives.  As will be seen later in this chapter it is in 

fact the tri-functional polymers that perform the best in their role as surface 

modifying additives. 
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3.2  Contact angle measurements 

 

3.2.1  Introduction 

 

As previously discussed, the purpose of making these low molecular weight end-

functionalised polymers is to use them in low concentrations as surface modifying 

additives in their corresponding unmodified bulk polymers.  Taking contact angle 

measurements using a goniometer and the Sessile Drop Technique[8] is a 

convenient method for investigating the surface properties (in this case 

oleophobicity, which in turn is an indicator of fluorine concentration at the surface) 

of our range of polymer matrices incorporating either of the two classes of additives 

in varying concentrations.  These contact angle measurements allow us to quickly 

investigate the surface properties of a range of polymer films enabling us to make 

direct comparisons between effects arising from the molecular weight of the 

polymer matrix, molecular weight of the functionalised additive, the number of 

fluoroalkyl groups on the additive and where appropriate, annealing temperatures 

and times. 

All of the contact angle data in this section is presented as a function of either 

additive concentration or annealing time.  While it would be more technically 

correct to present contact angle data as ‘cosθ’ as per Equation 3.3, it is presented 

in its raw form (θ / degrees), as many trends and comparisons seen in this work 

are easier to observe and discuss in this format.  Plots of cosθ have been included 

in several figures for completeness. 
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Figure 3.10.  Diagram illustrating a drop of dodecane partially wetting a polymer surface and how 

this contact angle is influenced by surface energies at the solid-liquid (γSL), liquid-gas (γLG) and 

solid-gas (γSG) interfaces.
[9] 

 

The Sessile Drop Technique involves depositing a drop of contact fluid from a 

vertically held syringe onto the polymer surface.  The contact angle is most simply 

described as the angle between the solid sample’s surface and the tangent of the 

droplet’s edge at the point where it makes contact with the solid surface as shown 

above (Figure 3.10).  At equilibrium this situation is described theoretically by the 

Young Equation[10]: 

 

0θ cosγγγ LGSLSG            3.3 

 

Where γSG is the solid-gas interfacial energy (or surface energy), γSL is the solid-

liquid interfacial energy, and γLG is the liquid-gas interfacial energy as shown in 

Figure 3.10.  It can be seen from this equation that as the energy at the solid-gas 

interface is decreased (as in this case by introducing low surface energy fluoroalkyl 

groups to the polymer surface), the contribution from the solid-liquid interface 
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becomes less significant and the droplet will contract in order to increase the 

contact angle and satisfy the above equilibrium equation. 

Having deposited a drop of contact fluid from a vertically held syringe onto the 

polymer surface, the contact angle can then be measured using a contact angle 

goniometer.  The sample is placed on a flat stage and the user can view the backlit 

side profile of the droplet and surface though an objective lens with a horizontally 

positioned microscope.  Within the objective lens are two rotatable circular scales 

depicting angles from 0 through to 360 degrees which can be independently 

aligned to the surface and the tangent that the droplet’s edge makes with the 

surface allowing the user to determine the contact angle.  The sample stage which 

is adjustable to ensure that it is completely level, can be moved left and right by 

means of a screw allowing measurements to be taken from each side of the drop, 

and also providing the surface is big enough, multiple drops. 

 

 

 

 

 

 

Figure 3.11.  Photograph of the view through the objective lens of the goniometer (left) and three 

photographs of drops of dodecane on surfaces of K15 PVP containing various weight percentages 

of 6K2 PVP (0% top right, 1.5% middle right, 2.5% bottom right). 
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Contact angle measurements are commonly used to calculate surface energies 

and various other surface interactions mathematically, however in this work it was 

simply used to draw comparisons between the contact angles of the unmodified 

matrices and those containing varying concentrations of our two additives.  These 

contact angles when plotted against percentage additive provide a good graphical 

representation of the effect that the additives have on the oleophobicity of the 

polymer surface and hence also allude to the surface concentration of fluorine and 

therefore the extent of surface segregation.  Contact angles can be affected by 

surface roughness,[11] and Atomic Force Microscopy (AFM) was used to investigate 

surface roughness, as well as Ion Beam Analysis (IBA) to investigate near-surface 

elemental composition in order to establish that contact angle changes were a 

result of surface chemistry and not surface roughness. 

In this work, all polymer films used for contact angle measurements were prepared 

as follows.  Solutions of PVP (5 wt. %) were prepared in methanol (Analytical 

Grade, Fisher Scientific) containing a blend of one of four different molecular 

weight unmodified bulk PVP matrices (denoted K15, K17, K30 and K90 PVP – see 

Table 3.1 for MW details) containing up to 15 wt. % end-functionalised additive 

(DPFPB-PVP or TPFPB-PVP).  These solutions were then used to spin coat 

polymer films onto glass microscope slides.  All films were spun at 3000 rpm for 1 

minute to give films with a thickness of approximately 250 nm.  The conditions 

required to achieve a film thickness of approximately 250 nm were optimised 

previously by spin coating the same PVP / MeOH solutions of varying solution 

concentrations onto silicon wafers at varying speeds, and then measuring the 

resulting film thicknesses using a Sentech SE400 Ellipsometer (up to 200 nm film 

thickness) and a Sentech FTP500 White Light Interferometer (above 150 nm film 

thickness).  Once films had been spun onto the glass slides they were dried in a 

vacuum oven to constant mass.  Contact angle measurements were obtained 

using dodecane (≥99%, Sigma-Aldrich) as the contact fluid on a Ramé-Hart NRL 

contact angle goniometer (model number 100-00-230), taking the average result of 

six measurements taken from both sides of three separate drops of dodecane 

deposited on the surface from a vertically held syringe.  In the case of any obvious 
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outliers sometimes caused by small pieces of debris or imperfections on the 

surface of the films, a fourth drop was deposited on the surface and the outlying 

results ignored.  For each set of readings the levelness of the sample stage was 

verified using a spirit level and adjusted if necessary. 

 

3.2.2  Films “as-spun” 

 

The contact angle data presented here allows us to characterise independently the 

effects of additive type, additive molecular weight, matrix molecular weight, 

annealing time and annealing temperature on the surface properties of the polymer 

films.  In this section we will look at data obtained from “as-spun” films (those that 

have not been subjected to annealing).  The first set of data is for 6000 g mol-1 

DPFPB-PVP or di-functional additive (6K2 PVP) in each of the four different PVP 

matrices; K15, K17, K30 and K90.  The objective of these data is to explore the 

potential impact of the molecular weight of the matrix polymer on surface 

segregation. 

Due to the large number of data points and their close proximity to one another in 

each set of data, the use of error bars has been forgone in favour of a single error 

bar on the top left or top right corner of each plot.  This single error bar represents 

the average of the standard deviations arising from each set of six contact angle 

measurements of which each data point is an average.  In other words this error 

bar is an average of all of the error bars in the associated plot. 
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Figure 3.12.  Plot of weight % 6K2 additive against contact angle in films prepared from each of the 

four different molecular weight PVP matrices.  Smaller plot shows ‘cosθ’ data, illustrating the 

corresponding reduction in surface energy as a function of additive concentration. 

 

As one would expect, the contact angles of the four bulk PVP matrices in the 

absence of any additive were all essentially the same.  The contact angles of all 

four unmodified polymer surfaces were measured at 5° or 6° showing that these 

surfaces have a relatively high surface energy and therefore allow substantial 

wetting by the dodecane.  However it can be seen that the addition of as little as 

0.5 weight % additive has a significant and measurable effect on the contact angle, 

in the case of the K90 PVP matrix, the addition of 0.5 weight % of 6K2 additive 

results in a 15° increase in contact angle.  Matrix molecular weight appears to have 

a significant impact upon contact angle at lower concentrations of additive, but this 

will be discussed in greater detail later. 

In the case of all four matrices, the contact angle increases steadily with each 
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increasing concentration of additive until contact angles plateau at around 34° 

whereupon the addition of further additive seem to have little or no further effect.  

Initially one might be forgiven for interpreting this feature in the data as arising from 

a surface saturation effect, whereby the size of the pendant polymer chain on each 

fluoroalkyl group determines how many additive chains can physically fit at the 

polymer / air interface.  However the situation is in fact somewhat more 

complicated than this, as previous work has shown.[12]  The additive, which 

comprises of both a polymer chain identical in composition to and therefore 

compatible with the bulk polymer matrix, and a fluoroalkyl end-group that does not 

interact particularly favourably with the bulk polymer, can be said to behave in a 

fashion analogous to a surfactant in solution.[13-15]   Just as in the case of a 

surfactant, where increasing its concentration in solution eventually leads to the 

formation of micelles at the critical micelle concentration (CMC),[16-18] increasing the 

concentration of polymer additive eventually leads to the formation of additive 

aggregates within the polymer bulk, at a critical aggregation concentration (CAC).  

The plateau region seen in this data corresponds to onset of the formation of 

aggregates and therefore the CAC of additive, whereupon the additive begins to 

spontaneously form aggregates within the polymer bulk in preference to further 

surface segregation.  Unlike the free additive chains, there is no thermodynamic 

drive for surface segregation of additive aggregates as the low surface energy 

fluoroalkyl end groups are buried within the aggregate structure.  In addition to this 

the aggregates are much larger than the free additive chains and therefore their 

rate of diffusion through the bulk polymer will be significantly lower. 
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Figure 3.13.  Schematic
[15]

 depicting the behaviour of either fluorinated additive in the polymer bulk 

during the spin coating process.  An equilibrium exists between free additive chains and aggregate 

structures but it is only the free chains that are able to surface segregate. 

 

This behaviour has been demonstrated by Thompson et al.[12]  The authors 

synthesised a series of deuteriopolystyrene (dPS) additives bearing very similar 

end-functionalities to those presented in this work, containing between two and 

four C8F17 end-groups.  Films containing varying concentrations of these additives 

in a polystyrene (hPS) matrix were then spin coated and contact angle 

measurements performed on the resulting polymer films, yielding similar trends to 

those seen here due to the same spontaneous surface segregation driven by the 

low surface energy of the fluoroalkyl end groups.  By virtue of the deuterated 

nature of the dPS additive chains in a deuterium-free hPS matrix, small-angle 

neutron scattering (SANS) experiments were carried out to investigate the nature 

of the distribution of additive chains within the polymer matrix.  Random phase 

approximation (RPA) was used to model the SANS data using a Flory-Huggins 

interaction parameter (χ) of 0 (χ describing the interactions between monomers of a 
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different species, therefore for monomers of the same type which for all intents and 

purposes d-styrene and h-styrene are, χ = 0).  For comparable polymer blends with 

a small Flory-Huggins interaction parameter, RPA simulations agree almost 

quantitatively with experimental SANS data.[19]   

At low concentrations of additive, the SANS data was consistent with free additive 

chains, exhibiting no signs of aggregation, distributed evenly throughout the 

polymer matrix.  This SANS data is consistent with what one would expect to see 

in the absence of any interactions between the fluoroalkyl end groups and the hPS 

matrix, in other words, in a polymer blend of unfunctionalised dPS and hPS.  The 

RPA simulations at these low additive concentrations were also in good agreement 

with the experimental SANS data, further strengthening this hypothesis. 

However at higher additive concentrations (above what has now been termed the 

CAC), the SANS data exhibited larger scattering cross-sections, indicating that the 

small-angle neutron scattering was now due to objects that were significantly larger 

than the dimensions of a free additive chain.  In addition to this there was no longer 

good agreement between the experimental SANS data and the RPA simulations 

indicating that in reality the interaction parameter was no longer ~ 0, that is to say 

the experimental situation was no longer similar to a simple blend of dPS and hPS 

as before. 

While it is most likely from these results that what is occurring is the formation of 

aggregates analogous to the formation of micelles in a surfactant solution as 

shown in Figure 3.13, it is not possible to prove this from the data presented in the 

paper up to this point.  However the authors then went on to model the situation 

where aggregates were forming by substituting into the RPA simulations the 

parameters of a dPS star polymer.  Using this approach, good agreement was 

obtained between the experimental and simulated data suggesting that aggregates 

existed within the bulk with dimensions of a star polymer with 6-7 arms. 

Further to the use of RPA modelling, transmission electron microscopy (TEM) was 

used to investigate the structure of polymer blends incorporating a tetra-functional 

additive possessing an end-group with four C8F17 fluoroalkyl chains.  In those 
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blends whose contact angle measurements fell within the plateau region where the 

additive concentration was above the CAC, discrete objects were observed in the 

transmission electron micrograph that would appear to be aggregate structures.  

These structures were not observed in blends with additive concentrations below 

the CAC. 

 

 

 

Figure 3.14.  TEM image
[12]

 of a blend of dPS additive (8 weight %) bearing an end-group 

containing four C8F17 fluoroalkyl groups in an hPS matrix.  Several discrete objects can be seen 

which would appear to be aggregate structures. 

 

In addition to the evidence presented thus far for aggregation over surface 

saturation as the explanation for the plateau region seen in our contact angle data, 

further work has been performed in this area by investigating the effects of 

annealing similar polymer blends.  It has been successfully demonstrated that 
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annealing above the Tg can have a significant beneficial effect on the surface 

segregation of these types of additive, which strongly supports the theory of a CAC 

over that of surface saturation.[6] 

Returning now to the discussion of our own work and the data shown in Figure 

3.12, we first see a sharp rise in observed contact angles with an increase in 

additive concentration below the CAC due to the spontaneous surface segregation 

of the additive and subsequent fluorine enrichment at the surface.  The initial 

spontaneous surface segregation of the additive is thermodynamically driven by 

the lowering in overall free energy due to the resulting lowering of the surface 

energy in addition to the removal of the oleophobic fluoroalkyl groups from the 

polymer bulk.  These enthalpic benefits combined overcome the entropic loss due 

to the ordering of the additive at the surface.  Thus below the CAC an equilibrium 

exists between free additive molecules within the bulk, and those that are surface 

segregated, and as the overall concentration of additive is increased, the surface 

concentration of additive also increases.   

However as the overall concentration of the additive increases and the CAC is 

reached, it becomes more thermodynamically favourable for the free additive 

chains to form aggregate structures within the bulk than for further surface 

segregation to occur.  There now exists the same equilibrium between free additive 

chains within the bulk and those that are surface segregated, but in addition to this 

there is a second equilibrium between free additive chains in the bulk, and 

aggregate structures also in the bulk (see Figure 3.13).  This second equilibrium 

can be thought of as having a buffering effect, so that if the additive concentration 

is increased further, more aggregate structures will form and the concentration of 

free additive chains within the bulk with remain unchanged, hence no additional 

surface segregation occurs.[16-18,20,21]  So as the concentration of additive is 

increased beyond the CAC, the resulting surface concentration of additive in the 

spin coated polymer film will remain the same, the excess additive simply 

remaining in the bulk polymer in the form of aggregates, and this is the origin of the 

plateau region seen in the data (Figure 3.12). 
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As in this data set the molecular weight and type of the additive is constant, the 

plateau region exists at the same contact angle for all four molecular weight 

matrices as the molecular weight of the matrix plays little or no part in 

determination of the maximum possible surface concentration.  However, there is a 

notable change in the gradient of each curve below the CAC, with surface 

concentrations of additive increasing faster with increased matrix molecular weight.  

It is possible that this is due to an increased rate of diffusion of the additive in 

higher molecular weight matrices (the matrix PVP molecules possessing a larger 

hydrodynamic volume relative to the additive), or it is also possible that it is a chain 

end effect (discounting the fluoroalkyl functional groups) which will be discussed 

later in this chapter. 

 

3.2.2.1  Effect of matrix molecular weight on contact angle measurements 

 

Maybe the most significant feature of this data set (Figure 3.12) is the effect of 

matrix molecular weight on surface segregation (and therefore surface properties) 

at low concentrations of additive.  It can clearly be seen that despite all four plateau 

regions being reached at approximately 2.5 weight % additive and a contact angle 

of approximately 34°, at concentrations below 2.5 weight % (~CAC), surface 

segregation of the additive appears to increase steadily with increase of polymer 

matrix molecular weight.  As we are considering the situation where the additive 

concentration is below the CAC, we are not concerned with the thermodynamic 

argument describing the formation of aggregates, but only the thermodynamics of 

surface adsorption of free additive chains.  As already discussed this occurs due to 

the subsequent reduction in surface energy in addition to the removal of the 

oleophobic fluoroalkyl groups from the polymer bulk which combined overcome the 

entropic penalty associated with ordering the additive at the surface. 

