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 Abstract 

 This PhD thesis aims to bring new perspectives on the field of Transition Metal 

Catalyzed Polymerization methods, by investigating alternative synthetic approaches 

for the generation of various polymers, many of which having high prospect for 

industrially related use. For this purpose, two distinctive transition metal catalyzed 

polymerization methods, namely Catalytic Chain Transfer Polymerization (CCTP) 

and Copper-mediated Reversible Deactivation Radical Polymerization (Cu-RDRP) 

were examined under various conditions, and used for the generation of polymers 

which either have compelling applications or are well-defined. For simplicity, this 

thesis can be divided into two parts; the first part focuses on the use of CCTP  in 

combination with surfactant-free emulsion polymerizations (Chapter 2 and Chapter 

3). The second part which focuses on Cu-RDRP, aims to examine the limits of this 

controlled radical polymerization method under the simultaneous introduction of 

oxygen tolerance and either continuous flow chemistry or the use of  a bio-renewable 

solvent (Chapter 4 and Chapter 5).  

Initially, the ability of CCTP-derived methacrylic macromonomers to act as 

stabilizers in surfactant-free emulsion polymerizations was  investigated (Chapter 2). 

Although these macromonomers are highly versatile, studies on their behaviour as 

stabilizers in emulsion processes had been limited. In Chapter 2, ionic and non-ionic 

CCTP-synthesized oligomers were compared with a conventionally used surfactant 

(SDS) for their stabilizing effect on surfactant-free emulsion polymerization of 

hydrophobic monomers. The effect of the stabilizers (ionic vs non-ionic vs low molar 

mass surfactants) on the properties of the final product was examined and with the 

alliance of different characterization methods, a statistical method explaining the 

particle size variations due to the hydrophobic monomer selection was created.  

In Chapter 3, the potential use of this type of macromonomers in industrial 

applications (e.g. in agrochemical industry) was examined. Specifically, amphiphilic 

macromonomers obtained through CCTP with varying acid content, were used for the 

development of stable aqueous dispersions of an active ingredient (AI), namely 

cyantraniliprole (CYNT). Upon finding the optimum conditions for sufficient CYNT 

dispersion,  the direct application of polymeric coating around the CYNT particles was 
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investigated. For this purpose, surfactant-free emulsion polymerization of a monomer 

mixture under starved-feed conditions was carried out in the presence of the CYNT 

dispersion. Finally, the release profile of cyantraniliprole in aqueous media was 

investigated. 

 The second part of this dissertation was focused on a different type of 

Transition Metal Catalyzed Polymerization, namely Cu-RDRP. In this part of the 

thesis (Chapter 4 and Chapter 5), the limits of this versatile controlled  radical 

polymerization process were examined under various conditions. Specifically, in 

Chapter 4, the photoinduced Cu-mediated polymerization of different acrylates in a 

continuous flow reactor was investigated without conventional deoxygenation, hence 

providing a simplification of the existing continuous flow approaches. Upon 

optimization, well-defined poly(acrylates) were synthesized with a range of molar 

masses and low dispersity values. Importantly, although in continuous flow and in the 

presence of air/oxygen, the synthesized polymers exhibited high end-group fidelity, 

as confirmed through efficient post polymerization modification. The oxygen tolerant 

nature of Cu-RDRP was further examined in Chapter 5, this time in batch and with the 

use of a bio-renewable solvent (CyreneTM), along with the use of very low catalyst 

loadings. Well-defined polymers with good macromolecular characteristics were 

obtained, providing an environmentally-friendly alternative synthetic way. 
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Chapter 1: Introduction to Radical 

Polymerizations 

 1.1 Polymer History: The Early Years 

During the last two centuries new families of materials, known as polymers 

have been discovered and not only challenged the classical materials but have also 

made possible the realization of new products which have contributed to extend the 

range of activities of mankind. The term “polymeric” was first introduced in 1833 by 

the Swedish chemist J. J. Berzelius,1 who considered that a polymer was a type of 

isomeric form in which the relative number of atoms is equal, but the absolute number 

is unequal (for example benzene, C6H6 to be a polymer of acetylene, C2H2).
2 However, 

by this definition, the use of the term alone does not ensure that the product described 

is a long-chained macromolecular species and other indicators must be utilized to 

determine the true nature of the molecules (i.e. organic versus inorganic), their relative 

sizes, their structures or their ability to interconvert. 

Over time, the term polymer evolved and in 1920 the German chemist H. 

Staudinger introduced the term macromolecule,3 which led to the modern concept of 

polymers. A macromolecule is a molecule of high relative molecular mass, the 

structure of which essentially comprises the multiple repetition of units derived, 

actually or conceptually, from molecules of low relative molecular mass.4 A polymer 

is a substance consisting of very large molecules, or macromolecules, composed of 

many repeating units. 5  

Although placing the existence and use of polymers in history is rather 

impossible, the use of polymers is dated thousands of years ago.6 Flax fabrics were 

used in pre-dynastic Egypt (3800 BC) and in Neolithic lake dwellings in Switzerland. 

References to hemp and ramie (fibers cultivated in temperate latitudes) occur in 

Chinese writings (2800 BC) and in early Sanskrit literature. The culture of silk began 
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in 2640 BC in China, while wool from sheep was employed for clothing at least 5,000 

years ago in Mesopotamia. 

Around 1,600 BC the Mayans made rubber balls by coagulation of the latex 

obtained from rubber trees, Castilla elastica. Such trees, like Heveea Brasiliensis, are 

found in the southern equatorial region and mainly were called “Cau-uchu” or 

“weeping wood” in South America. The lack of satisfactory solvent delayed the 

progress of rubber utilization until 1823, when Macintosh patented the use of coal tar. 

Faraday showed in 1826 that natural rubber was a hydrocarbon of empirical formula 

(C5H8) and Williams gave the name isoprene to the volatile liquid obtained by 

destructive distillation of natural rubber. In 1839 Goodyear found that heating rubber 

with sulphur and white lead gave it far superior properties, a process to become known 

as vulcanization, termed by Brockeden.6  

The first thermoplastic material was known as celluloid (1860s) and it was 

based on the addition of camphor to nitrocellulose,6 while the first synthetic thermoset 

polymer, known as Bakelite, was obtained in 1907 by Baekeland through the 

polycondensation of phenol with formaldehyde.7 Poly(vinyl chloride) (PVC) has been 

discovered the late part of 19th century by Baumann, although it was not 

commercialized until the 1920s, when Ostramislenski patented flexible film cast from 

a solution containing PVC and a plasticizer.8 The high pressure polymerization of 

ethylene (PE) was accidentally discovered by Gibson and Fawcett and commercialized 

in 1939,9 and nowadays it is the most common synthetic polymeric material with an 

estimated production of over 80 million tonnes per annum. Another significant 

achievement was the discovery of Nylon 6,6 by Carothers and Du Pont company.10 

Carothers published his theory of polycondensation and compared it with polyaddition 

in 1929. His initial studies on aliphatic polyesters were done and results were 

published before discovering the aliphatic polyamide with higher melting point. Nylon 

6,6, made from a diamine and diacid, each with six carbons, was commercialized 

before 1940 and continues until today.11 

Nowadays, polymers are found everywhere in everyday life; materials utilized 

ranging from nylon (clothing) and polystyrene (plastic cutlery, cups, etc.) to PVC 

(pipes, window panels and credit cards), polyethylene (packaging and bottles) and 

polypropylene (textiles). “Smart” materials have also been developed, like Kevlar in 
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bullet proof vests, Teflon in non-stick frying pans12 and Lycra found in elastic 

clothing.12-14 A plethora of other materials that are not limited to hard or rigid 

structures are used in biological applications, such as tissue engineering, drug delivery 

and diagnostics.15-17 

1.2 Polymerization Classification 

 Polymers were firstly classified by Carothers in 1929, as mentioned above, on 

condensation and addition polymers. This classification was based on the 

compositional difference between the polymer and the monomer(s) from which it was 

synthesized.18 A polymer is classified as a condensation polymer if its synthesis 

involves the elimination of small molecules, or it contains functional groups as part of 

the polymer chain, or its repeating unit lacks certain atoms that are present in the 

monomer to which it can be degraded. If any of these requirements are not fulfilled, 

the polymer is classified as addition polymer.18 An additional distinction between 

polymers was introduced by Flory, in 1953, which was based on the polymerization 

mechanism and not on polymer structures. Consequently, the modern terminology 

distinguishes polymerizations into step-growth and chain growth processes (Table 1-

1).19 

Table 1-1. Step-Growth versus Chain-Growth Polymerization (adapted from 

reference 20). 

 Step-Growth Chain-Growth 

Reactions 
One reaction is responsible for 

polymer formation. 

Initiation, propagation, and 

termination reactions have 

different rates and mechanisms 

Polymer Growth 
Any two molecular species 

present can react; slow, random 

growth takes place.. 

The growth reaction takes place 

by the addition of one unit at a 

time to the active end of the 

polymer chain 

Polymer Molecular 

Weight 

Molecular weight rises steadily 

throughout the reaction. High 

conversion is required for high 

molecular weight polymer. 

High molecular weight polymer is 

formed immediately 

Monomer 

Concentration During 

Polymerization 

Monomer disappears in the early 

stages of the polymerization. Less 

than 1 mol % of the original 

monomer remaining when the 

average polymer chain contains 

only ~100 monomer units. 

Monomer concentration decreases 

steadily throughout the reaction. 

Composition of the 

Polymerization 

Reaction 

A relatively broad, calculable 

distribution of molecular species 

are present throughout the course 

of the polymerization 

Mixture contains only monomer, 

high molecular weight polymer 

and only about 10-8 part of 

growing chains.* 

*This is true shortly after initiation and at the end of the polymerization (except for the growing chain 

concentration) since 100% conversion of monomer usually is not achieved. 
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 In the first case, step-growth polymerization proceeds by the stepwise reaction 

between the functional groups of any of the different-sized species present in the 

reaction system at very slow rates. Moreover, the initiation, propagation and 

termination steps are meaningless in step-growth polymerization. The molecular 

weight of the polymer increases steadily, while high molecular weight polymers 

require high conversions.19, 20 The average degree of polymerization (𝑋̅𝑛) in step-

growth polymerization is described by Carothers equation; 𝑋̅𝑛  =  
1

1 – 𝑝
 , where p is 

the monomer fraction converted.21 On the other hand, chain-growth polymerization 

has distinct steps with different rates and mechanisms. Chain-growth polymerization 

requires an initiation step, in which an initiator produces an initiator species R* with a 

reactive centre (free radical, cation or anion). Subsequently, polymerization occurs by 

the propagation of the reactive centre by additions of large numbers of monomer 

molecules in a chain reaction, where the reactive centre is regenerated by each 

monomer molecule that being added to reactive centre. The step of propagation 

proceeds until the reactive centre is destroyed by one or more of possible termination 

reactions.18, 19, 22 A widely used chain-growth process is Free-Radical Polymerization 

(FRP). 

 1.3 Free-Radical Polymerization 

 Free radical polymerization (FRP) is the most commonly used technique for 

the production of materials used in our life due to its high versatility and low cost.23 

Experimentally, FRP exhibits relative tolerance to impurities, moisture, air and it is 

compatible with various solvents and monomers.24 The polymers are formed by 

successive addition of a radical to a monomer, usually containing a vinyl group. The 

mechanism of FRP was described by Flory in 1937 and includes three steps as 

conceived by Staudinger and Frost; chain initiation, chain propagation and chain 

termination. 25 

 The first step, initiation, consists of two events. Initially, generation of free 

radicals (R•) from initiator molecules, usually from the dissociation of initiating 

species (I) either through heat or light, where kd is the rate of constant for the initiator 

dissociation (Equation 1.1). Subsequently, the addition of one of these radicals to a 



 

5 

 

monomer produces a chain-initiating radical M•, where ki is the rate constant for the 

initiation step (Equation 1.2). 

 

 The amount of initiating radicals that undergo the reaction in Equation 1.2 is 

described by the initiator efficiency, f, defined as the fraction of radicals formed in the 

primary step of initiator decomposition, which are successful in initiating 

polymerization. The highest value of f = 1 is achieved when all radicals undergo 

addition to monomer. However f is usually less than unity due to wastage of initiator. 

An important reaction which can affect the initiator efficiency is the chain transfer to 

initiator, which is caused by the attack of propagating radicals on the initiator, resulting 

in its decomposition. This reaction does not change the concentration of propagating 

radicals during polymerization, since a newly formed radical will initiate a new 

polymer chain. However, an initiator molecule is decomposed without increasing the 

number of propagating radicals, thus lowering f.18 

Radicals formed in the primary step of initiator decomposition could undergo 

side reactions to form stable products instead of initiating polymerization. Initially, 

radicals formed by the decomposition of the initiator are surrounded by a cage 

consisting of solvent and/or monomer molecules. The radicals of initiator in this cage 

could undergo reactions (recombination, reaction with each other or with monomer) 

or may diffuse apart. Reactions of initiator-derived radicals in the solvent cage that 

form stable products, decrease the f, because these products are not able to contribute 

to chain initiation. The rate constants for radical-radical reactions are higher than the 

rate constants for radical addition to monomer in the solvent cage, thus increasing the 

probability that they will occur and reduce f. Once they diffuse out of the solvent cage 

the reaction with monomer occurs predominately in preference to other reactions (due 

to higher monomer concentration).18 

Furthermore, f depends on the conditions applied to a reaction. Increasing the 

viscosity of a reaction will decrease f, as the lifetimes of radicals in the solvent cage 

are increased leading to more radical-radical reactions in the solvent cage. In some 
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cases f varies with solvent as a result of reactions between solvent and radicals before 

the latter can initiate polymerization. Finally, f for any particular initiator may vary for 

different monomers due to different rates of radical addition to the different 

monomers. 

 Initiator efficiency can be evaluated experimentally by several methods.18 

Measurement of the polymer number-average molecular weight allows the 

determination of f by comparison of the number of radicals produced with the number 

of polymer molecules obtained. Another method involves the determination of the 

number of initiator fragments in the polymer by direct analysis of the polymer end 

groups. Radical scavengers has also been used for the determination of initiator 

efficiency. A fourth method is the dead-end polymerization technique, which allows 

the simultaneous determination of f and the rate of dissociation (kd). 

 The initiation process is followed by propagation, where the free radical at the 

end of the polymer chain reacts with a monomer resulting in the formation of a new 

radical but larger by one monomer unit. The process of chain growth takes place at 

rapid rates and is described by Equation 1.3, with kp being the rate constant of 

propagation with values within the range of 102-104 L mol-1 s-1. 

 

 Eventually, the propagating polymer chain loses its radical activity and 

undergoes termination, typically by chain transfer or radical destruction events by 

either combination or disproportionation.18 Combination is the process which involves 

two radicals coupling, leading to the formation of a “dead” polymer chain, with a chain 

length equal to the sum of the two terminated propagating radical chains. 

Alternatively, cessation of the propagating radical growth can occur through 

disproportionation, which involves transfer of a hydrogen atom to give one saturated 

and one unsaturated “dead” polymer chains. The termination events have rate 

constants (ktc and ktd for combination and disproportionation, respectively), which are 

kinetically equivalent and both have the same rate equation. In general terms, the 

termination events can be described in Equation 1.4 with kt being the combined rate 

constant of termination.26 
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 The rate of polymerization can be defined as the rate of consumption of 

monomer. Based on this, the rate of polymerization is equal to the rate of initiation 

(Ri) added to the rate of propagation (Rp), Equations 1.2 &1.3. Comparing the actual 

amounts of monomer consumed by these two reactions it becomes clear that 

propagation is a much more significant source of monomer depletion and hence the 

overall rate of polymerization can be described by Equation 1.5. 

 

However, Equation 1.5 can be problematic as it is difficult to experimentally 

determine the concentration of radicals, [M•] in a reaction (typically on the order of 

10-8 molar). Thus, a number of assumptions have been applied to the system. Applying 

a steady state approximation to the concentration of radicals in a polymerization gives 

a constant value and is used to simplify the equation. As a result, the rate of initiation 

and termination are effectively equal. The rate of termination is shown in Equation 

1.6. this expression can be rearranged to give Equation 1.7, which can subsequently 

be substituted into Equation 1.5 to give Equation 1.8. 

 

 Addition of an initiating radical to monomer is much faster than homolysis of 

the initiator, hence the dissociation of the initiator is the rate determining step. Taking 

a rate expression for the initiation including the initiator efficiency, f, and substituting 

into Equation 1.8 yields Equation 1.9. 

 

 The final factor to consider within free radical polymerization is the very 

common side reaction called chain transfer,27 which is a method of termination of a 
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polymer chain, but results in the formation of a new radical. Then, this radical has the 

ability to reinitiate the polymerization without changing the overall number of radicals 

in the system. Chain transfer can occur with monomer, initiator or solvent, leading to 

a lower average molecular weight within the polymerization mixture, or to polymer 

which can result in branching and higher molecular weights. The effect of chain 

transfer on the polymerization rate is dependent on whether the rate of reinitiaton (ka) 

is comparable to that of the original propagating radical. In Table 1-2 the main 

possible situations that may be encountered affecting the Rp and the degree of 

polymerization (DPn). 

Table 1-2. Effect of chain transfer on Rp and DPn.
18 

kp : kt ka : kp 
Resulting Chain 

Transfer 
Effect on Rp Effect on DPn 

kp >> kt ka ~ kp Normal chain transfer None Decrease 

kp << kt ka ~ kp Telomerization None 
Large 

decrease 

kp >> kt ka < kp Retardation Decrease Decrease 

kp << kt ka < kp 
Degradative chain 

transfer 
Large decrease 

Large 

decrease 
 

 Catalytic chain transfer polymerization (CCTP) has been developed as a 

technique, where certain low spin cobalt(II) complexes are used as chain transfer 

agents (CTAs) so to generate low molecular weight polymers in free radical 

processes.28-31 The effectiveness of a CTA is determined by its chain transfer constant 

(Cs), Equation 1.10, which is a ratio of rate of chain transfer (ktr) compared to the rate 

of propagation (kp).
32-36 

 

 Although FRP is a widely applied polymerization technique with extended use 

in industry, it still suffers from significant disadvantages, the most important being the 

lack of control over the molecular weight and the architecture of the resulting 

polymers. 
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 1.4 Emulsion Polymerization 

 Apart from homogeneous media, a polymerization may also take place in 

heterogeneous media, a system which consists of two phases, insoluble in each other. 

Emulsion polymerization is a well-established process providing most of the 

polymeric materials synthesized by industry – it is reported that 40-50 % of all free 

radical polymerizations performed in industrial scale are in emulsion.18, 37, 38 

Especially, the production of latex materials produced free radically by emulsion 

polymerization for various applications, depending on the colloidal and 

physicochemical properties of the obtained polymer latex.39-42 The two phases in 

emulsion polymerization are the aqueous phase, also referred to as the “continuous” 

phase and the organic, known as “dispersed”. Reaction may be carried out via various 

operating modes, such as batch, semi-batch or continuous system and the reagents 

required are water, (usually) water soluble initiators (for instance potassium persulfate, 

KPS), monomers of low water solubility (like styrene) and low molar mass 

amphiphilic molecules (like sodium dodecyl sulfate, SDS), known as surfactants.43-48 

Surfactants are dissolved in water until the critical micelle concentration (CMC) is 

reached and are used to prevent coagulation of the latex particles, as well as to provide 

the conditions for sufficient colloidal stability.43 

 There are three phases in an emulsion polymerization mixture before the 

reaction starts. The continuous phase, consisting of the water-soluble initiator and in 

very small quantities, molecularly dissolved surfactant and monomer. The dispersed 

phase contains monomer droplets (1-10 μm), which remain in suspension due to 

agitation and to the adsorption of molecules of surfactant. Droplets contain the largest 

amount of monomer present in the system. Also part of the dispersed phase are the 

monomer-swollen micelles (5-10 nm). The use of water as solvent makes the whole 

system inexpensive, relatively odorless and non-flammable. The high heat capacity of 

the water facilitates temperature regulation and guarantees efficient heat transfer. 

Moreover, the low volatile organic content (VOC) makes the method environmentally 

friendly. High conversions and low viscosity of the produced latex, independently of 

the molecular weight of the polymer are other important benefits by the use of this 

technique. 
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 However, emulsion polymerization has also a few drawbacks, the main being 

the unavoidable presence of additives (surfactants) and the difficulties of water 

removal if required at the end of polymerization.28, 49 

 1.4.1 Emulsion polymerization processes and sequence of 

events 

 As mentioned above there are three types of emulsion polymerization 

processes. In batch emulsion polymerization all ingredients are present in the reaction 

vessel from the beginning. Polymerization starts when the initiator is activated, usually 

by the application of heat. In a semi-continuous process (also called semi-batch), one 

or more reagents (e.g. monomer) are fed into the reaction vessel throughout the 

polymerization. Finally, in a continuous emulsion polymerization, the components of 

the reaction system are continuously fed and removed from the vessel. Due to this 

particularity, special types of reactors are required for this process. 

 Emulsion polymerizations are also classified according to the way of polymer 

particle formation. An emulsion polymerization might start in a system where there 

are no formed loci of polymerization (particles). In this case, the process is called “ab 

initio” emulsion polymerization and particle formation (nucleation) needs to take 

place at an early stage of the process. In contrast, in seeded emulsion polymerization, 

the loci of polymerization have previously been formed in a separate process. 

 An ab initio emulsion polymerization is divided into three stages. The first 

stage, also known as Interval 1, is defined as the period during which particles are 

formed. There are three mechanisms for particle nucleation and the one that dominates 

is usually decided by the conditions. Nevertheless, the first event is common and is 

the formation of oligomeric radicals via the decomposition of the water-soluble 

initiator and the subsequent addition of the primary radicals to molecules of monomer. 

The oligomeric radicals may reach two critical degrees of polymerization, usually 

represented as z or j (for z-mers or j-mers respectively, with z < j). Beyond the 

formation of z-mers and j-mers, the three nucleation mechanisms differentiate from 

each other. 
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 In micellar nucleation, z-mers enter the existing monomer-swollen micelles, 

thus continuing polymerization due to the molecules of monomer, already present 

there.50, 51 Micelles that do not absorb a z-mer are subsequently ceased, releasing their 

monomeric content to the system, while their molecules of surfactant get absorbed by 

newly-formed particles, offering supplementary stability. Micellar nucleation stops 

when all micelles are consumed either by becoming particles or by having ceased. It 

should be noted that as the number of micelles is much higher than that of monomer 

droplets, oligomeric radicals almost entirely enter the first ones. Micellar nucleation 

takes place when CMC is exceeded. 

 Homogeneous nucleation occurs when oligomeric radicals keep on 

propagating until becoming j-mers.47, 52 At that point, chains collapse and become 

particles while still retaining their active chain end. Subsequently, the newly-shaped 

particles adsorb molecules of surfactant in order to secure their stability as well as 

molecules of monomer as to continue chain growth. Coagulative nucleation is similar 

to homogeneous nucleation.53 In this case, primary particles coagulate forming particle 

aggregates. The latter are colloidally stable and able of absorbing molecules of 

monomer in order to propagate. A further mechanism is droplet nucleation, which 

occurs when a z-mer enters a monomer droplet.47, 54-56 This type of nucleation is 

considered unlikely in emulsion polymerization, however it is the dominant 

mechanism in mini-emulsion polymerization, where ideally each monomer droplet 

becomes a particle. By the end of Interval 1, monomer conversion is about 10% 

(Figure 1-1) and it is considered that the number of particles formed does not change 

until the end of the polymerization reaction.43, 44 

 Interval 2 is considered the stage of particle growth and is oriented between 10 

and 40 % conversion, Figure 1-1.43-45, 57 During this stage, monomer droplets act as 

monomer reservoirs, containing molecules that reach the latex particles (where 

polymerization takes place) via diffusion through the continuous phase. During 

Interval 2, the monomer concentration in the particle ([M]p) as well as the number of 

particles per unit of volume (Np) and the average number of radicals per particle (𝑛) 

are considered to be constant, thus resulting in a constant rate of polymerization . It 

should be noted that the rate of monomer diffusion through the aqueous phase exceeds 
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the rate of polymerization and as a result, there is sufficient amount of monomer 

entering the particles in order to maintain propagation. 

 In Interval 3, the rate of polymerization decreases due to the fact that monomer 

droplets are exhausted. As a result, polymerization continues only with the molecules 

of monomer still present in the particles or the few dissolved in the continuous phase. 

The number of particles is also considered to remain constant during this stage. 

 

Figure 1-1. Schematic representation of the variation of conversion with time for an 

emulsion polymerization system. tI and tII are the completion times for intervals I and 

II respectively. 

 1.5 Transition Metal-mediated Living Radical Polymerization 

 The use of transition metals as catalyst-deriving species has found application 

in various polymerization processes, like controlled/living radical polymerization58 

and late transition metal mediated polymerization.59 Depending on the desired 

polymers, and therefore on the polymerization process/mechanism, numerous 

transition metals (and subsequently their complexes) have been used as catalytic 

species, including Nickel (Ni), Titanium (Ti), Palladium (Pd), Iron (Fe), Ruthenium 

(Ru), Cobalt (Co) and Copper (Cu). In particular the last decades have witnessed 

tremendous advances in the discovery and application of transition metal catalysts. 

Arguably, the introduction of Ziegler-Natta catalysts (e.g. TiCl4) in the mid-1950s,60, 



 

13 

 

61 revolutionized the synthesis of polyolefins and led to a Nobel Prize in 1963. In the 

late 1950s, the use of Molybdenum (Mo), Ruthenium (Ru), Wolfram (W) and 

Rhenium (Re) allowed for the ring-opening of cyclic olefins, thus introducing the 

Ring-Opening Metathesis Polymerization (ROMP).62 Among other advances, in 1995 

the use of low valent Ruthenium (RuII) and Copper (CuI) complexes were reported by 

Sawamoto63 and Matyjaszewski64 respectively, as excellent catalyst sources for the so 

called Transition Metal Mediated-Living Radical Polymerization (TMM-LRP).  

 The catalytic systems based on ruthenium have been extensively studied in 

order to enhance the required catalytic aspects for a living radical polymerization. 

Therefore, a variety of ruthenium catalysts have been developed via ligand design, 

including anionic ligands, like halogens, conjugated carbanions and phenoxy anions, 

as well as neutral, such as phosphines, amines, cymene and carbenes.58, 65 Apart from 

ruthenium, iron complexes have been used for metal-catalyzed living radical 

polymerization, offering cheaper, safer and more environmentally friendly systems.66 

A dimeric Fe(I) carbonyl cyclopentadienyl complex was used for the controlled 

polymerization of vinyl acetate (VAc),67 overcoming the issues of the instability of 

the non-conjugating and highly reactive VAc radical and the frequent chain transfer. 

Nickel catalysts have also been developed and their characteristics in living radical 

polymerization are similar to Fe(II) family, however they are sensitive to polar 

functional groups.65 Other metal complexes have also been reported to control the 

activation and deactivation for initiating and growing radicals under suitable 

equilibrium, including osmium, rhenium, molybdenum, titanium, chromium, 

manganese, cobalt, nickel, rhodium, palladium, etc.68 

 An ideal catalyst in living radical polymerization allows the synthesis of well-

defined polymers with narrow molecular weight distributions and high end-

functionality throughout the polymerization, even with very low amounts of the 

catalyst. The choice of the metal complex is most of the times dependent on the 

purpose of the final product, such as iron-based catalysts for bioapplications due to the 

biocompatibility of iron. Moreover, the choice of ligand has been shown to be crucial, 

as it can influence the catalytic activity of the complex. For instance, copper 

complexes with nitrogen-based ligands were six orders of magnitude more efficient 

than complexes with phosphorous-, sulfur- or oxygen-based ligands.69 
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Since the area of transition metal-catalyzed polymerizations is vast and covers 

the whole field of polymers, this work will focus on two polymerization methods (i.e. 

Catalytic Chain Transfer Polymerization and Copper-mediated Reversible 

Deactivation Radical Polymerization) that use cobalt and copper complexes, 

respectively.  

 1.6 Catalytic Chain Transfer Polymerization (CCTP) 

 Catalytic chain transfer polymerization (CCTP) is an efficient and versatile 

technique for the synthesis of low molecular weight functional polymers/oligomers in 

free radical polymerization (FRP).29, 30, 70, 71 The technique is based on the use of 

certain low spin Co(II) complexes which catalyze the chain transfer of hydrogen to 

monomer reaction32, 72, 73 and also provides a high level of vinyl ω-end group 

functionality.74, 75 Due to their high chain transfer constants, Co(II) complexes are 

efficient in low concentrations (ppm to monomer). The effectiveness of the catalysts, 

and the fact that radical addition to the vinyl end group of CCTP macromonomers 

forms adducts that readily undergo β-scission, allow them to function as addition-

fragmentation chain transfer agents (CTAs) and render CCTP extensively applicable 

in industry.76 

 1.6.1 Brief history of CCTP catalysts and their evolution 

 CCTP was discovered in the USSR in the mid-1970s, when Smirnov and 

Marchenko were investigating cobalt porphyrins (Figure 1-2, (1)) catalysts for the 

redox decomposition of peroxy initiators for radical polymerisation.70 The observation 

that some Co(II) complexes appeared to inhibit FRP of methyl methacrylate (MMA) 

lead to further investigation. Thus, further studies from Gridnev,77-80 DuPont,81, 82 

O’Driscoll,83, 84 the Glidden Paint company85-87 and ICI/Zeneca88, 89 have led to a 

significant understanding of the catalytic process and to the very active cobaloxime 

catalysts being developed (Figure 1-2, (2, 3)).  
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Figure 1-2. The evolution of CCT agents 

In general, the most effective CCT agents are low-spin cobalt(II) complexes 

with octahedral geometry derived from a square planar ligand with two axial sites. 

Co(II) is a 3d7 electron system and can exist as either low- or high- spin (i.e. one or 

three unpaired electrons Figure 1-3)), so the choice of the correct ligand to give a low-

spin complex becomes an important aspect of catalyst design for a CCT agent. Co(II) 

porphyrin (1) complexes showed relatively high activity,28 however, are highly 

colored, only soluble in water, relatively expensive and much less active than the 

cobaloximes and were soon replaced by cobaloximes (2)86, 87. Cobaloximes show 

much higher activity (Cs > 2 × 104) than their porphyrin analogues and are less 

expensive, however, they are very sensitive to hydrolysis and oxidation. The addition 

of a BF2 bridging group between the axial oxygen atoms led to the development of 

BF2 bridged catalysts (3) overcoming these disadvantages and increasing their stability 

towards acid and low pH as well as their activity (Cs > 4 × 104). BF2 bridged catalysts 

are typically handled as solid, even in aerobic conditions, but in solution are still 

sensitive to acid hydrolysis and oxidation by peroxides and other oxygen-centered 

radicals , but lesser than catalyst 2.28 The sensitivity to oxidation can be further 

enhanced by introduction of alkylated Co(III) derivative of (3), which will dissociate 

into the active Co(II) catalyst and an alkyl radical.28, 32, 73, 78, 90 

Therefore, the most common used catalysts at present are the derivatives of 

catalyst (3), where the substitute R can be tailored based on desired solubility and 

activity. This work will mostly focus on bis[(difluoroboryl)dimethylglyoximato] 

cobalt(II) often, denoted as CoBF, where the four R ¼ substituents are methyl groups. 

The CoBF catalyst is exceptionally stable due to the boron-bridging groups that impart 

hydrolytic stability, allowing its use at low pH and at elevated temperatures.31, 71, 90 
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Figure 1- 3. d-electron configurations of d7 Co(II) in low spin (left) and high spin 

(right). 

 1.6.2 Determination of catalytic activity of CTA 

 The activity of a CTA is given by the chain transfer constant (Cs), as discussed 

previously.34-36 Conventional chain transfer agents (for example mercaptans) have Cs 

values on the order of magnitude of 1-10 for methacrylates, whereas cobaloximes such 

as CoBF, typically have Cs values in the region of 104 for methyl methacrylate, as they 

do not consumed within the reaction. 

 The Cs value can be calculated experimentally a series of polymerizations 

undertaken with various ratios of CTA to monomer, including one reaction without 

CTA as control. The polymerization reactions have to be stopped at low conversion 

(in general < 5-10 %) in order to avoid changes in monomer concentration and to 

minimize termination events. Subsequently, using the Mayo equation (Equation 1-

11), a Mayo plot can be constructed, by utilizing the ratio of the degree of 

polymerization in the presence (DPn) and absence (DPn0) of CTA ([CTA] and [M] are 

the concentrations of CTA and monomer respectively). 

 

 1.6.3 Mechanism of CCTP 

 Considering the mechanism of CCTP, its catalytic nature was proved when the 

regenerated cobalt(II) porphyrin has been isolated following polymerization.71 Three 

distinct mechanisms have been proposed and are outlined in Figure 1-4, of which the 

most widely accepted involves reinitiaton mediated by a Co(III) hydride ([Co(III)]-

H). Mechanism (1) is unlikely to occur, as the monomer does not directly participate 

in the hydrogen abstraction step, indicating that the methacrylate does not abstract an 
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H atom.31, 91 The mechanism (2) suggests that the rate of CCT is dependent on 

monomer concentration, an assumption which has also been disproved.92 In the case 

of mechanism (3) all the experimental evidence suggest that cobaloxime-mediated 

CCT proceeds via a two-step radical process in which the Co(II) complex first 

abstracts a hydrogen atom from the growing radical leading to a Co(III)-H complex 

and a vinyl terminated macromonomer. The Co(III)-H complex then reacts with a 

monomer molecule giving back the original Co(II) complex. The chain transfer 

process continues until total consumption of the monomer and results in the length of 

the polymer chain being dependent on the amount of CCT agent. Higher amount of 

CCT agent present in the reaction mixture lead to more chain transfer reactions and 

 

Figure 1-4. Proposed mechanisms for CCTP. Rn and R1 are the polymeric and 

monomeric radicals, M is the monomer, Co(II)-L is the cobalt chelate CCTA and Pn
= 

is a polymer with an unsaturated chain end.29 

consequently lower molecular weight. This mechanism has investigated in detail and 

can be summarized in Figure 1-5.29, 30, 32, 70-73, 78, 80, 83, 84, 91-97 
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Figure 1-5. Most widely accepted mechanism for CCTP of methacrylates. 

 1.6.4 Monomer selection 

 A wide range of monomers can be efficiently polymerized in the presence of 

the catalytic chain transfer agents. Monomers containing an α-methyl group form 

tertiary propagating radicals (e.g. methacrylates) providing high chain transfer 

efficiency.98 An H-atom easily abstracted by the CCTA complex yielding in a labile 

Co(III)-C bond and allows the formation of a Co(III)-H complex and a vinyl 

terminated polymer chain. On the other hand, monomers that do not have an α-methyl 

group, such as acrylates, form secondary propagating radicals and the hydrogen 

abstraction takes place from the backbone, resulting in the formation of relatively 

stable Co(III)-C bond. This results in the temporary removal of the catalyst from the 

cycle, reducing the chain transfer constant.72, 78 Figure 1-6 illustrates the expected 

results for active and less active CCTP monomers. 
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Figure 1-6. General monomer properties for CCT active and less active monomers. 

 It should be noted that styrene is an exception among the monomers without 

α-methyl group but forms a relatively stable internal double bond as it is relatively 

active, despite the absence of an H-atom that can be easily abstracted. Moreover, the 

rate of CCTP of styrene has been demonstrated to be UV-light dependent; the rate of 

CCT in dark was less than 500, however it increases to a maximum of Cs = 5,000 

under UV irradiation.28, 32 This is probably attributed to the homolysis of the Co(III)-

C bond (formed by addition of styrene radical to the Co(II)) during UV irradiation. In 

addition, Cs is also found to be dependent on the concentration of initiator, as it 

decreases with higher initiator concentration.32  

 A variety of methacrylic monomers with different functionalities have been 

shown to polymerize well under CCT conditions. Among those, monomers with 

reactive functionality, capable for post-polymerization modification such as allyl 

methacrylate,99 monomers with interesting functionality like sugar-monomers100, 101 or 

monomers carrying reactive functional groups, such as carboxylic acids.102 The ability 

of these polymers exhibiting reactive and tolerant functional groups, combined with 

terminal vinyl groups have been exploited as macromonomers as well as post-

polymerization modifications. These vinyl terminated products of CCTP will be often 

referred to as macromonomers in this thesis. Macromonomers can be used further in 

polymerization involving the synthesis of graft, hyper-branched polymers and other 

unique polymeric morphologies. In the case of hyper-branched polymers synthesised 

from bifunctional or multifunctional methacrylate monomers, significant number of 
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vinyl end group functionality remains which can be exploited for further 

polymerization.31, 103, 104 The most common form of post polymerization 

functionalization technique in CCTP involves the addition of functional thiols to the 

olefinic bonds, commonly termed as thiolene additions.99-105 

 To conclude, a successful CCTP requires a monomer capable to undergo 

CCTP as describe previously, an appropriate organocobalt complex such as 

cobaloxime, a solvent that is able to solubilize and to stabilize the catalyst and a free 

radical initiator which should not generate oxygen centered radicals (i.e. potassium 

persulfate) as these species deactivate the CCT catalysts. For the same reason, oxygen-

free conditions are required.  

 1.6.5 Application of CCTP macromonomers 

 In addition to the industrial application of CCTP for the control of MW 

polymers in FRP systems, bulk products manufactured by CCTP have a plethora of 

applications, especially in products where aesthetics are important such as the 

automotive industry. Although CCTP derived products require further modification, 

there are many applications where they are deployed directly.106, 107 For example, in 

electrophotographic toners, where CCT catalyst is directly utilized in emulsion 

systems along with suspensions of black or colored pigments improving their stability 

(in comparison with those attained with thiol chain transfer reagents), which 

subsequently are precipitated to obtain toners with narrow particle size.28, 32 

 In the automotive industry, functional monomers are used in the production of 

low volatile organic compounds (VOC) with high solids coating, like hydroxyethyl 

methacrylate (HEMA).108, 109 The multiple hydroxyl groups on the macromonomer 

(copolymers containing HEMA) crosslink with trimethyl orthoformate and 

hexamethylene diisocyanate trimers, forming products with excellent flow ability; 

cure of these products provide good weatherability and adhesion after the application 

of coating.108, 110-112 

 The use of CCTP derived oligomers as CTA is another useful application. For 

example, the use of hydroxyethyl methacrylate dimer in MMA polymerization results 

in α,ω-telechelic polymer.109 Telechelic polymers from radical chain polymerization 

have a broad range of uses in polymer chemistry, such as initiators, iniferters, 
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functional CTAs (telomers) and are used in incorporation of cleavable weak link along 

polymer chains.113, 114 Other commonly used dimers for similar applications are 

methacrylic acid, ethyl methacrylate, methacrylonitrile and α-methyl styrene.32, 34, 115, 

116 

 1.6.6 CCTP in emulsion 

The first report about performing CCTP in a dispersed system was introduced about 

ten years after the initial discovery.117 When performing CCTP in emulsion, the key 

difference is the lower catalyst efficiency compared to an equivalent solution 

process.118-120 This is demonstrated by the higher molecular weight observed for a 

specific catalyst to monomer ratio. The presence of the catalyst at the loci of 

polymerization is a prerequisite for efficient control over the molecular weight. 

However, most of the widely used cobaloximes possess some solubility in both the 

continuous and the dispersed phase.120-122 As a result, these catalysts partition between 

the two phases. The extent of partitioning depends on the monomer hydrophobicity 

and the structure of the cobaloxime complex. It is expressed by the partition 

coefficient, shown in Equation 1-12, where [Co]disp is the catalyst concentration in 

the dispersed phase while [Co]aq is the corresponding value for the continuous phase. 

 

Generally, the partition coefficient increases when the hydrophobicity of the R-group 

of the complex increases or the hydrophilicity of the monomer increases. Data reported 

for the partition coefficient of several monomers indicate that a considerable amount 

of catalyst may reside to the aqueous phase.28 Consequently, the concentration of 

catalyst at the loci of polymerization (particles) is significantly lower than the overall 

concentration of catalyst in the system. When extremely hydrophobic cobaloximes are 

employed, transfer limitations may occur. For example, CoPhBF is insoluble in water 

thus, the necessary mass transport to polymer particles cannot take place via the 

continuous phase. In this case, mass transport is considered to occur through collisions 

between polymer particles.123 Moreover, in dispersed media, cobaloximes still 

demonstrate the same sensitivity towards oxygen and (peroxide) radicals.30, 32, 80, 98 In 
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order to circumvent these drawbacks, the application of oxygen-free conditions as well 

as the avoidance of peroxy initiators are suggested. 

 1.7 Controlled/Living Radical Polymerization 

 Living polymerization was first observed during 1920s by Ziegler and Bahr.124 

Early approaches had been made during 1940s, such as the polymerization of sarcosine 

carbonic anhydride by Waley and Watson,125 however the concept of living 

polymerization was pioneered by Szwarc in the 1950s with his work on the anionic 

polymerization of styrene,126 and later expanded to include a range of vinyl monomers 

with electron withdrawing substituents, which can stabilize the negative charge 

through delocalization, including styrene derivatives and (meth)acrylates.127 

 Living polymerization is considered as a type of chain growth polymerization, 

which proceeds without chain-breaking reactions, namely the active centers are unable 

to undergo chain transfer or termination reactions.128 The main characteristic is that 

the initiation is faster than propagation with each molecule of initiator initiating one 

polymer chain; all polymer chains grow simultaneously and at the same rate. As a 

result, the DPn is directly linked to the concentration of initiator at t0 and the amount 

of monomer consumed. The negligible presence of chain transfer and chain 

termination allows for specific molecular weights to be targeted, as well as retention 

of activity after full monomer conversion. This retention of the carbanion at the chain 

end make possible the synthesis of well-defined block copolymers and other complex 

macromolecular architectures, by sequential addition of a second monomer aliquot in 

the reaction vessel. 

 However, living anionic polymerizations are highly sensitive to impurities 

such as moisture (H2O), oxygen (O2) and carbon dioxide (CO2), thus high vacuum 

techniques (anaerobic conditions) and highly purified reagents are required. 

Furthermore, high temperatures and solvents able to undergo chain transfer should be 

avoided. Nowadays, the production of high quality polymers (block copolymers, 

predetermined narrow molecular weight distributions or ease of functionalization of 

the terminated chain end) is a distinctive feature of living polymerizations, however, 

the commercialization of these processes can be hindered by the demanding 

experimental conditions required. 
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 Living radical polymerizations can be achieved by minimizing normal 

bimolecular termination and prolonging the lifetime of living polymer chains through 

the introduction of dormant states for the propagating species. This is accomplished 

through reversible termination or reversible transfer (Scheme 1-1).18 

 

Scheme 1-1. Living radical polymerization process with reversible termination. 

 1.8 Reversible Deactivation Radical Polymerization 

 Reversible deactivation radical polymerization (RDRP) describes a family of 

techniques sharing a common characteristic, which is a dynamic equilibrium between 

free radical propagating species and dormant species.129, 130 The equilibrium can be 

achieved either via the reversible deactivation of the propagating radical to form the 

dormant species, or through degenerate transfer between the propagating radicals and 

the dormant species. The term Controlled/Living Radical Polymerization (CLRP) has 

also been used to describe these processes, however, RDRPs proceed via a radical 

intermediate and therefore radical-radical termination is inevitable to some extent.131 

In addition, there is high possibility of side reactions related to chain transfer to solvent 

or monomer and as such, the RDRPs deviate from the definition of livingness as 

proposed by Szwarc. Based on this, the International Union of Pure and Applied 

Chemistry (IUPAC) suggested that the term living should be avoided for RDRP 
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systems, despite these systems exhibit a proximity to living polymerization 

reactions.132 

 The aim of these techniques is to eliminate chain breaking reactions, reserve 

the same probability of each chain in order to yield polymers with narrow molecular 

weight distributions (dispersity) and a number average molecular weight directly 

correlated with the ratio between monomer and initiator.131 Three main techniques 

have emerged as the most viable RDRP approaches including nitroxide-mediated 

polymerization (NMP),133, 134 reversible addition-fragmentation chain transfer 

(RAFT)135, 136 polymerization and transition metal-mediated approaches (e.g. atom 

transfer radical polymerization, ATRP)63, 137. 

 1.8.1 Nitroxide-Mediated Polymerization 

 Nitroxide-mediated polymerization is historically the first example of RDRP, 

developed at CSIRO by Solomon, Rizzardo and Cacioli in the 1980s,138 who describe 

a method for controlled-growth radical polymerization. More specifically, by heating 

an alkoxyamine with methyl acrylate in bulk at 80 oC, oligomers of pMA were 

occurred with monomer inserted into every alkoxyamine, however, due to the 

additional stability of the inserted products, no further reaction was illustrated. By 

increasing the temperature to 120 oC, reversible dissociation occurred, resulting in a 

successful polymerization in 90 minutes. The development of methods to stabilize 

radical polymerization and probe the chemistry of its initiation included radical 

trapping and the use of nitroxides. Nitroxides have the ability to (selectively) scavenge 

carbon-centered radicals and are able to act as inhibitors for radical polymerization.139 

In order to study the initiation in styrene polymerization, Georges et al. use 2,2,6,6-

tetramethylpiperidinyl-1-oxy (TEMPO) as the nitroxide and benzoyl peroxide as the 

initiator.140 Further studies led to the development of a number of new alkoxyamines 

(Scheme 1-2), like those developed by Tordo and coworkers (TIPNO and SG1).141, 142 

Among the conclusions that followed these studies it was suggested that the 

alkoxyamines were thermally labile at higher temperatures and collectively, this 

observations led to the development of NMP.143-145 
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Scheme 1-2. Different nitroxides used in NMP. 

 Although NMP was firstly applicable only to styrenic monomers,140 the 

development of nitroxides and alkoxyamines gave access to more monomer families 

including acrylates,146 acrylamides,147 acrylonitrile142 and 1,3-dienes.148 In the case of 

methacrylates, NMP was not successful due to the disproportionation reaction 

between TEMPO and the growing radical149, 150 or the high activation – deactivation 

constant when TIPNO or SG1 were used.151 Only copolymerizations with large 

amounts of styrene were possible, however the dispersity was increased when higher 

amounts of methacrylates were used.152, 153 Charleux et al reported for the first time 

the successful NMP (using SG1) of methyl methacrylate at 90 oC, in the presence of 

small amounts of styrene.154 

Regarding the mechanism in NMP, the control is dominated by the equilibrium 

between dormant species (the nitroxide is covalently bound to the polymer chain-end) 

and active species, Pn
• (the nitroxide is homolytically cleaved to generate a 

propagating radical at the polymer chain-end), (Scheme 1-3). The 

activation/deactivation constant K is determined by kd and kc (K = kd/kc).
145, 155, 156 

Moreover, the concentration of Pn
• should be low to minimize side reactions and the 

exchange between the dormant and active species needs to be much faster than 

propagation and termination, so as the polymer chains to grow simultaneously.157 
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Scheme 1-3. Proposed mechanism of NMP. 

NMP provides control over the macromolecular characteristics of the obtained 

polymers, however termination events are possible to occur, like transfer to 

monomer158 or to the nitroxide,159 resulting in the generation of PnX species, where X 

is the fragment of the transfer agent.156 

1.8.2 Reversible Addition-Fragmentation Chain Transfer 

Polymerization 

 One of the most well-studied RDRP techniques is RAFT, reversible addition-

fragmentation chain transfer polymerization, which was first reported in 1998 by 

Chiefari et al. at CSIRO,135 which represented a step-change in the field of CLRP. The 

mechanism in this system (Scheme 1-4) is based on the equilibrium between active 

and dormant chains, achieved by degenerative transfer.157 Initially, generation of an 

initiator-derived primary radical is obtained through thermal dissociation of a 

conventional radical initiator (e.g. AIBN), which subsequently initiate a polymer 

chain, Pn
•. These can add to the CTA, also known as RAFT agent (thiocarbonylthio 

compounds, RSC(Z)=S, are the most commonly used),160-162 to give a radical 

intermediate. Fragmentation can then occur to form a thiocarbonylthio compound and 

a new radical, Rn
•. In the next step, the new radical reacts with a monomer unit leading 

to the formation of a propagating radical, Pm
•. The reversible transfer of the 

thiocarbonylthio group or any other functional chain-end group between the dormant  
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Scheme 1-4. Proposed mechanism of RAFT. 

chains and the propagating radicals is the key characteristic of the RAFT process. 

 In a successful RAFT process, the rate of addition/fragmentation is higher than 

the rate of propagation leading to similar degree of polymerization for all the chains. 

One of the most distinct differences between RAFT and other RDRPs (e.g. ATRP or 

NMP) is that a bimolecular termination event does not lead to loss of the chain end, 

with the number of end-functionalized chains remaining the same even upon, 

conventional for other RDRPs, termination events.136 

 The usefulness of the RAFT process lies in the fact that it can be applied to 

most monomers which are able to undergo conventional FRP, such as (meth)acrylates, 

(meth)acrylamides, styrenics,163 vinyl esters164, 165 and vinyl amides166, 167. Poly(vinyl 

acetate) and poly(N-vinyl pyrrolidone) (NVP) in particular have proven a challenge to 

synthesize using other CRP methods,168, 169 however RAFT is probably the most 
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efficient method for the synthesis of “difficult” monomers, including both activated 

(i.e. (meth)acrylic) and less activated (i.e. vinyl acetate, N-vinyl pyrrolidone) ones.170 

A characteristic example is polyethylene which, although until recently was rather 

challenging to obtain through RAFT. D’Agosto and Monteil investigated the RAFT 

polymerization of ethylene with the use of xanthates as controlling agents.171 One of 

the drawbacks of RAFT is that typically the CTA used in this process has to be tailored 

to the desired monomer (often by altering the Z group) which requires extra synthetic 

steps. In addition, since most of the polymer chains will be capped with the 

conventionally sulfur-containing CTA, this often imparts a yellow or pink colour 

which may be undesirable depending on the intended use. However, the latter can be 

addressed with the use of sulfur-free RAFT,172 where macromonomers obtained via 

CCTP can be used as chain transfer agents. Although their chain transfer constant is 

lower than the conventional sulfur-containing CTAs, it can be increased under specific 

conditions, for instance by monomer feeding.173, 174 

 1.8.3 Atom Transfer Radical Polymerization  

 In ATRP, a redox-active metal halide/ligand complex (Mtm X/L, with Mt being 

the metal at m oxidation state and L being the ligand) activates (kact) an alkyl halide 

(Pn-X) via reversible homolytic bond cleavage, resulting in Mtm+1 X2/L and a Pn
• 

radical, which leads to chain growth (Scheme 1-5). The deactivator, namely the 

transition metal complex in the higher oxidation state, reversibly reacts (kdeact) with 

the propagating radical (Pn
•) to regenerate the dormant species and the activator. This 

equilibrium heavily favors the side of the dormant chains, thus the radical 

concentration is kept low, limiting the termination reactions and providing control 

over the polymerization.175-178 Furthermore, the retention of the terminal halide groups 

on the polymer allows for continuous reinitiaton, thus making this a pseudo- living 

system. In general, ATRP is restricted to monomers which contain an electron 

withdrawing substituent, adjacent to the vinyl group, which is able to stabilize the 

resulting radical, including (meth)acrylates, styrenics and (meth)acrylamides.  

In all RDRP methods eventually occur termination events to some extent. 

However, at the initial stages of the polymerization there is a small presence of 

termination, which results in slight excess of deactivating species, shifting the 

equilibrium towards the dormant species. This will decrease the rate of polymerization 



 

29 

 

and will suppress the rate of termination; ultimately will lead to better control over the 

molecular weight distributions. This self-regulating ability of the technique is known 

as persistent radical effect (PRE)155, 179, 180 and firstly introduced by Otsu and 

coworkers.181 There are many factors that synergistically contribute to a controlled 

ATRP process by shifting the equilibrium, including among others the structure of the 

ligand and therefore the nature and stability of the catalyst,182-187 the initiator188-191 and 

the reaction medium.192, 193 

 

Scheme 1-5. Simplified ATRP activation/deactivation equilibrium.129 

 For the RDRPs which are catalyzed by copper (Cu), there are two mechanistic 

pathways described in the literature; outer-sphere electron transfer (OSET) and inner-

sphere electron transfer process (ISET).194, 195 The traditional ATRP is considered to 

follow the ISET process where a transition metal complex in the lower oxidation state 

(most often Cu(I)/L), activates an alkyl halide, through an energetically favored ISET 

process, to generate a radical and the transition metal complex in a higher oxidation 

state (i.e. Cu(II)/L). Subsequently, the generated radical can propagate with monomer 

before reacting with the higher oxidation state complex to return to the alkyl halide.196 

 Alternative approaches to conventional ATRP have been introduced mainly by 

Matyjaszewski and colleagues, including Activator Regenerated by Electron Transfer 

(ARGET-ATRP)197 and Initiators for Continuous Activator Regeneration (ICAR-

ATRP),198 in order to minimize the transition metal loadings. ARGET-ATRP has been 

considered a “greener” approach to conventional ATRP with the utilization of ppm of 

the catalyst and in the presence of a suitable reducing agent199 (i.e. tin(II) 2-

ethylhexanoate (Sn(EH)2),
200 glucose,201, 202 ascorbic acid,203). In the ARGET process, 

the reducing agent is employed to (re)generate the active catalyst from the, 

accumulated via termination events, deactivating species.200 In the ICAR-ATRP, low 

loadings of the metal catalyst are as previously used and thus, in order to avoid the 
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activator’s consumption through termination events, a free-radical source (e.g. AIBN) 

is employed to regenerate the activator.197 

 1.8.4 Single Electron Transfer-Living Radical Polymerization 

 The concept of SET-LRP (or Cu(0)-mediated RDRP) was initially introduced 

by Percec and co-workers in 2002204 and attracted more attention in 2006, when the 

“ultrafast synthesis of ultrahigh molecular weight polymers” at ambient temperature 

or below from functional monomers containing electron withdrawing groups such as 

acrylates and methacrylates was reported.205 Polar solvents, such as H2O, dimethyl 

sulfoxide (DMSO), alcohols and ionic liquids were reported to encourage the rapid 

disproportionation of CuBr into Cu(0) and CuBr2 species in the presence of ligands 

that promote disproportionation (e.g. tris[2-(dimethylamino) ethyl]amine (Me6-Tren), 

N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) etc.). The initial activation 

step was proposed to occur via Cu(0), either in the form of copper wire or copper 

powder, via single electron transfer (SET) to the electron acceptor alkyl halide. 

Without any purification step the synthesis of high molecular weight polymers (Mn ~ 

1,400,000 g.mol-1) was demonstrated in less than 3 h.  

 According to the proposed mechanism Cu(0) (or “nascent” Cu(0) particles) is 

the major activator of alkyl halides138, 206, 207 and CuBr is “inactive” under “SET-LRP 

conditions” (polar solvents and N-containing ligands) due to rapid or even 

instantaneous disproportionation into Cu(0) and CuBr2.
208, 209 The activation step is 

proposed to occur via an outer sphere electron transfer process (OSET) through the 

formation and decomposition of a radical anion intermediate (Scheme 1-6). 

 Cu(0), either in the form of powder or wire, is a very efficient method for 

polymer synthesis when organic solvents are employed. For applications where water 

is the required solvent, the polymerization of acrylates has proved to be compatible 

with the copper wire system, resulting in full conversion within 6 h and low 

dispersities.210 An excess of external CuBr2 is required to provide good control over 

the MWDs in most cases. 
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Scheme 1-6. Proposed mechanism for the SET-LRP.206 

 Conversely, transition metal-mediated polymerization of acrylamide 

monomers proved to be problematic, either due to lack of control or the necessity to 

use high ratio of Cu(II) salts to achieve efficient deactivation and therefore good 

control.211, 212 However, in 2013, Haddleton and colleagues demonstrated a novel 

method for conducting Cu(0)-mediated RDRP in water, by exploiting full 

disproportionation of Cu(I) in water in the presence of the aliphatic tertiary amine 

Me6Tren.213 Specifically, the key-step for a controlled Cu(0)-RDRP in water was to 

allow for full disproportionation of Cu(I) prior to addition of monomer and initiator. 

Thus, upon completion of the pre-disproportionation reaction where nascent Cu(0) and 

Cu(II) are generated, the addition of monomer and initiator followed, and within 15 

minutes well-defined polyacrylamides, as well as hydrophilic polyacrylates were 

synthesized. 

 The advantageous nature of this platform lies on the mild reaction conditions, 

which include low or ambient temperature and the fast polymerization rates. Apart 

from the polymerization of acrylamides in water, other more complex aqueous media, 

such as blood serum,214 alcoholic beverages215 and ionic liquids,216 were employed for 

the Cu(0)-RDRP of NiPAm, resulting in successful disproportionation of Cu(I) (and 

thus, in-situ generation of highly active Cu(0)). Finally, even in complex media, 

control over the macromolecular characteristics of the obtained polymers was 
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achieved, with low dispersities, high chain-end fidelity and high monomer 

conversions. It should be noted that although the Cu(0)-RDRP platform is considered 

as a robust and versatile system, exhibits some limitations which lie on the fact that 

less activated monomers such as vinyl pyrrolidone (VP) and vinyl acetate (VA) are 

incompatible with the technique, while further development is required for the 

polymerization of styrene, methacrylates and methacrylamides.205 

 1.8.5 Cu(0)-Mediated RDRP: Mechanistic controversies 

 The use of Cu(0) has provided many advantages in the implementation of Cu-

RDRP including milder conditions, shorter reaction times and the simple removal of 

Cu-species when Cu(0)-wire is used.130 However, some controversies have been arisen 

regarding the mechanistic profile of Cu-RDRP. The main debate is between two 

models that the same polymerization reagents are used; the supplemental activator and 

reducing agent (SARA)-ATRP and SET-LRP.195 The first model, SARA-ATRP, 

follows the same rationale as conventional ATRP, where the main species responsible  

 

Scheme 1-7. (top) The mechanism of SARA ATRP, (bottom) the mechanism of SET-

LRP. Bold arrows indicate major reactions, whereas solid arrows indicate 

supplemental or contributing reactions and dashed arrows indicate minor reactions that 

can be neglected from the mechanism. Cu0 , CuI X/L and CuIIX2/L represent a Cu0 , 

CuI and CuII species without particular speciation.195 
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for deactivation being Cu(II) and for activation Cu(I), while Cu(0) acts as 

supplemental activator of alkyl halides and as a reducing agent for Cu(II). Moreover, 

the kinetic contribution of disproportionation is negligible, whilst comproportionation 

has a predominant role. Conversely, in the SET-LRP approach, the disproportionation 

of Cu(I) towards Cu(0) and Cu(II) has a predominant role with Cu(0) being the main 

active species, Scheme 1-7.201 

 1.8.6 Photoinduced Cu-Mediated RDRP 

 The development of RDRP techniques has proved to be one of the key 

strategies for the synthesis of polymers with diverse properties, well-defined 

macromolecular characteristics and a wide range of functionality.148, 217-221 One of the 

most challenging tasks in the field has been the “on demand” regulation of RDRP 

techniques, namely the achievement of spatiotemporal control over the 

polymerization. Based on this, researchers developed the utilization of external stimuli 

including light, electrochemical approaches with applied voltage or mechanical 

processes in order to render the equilibrium between active and dormant species 

tunable.222, 223 

 The use of light combines several advantages since it is widely available, non-

invasive and environmentally benign, thus is considered to be one of the most 

prominent among the external stimuli available.222 Apart from the ability to switch 

“on” and “off” the polymerization, light allows further and more precise control over 

the reaction rate by modifying the intensity of irradiation. Oster and Yang were the 

first to employ light as an external stimulus for the polymerization of vinyl monomers 

in 1968.224 Subsequently, three main strategies have been developed employing light 

for the activation of the monomer,225, 226 initiator (also known as photo-initiators)227-

230 or catalyst.231-234 Despite the strategy employed, the field of photo-polymerization 

encompass a wide range of applications (e.g. photoresist materials,235 

photolithography,236 printing plates,237 dental filling materials,238 etc.) and thus attracts 

more and more scientific interest. 

 In particular, the direct activation of the catalyst through light irradiation has 

been the focus of many investigations that are based on RDRP and Cu-RDRP. Hawker 

and colleagues, utilizing visible light and a photoactive iridium complex (fac-
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[Ir(ppy)3](ppy = 2-pyridylphenyl), reported the synthesis of well-defined PMMA with 

spatiotemporal control.231, 239 Their investigation was based on the ability of the Ir-

based catalyst to absorb light and form excited IrIII* species that can reduce the alkyl 

bromide initiator, leading to the generation of initiating radicals. The IrIV produced 

can subsequently oxidize the active radical chain-end leading to the formation of 

dormant species, and this process, upon addition of a photon can be repeated. The 

same Ir-catalyst was employed by Boyer and colleagues who pioneered on the 

development of photoinduced electron transfer (PET)-RAFT.240-242 Apart from Ir-

based catalysts, different metal-based catalysts have also been developed; Cu,182, 243, 

244 cobalt (Co),245-247 zinc (Zn),248-250 ruthenium (Ru),240, 251 iron (Fe)252, 253 and iodine 

(I),254 and even metal-free systems have been reported to provide control over the 

produced polymers.255, 256 

 Copper, particularly in the form of Cu(II), donor ligand complexes, has been 

known to participate in photoredox reactions upon UV-irradiation.257 The concept of 

photoinduced Cu-mediated polymerization was first developed by Yagci and 

colleagues,258 who reported on the photo(co)polymerization of methacrylates. They 

used Cu(II) in order to photo-generate Cu(I) in-situ, in the presence of N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA). The polymerization, although having 

been conducted in bulk, showed a linear increase of the molecular weight with 

increasing conversion, and the ability of the system to undergo copolymerization was 

illustrated by a chain extension. As proposed by Yagci and colleagues, the initial step 

included the in-situ generation of the Cu(I)X/L activator from the Cu(II) species which 

subsequently reacted with the initiator Pn-X to form an active radical Pn
∙, which in turn 

could propagate with monomer addition (M), terminate and undergo deactivation 

through reaction with Cu(II)X2/L, leading to Cu(I)X/L and a halogen-terminated 

polymer chain (Scheme 1-8). 
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Scheme 1-8. Graphical illustration of the mechanism of photoinduced controlled 

radical polymerization as reported by Yagci and colleagues.258 

 Konkolewicz, Matyjaszewski and coworkers reported the use of visible light 

and sunlight for the photoinduced ATRP of (meth)acrylic monomers, where 

Cu(II)Br2/TPMA complexes with low ppm of Cu catalyst were used under mild light 

sources (sunlight, blue and violet LEDs) to generate well-defined polymers and block 

copolymers.259 The proposed mechanism of photoinduced ATRP was based on the 

homolytic cleavage of the Cu(II)X/L complex in the excited state to form the Cu(I)/L 

activator and a halogen radical responsible for the initiation of the polymerization. The 

system exhibited “on demand” control by switching the light source “on” and “off”.259 

 A further important contribution on the photoinduced Cu-RDRP approach was 

reported in 2014 by Haddleton and colleagues, where Cu(II)Br2 and the aliphatic 

tertiary amine Me6Tren along with UV irradiation (λmax ~ 365 nm) were used for the 

photoinduced Cu-RDRP of acrylates.243 With this approach, the polymerization rates 

were significantly faster (quantitative conversions were obtained in less than 2 hours) 

compared to the previous approaches and, notably, temporal control was also 

demonstrated, as well as controlled molecular weights, low dispersity values and high 
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end-group fidelity. Further studies by the Haddleton group were reported including 

the photopolymerization of various acrylates (hydrophilic, hydrophobic and 

functionalized) in different organic solvents260 and the synthesis of one-pot multiblock 

copolymers.261 Moreover, the addition of sodium halides (NaBr) enhanced the control 

over the polymerization in water and as a result, water-soluble acrylates were 

successfully polymerized under UV-irradiation and in the presence of the 

Cu(II)Br2/Me6Tren complex.262 Notably, high end-group fidelity was maintained 

allowing for in-situ chain extensions in water, while the polymerization exhibited high 

temporal control, as depicted by the “on-off” experiments. 

 1.8.6.1 Photoinduced Cu-Mediated RDRP: Mechanistic 

Aspects 

 Several approaches have been made to unravel the mechanism of the 

photoinduced RDRP systems. In their first study, Haddleton and colleagues reported 

that an excess of the ligand Me6Tren relative to Cu(II)Br2 is required to maintain 

excellent control over the polymerization of acrylates.243 UV–Vis spectroscopy was 

applied to follow the polymerization and monitor the effect of UV-irradiation on the 

components of the polymerization over time. Based on their findings, they proposed 

that the photoexcitation of free Me6Tren is responsible for the C-Br bond homolysis, 

which occurs through an outer-sphere single-electron transfer (OSET) when the alkyl 

halide initiator is present. This C-Br scission is followed by the formation of an 

initiating radical, a Me6Tren-based radical cation and its analogous bromide, Br-, 

counterion, with the initiating radical mediating the propagation. When monomer is 

present, propagation occurs while the deactivating species Cu(II)Br2/Me6Tren 

maintains the control over the polymerization (Scheme 1-9). 
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Scheme 1-9. Proposed mechanism for the Cu(II)Br2/Me6Tren-mediated photoinduced 

RDRP.243 

 Another investigation on the initiation mechanism of photoinduced RDRP by 

Barner-Kowollik, Haddleton and colleagues includes the use of pulsed-laser 

polymerization (PLP) and high resolution mass spectrometry, highlighting the 

important role of the ligand (which acts as a reducing agent).263 Upon UV-irradiation, 

scission of the initiator’s C-Br bond occurs which subsequently provides radicals that 

can propagate and also react with Cu(II) species (Scheme 1-10). Moreover, an electron 

transfer reaction takes place between the photoexcited ligand and Cu(II) complexes 

leading to the generation of Cu(I) species. Finally, they proposed that the Cu(II) 

complex absorbs a photon to result in an excited state and this is subsequently 

quenched by free ligand present, generating the analogous Cu(I) complex and the 

ligand radical cation. 