It is suspected that the origin of the trend seen across the different molecular 

weight matrices is in fact due to the ratio of additive chain ends to matrix chain 

ends.  Assuming that polymer chains assume a random coil conformation, these 
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conformations can be characterised by the root mean square end-to-end distance 

(RG).  Previous work has shown that in the absence of favourable interactions 

between monomer units and an interface or surface, there is an increase in chain 

end density at the surface of an ordinary polymer.[22-25]  This effect arises because 

there is a lower loss of conformational entropy associated with a polymer chain end 

residing at the surface (which can be considered as an impenetrable boundary), 

when compared with the midsection of the polymer chain residing at the surface, 

which forces “reflection” of the polymer chain.[22]  Therefore polymer chains within 

one RG of the surface may adjust their conformation in order to localise their chain 

ends at the surface.[25] 

 

Entropically unfavourable

 

 

Figure 3.15.  Perturbed polymer conformation at the surface.
[25] 

 

In addition to this effect, it has been shown that highly branched polymers in a 

linear polymer matrix,[26,27] and lower molecular weight polymers in a higher 

molecular weight polymer matrix[28] have a tendency to surface segregate to 

measurable extent.  This is due to the entropic attraction of chain ends to the 
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surface, and the fact that architecturally complex or significantly lower molecular 

weight polymers possess a far higher ratio of chain ends per repeat monomer unit 

than their higher molecular weight bulk polymer counterparts. 

An alternative rationalisation for the matrix molecular weight effect seen in Figure 

3.12 can be derived from Flory-Huggins theory[29,30] as applied to binary polymer 

blends in solution.[31,32]  Flory-Huggins theory is a mean field approximation, 

whereby the location of monomer units and solvent molecules is modelled on a 

regular lattice.  All lattice points are assumed occupied by either a monomer unit or 

solvent molecule, and it is assumed that they are of equal volume.  Another 

important assumption is that there is complete flexibility between monomer units.  

Ignoring the fluoroalkyl functional end-groups on the additive chains, consider the 

PVP thin films to be simply a blend of two different molecular weights of otherwise 

identical PVP.  The Gibbs free energy of mixing for a two component polymer 

blend in which both components are monodisperse is given by Equation 3.4, which 

is derived from the Flory-Huggins model described above.[33] 

 

BAB

B

B
A

A

A

B

mix ln
N

ln
NTk

G






           3.4 

 

Where ϕA and ϕB are the volume fractions of polymers A and B respectively, NA 

and NB are the degrees of polymerisation, χ is the Flory-Huggins interaction 

parameter, kB is the Boltzmann constant and T is the absolute temperature.  In this 

case, the final term in this equation can be ignored as we are dealing with a blend 

of two different molecular weights of PVP, and so as both polymer components are 

chemically identical as far as their repeat structure is concerned, χ = 0.  However it 

can be seen that the other two terms are affected by the degree of polymerisation 

of each polymer, and hence the Mn, thus the molecular weight of each polymer will 

have an effect on the Gibbs free energy of mixing. 

Flory-Huggins phase diagrams for a specific system can be generated theoretically 
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or measured experimentally, often by virtue of SANS or SAXS.  In their simplest 

form, these diagrams consist of a so-called ‘coexistence curve’ which divides the 

diagram into two regions, one in which the components are mixed and one in 

which they are phase separated. 

 

 

 

Figure 3.16.  Flory-Huggins phase diagrams for binary polymer blends of polymer A and polymer B, 

where A and B are of similar Mn (left), and A is of significantly higher Mn than B (right).  χ is the 

Flory-Huggins interaction parameter, ϕA is the volume fraction of polymer A, and N is the degree of 

polymerisation of each polymer. 

 

Figure 3.16 shows two example phase diagrams for a binary polymer system in 

solution: one where the degrees of polymerisation are equal, and one where one 

polymer is of a significantly higher degree of polymerisation than the other.  It can 

be seen from these diagrams that the difference in degrees of polymerisation, and 

hence Mn of each polymer, has a significant effect on ΔGmix, and indeed whether or 

not the blend is mixed or phase separated.  Thus it is possible that the trend seen 

in Figure 3.12 across the range of molecular weight matrices at additive 

concentrations below the CAC, is attributable to this phenomenon whereby 

increasing the Mn of the matrix is leading to phase separation of the matrix and the 



 

 
 

109 

additive. 

It is either one or both of these effects (chain end density / Mn effect on ΔGmix) that 

is assumed to be responsible for the trend of contact angles for specific 

concentrations of additive seen below the CAC, to increase slightly with an 

increase of matrix molecular weight, as seen in Figure 3.12.  That is to say that an 

increase in molecular weight of the polymer matrix relative to that of the low 

molecular weight polymer additive leads to a slightly enhanced surface segregation 

of the additive.  This subtle effect is unrelated to the additive fluoroalkyl 

functionality and is a sole consequence of increasing the molecular weight of the 

matrix. 

 

 

 

Figure 3.17.  Effect of concentration of 10K3 PVP additive on contact angle for blends of additive in 

PVP matrices of varying molecular weight. 
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Figure 3.17 shows contact angle data for differing concentrations of the 10,000 g 

mol-1 tri-functional additive (10K3) in the four PVP matrices; K15, K17, K30 and 

K90.  The first point to note is the 20-25% increase in contact angles achieved 

relative to those obtained with the di-functional additive at both the plateau region 

of the data and also at lower concentrations of additive.  This increased impact on 

contact angle relative to the di-functional additive is expected due to the larger 

fluorine content of the tri-functional additive.  Again there is a significant increase in 

contact angle with increasing concentration of additive resulting in a higher surface 

concentration of fluorine and hence additive.  The addition of as little as 0.5 wt. % 

of additive (in the case of the K90 PVP matrix) resulted in an increase of contact 

angle from 5° to 25°. 

As discussed previously, a plateau in contact angle is observed corresponding to 

the CAC and the preferential formation of additive aggregates over surface 

adsorption.  However in the case of the tri-functional additive it seems that this 

occurs at slightly higher concentrations than in the di-functional case, at 

approximately 3-5 wt. % additive.  It seems reasonable to suggest that this is due 

again to the increased molar fluorine content (50%) relative to that of the di-

functional additive.  One could argue that the extra fluoroalkyl chain could induce 

the additives to aggregate at lower concentrations, however it would also lead to a 

greater thermodynamic drive for surface adsorption due to a greater reduction in 

surface energy for the same entropic penalty.  In this case, below the CAC, surface 

adsorption would be enhanced relative to the di-functional additive, effectively 

retarding the bulk concentration of the additive and raising the CAC; that is to say 

the concentration of additive at which aggregation will start to occur and give rise to 

the plateau region seen in the data. 

Another important feature of this data is the change in contact angles seen across 

the different molecular weight matrices at lower concentrations of additive, below 

the CAC.  It can clearly be seen that the higher the matrix molecular weight, the 

larger the observed contact angles are below the CAC.  This phenomena has 

already been discussed and explained in terms of entropic attraction of chain ends 

to the surface, however it is interesting to note that in the case of the tri-functional 
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additive as seen here, this increase in contact angle with increasing matrix 

molecular weight appears to occur not only at low concentrations of additive below 

the CAC, but at all concentrations of additive.  If one were to consider the terminal 

unit of each fluoroalkyl C8F17 chain (which is in fact an -OC3H6C8F17 chain) as a 

chain end, it would be conceivable this entropic attraction of the tri-functional 

additive to the surface would be slightly enhanced when compared to that of the di-

functional additive. 

 

3.2.2.2  Effect of additive type on contact angle measurements 

 

 

 

Figure 3.18.  Effect of additive type at varying additive concentrations on contact angle, for blends 

of either di-functional or tri-functional additive in a K15 PVP matrix. 

 

Figure 3.18 shows data providing a direct comparison between a di-functional and 
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tri-functional additive of the same molecular weight (6,000 g mol-1, 6K2 PVP and 

6K3 PVP) in a K15 PVP matrix.  All other things being equal it can be seen that the 

tri-functional additive gives rise to both a significantly increased contact angle at all 

additive concentrations and also it would appear to reach the plateau region at a 

slightly higher additive concentration corresponding to the CAC, possibly due to its 

50% greater molar fluorine content as previously discussed.  This plot serves 

simply to illustrate the superior performance of TPFPB-PVP over DPFPB-PVP as a 

surface modifying additive. 

 

3.2.2.3  Effect of additive molecular weight on contact angle measurements 

 

 

 

Figure 3.19.  Effect of additive molecular weight at varying additive concentrations on contact angle, 

for blends of one of three molecular weight di-functional additives in a PVP matrix. 
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In the contact angle data presented in Figure 3.19, it is now the effect of molecular 

weight of the additive that is being compared, with three sets of K15 PVP films 

containing di-functional additives of 6,000 g mol-1, 25,000 g mol-1, and 50,000 g 

mol-1.  Here we see similar qualitative trends in each set of data pertaining to 

surface segregation and the CAC as previously discussed, but additionally we see 

a very obvious trend across the three data sets for the contact angle to decrease 

with increased molecular weight of the additive. 

These observations are consistent with studies on analogous additives and 

therefore are to be expected.[6,15]  Increasing the molecular weight of the additive 

and hence its hydrodynamic volume during the spin coating process will decrease 

its rate of diffusion through the polymer matrix.  In addition to this effect, increasing 

the molecular weight of the additive will also reduce the percentage of each 

additive chain which is comprised of low surface energy fluoroalkyl chains, and by 

the same token will increase that which is comprised of PVP.  Since the low 

surface energy fluoroalkyl end group is the driving force behind the spontaneous 

surface segregation and pendant PVP chain is compatible with the PVP matrix, 

decreasing the percentage composition of the former and increasing that of the 

latter will increase the compatibility of the additive with the matrix, to the detriment 

of its ability to surface segregate.  A final factor to take into account is that 

increasing the molecular weight and hence RG of the polymer additive will 

decrease the packing density of fluoroalkyl end groups at the surface.  These 

effects combined lead to reduced surface segregation, a reduced fluorine 

concentration at the polymer surface, hence reduced surface oleophobicity and 

therefore increasing the molecular weight of the additive will give rise to lower 

contact angle measurements. 

 

3.2.3  Annealed films 

 

Annealing of the polymer films at temperatures well in excess of the glass 

transition temperature of PVP should allow reorganisation of the polymer films, and 
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past work[6,15] has shown that annealing in this fashion can result in enhanced 

surface segregation of polymer additives, giving rise to increased contact angle 

measurements.  In this work, Hutchings et al. made a series of low molecular 

weight polystyrene additives analogous to the PVP additives presented in this 

thesis, and these additives were spin coated in bulk polystyrene matrices so as to 

perform contact angle measurements on the resulting surfaces. 

Annealing was shown to be of considerable benefit in terms of enhancing surface 

properties and increasing measured contact angles.  The impact of annealing upon 

surface segregation also supports the theory that the plateau regions seen in our 

contact angle data are a result of an equilibrium between free additive molecules 

and aggregates as opposed to a simple surface saturation effect.  It also shows 

that this equilibrium has not been reached in the short duration of the spin coating 

process, prior to annealing.  If the surface were indeed saturated by additive 

molecules, the maximum surface concentration would be determined by the size of 

the pendant polymer chain, or to be more precise its RG, as this is significantly 

larger than the end-group.  If this were the case one would expect annealing to 

have little or no effect on the surface concentration of additive (and hence the 

contact angle) as it would be already saturated.  However annealing the polymer 

films for various amounts of time above the glass transition temperature of 

polystyrene gave increases in contact angles of 0-5° for all PS additives even at 

the plateau region (above the CAC) which is indicative of increased surface 

concentration of additive as a direct result of annealing.  Hence simply increasing 

the concentration of additive in unannealed films leads to aggregation and the 

observation of a plateau in contact angles, after which the addition of further 

additive has little or no effect on the surface properties – this does not however 

result in surface saturation. 

This rationale must be approached with a degree of caution however, as annealing 

could affect the measured contact angles in two additional and somewhat subtler 

ways.  Firstly it could affect the surface topography or roughness of the polymer 

films which would affect the contact angle by means of changed surface area, or if 

surface roughness were increased sufficiently, surface features could affect the 
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shape of drops deposited on the surface giving rise to anomalous results.  The 

Young equation as discussed earlier (Figure 3.10) can be used to describe the 

equilibrium contact angle, θ, of a drop of liquid on a flat, homogenous surface.  

However most surfaces are in reality rough, and there are two generally accepted 

models with which to describe wetting behaviour on a rough surface: the Wenzel[34] 

model and the Cassie-Baxter[35] model. 

 

 

 

Figure 3.20.  Schematics depicting the Wenzel and Cassie-Baxter models of surface wetting. 

 

The Wenzel model assumes that the liquid penetrates into a rough surface, 

completely wetting it, thus increasing the surface area of the solid-liquid interface 

relative to that of a perfectly smooth surface.  The original Young equation is 

modified to take into account the surface roughness by introducing a roughness 

factor, r, which is the ratio of the actual area of liquid-solid contact to the projected 

area on the horizontal plane.  The Wenzel contact angle, w

r , is given by Equation 

3.5, where e  is the Young equilibrium contact angle.[36] 
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The Cassie-Baxter model assumes that the liquid sits on top of the rough surface, 

with small pockets of air filling the depressions in the surface.  Due to the low 

resistance of the air pockets, a Cassie-Baxter drop exhibits considerably less 

contact angle hysteresis than a Wenzel drop, and for the same reason droplet 

motion will occur more readily.  The Cassie-Baxter contact angle, c

r , is given by 

Equation 3.6, where e  is again the Young equilibrium contact angle, s  is the 

area fraction on the horizontal projected plane of liquid-solid contact, and wr  is the 

ratio of the actual area to the projected area of liquid-solid contact.[36] 

 

1cosrcos sesw

c

r            3.6 

 

Thus if 1s   (complete wetting of the surface with no air pockets), then rrw  , in 

which case the Cassie-Baxter equation cancels down to the Wenzel equation.  The 

most relevant point to note however, is that for both Wenzel and Cassie-Baxter 

models, an increase in surface roughness for a hydrophobic material will lead to an 

increase in contact angle. 

The second possible effect that annealing polymer films could have on observed 

contact angles is thermal degradation.  If any thermal degradation of the polymer 

matrix or additive were to occur, this could have pronounced effects on the 

measured contact angles.  In order to try and elucidate the exact causes behind 

the changes observed in our work due to annealing polymer films, we have 

investigated both the surface topography of the samples by means of atomic force 

microscopy (AFM), and the thermal stability of both additives and polymer matrices 

by thermogravimetric analysis (TGA), all of which will be discussed later in this 

section. 

Before contact angle measurements could be measured on annealed polymer 

films, the Tg of the PVP matrix needed to be measured as well as the thermal 

stability of the matrix and additive, in order to determine a suitable annealing 
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temperature.  Initially we measured the Tg of K15 PVP by differential scanning 

calorimetry (DSC) to be 155°C.  Having determined the Tg of the polymer matrix 

we then investigated the thermal stability of K15 PVP in addition to that of the 6K2 

PVP additive by means of TGA in order to see how high we would be able to heat 

the polymer films without risk of thermal degradation.  While the situation for a TGA 

sample and a polymer film of a thickness of approximately 250nm are not directly 

comparable due to huge differences in surface area to volume ratios, TGA at least 

gives a rough guide to the temperatures at which the polymer matrices and 

additives will start to thermally decompose. 

 

 

 

Figure 3.21.  TGA data for a 6K2 PVP additive heated from 30°C to 600°C at a rate of 10°C/min 

under an oxygen-free nitrogen atmosphere. 