 More recently, Liarou, Haddleton and co-workers investigated the effect of 

UV-irradiation on Cu(II)-based complexes, when different aliphatic amines are used 

as ligands.182 Several characterization techniques were applied in order to provide 

insights into the catalyst behavior upon photo-irradiation. The excited-state dynamics, 

the electrochemical behavior of the Cu(II)/Cu(I) redox couples and the detection of 
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Scheme 1-10. Proposed mechanism of photoinduced RDRP as reported by Kowollik, 

Haddleton and colleagues.263 

different species upon complexation of the ligand to the metal center (before and after 

UV-irradiation) were examined. It was found that, after the use of Me6Tren, similarly 

good control over the polymerization was achieved when the tridentate PMDETA was 

used, while when the linear tetradentate 1,1,4,7,10,10- hexamethyl 

triethylenetetramine (HMTETA) and the bidentate tetramethyl ethylenediamine 

(TMEDA) were used, poor control over the molecular weights and dispersity values 

was seen. These observations for the polymerizations where HMETA- and TMEDA-

based complexes were used, were attributed to restricted mobility of those complexes, 

which leads to inability of the complex to abstract the halogen atom from the alkyl 

halide initiator. 
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 1.9 O2-Tolerant Controlled Radical Polymerizations 

 Although the interest in CRP techniques has increased over the last 25 years 

due to their versatility (various conditions, different media and scales and functional 

groups), since the early beginning of their development, stringent anaerobic conditions 

were required in order to avoid contamination from oxygen, air or moisture. 

Furthermore, the integrity and precision of materials synthesized through these 

techniques can be compromised by oxygen moieties during the polymerization, as 

oxygen can irreversibly react with  reaction components (e.g. initiator, catalyst, etc.) 

leading to terminated polymer chains and/or cessation of the polymerization.264  

 1.9.1 Radical Polymerizations and Oxygen 

 Oxygen can act as inhibitor in radical polymerizations, however aerial oxygen 

has been used as initiator for the synthesis of low-density polyethylene, and as was 

demonstrated in 1980s, it could act both as initiator and inhibitor when high 

temperatures (160-170 oC) and high pressure was applied. In other cases, oxygen can 

participate in redox reactions to generate initiating radicals for the polymerization of 

vinyl monomers in the presence of  ascorbic acid and transition metal salts265 and  has 

been essential for the production of hydrogen peroxides in photosensitized 

polymerizations.266  

 Several studies have been made in order to investigate the generation of 

peroxides during the radical polymerization of vinyl monomers in the presence of 

oxygen. Mayo et al. hypothesized that a copolymerization-type reaction takes place 

between oxygen and monomer, with the latter reacting thousand times faster with 

oxygen that with itself when the concentration of the two is equal in the reaction.267, 

268 In a further study by Decker and Jenkins, an induction period was observed  in 

homopolymerization of acrylates in the presence of air, since no polymerization takes 

place until all of the dissolved oxygen gets consumed into peroxide.269 

 Although the effect of oxygen on a radical polymerization, an thus the 

observed induction period, are dependent on many factors including temperature and 

pressure, as well as the diffusion coefficient of oxygen in different media,270 early 

reports tried to correlate induction period with experimental variables (i.e. monomer 
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(M), initiator (A) and O2 concentration).271 As a result of these studies, reaction models 

were proposed and are illustrated in Scheme 1-11, however alterations from the 

existing RDRP systems are expected, since different and more sophisticated 

mechanistic pathways have been proposed for the various radical polymerization 

platforms. 

 

Scheme 1-11. The generation of peroxides during the radical polymerization of vinyl 

monomers, upon reaction of the generated radical with oxygen. 

 1.9.2 O2-Tolerant Cu-RDRP 

 1.9.2.1 O2-Tolerance through extrinsic reducing agents 

 The implementation of (SARA/ARGET) ATRP in the presence of oxygen was 

first reported by Matyjaszewski in 1998 who demonstrated that the oxygen present in 

a sealed vessel could be scrubbed via oxidation of Cu(I) into Cu(II).272 This process 

led to accumulation of the Cu(II) deactivator, necessitating the addition of a reducing 

agent (Cu(0) powder in this case) in order to regenerate the active Cu(I) species. 

Although for the sealed reactions an induction period and slower polymerization rate 
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were observed, the obtained polymers exhibited controlled molecular weight and 

dispersity at high conversions, as well as high end-group fidelity which allowed for 

block copolymerizations.273 Notably, the open-to-air reactions did not result in 

polymerization. 

 In a so-called oxygen tolerant Cu-RDRP system, the removal of oxygen is 

synergistically dependent on all the components including the initiator, the catalyst 

system which involves the copper species and the ligand, even the monomer and the 

solvent.274-277 However, in some Cu-RDRP platforms the need for external reducing 

agents is necessary for a successful polymerization when no deoxygenation is applied. 

There have been reports about the ability of oxygen to initiate the polymerization in 

the presence of a suitable Cu-complex, yielding polymers with low dispersity values 

but uncontrolled molecular weights.278 Hence, reducing agents that could regenerate 

the deactivator leading to control over the molecular weights were employed, with 

these approaches being known as either Activator Generated by Electron Transfer 

(AGET-) ATRP, or Activator ReGenerated by Electron Transfer (ARGET) ATRP 

(when low ppm of the catalyst are used).200, 202 

 1.9.2.2 O2-Tolerance through enzyme deoxygenation 

 The concept of enzyme deoxygenation was, as mentioned earlier, initially used 

in order to avoid O2-inhibition in free radical polymerization.279, 280 The successful 

implementation of GOx inspired researchers to introduce the same concept in RAFT 

and subsequently in Cu-RDRP, in order to replace conventional deoxygenation and 

expand the scope of Cu-RDRP towards lower volumes which would facilitate the 

implementation of these systems on bio-approaches. Matyjaszewski and colleagues, 

recently (2018) utilized GOx along with sodium pyruvate for the ICAR-ATRP of 

oligo(ethylene oxide) methylether methacrylate (OEOMA500).
281 In this system, GOx 

catalyzed the oxidation of glucose into d-glucono-1,5-lactone and hydrogen peroxide 

(H2O2), with the latter being removed by the sacrificial substrate sodium pyruvate, in 

order to avoid the generation of new chains by H2O2. Their initial study was 

subsequently followed by the application of GOx for the deoxygenation of ARGET, 

ICAR, photo- and electrochemically mediated ATRP (eATRP), in mini-emulsion and 

emulsion, with low ppm of catalyst.282 Furthermore, the same group reported on the 
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synthesis of (DNA- and BSA-) bioconjugates through ICAR-ATRP, in which 

continuous air supply was applied.283 In this case, GOx was used for the conversion 

of β-D-glucose and oxygen into gluconate and H2O2, with the latter being used along 

with acetylacetonate as substrate for horseradish peroxidase which, in turn, supplies 

the system with radicals. The reaction of the generated radicals with the monomer, led 

to carbon-based radicals which could reduce Cu(II) into Cu(I), providing the active 

catalyst species for ICAR-ATRP following the described biocatalytic cascade. 

(Scheme 1-12). 

 

Scheme 1-12. The biocatalytic cascade which starts from the GOx-catalyzed oxidation 

of glucose and ultimately leads to the generation of polymers in the presence of 

constant air supply.283 

 1.9.2.3 O2-Tolerance through headspace elimination 

 In 2018, Liarou, Haddleton et al., reported on the Cu(0)-RDRP of 

(meth)acrylates, styrene and acrylamides in organic and aqueous media, without any 

type of external deoxygenation or addition of extrinsic reducing agents.276 By 

eliminating the headspace and up-filling the vessel with the reaction solution, the 

concentration of gaseous oxygen was significantly reduced, whilst the solution 

reaction still containing the dissolved oxygen included in the polymerization 

components. The application of an oxygen probe for the in-situ monitoring oxygen 

concentration in the polymerization solution showed that the all the components 

synergistically contributed to full oxygen consumption after 4 minutes of the start of 

the reaction. Furthermore, the O2-reducing ability of each component was examined 

individually, leading to the conclusion that the initiator (ethyl α-bromoisobutyrate, 

EBiB), the Cu(0)-wire and the complex (Cu(II)Br2/Me6Tren) could individually lead 

to oxygen consumption when combined with the monomer (methyl acrylate, MA) and 
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the solvent (DMSO), but the combination of all was the key-step to fast and full 

oxygen consumption, Figure 1-7. Although polymerization without headspace had 

very small induction period, the reactions conducted in bigger vessels had longer 

induction periods, analogous to the extent of headspace. Finally, the no-headspace 

polymerization exhibited controlled molecular weights and low dispersity values at 

quantitative conversions, for a range of monomers. Even in vessels with small 

headspace, the end-group fidelity was high, leading to in-situ chain extensions. 

 

Figure 1-7. Line graphs illustrating a) the effect of the headspace and b) the effects of 

Cu(0) wire, EBiB (I), and Me6Tren (L) on the evolution of the dissolved oxygen 

concentration during polymerization. 

 More recently, the same group reported that instantaneous self-deoxygenation 

occurs in the SET-LRP of various monomers in aqueous media (Scheme 1-13).284 

They reported that disproportionation of Cu(I)/Me6Tren in water towards Cu(II) and 

highly reactive Cu(0), led to O2-free reaction environments within the first seconds of 

the reaction, even when the reaction took place in the open-air. By leveraging this 

significantly fast O2-reducing activity of the disproportionation reaction, well-defined 

water-soluble polymers with very narrow dispersity were attained in a few minutes or 

less. Importantly, this methodology provides the ability to prepare block copolymers 

via sequential monomer addition with little evidence for chain termination over the 

lifetime of the polymerization and allows for the synthesis of star-shaped polymers 

with the use of multi-functional initiators. By using a range of characterization tools 

they gave insights into this ”self-deoxygenating” platform and they were able to 

identify the species that participate in the oxygen consumption, as well as the species 

generated upon exposure of the solution to O2-rich environments. 
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Scheme 1-13. Schematic representation of the self-deoxygenating aqueous Cu-RDRP 

of acrylamides employing the pre-disproportionation of Cu(I)Br/Me6Tren. 

 1.9.2.4 O2-Tolerance in Photoinduced Cu-RDRP 

 External control over the Cu-RDRP dynamic equilibrium can be achieved 

through many stimuli including electrochemical and light. Light in particular has 

proved to be highly advantageous since it offers excellent regulation of the 

active/dormant species ratio and apart from that, it is a benign and versatile stimulus. 

The non-deoxygenated photoinduced ATRP was studied by Mosnacek and colleagues. 

In their studies, irradiation at λ > 350 nm and Cu(II)Br2/TPMA as the catalyst complex 

were employed for the photoinduced ATRP of methyl methacrylate (MMA). It was 

shown that the photopolymerization exhibited and induction period which was only 

shortened when 4-fold excess of TPMA with respect to copper was used.285 In the 

mechanistic pathway that was proposed, the Cu(II)Br2/ligand complex undergoes 

photochemical reduction upon photo-irradiation, leading to the active Cu(I)Br/ligand 

species. The latter can either undergo oxidation in the presence of oxygen to form 

Cu(II)Br(O2), or activate the alkyl halide initiator, leading to the formation of radicals. 

Furthermore, it was speculated that the free amine ligand could also participate in 

oxygen consumption. The photoinduced ATRP equilibrium is reached when full 

oxygen consumption has occurred (Figure 1-8). In a subsequent report by the same 

group, the effect of light intensity, ligand and the oxygen concentration were also 

investigated, showing that the evolution of a non-deoxygenated photoinduced ATRP 
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is dependent on many parameters in order to reach good control over the 

macromolecular characteristics of the synthesized polymers.286 

 

Figure 1-8. Simplified mechanism of photoinduced ATRP in the presence of oxygen, 

as proposed by Mosnacek and colleagues.285 

 In 2019, Liarou, Haddleton and co-workers demonstrated the photoinduced 

Cu-RDRP of various hydrophobic, hydrophilic and semi-fluorinated (meth)acrylates 

in ultralow volumes (as low as 5 μL), without applying any type of extrinsic 

deoxygenation.275 The online monitoring of the dissolved O2 concentration, which was 

conducted through an oxygen probe, showed that the generation of sufficient amounts 

of active copper species was the requirement for efficient O2-consumption, with the 

synergy of all the components leading to oxygen-free solutions as fast as 4 minutes. 

This approach was compatible with very low volumes (5-200 μL), as well as higher 

scales (i.e. 0.5 L). 
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Chapter 2: Controlling the particle size in 

surfactant-free latexes from ω-functional 

propenyl oligomers obtained through 

catalytic chain transfer polymerization 

 

The surfactant-free emulsion polymerization of styrene (St), butyl methacrylate 

(BMA) and methyl methacrylate (MMA) was conducted under starved-feed 

conditions in the presence of ω-propenyl functional poly(methacrylic acid) (pMAA) 

oligomers, obtained through catalytic chain transfer polymerization (CCTP), as 

stabilizer. A range of monomer to oligomer molar ratios were used, which resulted in 

stable latexes without any sign of coagulation even after standing for more than two 

years at ambient temperature. Moreover, the effect of substituting pMAA for a non-

ionic stabilizer (poly(glycerol monomethacrylate), p(GMMA)) or a low molar mass 

ionic surfactant (sodium dodecyl sulfate, SDS) on the final properties of the latex was 

evaluated. Kinetic studies gave insight into the process through which the stabilization 

occurs, indicating that in the initial stages monomeric radicals react with the oligomer 

to form amphiphilic copolymers. Subsequently, micelles formed from these 
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copolymers swell with the additional monomer, which then polymerizes through a free 

radical mechanism. Thermogravimetric analysis (TGA) showed that the polymers 

have thermal stability up to 420 °C, whilst differential scanning calorimetry (DSC) 

revealed copolymer compatibility only at low monomer to oligomer molar ratios. 

Finally, static and dynamic light scattering techniques (SLS and DLS) and scanning 

electron microscopy (SEM) were used for the determination of the particle size, 

particle size distributions, and the development of a linear regression model to 

summarize the particle size characterization, according to which an increase in 

monomer to oligomer ratio by a factor of 𝑥 is associated with a proportional increase 

in particle volume. 
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 2.1 Introduction 

 Emulsion polymerization is a well-established process that provides many 

advantages for the synthesis of latex materials, both in academia and industry.1, 2 The 

main characteristic of this process is the formation of a polymer in an aqueous 

dispersion, which can be used in a range of applications depending on the colloidal 

and physicochemical properties of the polymer latex.3-6 Although emulsion 

polymerization is conventionally applied to free-radical processes, it has also been 

explored using controlled/living radical polymerization techniques,7-10 such as atom 

transfer radical polymerization (ATRP),11-13 nitroxide mediated polymerization 

(NMP),14-16 reversible addition-fragmentation chain transfer (RAFT) 

polymerization,17-20 with RAFT seemingly being the most efficient under emulsion 

conditions. In conventional emulsion polymerization, low molar mass surfactants are 

employed to act as stabilizers,21 preventing coagulation of the latex particles and 

providing the conditions for sufficient colloidal stability through an electrostatic 

and/or steric stabilization mechanism.22 However, these residual surfactants can affect 

the quality of the final material, such as by compromising the water barrier properties 

of polymer latex films, thus accumulatively deteriorating the film quality.23-25 In this 

context, Jiang et al. reported that the water solubility of polymers and their diffusion 

coefficient are proportional to the extent of water whitening and found that both were 

higher when SDS was used as the surfactant.26 Furthermore, these films become 

opaque because of the different refractive indices of the dried polymer film and the 

water clusters formed from the absorbed water during the drying process.27 The 

physically adsorbed surfactant molecules on the surface of the latex particle migrate 

during film formation, therefore getting unevenly distributed throughout the film.28 

Heterogeneous distributions due to the accumulation of surfactant at the top of a film 

can reduce its gloss and increase tackiness,23 as well as affect its adhesive properties 

(i.e. peel strength), depending on the type and concentration of the surfactant used.29, 

30 The surfactant type and concentration also has a significant impact on the water 

uptake and water sensitivity of a latex film.31  

 In order to avoid the negative impact of commercial surfactants on polymer 

latex films, several strategies have been developed to synthesize ‘surfactant-free 

latexes’. RAFT polymerization-induced self-assembly (PISA)32-38 has evolved as a 
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versatile approach for surfactant-free emulsion or dispersion polymerization through 

the use of hydrophilic macroRAFT agents. Several studies on hydrophilic 

macroRAFT agents’ potential for the stabilization of latexes have been conducted. For 

instance, Velasquez et al. synthesized surfactant-free poly(vinylidene chloride-co-

methyl acrylate) latexes using an anionic macroRAFT agent based on poly(sodium 4-

styrenesulfonate) (pSSNa). They reported that films prepared from these emulsions 

were transparent, and did not whiten even after immersion in water for 2 hours at 95 

°C.39 Martin-Fabiani et al. presented a study comparing the water sorption properties 

of films prepared from surfactant-free latexes stabilized by poly(methacrylic acid) 

(pMAA) and pSSNa macroRAFT agents, showing that films cast from pSSNa 

dispersion had absorbed only 4 wt.% of water after immersion in water for 3 days.40 

This value is five times lower than what was found for the films cast from pMAA 

dispersions, highlighting the impact of the macroRAFT agent`s type on the water 

barrier properties of the films. In addition, in a more recent work the same group 

performed in situ and ex situ small-angle neutron scattering (SANS) experiments to 

follow the formation of films, which differ in the nature of the stabilizer (d-pMAA or 

d-SDS), providing valuable insights into the way that the stabilizer mobility affects 

the structure of films and their properties.41 Schreur-Piet et al. used pMAA oligomers 

and co-oligomers as precursors to stabilizers, synthesized through Co-mediated 

catalytic chain transfer polymerization (CCTP), and examined the influence of the 

chain length and their concentration on the particle size of latex particles and on the 

stability of the final formulation, as well as their rheological characteristics.42, 43  

 CCTP in particular is a very efficient technique for the synthesis of α-protic ω-

unsaturated functional oligomers, of which the chemistry and applications have been 

explored by both industrial44-46 and academic research groups.47-51 These oligomers 

can be used as chain transfer agents for sequence-controlled multiblock copolymers,52-

55 for post-polymerization modifications,56 and as stabilizers in emulsion 

polymerizations resulting in polymers with complex architectures.57-59 Despite their 

versatility, there is limited research on the behavior of these reactive oligomers as 

emulsion stabilizers, and consequently, the effect of their composition and 

concentration on film formation has been overlooked. Therefore, there is a need for a 

better understanding of their potential as efficient stabilizers in the production of 

waterborne polymer colloids. 
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Scheme 2-1. Synthesis of ω-propenyl functional oligomers through CCTP and 

surfactant-free emulsion polymerization process for the preparation of monodisperse 

latex particles. 

 In this chapter, the impact of hydrophobic species and stabilizer type on the 

final latex are investigated, in addition to the process through which stabilization 

occurs. The introduction of hydrophobic monomers into aqueous solutions of a CCTP 

macromonomer (pMAA) resulted in latexes that were stable for over 2 years (Scheme 

2-1). The effect of substituting pMAA for poly(glycerol monomethacrylate) 

(pGMMA) on the final properties of the latex was also examined. A kinetic study 

showed that hydrophobic monomer radicals first react with the CCTP 

macromonomers, leading to in situ amphiphilic copolymers that swell with additional 

monomer and polymerize through a free radical process. TGA and DSC enabled us to 

examine the thermal properties of the polymers. Moreover, by weighting the results 

by different orthogonal characterization methods (SEM, DLS, SLS), we present a 

statistical method to explain particle size variations due to hydrophobic monomer 

selection. 
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 2.2 Results and discussion 

 2.2.1 Synthesis of hydrophilic oligomers through CCTP 

 Our initial aim was to investigate the synthesis of waterborne polymer colloids 

(latexes), formed through the introduction of hydrophobic monomers into 

homogeneous solutions of hydrophilic ω-propenyl functional oligomers. As such, 

pMAA “macromonomers” were synthesized in aqueous solution, following previous 

work from our group.60 A solution of CoBF dissolved in monomer was fed into the 

reaction, and a low decomposition temperature initiator (𝑡1

2

(10 hrs) = 44 °C) was used, 

in order to avoid exposing the catalyst to high temperatures in acidic conditions, which 

can lead to degradation and loss of activity. The aqueous polymerization of pGMMA 

led to a highly viscous solution and poor control over the molecular weight, possibly 

due to limited catalyst diffusion. Therefore, pGMMA was synthesized in methanol 

solution and it is noted that no transesterification was detected by 1H NMR. 

 The obtained oligomers were analysed by SEC and 1H NMR (Table 2-1 & 

Figures 2-1 to 2-4). 1H NMR was used to determine that the pMAA oligomer had a 

DPn = 21 (𝑀𝑛= 1,900 g mol-1) through integration of the unsaturated propenyl end 

group protons (region at 5.5 – 6.5 ppm) relative to the backbone protons (region 0.5-

2.2 ppm). The pGMMA oligomer was obtained at a slightly higher molecular weight, 

based on SEC analysis, likely due to oligomers being removed during dialysis 

purification steps.  

Table 2-1. SEC and 1H NMR analysis of oligomers obtained through CCTP. 

Oligomer Mon. Conv. (%) a DPn
 a Mn, NMR (g mol-

1) a 
Mn, SEC

 b Ðb 

pMAA 100 21 1,900 1,900 2.0 

pGMMA 70 10 1,600 4,200 1.7 
a Conversion was calculated via 1H NMR in DMSO-d6 for pMAA and in Methanol-d4 for pGMMA.b 

Determined by DMF-SEC analysis and expressed as molecular weight relative to pMMA narrow 

molecular weight standards. 
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Figure 2-1. Reaction scheme for the CCTP of both MAA and GMMA. 

 

 

Figure 2-2. DMF-SEC derived molecular weight distributions showing the evolution 

of MWts of pMAA and pGMMA oligomers. 
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Figure 2-3. 1H NMR (400 MHz) spectrum of pMAA in DMSO-d6. DP and Mn were 

calculated through integration of the unsaturated propenyl end group protons (region 

at ~ 5.5 – 6.5 ppm relative to the backbone protons (region 0.5-2.2 ppm). 

 

Figure 2-4. 1H NMR (400 MHz) spectrum of pGMMA. DP and Mn were calculated 

through integration of the unsaturated propenyl end group protons (region at 5.5 – 6.5 

ppm) relative to the protons of glycerol group (region 3.5 – 4.5 ppm). The spectrum 

was taken after removal of excess methanol and before the dialysis purification steps. 
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 2.2.2 Kinetic study of surfactant-free emulsion polymerization 

of styrene  

 In order to explore the ability of pMAA oligomers to perform as stabilizers in 

the surfactant-free emulsion polymerization of hydrophobic monomers, kinetic studies 

under starved feed conditions were conducted (St: pMAA = 50: 1), where St and KPS 

were fed into a PBS solution of pMAA (pH = 7). At a pH lower than its pKa (5.9)39 

most of the pMAA chains are uncharged, which translates into a lower hydrophilicity. 

By using PBS (pH=7) as the solvent, the sodium salt of the macromonomer was 

formed, which is highly water soluble and better able to act as a stabilizer. Aliquots 

were taken at regular intervals for characterization as shown in Table 2-2. 

Table 2-2. Characterization of samples taken during kinetic studies of surfactant-free 

emulsion polymerization of styrene stabilized by pMAA. 

Entry 
Time 

(min) 

Monomer 

added (g) a 

Solid 

Content (%) 

Particle 

Size (nm) b 

St. Dev. 

(nm) b 
ACCc 

Α1 0 0.00 9.180 1 0.3 1.00 

Α2 12.5 0.27 9.970 2 0.4 0.90 

Α3 25 0.54 10.84 - - 0.77 

Α4 30 0.65 11.10 14 1.7 0.75 

Α5 35 0.76 11.41 91 16 0.66 

Α6 40 0.87 11.72 79 17 0.67 

Α7 45 0.97 12.03 92 24 0.66 

Α8 50 1.08 12.32 94 29 0.66 

Α9 60 1.30 12.94 113 35 0.57 

Α10 90 1.95 14.69 162 46 0.53 

Α11 120 2.60 16.38 207 49 0.44 

Α12 180 3.89 19.50 288 81 0.23 

Α13 240 5.19 22.42 420 107 0.22 

Α14 300 5.19 22.42 416 127 0.19 

mpMAA = 2.0 g, npMAA = 0.001 mol, mKPS = 67.6 mg, nKPS = 0.25 mmol, mSt = 5.19 g, nSt = 0.05 mol. 
a Determined from the volume of monomer added.b Particle size and St. Dev. were determined by DLS. 
c Determined by 1H NMR analysis based on equation 1. 
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 The SEC results show that for the first 50 minutes of feeding St, we observe a 

gradual shift in the mass of oligomer peak to higher molecular weight (Figure 2-5). 

This indicates that St radicals are reacting with the pMAA oligomer, by statistical 

copolymerization or potentially through an end-capping mechanism.61, 62 After 50 

minutes, we see evidence of a second higher molecular weight distribution forming, 

along with a continued increase in the oligomer peak molecular weight. Therefore, we 

hypothesized that the higher molecular weight peak is from conventional free-radical 

polymerization occurring within styrene swollen p(MAA- co-St) micelles. In order to 

verify our hypothesis and further investigate the mechanism through which latex 

stabilization occurs, the kinetic studies were followed by 1H NMR (Figure 2-6). Of 

particular interest was how the magnitude of the olefinic protons of pMAA changes 

relative to the backbone methyl protons (Figure 2-7), which would indicate the 

coupling of pMAA with propagating styrenic radicals. The intensity of the olefinic 

proton peaks decreases relative to  

 

Figure 2-5. DMF-SEC derived molecular weight distributions showing the evolution 

of molecular weight. 
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Figure 2-6. 1H NMR (400 MHz) spectra of aliquots taken during the kinetic study of 

surfactant-free emulsion polymerization of styrene. 

 

Figure 2-7. Change in ACC with time, calculated using Eq. 1 (values are given in 

Table 2-2). 



 

78 

 

the signal from the backbone CH3 protons of the oligomer, indicating that their 

concentration is decreasing. The consumption of the pMAA end group through 

coupling with styrene (𝐴𝐶𝐶)62 was calculated as: 

𝐴𝐶𝐶 =  
∫ 𝐻𝑐𝑖𝑠,𝑡

∫ 𝐶𝐻3,𝑡

∫ 𝐻𝑐𝑖𝑠,0

∫ 𝐶𝐻3,0
⁄ ,                              Eq. 1 

where 𝐻𝑐𝑖𝑠,𝑡 and 𝐻𝑐𝑖𝑠,0 are the cis olefinic protons of pMAA at time 𝑡 and before the 

reaction, respectively, and 𝐶𝐻3,𝑡 and 𝐶𝐻3,0 are the corresponding backbone methyl 

protons.  

 In order to monitor the evolution of particle size during the kinetic experiment, 

DLS measurements were conducted, where all the samples taken throughout the 

polymerization had monomodal distributions (Figures 2-8 & 2-9). After the initial 

particle formation from the homogeneous pMAA solution (50 minutes), a steady 

increase in particle size and a broader size dispersity is apparent. This correlates well 

with the SEC and NMR data, which suggest that in the initial stages (<50 minutes) the 

styrene is combining with the macromonomer to  

 

Figure 2-8. Average 𝑀𝑛 and particle size values against time derived from SEC and 

DLS analysis respectively, along with feeding profile (24.4 µL min-1) of styrene 

(dashed line). 
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Figure 2-9. Evolution of particle size distributions from aliquots taken during the 

kinetic study of surfactant-free emulsion polymerization of styrene. 

form a surfactant in situ, and subsequently these p(MAA-co-St) micelles swell with St 

and polymerize through a free-radical mechanism. 

 As the polymers from both pBMA and pMMA latexes were not soluble in any 

common solvent for SEC and 1H NMR analysis without a post-polymerization 

methylation step, styrene was selected as the hydrophobic monomer for the kinetic 

experiments. However, the polymerization of methacrylic monomers in the presence 

of ω-propenyl functional oligomers can also result in addition-fragmentation chain 

transfer (AFCT) processes occurring, and so we were interested in investigating what 

happens after the addition of a methacrylate instead of styrene. Therefore, a latex 

formed from the addition of BMA under the same conditions as St was methylated 

using conditions that have been reported previously.63 The SEC results, given in 

Figure 2-10, show a bimodal molecular weight distribution, indicating that broadly 

the same mechanism of particle formation observed when styrene was used, also 

occurs with methacrylates in these systems. 
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Figure 2-10. DMF-SEC with DRI detection derived molecular weight distributions 

showing the evolution of MWts of pMAA and the methylated pBMA latex. 

 2.2.3 Surfactant-free emulsion polymerization of hydrophobic 

monomers 

 Subsequent to the kinetic experiments, surfactant-free latexes of hydrophobic 

monomers (St, BMA and MMA) stabilized by pMAA oligomer were prepared. The 

molar ratio of these monomers to pMAA was varied to examine its effect on the final 

latex. Reactions with the highest molar ratio (200:1) were also repeated, substituting 

pMAA for pGMMA, in order to determine the impact of using a non-ionic stabilizer, 

and conventional emulsion polymerizations using SDS were also conducted as control 

experiments. During all polymerizations with pMAA as stabilizer in neutral pH 

conditions the subunits of pMAA were negatively charged, which facilitated the 

synthesis of stable latexes through electrostatic repulsion. To quantify the charge on 

the latex particle’s surface, their zeta potential was measured, Table 2-3 and in Figure 

2-11. The zeta potential of pMAA latexes was in a range -32 mV to -36 mV, and these 

latexes showed good stability for more than two years when stored at room 

temperature. The zeta potential of the pGMMA stabilized latexes was around -6 mV, 

whereas the charge stabilization of the SDS stabilizer was -28.1 mV for the pSt latex, 

-23.7 mV for the pBMA latex and -16.5 mV for the pMMA latex. 
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Table 2-3. Zeta potential data for the latexes stabilized by pMAA, pGMMA and SDS 

2 years after their synthesis. 

Polymer Zeta Potential (mV) Zeta Potential St. Dev. (mV) 

(L1) pSt20 
a -35 2.5 

(L2) pSt50
 a -36 2.6 

(L3) pSt100 
a -36 2.4 

(L4) pSt200
 a -32 1.8 

(L5) pBMA20
 a n.d.d n.d. 

(L6) pBMA50
 a -36 2.0 

(L7) pBMA100
 a -33 3.0 

(L8) pBMA200
 a n.d.d n.d. 

(L9) pMMA20
 a -33 1.8 

(L10) pMMA50
 a -32 2.2 

(L11) pMMA100
 a -37 2.6 

(L12) pMMA200
 a -36 2.6 

(L13) pSt200
 b -6 0.6 

(L14) pBMA200
 b -6 0.6 

(L15) pMMA200
 b -6 0.8 

(L16) pSt c -28.1 2.5 

(L17) pBMA c -23.7 2.8 

(L18) pMMA c -16.5 1.1 
a Stabilized by pMAA. b Stabilized by pGMMA. c Stabilized by SDS, dn.d. = not determined. 

 

Figure 2-11. Zeta potential of the latexes stabilized by an ionic stabilizer (pMAA), a 

non-ionic (pGMMA) and the commercial available surfactant (SDS), 2 years after 

their synthesis. 
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 SEC analysis of pSt latexes (Figure 2-12) show a clear shift of the pMAA 

oligomer peak to a higher molecular weight distribution, which confirms that the 

monomer is coupling with pMAA oligomer to form copolymers in situ. Subsequently, 

the p(MAA-co-St) micelles swell with the additional monomer, which polymerizes 

through a free radical mechanism. When the non-ionic pGMMA was used as stabilizer 

for the polymerization of St and BMA a similar mechanism to that observed when 

using pMAA appears to occur, as shown in the SEC traces in Figure 2-13. 

 

Figure 2-12. DMF-SEC with DRI detection derived molecular weight distributions 

showing the evolution of MWts of pSt latexes stabilized by pMAA oligomer. 
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Figure 2-13. DMF-SEC with DRI detection derived molecular weights showing the 

evolution of MWts of pGMMA and latexes stabilized by pGMMA. 

 Furthermore, from the 1H NMR spectra of the latexes stabilized by pGMMA, 

the 𝐴𝐶𝐶 value tends to zero (Figure 2-14), indicating that ω-propenyl functional 

groups of pGMMA are consumed by the propagating St or BMA polymer chains. 

However, the pBMA and pMMA latexes prepared with pGMMA had poor colloidal 

stability, and sedimented after several weeks. This was attributed to the lower 

efficiency of the steric stabilization mechanism of pGMMA, in addition to their larger 

particle size, which is commonly observed in emulsion polymerizations stabilized by 

non-ionic surfactants.64, 65 

When MMA was fed into an aqueous solution of either pMAA or pGMMA 

oligomers, we again observed a shift of the oligomer peak in the SEC trace to a higher 

molecular weight. However, in these examples the high molecular weight peak from 

free radical polymerization is of a significantly lower magnitude. This is most likely 

because of the higher water solubility of MMA, which lowers the fraction of the 

monomer that swells into the pMMA-oligomer micelles. 
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Figure 2-14. 1H NMR (400 MHz) spectrum of a) pSt, b) pBMA and c) pMMA 

stabilized by pGMMA oligomer showing that ω-propenyl functional groups of 

pGMMA are consumed (there are no peaks attributed to olefinic protons in the dashed 

area). 
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 In a similar study, by Heuts and colleagues, it was reported that the lower 

hydrophobicity of MMA inhibited the formation of a stable latex in their system.42 

The increased stability of our formed latexes might be attributed to the lower 

molecular weight of our pMAA stabilizer (1800 g/mol vs 6800 g/mol), which would 

lower the number of MMA units required to form micelles. However, we speculate 

that the predominant factor that leads to the formation of stable pMMA latexes is the 

higher temperature we applied for the reaction (86 °C vs 60 °C), as at this temperature 

MMA propagates faster, and therefore, will form hydrophobic chains more quickly. 

In order to verify this, the polymerization was repeated at 60 °C. During these 

reactions, large amounts of coagulum were observed prior to completion of MMA 

addition, which verifies our hypothesis on the importance of temperature during these 

reactions. It should be noted that poor colloidal stability was also observed when 

pGMMA was used as stabilizer for the pMMA latex, even at a reaction temperature 

of 86 °C, highlighting the effect of the electrostatic repulsion between pMAA units on 

latex stability. 

 The particle size of the latexes was determined by different orthogonal 

characterization methods (DLS, SLS and SEM) and the obtained data are shown in 

Table 2-4. DLS analysis of the latexes stabilized by pMAA show that, approximately, 

spherical and uniform particles and monomodal distributions are present in all cases 

(Figure 2-15), although the uncertainty associated with each estimate increases as the 

size of the particle increases. A general observation that can be made is that the particle 

size gradually increases as a higher monomer to stabilizer molar ratio is used, which 

is in agreement with previous studies on RAFT emulsion polymerizations in batch.66, 

67 In these studies, where exclusively diblock copolymers were prepared, the particle 

size was governed by the monomer to RAFT agent concentration ratio. Whereas, in 

our system a free radical process forms the polymer latex after the in situ formation of 

surfactants. However, the nature of the stabilizing moieties is similar in both 

experiments, and so when a larger [monomer]:[stabilizer] ratio is used, the same 

number of stabilizing groups is required to stabilize a larger volume of monomer, 

which leads to bigger particles. 

 The average particle size determined by static light scattering (SLS) is based 

on an analysis of variation in the scattering intensity, I, as a function of the magnitude 
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of the scattering vector, q. The SLS technique is more usually associated with the 

construction of a Zimm plot to estimate a particle size of the order 𝑑 < 𝜆
10⁄  , where 

λ is the wavelength of the illuminating laser.68 However, our range of samples included 

particle sizes that were of the same order of magnitude as the laser wavelength (λ = 

633 nm), so more appropriate models were utilized for the data analysis on a sample-

by-sample basis, Figures 2-25 to 2-27 (section 2.4.4).  

Table 2-4. Particle size analysis by different orthogonal characterization methods 

(SEM, DLS and SLS) of latexes stabilized by an ionic stabilizer (pMAA), a non-ionic 

stabilizer (pGMMA) and a low molar mass surfactant (SDS). 

Entry Stabilizer 
Monomer: 

Stabilizer 

Particle Diameter (nm) 

SEM DLS SLS 

pSt20 pMAA 20 n.d. 96 ± 32 134 ± 8 

pSt50 pMAA 50 276 ± 18 198 ± 42 188 ± 18 

pSt100 pMAA 100 226 ± 34 268 ± 26 220 ± 4.6 

pSt200 pMAA 200 286 ± 18 324 ± 64 286 ± 38 

pBMA20 pMAA 20 290 ± 28 490 ± 104 436 ± 28 

pBMA50 pMAA 50 n.d. 554 ± 110 506 ± 64 

pBMA100 pMAA 100 420 ± 34 520 ± 112 478 ± 24 

pBMA200 pMAA 200 550 ± 40 594 ± 104 626 ± 30 

pMMA20 pMAA 20 140 ± 30 206 ± 44 150 ± 2 

pMMA50 pMAA 50 n.d. n.d. 216 ± 8 

pMMA100 pMAA 100 640 ± 76 730 ± 250 672 ± 114 

pMMA200 pMAA 200 330 ± 36 470 ± 92 502 ± 22 

pSt200 pGMMA 200 250 ± 22 n.d. 224 ± 52 

pBMA200 pGMMA 200 900 ± 126 1788 ± 402 1350 ± 382 

pMMA200 pGMMA 200 n.d. 646 ± 104 464 ± 86 

pSt SDS - 42 ± 7 57 ± 0.52 n.d. 

pBMA SDS - 92 ± 20 79 ± 0.34 n.d. 

pMMA SDS - n.d. 32 ± 0.15 n.d. 

n.d. = not determined 
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Figure 2-15. DLS particle size distributions of (a) pS and (b) pBMA and (c) pMMA 

latexes. 

 In some instances the data were consistent with a narrow particle size 

distribution (PSD), which is an indication of uniform latex particles; for other samples 

– the very largest particles – the uniformity of the sample could not be determined by 

SLS due to the superposition of sampling effects, Figure 2-16. Consequently, in these 

cases, average particle size by SLS was determined via a fit constrained such that the 

PSD was as indicated by DLS results. 

 In the pSt latexes, the uniformity of the samples is clear regardless of the 

hydrophilic stabilizer concentration that was used or its nature (pMAA or pGMMA) 

(Figure 2-25, section 2.4.4). Moreover, an excellent match between the scattering 

behavior of the particles and the fitted model was observed in the case of pBMA 

stabilized by pMAA ([monomer]:[pMAA] ratio = 20 : 1) (Figure 2-16g), a pattern 

that is not followed when higher concentrations of BMA relative to pMAA were used 

(Figure 2-26 a-c). The effects of the stabilizers on the architecture of the final latexes 

can be observed in the SEM images (Figure 2-16 a to f), where it is apparent that the 

choice of the stabilizer has a significant impact on the size and uniformity of the latex 

particles. The SEM images indicate that the shape and size of the pSt particles remain 

consistent when both an ionic and a non-ionic stabilizer are used (Figures 2-16 a & c 

and Figure 2-28, section 2.4.4), resulting in well-packed, uniform and monodisperse 

particles after water evaporation, which naturally occurs during the sample 

preparation. The same pattern was observed when pMAA was used in the formation 

of pBMA latexes (Figure 2-16d and Figure 2-29, section 2.4.4), however, highly 

polydisperse particles with minimal packing ability were obtained with pGMMA 

(Figure 2-16e). In addition, in the pGMMA samples non-spherical particles with 

flattened surfaces and rounded edges are apparent. A contributing factor to the 
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observed morphology is likely the low 𝑇𝑔 value (𝑇𝑔 = 31 °C) of these samples, which 

would cause deformation during sample preparation and under the electron beam 

during SEM measurements. Notably, very small particles (<100 nm) with poor 

packing and uneven distributions were  

 

Figure 2-16. SEM images of latex particles of pSt (a-c) and pBMA (d-f), stabilized 

by pMAA (a and d), pGMMA (b and e) and SDS (c and f). SLS (g) and DLS (h) data 

for pBMA latex stabilized by pMAA with [BMA] : [pMAA] = 20, showing that the 

measurements are consistent with uniformly sized spheres. [Monomer] : 

[macromonomer] = 200 for pSt (a, d) and pBMA (b, e) latexes. For SDS stabilized 

latexes [SDS] = 0.5 mol% with respect to the monomer. 
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obtained when SDS was used with pSt (Figure 2-16c). The morphology of the pBMA 

particles stabilized by SDS was difficult to observe under SEM, as their low 𝑇𝑔 caused 

the formation of a largely continuous film following sample preparation at room 

temperature. The pGMMA oligomer resulted in a different architecture of pMMA 

particles, as shown in Figure 2-30 (section 2.4.4). the pGMMA-MMA nanoparticles 

coalesce to form large sponge-like particles, Figure 2-30e. It is also noteworthy that 

when a molar ratio MMA: pMAA = 50:1 was used, the behavior of the particles is 

different, where beaded chain like structures were observed under SEM (Figure 2-

30b).  

 In order to explain the particle size behavior, all of the data collected by SEM, 

SLS and DLS were analyzed as one data set using R statistical software, having first 

omitted the measurements for one of the pMMA samples stabilized by pMAA (i.e. 

with [monomer]: [pMAA] ratio = 100) as a statistical outlier. Figure 2-17 shows the 

estimated values for particle size by each technique for each latex stabilized by pMAA, 

indicating that a similar particle size was recorded for pSt and pMMA latexes, whilst 

a larger particle size was observed for pBMA. A linear regression model of the form 

ln(𝑑) = ln(𝑅𝐴𝑇) + 𝑓  was fitted to the data, weighted by the error associated with 

each estimated value, where d is particle diameter and RAT is monomer : pMAA ratio. 

In the final model, f was made a factor of two levels treating monomer type as either 

‘BMA’ or ‘St/MMA’, since no statistical evidence was found to suggest that pSt and 

pMMA particles differ in size. According to the fitted model, for pSt or pMMA 

particles  

𝑑 = exp(4.27 ± 0.14) ∙ 𝑅𝐴𝑇0.26±0.03, 

and for pBMA particles 

𝑑 = exp(5.04 ± 0.21) ∙ 𝑅𝐴𝑇0.26±0.03. 

Consequently, a pSt or pMMA particle made at monomer to oligomer ratio of 50 will 

be of diameter d ≈ 198 nm, while at the same monomer to oligomer ratio, pBMA 

particles will be diameter d ≈ 427 nm. Irrespective of monomer type, an increase in 

monomer to oligomer ratio by a factor of 𝑥 is associated with a corresponding increase 

in particle size (diameter) by a factor 𝑥0.26±0.03. This suggests that increasing the 
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monomer to oligomer ratio results in an approximately proportional increase to the 

volume of the particle. That the fitted value of the exponent is less than a theoretical 

value of 1
3⁄  might either be explained by an increase in particle dispersity as the 

average particle size increases or else a tendency for the sphericity of very large 

particles to become less precise. 

 

Figure 2-17. Linear Regression model to summarize results of particle size 

characterization by orthogonal techniques. 

In order to examine the thermal properties of the latexes, TGA and DSC 

analyses were conducted (Table 2-5 & Table 2-6). From TGA, the pMAA oligomer 

exhibited three transition temperature ranges. Taking into account the ability of pMAA 

to retain water, the first transition from 35 to 105 °C is attributed to water loss (Figure 

2-31, section 2.4.4). The second transition from 185 to 282 °C with maximum 
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degradation temperature at 208 °C, is the range in which polymethacrylates with ω-

propenyl functional groups (in this case, pMAA) start to degrade,69 whereas the 

transition from 335 to 456 °C (maximum degradation temperature at 430 °C) is the 

decomposition of the main chain. Thus, all polymers containing pMAA have a 

transition up to ~100 °C due to water loss, which is decreased with lower pMAA 

concentration (Figure 2-18). 

Table 2-5. Thermal analysis of pMAA and pGMMA oligomers and pSt, pBMA and 

pMMA latexes. 

Polymer 
1st M. D. 

(oC)d 

1st T. R. 

(oC) e 

1st W. L. 

(%) f 

2nd M. D. 

(oC) d 

2nd T. R. 

(oC) e 

2nd W. L. 

(%) f 

pMAA 208 185-282 10 430 335-456 76 

pGMMA 317 158-440 56 - - - 

(L1) pSt20 
a 208 184-230 7 420 317-460 64 

(L2) pSt50
 a 204 150-220 4 412 330-465 81 

(L3) pSt100 
a 194 140-220 3 412 343-450 86 

(L4) pSt200
 a 172 140-202 1 407 343-450 89 

(L5) pBMA20
 a - - - 418 202-500 59 

(L6) pBMA50
 a 202 167-255 6 383 255-440 75 

(L7) pBMA100
 a 220 123-247 6 386 247-413 79 

(L8) pBMA200
 a 211 158-229 3 340 229-430 86 

(L9) pMMA20
 a 256 176-317 7 409 317-500 51 

(L10) pMMA50
 a - - - 422 185-455 87 

(L11) pMMA100
 a 273 238-308 5 395 308-490 46 

(L12) pMMA200
 a - - - 388 237-481 65 

(L13) pSt200
 b 413 343-439 97 - - - 

(L14) pBMA200
 b 304 247-413 97 - - - 

(L15) pMMA200
 b 291 202-413 97 - - - 

(L16) pSt c 411 352-439 96 - - - 

(L17) pBMA c 343 265-422 97 - - - 

(L18) pMMA c 375 255-413 98 - - - 
a Stabilized by pMAA. b Stabilized by pGMMA. c Stabilized by SDS. d M. D. = maximum degradation, 
e T. R. = temperature range and f W. L. = weight loss.  
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Figure 2-18. TGA thermograms of (a) pSt and (b) pBMA and (c) pMMA latexes, 

along with thermograms of pMAA and pGMMA macromonomers. 
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Figure 2-19. (a) Degradation temperatures of pMAA and pGMMA oligomers and pSt, 

pBMA and pMMA latexes. Error bars indicate the transition temperature range, at 

which maximum decomposition occurs. (b) Weight loss % at each decomposition 

temperature range of (a). 
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Figure 2-19a illustrates the degradation temperature of all polymers, along 

with the temperature range (indicated by error bars) in which the degradation occurs, 

and Figure 2-19b shows the weight loss % of the polymer due to these transitions, 

excluding from the analysis the transition caused by water loss. The thermal 

decomposition of the pSt polymers stabilized by pMAA followed the same pattern as 

pMAA, showing a small transition due to its degradation, which became weaker as 

the concentration of pMAA decreased, and then thermal stability up to 310-340 °C 

until their final decomposition at ~400-420 °C (Figure 2-19a, Table 2-5, L1-L4). The 

thermal decomposition of pBMA and pMMA polymers stabilized by pMAA, revealed 

similar transitions and behavior of the polymers. However, it is notable that in this 

case, by increasing the molar ratio of BMA to pMAA, the thermal stability of the 

polymers was slightly reduced (Figure 2-19a, pBMA latexes). Moreover, in contrast 

with pSt, polymers of pBMA and pMMA containing pMAA have wider 

decomposition temperature ranges, although without any significant trend. It is worth 

to note that the percentage weight loss from the decomposition of the main chain of 

pSt and pBMA polymers containing pMAA is proportional to the [monomer]:[pMAA] 

ratio (Figure 2-19b). The pGMMA oligomer shows a lower thermal stability but with 

similar transitions, in which a small water loss appears between 35 to 100 °C and the 

weight loss of side groups and backbone follows in a two-step process at 150 - 440 

°C. This is also apparent in the TGA graphs of the corresponding pSt, pBMA and 

pMMA polymers containing pGMMA, where the decomposition occurred again in 

two steps. However, these polymers showed different behavior, as pSt had similar 

thermal stability with the pSt made with SDS, with a decomposition temperature at 

411-413 °C, although based on the plot in Figure 2-18a, the onset temperature is 

slightly lower in pSt stabilized by pGMMA. In contrast, pBMA decomposes ~40 °C 

lower than the respective pBMA made with SDS (304 °C and 343 °C, respectively) 

and pMMA ~80 °C lower (291 °C and 375 °C, respectively), as expected (Figure 2-

19a, latexes where pGMMA or SDS used). 
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Table 2-6. Thermal analysis of pMAA and pGMMA oligomers and pSt, pBMA and 

pMMA latexes. 

Polymer Tg,1 (oC) d Tg,1 (oC) e Tg,2 (oC) d Tg,2 (oC) e Tg,3 (oC) 
d 

Tg,3 (oC) e 

pMAA -  143 141 -  

pGMMA -3 -10 -  -  

(L1) pSt20 
a -  153 148 225 223 

(L2) pSt50
 a 105 103 -  230 221 

(L3) pSt100 
a 105 102 -  220 213 

(L4) pSt200
 a 104 103 -  214 213 

(L5) pBMA20
 a -  132 126 215 214 

(L6) pBMA50
 a 36 26 132 124 -  

(L7) pBMA100
 a 34 22 129 121 -  

(L8) pBMA200
 a 39 23 154 153 -  

(L9) pMMA20
 a   180 174 221 220 

(L10) pMMA50
 a 115 108 -  230 228 

(L11) pMMA100
 a 139 130 -  -  

(L12) pMMA200
 a 115 109 -  225 219 

(L13) pSt200
 b 4 4 -  100 98 

(L14) pBMA200
 b 31 8 -  -  

(L15) pMMA200
 b 18 -4 -  109 103 

(L16) pSt c 99 97 -  -  

(L17) pBMA c 32 18 -  -  

(L18) pMMA c 106 97 -  -  
Theor. Tg values: pMAA = 228 oC, pSt = 90 oC, pBMA = 20-50 oC and pMMA = 100-105 oC. a 

Stabilized by pMAA. b Stabilized by pGMMA. c Stabilized by SDS. d Midpoint. e Onset. 

 The glass transition temperature (𝑇𝑔) of the polymers was determined by DSC 

using a heating rate of 10 °C/min (Table 2-6, Figure 2-20 & Figure 2-21). The 𝑇𝑔 of 

the pMAA oligomer (143 °C) was lower than the literature value (228 °C), which is 

attributed to the low molecular weight of the polymer. The latexes stabilized by pMAA 

with a molar ratio of monomer to stabilizer of 20:1 did not have a 𝑇𝑔 within the range 

of the literature values of the corresponding hydrophobic polymer (pSt, pBMA, or 

pMMA), but nevertheless, had two 𝑇𝑔 values, one at 215-225 °C, which is close to the 

theoretical 𝑇𝑔 of pMAA, and a second (lower transition) close to the oligomer`s 𝑇𝑔. 

This is interesting as it seems that at low monomer to oligomer ratios, the hydrophobic 

monomers have some compatibility with the pMAA. Moving to higher molar ratios, 

pSt and pBMA polymers (Table 2-6, L2-L4, L6-L8) had 𝑇𝑔 values close to their 

theoretical values. Latexes L2-L4 of Table 2-6 (St: pMAA = 50:1, 100:1, 200:1) also 

have a 𝑇𝑔 at 214-230 °C indicating copolymer formation, where pSt and pMAA units  
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Figure 2-20. DSC thermograms of (a) pSt and (b) pBMA and (c) pMMA latexes, 

along with thermograms of pMAA and pGMMA oligomers. 



 

97 

 

are not compatible, while the corresponding pBMA polymers (BMA: pMAA = 50:1, 100:1, 

200:1) have a second 𝑇𝑔 at 132, 129 and 154 °C respectively. In this case, the lower 𝑇𝑔 is 

attributed to pBMA particles and the higher to the copolymers of compatibilized pMAA and 

pBMA units. Although latexes L10 and L12 (MMA: pMAA = 50, 200) showed similar 

behavior as pSt, L11 (MMA: pMAA = 100) had only one 𝑇𝑔 at 139 °C, showing a level of 

compatibility at this monomer to oligomer ratio. Moving to pGMMA containing latexes, pSt 

and pMMA show compatibility with pGMMA. They exhibit two 𝑇𝑔 values, one close to 

theoretical values of pSt or pMMA respectively, due to the presence of free radical 

homopolymers, and a second between the 𝑇𝑔 values of pGMMA and pSt or pMMA from the 

compatibilized copolymer (Table 2-6, L13 and L15, monomer: pGMMA = 200). Latex L14 

(BMA: pGMMA =200) had a 𝑇𝑔 value of 31 °C, suggesting that the [pGMMA] was too low 

to affect the 𝑇𝑔 of the polymer. Finally, latexes L16-L18 (pSt, pBMA, pMMA made with SDS) 

have a good correlation between the theoretical and experimental 𝑇𝑔 values. 

 

Figure 2-21. Glass transition temperatures (𝑇𝑔) of pMAA and pGMMA oligomers and 

pSt, pBMA and pMMA latexes collected by DSC analysis. 
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 2.3 Conclusions 

 In summary, a hydrophilic oligomer of pMAA, synthesized through CCTP, 

was used as the stabilizing agent for the surfactant-free emulsion polymerization of St, 

BMA and MMA with various molar ratios. Kinetic studies of the polymerization of 

styrene revealed the process through which the stabilization occurs; styrenic radicals 

react with the oligomer to form amphiphilic copolymers and the formed micelles swell 

with the additional monomer and polymerize through free radical polymerization. The 

mechanism through which the latex stabilization occurs, seems to be the same when 

an ionic (pMAA) or a non-ionic (pGMMA) stabilizer was used. Notably, the 

methylation of a carboxylated pBMA latex showed that this mechanism can be 

generalized to methacrylates. SEM analysis showed the formation of well-packed, 

uniform and monodisperse particles when pMAA was used as stabilizer. Substituting 

pMAA for pGMMA had a negative impact on the stability of the latex and the 

morphology of the latex particles, suggesting that steric stabilization is inferior to 

electrostatic repulsion in these systems. Finally, a linear regression model was used to 

summarize the particle size characterization, according to which an increase in 

monomer to oligomer ratio by a factor of 𝑥 is associated with a corresponding increase 

in particle diameter by a factor 𝑥0.26±0.03, or approximately 𝑥
1

3⁄ , independent of the 

monomer type.  
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 2.4 Experimental section 

 2.4.1 Materials 

 Methacrylic acid (MAA, 99%), methyl methacrylate (MMA, 99%), butyl 

methacrylate (BMA, 99%), styrene (St, 99.9%), sodium dodecyl sulfate (SDS) and 

potassium persulfate (KPS) were obtained from Sigma-Aldrich and used without any 

further purification. Glycerol monomethacrylate (GMMA, >99.8%) was provided by 

GEO Specialty Chemicals, UK. Bis[(difluoroboryl) dimethylglyoximato]cobalt(II), 

(CoBF) was synthesized according to the literature.70 2,2'-Azobis[2-(2-imidazolin-2-

yl)propane]dihydrochloride (VA-044) was obtained from Wako Specialty Chemical. 

Phosphate buffer solution (PBS), pH = 7, was prepared and used as solvent in all 

surfactant-free emulsion polymerizations, while deionized water (RO grade) was used 

for the reactions with SDS. 

 2.4.2 Instrumentation and Characterization techniques 

 Proton Nuclear Magnetic Resonance (1H NMR) 

1H NMR spectra were recorded on Bruker DPX-300 or DPX-400 spectrometers in 

deuterated chloroform (CDCl3), deuterated dimethyl sulfoxide (DMSO-d6) or 

deuterium oxide (D2O) as obtained from Sigma-Aldrich. Chemical shifts are given in 

ppm downfield from the tetramethylsilane internal standard. 

 Size Exclusion Chromatography (SEC) 

SEC characterization was carried out on an Agilent Infinity II MDS instrument, using 

DMF with 5 mmol NH4BF4 additive as the eluent, at 50 °C, and with a flow rate of 1 

mL/min. The system was equipped with differential refractive index (DRI), 

viscometry (VS), dual angle light scatter (LS) and variable wavelength UV detectors, 

2 × PLgel Mixed D columns (300 × 7.5 mm) and a PLgel 5 µm guard column. The 

system was calibrated using poly(methyl methacrylate) standards (Agilent EasiVials) 

with molecular weights in the range of 550 - 955,000 g mol-1. Prior to injecting the 

samples, they were filtered through a nylon membrane with a pore size of 0.22 µm. 

  



 

100 

 

Scanning Electron Microscopy (SEM) 

SEM was performed using a Zeiss SUPRA 55-VP scanning electron microscope with 

a field emission electron gun (FEG). Best results were obtained when using the InLens 

detector with 3.5 mm working distance, 30 and 20 µm aperture and 0.5-3 kV 

acceleration voltage, with respect to sample tolerance. 1 µL of each sample was 

dissolved in 5 mL of DI water and aliquots of 7 µL were drop cast on silicon wafer 

chips (5 mm × 7 mm) and attached to aluminum specimen stubs. To improve contrast, 

gold sputter coating was applied for 15 seconds prior to imaging. 

 Dynamic Light Scattering (DLS) 

DLS measurements were performed on a Malvern instrument Zetasizer Nano Series 

instrument with a detection angle of 173°, where the intensity weighted mean 

hydrodynamic size (Z-average) and the width of the particle size distribution (PSD) 

were obtained from analysis of the autocorrelation function. 10 µL of latex was diluted 

with 10 mL of deionized water previously filtered with 0.20 µm membrane to ensure 

the minimization of dust and other particulates. At least five measurements at 25 °C 

were made for each sample with an equilibrium time of 2 minutes before starting 

measurement, where the measurement time and number of repeats that contribute to 

each measurement was determined automatically by the proprietary software. 

Zeta potential analysis 

All Zetapotential measurements were performed on an Zetasizer Nano Series 

instrument using DTS1070 capillary cells. 10 µL of latex was diluted with 10 mL of 

deionized water previously filtered with 0.20 µm membrane to ensure the 

minimization of dust and other particulates. The cells were filled using a 1 mL 

disposable syringe to ensure no air bubbles were present in the cell. Samples were run 

at 25 oC with 2 minutes temperature stabilization time. Smoluchowski was used as the 

approximation with a Henry factor of 1.5. Power was set to automatic with a maximum 

voltage set at 200 V. Data quality was set to automatic, which performs up to a 

maximum of 100 measurements. Each sample was run 3 times. Refractive index, 

viscosity and relative permittivity of the solvent were set to 1.33, 0.89 mPa.s, 78.37 

respectively, which are the values for pure water. 
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 Static Light Scattering (SLS) 

SLS measurements were performed on an ALV-CG3 instrument. For each sample, 

time-averaged light scattering data was collected within the angular range, 30 < θ < 

150 ° with the sample maintained at 20 °C. Collection of data at smaller angles (12 < 

θ < 40 °) was often precluded by the greater intensity of scattering by the larger 

particles. As shown in Table 2-6, the range of particle sizes to be measured was found 

to encompass approximately an order of magnitude, i.e. 

48 ± 16 < 𝑅𝐷𝐿𝑆 < 894 ± 201 𝑛𝑚 

Consequently, either one of two different models was used to analyze the SLS data: 

Model A: 

A ‘Guinier plot’ is a well-established means to estimate particle radius, by establishing 

the linearity of scattering data at low-q according to the relation. 

Model B: 

The data were analyzed in relation to a theoretical ‘form factor’ for angular 

dependence of scattering intensity. Scattering theory provides a variety of models that 

may be used to predict what is referred to as the form factor, which is specific to 

particle morphology. It is noteworthy that this approach to analysis of a form factor is 

analogous to that used for other scattering techniques for particle characterization, 

where the main difference is in the wavelength of the incident radiation and, 

consequently, the range of particle sizes they are applied to, e.g., X-ray or neutron 

scattering. Here, we used the analytical expression provided by Pedersen to calculate 

the theoretical form factor for a spherical, homogeneous particle exhibiting a radius of 

gyration RG, then this function being moderated to account for particle size dispersity 

by sampling from a lognormal distribution and calculating the average form factor 

weighted by scattering intensity. 

 Thermogravimetric Analysis (TGA) 

TGA measurements were carried out on a Mettler-Toledo TGA with autosampler. N2 

gas was used with a heating rate of 10 °C min-1 in 70 µL alumina pans.  
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 Differential Scanning Calorimetry (DSC) 

DSC measurements were carried out on a Mettler-Toledo DSC with autosampler. The 

samples (in powdered form) were placed in 40 µL aluminium crucibles (with pierced 

lids) and were heated/cooled from -50 °C to 300 °C in a flow of N2 with a heating rate 

of 10 °C min-1. The results of the second heating cycle are reported in all cases. 

 2.4.3 Experimental procedures 

 Synthesis of bis[(difluoroboryl)dimethylglyoximato] cobalt(II), (CoBF) 

Cobalt (II) acetate tetrahydrate was heated under vacuum at 110 °C with pressure off 

2 mbar for 5-6 hours (the pink powder turns purple upon becoming anhydrous). Under 

nitrogen atmosphere equipped with magnetic stirrer anhydrous cobalt (II) acetate (3.14 

g, 0.0126 mol) and dimethyl glyoxime (4.47 g, 0.0344 mol) were added and purged 

with N2 for 1 hour. Subsequently, ethyl acetate (77.12 ml, 0.87 mol) was dried with 

MgSO4 and decanted and isolated (filtered with gravity filtration using filter paper). 

The ethyl acetate was deoxygenated for 30 minutes prior to addition to the mixture. 

The mixture was stirred vigorously for 30 min. Boron trifluoride etherate (BF3EtO) 

(13.03 mL, 0.09 mol) was deoxygenated with nitrogen and added via syringe pump 

over a period of 10 minutes with continues vigorous stirring. The resulting solution 

was heated to 55 °C and held at that temperature for 30 minutes to complete the 

reaction.  Sodium bicarbonate (3.57 g, 0.042 mol) was added in portions to avoid 

excessive frothing. When the bicarbonate addition was complete the reaction mixture 

was cooled to 5 °C and stirred for an hour to allow product to recrystallize. Filtration 

was carried out in (2 x 70 mL) H20 and (2 x 20 mL) MeOH. 

FT-IR v (cm-1):3592, 3525 (OH), 2923 (-CH3), 1622 (C=N), 1438 (-CH3), 1383 (-

CH3), 1213 (N-O), 1161 (C-CH3), 1085 (CH3), 950 (B-F), 826 (B-F), 634 (B-O), 575 

(C-N-O), 506 (Co-N) (Figure 2-22). 

The synthetic method that was carried out involved the recrystallization of CoBF in a 

solution of 80% water and 20% methanol. Consequently, a structure with axial water 

ligands is assumed. This is suggested by the presence of the two peaks at 3592 and 

3525 cm-1. These peaks correspond to, respectively, lattice water ligands’ asymmetric 

and symmetric stretching motion. As suggested by M. Duncan,71 in the free gas water 

molecule the asymmetric: symmetric peak ratio is close to 18:1. However, and as is 
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visible here, in water-containing metal complexes this ratio is closer to 1:1, an 

observation that is corroborated by Lawson and co-workers.72  

 

Figure 2-22. FT-IR spectrum of CoBF. 

 

Figure 2-23. MALDI-ToF-MS spectrum of CoBF. 
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During MALDI-ToF-MS analysis the two axial ligands were lost, likely due to the 

ionization process. The theoretical value of CoBF (without axial ligands) was 384.75 

Da + 22.98 Da (Na), namely 407.73 Da. The experimental value of CoBF is 408.02 

Da as shown in Figure 2-23. The peaks at 461.08, 793.05 and 1177.09 Da correspond 

to CoBF adducts, ([CoBF+2K+H]+, [2CoBF+Na]+ and [3CoBF+Na]+ respectively). 

 Synthesis of pMAA stabilizer by CCTP in aqueous solution 

A pMAA oligomer was prepared via CCTP. CoBF (5.34 mg, 30 ppm relative to 

monomer) was added to a 100 mL round bottom flask (RBF) along with a magnetic 

stirrer and deoxygenated for 1 hour. Methacrylic acid (MAA, 46 mL) was added to a 

separate 100 mL RBF, and after deoxygenation (1 hour) 43 mL (0.5 mol) were 

transferred to the CoBF using a deoxygenated syringe.  The mixture was stirred until 

full dissolution of the CoBF. In parallel, to a 500 mL 3-necked RBF VA-044 initiator 

(0.808 g, 2.5 mmol) and DI water (180 mL) was added, and the solution was 

deoxygenated for 1 h. The solution in the 3-necked flask was then heated in an oil bath 

to 55ºC with continuous stirring, and the monomer/CoBF solution was fed into it over 

60 minutes.  The reaction was continued for a further 3 h after feeding. The pMAA 

oligomer was purified by precipitation from methanol into chloroform and dried in a 

vacuum oven. 1H NMR (methanol-d, 400 MHz) δ (ppm): ~6.2(s, cis HCH=C-), ~5.6 

(d, , trans HCH=C-), ~2.5 (s, -CH2-CR=CH2), ~1.5-2.5 (m, H-CH2-C-), ~1-1.5 (m, -

C-CH3). 