 

In Figure 3.21 can be seen TGA data for a 6K2 PVP additive heated at a constant 

rate of 10°C/min up to a maximum temperature of 600°C.  The sample was 

contained within an oxygen-free nitrogen atmosphere to simulate as closely as 
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possible the oxygen-free vacuum oven in which PVP samples were to be 

annealed.  As can be seen from the data there is an initial mass loss of 

approximately 3% corresponding to the loss of water.  Despite the fact the additive 

was stored under vacuum, PVP is hygroscopic and needs more rigorous methods 

to be applied to it in order to dry it completely.  The onset of a degradation step can 

be seen at approximately 175°C leading to a 10-12% decrease in mass which 

coincidentally corresponds almost exactly to the mass of the fluoroalkyl end-group 

and so this was presumed to be the loss of the end-group.  Then at approximately 

320°C we see complete degradation of the polymer leading to less than 10% of the 

original mass remaining.  From this TGA it was decided to anneal samples at 

165°C, roughly midway between the Tg of PVP and the onset of thermal 

degradation of the end-group. 

Having settled on an annealing temperature of 165°C, polymer films comprising of 

0-2.5% 6K2 PVP additive in K15 and K90 matrices were prepared and the initial 

annealing time was set at 1 hour. 
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Figure 3.22.  Effect of annealing (165°C for 1 hour) polymer blends at varying additive 

concentrations on contact angle, for blends of 6K2 PVP di-functional additive in either a K15 or K90 

PVP matrix. 

 

As can be seen from Figure 3.22, annealing these films at 165°C for 1 hour seems 

to have little or no effect on the observed contact angle.  Though differences 

between corresponding annealed and unannealed data points are below the 

threshold of necessarily being statistically significant, one could tentatively suggest 

that there is a vague trend for the annealed contact angles to be slightly higher by 

one or two degrees.  These results compare unfavourably to past work with 

analogous polystyrene-based additives[15] in which annealing of polymer films led 

to significant increases in contact angle, however due to the lower Tg of the 

polystyrene matrix in question (104°C), the authors were able to anneal at a 

temperature of Tg+45°C.  In the work presented in this thesis, the annealing 

temperature of 165°C only equates to Tg+10°C as it is more tightly constrained by 
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the higher Tg of the PVP matrix (155°C) and the onset of thermal degradation of 

the additive (175°C).  As 165°C is an annealing temperature constrained by the 

thermal stability of the materials involved and not as high above the Tg as would be 

desirable, it was decided after this initial experiment to increase the annealing time 

to 12 hours at the same temperature using a fresh set of polymer films. 

At the longer annealing time of 12 hours (Figure 3.23) it can clearly be seen that 

annealing the films is beginning to have a more noticeable effect on the observed 

contact angle.  The most benefit appears to be for additive in the K15 matrix below 

the CAC.  However at the turning point before the onset of the plateau region it 

would seem that annealing has had a slightly diminishing effect on the observed 

contact angle.  Another important point to note is that in the case of the K15 matrix 

that there is a 5° increase in contact angle on annealing for the unmodified matrix - 

0% 6K2 PVP additive.  This is interesting as it immediately suggests that 

something other than an increase in additive surface concentration is occurring to 

change the contact angle as in this case there is no additive present.  This is not to 

say that annealing is definitely having no effect on the surface segregation of the 

additive in measurements where additive is present, but it clearly shows that 

something else is happening as well, be it a surface degradation effect or a change 

in surface topology.  The observed changes in contact angle may be a result of any 

combination of these three possible processes, which will be discussed later in this 

chapter with the TGA and AFM data. 
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Figure 3.23.  Effect of annealing (165°C for 12 hours) polymer blends at varying additive 

concentrations on contact angle, for blends of 6K2 PVP di-functional additive in either a K15 or K90 

PVP matrix. 

 

The effect of annealing for this time and at this temperature is minimal in the case 

of the additive in the K90 PVP matrix, though while the differences in 

corresponding annealed and unannealed data points is again not necessarily 

statistically significant, there would again seem to be a trend for the annealed data 

points to appear at values of between one and two degrees higher than their 

unannealed counterparts. 

Having observed a clear shift in measured contact angles upon annealing when 

the additive was present in a matrix of K15 PVP, it was decided to increase the 

annealing time further in order to ascertain whether or not any additional changes 

would be seen after 12 hours.  Four sets of K15 PVP films were prepared 

comprising the same concentrations of 6K2 PVP additive as used thus far, and 
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were subjected to annealing times of 3 days, 6 days, 9 days and 13 days 

respectively, at a constant temperature of 165°C. 

 

 

 

Figure 3.24.  Effect of annealing polymer blends with varying additive concentrations at 165°C on 

contact angle, for blends of 6K2 PVP di-functional additive in a K15 PVP matrix.  Weight % additive 

vs. contact angle for each annealing period (0-13 days). 

 

As can be seen from the data presented in Figure 3.24, an annealing time of three 

days resulted in qualitatively similar data to that seen for the films annealed for 12 

hours, although the increases seen in contact angle at additive concentrations 

below that of the CAC are significantly larger.  Most importantly we see that the 

largest increase (14°) in contact angle arises as a result of annealing the 

unmodified matrix, strongly suggesting that any increases in contact angle in the 

modified films cannot be solely attributed to enhanced surface segregation, but 

may arise due to a change in surface roughness or thermal degradation. 
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Figure 3.25.  Effect of annealing polymer blends with varying additive concentrations at 165°C on 

contact angle, for blends of 6K2 PVP di-functional additive in a K15 PVP matrix.  Annealing time vs. 

contact angle for each additive concentration (0-15%). 

 

After three days however we see a steady decline in observed contact angles at all 

additive concentrations, as shown in Figure 3.25, which would further suggest that 

over longer periods of time some form of thermal degradation is occurring.  Initial 

TGA investigations to establish the thermal stability of both additives and matrix, 

were carried out for no longer than 1 hour and therefore provide insufficient 

evidence of these materials’ thermal stability on such prolonged time scales.  

Additionally TGA data does not directly apply to the situation of a 250 nm thick film 

due to the enormous surface area to volume ratio of such a film relative to that of a 

simple solid sample.  Another possibility is that the temperature in the vacuum 

oven used to anneal the samples was not completely uniform, and some samples 

were annealed at temperatures of slightly above or below 165°C.  Clearly any 
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variation in temperature would affect the annealing studies and in particular any 

samples which experienced temperatures in excess of 165oC would be more prone 

to thermal degradation.  In order to investigate this possibility annealing studies 

were repeated on a subset of the samples used to generate the data shown in 

Figure 3.24. 

It can be seen in Figure 3.24 that each data set can be broadly defined by three 

concentrations of additive; 0%, 2.5% and 15%.  Therefore fresh samples of 6K2 / 

K15 PVP films were prepared, containing these three weight percentages of 

additive.  As far fewer samples were investigated in this repeat trial, the films could 

be placed in close proximity to one another, occupying only a small space in the 

centre of the vacuum oven and therefore minimising the risk of individual films 

experiencing varying annealing temperatures. 

The results of this repeated annealing study can be seen in Figure 3.26.  It would 

appear that variations in temperature within the vacuum oven are indeed 

responsible for at least some of the trends seen in the original data in Figure 3.24 

from 3 days to 13 days.  This would make sense as the samples were placed in the 

oven in the order that they were to be removed, therefore the “3 day” samples were 

placed at the front of the oven while the “13 day” samples were placed at the back. 
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Figure 3.26.  Plot of weight % additive against contact angle for the 6K2 PVP di-functional additive 

in a K15 matrix, for both unannealed films and films annealed at 165°C for periods of 3 days, 6 

days, 9 days and 13 days.  This data represents repeat experiments from selected data points in 

Figure 3.24. 

 

However in the repeat data we see that annealing at 165°C for three days has an 

impact on surface properties, but prolonged annealing beyond that time has no 

further significant effect on contact angles.  However, we can still observe that the 

largest impact of annealing is on the unmodified matrix where the contact angle 

increases from 3° to 21-23°, suggesting that factors other than surface segregation 

are affecting the contact angle measurements.  Subsequently a series of prolonged 

TGA experiments were carried out to verify the thermal stability of both the additive 

and matrix at 165°C for up to three days.  In addition to these experiments, a series 

of AFM measurements were also performed to try and elucidate, if any, the effect 

of annealing on the surface topography of the polymer films.  
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3.3  Atomic Force Microscopy (AFM) and Thermogravimetric Analysis (TGA) 

 

3.3.1  Investigation of surface topology of both unannealed and annealed polymer 

films 

 

Atomic Force Microscopy (AFM)[37] is a powerful surface imaging technique 

whereby a fine probe attached to a cantilever is scanned across a sample surface 

in order to provide detailed topographical information.  It also has important 

application in the determination of force-versus-distance curves which give 

valuable insight into surface properties such as elasticity, hardness, adhesion and 

surface charge densities.[38]  AFM is capable of imaging both conducting and 

insulating surfaces, with nanometre lateral and sub-angstrom vertical (atomic) 

resolution.  The probe-surface interaction is observed and recorded by the 

reflection of a laser beam off the reverse side of the cantilever, and into a split 

photodiode detector (Figure 3.27).  The sample is mounted on a piezoelectric 

scanner, and with the use of a feedback loop, the probe-surface interaction is kept 

constant by moving the sample up and down while it scans forwards and 

backwards past the probe.  For each x, y coordinate of the sample, its height (z 

coordinate) is recorded and a three dimensional digital representation of the 

surface is constructed in this way.[39] 
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Figure 3.27.  Simple block diagram showing the basic components of an Atomic Force 

Microscope.
[40] 

 

When applied as a surface imaging technique, AFM can be performed in a variety 

of modes, the most common being ‘contact’ mode and ‘tapping’ mode.  Contact 

mode is essentially as described above, where a constant probe-surface 

interaction is maintained by virtue of a feedback loop and vertical movements of 

the sample, and for each x, y coordinate of the sample, the z coordinate is 

recorded and used to create a detailed digital image of the surface.  Tapping 

mode, as used in the work presented in this thesis, involves the oscillation of the 

probe at or near the cantilever’s resonance frequency, and rather than maintaining 

constant contact with the surface, the probe is tapped on the surface during the 

otherwise similar scanning procedure.  The use of an oscillating probe eliminates 

lateral forces between probe and sample that are otherwise present in contact 

mode, reducing the possibility of damage being caused to the sample, and allowing 

the imaging of soft or fragile surfaces. 

In this work, AFM was used in an attempt to determine whether surface roughness 
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and its possible alteration upon annealing, could have a part to play in the contact 

angle data for annealed polymer films presented earlier.  As can be seen in 

Figures 3.24 and 3.26, it would appear that the greatest increases in contact angle 

due to annealing occur in those polymer films comprising 0% additive.  This is 

counterintuitive as it was expected that the very presence of additive and its 

concentration would be the principle cause of any contact angle increases 

achieved through annealing. 

 

 

Figure 3.28.  Three dimensional representation of AFM data showing the topography of the surface 

(10µm
2
) of a PVP film comprising 2.5 weight % 6K2 additive in a K15 PVP matrix. 

 

A typical atomic force micrograph of an unannealed polymer blend is shown in 

Figure 3.28.  As can be seen from the vertical scale, this film (as with all others) is 

exceptionally smooth possessing features deviating no further than a few 

nanometres from the mean plane. 

AFM was used to calculate the surface roughness, Rq, of various polymer blends 

containing 0%, 2.5% or 15.0% 6K2 PVP additive, annealed for times of between 0 

and 13 days.  Rq is defined as the root mean square of height deviations taken 

from the mean image data plane, and is given by Equation 3.7. 
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Each sample (a polymer thin film prepared as for previous contact angle 

measurements) was cut to size and mounted on an AFM stub.  Six, 10µm2 areas 

were chosen at random and scanned with the AFM, a value for Rq calculated for 

each and then the average was taken to give a final value of Rq for the sample.  

The data from these AFM measurements is presented in Figure 3.29. 

 

 

 

Figure 3.29.  Plot of annealing time against Rq (a measurement of surface roughness) in a bid to 

show the effect of annealing on the topology of a selection of polymer films containing either 0%, 

2.5% or 15.0% 6K2 PVP additive. 
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annealed and unannealed, with no Rq measurement reaching even a single 

nanometre (bearing in mind that a nanometre is approximately only seven times 

the length of a typical carbon-carbon single bond).  While in all three blends the 

unannealed (0 days) polymer film has the lowest Rq, it is in fact the concentration 

of additive present that appears to have the more significant effect on surface 

roughness than the annealing process does.  That the concentration of additive 

affects the surface roughness is perhaps unsurprising given the very small Rqs 

involved and the comparatively significant size of the additive end groups present 

at the surface, but it does highlight the minimal effect that annealing appears to 

have on surface roughness.  In the 0% additive films, annealing over periods of 

between 0 and 13 days leads to fluctuations in Rq of no more 0.17nm, and the 

most significant variation in Rq seen in any of the blends over all of the annealing 

periods is 0.67nm.  We have found no evidence in the literature that variations in 

surface roughness on this scale could have as pronounced an effect upon contact 

angle as can be seen in the results shown for 0% additive films in Figure 3.26.  

Additionally, any variations in surface roughness seen in Figure 3.29 do not 

correlate at all with the contact angle measurements shown in Figure 3.26.  

Therefore this work performed with AFM has shown that the annealed contact 

angle measurements shown in Figures 3.24 and 3.26 are not a result of changes in 

surface roughness due to the annealing process, as no significant changes have 

been observed. 
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3.3.2  Thermal stability of end-functionalised additive at 165°C for prolonged time 

period 

 

Thermogravimetric Analysis (TGA) is an analytical method used to measure 

sample mass as a function of temperature.[41,42]  The temperature can be controlled 

precisely and extremely accurate dynamic weighing of the sample allows the 

thermal stability of a material to be tested.  TGA can be used to determine if a 

sample is stable at a specific temperature, or the temperature can be increased 

steadily to give a degradation profile (a plot of sample mass vs. temperature) from 

room temperature to that of sample combustion.  These experiments can be 

performed in air, or under an inert atmosphere.  Additionally TGA can be used to 

measure the moisture or solvent content of a sample, and also to measure the 

percentage of non-combustible material in a sample, for example a thermally 

stable constituent in a composite material. 

In this work TGA has been used to determine the thermal stability of the DPFPB-

PVP di-functional additive, 6K2 PVP, at the annealing temperature of 165°C over a 

prolonged time period. Earlier TGA of this material (Figure 3.21) showed the onset 

of thermal degradation at 175°C when heating the sample at a rate of 10°C/min, 

and 165°C was chosen as a safe annealing temperature, which is still only 10°C 

above the Tg of the polymer.  However as the annealing process has been 

performed for time periods of up to 13 days, these longer scale TGA experiments 

were performed in order to ascertain whether thermal degradation could be the 

cause of the unexpected contact angle measurements for annealed samples as 

shown in Figure 3.26. 
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Figure 3.30.  TGA data (sample weight vs. time and sample weight vs. temperature) for a 6K2 PVP 

additive heated to a steady 165°C under an oxygen-free nitrogen atmosphere for 18 hours. 
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Shown in Figure 3.30 is TGA data for the 6K2 PVP additive heated at 10°C/min to 

a steady temperature of 165°C which was maintained for a period of 18 hours.  

The first plot showing sample mass vs. time clearly indicates that mass loss 

continues to occur throughout the full 18 hours of the experiment.  The second plot 

is of sample mass against temperature for the same experiment, and shows that 

during the heating of the sample to 165°C there is a mass loss of 6%; however a 

further 8% is lost after reaching and being held at 165°C.  There is also an 

inflection in the curve between 0 and 165°C indicating two separate mechanisms 

by which this mass loss is occurring.  The first is most certainly moisture loss, 

however it is possible that the second step (onset at 85°C) in addition to the 8% 

mass loss after reaching 165°C is due to either further moisture loss, of water 

bound to the polymer by a different mechanism than that lost below 85°C, or it is 

due to thermal degradation of the sample.  Given the AFM results discussed in the 

previous section, and in light of this data, it is most likely that some form of thermal 

degradation of the 6K2 PVP additive is occurring, and it is this process which is 

responsible for the contact angle measurements shown for annealed polymer 

blends in Figure 3.26. 
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3.4  Rutherford Backscattering experiments 

 

3.4.1 Introduction to Ion Beam Analysis and Rutherford Backscattering 

 

 

 

Figure 3.31.  Picture of the NEC 5SDH Pelletron accelerator used to perform RBS experiments. 