 Synthesis of pGMMA stabilizer by CCTP in methanol 

For the synthesis of the pGMMA oligomer, GMMA (160.2 g, 1 mol) and methanol 

(350 mL) were added to a 1 L 3-necked RBF and deoxygenated for 1 h over ice. CoBF 

(26.9 mg, 70 ppm) and VA-044 (1.6164 g, 5 mmol) were added to a separate RBF 

which was also deoxygenated for 1 h. 50 mL of deoxygenated methanol was then 

added solubilizing the CoBF and VA-044, before being transferred to the GMMA 

solution.  The reaction was then heated to 50 ºC for 18 h. Methanol and other volatiles 

were removed by rotary evaporation and the product dialyzed against methanol for 3 

days (MWCO = 1000 Da), with the solvent exchanged twice per day. 1H NMR 

(methanol-d, 400 MHz) δ (ppm): ~6.3 (s, cis HCH=C-), ~5.6 (d, , trans HCH=C-), ~4 
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(d, -O-CH2-CH-), ~3.6 (s, -CH-CH2-OH), ~2.5 (s, -CH2-CR=CH2), ~1.8-2,3 (m, H-

CH2-C-), ~0.8-1.3 (m, -C-CH3). 

 Preparation of phosphate buffer solution 

Monobasic sodium phosphate (23.996 g, 0.2 mol) was placed in a 1 L conical flask 

together with a magnetic stirrer. Deionized water (1 L) was added, and the mixture 

vigorously stirred for the preparation of solution A (0.2 M). To a second 1 L conical 

flask containing a magnetic stirrer bar, dibasic sodium phosphate (28.392 g, 0.2 mol) 

was added. Deionized water (1 L) was added, and the mixture was vigorously stirred 

for the preparation of solution B (0.2 M). Subsequently, 390 mL of solution A and 610 

ml of solution B were mixed in a 1L bottle for the preparation of the phosphate buffer 

solution (pH = 7). 

 Synthesis of latexes via emulsion polymerization (using CCTP oligomers as 

stabilizers) 

Emulsion polymerizations were carried out under starve-feed conditions. All 

experiments were conducted under nitrogen at 86 oC and stirred at 600 rpm. First, the 

stabilizer (1 g) and the solvent (PBS, pH = 7) were charged in a three-necked round 

bottom flask and the mixture stirred and purged with nitrogen for 30 minutes. 

Subsequently, the reaction mixture was heated at 86 oC and 5 minutes after reaching 

the desired temperature, the addition of the aqueous KPS solution and the monomer 

(both previously degassed for 30 minutes) started using two degassed syringes and a 

syringe pump (feeding time: 4 h). After completion of the addition, the reaction was 

stirred overnight (~16 h) under the same conditions. The reaction was terminated by 

introducing oxygen to the reaction media (for composition see Table 2). In all 

polymerizations where pGMMA was used, deionized water was used as solvent. 

 General procedure for the synthesis of latexes via free radical emulsion 

polymerization (using SDS as stabilizer) 

A flask containing monomer (56.16 g, 560.93 mmol, deoxygenated for 30 min) was 

purged with nitrogen. 4,4'-azobis(4-cyanovaleric acid) (ACVA) (1.5 g, 5.350 mmol), 

SDS (1.2 g, 4.161 mmol), and 300 mL of deionized water were charged into a three-

neck, 500 mL double jacketed reactor, equipped with a RTD temperature probe and 
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an overhead stirrer. The mixture was purged with nitrogen and stirred at 325 rpm for 

at least 30 min. Subsequently, the mixture was heated under inert atmosphere. When 

the temperature in the reactor reached 70 °C, the addition of the MMA monomer 

solution started using a degassed syringe and a syringe pump (feeding rate = 1.866 

mL/min, feeding time = 60 min). Following completion of the addition, stirring 

continued for a further 60 min at 76 °C which was controlled and stabilized after the 

addition of the monomer. 
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 2.4.4 Supplementary Figures and Characterization 

 

Figure 2-24. 1H NMR (400 MHz) spectrum taken at a) 300 mins (entry A14) and b) 

24 hours from the kinetic study of surfactant-free emulsion polymerization of styrene. 

 

Figure 2-25. Scattering intensities, I(q) or I(q2), as a function of the form factor (q) or 

(q2), along with the corresponding fitted models for pSt latexes stabilized by pMAA, 

pGMMA and SDS derived by SLS. Monomer: oligomer ratio (a) 20, (b) 50, (c) 100, 

(d) and (e) 200. A valid fit for (f) could not be determined. 
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Figure 2-26. Scattering intensities, I(q) or I(q2), as a function of the magnitude of the 

scattering vector, q, together with corresponding fitted models for pBMA latexes 

stabilized by pMAA, pGMMA and SDS derived by SLS. Monomer: oligomer ratio 

(a) 50, (b) 100, (c) and (d) 200. A valid fit for (e) could not be determined. 

 

Figure 2-27. Scattering intensities, I(q) or I(q2), as a function of the form factor (q) or 

(q2), along with the corresponding fitted models for pMMA latexes stabilized by 

pMAA, pGMMA and SDS derived by SLS. Monomer: oligomer ratio (a) 20, (b) 50, 
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(c) 100, (d) and (e) 200. The validity of the fits for (d) and (e) may be considered 

somewhat compromised by sampling effects. A valid fit for (f) could not be 

determined. 

 

Figure 2-28. SEM images of pS latexes stabilized by pMAA with varying monomer 

to oligomer molar ratio. (a) monomer to oligomer ratio = 50, (b) monomer to oligomer 

ratio = 100 and (c) monomer to oligomer ratio = 200. 

 

Figure 2-29. SEM images of pBMA latexes stabilized by pMAA with varying 

monomer to oligomer molar ratio. (a) monomer to oligomer ratio = 20, (b) monomer 

to oligomer ratio = 100  and (c) monomer to oligomer ratio = 200. 
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Figure 2-30. SEM images of pMMA latexes stabilized by pMAA with varying 

monomer to oligomer molar ratio, (a) monomer to oligomer ratio = 20, (b) monomer 

to oligomer ratio = 50, (c) monomer to oligomer ratio = 100, (d) monomer to oligomer 

ratio = 200 and (e) pMMA stabilized by pGMMA. 

 

Figure 2-31. TGA thermogram of pMAA macromonomer before and after 

purification step with P2O5 for 3 hrs, showing that the transition at ~100oC is attributed 

to water loss.  
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Chapter 3: Amphiphilic macromonomers 

for the development of stable 

cyantraniliprole dispersions. Application 

of thin polymeric coating around 

cyantraniliprole particles 

 

In this chapter, ω-unsaturated amphiphilic CCTP macromonomers were synthesized 

and used for the development of stable dispersions of an anthranilic diamide 

insecticide, cyantraniliprole (CYNT). In order to verify the particle size (desired 

particle size ~2-10 μm) and the stability of the active ingredient (AI) dispersions, light 

scattering (laser diffraction, LD) and microscopy (optical microscopy, OM) 

techniques were used. Following the optimization of the milling process, the 

encapsulation of cyantraniliprole particles through the surfactant-free emulsion 

polymerisation of methyl methacrylate/n-butyl acrylate mixture (MMA/n-BA, 10:1) 

under starved-feed conditions was investigated. The extraction of cyantraniliprole 

particles was followed by High Performance Liquid Chromatography (HPLC) giving 
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insights on the release profile of the cyantraniliprole particles. Scanning Electron 

Microscopy (SEM) was used for the determination of latex coating around 

cyantraniliprole particles. 
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 3.1 Introduction 

 Global population growth over the past decades has triggered the need for food 

demand and therefore for higher agricultural yields.1 In consequence, state-of the-art 

technologies have been developed and introduced in the agricultural field for plant 

protection and enhancement of crop products.2-4 More than a million tones of 

agrochemical products; fertilizers, pesticides, herbicides, etc. are used in farm fields 

every year. Directing and keeping agrochemicals at the desired target can be 

challenging, as a range of loss mechanisms could occur to reduce the effectiveness of 

a crop protection product.5, 6 The main reasons include degradation by photolysis, 

hydrolysis, leaching, washing away by rain and microbial activity. Hence, the majority 

of research groups, both in academia and industry, have focused on the development 

of sustainable and efficacious agrochemicals. Sustainability entails high yields and 

agricultural practices that have acceptable environmental consequences in land 

conversions, water use and contamination of ecosystems by agrochemicals.7 Efficacy 

for plant protection can be achieved by several ways, such as by control release, 

targeted delivery, enhanced bioavailability, increased leaf adhesion and improved 

stability of the AI in the environment.8 

 Insecticides are a type of pesticide that is used to specifically target and kill 

insects. In the market they can be found in the form of seed or soil treatments or 

sprayed mixtures and are almost always a formulation of more than one component.9 

Formulations can be divided into three main categories; liquid formulations 

(emulsifiable concentrates, solutions, aerosols, etc.), dry or solid formulations (baits, 

granules, pellets, wettable powders, etc.) and formulations that cannot be clearly 

classified as liquid or dry/solid formulations (microencapsulated materials, water 

soluble packets, fumigants, etc.).10 Microencapsulated formulations contain particles 

of the liquid or dry AI covered by a polymeric coating, are mixed with water and 

sprayed in the same manner as other sprayable formulations. Industries are interested 

in polymer microencapsulation technology due to the choices it offers.11-13 In general, 

the microencapsulated particles are designed to release their contents when exposed 

to a particular trigger. The release of the particles can be controlled from a variety of 

stimuli such as temperature,14, 15 humidity,16 the soil composition17 or a combination 
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of factors. Delayed or slow release of the AI prolongs its effectiveness, allowing for 

fewer and less precisely timed applications. 

 Anthranilic diamides are an exceptionally active class of insecticides, with a 

mode of action targeting the ryanodine receptors (RyRs) in insect muscle cells.18 These 

receptors have a significant role in muscle function, regulating the release of calcium 

from internal stores.19 Anthranilic diamide insecticides, like cyantraniliprole (3-

bromo-1-(3-chloro-2-pyridinyl)-N-[4-cyano-2-methyl-6-[(methyl amino)carbonyl] 

phenyl]-1H-pyrazole-5-carboxamide, Scheme 3-1) bind to these receptors, resulting 

in uncontrolled release and depletion of internal calcium, preventing further muscle 

spasm. Therefore, insects treated with cyantraniliprole show rapid cessation of 

feeding, lethargy, regurgitation, muscle paralysis and ultimately death.20  

 

Scheme 3-1. Structure of cyantraniliprole, a diamide insecticide. 

 Currently, cyantraniliprole is applied to a field in a simple aqueous dispersion, 

however, this method is inefficient as the insecticide is quickly released into the 

ground and can be washed off into surrounding ground water. Controlling the release 

of cyantraniliprole would reduce loss due to wash off and possibly eliminate the need 

for multiple and precisely timed applications. Hence, microencapsulated formulations 

of cyantraniliprole have the potential to offer a sustainable release as well as reduce 

an environmental concern. Amphiphilic macromonomers could enable the application 

of thin polymeric coating around individual particles and offer the advantage of being 

able to be performed directly to dispersed AI particles in an aqueous system.21-24 

 As described in Chapter 2, CCTP (Scheme 3-2) is an efficient and versatile 

technique for the synthesis of low molecular weight functional polymers in free radical 

polymerization (FRP).25-27 The technique is based on the use of certain low spin 

[Co(II)] complexes which catalyze the chain transfer to monomer reaction28-30 and also 

provides a high level of vinyl ω- end group functionality.31, 32 Due to their high chain 
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transfer constants, [Co(II)] complexes are efficient in low concentrations (ppm to 

monomer). The effectiveness of the catalysts, and the fact that radical addition to the 

vinyl end group of CCTP macromonomers forms adducts that readily undergo β-

scission, allow them to function as addition-fragmentation chain transfer agents 

(CTAs) and render CCTP extensively applicable in industry.33 

 

 

Scheme 3-2. Proposed catalytic cycle for CoBF-mediated CCTP.25, 27 

 In this chapter, ω-unsaturated amphiphilic macromonomers were synthesized 

via Catalytic Chain Transfer Polymerization with the use of CoBF, as chain transfer 

agent (CTA). Subsequently, these macromonomers were used for the development of 

stable dispersions of the anthranilic diamide insecticide, cyantraniliprole. The 

encapsulation of cyantraniliprole would prolong the release of the AI following the 

application to a target area. Thus, formulations of coated cyantraniliprole particles 

were prepared under starved-feed emulsion polymerization of a mixture of methyl 

methacrylate (MMA) and n-butyl methacrylate (n-BA). The particle size (desired 

particle size ~2-10 μm) and the stability of the dispersions and formulations were 

followed by light scattering (laser diffraction, LD), optical microscopy (OM) and 

scanning electron microscopy (SEM). Furthermore, the release profile of the 
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cyantraniliprole particles was investigated using High Performance Liquid 

Chromatography (HPLC). 
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 3.2 Results and discussion 

 3.2.1 Synthesis of amphiphilic macromonomers though CCTP 

 The main idea behind this work is to apply a thin polymeric coating around the 

particles of an insecticide, cyantraniliprole, to prolong the release of the AI following 

the application to a target area. Previously, Ali et al. and Loiko et al. synthesized short 

amphiphilic co-oligomers that dispersed particles of a hydrophobic clay (gibbsite) in 

aqueous solutions.21, 34 These were subsequently chain extended using starved-feed 

emulsion polymerization to successfully encapsulate the particles, without the need 

for the co-oligomers to be chemically immobilized on to the particle`s surface. 

 In order to generate amphiphilic co-oligomers, Ali et al. used a Reversible 

Addition-Fragmentation chain transfer (RAFT) based technique, whereas Loiko et al. 

used Atom Transfer Radical Polymerization (ATRP). We, however, are using CCTP 

to synthesize ω-unsaturated macromonomers of butyl methacrylate (BMA) and tert-

butyl methacrylate (t-BMA). Acidic hydrolysis of the tert-butyl groups resulted in 

amphiphilic methacrylic macromonomers, which will subsequently be used to 

disperse the cyantraniliprole particles. 

 Initially, a series of polymerizations of BMA were conducted altering the 

concentration of CoBF in order to identify the amount required as to achieve the 

desired molecular weight (~2,000 g mol-1), Scheme 3-3. Briefly, polymerizations with 

four [BMA]/[CoBF] ratios (4, 8, 12, 16 ppm of CoBF) were conducted using an azo-

initiator (V-65) in toluene and stopped at low conversions, to minimize termination 

and keep [monomer]/[CTA] ratios relatively consistent. An identical experiment in the 

absence of CoBF resulted in the typical free radical polymerization with significantly 

higher Mn value. The 1H NMR spectrum of the pBMA macromonomer synthesized  

 

Scheme 3-3. Synthesis of pBMA macromonomer through CCTP. 
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Figure 3-1. 1H NMR spectrum of pBMA macromonomer synthesized using 16 ppm 

of CoBF 

using 16 ppm of CoBF (Figure 3-1) shows that the vinyl peaks (a and a`) are present 

in the macromonomer and the integrated intensity of these peaks was compared with 

the CH2 protons (b) to calculate the monomer conversion (28%), which is predictable 

low given the short reaction time (1 hour). 

 Varying CoBF concentration resulted in the tuning of the molecular weights, 

as expected, since higher CoBF concentration leads to more chain transfer events, thus 

the molecular weight is reduced, Figure 3-2. The molecular weight (Mn) measured by 

SEC and used to calculate the reciprocal of the degree of polymerization (1/DP). Using 

the pseudo-Mayo equation (equation 1),35 plotting 1/DP against [CoBF]/[BMA] gives 

a good straight line with slope 𝐶𝑇 = 17,700 (Figure 3-3) considering the chain transfer 

activity of other reaction components to be negligible. The value of 𝐶𝑇 of the batch of 

CoBF used in these experiments, is in good agreement with literature values in the 

range of 16,000 – 28,000.36 

1

𝐷𝑃
=

1

𝐷𝑃0
+ 𝐶𝑇

[𝐶𝑜]

[𝑀]
                                        [1] 

where 𝐷𝑃 is the degree of polymerisation, 𝐷𝑃0 is the degree of polymerisation in the 

absence of a chain transfer agent, and [𝐶𝑜] and [𝑀] are the CoBF and monomer 

concentrations, respectively.  
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Figure 3-2. CHCl3-SEC derived molecular weight distributions showing the evolution 

of MWts of pBMA using different amounts of CoBF. 

 

Figure 3-3. Pseudo - Mayo plot showing the calculation of the chain transfer constant 

(𝐶𝑇) using Equation 1. 
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 To obtain macromonomers with Mn of approximately 2,000 g mol-1 (DP = 14), 

it was calculated from the pseudo-Mayo plot in Figure 3-3 that 1.68 ppm of CoBF 

relative to the monomer was needed. Considering that the catalytic activity of CoBF 

will be similar for BMA and tert-BMA, three statistical copolymers were synthesized 

with a targeted content of tert-butyl groups of 60, 70 and 80% (Scheme 3-4, Table 3-

1). Consequently, acidic hydrolysis of the tert-butyl groups resulted in the amphiphilic 

statistical copolymers p(MAA-stat-BMA) with different acid content, maintaining the 

functionality of the end-group (Scheme 3-5, Table 3-2). 

 

Scheme 3-4. Synthesis of p(tBMA–stat–BMA) statistical macromonomers through 

CCTP. 

Table 3-1. 1H NMR and SEC analysis of p(tBMA–stat–BMA) statistical 

macromonomers. 

Entry tBMA (%) BMA (%) Mon. Conversion (%)a Mn SEC
b
 

Ðb 

1 60 40 85 1,700 1.79 

2 70 30 83 1,300 1.80 

3 80 20 82 1,300 1.83 

a Conversion was calculated via 1H NMR in CDCl3. 
b Determined by THF-SEC analysis and expressed as molecular weight equivalents to pMMA narrow 

molecular weight standards. 

 

Scheme 3-5. Acidic hydrolysis of p(tBMA–stat–BMA) for the preparation of 

p(MAA–stat–BMA) statistical macromonomers. 
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Table 3-2.  1H NMR and SEC analysis after the acidic hydrolysis of p(tBMA–stat–

BMA) statistical macromonomers. 

Entry 
MAA 

(%) 

BMA 

(%) 

MAA 

(DP)a 

BMA 

(DP)a 
Mn (g mol-1)a

 
 Mn SEC

b Ðb 

1 60 40 10 5 1,600 1,700 1.24 

2 70 30 9 3 1,200 3,100 1.34 

3 80 20 10 2 1,200 1,800 1.25 
a Molecular weight and DP  was calculated via 1H NMR in DMSO-d6. 
b Determined by DMF-SEC analysis and expressed as molecular weight equivalents to pMMA narrow 

molecular weight standards. 

In Figures 3-4 to 3-9, 1H NMR and SEC analysis of the macromonomers before and 

after hydrolysis of the tert-butyl groups, are shown. The absence of the peak at 1.42 

ppm shows that the tert-butyl groups have been successfully deprotected. This is 

further confirmed by the presence of the peak from acid protons, the region of which 

is expanded in each figure. Comparing the vinyl end group integrals (~5.5-6.5 ppm) 

with those of CH2 peak of pBMA (~3.7-4.0 ppm) and the acidic proton (~12 ppm) 

gave an indication of the molecular weight of the amphiphilic macromonomers, as 

well as their DP. 

 

Figure 3-4. 1H NMR spectra of p(tBMA-stat-BMA) macromonomer (blue trace) and 

p(MAA-stat-BMA) macromonomer (red trace). Acid content: 60%. 
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Figure 3-5. THF-SEC derived molecular weight distribution of p(tBMA-stat-BMA) 

macromonomer (left) and p(MAA-stat-BMA) macromonomer (right). Acid content: 

60%. 

 

 

Figure 3-6. 1H NMR spectra of p(tBMA-stat-BMA) macromonomer (blue trace) and 

p(MAA-stat-BMA) macromonomer (red trace). Acid content: 70%. 
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Figure 3-7. THF-SEC derived molecular weight distribution of p(tBMA-stat-BMA) 

macromonomer (left) and p(MAA-stat-BMA) macromonomer (right). Acid content: 

70%. 

 

 

Figure 3-8. 1H NMR spectra of p(tBMA-stat-BMA) macromonomer (blue trace) and 

p(MAA-stat-BMA) macromonomer (red trace). Acid content: 80%. 
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Figure 3-9. THF-SEC derived molecular weight distribution of p(tBMA-stat-BMA) 

macromonomer (left) and p(MAA-stat-BMA) macromonomer (right). Acid content: 

80%. 

 SEC analysis of the macromonomers proved to be challenging, as the 

deprotection of the tert-butyl groups resulted in macromonomers composed of more 

than 60% of methacrylic acid, which made them insoluble in the organic solvents used 

for GPC analysis, for example, CHCl3 or THF and partially soluble in DMF. The 

samples were run using DMF as the eluent after their filtration. It has been previously 

observed that the DMF-GPC analysis of methacrylic acid gives higher Mn values than 

expected. Furthermore, higher molar mass fractions of the polymer might have been 

removed during filtration, thus leading to dispersity values as low as those observed 

for the amphiphilic macromonomers. 

 In order to confirm the percentage of acid functionality in each 

macromonomer, matrix assisted laser desorption-ionization time of flight mass 

spectroscopy (MALDI-ToF-MS) was used, revealing that the chemical composition 

is in agreement with the expected values. More specifically, peaks with the same DP 

but different chemical composition had different intensity, for example expanded 

spectra in a specific region m/z 1,040 to 1,200 in Figures 3-10 to 3-12. Chemical 

analysis and comparison of the percentage of each peak across the spectrum showed 

that the acid functionality in the macromonomers was 62, 68 and 77%, thus confirming 

that the targeted acid content, 60, 70 and 80%, has been achieved.  
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Figure 3-10. MALDI-ToF-MS spectrum of the p(MAA10-stat-BMA5) 

macromonomer (left) and expanded region showing peaks of several copolymeric 

chains (right). Acid content: 60%. 

 

 

Figure 3-11. MALDI-ToF-MS spectrum of the p(MAA9-stat-BMA3) macromonomer 

(left) and expanded region showing peaks of several copolymeric chains (right). Acid 

content: 70%. 
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Figure 3-12. MALDI-ToF-MS spectrum of the p(MAA10-stat-BMA2) 

macromonomer (left) and expanded region showing peaks of several copolymeric 

chains (right). Acid content: 80%. 

 

Figure 3-13. Comparison of experimental and theoretical isotopic pattern of 

p(MAA10-stat-BMA5), showing no saturation of the macromonomer. 

 Moreover, full copolymer formation was observed along with no evidence of 

homopolymers or saturated macromonomers. The normalized intensity of the 

theoretical and experimental isotopic distributions were overlayed and show excellent 

match, Figure 3-13. In the case of saturation, namely loss of the double bond of the 

end-group, the intensity of the peak that corresponds to m/z = 967.6 Da would have 

been higher than the theoretical value. 
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 3.2.2 Dispersion of cyantraniliprole particles in aqueous 

solution 

 Cyantraniliprole has a very low solubility value in water (14.2 mg/L at 20 oC) 

and has a particle size in the range of few nm to 4 μm and the particles are highly 

irregular in shape(Figure 3-14). In water cyantraniliprole forms big aggregates (>50 

μm, Figure 3-15a). In this study, amphiphilic macromonomers were used in order to 

evaluate their ability to perform as efficient dispersants of cyantraniliprole particles 

with a desired particle size range of 2-10 μm. 

 

Figure 3-14. SEM image of cyantraniliprole, showing that the particles are of a wide 

range of sizes and are highly irregular in their shape. 

Initial dispersion tests took place by using different amounts of the 70% acid 

content macromonomer. 0.05 g, 0.1 g and 0.2 g were weighed into vials and 10 mL of 

water was added to each, with an additional 10 mL of buffer being added to a separate 

vial to be used as a control sample. To dissolve the macromonomer, 5 drops of 2 M 

KOH was added to each sample, including the control, and all were left stirring 

overnight. As has been reported previously by Sharma et al.37, controlling the pH and 

maintain a value of around 7 is important to avoid fast hydrolysis of the insecticide. 

After measuring and finding the pH to be around 7, to each vial was added 2 g of 

cyantraniliprole particles and all were vortexed for approximately 5 minutes. 

Subsequently, the samples were sonicated using a Branson Digital Sonifier (probe  
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Figure 3-15. Optical microscopy images taken of a) cyantraniliprole only, control 

sample, where no macromonomer was added, cyantraniliprole particles where b) 0.05 

g ([MM] : [CYNT] = 2.5 w/w%), c) 0.1 g ([MM] : [CYNT] = 5 w/w%) and d) 0.2 g 

([MM] : [CYNT] = 10 w/w%) of the amphiphilic macromonomer were added. 
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model: 102-C) at 30% for 1 minute. Optical microscopy (OM) images of these samples 

show that the p(MAA-stat-BMA) macromonomer can be used to disperse the particles 

of cyantraniliprole and that 2.5, 5 and 10 w/w % of macromonomer to insecticide 

particles appears to produce well dispersed samples, Figure 3-15. 

 Based on these results, further studies were required to investigate the optimum 

ratio between the macromonomer and cyantraniliprole, as well as the stability of the 

AI dispersions. Thus, several [macromonomer] : [cyantraniliprole] ([MM] : [CYNT]) 

ratios were applied for the preparation of AI dispersions (Table 3-3), using an IKA 

Ultra TURRAX Tube Drive Disperser for the milling process (Figure 3-16). The 

cyantraniliprole mass was kept at 10 w/w % for these experiments. Three different 

time intervals were used for the milling of cyantraniliprole (1, 5 and 10 minutes), 

whereas the particle size was followed by laser diffraction (LD) and optical 

microscopy (OM). 

Milling of the cyantraniliprole particles resulted in AI dispersions with a mean 

particle size in the desired range of ~2–10 μm according to LD analysis (Figure 3-

17). However, populations of larger particles were apparent, especially when lower 

milling times were applied along with low [MM] : [CYNT] ratios, which proved to be 

insufficient for the successful dispersion of the whole amount of cyantraniliprole 

particles. This was observed on the AI dispersions where the 60% and the 70% 

macromonomer were used to stabilize the AI particles (Figure 3-17 a, b, d, & e). On 

the other hand, when the 80% acid content macromonomer was used, bigger particles 

were present at high [MM] : [CYNT] ratio (Figure 3-17 g & h). In this case, this might 

be attributed to the excess of the macromonomer which probably led to aggregates 

with poor dispersion properties. 
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Table 3-3. Dispersion tests using IKA Ultra TURRAX Tube Drive Disperser for the 

milling process of cyantraniliprole 

Entry Acid Content MM (%) [MM] : [CYNT] Time (min)  

1 60 0.1 % 1, 5, 10  

2 60 0.5 % 1, 5, 10  

3 60 1 % 1, 5, 10  

4 60 5 % 1, 5, 10  

5 70 0.1 % 1, 5, 10  

6 70 0.5 % 1, 5, 10  

7 70 1 % 1, 5, 10  

8 70 5 % 1, 5, 10  

9 80 0.1 % 1, 5, 10  

10 80 0.5 1, 5, 10  

11 80 1 % 1, 5, 10  

12 80 5 % 1, 5, 10  

 

 

 

Figure 3-16. IKA Ultra TURRAX Tube Drive Disperser used for the milling process 

of cyantraniliprole in this study.  
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Figure 3-17. Laser Diffraction analysis showing the particle size of cyantraniliprole 

after the milling process using various concentrations of a), b) and c) 60% acid content 

macromonomer, d), e) and f) 70% acid content macromonomer and g), h) and i) 80% 

acid content macromonomer. 

 Optical microscopy images correlate well with results from LD measurements, 

as shown in Figure 3-18. The particles with bigger size are apparent in images where 

the samples were milled for 1 and 5 minutes, although the mean particle size is in the 

desired range (Figure 3-18 a, b, d, e, g & h). However, a milling time of 10 minutes 

resulted in dispersions with a single particle size distribution (Figure 3-18 c, f & i). 

Additional optical microscopy images of the AI dispersions can be found in section 

3.4.4 Supplementary Figures and Tables (Figures 3-44 to 3-46). 
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Figure 3-18. Optical microscopy images of cyantraniliprole dispersions using a), b) 

and c) 60% acid content macromonomer. d), e) and f) 70% acid content 

macromonomer. g), h) and i) 80% acid content macromonomer. [MM] : [CYNT] = 

1%. Scale bar 20 μm. 

 Based on these results the optimum milling time for the preparation of AI 

dispersions was 10 minutes independently of the [MM] : [CYNT] ratio. Therefore, the 

next step was to verify the stability of these AI dispersions. LD measurements and OM 

images of the samples milled for 10 minutes showed that excellent stability could be 

maintained even one week after the milling process, Figure 3-19 & 3-20.  
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Figure 3-19. Laser Diffraction measurements of cyantraniliprole dispersions using a) 

60% acid content macromonomer, b) 70% acid content macromonomer and c) 80% 

acid content macromonomer. The measurements were taken 1 week after the milling 

process. 

 

Figure 3-20. Optical microscopy images of cyantraniliprole dispersions using a) 60% 

acid content macromonomer, b) 70% acid content macromonomer and c) 80% acid 

content macromonomer. The images were taken one week after the milling process. 

Scale bar 20 μm. 

 3.2.3 Formulations of coated cyantraniliprole particles under 

starved-feed emulsion polymerization 

 Surfactant-free emulsion polymerization of hydrophobic monomers in the 

presence of cyantraniliprole dispersions, would have been resulted in the application 

of polymeric coating around AI particles directly performed in an aqueous system. A 

simple process, similar to this described in the previous chapter, was followed, 

Scheme 3-6. The latexes should meet several technical criteria in order to be suitable  
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Scheme 3-6. Surfactant-free emulsion polymerization of hydrophobic monomer for 

the application of polymeric coating around cyantraniliprole particles. 

for coating applications,38 such as the glass transition temperature (Tg) of the obtained 

polymers, which should be similar to the ambient  temperature during film formation. 

Therefore, different w/w% of a mixture of MMA : BA (10 : 1) with respect to the mass 

of cyantraniliprole dispersion (millbase) were used for the application of coatings with 

different length around cyantraniliprole particles. The formed polymer particles, in the 

presence of cyantraniliprole dispersion, will accumulate around cyantraniliprole 

particles, thus entrapping the AI. The role of the amphiphilic macromonomer in this 

process is to stabilize the cyantraniliprole dispersion, as well as the emulsion 

polymerization of the MMA/BA mixture. 

 Moreover, they should be produced in high solids content and feature relatively 

small particle size (0.2 – 1μm). The amount of cyantraniliprole used in this study was 

10 w/w% with respect to the total mass of the mixture. Further experiments with 

increased amounts of cyantraniliprole were conducted (20 and 30 w/w%) to explore 

the possibility of  higher solids content formulations. The particle size can be 

controlled by using starved-feed conditions to avoid formation of monomer droplets 

in the aqueous phase, which can reduce the colloidal stability resulting in AI-free 

polymer particles, as well as to lead in lower encapsulation efficiency.34  
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 The encapsulation of cyantraniliprole and the release profile were followed by 

High Performance Liquid Chromatography (HPLC), thus a calibration curve for 

cyantraniliprole was required (for calibration method see section 3.4.2). The 

determination of the critical micelle concentration (CMC) of the amphiphilic 

macromonomer (80% acid content) was investigated using a Drop Shape Analysis 

system (DSA100). The CMC was determined by measuring the surface tension (SFT) 

of a concentration series. In general, above the CMC, the SFT is extensively 

independent of the concentration. The CMC results from the intersection between the 

regression straight line of the linearly dependent region and the straight line passing 

through the plateau. However, in this study the SFT never reached a plateau, even at 

high macromonomer concentrations (as high as 12 g L-1), indicating that 

macromonomer`s concentrations used for the dispersion of the AI were below the 

CMC (Figure 3-21).  

 Based on this, dispersions where [MM] : [CYNT] = 0.1% was used for the 

coating application experiments. The concentration of the monomer mixture was 

selected to be 5, 10 and 15 w/w % with respect to the millbase. The 80% acid content 

macromonomer was used, the initiator was potassium persulfate, KPS (0.5 mol% with 

respect to monomer), the reaction temperature 86 oC, the feeding time 22 hours, the 

initial pH = 7 and the reaction time after the feeding was 1 hour. The final pH (~ 5.5) 

of these latexes dropped from the initial pH, probably due to the formation of sulfuric 

acid from KPS. This could lower the solubility of the macromonomer and therefore 

its ability to stabilize the emulsion polymerization process, resulting in coagulation. 

This was further confirmed by LD measurements, where bigger particles were present 

(Figure 3-22). Nevertheless, HPLC analysis of the formulations showed that an 

increase of the percentage of monomer mixture with respect to cyantraniliprole 

resulted in a decrease of the absorption`s intensity, as expected (Figure 3-23). An 

experiment using millbase with [MM] : [CYNT] = 1% led to a stable formulation, 

where the mean particle size of the coated cyantraniliprole particles was close to the 

desired range of 2-10 μm. Moreover, less coagulation was observed by increasing the 

macromonomer concentration from 0.1 to 1% with respect to cyantraniliprole. LD 

measurements of the formulation prepared with W(MMA:BA) : WMillbase = 15% showed 

that excellent stability can be retained even after 2 weeks, Figure 3-24. The results 

indicate a particle size of the latex particles approximately 1 μm and a mean particle 
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size of the cyantraniliprole particles of 10 μm. HPLC chromatograms of the millbase 

and cyantraniliprole formulation are shown in Figure 3-25. 

 

Figure 3-21. Determination of CMC by measuring the SFT of a concentration series 

for the 80% acid content macromonomer. [MM] : [CYNT] = 0.1% and 1% were used 

for the coating application studies. 

 

Figure 3-22. LD measurement of millbase, [MM] : [CYNT] = 0.1% (black trace) and 

coating application experiments, where W(MMA:BA) : WMillbase = 5% (orange trace), 

W(MMA:BA) : WMillbase = 10% (green trace) and W(MMA:BA) : WMillbase = 15% (red trace). 
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Figure 3-23. HPLC chromatograms of millbase, [MM] : [CYNT] = 0.1% (orange 

trace) and coating application experiments, where W(MMA:BA) : WMillbase = 5% (red 

trace), W(MMA:BA) : WMillbase = 10% (green trace) and W(MMA:BA) : WMillbase = 15% (blue 

trace). 

 

Figure 3-24. LD measurements of cyantraniliprole formulation prepared with 

W(MMA:BA) : WMillbase = 15% in different times. Macromonomer with 80% acid content 

was used. 
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Figure 3-25. HPLC chromatograms of millbase, [MM] : [CYNT] = 1% and 

cyantraniliprole formulation, where W(MMA:BA) : WMillbase = 15%. 

 The release profile of cyantraniliprole was followed by HPLC. A known 

amount of the formulation was introduced in various volumes (0, 1, 2 and 3 mL) of 

0.1 w/w % aqueous formic acid solution and subsequently 10 mL of a mixture of ethyl 

acetate and ethanol were added. Formic acid and ethanol were used in order to supply 

a greater contact area between the aqueous and organic phase. Various volumes of the 

aqueous solutions were used to examine if slow release of cyantraniliprole particles 

can be controlled. Aliquots were taken from the organic phase at different times to 

investigate the extraction of cyantraniliprole from the aqueous phase to the organic 

phase (Figure 3-26). As expected, when no aqueous formic acid solution is added, 

fast release of cyantraniliprole was observed without further release of the AI, 

indicating that the whole amount had been extracted (Figure 3-26 a). Addition of 1 

mL of aqueous formic acid solution (0.1 w/w%) led to fast release of the AI after 2 

hours and very slow release after that (Figure 3-26 b). By further increasing the 

volume of the aqueous phase slower release was observed, in terms of amount of the 

AI being extracted at the same time intervals (Figure 3-26 c & d). This suggests that 

control over the slow release of cyantraniliprole can be monitored by increasing the 

aqueous to organic phase ratio. 
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Figure 3-26. Investigation on the release profile of cyantraniliprole from aqueous to 

organic media using HPLC analysis. Chromatograms are shown in expanded regions: 

a) 0 mL aq. Formic acid solution, b) 1 mL aq. Formic acid solution, c) 2 mL aq. Formic 

acid solution and d) 3 mL aq. Formic acid solution. Organic solvents: Ethyl acetate : 

Ethanol 10 : 1. 

 The release profile of coated cyantraniliprole for the formulation described 

above is shown, Figure 3-27. HPLC analysis revealed slow release of AI the first 4 

hours and relatively fast extraction of particles the first day, after which a plateau was 

reached (Figure 3-27 b).  
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Figure 3-27. Release profile of coated cyantraniliprole particles from formulation: 

Millbase [MM] : [CYNT] = 1%, W(MMA:BA) : WMillbase = 15%. a) HPLC 

chromatograms of millbase and extracted cyantraniliprole at different time intervals 

and b) initial cyantraniliprole concentration (orange) and concentration of extracted 

cyantraniliprole at different time intervals (cyan). The concentration was calculated 

based on the calibration curve obtained by HPLC analysis. 

 Additional experiments were carried out in order to investigate the impact of 

initial AI concentration, the percentage of coating and the choice of solvent on the 

stability, the release profile and the final performance of the obtained formulations.  

 Increasing the initial AI concentration from 10 to 20 w/w % led to a less stable 

formulation, Figure 3-28 a. The particle size of the latex particles is in a range from 

100 nm to 2 μm, whereas the mean AI size = 10 μm. Although this is in the desired 

particle size range, a shoulder on the higher particle sizes is apparent. The release 

profile was the same as previously described, where AI concentration was 10 w/w % 

with respect to the total mass of millbase (Figure 3-28 b). It is noted that the 

macromonomer concentration was the same; 1 w/w % with respect to cyantraniliprole. 

An attempt to increase the AI`s solids content to 50 w/w % led to a millbase with high 

viscosity and solidification of the polymerization mixture, indicating limitations on 

the preparation of stable cyantraniliprole dispersions in high solids content. 
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Figure 3-28. a) LD measurement of cyantraniliprole formulation with W(MMA:BA) : 

WMillbase = 15% with 20 w/w % initial cyantraniliprole concentration and b) release 

profile of coated cyantraniliprole. Concentration was calculated based on the 

calibration curve obtained by HPLC analysis. 

 Subsequently, the 60% acid content macromonomer was used to disperse 

cyantraniliprole particles in water and the formed dispersions were used for the coating 

application reactions, where various W(MMA:BA) : WMillbase ratios were explored. 

Initially, 5 w/w % of monomer mixture with respect to millbase resulted in stable 

formulation with mean particle size of 11 μm. LD measurements after the completion 

of the reaction and one week later showed similar stability, (Figure 3-29 a). The 

extraction of cyantraniliprole followed the same pattern as previously, resulting in full 

release of the particles after one day (Figure 3-29 b). By increasing the W(MMA:BA) : 

WMillbase ratio to 10% again stable formulation was obtained, however, the mean 

particle size was 23-24 μm (Figure 3-30 a). Also, slower release of the coated particles 

was observed, as well as no full extraction after two weeks (Figure 3-30 b). Further 

increase to 30 w/w % had similar results regarding the particle size (~25 μm) and the 

stability of the cyantraniliprole formulation (Figure 3-31 a). In this case, no significant 

extraction of cyantraniliprole particles was observed (Figure 3-31 b). 
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Figure 3-29. a) LD measurement of cyantraniliprole formulation with W(MMA:BA) : 

WMillbase = 5% with 10 w/w % initial cyantraniliprole concentration and b) release 

profile of coated cyantraniliprole. Concentration was calculated based on the 

calibration curve obtained by HPLC analysis. 

 

Figure 3-30. a) LD measurement of cyantraniliprole formulation with W(MMA:BA) : 

WMillbase = 10% with 10 w/w % initial cyantraniliprole concentration and b) release 

profile of coated cyantraniliprole. Concentration was calculated based on the 

calibration curve obtained by HPLC analysis. 
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Figure 3-31. a) LD measurement of cyantraniliprole formulation with W(MMA:BA) : 

WMillbase = 15% with 10 w/w % initial cyantraniliprole concentration and b) release 

profile of coated cyantraniliprole. The concentration was calculated based on the 

calibration curve obtained by HPLC analysis. 

 The next series of experiments included the investigation of various solids 

content of cyantraniliprole formulations in phosphate buffer solution (PBS) with pH 

= 7. For this purpose, the 60% acid content macromonomer (1 w/w % with respect to 

cyantraniliprole) was dissolved in PBS and used to disperse cyantraniliprole with 

different solids content, 10, 20 and 30 w/w %. Cyantraniliprole dispersions were stable 

with a mean particle size of 2 μm (Figure 3-32 a), indicating that the amphiphilic 

macromonomer is more efficient when PBS is used. This might be attributed to the 

pH value, which was same before and after the reaction (pH = 7), thus maintaining the 

solubility of the macromonomer. Coating application experiments were taken place 

with W(MMA:BA) : WMillbase = 10% resulting in stable formulations without any sign of 

coagulation. When the cyantraniliprole solids content was equal to 10 or 20 w/w % 

the mean particle size was lower than 10 μm even after 2 weeks. However, increase 

of solids content to 30 w/w % led to a formulation with two different populations of 

cyantraniliprole particles; one with mean particle size of 8-9 μm and a second of 70 

μm (Figure 3-32 b). HPLC analysis of the formulations showed immediate release of 

cyantraniliprole particles after 10 minutes (Figure 3-33). 
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Figure 3-32. LD measurements of a) cyantraniliprole dispersions and b) 

cyantraniliprole formulations stabilized by 60% acid content macromonomer. 

Cyantraniliprole solids content: 10, 20 and 30 w/w%. W(MMA:BA) : WMillbase = 10% 

 

Figure 3-33. HPLC chromatograms of cyantraniliprole formulation in PBS with solids 

content 20 w/w %, showing immediate release of the particles. 

 The encapsulation efficiency and the weight % of cyantraniliprole 

formulations in PBS (Figure 3-34, Table 3-5 in section 3.4.4 Supplementary Figures 

and Tables) was calculated by the following equations: 

                          Weight % CYNT =  
Amount CYNT extracted

Total amount of solids
 x 100              [2] 
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    Encapsulation Efficiency % =  
Amount CYNT extracted

Initial amount CYNT in formulation
 x 100         [3] 

The particle sample was prepared using dried particles at 2 mg mL-1 in 80% 

acetonitrile in water and then sonicated for 30 minutes to release cyantraniliprole from 

latex particles. Subsequently, the sample was filtered to remove any insoluble 

polymeric material. HPLC measurements using the method described previously, 

confirmed the amount of extracted cyantraniliprole. Initial concentration of 

cyantraniliprole was determined by its concentration in the millbase. 

 

Figure 3-34. Weight % of cyantraniliprole and encapsulation efficiency of 

cyantraniliprole formulations in PBS. 

 To observe the morphology of the particles scanning electron microscopy 

(SEM) images were taken. An image of aggregated cyantraniliprole particles is given 

in Figure 3-35. The accumulation of latex particles around cyantraniliprole is 

confirmed in Figures 3-36 & 3-37. Although latex particles enclose cyantraniliprole 

particles and during polymer evaporation lead to a polymeric coating on the particulate 

matter, the excess latex particles form large agglomerates, Figure 3-38. In order to 

remove the excess of latex particles, samples from the formulations were centrifuged 

in a three cycle process. A known amount of formulation was added in a falcon tube 

and deionized water was added. The sample was centrifuged for 15 minutes. After 
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centrifugation the sediment was redispersed in water and the same process was 

followed two more times. Finally, the morphology of coated cyantraniliprole particles 

was observed by SEM, Figures 3-39 & 3-40. 

 

Figure 3-35. SEM image of aggregated cyantraniliprole particles. 

 

Figure 3-36. SEM image of coated cyantraniliprole particle. Latex particle 

accumulation around cyantraniliprole particle. 
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Figure 3-37. SEM image of coated cyantraniliprole particles.  
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Figure 3-38. SEM images of latex particles agglomerates.  
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Figure 3-39. SEM images of coated cyantraniliprole particles after the removal of 

excess latex particles. 
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Figure 3-40. SEM images of coated cyantraniliprole particles after the removal of 

excess latex particles. 
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 3.3 Conclusions 

 In summary, ω-unsaturated macromonomers were synthesized via CCTP and 

were used in the development of stable AI dispersions in an aqueous system. The 

macromonomers were statistical copolymers of various methacrylic acid and butyl 

methacrylate compositions, p(MAA-stat-BMA) and were obtained through the 

hydrolysis of p(tBMA-stat-BMA). Matrix assisted laser desorption-ionization time of 

flight mass spectrometry (MALDI-ToF-MS) was used to confirm that the targeted 

chemical composition of the macromonomers was achieved. 

 The amphiphilic macromonomers were used, in various concentrations, for the 

milling of the anthranilic insecticide, cyantraniliprole. Laser diffraction and optical 

microscopy analysis confirmed the ability of the macromonomers to stabilize and 

disperse cyantraniliprole in aqueous systems (water, PBS). A milling time of 10 

minutes was found to be the optimum in order to develop stable AI dispersions, 

independently of the macromonomer concentration used (with respect to 

cyantraniliprole). 

 Furthermore, investigation on the application of polymeric coating around the 

insecticide particles was conducted through the surfactant-free emulsion 

polymerization of a monomer mixture (MMA : BA =10 : 1) under starved-feed 

conditions. Initial experiments taken place in water (pH adjustment with 2 M aq. KOH 

solution) showed that an increase of [MM] : [CYNT] ratio was required, such the 

macromonomer be able to participate both in the stabilization of cyantraniliprole 

dispersions and the stabilization of the emulsion polymerization process. Moreover, 

the release profile of cyantraniliprole was investigated through an extraction process 

using aq. formic acid solution and a mixture of ethyl acetate and ethanol. Interestingly, 

by increasing the volume of the aqueous phase, slower release of the insecticide to the 

organic phase was observed. 

 In addition, the same process was followed for the application of polymeric 

coating around the insecticide particles in phosphate buffer solution (PBS, pH = 7). 

The reaction proved to proceed more efficiently in PBS rather than water, as no 

coagulation was observed and the obtained formulations retain their stability for more 

than three weeks, based on LD measurements. The weight % of cyantraniliprole in 
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these formulations was over 40% and the encapsulation efficiency higher than 70%, 

as found by HPLC analysis. Finally, scanning electron microscopy (SEM) was used 

to observe the morphology of the coated particles, confirming the accumulation of 

latex particles around cyantraniliprole.  
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 3.4 Experimental section 

 3.4.1 Materials 

 Butyl methacrylate (BMA, 99%), tert-butyl methacrylate (tBMA, 98%), 

methyl methacrylate (MMA, 99%), butyl acrylate (BA, >99%), and potassium 

persulfate (KPS) were purchased from Sigma-Aldrich and used without any further 

purification unless otherwise stated. 2,2'-Azobis(2,4-dimethylvaleronitrile) (V-65 

initiator) was purchased from Wako. Cyantraniliprole was provided by Syngenta UK. 

Bis(boron difluorodimethylglyoximate)cobalt (CoBF) was  synthesized according to 

the literature.39 Laboratory supplies of toluene (Fisher Scientific, Analytical Regent 

Grade), methanol (VWR Chemicals, 100%) were used. 

 3.4.2 Instrumentation and Characterization techniques 

Initial experiments for the milling of cyantraniliprole were taken place using a Branson 

Digital Sonifier (probe model: 102-C). In order to have comparable results, feedback 

regarding the milling equipment was provided by Syngenta, thus IKA Ultra TURRAX 

Disperser was used for the milling process. 

Proton Nuclear Magnetic Resonance (1H NMR) 

1H NMR spectra were recorded on Bruker DPX-300 or DPX-400 spectrometers in 

deuterated chloroform (CDCl3), deuterated dimethyl sulfoxide (DMSO-d6) or 

deuterium oxide (D2O) as obtained from Sigma-Aldrich. Chemical shifts are given in 

ppm downfield from the tetramethylsilane internal standard. 

 Size Exclusion Chromatography (SEC) 

SEC measurements of p(tBMA-stat-BMA) macromonomers were carried out using 

THF as the eluent with an Agilent 390-LC MDS instrument equipped with differential 

refractive index (DRI), viscometry (VS), dual angle light scatter (LS) and dual 

wavelength UV detectors. The system was equipped with 2 x PLgel Mixed C columns 

(300 x 7.5 mm) and a PLgel 5 µm guard column. The eluent was THF with 2% TEA 

(triethylamine) and 0.01% BHT (butylated hydroxytoluene) additives. Samples were 

run at 1 mL / min at 30oC. Poly(methyl methacrylate) standards (Agilent EasyVials) 
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were used to create a third order calibration between 550 g mol-1 and 1,568,000 g mol-

1. Analytical samples were filtered through a GVHP membrane with 0.22 μm pore size 

before injection.  

SEC measurements of pBMA macromonomers were carried out using an Agilent 

Infinity II 1260 MDS instrument equipped with differential refractive index (DRI), 

viscometry (VS), dual angle light scatter (LS) and multiple wavelength UV detectors. 

The system was equipped with 2 x PLgel Mixed C columns (300 x 7.5 mm) and a 

PLgel 5 µm guard column. The eluent was CHCl3 run at 1 ml/min at 30 oC. 

Poly(methyl methacrylate) standards (Agilent EasiVials) were used to create a 3rd 

order calibration between 1,020,000 – 1,840 g mol-1. Analyte samples were filtered 

through 0.22 μm pore size GVHP filters before injection. Respectively, experimental 

molar mass (Mn,SEC) and dispersity (Đ) values of synthesized polymers were 

determined by conventional calibration using Agilent GPC/SEC software. 

SEC characterization of p(MAA-stat-BMA) macromonomers was carried out on an 

Agilent Infinity II MDS instrument, using DMF with 5 mmol NH4BF4 additive as the 

eluent, at 50 °C, and with a flow rate of 1 mL/min. The system was equipped with 

differential refractive index (DRI), viscometry (VS), dual angle light scatter (LS) and 

variable wavelength UV detectors, 2 × PLgel Mixed D columns (300 × 7.5 mm) and 

a PLgel 5 µm guard column. The system was calibrated using poly(methyl 

methacrylate) standards (Agilent EasyVials) with molecular weights in the range of 

550 - 955,000 g mol-1. Prior to injecting the samples, they were filtered through a 

nylon membrane with a pore size of 0.22 µm. 

Respectively, experimental molar mass (Mn,SEC) and dispersity (Đ) values of 

synthesized polymers were determined by conventional calibration using Agilent 

GPC/SEC software (version A.02.01). 

 Matrix-assisted laser desorption/ionization time-of-flight  

MALDI-ToF-MS measurements were conducted using a Bruker Daltonics Ultraflex 

II MALDI-ToF mass spectrometer, equipped with a nitrogen laser delivering 2 ns laser 

pulses at 337 nm with positive ion ToF detection performed using an accelerating 

voltage of 25 kV. Solutions in dimethylformamide (DMF) (50 µL) of trans-2-[3-(4-

tert-butylphenyl)-2-methyl-2-propyldene] malononitrile (DCTB) as a matrix 

https://www.nature.com/articles/srep06803
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(saturated solution), sodium iodide as the cationization agent (1.0 mg mL−1) and 

sample (1.0 mg mL−1) were mixed, and 0.7 µL of the mixture was applied to the target 

plate. Spectra were recorded in reflectron mode calibrated with poly(ethylene glycol) 

monomethyl ether (PEG-Me) 1900 kDa.  

 Laser Diffraction 

Laser diffraction measurements were carried out on a Malvern Mastersizer 2000 in 

wet mode and on an Anton-Paar Particle Size Analyser. Water was used as dispersant. 

The sample was stirred and sonicated for 5 minutes prior to the actual measurement. 

 Optical Microscopy 

Optical microscopy images were taken using a Zeiss STEMI 2000 microscope. To 

prepare the samples for imaging, 5 drops of each sample was added to a vial containing 

4 mL of water. The vial was then vigorously shaken, and 1 drop was pipetted on to a 

microscope slide. A coverslip was put in place and the slide was imaged (20 or 50  

magnification). 

 Scanning Electron Microscopy (SEM) 

SEM was performed using a Zeiss SUPRA 55-VP scanning electron microscope with 

a field emission electron gun (FEG). Best results were obtained when using the InLens 

detector with 3.5 mm working distance, 30 and 20 µm aperture and 0.5-3 kV 

acceleration voltage, with respect to sample tolerance. 1 µL of each sample was 

dissolved in 5 mL of DI water and aliquots of 7 µL were drop cast on silicon wafer 

chips (5 mm × 7 mm) and attached to aluminum specimen stubs. To improve contrast, 

gold sputter coating was applied for 15 seconds prior to imaging. 

 High Performance Liquid Chromatography (HPLC) 

HPLC measurements were carried out on an Agilent 1260 Infinity series stack 

equipped with an Agilent 1260 binary pump and degasser. Samples were injected 

using Agilent 1260 autosampler. The HPLC was fitted with a Kinetex 5U EVO C18 

100 Å column. Detection was achieved using an Agilent 1260 variable wavelength 

detector monitoring at 269 nm. The mobile phase consisted of acetonitrile and water. 

The HPLC method used in this study is already described in section 3.2. 

https://www.nature.com/articles/srep06803
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 Development of calibration method for cyantraniliprole formulations 

Calibrants were made between 0.01 mg mL-1 and 1.00 mg mL-1 in 80% acetonitrile in 

water. The HPLC method used a Kinetex 5U EVO C18 100A short column, using a 

solvent gradient system, Table 3-4. The calibrants were run, along with a blank of 

80% acetonitrile in water, Figure 3-41. The peak of cyantraniliprole is shown to be at 

around 6 minutes. In Figure 3-42 the 5-7 minute range of the same spectra of 

calibrants is shown. By using the integration results from these calibrants a calibration 

curve was generated for cyantraniliprole (Figure 3-43). 

Table 3-4. Development of HPLC method for cyantraniliprole formulations. 

Time (min) A (%) B (%)  

0 90 10  

2 90 10  

8 10 90  

10 10 90  

10.1 90 10  

15 90 10  

A: water, B: acetonitrile. HPLC was operated at 30 oC with a flow rate 1.5 mL min-1. The pressure 

limits were 0-400 bar. Injection volume: 10 μL. λ = 269 nm. 

 

 

Figure 3-41. HPLC chromatograms of cyantraniliprole calibrants in 80% acetonitrile 

in water, run using a Kinetex 5U EVO C18 100A column. 



 

163 

 

 

Figure 3-42. Expanded HPLC spectra of cyantraniliprole calibrants. 

 

Figure 3-43. Calibration curve for cyantraniliprole. 

 

 Drop Shape Analyzer 

Drop Shape Analyzer measurements (pendant drop) were carried out on a Kruss DSA 

100. The SFT of a series of samples with various concentrations of the 80% acid 

content macromonomer was determined. Samples concentration was varied from 40 

μg/L to 12 g/L. 
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 3.4.3 Experimental procedures 

Synthesis of pBMA macromonomers through CCTP in toluene 

In separate round bottom flasks, 4.007 mg of CoBF and 60 mL of methanol were 

degassed for 2 hours. Using a degassed syringe, 50 mL of the methanol was transferred 

to dissolve the CoBF to form a stock solution. To five small Schlenk flasks containing 

a magnetic stirrer, which had been evacuated using a vacuum line and refilled with 

nitrogen, was added 0 µL, 192 µL, 384 µL, 576 µL and 786 µL of the CoBF stock 

solution, and the solvent was removed under reduced pressure, leaving behind a 

known weight of CoBF. To another small Schlenk flask was added 248 mg of V-65 

initiator and 40 mL of toluene, which were degassed by freeze-pump-thawing three 

times. A stock of butyl methacrylate was also degassed using a nitrogen line for 1 

hour. The reaction mixtures were assembled by adding 1.59 mL (1.42 g, 0.01 mol) of 

butyl methacrylate to each of the Schlenk flasks containing CoBF, before 2 mL of the 

initiator solution. These reactions were identical except for the catalyst concentration, 

which ranged: 0, 4, 8, 12 and 16 ppm of CoBF relative to the monomer concentration. 

The Schlenk flasks were freeze-pump-thawed a final three times to ensure any oxygen 

introduced during the solvent transfer was removed before being placed in an oil bath 

at 65ºC for 1 hour with continuous stirring. At the end of this time, the flasks were 

plunged into liquid nitrogen to stop the reactions. Toluene was removed by rotary 

evaporation, and samples were prepared for 1H NMR and SEC analysis. 

 Synthesis of p(tBMA-stat-BMA) macromonomers through CCTP in toluene 

In separate round bottom flasks, 3 mg of CoBF and 60 mL of methanol were degassed 

for 2 hours. Using a degassed syringe 40 mL of the methanol was transferred to 

dissolve the CoBF to form a stock solution. To three small Schlenk flasks containing 

a magnetic stirrer, which had been evacuated using a vacuum line and refilled with 

nitrogen, was added 200 μL of the CoBF stock solution, and the solvent was removed 

under reduced pressure, leaving behind 0.015 mg of CoBF. To another small Schlenk 

flask was added 100 mg of V-65 initiator and 8 mL of toluene, which were degassed 

by freeze-pump-thawing three times. The reaction mixtures were assembled by adding 

2.6 mL (2.275 g, 0.016 mol), 2.28 mL (1.995 g, 0.014 mol), 1.95 mL (1.706 g, 0.012 

mol) of degassed tBMA and 0.64 (0.572 g, 0.004 mol), 0.95 mL (0.849 g, 0.006 mol), 
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1.27 mL (1.135 g, 0.008 mol) of degassed BMA to each of the Schlenk flasks 

containing CoBF, before 2 mL of the initiator solution. The Schlenk flasks were 

freeze-pump-thawed a final three times to ensure any oxygen introduced during the 

solvent transfer was removed before being placed in an oil bath at 65ºC for 1 hour with 

continuous stirring. At the end of this time, the flasks were plunged into liquid nitrogen 

to stop the reactions. Toluene was removed by rotary evaporation, and samples were 

prepared for 1H NMR and SEC analysis. 

 Hydrolysis of tert-butyl groups 

Known quantities of p(tBMAn-stat-BMAm) macromonomers were weighed in to 

separate round bottom flasks and dissolved in DCM. A 5-fold molar excess of TFA 

with respect to the tert-butyl groups was then added to each round bottom flask and 

the reaction was stirred at room temperature for 24 hours with a reflux condenser in 

place. The DCM was then removed by rotary evaporation, and the macromonomers 

were washed with additional DCM and then methanol to remove residual TFA. 

 Preparation of macromonomer stock solution (10w/w %) 

1 g of macromonomer was weighed and placed into a 20 mL vial and 10 mL of water 

was added. To dissolve the macromonomer, 5 drops of 2 M KOH from a Pasteur 

pipette was added and the mixture was left stirring overnight. After total dissolution 

of the macromonomer the pH was measured and found to be 7. In the preparation of 

macromonomer stock solution in PBS (pH = 7) the macromonomer was soluble, thus 

the addition of KOH was not necessary. 

 Dispersion of cyantraniliprole using CCTP macromonomers 

In IKA ultra Turrax BMT-G tubes (total volume capacity 15 mL) cyantraniliprole (1.2 

g, 10 w/w % with respect to total volume of the mixture) was weighed, along with 

glass balls (3 g) for its milling at IKA disperser. The desired amount of macromonomer 

was added from the stock solution and the tube was filled up with deionized water to 

total mass of 12 g (excluding the mass of glass balls). Subsequently, the tube was 

placed at the IKA disperser and the milling process started for the desired amount of 

time using maximum speed mode. The same process was followed when PBS was 

used as the solvent. 
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 Surfactant-free emulsion polymerization of MMA:BA in the presence of 

cyantraniliprole dispersions 

In a typical reaction: In a 50 ml round bottom flask a mixture of methyl methacrylate 

(MMA) and butyl acrylate (BA) in a ratio 10:1 was degassed for 30 minutes. To 

another 50 ml round bottom flask, potassium persulfate (KPS) solution in water was 

degassed for 30 minutes. Meanwhile, the cyantraniliprole dispersion was added to a 

three-necked round bottom flask and was degassed for 1 hour. Then, the three-necked 

round bottom flask was placed in an oil bath at 86 oC and left under stirring for 

approximately 15 minutes. When the temperature of the millbase reached 86 oC, the 

addition of the monomer mixture and the initiator solution started by the use of two 

degassed syringes and a syringe pump (feeding time 22 hours). When the addition was 

over, stirring continued for another 2 h under the same conditions. The reaction was 

terminated by introducing oxygen to the reaction media.  
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 3.4.4 Supplementary Figures and Tables 

 

Figure 3-44. Optical microscopy images of cyantraniliprole dispersions using 60% 

acid content macromonomer. 

 

Figure 3-45. Optical microscopy images of cyantraniliprole dispersions using 70% 

acid content macromonomer. 
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Figure 3-46. Optical microscopy images of cyantraniliprole dispersions using 80% 

acid content macromonomer. 

Table 3-5. Encapsulation efficiency and cyantraniliprole weight % of formulations 

prepared in PBS, using 60% acid content macromonomer. 

[CYNT]0 (w/w %) E. E. (%) CYNT weight %  

10 96 ± 1.6 43 ± 2.8  

20 90 ± 1.9 54 ± 2.1  

30 72 ± 2.4 59 ± 3.3  

[MM] was 1 w/w % with respect to cyantraniliprole and WMMA : BA was 10 w/w % with respect to 

millbase mass. 
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Chapter 4: Photo-induced copper-RDRP 

in continuous flow without external 

deoxygenation 

 

 

Photo-induced Cu-RDRP of acrylates in a continuous flow reactor without the need 

for deoxygenation or addition of external deoxygenation agents. Optimization of the 

catalyst concentration and the flow rate/residence time leads to well-defined 

polyacrylates with controlled molecular weights, excellent initiator efficiency, high 

end-group fidelity polymers and product uniformity, a multifunctional initiator was 

also used to demonstrate the versatility of the system. 
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 4.1 Introduction 

 Controlled radical polymerization (CRP) techniques such as atom-transfer 

radical polymerization (ATRP),1-3 single electron transfer-living radical 

polymerization (SET-LRP),4, 5 reversible addition–fragmentation chain-transfer 

polymerization (RAFT),6-9 and nitroxide-mediated polymerization (NMP),10 have 

expanded the capability of polymer synthesis, allowing access to a plethora of new 

materials.11, 12 Among the benefits, the ability to externally regulate these techniques 

with various stimuli has further expanded the scope of their applications. The use of 

light as a stimulus allows for excellent spatial and temporal control thus expanding 

their applications.13-17  

 Nevertheless, CRP techniques are often not available to undergraduate 

laboratories or those lacking specialist equipment for efficient deoxygenation. Oxygen 

is a radical inhibitor, scavenging both primary and propagating radicals leading to the 

formation of peroxy radicals and hydroperoxides altering irreversibly the reaction 

components (initiator, catalyst, etc.) and having an overall detrimental effect.18-20 

Although the various traditional deoxygenation techniques applied prior to 

polymerization (freeze-pump-thaw, N2/Ar sparging, glove box equipment, etc.) 

provide efficient oxygen removal, they can be disadvantageous due to their high cost 

and implementation time. In order to circumvent this, different approaches have been 

made so as to replace conventional deoxygenation in Cu-mediated reversible 

deactivation radical polymerization 21-27 and photo-induced electron transfer (PET) 

RAFT.28-30 PET-RAFT, has employed various reducing agents (i.e. ascorbic acid,31, 32 

photo-redox catalysts33, 34) which have been successfully used for the efficient removal 

of oxygen in both batch reactions and in continuous flow processes.35  

 Polymerizations in continuous flow (CF) reactors are of interest since they 

have been proved to be efficient alternatives to batch reactions36-39 and by providing 

the ability to produce large volumes in short times,40 have introduced an industrialized 

way of materials production.41, 42 Continuous flow RAFT has been developed and 

exploited, for example by CSIRO where the ingress of oxygen through the tubing was 

problematic and avoided by using steel tubing to prevent quenching of the radical 

process by oxygen,43 and more recently making use of the light penetration of 
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millimetre-size fluoropolymer tubing giving multigrams/kgs of RAFT polymer per 

day.44 In 2013, Haddleton et al reported that a simple, easy to construct, bench-top 

plug flow reactor consisting of PTFE tubing with a Cu(0)-wire was used for the SET-

LRP of methyl acrylate leading to polymers with narrow dispersities and high end-

group fidelity.45 CF processes have been fully exploited when combined with light as 

an external stimulus.37, 46-48 Hawker and coworkers investigated the light-mediated 

polymerization of MMA using four widely available tubing materials giving insights 

into the impact of oxygen diffusivity on polymerization kinetics.49 Junkers and 

colleagues has recently reported on the CF synthesis of core crosslinked star polymers 

via a photo induced copper mediated system. This system required prior nitrogen 

sparging and showed an elegant route to an interesting tool to continuously produce 

star polymers without intermediate purification50 Efficiency of light penetration is 

increased due to the high surface area-to-volume ratio leading to more uniform 

irradiation and resulting in better control over the polymerization.38 As a result, 

significant amounts of polymers are obtained through a user-friendly approach, with 

the ability to easily regulate the reaction parameters (flow rate, residence time, light 

intensity, etc.). On account of this, the scope of CF polymerizations has been expanded 

with the replacement of traditional deoxygenation in PET-RAFT polymerization.30, 51 

However, to the best of our knowledge, there is no example of a photoinduced copper 

mediated process that does not require deoxygenation in CF reactors. The recent 

publications by Liarou, Haddleton and colleagues, which inspired this research, 

demonstrated the importance of all the components for the oxygen consumption in the 

reaction mixture.21, 22  

 In this chapter, the photo-induced Cu-RDRP of acrylates in a continuous flow 

reactor, without the requirement of applying any type of deoxygenation or using 

externally added reagents, is introduced and discussed (Scheme 4-1). Optimization of 

the flow rate/residence time as well as the [EBiB] : [Cu(II)Br2] : [Me6Tren] ratio leads 

to the synthesis of well-defined  poly(acrylates). The versatility of this approach is 

further confirmed with the synthesis of different molar mass polymers (Mn,SEC ~ 2,300 

– 26,000 g mol-1), as well as the synthesis of an 8-arm star pMA homopolymer and 

the high end-group fidelity maintained is demonstrated through nucleophilic thio-

bromine substitution with thioglycerol. 
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Scheme 4-1. Reaction scheme and setup for the photo-induced Cu-RDRP in 

continuous flow with a: EBiB, b: Monomer, c: CuBr2/Me6Tren/DMSO and d: final 

polymer. 
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 4.2 Results and Discussion 

 In order to explore the ability of this system to perform without deoxygenation 

in a continuous flow reactor, methyl acrylate (MA) was used as monomer, ethyl α-

bromoisobutyrate (EBiB) as initiator, tris(2-(dimethylamino)ethyl)-amine (Me6Tren) 

as ligand, Cu(II)Br2 as the copper source, and DMSO as solvent. In this 

chemistry the copper(II) is reduced following photoexcitation of the ligand and 

subsequent energy transfer.52 The copper(I) complex is prone to both oxidation 

and disproportionation.53 Disproportionation leads to copper(0) which is 

susceptible to rapid oxidation.54 One of the primary aims was to design a user-

friendly process, able to provide uniform irradiation for the continuous flow.  