 

Ion beam analysis (IBA)[43,44] encompasses a range of analytical techniques all 

involving the use of high energy (MeVs) ion beams in order to obtain quantitative 

data pertaining to the elemental composition of solid surfaces.  Depth resolution is 

typically in the range of nanometres to a micron, and in addition to analysing near 

surface elemental composition, certain techniques can be used to provide 

elemental depth profiles.  The use of any particular technique is determined 

predominantly by the mass of the target nuclei relative to that of the incident ions 

being accelerated into the surface, and also relative to that of the majority of the 

other nuclei within the sample. 

When an ion beam with an energy of the order of MeVs is incident upon a solid 

surface, the vast majority of accelerated ions are embedded into the sample and 

are not backscattered at all, owing to the relatively small probability of a direct 

collision with a nucleus.  However, when a high energy ion does collide with a 

nucleus, there are three possible outcomes.  The first two possibilities arise from 

the situation where the ion collides with a target nucleus at the surface which leads 

to what can be considered as an elastic collision (energy is neither lost nor gained).  
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Technically this collision does not actually involve direct contact between the 

accelerated ion and target nucleus, but energy is transferred through Coulombic 

repulsion between them when they come in close proximity to each other.  

However this interaction can be modelled accurately as an elastic collision using 

classical mechanics. 

If the accelerated ion is of a lower mass than the target nucleus, the ion would 

simply be deflected back in the general direction of the ion source having lost a 

certain amount of energy through transfer of momentum to the target nucleus.  

These “backscattered” ions and their corresponding energies can then be detected 

by a stationary solid state detector placed at a specific angle to the incident ion 

beam and this is the basis for Rutherford Backscattering analysis (RBS).[43,44]  The 

energy of a backscattered ion (having come originally from a monoenergetic ion 

beam of known energy) is dependent upon the mass of the target nucleus with 

which the collision occurred – the larger the nucleus the higher the energy of the 

backscattered ion. 

If the accelerated ion is of a greater mass than the target nucleus, then the ion will 

no longer be backscattered as this is not kinematically allowed, but it will continue 

travelling away from the ion source and into the sample surface.  The lower mass 

target nucleus however will be recoiled and ejected from the sample also in a 

forward direction with respect to the ion beam, and it is this effect that is the basis 

of Elastic Recoil Detection analysis (ERD).[45,46]  Kinematics is simply the branch of 

mechanics which describes the motion of bodies (or in this case particles) without 

consideration for the forces that give rise to their motion i.e. how they interact with 

each other taking into account the conservation of both momentum and kinetic 

energy.  An easy way to visualise the difference between RBS and ERD is simply 

to imagine firing a snooker ball at a few metres per second along a flat surface 

towards a bowling ball versus firing the bowling ball in the same fashion towards a 

snooker ball.  In the first instance the snooker ball would be deflected away from 

the bowling ball which would hardly move (backscattering) however in the second 

instance the snooker ball would be shot forwards and the bowling ball would 

continue forwards as well (elastic recoil). 
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The third and most likely possibility is that the accelerated ion will not collide with a 

target nucleus at the surface at all, but will travel into the surface gradually losing 

energy through low energy collisions with electrons.  At some point an elastic 

collision with a nucleus will occur and the ion will be backscattered and exit the 

sample again in the general direction of the ion source.  It is this third process that 

allows RBS to provide an elemental depth profile as the lower energy of the 

backscattered ion relative to that of one which did not penetrate into the sample is 

measurable and the depth to which it penetrated can be calculated.  Though 

energy is lost in discreet interactions with electrons, the process can be considered 

continuous and the total energy lost is a direct result of the total distance travelled 

through the solid sample summed with the energy lost by a single elastic collision 

with a target nucleus within the solid. 

 

 

 

Figure 3.32.  Diagrams depicting the experimental configuration for RBS (left) and an elastic 

collision between a moving particle and a stationary particle (right) where solid lines refer to the 

situation “pre-collision”, and dotted lines “post-collision”.  Masses and velocities are designated by 

M and ν respectively and all quantities refer to a laboratory frame of reference.
[43] 
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In RBS, the loss of energy in ions backscattered from the surface is a direct 

consequence of momentum transfer from the high energy ion to the target nucleus 

during the collision event.  With lighter elements that are closer in atomic mass to 

the accelerated ions, the amount of momentum transfer is significant and therefore 

leads to a correspondingly significant reduction in the energy of the backscattered 

ions allowing for these elements to be easily identified.  As the differences in mass 

between these small nuclei as a percentage of their total mass is significant 

relative to the mass of the accelerated ion, different elements will give rise to 

measurably different backscattering energies and these elements can easily be 

resolved from one another.  However with elements of a much greater atomic 

mass than the accelerated ions, far less momentum is transferred during collision 

events leading to backscattered ions with energies that are much closer to both 

that of the original ion beam and also to each other.  The extent to which each 

element affects the energy of backscattered ions detected at a specific angle, θ, 

from the direction of the ion beam is known as the “kinematic scattering factor” and 

is given by Equation 3.8: 
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Where K is the kinematic scattering factor, Mp is the mass of the accelerated ion, 

Mt is the mass of the target nucleus with which the collision occurred, and θ is the 

angle at which the detector is placed relative to the direction of the ion beam (i.e. 

only ions that are backscattered at this precise angle are detected).  The energy of 

a backscattered ion arising from a specific element can then be calculated using 

the kinematic factor as in equation 3.9 and hence counts with this energy are 

attributable to collision events involving that element. 
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inout EKE            3.9 

 

Where Eout is equal to the energy of the backscattered ion and Ein is the energy of 

the ion before the collision, i.e. the beam energy. 

This means that RBS is much more sensitive to lighter elements, easily 

distinguishing between nuclei with a difference in mass of only one or two atomic 

mass units, but cannot always resolve heavier elements from each other as the 

energies of backscattered ions arising from collisions with these nuclei are all much 

more similar. 

When considering the energy of a backscattered ion that has penetrated the 

surface and lost energy through interaction with electrons as well as a nuclear 

collision, the energy can also be described in terms of the kinematic scattering 

factor as in Equation 3.10: 

 

  21inout EEEKE            3.10 

 

Where E1 is the energy lost by the accelerated ion on the inward path through the 

sample and E2 is the energy lost on the outward path. 

Another factor to consider is the change in probability of an ion being 

backscattered when we vary the atomic mass and therefore size of the target 

nuclei which is related to the differential scattering cross section given in Equation 

3.11: 

 

 
    

    


































1/22

tp

21/22

tp

4

2

in

2

tp

sinθ/MM1

cossinθ/MM1

θsin

4

4E

eZZ
θσ


          3.11 

 



 

 
 

139 

Where σ is the differential scattering cross section which represents the area that 

the nucleus of the element in question presents to the accelerated ion that will 

result in a backscattering event.  Zp and Zt are the atomic numbers of the 

accelerated ion and target nucleus respectively, and e is the charge of an electron. 

More simply the probability of a backscattering event being observed at a certain 

angle relative to the direction of the ion beam is as an approximation proportional 

to the square of the atomic number of the target nucleus.  In other words heavier 

elements have larger nuclei and are therefore more likely to be involved in 

collisions with accelerated ions.  So RBS is actually more sensitive to heavier 

elements in terms of detecting their backscattered ions which are more numerous 

and of a higher energy than those from lighter elements, but as already discussed, 

RBS is less sensitive to heavier elements in terms of being able to resolve their 

signals from one another and hence identify and distinguish between them.[43] 

In our work and with most work involving polymer analysis, 4He++ is a suitable 

incident ion as it allows RBS from any elements heavier than itself (ruling out only 

hydrogen, though this can be used for tandem RBS / ERD experiments) and 

results in good resolution between many of the elements you might expect to see 

in a normal polymer and that we indeed see in our polymers (12C, 14N, 16O, 19F etc).  

Certainly all of the elements that we are concerned with in this work are easily 

resolvable by RBS with 4He++, most notably 19F, which being a significantly heavier 

element than those contained within the rest of the polymer backbone leads to a 

separate and easily identifiable peak allowing facile calculation of 19F concentration 

at the polymer surface. 

In our use of RBS we have been principally concerned with the quantitative 

detection of 19F at the polymer surface as a measure of the efficiency of our low 

molecular weight fluorinated PVP additive to spontaneously surface segregate.  As 

we are interested only in detecting 19F at the surface and not in the bulk, it is not 

desirable to have incident 4He++ ions penetrating the surface of the sample (the 

majority of which ordinarily would) and leading to more complicated spectra.  In 

order to analyse only the top few nanometres of the surface, the sample is placed 
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in such a fashion that that the ion beam contacts with it at a “grazing” angle of only 

a few degrees from the direction of the beam in order to take advantage of the 

effect known as “blocking”.  This term refers to the fact that each nucleus within the 

sample surface casts what can be effectively considered as a shadow behind it, 

relative to the direction of the incident ion beam.  Any ion that hits a nucleus will be 

backscattered and therefore no ions will continue to penetrate the sample in the 

space directly behind that nucleus.  Any ions that travel in close proximity to the 

positive nucleus but do not collide with it will be repelled slightly as they pass it due 

to their own positive charge and their trajectory will be bent away from the nucleus.  

This leads to a cone shaped shadow behind each nucleus which no ions can reach 

and this is referred to as “blocking”.  If the ion beam is perpendicular to the surface 

then as there is a relatively large amount of space between each of the nuclei, the 

accelerated ions can penetrate dozens of nanometres into the surface before a 

collision occurs or they become embedded in the sample.  However if the sample 

is rotated with respect to the ion beam so that it hits the surface at a grazing angle 

of approximately five degrees, the ion beam will penetrate more or less the same 

distance into the material in the direction of the beam, but barely at all in the 

direction perpendicular to the surface itself.  In this way blocking can be taken 

advantage of allowing us to obtain RBS data corresponding only to the top few 

layers of atoms at the very surface of the sample. 
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Figure 3.33.  Diagram depicting the effects of “blocking” with a 4He
++

 ion beam incident upon a solid 

surface and then at a grazing angle.  The black dots represent nuclei within the solid sample and 

the grey cones show the effective “shadow” cast by each nucleus relative to the ion beam. 

 

3.4.2  Rutherford Backscattering data and discussion 

 

Grazing angle RBS has been used to provide a more quantitative measure of the 

amount of fluorine at the surface of our modified polymer films, and can therefore 

give us a good approximation of the surface concentration of fluorinated end-

groups.  In the case of PVP, RBS is particularly sensitive to the presence of 

fluorine due to its greater mass and hence greater differential scattering cross 

section than that of all of the other constituent elements of the polymer.  Being able 

to measure the amount of fluorine specifically in the near surface layer of the 

polymer films provides us with another good indicator of how the surface 

adsorption of the fluorinated polymer additive is affected by its concentration and is 

a useful complementary analytical technique to the contact angle measurements 

already discussed. 



 

 
 

142 

Halogenated organic materials and some polymer surfaces are known to be 

susceptible to beam damage and as such the beam charge was restricted to 2 μC, 

with twelve measurements being taken from twelve different spots in order to 

minimise the exposure of any particular point on the surface to the ion beam.  For 

each sample, the cumulative data collected from these twelve measurements was 

then imported into SIMNRA,[47] a piece of dedicated software designed to simulate 

back or forward-scattering spectra for ion beam analysis with MeV beams, and the 

data was manually fitted to a simulation.  The software was then used to integrate 

the higher energy peak attributable to 19F and a value for the surface concentration 

of 19F was obtained in atoms cm-2. 

 

 

 

Figure 3.34.  SIMNRA screenshot of raw data from an RBS experiment (wbs1h1.ASC data for 1.0% 

6K2 PVP / K15 PVP polymer blend) fitted to a simulation.  The higher energy peak at 550keV is 

attributable to 
19

F and the software is used to calculate its surface concentration. 
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RBS experiments were performed on a set of K15 PVP films containing a range of 

percentages of a 6K2 PVP additive with a view to analysing the effect of both 

additive concentration and additive type on surface adsorption. 

 

 

 

Figure 3.35.  Plot of weight % 6K2 additive in a K15 PVP matrix against the number of fluorine 

atoms per square centimetre of surface.  Red data set and right hand y axis show contact angle 

measurements for the same set of polymer films. 

 

In Figure 3.35 is shown data obtained from RBS experiments carried out on K15 

PVP films containing several different concentrations of 6K2 PVP additive.  The 

characteristic shape of the data obtained in all of the “as-spun” contact angle 

measurements from the previous section (equivalent 6K2 PVP / K15 PVP 

measurements shown in red using the right hand y axis) can instantly be seen 
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mirrored in this RBS data, with a steady increase in fluorine surface concentration 

up to 2.5% additive concentration whereupon a plateau region is reached.  This 

plateau region corresponds to maximum obtainable surface concentration of 

additive which is determined by the Critical Aggregation Concentration (CAC) as 

previously discussed (see Figure 3.13). 

It can again be seen that very small quantities of additive (as little as 0.5 wt. %) 

have a pronounced effect on the fluorine content at the surface and hence the 

surface properties of otherwise unmodified PVP.  This data also proves 

conclusively the presence of our functionalised polymer additive, specifically at the 

surface of the polymer film.  It also confirms observations made from contact angle 

measurements regarding the additive’s behaviour in terms of spontaneous surface 

segregation with respect to its concentration, as the additive is the only possible 

source of fluorine in any of the samples. 
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Additive Effects on GDL 

Performance 
 

Preliminary investigation into the effects of 
novel end-functionalised PVP additives on 

Gas Diffusion Layer performance under 
simulated fuel cell operating conditions 
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4.1  Introduction 

 

The work presented in this chapter is a collaboration between myself and 

Rosemary Fisher at Technical Fibre Products Ltd., under the supervision of Dr Lian 

Hutchings (Durham University) and Dr Michael Jeske (Technical Fibre Products 

Ltd.).  The preparation of all Low Cost Substrates was performed by myself in the 

Technical Fibre labs in Kendal, while the water uptake and durability tests that 

were carried out over a period of approximately three months were performed by 

Rosemary, as was the subsequent data analysis. 

Having tested the novel low molecular weight, end-functionalised polymer additives 

under laboratory conditions, predominantly by means of contact angle 

measurements on thin films and Rutherford Backscattering Ion Beam Analysis as 

discussed extensively in the previous chapter, it was decided to perform some 

tests more directly linked to the intended application of these materials.  It has 

been shown that these materials are highly efficient at modifying the surface 

energy, and hence oleophobicity and hydrophobicity, of their corresponding bulk 

polymer, poly(N-vinyl pyrrolidone) (PVP).  However, given the intended application 

for these materials and the industrial funding backing the project, there was a need 

to try and ascertain how these materials might perform in the Gas Diffusion Layer 

(GDL) of a Polymer Electrolyte Membrane Fuel Cell (PEMFC), specifically under 

the operating conditions of such a fuel cell. 

In order to gain an insight into the ability of the novel polymer additives to modify 

the operating characteristics of a GDL, a series of mock GDLs was made, termed 

Low Cost Substrates (LCSs).  These LCSs were made from a base sheet of 

carbon fibre paper, to which was applied an aqueous suspension containing 

graphite, unfunctionalised PVP, DPFPB-PVP (6K2 PVP) or TPFPB-PVP (6K3 

PVP) end-functionalised PVP additive, and either polytetrafluoroethylene (PTFE) or 

Fluorinated Ethylene Propylene (FEP).  The suspension was applied by laying a 

sheet of porous carbon fibre paper on a clean, flat surface, and pouring the 

aqueous solution onto the sheet before rolling it evenly over the sheet with a hand 
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roller.  The sheet was then allowed to air dry before being fired at a predetermined 

temperature and time, the resulting LCSs roughly approximating the composition of 

a real GDL at a fraction of the cost. 