 In this system, the photoexcitation of free ligand (Me6Tren) leads to the 

C-Br bond homolysis of the initiator resulting in an initiating radical, a radical 

cation of the ligand and its analogous counterion, Br-.15 In the presence of 

monomer, the initiating radical mediates the propagation, whereas the 

deactivating species (CuIIBr2/Me6Tren) maintain the control over the 

polymerization. Thus, the stoichiometry of the reagents in the polymerization 

mixture is essential for the production of well-defined polymers. A [Cu(II)Br2] 

: [Me6Tren] = 1:1 ratio means that the whole amount of the ligand is complexed 

with Cu(II)Br2 and therefore the photoactivation will not occur. It was found 

that when this ratio is 1:2, 1:3 and 1:6 the polymerization of MA was proceeded 

in high conversions (90 -95 %), narrow dispersities (1.05 – 1.07), and very good 

agreement between theoretical and experimental Mn value (slightly better when 

the ratio was 1:6), proving that excess of ligand is required for successful 

photoactivation.15 In this work the ratio of [Cu(II)Br2] : [Me6Tren] = 1:6 was 

kept for all the experiments in order to maintain large excess of the ligand. 

 Based on this, initial experiments took place by the preparation of the 

reaction mixture using the ratio [MA] : [I] : [Cu(II)Br2] : [Me6Tren] = [50] : [1] 

: [0.02] : [0.12] and its transfer to a syringe. Consequently, the syringe (wrapped 

with foil) was put in a syringe pump and was connected to a 3 meter PFA tubing 

located in the chamber of a UVP crosslinker with λmax= 365 nm, ending outside 

of the UVP chamber and connected with the foil-wrapped collection vessel. The 
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reaction was conducted by using two different flow rates, 6 and 10 μL/min, 

leading to residence times of 3.25 and 2 hours (which is the time the solution is 

irradiated in the tubing), respectively. The monomer conversion was 89% and 81%, 

respectively, however, aliquots taken from the syringe showed monomer conversion 

of 21% and 10%, indicating that polymerization can occur even before the intended 

irradiation of the solution (Figures 4-1 & 4-2). In order to eliminate the 

polymerization reaction in the syringe, two more reactions were conducted by 

lowering the residence time to 30 and 60 minutes. Although the monomer conversion 

in the syringe was 2% and 3% respectively, the conversion after irradiation was limited 

to 29% for a residence time of 60 minutes and 8% when the solution was irradiated 

for 30 minutes (Figure 4-1 & 4-2). 

 Therefore, a different set-up was required for the preparation of the 

polymerization mixture just before its introduction into the chamber of the UVP 

crosslinker. Consequently, the set-up included a dual syringe pump, a mixing 

tee, 3-meter PFA tubing located in the chamber of the UVP crosslinker with 

λmax= 365 nm, ending outside of the UVP chamber and connected with the foil-

wrapped collection vessel (Scheme 4-2). In this set-up, one syringe contains the 

solution of the complex (Cu(II)Br2, Me6Tren and DMSO) and a second contains 

the monomer/initiator solution (MA/EBiB). 

 

Figure 4-1. Conversion versus residence time plot of the targeted pMA50 showing the 

monomer conversion before and after irradiation under different flow rates. 
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Figure 4-2. 1H NMR spectra of the targeted pMA50 synthesized via photoinduced Cu-

RDRP in continuous flow without deoxygenation. Conversion was determined by 

comparing the integrals of monomeric vinyl protons (~5.7-6.5 ppm) to polymer signal 

(~3.56-3.87 ppm). 

 

Scheme 4-2. Continuous flow reactor setup. 

 Taking into consideration that by using this set-up no polymerization 

could take place before irradiation, the polymerization of MA with targeted DPn 

= 50 was conducted using the ratio [MA] : [I] : [Cu(II)Br2] : [Me6Tren] = [50] : 

[1] : [0.02] : [0.12] with a flow rate of 6 μL/min (residence time = 3.25 hours). 

The monomer conversion, theoretical molecular weight, experimental 
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molecular weight and dispersity values were 87%, 4,000, 4,800 and 1.10 

respectively, whereas no monomer conversion was observed in the syringe 

containing the monomer and the initiator. Building on this, various DPs of pMA 

(DPn = 25, 100 and 200) were targeted under the same conditions (Table 4-1, 

Figure 4-3). Albeit the polymerization was proceeded to acceptable conversions 

for DPn = 25 (88%) and 100 (67%), no polymerization took place when DPn = 

200 was targeted. Thus, further studies were required for the optimization of 

reaction conditions in order to obtain polymers with higher molecular weights. 

Table 4-1. 1H NMR, SEC analysis and flow rates for the pMA with different DPs 

obtained through photoinduced Cu-RDRP in continuous flow without deoxygenation.a 

DP 

Flow 

rate  

(µL/min) 

Residence 

time 

(min) 

Mon. Conv.b 

(%) 

Mn,th. (g 

mol⁻¹) 
Mn,GPC

c Đ 

25 6 3 h 15 88 2,100 2,900 1.11 

50 6 3 h 15 87 4,000 4,500 1.08 

100 6 3 h 15 67 6,000 6300 1.16 

200 6 3 h 15 0 - - - 

a In all polymerizations, the volume ratio of monomer to solvent was maintained 1 : 1 and [I] : 

[Cu(II)Br2] : [Me6Tren] = [1] : [0.02] : [0.12]. b Conversion was calculated via 1H NMR 

in d-CHCl3. c Determined by THF-SEC analysis and expressed as molecular weight equivalents to 

pMMA narrow molecular weight standards. 

 

 

Figure 4-3. THF-SEC derived molecular weight distributions of pMA with targeted 

DPn=25-100 synthesized via non-deoxygenated photoinduced Cu-RDRP in 

continuous flow. 
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 Based on the findings in the batch system (near-quantitative conversion 

after ~ 2.5 hours) (Figure 4-4), the polymerization of MA with targeted DPn = 

200 was conducted using the ratio [MA] : [I] : [Cu(II)Br2] : [Me6Tren] = [200] 

: [1] : [0.02] : [0.12] with a flow rate = 8 μL/min (residence time = 2.5 hours).  

 

Figure 4-4. THF-SEC derived molecular weight distributions for targeted pMA200 

synthesized in batch process without deoxygenation for 3 h in the UVP crosslinker 

with [MA] : [I] : [Cu(II)Br2] : [Me6Tren] = [200] : [1] : [0.02] : [0.12]. The results 

obtained were: conversion 97%, Ɖ = 1.18 and Mn,SEC=22,300 (Mn,th.= 16,900 g mol-1). 

 In contrast to the equivalent batch process, no polymerization took place. 

In a batch reaction the headspace is eliminated by conducting the reaction in a 

fully filled reaction vessel. However in the continuous flow set up the presence 

of oxygen is significant since it can be found dissolved in the reaction solution 

or localized in the tubing acting as “headspace”, therefore it could decelerate 

the oxygen consumption process and ultimately the polymerization reaction. 

Liarou and Haddleton et al. have reported previously that in a batch reaction 

with 20 or 12 mL of headspace, oxygen did not fully consumed even after 1 

hour, thus affecting the reaction time.21 In another work from the same group it 

was reported that an increase of the copper complex concentration contributed 

to fast oxygen consumption.22 It is noted that copper(II) salts are classified as 

“Generally Regarded As Safe” (GRAS) compounds by the FDA. Based on these 

findings, we hypothesized that increasing both the concentration of Cu(II)Br2 

and Me6Tren with respect to initiator, faster oxygen consumption could 
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contribute to an acceptable conversion of monomer to polymer. However, no 

polymerization was seen under these conditions. The lack of polymerization 

(Table 4-2, entries 1&2) was attributed to the low amounts of copper complex 

which proved insufficient to both participate in oxygen consumption and 

generate active species for the polymerization. Although the ratio [Cu(II)Br2] : 

[Me6Tren] = [0.04] : [0.24] resulted in zero monomer conversion (Table 4-2, entry 

2), it resulted in 46% monomer conversion when 6 μL/min was applied, which further 

corroborates that longer reaction times are required when the headspace cannot be 

eliminated. In order to overcome this, higher amounts of the copper complex 

were used with [Cu(II)Br2] : [Me6Tren] = [0.08] : [0.48], yielding pMA200 with 

46% monomer conversion (Table 4-2, entry 3, Figure 4-5). 

Table 4-2. 1H NMR and SEC analysis for all the non-deoxygenated photoinduced Cu-

RDRP with different [Cu(II)Br2] : [Me6Tren] ratios for pMA200.
 a,b 

Entry 
[I] : [CuBr₂] 

: [Me₆Tren] 

Mon. Conv. c 

(%) 
Mn,th. (g mol⁻¹) Mn,GPC

d Đ 

1 1 : 0.02 : 0.12 0 - - - 

2 1 : 0.04 : 0.24 0 - - - 

3 1 : 0.08 : 0.48 46 8,100 11,200 1.16 

4 1 : 0.16 : 0.96 77 13,500 13,600 1.17 

5 1 : 0.32 : 1.92 75 13,100 14,000 1.23 
a In all polymerizations, the volume ratio of monomer to solvent was maintained 1 : 1. b Flow rate 8 

μL/min. c Conversion was calculated via 1H NMR in d-CDCl3. d Determined by THF SEC analysis 

and expressed as molecular weight equivalents to pMMA narrow molecular weight standards. 

 The deviations between theoretical and experimental Mn values for the 

latter might be attributed to the oxygen consumption, taking place at this stage 

of the polymerization, leading to a reduction of initiator efficiency. As low 

monomer conversion and initiator efficiency were obtained, we envisaged that 

further increase of the copper complex concentration was needed in order to 

achieve sufficient oxygen consumption and higher monomer conversions. 

Consequently, [Cu(II)Br2] : [Me6Tren] = [0.16] : [0.96] was used, resulting in 

77% monomer conversion, good agreement between theoretical and 

experimental molecular weights (Mn,SEC = 13,600, Mn, th. = 13,500) and low 

dispersity (Ɖ = 1.17) (Table 4-2, entry 4, Figures 4-5 & 4-6). Interestingly, the  
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Figure 4-5. SEC derived molecular weight distributions for targeted pMA200 

synthesized via non-deoxygenated photoinduced Cu-RDRP in continuous flow with 

different [Cu(II)Br2] : [Me6Tren] ratios. 

 

Figure 4-6. 1H NMR of targeted pMA200 synthesized via photoinduced Cu-RDRP in 

continuous flow without deoxygenation. Conversion (77%) was determined by 

comparing the integrals of monomeric vinyl protons (~5.7-6.5 ppm) to polymer signal 

(~3.56-3.87 ppm). 
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continuous flow process provided high initiator efficiency when compared with 

a batch process, where deviations between experimental and theoretical Mn 

values were present (Figure 4-4).22 It is noteworthy that when higher amounts 

of Cu(II)Br2 and Me6Tren were used (0.32 eq. and 1.92 eq., respectively), a 

slightly higher dispersity was observed (Ɖ = 1.23) and no further increase in the 

monomer conversion was obtained (Figure 4-5, Table 4-2, entry 5). Hence, the 

ratio [EBiB] : [Cu(II)Br2] : [Me6Tren] = [1] : [0.16] : [0.96] was selected for 

further investigation of this non-deoxygenated system in continuous flow 

process (Table 4-2, entry 4). 

 Consequently, identical samples were prepared and polymerized with different 

flow rates leading to different residence times (Table 4-3). MA with targeted DPn = 

200 was polymerized with [EBiB] : [Cu(II)Br2] : [Me6Tren] =[1] : [0.16] : [0.96] 

(Figure 4-7). Initially, a flow rate of 80 μL/min resulted in a residence time of 15 

minutes. The monomer conversion was as low as 4%, indicating that longer residence 

times are required for the polymerization to proceed to acceptable conversions. 

Therefore, a flow rate of 40 μL/min led to an increase of the monomer conversion to 

16% (Table 4-3, entry 2) and continued to increase steadily for all the samples with 

residence times up to 200 minutes (Table 4-3, entries 2-9, Figure 4-8 & 4-9), where 

good control over the polymerization was achieved, with low dispersities and good 

agreement between Mn,th and Mn,SEC suggesting good initiator efficiency (Figure 4-7 

& Figure 4-10). The monomer conversion reached its highest value (85%), when a 

flow rate of 6 μL/min was used. In order to achieve even higher conversions, lower 

flow rates (longer residence times) were used. When a flow rate of 5 μL/min was used, 

the results were similar to 6 μL/min (Table 4-3, entry 9). With flow rates of 4 μL/min 

and 2 μL/min, the monomer conversion remained constant at 84-85%, but higher 

MWts were obtained (Table 4-3, entry 11&12). This might be attributed to the 

prolonged residence times in the reactor and the extended exposure to oxygen, which 

can induce termination events.  
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Table 4-3. 1H NMR and SEC analysis for the non-deoxygenated photo-induced Cu-

RDRP conducted under different flow rates for pMA200.
a 

Entry 
Flow rate 
(µL/min) 

Res. 
Time 
(min) 

Mon. 
Conv.b (%) 

Mn,th. (g 
mol⁻¹) 

Mn,GPC
c Đc 

1 80 15 4 - - - 

2 40 30 16 - - - 

3 30 40 30 5,400 5,500 1.08 

4 20 60 39 6,900 8,200 1.18 

5 15 80 56 9,800 9,200 1.20 

6 12 100 59 10,400 11,900 1.20 

7 10 120 69 12,100 12,800 1.19 

8 8 150 77 13,500 13,600 1.17 

9 6 200 85 14,800 14,300 1.15 

10 5 240 84 14,700 14,300 1.15 

11 4 300 85 14,800 15,400 1.21 

12 2 600 84 14,700 16,400 1.23 
a In all polymerizations, the volume ratio of monomer to solvent was maintained 1 : 1 and [EBiB] : 

[Cu(II)Br2] : [Me6Tren] =[1] : [0.16] : [0.96]. b Conversion was calculated via 1H NMR in d-CDCl3. c 

Determined by THF SEC analysis and expressed as molecular weight equivalents to pMMA narrow 

molecular weight standards. 

 

Figure 4-7. THF-SEC derived molecular weight distributions showing the evolution 

of MWts. 
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Figure 4-8. 1H NMR spectra of the –Br terminated pMA200 showing the conversion of 

MA with increased residence times. Conditions : [MA] : [I] : [Cu(II)Br2] : [Me6Tren] 

= [200] : [1] : [0.16] : [0.96]. 

 

Figure 4-9. Kinetic plots of ln[M0/Mt] (right, red) and conversion (left, dark cyan) 

versus residence time. Conditions: [EBiB] : [Cu(II)Br2] : [Me6Tren] = [1] : [0.16] : 

[0.96]. 
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Figure 4-10. Plots of Mn versus conversion (left, green) and dispersity (Ɖ) versus 

conversion (right, blue). Conditions: [EBiB] : [Cu(II)Br2] : [Me6Tren] = [1] : [0.16] : 

[0.96]. 

 Furthermore, the molecular characteristics of the sample run at different times 

in the reactor were the same for the whole volume of the polymer, corroborating the 

uniformity of the system. In all cases, polymers have shown almost identical monomer 

conversions (84 - 85%), as well as molecular weights and dispersities (Mn = 15,400 – 

15,700 and Ð = 1.15 – 1.19) independently of collection time (Table 4-4, Figure 4-

11). These results confirm that after the total oxygen consumption at the early stages 

of the polymerization, oxygen diffusion through the tubing during the reaction cannot 

have significant effects on the polymerization. 

 A further requirement for a controlled radical polymerization is the retention 

of the chain end, which enables the functionalization of the obtained polymers.55 In 

order to explore the ω-Br functionality in this system, matrix assisted laser desorption-

ionization time-of-flight mass spectrometry (MALDI-ToF-MS) was employed for 

pMA25,
56 revealing a predominant single peak distribution corresponding to the 

bromine-capped polymer chains (Figure 4-12b, c), with a calculated mass for bromine 

terminated polymer with DPn = 25 of 2369.9 Da and an observed mass of 2370.1 Da. 

A small second distribution observed was attributed to a small degree of fragmentation 

during the MALDI-ToF-MS process. Since this suggested that the active end-groups 

were preserved, thioglycerol was used for the thio-bromine substitution of the well- 
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Table 4-4. 1H NMR and SEC analysis for pMA200 passed through the tubing reactor 

at different timeframes and obtained through photoinduced Cu-RDRP in continuous 

flow without deoxygenation.a 

Time after first 

elution 

Mon. Conv. b 

(%) 

M
n,th.

 

(g mol⁻¹) 
M

n,SEC

c Đ 

5 min 84 14,700 15,700 1.18 

10 min 84 14,700 15,500 1.19 

30 min 85 14,800 15,600 1.18 

45 min 85 14,800 15,500 1.17 

1 h 85 14,800 15,500 1.19 

2 h 85 14,800 15,400 1.15 

3 h 85 14,800 15,500 1.18 
a In all polymerizations, the volume ratio of monomer to solvent was maintained 1 : 1 and [EBiB] : 

[Cu(II)Br2] : [Me6Tren] = [1] : [0.16] : [0.96]. 
b Conversion was calculated via 1H NMR in CDCl3.  
c Determined by THF SEC analysis and expressed as molecular weight equivalents to pMMA narrow 

molecular weight standards. 

 

 

Figure 4-11. THF- SEC derived molecular weight distributions for pMA200 passed 

through the tubing reactor at different times. Conditions : [MA] : [I] : [Cu(II)Br2] : 

[Me6Tren] = [200] : [1] : [0.16] : [0.96]. 
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defined pMA25 so as to introduce a different functionality for the non-deoxygenated 

polymer (Figure 4-12a). Thus, 1 mol equivalent of pure pMA25 was dissolved in 

methyl ethyl ketone and 1.5 equivalents of 1-thioglycerol in the presence of 

triethylamine (1.5 eq.) were added and left under stirring for 2 hours. After the thio-

bromine substitution, MALDI-ToF-MS showed full shift of the -Br terminated chains 

and revealed the thioglycerol-functionalized pMA25 (Figure 4-12 c & d and Figure 

4-13), with a calculated mass of 2397.0 Da and an observed mass of 2397.3 Da. The  

 

Figure 4-12. a) Reaction scheme for the thio-bromine substitution of pMA25 with 

thioglycerol and MALDI-ToF spectra for b), c) -Br substituted pMA25 and d), e) -

thioglycerol substituted pMA25 
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Figure 4-13. 1H NMR spectra of the –Br terminated pMA25 (top) and thioglycerol 

terminated pMA25 (bottom). 

single peak distribution observed for the substituted pMA, corroborated our 

hypothesis that the small distribution observed in the –Br capped sample corresponded 

to the MALDI-ToF-MS process. 

 In order to examine the ability to produce different molar masses, various DPs 

of pMA (25-400) were targeted with [Cu(II)Br2] : [Me6Tren] = [0.16] : [0.96]. Since 

the production of different molar masses requires different polymerization times, 
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different flow rates (residence times) were applied for this purpose (Table 4-5). As a 

result, molecular weights from 2,300 to 26,400 g mol-1 were achieved (Figure 4-14).  

Table 4-5. 1H NMR, SEC analysis and flow rates for the pMA with different DPs 

obtained through photoinduced Cu-RDRP in continuous flow without deoxygenation.a 

DP 

Flow 

rate  

(µL/min) 

Residence 

time 

Mon. 

Conv.b 

(%) 

Mn,th. 

(g mol⁻¹) 
Mn,GPC

c Đ 

25 6 
3 h 15 

min 
99 2,300 2,300 1.12 

50 6 
3 h 15 

min 
97 4,400 4,300 1.12 

200 6 
3 h 15 

min 
85 14,800 14,300 1.15 

400 3 
6 h 30 

min 
72 25,000 26,400 1.28 

a In all polymerizations, the volume ratio of monomer to solvent was maintained 1 : 1.  
b Conversion was calculated via 1H NMR in d-CHCl3.  
c Determined by THF-SEC analysis and expressed as molecular weight equivalents to pMMA narrow 

molecular weight standards. 

 

 

Figure 4-14. THF-SEC derived molecular weight distributions of pMA with targeted 

DPn=25-400 synthesized via non-deoxygenated photoinduced Cu-RDRP in 

continuous flow. 
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 As discussed previously and recently reported, all the components of this 

system contribute to the oxygen consumption. Thus, when higher DPs are targeted the 

initiator and catalyst concentrations are lower and in combination with the extended 

exposure to oxygen can affect the initiator efficiency and compromise the monomer 

conversion. The latter was observed in the case of pMA with targeting DPn = 400, 

where the residence time was 6 hours and 40 minutes, leading to monomer conversion 

of 72% and small deviations between theoretical and experimental Mn values. 

 Apart from various molar masses, the non-deoxygenated CF polymerization of 

hydrophobic and hydrophilic monomers was examined with n-butyl acrylate (n-BA) 

and poly(ethylene glycol) methyl ether acrylate (PEGA480). The polymerizations of n-

BA and PEGA480 with targeted DPn = 50 and 20 respectively, were attempted using 

[Cu(II)Br2 ] : [Me6Tren] = [0.02] : [0.12]. With a flow rate of 6 μL/min, the conversion 

of n-BA to p(n-BA) was 53% with good agreement between theoretical and 

experimental Mn values (Table 4-6, Figure 4-15). For the polymerization of PEGA480 

with a flow rate of 4 μL/min the monomer conversion was 87% and the experimental 

Mn value was twice the theoretical indicating dimerization of the polymer (Table 4-6, 

Figure 4-16). The outcome of these polymerizations is that both hydrophobic and 

hydrophilic monomers are compatible with this CF system. Thus, the polymerizations 

were repeated with the optimum conditions of [Cu(II)Br2] : [Me6Tren] = [0.16] : [0.96]  

Table 4-6. 1H NMR, SEC analysis and flow rates for pBA with targeted DPn = 50 and 

pPEGA480 with targeted DPn = 20 through photoinduced Cu-RDRP in continuous flow 

without deoxygenation.a 

Polymer 

Flow 

rate 

(µL/min) 

Residence 

time 

(hours) 

Mon. 

Conv.b 

(%) 

Mn,th. 

(g mol⁻¹) 
Mn,GPC

c Đ 

pBAd 6 3.25 53 3,600 3,700 1.29 

pBAe 6 3.25 95 6,300 6,300 1.16 

pPEGA480
d 4 6 87 8,500 16,900 1.18 

pPEGA480
e 6 3.25 80 7,900 10,100 1.14 

a In all polymerizations, the volume ratio of monomer to solvent was maintained 1 : 1.  
b Conversion was calculated via 1H NMR in d-CHCl3.  
c Determined by THF-SEC analysis and expressed as molecular weight equivalents to pMMA narrow 

molecular weight standards. 
d [Cu(II)Br2] : [Me6Tren] = [0.02] : [0.12] 
e [Cu(II)Br2] : [Me6Tren] = [0.16] : [0.96] 
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with a flow rate of 6 μL/min for both n-BA and PEGA480, leading to polymers with 

good agreement between theoretical and experimental Mn values, low dispersities (Ɖ 

= 1.14-1.16) and high conversions (Table 4-6, Figures 4-17 to 4-20). 

 

Figure 4-15. THF-SEC derived molecular weight distributions and molecular 

characteristics of p(n-BA)50 synthesized via non-deoxygenated photoinduced Cu-

RDRP in continuous flow, using [Cu(II)Br2] : [Me6Tren] = [0.02] : [0.12] with a flow 

rate of 6 μL/min. 

 

Figure 4-16. THF-SEC derived molecular weight distributions and molecular 

characteristics of targeted p(PEGA480)20 synthesized via non-deoxygenated 
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photoinduced Cu-RDRP in continuous flow, using [Cu(II)Br2] : [Me6Tren] = [0.02] : 

[0.12] with a flow rate of 4 μL/min. 

 

Figure 4-17. THF-SEC derived molecular weight distributions and molecular 

characteristics of p(n-BA)50 synthesized via non-deoxygenated photoinduced Cu-

RDRP in continuous flow, using the optimum conditions of [Cu(II)Br2] : [Me6Tren] = 

[0.16] : [0.96] with a flow rate of 6 μL/min. 

 

Figure 4-18. THF-SEC derived molecular weight distributions and molecular 

characteristics of targeted p(PEGA480)20 synthesized via non-deoxygenated 

photoinduced Cu-RDRP in continuous flow, using the optimum conditions of 

[Cu(II)Br2] : [Me6Tren] = [0.16] : [0.96] with a flow rate of 6 μL/min. 
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Figure 4-19. 1H NMR of p(n-BA)50 synthesized via photoinduced Cu-RDRP in 

continuous flow without deoxygenation, using the optimum conditions of [Cu(II)Br2] 

: [Me6Tren] = [0.16] : [0.96] with a flow rate of 6 μL/min. Conversion (95%) was 

determined by comparing the integrals of monomeric vinyl protons (~5.7-6.5 ppm) to 

polymer signal (~4-4.3 ppm). 

 

Figure 4-20. 1H NMR of targeted p(PEGA480)20 synthesized via photoinduced Cu-

RDRP in continuous flow without deoxygenation, using the optimum conditions of 

[Cu(II)Br2] : [Me6Tren] = [0.16] : [0.96] with a flow rate of 6 μL/min. Conversion 
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(80%) was determined by comparing the integrals of monomeric vinyl protons (~5.7-

6.5 ppm) to polymer signal (~4-4.3 ppm). 

 In addition to the synthesis of linear polymers, we were interested in different 

architectures, since their properties have gained a lot of academic and industrial 

interest.57, 58 For this purpose, an 8-arm initiator (octa-O-isobutyryl bromide lactose 

initiator) was used for the synthesis of a pMA star homopolymer with targeted 

DPn=200. Following [Cu(II)Br2] : [Me6Tren] = [0.16] : [0.96] and 6 μL/min flow rate, 

a well-defined pMA star was obtained (Scheme 4- 3, Figures 4-21 & 4-22). It is noted 

that for the synthesis of star polymers the ratio of [Cu(II)Br2] : [Me6Tren] is attributed 

to the amount required for each active centre of the initiator. In this case, where an 8-

arm initiator was used, each active centre requires 1/8 of the total amount of the 

complex. Thus, each arm of the pMA star homopolymer with targeted DPn = 200, 

consists of 25 monomeric units of MA.  

 

 

Scheme 4-3. Reaction scheme for the synthesis of 8-arm pMA200 star homopolymer 

through non-deoxygenated photoinduced Cu-RDRP in continuous flow with 

[Cu(II)Br2] : [Me6Tren] = [0.16] : [0.96] and 6 μL/min flow rate. 
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Figure 4-21. THF-SEC derived molecular weight distributions and molecular 

characteristics of the 8-arm pMA200 star polymer synthesized via non-deoxygenated 

photoinduced Cu-RDRP in continuous flow with [Cu(II)Br2] : [Me6Tren] = [0.16] : 

[0.96] and 6 μL/min flow rate. 

 

Figure 4-22. 1H NMR and scheme of the 8-arm pMA200 star polymer synthesized via 

non-deoxygenated photoinduced Cu-RDRP in continuous flow with [Cu(II)Br2] : 

[Me6Tren] = [0.16] : [0.96] and 6 μL/min flow rate.  
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 4.3 Conclusions 

 In this chapter, a photo-induced Cu-RDRP of acrylates in continuous flow 

without the addition of extrinsic oxygen scavengers or reducing agents, is presented 

and discussed. The photo reduction of copper(II) and subsequent disproportion of 

copper(I) to copper(0) provide a regenerating process which results in the rapid 

consumption of oxygen. Low polymer dispersities, control over the molecular weights 

and high monomer conversions were obtained, after optimization of the copper 

catalyst loadings and residence times. Without external deoxygenation, good initiator 

efficiency was evident and high end-group fidelity was maintained, allowing for post 

polymerization modification. The robustness of the system is further corroborated 

with the synthesis of sophisticated architectures, as well as hydrophobic and 

hydrophilic polymers through a user-friendly setup. 
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 4.4 Experimental section 

 4.4.1 Materials 

 Methyl acrylate (MA, 99%), n-butyl acrylate (n-BA), poly(ethylene glycol) 

methyl ether acrylate (PEGA480), ethyl α-bromoisobutyrate (EBiB, 98%), copper(II) 

bromide (Cu(II)Br2, 99%) and dimethyl sulfoxide (DMSO) were purchased from 

Sigma-Aldrich and used as received unless otherwise stated. Tris-(2-

(dimethylamino)ethyl)amine (Me6Tren) was synthesized according to the literature 

and stored in the fridge.59 

 4.4.2 Instrumentation and Characterization techniques 

 Proton Nuclear Magnetic Resonance (1H NMR) 

1H NMR spectra were recorded on Bruker DPX-300 or DPX-400 spectrometers in 

deuterated chloroform (CDCl3) or deuterium oxide (D2O) obtained from Sigma-

Aldrich. Chemical shifts are given in ppm downfield from the internal standard 

tetramethylsilane. Monomer conversions were determined via 1H NMR spectroscopy 

by comparing the integrals of monomeric vinyl protons to polymer signals.  

 Size Exclusion Chromatography (SEC) 

 SEC measurements were carried out using THF as the eluent with an Agilent 390-LC 

MDS instrument equipped with differential refractive index (DRI), viscometry (VS), 

dual angle light scatter (LS) and dual wavelength UV detectors. The system was 

equipped with 2 x PLgel Mixed C columns (300 x 7.5 mm) and a PLgel 5 µm guard 

column. The eluent was THF with 2% TEA (triethylamine) and 0.01% BHT (butylated 

hydroxytoluene) additives. Samples were run at 1 mL / min at 30oC. Poly(methyl 

methacrylate) standards (Agilent EasiVials) were used to create a third order 

calibration between 550 g mol-1 and 1,568,000 g mol-1. Analytical samples were 

filtered through a GVHP membrane with 0.22 μm pore size before injection. 

Respectively, experimental molar mass (Mn,SEC) and dispersity (Đ) values of 

synthesized polymers were determined by conventional calibration using Agilent 

GPC/SEC software (version A.02.01). 
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 Matrix-assisted laser desorption/ionization time-of-flight  

MALDI-ToF-MS measurements were conducted using a Bruker Daltonics Ultraflex 

II MALDI-ToF mass spectrometer, equipped with a nitrogen laser delivering 2 ns laser 

pulses at 337 nm with positive ion ToF detection performed using an accelerating 

voltage of 25 kV. Solutions in tetrahydrofuran (THF) (50 µL) of trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propyldene] malononitrile (DCTB) as a matrix (saturated 

solution), sodium iodide as the cationization agent (1.0 mg mL−1) and sample (1.0 mg 

mL−1) were mixed, and 0.7 µL of the mixture was applied to the target plate. Spectra 

were recorded in reflectron mode calibrated with poly(ethylene glycol) monomethyl 

ether (PEG-Me) 1900 kDa.  

 Continuous flow reactor setup 

All of the tubing, connections, fittings and ferrules were purchased from Thames 

Restek. The dual syringe infusion pump was purchased from kD Scientific (model 

LEGATO® 101). The tubing reactors and the connecting tubing were made of PFA 

(1/16” × 1.0 mm ID). The length of tubing that was used for the reaction was 3 m. For 

best mixing results a Cheminert mixing tee 1/4”- 28 for 1/16” tubing, 0.75 mm bore, 

CTFE was used. As light source, a UVP ultraviolet crosslinker from Analytic Jena 

(model CL-1000) with λmax = 365 nm was used. A septum-sealed glass vial was 

wrapped with foil, connected with the tubing reactor and used as collection vessel.  

 4.4.3 Experimental procedures 

 Typical procedure for the synthesis of pMA50 in continuous flow without 

deoxygenation, using one syringe. 