The LCSs were then used to test the effects of the new additives on both LCS 

water uptake and durability (mechanical strength) under PEMFC operating 

conditions.  A series of LCSs were prepared in order to test the effects of each 

additive on water uptake and durability, when used with either PTFE or FEP, and 

fired for varying temperatures and times.  Statistically based experimental design 

was employed due to the large number of variables being tested (concentration of 

additive, PTFE / FEP, firing time and firing temperature), which would otherwise 

need to be tested one at a time whilst keeping additional variables constant.  In 

addition to being inefficient, a one-by-one approach would also ignore any effects 

arising from possible variable-variable interactions, giving rise to potentially 

misleading results.  Given this disadvantage and the finite amount of additive 

available this would not have been practical, and so the composition of each LCS 

in terms of quantities of each component in the solution, as well as the firing times 

and temperatures, were generated by StatGraphic[1] experimental design software 

using a Design of Experiment (DoE) approach (Box-Behnken design[2]), in order to 

give the most statistically significant results from a limited number of samples. 

Each LCS was accurately weighed and its tensile strength measured using a 

Testometric AX-250 tensile tester.  They were then submerged completely in water 

in sealed containers and placed in an oven where they were heated to a constant 

temperature of 80°C.  The samples were then held at 80°C for 2000 hours, being 

removed from the oven periodically to be weighed (in order to measure water 

uptake of the sample) and for parallel 15cm x 15mm strips to have their tensile 

strength measured (as a measure of durability).  As a temperature of 80°C in water 

closely approximates the conditions a GDL would be subjected to in a functioning 

PEMFC, it was hoped that these tests would give an indication of the benefits or 

otherwise of incorporating the novel end-functionalised polymer additives into a 

GDL. 
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4.2  Results and Discussion 
 

4.2.1  Di-functional additive: 6K2 PVP 

 

The experimental parameters of the DoE were as follows: 

 

PTFE-based LCSs: 

 Additive concentration: 0 – 20% 

 Firing temperature: 300 – 380°C 

 Firing time: 30 – 120 minutes 

 

FEP-based LCSs 

 Additive concentration: 0 – 20% 

 Firing temperature: 280 – 320°C 

 Firing time: 30 – 300 minutes 

 

These experimental parameters were inputted into the aforementioned StatGraphic 

software package, and it was used to generate the sample sets displayed in Table 

4.1 (a set of sample compositions for each PTFE-containing LCSs and FEP-

containing LCSs).  The corresponding LCSs were then prepared and as previously 

discussed, water uptake and durability tests were performed at various time 

intervals while the samples were being subjected to simulated fuel cell operating 

conditions. 
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Table 4.1.  Sample compositions for PTFE-based (#1-15) and FEP-based (#16-30) Low Cost Substrates generated by StatGraphic using Box-

Behnken experimental design.  All samples contain the same overall concentration of PVP, including both matrix (PVP) and additive (6K2 PVP).  

 Sample Composition – 6K2 PVP & PTFE / FEP based LCSs Firing info 

# KS4 
Graphite 

/ g 

AquaDAG  
/ g 

PVP 
/ g 

PTFE or 
FEP / g 

Weight % 
6K2 PVP 

Mass 6K2 
PVP  / g 

Water  
/ g 

PTFE-based samples FEP-based samples 

Temperature  
/ °C 

Firing 
time    
/ min 

Temperature  
/ °C 

Firing 
time    
/ min 

1 / 16 3.1 11 2.6 0.65 0 0 15 380 75 280 115 

2 / 17 3.1 11 2.6 0.65 0 0 15 300 75 300 200 

3 / 18 3.1 11 2.6 0.65 0 0 15 340 120 320 115 

4 / 19 3.1 11 2.6 0.65 0 0 15 340 30 300 30 

5 / 20 3.1 11 2.34 0.65 10 0.08 15 300 120 280 200 

6 / 21 3.1 11 2.34 0.65 10 0.08 15 380 120 300 115 

7 / 22 3.1 11 2.34 0.65 10 0.08 15 380 30 320 30 

8 / 23 3.1 11 2.34 0.65 10 0.08 15 340 75 280 30 

9 / 24 3.1 11 2.34 0.65 10 0.08 15 300 30 320 200 

10 / 25 3.1 11 2.34 0.65 10 0.08 15 340 75 300 115 

11 / 26 3.1 11 2.34 0.65 10 0.08 15 340 75 300 115 

12 / 27 3.1 11 2.08 0.65 20 0.16 15 340 30 300 30 

13 / 28 3.1 11 2.08 0.65 20 0.16 15 380 75 300 200 

14 / 29 3.1 11 2.08 0.65 20 0.16 15 340 120 280 115 

15 / 30 3.1 11 2.08 0.65 20 0.16 15 300 75 320 115 
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Having performed these experiments, the results were then fed back into the 

StatGraphic software package in order to generate several important sets of data, 

these being: 

 

1.  A standardised Pareto chart.  This displays the statistical significance of 

individual variable effects on a specific outcome (in this case water uptake 

or durability), in decreasing order of significance.  In this work a line is also 

displayed showing a 5% statistical significance, variables below which are 

considered statistically insignificant in comparison to those above. 

2. A main effects plot.  This displays the effect of each statistically significant 

variable upon the specific outcome, while holding all other variables at their 

middle point.  The overall difference for each variable in the lowest 

measurement and highest measurement of the outcome is referred to as the 

“main effect” of that variable. 

3. A response surface plot.  This displays a three dimensional wire frame 

surface representing the effect of any two variables on a specific outcome, 

and is very useful for calculating the optimum combination of these variables 

to achieve the desired outcome (in the case of this work, minimum water 

uptake or maximum durability).  This plot comes with an associated R 

squared value which is a measure of confidence – the nearer this value is to 

100%, the more certain the data. 

 

The results for the PTFE-based LCS incorporating the 6K2 PVP additive are 

shown in Figures 4.01 and 4.02. 
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Response Surface Plot for Water Uptake 

      

 

Figure 4.01.  StatGraphic data for water uptake tests (water uptake measured in cm
3
 / g) performed 

on PTFE-based LCSs, where “dendron” refers to the di-functional additive, 6K2 PVP. 

R squared = 88% 

Optimum parameters: 

 Dendron conc = 20% 

 Firing temp = 367°C 

 Firing time = 30 min 

Predicted water uptake: 0.26 cm
3 
/ g 
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The first point to note is that although the concentration of additive (dendron conc) 

is indicated to be statistically insignificant in the standardised Pareto chart, this is 

only in comparison to the effect of temperature, which as can be seen in all three 

charts, is the dominant factor in determining water uptake.  However, as can be 

seen in the main effects plot, water uptake decreases steadily with increased 

additive concentration, and all other things being equal, an additive concentration 

of 20% results in a 14% decrease in water uptake compared to 0% additive 

concentration.  The response surface plot (with the firing time fixed at the optimum 

of 30 minutes) shows with a good degree of confidence that increased additive 

concentration results in a lowering of water uptake at all firing temperatures, but 

that the optimum result is obtained at a firing temperature of 367°C with a  

maximum additive concentration of 20%. 

Shown in Figure 4.02 is the StatGraphic generated data for the durability tests 

performed on the same 6K2 PVP / PTFE LCSs.  Again we see that firing 

temperature is the major factor involved in determining durability, however, the di-

functional additive also has an effect, with higher durability being achieved at low 

and high concentrations of additive.  The main effects plot shows that in fact a 0% 

additive concentration should lead to a slightly higher durability than 20%, however 

the difference being small, one could argue that the benefits displayed in water 

uptake behaviour are worth the cost in terms of durability. 

  



 

 
 

156 

 

 

 

 

Response Surface Plot for Durability 

      

 

Figure 4.02.  StatGraphic data for durability tests (durability measured in N / 15mm) performed on 

PTFE-based LCSs, where “dendron” refers to the di-functional additive, 6K2 PVP.  

R squared = 91% 

Optimum parameters: 

 Dendron conc = 20% 

 Firing temp = 367°C 

 Firing time = 30 min 

Predicted durability: 9.5 N
 
/ 15mm 
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Response Surface Plot for Water Uptake 

      

 

Figure 4.03.  StatGraphic data for water uptake tests (water uptake measured in cm
3
 / g) performed 

on FEP-based LCSs, where “dendron” refers to the di-functional additive, 6K2 PVP.  

R squared = 92% 

Optimum parameters: 

 Dendron conc = 20% 

 Firing temp = 318°C 

 Firing time = 30 min 

Predicted water uptake: 0.16 cm
3 
/ g 



 

 
 

158 

Shown in Figures 4.03 and 4.04 is a parallel set of data for the FEP-based LCSs 

as opposed to PTFE, still for the di-functional 6K2 PVP additive.  Figure 4.03 

shows the StatGraphic data for water uptake, and immediately one can see that 

the additive has a far greater beneficial effect on water uptake when used with 

FEP.  The standardised Pareto chart shows that it is now the additive 

concentration alone that is the most statistically significant variable when 

considering water uptake, followed by firing temperature and time.  The main effect 

of additive concentration shown in the main effects plot is 0.06 cm3 / g, which 

corresponds to a 20% decrease in water uptake between 0% and 20% additive 

concentration.  However, when combined with the optimum firing time and 

temperature as shown in the response surface plot with a high associated degree 

of confidence, a 20% additive concentration yields a predicted water uptake of 0.16 

cm3 / g.  This corresponds to a 36% reduction in water uptake compared to the 

otherwise identical situation in the absence of any 6K2 PVP additive. 

Figure 4.04 shows the StatGraphic data for the durability tests performed on the 

6K2 PVP / FEP LCSs.  The additive concentration is still a significant variable, and 

the main effect of additive concentration is significantly beneficial, with a steady 

increase of durability with additive concentration from 0 – 20%, corresponding 

overall to a 13% increase in tensile strength, which is significantly higher than in 

the case of the PTFE-based LCSs.  The response surface plot indicates a steady 

increase in durability with additive concentration at all firing temperatures, however 

for the first time, this statistical data comes with a low confidence level of 41% and 

so while the trend should be considered a positive result, there is little point in 

discussing this data quantitatively. 

Overall our initial work in this area has shown positive results using the di-

functional additive with PTFE, but especially with FEP where it has demonstrated a 

significant benefit in terms of water uptake.  It has also shown promising results 

when considering tensile strength, however more experiments need to be done in 

order to clarify the additives effect in this regard. 
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Response Surface Plot for Water Uptake 

      

 

Figure 4.04.  StatGraphic data for durability tests (durability measured in N / 15mm) performed on 

FEP-based LCSs, where “dendron” refers to the di-functional additive, 6K2 PVP.  

R squared = 41% 

Optimum parameters: 

 Dendron conc = 20% 

 Firing temp = 297°C 

 Firing time = 30 min 

Predicted durability: 9.0 N
 
/ 15mm 
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4.2.2  Tri-functional additive: 6K3 PVP 

 

Due to time constraints, in part due to the difficulties encountered with 

manufacturing this material successfully, and initially on a large enough scale, 

experimentation with the tri-functional additive and its incorporation into LCSs was 

more limited.  Instead of using a DoE approach as with the di-functional additive, a 

more precursory investigation was done, using a fixed concentration of additive 

(20% by mass of total PVP content) in a FEP-based LCS, and comparing the 

results of water uptake and durability tests over a 2000 hour period with an 

otherwise identical LCS containing no additive. 

 

 

 

Figure 4.05.  Water uptake data for FEP-based LCSs containing either 0% or 20% 6K3 PVP tri-

functional additive, submerged in water at 80°C over a period of 2112 hours. 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

0 500 1000 1500 2000

W
at

e
r 

U
p

ta
ke

 /
 c

m
3
 g

-1
 

Time / hours 

0% additive 20% additive



 

 
 

161 

The water uptake data shown in Figure 4.05 displays clearly a large benefit in the 

presence of the tri-functional additive, especially below 1000 hours where water 

uptake is reduced by up to 65% by the presence of additive.  While the water 

uptake of the additive-free LCS eventually comes down nearer to that of the 

additive-containing LCS, the 20% additive LCS’s water uptake remains relatively 

constant throughout the entire 2000 hour period, which would suggest that if it 

were a real GDL it would perform more consistently. 

 

  

Figure 4.06.  Tensile strength data for FEP-based LCSs containing either 0% or 20% 6K3 PVP tri-

functional additive, submerged in water at 80°C over a period of 2000 hours. 

 

Figure 4.06 shows the durability data for the same set of LCSs.  While in both 

cases there is a regular decline in tensile strength over the testing period, it would 

appear that in this case, the tri-functional additive has a slightly negative effect on 

the durability of the sample. 
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4.3  Conclusions from preliminary LCS water uptake / durability study 

 

This preliminary work has demonstrated that our novel end-functionalised PVP 

additives impart significant benefit in terms of reducing water uptake of the LCS 

under simulated PEMFC operating conditions, especially when used with FEP 

rather than PTFE.  Additionally we have shown that the presence of additive 

appears to have a beneficial effect on the consistency of water uptake over time.  

Durability experiments have yielded slightly more questionable results, with some 

formulations displaying slight benefit in terms of mechanical strength while others 

display slight deficit. 

However, in this more complex system we have had to re-evaluate the role of the 

end-functionalised PVP additives.  The trends seen in the DoE-based study on 6K2 

PVP where the most promising results in terms of water uptake are seen in the 

FEP-based samples, are not entirely consistent with our previous research.  For 

example it would appear that the most benefit is obtained from the presence of this 

additive when it is at its maximum concentration (in this set of experiments) of 20% 

(weight fraction of the overall PVP component of the formulation).  This is not 

consistent with our contact angle and Rutherford backscattering investigations, 

where we see the surface segregation of this additive increase with concentration 

until a plateau effect is seen at the critical aggregation concentration (CAC) which 

is typically at about 2.5% additive. 

This observation has prompted us to speculate that in this more complex (than a 

simple blend of unfunctionalised and functionalised PVP) system, the benefit 

derived from the presence of the additive is in fact not due to it behaving as a 

surface modifying additive, but more as a surfactant, helping to compatibilise the 

fluoropolymer with the aqueous phase and the PVP.  If the additive was behaving 

in such a way it could lead to improved dispersion of the fluoropolymer component 

of the formulation, and result in enhanced LCS properties.  However, more work 

will need to be undertaken with these materials in order to verify this hypothesis. 
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5.1  Analytical techniques and instrumentation 
 

5.1.1  Nuclear Magnetic Resonance Spectroscopy (NMR) 

 

1H NMR analysis was performed using a Bruker Avance-400 spectrometer at 400 

MHz using CDCl3 (100%, 99.96 atom % D, Sigma-Aldrich) as a solvent. 

 

5.1.2  Size Exclusion Chromatography (SEC) 

 

In the case of polystyrene, molecular weight data was obtained using Size 

Exclusion Chromatography (SEC) on a Viscotek TDA 302 with refractive index, 

viscosity and light scattering detectors and 2 x 300 ml PLgel 5 µm mixed C 

columns.  Tetrahydrofuran was used as the eluent at a flow rate of 1.0 ml/min and 

at a constant temperature of 35°C. The light scattering detector was calibrated with 

a narrow molecular weight polystyrene standard purchased from Polymer 

Laboratories using a value of 0.185 ml/g for the dn/dc of polystyrene. 

 

In the case of PVP, a separate setup was used to obtain SEC data using identical 

hardware though using dimethylformamide (DMF) was used as the eluent at a flow 

rate of 1.0 ml/min and at a constant temperature of 35°C.  The light scattering 

detector was calibrated with a narrow molecular weight polystyrene standard 

purchased from Polymer Laboratories using a value of 0.990 ml/g for the dn/dc of 

PVP calculated using an accurate solution of PVP. 

 



 

 
 

166 

5.1.3  Thin Film Analysis 

 

Film thicknesses were measured using a Sentech SE400 Ellipsometer (up to 200 

nm film thickness) and a Sentech FTP500 White Light Interferometer (above 150 

nm film thickness). 

Contact angles were measured using a Ramé-Hart NRL contact angle goniometer 

(model number 100-00-230). 

All AFM measurements were performed using a Digital Instruments Nanoscope IV 

scanning probe microscope. 
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5.2  Materials 

 

5.2.1  Cumyl dithiobenzoate synthesis and RAFT polymerisation of styrene 

 

Sulphur (powder, 99.98%, Sigma-Aldrich), sodium methoxide (≥97%, Fluka), 

benzyl chloride (99%, Sigma-Aldrich), α-methylstyrene (99%, Sigma-Aldrich) and 

p-toluenesulfonic acid (98.5%, Sigma-Aldrich) were used as received.  

Tetrahydrofuran (Analytical Grade, Fisher Scientific), methanol (Analytical Grade, 

Fisher Scientific), diethyl ether (Lab Reagent Grade, Fisher Scientific), hexane 

(Analytical Grade, Fisher Scientific) and 1,4-dioxane (ACS reagent, Sigma-Aldrich) 

were used as received, and in any instance of water being used it was deionised.  

Styrene (99+%, Sigma-Aldrich) was freshly distilled over calcium hydride under 

high vacuum before use.  Azobisisobutyronitrile (98%, Acros Organics) was 

recrystallised from 1:1 chloroform / methanol. 

 

5.2.2  DPCM synthesis and all RAFT polymerisations of N-vinyl pyrrolidone 

 

Benzene (HPLC grade, Sigma-Aldrich), sodium amide (95%, Sigma-Aldrich), 

diphenylamine (99+% A.C.S. Reagent, Sigma-Aldrich), carbon disulfide (99.9%, 

Acros Organics) and diethyl chloromalonate (95%, Sigma-Aldrich) were used as 

received.  A 100 ml stock sample of pure N-vinyl pyrrolidone (99+%, Sigma-

Aldrich) was prepared by vacuum distillation (BP=92-95˚C@11mm/Hg) and stored 

under dry nitrogen in a freezer.  1,4-dioxane (ACS reagent, Sigma-Aldrich) was 

freshly vacuum distilled over calcium hydride prior to use, and in any case of water 

being used it was deionised.  Azobisisobutyronitrile (98%, Acros Organics) was 

recrystallised from 1:1 chloroform / methanol. 
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5.2.3  G-1 DPCM synthesis (dendritic CTA)  

 

Acetone (Analytical Grade, Fisher Scientific) was dried over 3 Å molecular sieves 

under a blanket of dry nitrogen overnight before use.  Dichloromethane (Analytical 

Grade, Fisher Scientific), toluene (HPLC Grade, 99.5%, Fisher Scientific) and 

hexane (Analytical Grade, Fisher Scientific) were used as received.  Benzene 

(HPLC grade, 99.9+%, Sigma-Aldrich) was freshly distilled over calcium hydride 

before use.  Benzyl bromide (98%, Aldrich) was used as received.  3,5-

dihydroxybenzyl alcohol (99%, Aldrich), potassium carbonate (≥98%, Aldrich) and 

18-crown-6 ether (≥99.5%, Aldrich) were dried in a vacuum oven and stored in a 

vacuum desiccator.  Anhydrous pyridine (99.8%, Aldrich), thionyl chloride (99+%, 

Aldrich), sodium amide (95%, Aldrich), diphenylamine (99+% A.C.S. Reagent, 

Aldrich) and carbon disulfide (99.9%, Acros Organics) were used as received. 

 

5.2.4  TPFPB-DPCM and DPFPB-DPCM synthesis (fluorinated CTAs) 

 

Tetrahydrofuran (HPLC Grade, Fisher Scientific) was dried over a sodium wire with 

benzophenone indicator and freshly distilled prior to use.  Dichloromethane 

(Analytical Grade, Fisher Scientific) was used as received unless referred to as 

“dry” in which case it was freshly distilled over calcium hydride.  Acetone 

(Analytical Grade, Fisher Scientific) was dried over 3 Å molecular sieves under a 

blanket of dry nitrogen overnight before use, ethyl acetate (Analytical Grade, Fisher 

Scientific) was used as received and in any instance of water being used it was 

deionised.  3-perfluorooctyl-1-propanol (FluoroChem), carbon tetrabromide (99%, 

Sigma-Aldrich), triphenylphosphine (Sigma-Aldrich), 3,5-dihydroxybenzyl alcohol 

(99%, Sigma-Aldrich), methyl 3,4,5-trihydroxybenzoate (98%, Sigma-Aldrich), 

potassium carbonate (≥98%, Sigma-Aldrich), 18-crown-6 ether (≥99.5%, Sigma-

Aldrich) and diphenylamine (99+% A.C.S. Reagent, Sigma-Aldrich) were dried for a 

minimum of 24 hours in a vacuum oven at room temperature prior to use.  Lithium 



 

 
 

169 

aluminium hydride (95% pellets, Sigma-Aldrich) and carbon disulfide (99.9%, Acros 

Organics) were used as received.  Sodium hydride (60% dispersion in mineral oil, 

Sigma-Aldrich) was washed with dry hexane (dried over calcium hydride and 

distilled under high vacuum) using specialist apparatus on a high vacuum / 

nitrogen line in order to remove mineral oil.  Once washed, sodium hydride was 

weighed and transferred into reaction vessels under a dry nitrogen atmosphere in 

an MBraun MB150B-G glove box. 
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5.3  Synthesis of CTAs and RAFT polymerisations 

 

5.3.1  Cumyl dithiobenzoate synthesis 

 

Cl
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Figure 5.01.  Reaction scheme for the synthesis of cumyl dithiobenzoate, a CTA for the RAFT 

polymerisation of styrene. 

 

Elemental sulphur (0.89 g, 2.00 equivs, 27.8 mmol), 30% sodium methoxide 

solution in methanol (5.0 g, 2.00 equivs, 27.8 mmol) and 5 ml methanol were 

placed in a 50 ml, 2-necked, round bottomed flask equipped with a reflux 

condenser, magnetic stirrer and a dropping funnel.  Benzyl chloride (1.76 g, 1.00 

equivs, 13.9 mmol) was added slowly (dropwise) to the stirring mixture which was 

then heated to 80°C and left to reflux overnight.  The reaction mixture was then 

allowed to cool to room temperature, filtered and evaporated to dryness.  The 

resulting brown solid was dissolved in 25 ml water, transferred into a separating 

funnel and washed with 3 × 25 ml diethyl ether.  An additional 25 ml diethyl ether 

was added and the contents of the separating funnel was acidified by slow addition 

of 32% aqueous hydrochloric acid until the brown aqueous layer turned colourless 

and the organic layer was deep purple.  The ether layer was then dried over 

magnesium sulphate, filtered and evaporated to dryness to give a purple oil.  The 

oil was dissolved in 5 ml hexane in a 25 ml flask to which was added a 20% excess 

of α-methylstyrene and 1% p-toluenesulfonic acid catalyst and the mixture left to 
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stir overnight.  Purification was by column chromatography using hexane as the 

eluent to obtain the pure product in 67% yield.[1] 

 

5.3.2  Typical experimental procedure for RAFT polymerisation of styrene 

 

S

S

+

AIBN / 80°C
S

S

n

 

 

Figure 5.02.  Reaction scheme for the RAFT polymerisation of styrene with cumyl dithiobenzoate. 

 

All experiments were carried out using 2 ml (1.82 g, 17.5 mmol) styrene, and the 

appropriate amounts of CTA (cumyl dithiobenzoate) and initiator (AIBN).  The 

appropriate quantity of cumyl dithiobenzoate was calculated based on the desired 

molecular weight assuming a certain percentage conversion using equation 1.1: 

 

RAFT

0

0
Mn M

[RAFT]

[M]
xMM            1.1 

 

Which by simple rearrangement gives equation 1.2: 

 

RAFTn

M0
0

MM

xM[M]
[RAFT]




           1.2 

 

Where [RAFT]0 is the initial concentration of CTA, [M]0 is the initial concentration 

of monomer (styrene – worked out from density of styrene [0.909 g ml-1]), MM is the 
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molecular mass of the monomer (styrene – 104.15 g mol-1, x is a decimal between 

zero and one representing the assumed percentage conversion of monomer into 

polymer, Mn is the desired molecular weight of the polymer being produced, and 

MRAFT is the molecular weight of the CTA (cumyl dithiobenzoate – 272.07 g mol-1). 

A 1:10 molar ratio of AIBN:cumyl dithiobenzoate was used, and the appropriate 

amounts of cumyl dithiobenzoate and AIBN were placed in a schlenk tube 

containing a magnetic stirrer bar. 

Example polymerisation: 

Target molecular weight: 10,000 g mol-1, approximate conversion 50%, 2 ml scale. 

07.27210000

5.015.10473.8




0[RAFT]  = 0.04673 mol dm-3 CTA 

Assuming 50% conversion of monomer (x = 0.5), from equation 1.2 can be used to 

calculate that 0.02546 g (0.09345 mmol) cumyl dithiobenzoate was required, and a 

tenth the molar amount (0.009345 mmol) of AIBN = 0.00153 g. 

Styrene was then freshly distilled over calcium hydride from a degassed reservoir 

on a high vacuum line to remove any inhibitors.  2 ml styrene was then transferred 

into the schlenk tube and it was sealed by wiring a rubber septum onto the neck of 

the tube.  The schlenk tube was connected to a vacuum / nitrogen line and its 

contents subjected to several freeze-pump-thaw cycles until thoroughly degassed.  

The schlenk tube was sealed under vacuum or flooded with dry nitrogen, and the 

reaction mixture heated to the desired temperature in an oil bath with solid state 

temperature control and left for 40 hours with efficient stirring.  After this time the 

polymerisation mixture was dissolved in a minimum amount of tetrahydrofuran and 

precipitated into methanol (20 × volume excess of methanol over the combined 

volumes of polymerisation mixture and tetrahydrofuran) in order to precipitate the 

polymer.  The polymer was then removed by vacuum filtration and dried under 

vacuum before being analysed by SEC and 1H NMR in order to determine the 

average molecular weight and its distribution. 
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5.4  RAFT Polymerisation of N-vinyl pyrrolidone 
 

5.4.1  S-malonyl N,N-diphenyldithiocarbamate (DPCM) synthesis 
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Figure 5.03.  Reaction scheme for the synthesis of S-malonyl N,N-diphenyldithiocarbamate 

(DPCM), a CTA for the RAFT polymerisation of N-vinyl pyrrolidone. 

 

Sodium amide (0.4854 g, 1.00 equivs, 11.82 mmol) was suspended in 20 ml 

benzene under a blanket of dry nitrogen in a 200 ml, 3-necked, round bottomed 

flask equipped with a magnetic stirrer, reflux condenser and a dropping funnel.  To 

this was added diphenylamine (2.0000 g, 1.00 equivs, 11.82 mmol) in an additional 

20 ml benzene and the mixture stirred overnight at room temperature.  Carbon 

disulfide (1.0800 g, 1.20 equivs, 14.18 mmol) in 20 ml benzene was added 

followed by slow (dropwise) addition of diethyl chloromalonate (2.3003 g, 1.00 

equivs, 11.82 mmol) in 20 ml benzene with efficient stirring.  After 15 minutes the 

mixture was refluxed for 2 hours, cooled and poured into 250 ml water.  The 

organic layer was separated, washed further with water and then dried over 

magnesium sulphate.  Solvent was removed by vacuum distillation on a high 
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vacuum line leaving a yellow-brown solid which was dried further in a vacuum 

oven.  The referenced procedure claimed that the pure product was obtained at 

this point, however 1H NMR showed several impurities, and thus it was purified 

further by recrystallisation from hexane / toluene to afford the product as light 

yellow crystals in 8-21% yield.[2] 

1H NMR (400MHz, CDCl3, δ, ppm) 1.30 (t, J 7.1 Hz, 6H, CH2CH3), 4.25 (q, J 

7.1Hz, 4H, CH2CH3), 5.75 (s, 1H, CS(=S)CH), 7.42-7.46 (m, 10H, ArH). 

 

5.4.2  Typical procedure for RAFT polymerisation 
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Figure 5.04.  Reaction scheme for the RAFT polymerisation of N-vinyl pyrrolidone with S-malonyl 

N,N-diphenyldithiocarbamate (DPCM). 

 

Initial experiments were carried out using N-vinyl pyrrolidone (1.00 ml, 1.045 g, 

9.40 mmol), 1 ml 1,4-dioxane and the appropriate amounts of CTA (DPCM) and 

initiator (AIBN).  The appropriate quantity of DPCM was calculated based on the 

desired molecular weight assuming a certain percentage conversion using 

equation 1.2 as previously discussed with RAFT polymerisations of styrene. 

A 1:8 molar ratio of AIBN:DPCM was used, and the appropriate amounts of DPCM 

and AIBN were placed in a schlenk tube containing a magnetic stirrer bar. 

Example polymerisation: 

Target molecular weight: 10,000 g mol-1, approximate conversion 80%, 1 ml NVP 
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56.40310000

8.016.1117004.4




0[RAFT]  = 0.04356 mol dm-3 CTA 

Assuming 80% conversion of monomer (x = 0.8), from equation 1.2 can be used to 

calculate that 0.03516g (0.08712 mmol) DPCM was required, and an eighth the 

molar amount (0.01089mmol) of AIBN = 0.00179g). 

1.00 ml N-vinyl pyrrolidone was then transferred into the schlenk tube, along with 

1.00 ml freshly distilled 1,4-dioxane and it was sealed by wiring a rubber septum 

onto the neck of the tube.  The schlenk tube was then connected to a vacuum / 

nitrogen line and its contents subjected to several freeze-evacuate-thaw cycles 

until thoroughly degassed.  The schlenk tube was then sealed under vacuum or 

flooded with nitrogen, and the reaction mixture heated to 80˚C in an oil bath with 

solid state temperature control and left for a set amount of time (15-63 hours) with 

efficient stirring.  After this time the polymerisation mixture was dissolved into a 

minimum amount of dichloromethane and precipitated into diethyl ether (20 × 

volume excess of diethyl ether over the combined volumes of polymerisation 

mixture and dichloromethane) before then being removed by vacuum filtration.  

The polymer was repeatedly dissolved in dichloromethane and re-precipitated into 

diethyl ether until pure, usually yielding a white solid.  It was then dried under 

vacuum before being analysed by SEC and 1H NMR in order to determine the 

average molecular weight and its distribution.[3] 
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5.5  G-1 Frechét-type dendritic CTA 
 

5.5.1  Synthesis of G-1 Frechét-type dendron (G1-OH) 

 

Acetone / N2

K2CO3 / 18-crown-6

Br

+

OH

HO

HO

OH

O

O

 

 

Figure 5.05.  Reaction scheme for the synthesis of 3,5-dibenzyloxybenzyl alcohol. 

 

3,5-dihydroxybenzyl alcohol (6.15 g, 1.00 equivs, 43.9 mmol), potassium carbonate 

(15.15 g, 2.50 equivs, 101.0 mmol) and 18-crown-6 ether (4.63 g, 0.20 equivs, 17.5 

mmol) was placed in a 2-necked, 500 ml round bottomed flask equipped with a 

magnetic stirrer and reflux condenser and the flask flushed with dry nitrogen for 30 

minutes.  Benzyl bromide (15.00 g, 2.00 equivs, 87.7 mmol) was then injected into 

the flask, followed by cannulation of 200 ml dry acetone into the flask.  The mixture 

was heated to gentle reflux with efficient stirring under a blanket of dry nitrogen for 

48 hours.  The mixture was then allowed to cool and solvent was removed by 

rotary evaporation.  It was then partitioned between dichloromethane and water, 

and the aqueous layer extracted a further three times with dichloromethane.  The 

combined organic layers were dried over magnesium sulphate, filtered and 

evaporated to dryness.  The solid residue was recrystallised from 3:1 toluene / 

hexane and then dried under vacuum to a constant mass to give the final product 

as a white crystalline powder in 61% yield, MP=79-82˚C.[4] 

1H NMR (400MHz, CDCl3, δ, ppm) 1.60 (s, 1H, CH2OH), 4.65 (s, 2H, CH2OH), 5.05 

(s, 4H, Ar-CH2O-Ar-CH2OH), 6.55 (s, 1H, ArH), 6.65 (s, 2H, ArH), 7.1-7.5 (m, 10H, 

ArH). 
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Elemental analysis calculated for C21H20O3: C, 78.73; H, 6.29.  Found: C, 78.97; H, 

6.37. 

 

5.5.2  Chlorination of G-1 Frechét-type dendron (G1-Cl) 

 

Benzene / N2

Pyr idine / SOCl2

OH

O

O

Cl

O

O

 

 

Figure 5.06.  Reaction scheme for the synthesis of 3,5-dibenzyloxybenzyl chloride. 

 

G1-OH (1.00 g, 1.00 equivs, 3.12 mmol) was dissolved in 80 ml dry benzene in a 

3-necked, 250 ml round bottomed flask equipped with a magnetic stirrer, dropping 

funnel and reflux condenser under a blanket of dry nitrogen.  To this was added 

anhydrous pyridine (1.97 g, 8.00 equivs, 24.96 mmol, 2.01 ml) and after 15 

minutes the stirring solution was cooled to 0°C.  Thionyl chloride (3.71 g, 10.00 

equivs, 31.2 mmol, 2.26 ml) was then added dropwise with efficient stirring and 

after a further 5 minutes the ice bath removed and the reaction mixture allowed to 

warm to room temperature.  It was then heated to gentle reflux for 24 hours.  

Thionyl chloride, pyridine and solvent were removed by vacuum distillation on a 

high vacuum line followed by distillation of dry benzene into and out of the flask 

twice to aziotropically remove any excess thionyl chloride.  The residue was then 

partitioned between water and dichloromethane, and the aqueous layer was 

extracted with dichloromethane a further three times.  The combined organic layers 

were dried over magnesium sulphate, filtered and evaporated to dryness.  

Purification was by flash chromatography eluting with dichloromethane followed by 

three recrystallisations from toluene / hexane (1 ml hexane added followed by 
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gentle heating and dropwise addition of toluene until the crude product had 

completely dissolved).  The product was obtained as a light yellow solid in 62% 

yield. 

1H NMR (400MHz, CDCl3, δ, ppm) 4.54 (s, 2H, CH2Cl), 5.07 (s, 4H, Ar-CH2O-Ar-

CH2Cl), 6.50 (s, 1H, ArH), 6.68 (s, 2H, ArH), 7.30-7.50 (m, 10H, ArH). 

Elemental analysis calculated for C21H19ClO2: C, 74.44; H, 5.65; Cl, 10.46.  Found: 

C, 73.75; H, 5.65; Cl, 10.59. 

 

5.5.3  Synthesis of G-1 Frechét-type dendronised CTA (G1-DPCM) 

 

H
N

+ NaNH2

Benzene
N

CS2
N

S

S
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N S

S

O

O

 

 

Figure 5.07.  Reaction scheme for the synthesis of S-3,5-dibenzyloxybenzyl N,N-

diphenyldithiocarbamate (G-1 DPCM). 

 

95% sodium amide (0.0545 g, 1.00 equivs, 1.328 mmol) was suspended in 2.5 ml 
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benzene in a 3-necked, 100 ml round bottomed flask equipped with magnetic 

stirrer, dropping funnel and reflux condenser under a blanket of dry nitrogen.  To 

this was added diphenylamine (0.2247 g, 1.00 equivs, 1.328 mmol) in 2.5 ml 

benzene and the mixture stirred overnight at room temperature.  Carbon disulphide 

(0.1214 g, 1.20 equivs, 1.594 mmol) in 2.5 ml benzene was added followed by G1-

Cl (0.4500 g, 1.00 equivs, 1.328 mmol) in 2.5 ml benzene which was slowly added 

dropwise to the stirring mixture.  After a further 15 minutes the reaction mixture 

was heated to gentle reflux for 3.5 hours and then allowed to cool.  The mixture 

was washed twice with water and then dried over magnesium sulphate.  After 

filtration the solvent was removed by vacuum distillation on a high vacuum line.  

The product was obtained as a light yellow solid in 55% yield. 

1H NMR (400MHz, CDCl3, δ, ppm) 4.44 (s, 2H, C(=S)SCH), 5.01 (s, 4H, Ar-CH2O-

Ar-), 6.51 (s, 1H, ArH), 6.61 (s, 2H, ArH), 7.30-7.44 (m, 20H, ArH). 

Elemental analysis calculated for C34H29NO2S2: C, 74.56; H, 5.34; N, 2.56; S, 

11.71.  Found: C, 73.82; H, 5.29; N, 2.51; S, 11.06. 

 

5.5.4  RAFT polymerisation of N-vinyl pyrrolidone with G1-DPCM to give G1-PVP 

 

N
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Figure 5.08.  Reaction scheme for the RAFT polymerisation of N-vinyl pyrrolidone with S-3,5-

dibenzyloxybenzyl N,N-diphenyldithiocarbamate (G-1 DPCM). 

 

The polymerisation was carried out using N-vinyl pyrrolidone (1.00 ml, 1.045 g, 
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9.40 mmol), 1ml 1,4-dioxane and the appropriate amount of CTA (0.04844 g G1-

DPCM, 0.088mmol) aiming for a polymer with Mn=10,000 g mol-1 calculated using 

equation 1.2 as previously discussed for styrene and N-vinyl pyrrolidone 

polymerisations. 

A 1:8 molar ratio of AIBN:G1-DPCM was used, and the G1-DPCM and AIBN were 

placed in a schlenk tube containing a magnetic stirrer bar.  1.00 ml N-vinyl 

pyrrolidone was then transferred into the schlenk tube, along with 1 ml freshly 

distilled 1,4-dioxane and it was sealed by wiring a rubber septum onto the neck of 

the tube.  The schlenk tube was then connected to a vacuum / nitrogen line and its 

contents subjected to several freeze-pump-thaw cycles until thoroughly degassed.  

The schlenk tube was then sealed under vacuum or flooded with nitrogen, and the 

reaction mixture heated to 80˚C in an oil bath with solid state temperature control 

and left for 33 hours with efficient stirring.  After this time the polymerisation 

mixture was cooled, dissolved into a few ml dichloromethane and precipitated into 

diethyl ether (20 × volume excess of diethyl ether over the combined volumes of 

polymerisation mixture and dichloromethane) before being recovered by vacuum 

filtration.  The polymer was then dried under vacuum and the final product was a 

white powder obtained in 42% yield.  The polymer was analysed by SEC in order 

to determine the average molecular weight and its distribution, and 1H NMR to 

verify the presence of the G-1 end group. 
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5.6  Di-functional and tri-functional fluorinated RAFT chain transfer agents 

 

5.6.1  3-(perfluorooctyl)propyl bromide (PFP-Br) 

 

F17C8

THF / DCM

PPh3 / CBr4

F17C8OH Br

 

 

Figure 5.09.  Reaction scheme for the synthesis of 3-(perfluorooctyl)propyl bromide (PFP-Br). 

 

3-perfluorooctyl-1-propanol (75.00 g, 1.00 equivs, 0.1569 mol) and carbon 

tetrabromide (78.06 g, 1.50 equivs, 0.2354 mol) were dissolved in dry 

tetrahydrofuran / dichloromethane (40 ml / 80 ml respectively) in a 3-necked 500 ml 

round bottomed flask equipped with magnetic stirrer, dropping funnel and reflux 

condenser under a blanket of dry nitrogen.  The reaction mixture was cooled to 0°C 

and triphenylphosphine (61.75 g, 1.50 equivs, 0.2354 mol) in dry tetrahydrofuran / 

dichloromethane (20 ml / 40 ml respectively) was added dropwise.  The reaction 

mixture was then allowed to warm to room temperature and stirred for 20 hours at 

room temperature before being quenched with 5 ml water.  Solvents were removed 

by rotary evaporation and the residue partitioned between dichloromethane and 

water.  This was done in several batches in a 3 litre separating funnel and warming 

of the dichloromethane / water to 30-35°C was required to achieve full dissolution 

of the residue along with sonication in an ultrasound bath.  Each organic layer was 

collected, washed a further two times with warm water and then all of the organic 

layers were combined before being dried over magnesium sulphate.  After filtration 

solvent was removed from the filtrate by rotary evaporation and the product purified 

by vacuum distillation to afford PFP-Br as a colourless oil in 79% yield.[5] 

1H NMR (400MHz, CDCl3, δ, ppm) 2.08-2.37 (m, 4H, CH2CH2CH2Br), 3.48 (t, J 6.2 

Hz, 2H, CH2CH2CH2Br). 
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Elemental analysis calculated for C11H6BrF17: C, 24.42; H, 1.12; Br, 14.77.  Found: 

C, 24.21; H, 1.10; Br, 14.46. 

 

5.6.2  3,5(di-3-(perfluorooctyl)propyloxy)benzyl alcohol (DPFPB-OH) 

 

F17C8 Br

Acetone / N2

K2CO3 / 18-crown-6

+

HO

HO

OH

F17C8H6C3O

F17C8H6C3O

OH

 

 

Figure 5.10.  Reaction scheme for the synthesis of 3,5(di-3-(perfluorooctyl)propyloxy)benzyl alcohol 

(DPFPB-OH). 

 

3,5-dihydroxybenzyl alcohol (5.52 g, 1.00 equivs, 39.4 mmol), potassium carbonate 

(13.80 g, 3.80 equivs, 100.2 mmol) and 18-crown-6 ether (2.10 g, 0.30 equivs, 7.94 

mmol) was placed in a 3-necked 500 ml round bottomed flask equipped with 

magnetic stirrer, reflux condenser and a rubber septum under a blanket of dry 

nitrogen.  PFP-Br (45.0 g, 2.11 equivs, 83.2 mmol) was then cannulated into the 

flask followed by 200 ml dry acetone.  The reaction mixture was then heated to 

gentle reflux for 24 hours with efficient stirring.  After being allowed to cool, solvent 

was removed by rotary evaporation and the residue was partitioned between ethyl 

acetate and water.  This was done in several batches in a 3 litre separating funnel 

and warming of the ethyl acetate / water to ~50°C was required to achieve full 

dissolution of the residue along with sonication in an ultrasound bath.  Each 

organic layer was collected, washed a further two times with warm water and then 

all of the organic layers were combined before being dried over magnesium 

sulphate.  After filtration solvent was removed by rotary evaporation and the 

product recrystallised from ethyl acetate to afford DPFPB-OH as a white solid in 

73% yield. [5] 

1H NMR (400MHz, CDCl3, δ, ppm) 1.56 (s, 1H, -CH2OH), 2.10 (m, 4H, 



 

 
 

183 

CF2CH2CH2CH2O), 2.31 (m, 4H, CF2CH2CH2CH2O), 4.03 (t, J 5.9 Hz, 4H, 

CF2CH2CH2CH2O), 4.64 (s, 2H, -CH2OH), 6.37 (t, J 2.2 Hz, 1H, ArH), 6.53 (d, J 2.3 

Hz, 2H, ArH). 

Elemental analysis calculated for C29H18F34O3: C, 32.85; H, 1.71; F, 60.92.  Found: 

C, 33.87; H, 1.87; F, 52.00. 

 

5.6.3  3,5(di-3-(perfluorooctyl)propyloxy)benzyl bromide (DPFPB-Br) 

 

F17C8H6C3O

F17C8H6C3O

OH

PPh3 / CBr4

F17C8H6C3O

F17C8H6C3O

BrTHF

 

 

Figure 5.11.  Reaction scheme for the synthesis of 3,5(di-3-(perfluorooctyl)propyloxy)benzyl 

bromide (DPFPB-Br). 

 

DPFPB-OH (5.48 g, 1.00 equivs, 5.17 mmol) was dissolved in 50 ml dry 

tetrahydrofuran in a 2-necked 250 ml round bottomed flask equipped with magnetic 

stirrer and reflux condenser under a blanket of dry nitrogen.  Carbon tetrabromide 

(3.43 g, 2.00 equivs, 10.34 mmol) was dissolved in a minimum amount of dry 

tetrahydrofuran and cannulated into the reaction flask.  Triphenylphosphine (2.44 

g, 1.80 equivs, 9.31 mmol) was added in four aliquots of 0.61 g over a 3 hour 

period by dissolution in a minimum amount of dry tetrahydrofuran and subsequent 

cannulation into the reaction vessel.  The reaction was left for a further 3 hours with 

efficient stirring before being quenched with 5 ml water.  Solvent was removed by 

rotary evaporation and the residue partitioned between dichloromethane and 

water.  Warming of the dichloromethane / water to 30-35°C was required to 

achieve full dissolution of the residue along with sonication in an ultrasound bath.  

Each organic layer was collected, washed a further two times with warm water and 

then all of the organic layers were combined before being dried over magnesium 
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sulphate.  After filtration solvent was removed by rotary evaporation and the 

product recrystallised from 4:1 ethyl acetate / methanol to give the final product as 

a light yellow solid in 84% yield. [5] 

1H NMR (400MHz, CDCl3, δ, ppm) 1.98-2.09 (m, 4H, CF2CH2CH2CH2O), 2.15-2.22 

(m, 4H, CF2CH2CH2CH2O), 3.95 (t, J 5.9 Hz, 4H, CF2CH2CH2CH2O), 4.36 (s, 2H, -

CH2Br), 6.41 (t, J 2.2 Hz, 1H, ArH), 6.49 (d, J 2.2 Hz, 2H, ArH). 

Elemental analysis calculated for C29H17BrF34O2: C, 31.01; H, 1.53; Br, 7.11; F, 

57.50.  Found: C, 31.77; H, 1.48; Br, 3.67; F, 48.73. 

 

5.6.4  Methyl-3,4,5(tri-3-(perfluorooctyl)propyloxy)benzoate (TPFPB-COOMe) 

 

F17C8 Br

Acetone / N2

K2CO3 / 18-crown-6

+

HO

HO

HO

O

OMe

F17C8H6C3O

F17C8H6C3O

F17C8H6C3O

O

OMe

 

 

Figure 5.12.  Reaction scheme for the synthesis of methyl-3,4,5(tri-3-

(perfluorooctyl)propyloxy)benzoate (TPFPB-COOMe). 

 

Methyl-3,4,5-trihydroxybenzoate (5.45 g, 1.00 equivs, 29.6 mmol), potassium 

carbonate (15.55 g, 3.80 equivs, 112.48 mmol) and 18-crown-6 ether (2.35 g, 0.30 

equivs, 8.88 mmol) was placed in a 3-necked 500 ml round bottomed flask 

equipped with magnetic stirrer, reflux condenser and a rubber septum under a 

blanket of dry nitrogen.  PFP-Br (50.29 g, 3.14 equivs, 93.0 mmol) was then 

cannulated into the flask followed by 150 ml dry acetone.  The reaction mixture 

was then heated to gentle reflux for 24 hours with efficient stirring.  After being 

allowed to cool to room temperature, solvent was removed by rotary evaporation 

and the residue was partitioned between ethyl acetate and water.  This was done 

in several batches in a 3 litre separating funnel and warming of the ethyl acetate / 

water to ~50°C was required to achieve full dissolution of the residue along with 



 

 
 

185 

sonication in an ultrasound bath.  Each organic layer was collected, washed a 

further two times with warm water and then all of the organic layers were combined 

before being dried over magnesium sulphate.  After filtration solvent was removed 

by rotary evaporation and the product recrystallised from acetone to afford TPFPB-

COOMe as a white solid in 91% yield. [5] 

1H NMR (400MHz, CDCl3, δ, ppm) 2.01-2.10 (m, 2H, CF2CH2CH2CH2O), 2.10-2.20 

(m, 4H, CF2CH2CH2CH2O), 2.26-2.45 (m, 6H, CF2CH2CH2CH2O), 3.92 (s, 3H, 

C(=O)OCH3), 4.09 (t, J 5.9 Hz, 2H, CF2CH2CH2CH2O), 4.13 (t, J 5.8 Hz, 4H, 

CF2CH2CH2CH2O), 7.30 (s, 2H, ArH). 

Elemental analysis calculated for C41H23F51O5: C, 31.48; H, 1.48; F, 61.93.  Found: 

C, 31.42; H, 1.34; F, 55.16. 

 

5.6.5  3,4,5(tri-3-(perfluorooctyl)propyloxy)benzyl alcohol (TPFPB-OH) 
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Figure 5.13.  Reaction scheme for the synthesis of 3,4,5(tri-3-(perfluorooctyl)propyloxy)benzyl 

alcohol (TPFPB-OH). 

 

Lithium aluminium hydride (1.54 g, 1.50 equivs, 40.56 mmol) was suspended in 90 

ml dry tetrahydrofuran in a 3-necked 2 L round bottomed flask equipped with 

magnetic stirrer, 1 L dropping funnel and a reflux condenser under a blanket of dry 

nitrogen.  TPFPB-COOMe (42.30 g, 1.00 equivs, 27.04 mmol) in 630 ml dry 

tetrahydrofuran was added dropwise and the reaction mixture then heated to 

gentle reflux for 12 hours.  The reaction mixture was allowed to cool to room 

temperature before being quenched by the careful addition of 35 ml 1 M sodium 

hydroxide, and was then filtered.  Solvent was removed by rotary evaporation and 
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the residue was then passed through a silica gel column using ethyl acetate as 

eluent.  The product was then recrystallised from acetone to afford TPFPB-OH as 

a white solid in 86% yield. [5] 

1H NMR (400MHz, CDCl3, δ, ppm) 1.66 (t, J 5.8 Hz, 1H, Ar-CH2OH), 1.99-2.10 (m, 

2H, CF2CH2CH2CH2O), 2.10-2.20 (m, 4H, CF2CH2CH2CH2O), 2.26-2.49 (m, 6H, 

CF2CH2CH2CH2O), 3.99 (t, J 5.9 Hz, 2H, CF2CH2CH2CH2O), 4.09 (t, J 5.9 Hz, 4H, 

CF2CH2CH2CH2O), 4.63 (d, J 5.7 Hz, 2H, Ar-CH2OH), 6.60 (s, 2H, ArH). 

Elemental analysis calculated for C40H23F51O4: C, 31.27; H, 1.51; F, 63.06.  Found: 

C, 31.18; H, 1.48; F, 51.76. 

 

5.6.6  3,4,5(tri-3-(perfluorooctyl)propyloxy)benzyl bromide (TPFPB-Br) 

 

F17C8H6C3O

F17C8H6C3O

OH

PPh3 / CBr4

F17C8H6C3O

F17C8H6C3O

BrTHF

F17C8H6C3O F17C8H6C3O

 

 

Figure 5.14.  Reaction scheme for the synthesis of 3,4,5(tri-3-(perfluorooctyl)propyloxy)benzyl 

bromide (TPFPB-Br). 

 

TPFPB-OH (36.42 g, 1.00 equivs, 23.70 mmol) was dissolved in 300 ml dry 

tetrahydrofuran in a 2-necked 1 L round bottomed flask equipped with magnetic 

stirrer and reflux condenser under a blanket of dry nitrogen.  Carbon tetrabromide 

(15.72 g, 2.00 equivs, 47.40 mmol) was dissolved in a minimum amount of dry 

tetrahydrofuran and was then cannulated into the solution.  Triphenylphosphine 

(12.43 g, 2.00 equivs, 47.40 mmol) was added in four aliquots of 3.11 g over a 3 

hour period by dissolution in a minimum amount of dry tetrahydrofuran and 

subsequent cannulation into the reaction vessel.  The reaction was left stirring 

overnight before being quenched with 10 ml water.  Solvent was removed by rotary 

evaporation and the residue partitioned between dichloromethane and water.  This 
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was done in several batches in a 3 litre separating funnel and warming of the 

dichloromethane / water to 30-35°C was required to achieve full dissolution of the 

residue along with sonication in an ultrasound bath.  Each organic layer was 

collected, washed a further two times with warm water and then all of the organic 

layers were combined before being dried over magnesium sulphate.  After filtration, 

solvent was removed from the filtrate by rotary evaporation and the product 

recrystallised from 4:1 ethyl acetate / methanol to give the final product as a white 

solid in 81% yield. [5] 

1H NMR (400MHz, CDCl3, δ, ppm) 1.98-2.08 (m, 2H, CF2CH2CH2CH2O), 2.10-2.20 

(m, 4H, CF2CH2CH2CH2O), 2.26-2.46 (m, 6H, CF2CH2CH2CH2O), 4.01 (t, J 5.8 Hz, 

2H, CF2CH2CH2CH2O), 4.09 (t, J 5.8 Hz, 4H, CF2CH2CH2CH2O), 4.44 (s, 2H, Ar-

CH2Br), 6.63 (s, 2H, ArH). 

Elemental analysis calculated for C40H22BrF51O3: C, 30.04; H, 1.39; Br, 5.00; F, 

60.58.  Found: C, 30.28; H, 1.35; Br, 2.96; F, 59.41. 
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5.6.7  DPFPB-DPCM functionalised CTA 
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Figure 5.15.  Reaction scheme for the synthesis of S-3,5(di-3-(perfluorooctyl)propyloxy)benzyl N,N-

diphenyldithiocarbamate (DPFPB-DPCM). 

 

Diphenylamine (0.7530 g, 1.00 equivs, 4.45 mmol) was placed in a 250 ml round 

bottomed flask, sealed and flushed with dry nitrogen.  25 ml anhydrous dimethyl 

sulfoxide and 12.5 ml dry tetrahydrofuran was cannulated into the flask and the 

solution was added by means of cannulation to a suspension of sodium hydride 

(0.1068 g, 1.00 equivs, 4.45 mmol) in a further 12.5 ml dry tetrahydrofuran at 0°C 

contained within a two-necked 500 ml round bottomed flask equipped with a 

magnetic stirrer, reflux condenser under a blanket of dry nitrogen.  The mixture 

was stirred for 1.5 hours at 0°C to give a clear green solution.  Carbon disulfide 

(0.4066 g, 1.20 equivs, 5.34 mmol, 322 μl) was then added to the solution at 0°C 

and the mixture stirred for a further 30 minutes to obtain an orange-yellow solution 

of the sodium salt of diphenyldithiocarbamate.  DPFPB-Br (5.00 g, 1.00 equivs, 

4.45 mmol) dissolved in a minimum amount of dry tetrahydrofuran under dry 
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nitrogen was then cannulated into the reaction mixture still at 0°C and then it was 

brought slowly up to room temperature and left to stir overnight under a blanket of 

dry nitrogen.  The reaction mixture was then partitioned between diethyl ether and 

water and washed a further two times with water.  The organic layer was collected, 

dried over magnesium sulphate, filtered and then evaporated to dryness.  The 

residue was recrystallised several times from diethyl ether to obtain the pure 

product as a light yellow powder in 48% yield. 

1H NMR (400MHz, CDCl3, δ, ppm) 2.04-2.16 (m, 4H, CF2CH2CH2CH2O), 2.22-2.41 

(m, 4H, CF2CH2CH2CH2O), 4.00 (t, J 5.9 Hz, 4H, CF2CH2CH2CH2O), 4.44 (s, 2H, 

CS(=S)CH2), 6.33 (t, J 2.3 Hz, 1H, ArH), 6.52 (d, J 2.2 Hz, 2H, ArH), 7.39-7.44 (m, 

10H, ArH). 

Elemental analysis calculated for C42H27F34NO2S2: C, 39.17; H, 2.11; N, 1.09; S, 

4.98; F, 50.16.  Found: C, 39.01; H, 2.00; N, 0.84; F, 40.18; S, 4.25; Br, 0.00. 
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5.6.8  TPFPB-DPCM functionalised CTA 
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Figure 5.16.  Reaction scheme for the synthesis of S-3,4,5(tri-3-(perfluorooctyl)propyloxy)benzyl 

N,N-diphenyldithiocarbamate (TPFPB-DPCM). 

 

In the case of the TPFPB-DPCM, the exact same experimental procedure was 

followed as for DPFPB-DPCM, but using TPFPB-Br instead of DPFPB-Br. 

1H NMR (400MHz, CDCl3, δ, ppm) 1.96-2.05 (m, 2H, CF2CH2CH2CH2O), 2.05-2.15 

(m, 4H, CF2CH2CH2CH2O), 2.23-2.43 (m, 6H, CF2CH2CH2CH2O), 3.96 (t, J 5.9 Hz, 

2H, CF2CH2CH2CH2O), 4.04 (t, J 5.9 Hz, 4H, CF2CH2CH2CH2O), 4.43 (s, 2H, 

CS(=S)CH2), 6.58 (s, 2H, ArH), 7.39-7.45 (m, 10H, ArH). 

Elemental analysis calculated for C53H32F51NO3S2: C, 36.09; H, 1.83; F, 54.93; N, 

0.79; S, 3.64.  Found: C, 35.85; H, 1.72; N, 0.70; F, 44.97; S, 3.38; Br, 0.00. 
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5.7  Synthesis of low molecular weight PVP additives via the use of novel 

fluorinated CTAs 
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Figure 5.17.  Reaction scheme for the RAFT polymerisation of N-vinyl pyrrolidone with DPFPB-

DPCM and TPFPB-DPCM functionalised CTAs.. 

 

The exact same experimental procedure was used as for the RAFT polymerisation 

of NVP with G1-DPCM discussed earlier in this chapter, though with either of the 

novel fluorinated CTAs in place of G1-DPCM.  The only slight variation was in the 

case of tri-functional polymerisations using TPFPB-DPCM, at target molecular 

weights of less than 10,000 g mol-1.  In these instances, increased amounts of CTA 

were used in order to make lower molecular weight polymers and this led to 

problems with solubility (CTA not completely dissolving in solvent), and up to 50% 

extra 1,4-dioxane was used in order to facilitate the complete dissolution of the 

CTA. 
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6.1  Conclusions 

 

Initial work was performed in order to gain experience with the reversible addition-

fragmentation transfer (RAFT) polymerisation of N-vinyl pyrrolidone (NVP), using 

the chain transfer agent (CTA) S-malonyl N,N-diphenyldithiocarbamate (DPCM).  

The CTA was successfully synthesised and characterised, and used to make well 

defined polyvinyl pyrrolidone (PVP), the results of these RAFT polymerisations 

being directly comparable to those found in the literature.[1] 

Following on from this work, several designs for novel, functionalised chain transfer 

agents suitable for the RAFT polymerisation of NVP were proposed, based upon 

the synthesis and structure of DPCM.  The purpose of these proposed CTAs was 

to make well defined, end-functionalised PVP (the functionality being imparted by 

the CTA), with a view to incorporating end-groups containing low surface energy 

fluoroalkyl chains, so that these polymers could be used as efficient surface 

modifying additives when blended in small quantities with an unfunctionalised PVP 

matrix.  First however, a novel first generation Frechét-type dendritic CTA (G1-

DPCM, Figure 6.01) was successfully synthesised and characterised, serving as a 

valuable proof of concept before embarking upon the more time consuming and 

reasonably costly syntheses of proposed fluorinated CTAs.  G1-DPCM was then 

successfully used to make well defined PVP bearing a first generation aryl-ether 

end group, via RAFT polymerisation.  Results of these polymerisations were very 

similar to those successful RAFT polymerisations performed initially with DPCM. 

Two fluorinated CTAs, the di-functional DPFPB-DPCM bearing two C8F17 groups, 

and the tri-functional TPFPB-DPCM bearing three C8F17 groups, were successfully 

synthesised and characterised (Figure 6.01).  The synthesis of each of these 

materials was both technically challenging and time consuming, with most steps 

requiring completely anhydrous conditions and lengthy workups.  These CTAs 

were used to perform RAFT polymerisations of NVP, and a wide range of 

molecular weights of both di-functional and tri-functional end-functionalised 

polymers were produced.  Both CTAs exhibited good control over molecular 
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weight, though control over polydispersity was weaker than for DPCM, with 

polydispersity indices ranging from 1.2 to 1.6.  Good degrees of end-

functionalisation were achieved (typically around 80%) and these end-

functionalised PVP additives were characterised by size exclusion chromatography 

(SEC) and 1H NMR spectroscopy. 
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Figure 6.01.  The three novel CTAs presented in this thesis: G1-DPCM (top), DPFPB-DPCM 

(bottom left) and TPFPB-DPCM (bottom right). 

 

These end-functionalised PVP additives were blended with unfunctionalised PVP 

matrices in varying weight fractions, and spun into thin films.  Contact angle 

measurements and ion beam analysis were then used to investigate the effects of 

additive concentration, additive molecular weight, matrix molecular weight, additive 

functionality and annealing. 

First and foremost, it was successfully demonstrated that the presence of either di-

functional or tri-functional PVP additive in any concentration led to a significant 

increase in observed contact angle at the solid-air interface, due to the 

spontaneous surface segregation of each additive, and the resulting fluorine 
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enrichment at the surface.  Furthermore, it was clearly demonstrated that the 

surface concentration of additive increased steadily with overall additive 

concentration, up to a critical aggregation concentration (CAC).  Upon reaching the 

CAC, further increases in additive concentration resulted in the spontaneous 

formation of aggregate structures within the polymer bulk, and no further increase 

in surface concentration was observed.  These results were visualised 

predominantly with the use of contact angle measurements, and these were in 

good agreement with Rutherford backscattering analysis which was used to 

measure the concentration of fluorine atoms at the polymer surface for polymer 

blends containing varying weight fractions of di-functional additive. 

It has also been demonstrated that additive molecular weight plays an important 

role in its ability to surface segregate, with lower molecular weights leading to 

significantly enhanced surface segregation, most notably at lower concentrations 

(below the CAC).  Matrix molecular weight has been shown to have a far lesser 

effect in this regard, but the a measurable effect nonetheless, with higher 

molecular weight matrices leading to slightly enhanced surface segregation of 

additive at concentrations below that of the CAC. 

Additive functionality, as expected, was shown to have a substantial effect upon 

surface segregation, with the tri-functional additive giving rise to significantly 

greater contact angles than its di-functional counterpart at all additive 

concentrations.  The presence of a third C8F17 group will further lower the surface 

energy of the additive thus increasing the thermodynamic drive for it to both 

surface segregate and form aggregates, but also leading to a greater lowering of 

surface energy per additive molecule than for its di-functional counterpart.  The 

overall result is an increase in observed contact angle at all weight fractions in the 

case of the tri-functional additive, for example with 2.5% additive by weight, to 46° 

compared to the 4° observed in unfunctionalised PVP. 

Finally, annealing of the polymer films was shown to have no beneficial effect in 

terms of surface segregation of additive.  This is certainly in part due to the close 

proximity of the glass transition temperature of PVP, above which the films had to 
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be annealed, and the onset of thermal degradation of the polymer additive.  This 

meant that the annealing temperature used in this work was confined to only 10°C 

above Tg, whereas in work with similar end groups attached to different polymers 

with higher Tgs where annealing has been shown to be of significant benefit, 

annealing temperatures of at least Tg + 40°C have been used.[2] 

The possible effect of surface roughness and / or thermal degradation of the 

polymer films was investigated by atomic force microscopy (AFM) and 

thermogravimetric analysis (TGA) in order to explain the results obtained in the 

annealing study.  It was found that there was little or no appreciable change in 

surface roughness upon annealing, and therefore this was unlikely to have any 

significant role in determining the observed contact angles.  It is very probable that 

thermal degradation of the polymer additives was the cause of the results seen in 

the annealing study, though further work is needed in this area to reveal the 

precise mechanism by which this is occurring. 

In addition to the thin film analysis discussed above, a brief preliminary study was 

conducted into the effects of incorporating these end-functionalised PVP additives 

into the gas diffusion layer (GDL) of a proton exchange membrane fuel cell 

(PEMFC).  Low cost substrates (LCSs) were formulated by the application of an 

aqueous solution of graphite, fluoropolymer (PTFE or FEP), PVP and end-

functionalised PVP additive, to a sheet of carbon fibre paper in order to cost 

effectively approximate the composition of a GDL.  These LCSs were then 

subjected to simulated PEMFC operating conditions and their performance was 

measured in terms of water uptake and durability (tensile strength).  It was found 

that the presence of additive had a generally beneficial effect by significantly 

reducing the water uptake of the LCSs, as well as making it more consistent over 

time – the results from the FEP-based samples were particularly promising, 

especially with higher concentrations of additive (20% weight fraction of overall 

PVP component).  It is however our hypothesis that the presence of the 

fluoropolymer component of the formulation changes the role of the end-

functionalised additive from that of a surface modifying additive.  We are of the 

opinion that the beneficial effects seen in this case, typically at higher 
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concentrations of additive, are in fact not due to its ability to surface segregate, but 

due to it acting as a surfactant, effectively compatibilising the PVP component and 

the fluoropolymer component of the LCS.  The effects of each additive on durability 

were mixed, and while overall the results from this work were promising, more work 

needs to be done in this area to understand precisely how the additives are 

behaving in this more complex system. 
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