In a vial containing a previously sonicated solution of Cu(II)Br2 (5 mg, 0.02 eq.), 

Me6Tren (35.3 μL, 0.12 eq.) and 5 mL DMSO, MA (5 mL, 50 eq.) and EBiB (162 μL, 

1 eq.) were added and transferred to a 10 mL syringe. The syringe was wrapped with 

foil and was connected to the female Luer adaptors of the tubing and adjusted to the 

pump. The continuous flow polymerization was left to commence in the UVP 

crosslinker chamber under λmax = 365 nm. The sample was collected in a sealed and 

foil-wrapped vial, connected with the tubing reactor (similar as Scheme 4-2 but using 

one syringe). Conversions were measured using 1H NMR in CDCl3 and SEC analysis 

https://www.nature.com/articles/srep06803
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was conducted in THF after the samples having been passed through neutral alumina 

for the removal of copper salts. 

The same procedure was followed for the synthesis of pMA with targeted DPn = 25, 

100 and 200. The flow rate was adjusted according to the desired residence time. 

 Calculation of the amounts of the reagents 

For 5 mL (monomer) scale reaction with [EBiB] : [Me6Tren] : [Cu(II)Br2] = [1] : 

[0,18] : [0.02]. 

DPn = [M]0 / [I]0 (conversion).  

Assuming full conversion: Targeted DPn = [M]0 / [I]0, where [M]0 is the concentration 

of the monomer and [I]0 the concentration of the initiator. 

mMA (g) = dMA (g mL-1) VMA (mL), nMA (mol) = mMA (g) / MrMA (g mol-1) 

nEBiB (mol) = nMA (mol) / DPn, mEBiB (g) = nEBiB (mol) MrEBiB (g mol-1),  

VEBiB (mL) = mEBiB (g) / dEBiB (g mL-1) 

nCu(II)Br2 (mol) = nEBiB (mol) 0.02, mCu(II)Br2 (g) = nCu(II)Br2 (mol) MrCu(II)Br2 (g mol-1) 

nMe6Tren = nEBiB (mol) 0.18, mMe6Tren (g)= nMe6Tren (mol) MrMe6Tren (g mol-1), 

VMe6Tren (mL) = mMe6Tren (g) / dMe6Tren (g mL-1) 

 Typical procedure for the synthesis of pMA200 in continuous flow without 

deoxygenation, using two syringes.  

A 5 mL plastic syringe was charged with a previously sonicated solution of Cu(II)Br2 

(10 mg, 0.16 eq.), Me6Tren (70 μL, 0.96 eq.) and 5 mL DMSO and a second 5 mL 

plastic syringe was charged with MA (5 mL, 200 eq.) and EBiB (40 μL, 1 eq.). The 

two syringes were wrapped with foil and were connected to the female Luer adaptors 

of the tubing and adjusted to the pump. The continuous flow polymerization was left 

to commence in the UVP crosslinker chamber under λmax = 365 nm. The sample was 

collected in a sealed and foil-wrapped vial, connected with the tubing reactor (Scheme 

4-2). Conversions were measured using 1H NMR in CDCl3 and SEC analysis was 
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conducted in THF after the samples having been passed through neutral alumina for 

the removal of copper salts. 

The same procedure was followed for the synthesis of pMA with targeted DPn = 25, 

50 and 400. The flow rate was adjusted according to the desired residence time. 

 Thio-bromine substitution for the functionalization of pMA25. 

In a vial containing stirring bar, purified pMA25 (1 g, 0.43mmol, 1 mol eq.) was 

dissolved in methyl ethyl ketone and 1-thio glycerol (55 μL, 0.63 mmol, 1.5 eq.) and 

triethylamine (89 μL, 0.63 mmol, 1.5 eq.) were added. The mixture left under stirring 

for 2 hours. Aliquots were taken for 1H NMR and mass spectroscopy analysis.  

 Typical procedure for the synthesis of p(n-BA)50 in continuous flow without 

deoxygenation. 

A 5 mL plastic syringe was charged with a previously sonicated solution of Cu(II)Br2 

(25 mg, 0.16 eq.), Me6Tren (179 μL, 0.96 eq.) and 5 mL DMSO and a second 5 mL 

plastic syringe was charged with n-BA (5 mL, 50 eq.) and EBiB (102 μL, 1 eq.). The 

two syringes were wrapped with foil and were connected to the female Luer adaptors 

of the tubing and adjusted to the pump. The continuous flow polymerization was left 

to commence in the UVP crosslinker chamber under λmax = 365 nm. The sample was 

collected in a sealed and foil-wrapped vial, connected with the tubing reactor. 

Conversions were measured using 1H NMR in CDCl3 and SEC analysis was conducted 

in THF after the samples having been passed through neutral alumina for the removal 

of copper salts. 

 Typical procedure for the synthesis of p(PEGA480)20 in continuous flow without 

deoxygenation. 

A 5 mL plastic syringe was charged with a previously sonicated solution of Cu(II)Br2 

(20 mg, 0.16 eq.), Me6Tren (146 μL, 0.96 eq.) and 5 mL DMSO and a second 5 mL 

plastic syringe was charged with PEGA480 (5 mL, 50 eq.) and EBiB (83 μL, 1 eq.). 

The two syringes were wrapped with foil and were connected to the female Luer 

adaptors of the tubing and adjusted to the pump. The continuous flow polymerization 

was left to commence in the UVP crosslinker chamber under λmax = 365 nm. The 
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sample was collected in a sealed and foil-wrapped vial, connected with the tubing 

reactor. Conversions were measured using 1H NMR in CDCl3 and SEC analysis was 

conducted in THF after the samples having been passed through neutral alumina for 

the removal of copper salts. 

 Typical procedure for the synthesis of 8-arm star pMA homopolymer in 

continuous flow without deoxygenation. 

A 5 mL plastic syringe was charged with a previously sonicated solution of Cu(II)Br2 

(2 mg, 0.16 eq.), Me6Tren (14 μL, 0.96 eq.) and 5 mL DMSO and a second 5 mL 

plastic syringe was charged with 4 mL DMSO, MA (1 mL, 200 eq.) and 8-arm initiator 

(83.6 mg, 1 eq.). The two syringes were wrapped with foil and were connected to the 

female Luer adaptors of the tubing and adjusted to the pump. The continuous flow 

polymerization was left to commence in the UVP crosslinker chamber under λmax = 

365 nm. The sample was collected in a sealed and foil-wrapped vial, connected with 

the tubing reactor. Conversions were measured using 1H NMR in CDCl3 and SEC 

analysis was conducted in THF after the samples having been passed through neutral 

alumina for the removal of copper salts. 

Purification of pMA homopolymers. 

Following the completion of the reaction pMA homopolymer was precipitated in cold 

H2O/methanol mixture with volume ratio of 1:4 under stirring. Removal of the solvent 

mixture was followed by the dissolution of the polymer in THF and addition of 

MgSO4. Subsequently, THF was removed under reduced pressure using a rotary 

evaporator and the polymer was dried in a vacuum oven at 40 oC for 2 days. 

 Purification of p(n-BA)50 homopolymer. 

The polymerization of n-BA in DMSO resulted in a biphasic system with a polymer 

rich bottom phase and solvent rich (and residual monomer) top phase. The solvent 

phase was removed and the polymer was dissolved in minimal amount of THF. After 

dissolution the polymer was precipitated in water methanol mixture and the process 

was continued as described for the pMA homopolymers. 
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 Purification of p(PEGA480)20 homopolymer. 

The purification of p(PEGA480)20 was achieved through dialysis against water for 5 

days and the polymer was obtained after freeze drying for 2 days. 
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Chapter 5: Dihydrolevoglucosenone 

(CyreneTM) as a bio-renewable solvent for 

Cu(0)-mediated reversible deactivation 

radical polymerization (RDRP) without 

external deoxygenation 

 

In this chapter, a biorenewable compound, dihydrolevoglucosenone (CyreneTM) is 

used as an effective dipolar aprotic solvent for Cu(0) wire-mediated reversible 

deactivation radical polymerization (Cu(0) wire mediated RDRP) of various 

monomers without any external deoxygenation being applied. The solvent is used to 

give products with a broad range of molar masses (Mn ~ 700 – 28,000), in-situ chain 

extension and as low as 7.8 x 10-4 eq. of [Cu(II)Br2] relative to initiator. 
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 5.1 Introduction 

 Controlled radical polymerization (CRP) has enabled the synthesis of a large 

number of well-defined materials,1-6 with well-defined shape, different functionalities 

and molecular architectures.7, 8 Amongst them, Cu-mediated reversible deactivation 

radical polymerization (Cu-RDRP) has evolved into an efficient technique in 

academia for the polymerization of many functional vinyl monomers, including 

hydrophilic and hydrophobic (meth)acrylates, styrenics and (meth)acrylamides using 

a many different dipolar solvents (e.g. water, DMSO, DMF, NMP), adding to the 

versatility of this technique.9-11 However, many of these solvents have been added to 

the “Registration, Evaluation, Authorisation and Restriction of Chemicals” (REACH) 

restricted substances list due to their negative environmental effects and are becoming 

undesirable reagents in many applications. In this context, several solvent selection 

guides have been published in order to replace many commonly used volatile organic 

solvents or compounds that could form toxic gases upon incineration (COx, NOx, SOx), 

with solvents derived from natural or/and renewable resources.12-14  

 Dihydrolevoglucosenone (CyreneTM) is a bio-based and fully biodegradable 

(99% in 14 days) aprotic dipolar solvent that can be synthesized in a two-step process 

from biomass, mainly from cellulose.15, 16 CyreneTM is not mutagenic, has a median 

lethal dose (LD50) > 2000 mg kg-1 (above the value of high toxicity solvents, 50 mg 

kg-1) and it is hardly ecotoxic.17 Therefore, it has potential as a greener and safer 

alternative to widely used dipolar aprotic solvents, such as DMF, NMP, DMAc and 

DMSO which are widely used today.17-19 Furthermore, CyreneTM has similar solvating 

behavior with the abovementioned solvents, demonstrating similar Hansen solubility 

parameters.20 A further characteristic of CyreneTM is that it is completely miscible with 

water, since it is in equilibrium with its hydrate (a geminal diol), in contrast to most 

conventional ketones in water.21 CyreneTM is currently manufactured on a relatively 

small scale by Circa Group in Tasmania leading to relatively high prices when 

compared to DMSO. However, as of 2020 new 1000 and 5000 tonne plants were 

planned for construction in Europe which should reduce the costs to become within 

1.5-2 of DMSO at current pricing.22 
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 Recently, Cyrene has attracted significant interest as a bio-degradable solvent 

in the synthesis of metal–organic frameworks,17 synthetic transformations,20 metal 

catalyzed processes,23 in the synthesis of ureas24 and amides.25, 26 Moreover, upon 

further hydrogenation, Cyrene could lead to more renewable chemicals that can be 

used as precursors for drugs, flavors and polymers.27 In the field of polymer synthesis, 

the use of Cyrene as solvent has been underexplored to date, with few examples of its 

use being as a co-solvent in low toxicity solvent systems for polyamideimide and 

polyamide amic acid resin manufacture,28 in sustainable membrane preparation29 and 

in membrane performance tests of interpenetrating polymer networks.30 Conversely, 

in some cases Cyrene has been used as a monomer precursor. In a recent work , Ray 

et al. reported the development of bio-acrylic polymers from a methacrylic monomer 

synthesized from Cyrene.31 This monomer was polymerized under different free 

radical polymerization conditions (bulk, solution and emulsion) and it was found that 

polymers obtained from emulsion polymerization had higher yields and molecular 

weights, in contrast with solution polymerization. 

 In this chapter, the use of Cyrene as a bio-alternative solvent for the 

polymerization of various monomers using Cu(0) wire-mediated RDRP without 

applying any external deoxygenation or addition of external additives is described 

(Scheme 5-1). Well-defined polymers with high conversions, narrow molecular 

weight distributions and high end-group fidelity were obtained, enabling the synthesis 

of diblock and triblock copolymers. Moreover, a wide range of molar masses from 

700 to 28,000 g mol-1 (targeted DPn = 5 - 800) of poly(methyl acrylate) (pMA) were 

obtained in the absence of deoxygenation and with Cyrene as solvent. The use of a 

low catalyst concentration was investigated for the Cu(0) wire-RDRP of MA (targeted 

DPn = 50), to test the limits of this system. Finally, the oxygen tolerance profile of the 

polymerization was elucidated by employing an oxygen probe.  



 

212 

 

 

Scheme 5-1. Oxygen tolerant Cu(0) wire-mediated RDRP in Cyrene, a bio-alternative 

solvent derived from biomass (cellulose) in a two-step process.15 
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 5.2 Results and Discussion 

 The choice of solvent is important for a successful Cu-RDRP process due to 

the effect on the rate of the polymerization,32, 33 the solubility of the Cu complexes, 

monomers and polymers,34-36 as well as potential of solvent coordination to the 

copper.37 Initially, in order to investigate Cyrene as a solvent for Cu(0) wire-mediated 

RDRP, polymerizations were conducted under an inert nitrogen atmosphere. For this 

purpose, MA was used as monomer (targeted DPn = 50), ethyl α-bromoisobutyrate 

(EBiB) as initiator, 5 cm of Cu(0) wire and Cu(II)Br2 as copper source and the 

aliphatic multidentate ligand tris(2-(dimethylamino)ethyl)-amine (Me6Tren) as ligand 

with Cyrene as solvent (Table 5-1, Entry 1, Figure 5-1 a & 5-3 a). Polymerization 

was carried out at ambient temperature with [EBiB] : [Me6Tren] : [Cu(II)Br2] = 1 : 

0.18 : 0.05 (as previously reported when DMSO was used as solvent38), leading to 

pMA50 with high monomer conversion (>95% after 18 hrs), Mn, NMR = 4,400 g mol-1 

and ĐSEC = 1.09. These results are comparable with previously reported 

polymerization of MA in DMSO, where monomer conversion was higher than 99.9% 

after 18 hrs, Mn = 5,700 and ĐSEC = 1.06.38 It is noted that, although it has previously 

been reported that under basic conditions and in the presence of amines, Cyrene can 

exhibit sensitivity, no evidence of side reactions was observed in this study (Figure 

5-1 b).23 This might be attributed to the low concentrations of Me6Tren (18.7 mM for 

pMA50), as well as the ambient temperature that the reactions took place. Apart from 

EBiB, the possibility to use the more hydrophobic dodecyl 2-bromoisobutyrate as an 

initiator for the polymerization of MA (targeted DPn = 50) was explored, resulting in 

pMA33 (74% conversion after 24 hrs) with Mn, SEC = 4,000 g mol-1 and Đ = 1.08 (Table 

5-1, Entry 2, Figure 5-3 b). Apart from MA, the efficiency of Cyrene as solvent for 

the synthesis of polymethacrylates was explored. In this context, the polymerization 

of methyl methacrylate (MMA) was conducted under similar conditions with methyl 

α- bromo phenylacetate as initiator, yielding pMMA50 (95% after 18 hrs) with Mn, SEC 

= 6,000 g mol-1 and Đ = 1.12 (Table 5-1, Entry 3, Figure 5-2 & 5-3c). Therefore, 

based on these initial experiments it was anticipated that Cyrene could be efficiently 

employed as an alternative, biodegradable solvent for the Cu(0) wire-RDRP of both 

MA and MMA. 
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Table 5-1. 1H NMR and SEC analysis for the Cu(0) wire mediated RDRP of MA and 

MMA using Cyrene as solvent. Inert conditions were applied. 

Entrya Monomer 

/Initiator 

Time 

(h) 

Monomer 

Conv. b (%) 

Mn, theor.
 

(g mol-1) 
Mn, SEC

c Đ 

1 MA/EBiB 18 90 4400 4800 1.08 

2 
MA/dodecyl-

BiB 
24 75 4000 5600 1.23 

3 MMA/MBPA 18 95 6400 7200 1.11 
a In all polymerizations, the volume ratio of monomer to solvent was maintained at 1: 1. 
b Conversion was calculated via 1NMR in CDCl3. 
c Determined by CHCl3 SEC analysis and expressed as molecular weight relative to pMMA narrow 

molecular weight standards. 

 

 

 

Figure 5-1. a) 1H NMR for Cu(0) wire-mediated RDRP of MA using EBiB as initiator 

and Cyrene as solvent under N2. Conditions: [M]: [I]: [Cu(II)Br2]: [Me6Tren] = 50: 1: 

0.05: 0.18, VCyrene = 50 % v/v with respect to monomer. Conversion was determined 

by comparing the integrals of monomeric vinyl protons (l, l`) to polymer signals (k). 

b) 1H NMR spectra of Cyrene and pMA50 (in Cyrene) showing no evidence of side 

reactions or degradation of the solvent.23 Integration values at: 5.10 ppm (1.00), 4.71 

ppm (1.01), ~3.96 – 4.06 ppm (2.05), ~2.63 ppm (1.04), ~2.35 ppm and ~2.03 ppm (* 

overlaid with polymer peaks). 
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Figure 5-2. 1H NMR for Cu(0) wire mediated RDRP of MMA using MBPA as 

initiator and Cyrene as solvent under N2. Conditions: [M]: [I]: [Cu(II)Br2]: [Me6Tren] 

= 50: 1: 0.05: 0.18, VCyrene = 50 % v/v with respect to monomer. Conversion was 

determined by comparing the integrals of monomeric vinyl protons (q, q`) to polymer 

signals (n). 

 

 

Figure 5-3. CHCl3-SEC derived molecular weight distributions showing the evolution 

of MWts for (a) pMA50 using EBiB as initiator, (b) pMA50 using dodecyl-BiB as 

initiator and (c) pMMA50 using MBPA as initiator. Conditions: [M]: [I]: [Cu(II)Br2]: 

[Me6Tren] = 50: 1: 0.05: 0.18, VCyrene = 50  % v/v with respect to monomer. Reagents 

were deoxygenated. 
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 Some of previous work in the Haddleton group has focused on the Cu-RDRP 

of various monomers without any type of deoxygenation.39-42 Therefore, a variety of 

hydrophobic monomers including MA, MMA, tert-butyl acrylate (tBA), benzyl 

acrylate (BzA), trifluoroethyl acrylate (TFEA) and styrene (St),were polymerized via 

Cu(0)-RDRP by omitting deoxygenation, thus rendering this approach more user-

friendly. Cu(0)-RDRP of MA over 3 h resulted in 90% monomer conversion with Mn, 

SEC = 4,800 g mol-1 and Đ = 1.08. The time needed for the other monomers varied from 

20 to 45 hours all leading to high conversions, good control over the Mn and relatively 

low dispersities (Table 5-2, Figure 5-4, 1H NMR spectra are given in section 5.4.4 

Supplementary Figures and Tables, Figures 5-10 to 5-15). These results are similar 

to the Mn,SEC, dispersity and conversion observed for the non-deoxygenated Cu(0) 

wire-RDRP of MA in commonly used organic solvents, as described by Liarou et al.. 

For example the polymerization of MA in DMSO resulted in pMA with 96% monomer 

conversion to polymer after 4 hours, narrow dispersity (Đ = 1.07) and good agreement 

between theoretical (Mn, theor. = 4,300) and experimental molecular weight (Mn, SEC = 

5,200).39 It is noteworthy that following the polymerization of tBA the formation of a 

biphasic system was observed, with a top polymer-rich phase and a bottom solvent-

rich layer containing the majority of the catalyst and residual monomer (3%). 

Table 5-2. 1H NMR and SEC analysis for the Cu(0) wire mediated RDRP without 

deoxygenation of various hydrophobic monomers using Cyrene as solvent. 

Entrya Time (h) 
Monomer Conv.b 

(%) 
Mn, theor. (g mol-1) Mn, 

SEC
c Đ 

p(MA)50 3 90 4400 4800 1.08 

p(MMA)50 20 75 4000 5600 1.23 

p(tBA)50 20 97 6400 7200 1.11 

p(St)50 36 98 7300 7000 1.37 

p(BzA)50 24 88 7300 6000 1.18 

p(TFEA)50 45 94 7400 4500 1.11 
a In all polymerizations, the volume ratio of monomer to solvent was maintained 1: 1.  
b Conversion was calculated via 1NMR in CDCl3. 
c Determined by CHCl3 SEC analysis and expressed as molecular weight relative to pMMA narrow 

molecular weight standards. 
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Figure 5-4. CHCl3-SEC derived molecular weight distributions showing the evolution 

of MWts for (a) pMA50, (b) pMMA50, (c) ptBA, (d) pSt50, (e) pBzA and (f) pTFEA 

synthesized by Cu(0) wire mediated RDRP in Cyrene. Conditions: [M]: [EBiB]: 

[Cu(II)Br2]: [Me6Tren] = 50: 1: 0.05: 0.18, VCyrene = 50  % v/v with respect to 

monomer. No deoxygenation of reagents. 

 Subsequently, the ability to achieve a range of molecular weights in Cyrene as 

solvent and in the presence of air/oxygen was investigated. By targeting DPn values 

from 5 to 800, polymers with molecular weights from 700 to 28,000 g mol-1 with 

narrow dispersities were obtained (Table 5-3, Figure 5-5). When low DPs were 

targeted (higher [EBiB]) (Table 5-3, Entries 1-4) high conversion of MA and very 

good agreement between theoretical and experimental Mn values was observed. 

However, moving to higher DPn values with lower [EBiB], and thus lower 

concentration of propagating chains led to an increase of the polymerization times, 

while lower yields and loss of initiator efficiency (Ieff) was also seen (Tables 5-3, 

Entries 5-7 and Table 5-6, Figures 5-15 to 5-21 in section 5.4.4). The higher molar 

masses required prolonged reaction times leading the polymerization to be more 

susceptible to side reactions. It has also been reported that the initiator participates in 

the O2-consumption mechanism,39 therefore low [EBiB] could affect the rate of O2-

consumption and subsequently result in loss of Ieff and chain termination. 
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Table 5-3. 1H NMR and SEC analysis for the Cu(0) wire-mediated RDRP of various 

DPs of pMA in Cyrene, without deoxygenation. 

Entrya DPn Time (h) 
Mon. Conv.b 

(%) 
Mn, theor. (g mol-1) Mn, SEC

c Đ 

1 5 3 99 630 700 1.12 

2 10 3 >99 1100 1000 1.11 

3 20 3 >99 1900 2000 1.12 

4 50 3 90 4100 4800 1.08 

5 100 24 86 7600 11600 1.09 

6 200 44 88 15000 19100 1.08 

7 800 96 43 29800 27800 1.10 
a In all polymerizations the volume ratio of monomer to solvent was maintained at 1: 1. 
b Conversion was calculated via 1 H NMR in CDCl3. 
c Determined by CHCl3 SEC analysis and expressed as molecular weight relative to pMMA narrow 

molecular weight standards.  

 

 

Figure 5-5. CHCl3-SEC derived molecular weight distributions showing the evolution 

of MWts for various DPn values (5, 10, 20, 50, 100, 200, 800) of pMA synthesized by 

Cu(0) wire-mediated RDRP in Cyrene without deoxygenation. Conditions: [EBiB]: 

[Cu(II)Br2]: [Me6Tren] = 1: 0.05: 0.18, VCyrene = 50  % v/v with respect to monomer. 
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 In order to verify the ω-Br functionality of the obtained polymers, matrix 

assisted laser desorption/ionization time-of- flight mass spectroscopy (MALDI-ToF-

MS) was employed for pMA20.
43, 44 A single peak distribution corresponding to 

bromine-capped polymer chains was found, indicating the retention of the ω-end 

(Figure 5-6) with a calculated mass for bromine terminated polymer with DPn = 25 of 

2369.9 Da and an observed mass = 2370.2 Da with the associated isotopic pattern 

expected for incorporation of bromine, confirming the structure as shown in Figure 

5-6. This led us to proceed to the synthesis of AB and ABA block copolymers 

consisting of methyl and ethyl acrylate (A= MA, B= EA) (Table 5-4, Figure 5-7) via 

sequential monomer addition, thus verifying that the end-group fidelity could be 

attained not only in the case of the pMA10 macroinitiator, but also for the pMA10-b-

pEA10 diblock, leading to a well-defined triblock copolymer synthesized in the 

presence of oxygen. 

 

Figure 5-6. MALDI-ToF-MS spectra for the –Br terminated pMA25. 

Table 5-4. 1H NMR and SEC analysis for the in-situ chain extensions through Cu(0) 

wire mediated RDRP without any type of deoxygenation. 

Polymer a Time (h) 
Mon. Conv. 

b (%) 

Mn, theor. (g 

mol-1) 

Mn, 

SEC
c 

Đ 

pMA10 3 95 1000 1200 1.11 

pMA10-b-pEA10 15 95 2000 2300 1.12 

pMA10-b-pEA10-b-

pMA10 
overnight 75 2600 3500 1.21 

a In all polymerizations, the volume ratio of monomer to solvent was maintained 1: 1. 
b Conversion was calculated via 1NMR in CDCl3. 
c Determined by CHCl3 SEC analysis and expressed as molecular weight relative to pMMA narrow 

molecular weight standards. 



 

220 

 

 Apart from the facile removal of Cu(0) via simply removing the stirrer bar with 

the wrapped copper wire, we were also interested in exploring the limits of this 

chemistry by lowering the [Cu(II)Br2]. Consequently, polymerization of MA (targeted 

DPn = 50) was conducted by varying the amount of Cu(II)Br2. Starting from 0.05 

equivalents of Cu(II)Br2 and reducing its amount by half, we were able to limit the 

catalyst content to 7.8 x 10-4 eq., which is 64-fold lower than the 0.05 eq. of Cu(II)Br2 

previously used. All polymerizations were carried out at ambient temperature for 3 

hrs, achieving monomer conversions from 92 to 97 %. By comparing the SEC results 

from these polymerizations (Table 5-5, Figure 5-8), slightly higher molecular weights 

and dispersities were observed with decreasing [Cu(II)Br2]. It might have been 

expected that by changing the [Me6Tren]: [Cu(II)Br2] ratio, the equilibrium between 

dormant and active species is affected and this is depicted in the molecular 

characteristics i.e. Mn and Đ. 

 

Figure 5-7. CHCl3-SEC derived molecular weight distributions showing the evolution 

of MWts of pMA10 (red), pMA10-b-pEA10 (blue) and pMA10-b-pEA10-b-pMA10 

(green) synthesized by Cu(0) wire-mediated RDRP in Cyrene without any type of 

deoxygenation. 
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Table 5- 5. 1H NMR and SEC analysis for pMA50 synthesized by Cu(0) wire mediated-

RDRP in Cyrene without any type of deoxygenation using various [Cu(II)Br2]. 

Cu(II)Br2 

(eq.)a 

Time 

(hrs) 

Mon. 

Conv.(%)b 

Mn, theor. 

(g mol-1) 
Mn, NMR

b Mn, 

SEC
c Đ 

0.00078 3 97 4400 4900 5600 1.20 

0.00156 3 94 4200 5500 5600 1.20 

0.00312 3 92 4200 4800 5500 1.20 

0.00625 3 94 4200 4800 5600 1.15 

0.0125 3 92 4200 4500 5100 1.12 

0.025 3 92 4200 4600 4800 1.10 

0.05 3 97 4400 4800 4800 1.08 
a In all polymerizations, the volume ratio of monomer to solvent was maintained at 1: 1. 
b Conversion was calculated via 1NMR in CDCl3. 
c Determined by CHCl3 SEC analysis and expressed as molecular weight relative to pMMA narrow 

molecular weight standards. 

 

 

Figure 5-8. CHCl3-SEC derived molecular weight distributions showing the evolution 

of MWts of pMA50 synthesized by Cu(0) wire-mediated RDRP in Cyrene without any 

type of deoxygenation with various [Cu(II)Br2]. 

 Finally, the oxygen consumption profile for polymerization of pMA in Cyrene 

was monitored by use of an oxygen concentration probe. As shown in Figure 5-9, in 

the absence of headspace, full oxygen consumption takes place within the first 5 

minutes of the reaction (2 mL total reaction volume), while even when 0.5 mL of 
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headspace is present, the oxygen consumption lasts for 24 minutes. This observation 

comes in agreement with previous work by Liarou et al., and verifies the importance 

of headspace, which is highlighted in smaller scale reactions (2 mL total reaction 

volume). As has previously been reported, 39 all the reagents of the polymerization 

(Cu(0)-wire, initiator, Cu(II)Br2/Me6Tren) contribute to oxygen consumption, and 

synergistically lead to full consumption of dissolved oxygen, which occurs within the 

first minutes of the reaction (in the absence of headspace). It is noted that the [O2] at 

t=0 in the reaction mixture containing Cyrene was <6 mg L-1, while in the case of 

DMSO it was >8 mg L-1.  

 

Figure 5-9. Graphical illustration of the dissolved oxygen consumption during Cu(0) 

wire mediated RDRP of MA, effect of headspace and role of the polymerization 

components. The first two measurements (black square ■ and pink circle ●) were run 

without the use of Cu(0) wire. 
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 5.3 Conclusions 

 In summary, in this chapter the use of Cyrene, which derives from renewable 

resources, as an alternative dipolar aprotic solvent for the Cu(0) wire-mediated RDRP 

of various hydrophobic monomers is reported. Polymerization proceeded successfully 

under both deoxygenated and non-deoxygenated conditions, allowing production of 

polymers with high end-group fidelity at high conversions, allowing for sequential 

monomer addition for the synthesis of di- and tri- block copolymers. Even with very 

low [Cu(II)Br2] (as low as 7.8 x 10-4 eq.) the obtained pMAs exhibited controlled 

macromolecular characteristics. Cyrene offers a valuable biorenewable alternative to 

harsh aprotic polar solvents which are increasingly seen as unattractive. 
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 5.4 Experimental section 

 5.4.1 Materials 

 All materials were purchased from Sigma-Aldrich or Cornellius (benzyl 

acrylate) and were used as received unless otherwise stated. Cu(0) wire (gauge 0.25 

mm) was purchased from Comax Engineered wires and purified by immersion in 

concentrated 37% HCl for 12 minutes, subsequently washed with deionized water and 

acetone and dried with compressed air prior to use. Tris-(2-

(dimethylamino)ethyl)amine (Me6Tren) was prepared according to the literature and 

stored in fridge.45 

 5.4.2 Instrumentation and Characterization techniques 

 Proton Nuclear Magnetic Resonance (1H NMR) 

1H NMR spectra were recorded on Bruker DPX-300 spectrometers in deuterated 

chloroform (CDCl3) obtained from Sigma-Aldrich. Chemical shifts are given in ppm 

downfield from the internal standard tetramethylsilane. Monomer conversions were 

determined via 1H NMR spectroscopy by comparing the integrals of monomeric vinyl 

protons to polymer signals. 

 Size Exclusion Chromatography (SEC) 

SEC was carried out using an Agilent Infinity II 1260 MDS instrument equipped with 

differential refractive index (DRI), viscometry (VS), dual angle light scatter (LS) and 

multiple wavelength UV detectors. The system was equipped with 2 x PLgel Mixed 

C columns (300 x 7.5 mm) and a PLgel 5 µm guard column. The eluent was CHCl3 

run at 1 ml/min at 30 oC. Poly(methyl methacrylate) standards (Agilent EasiVials) 

were used to create a 3rd order calibration between 1,020,000 – 1,840 g mol-1. Analyte 

samples were filtered through 0.22 μm pore size GVHP filters before injection. 

Respectively, experimental molar mass (Mn,SEC) and dispersity (Đ) values of 

synthesized polymers were determined by conventional calibration using Agilent 

GPC/SEC software. 
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 Matrix-assisted laser desorption/ionization time-of-flight  

The measurements were conducted using a Bruker Daltonics Ultraflex II MALDI-ToF 

mass spectrometer, equipped with a nitrogen laser delivering 2 ns laser pulses at 337 

nm with positive ion ToF detection performed using an accelerating voltage of 25 kV. 

Solutions in tetrahydrofuran (THF) (50 µL) of trans-2-[3-(4-tert-butylphenyl)-2-

methyl-2-propyldene] malononitrile (DCTB) as a matrix (saturated solution), sodium 

iodide as the cationization agent (1.0 mg mL−1) and sample (1.0 mg mL−1) were mixed, 

and 0.7 µL of the mixture was applied to the target plate. Spectra were recorded in 

reflectron mode calibrated with poly(ethylene glycol) monomethyl ether (PEGMe) 

1900 Da. 

 Oxygen Probe; Pocket Oxygen Meter - FireStingGO2 (from Pyro Science):  

For the determination of dissolved oxygen concentration and the in-situ monitoring of 

O2-consumption, the solvent resistant oxygen probe OXSOLV was immersed in 

septum-sealed polymerization reactions. The starting point of the measurements (t=0) 

was determined as the time that the initiator was added. Upon completion of the 

measurement, the oxygen probe was cleaned with acetone-methanol-H2O-acetone and 

was left to dry (excess of acetone was removed by careful wiping with soft tissue). 

The analysis of the data was conducted with the FireStingGO2 Manager software. 

  

https://www.nature.com/articles/srep06803
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 5.4.3 Experimental procedures 

 Synthesis of tris-(2-(dimethylamino)ethyl)amine (Me6Tren) 

Tris-(2-aminoethyl)amine (50 mL, 0.33 mol) was added dropwise over a period of 1 

hour to a mixture of formic acid (320 mL, 8.15 mol) and formaldehyde (270.9 mL, 

3.64 mol) with vigorous stirring and using a large ice bath to cool the reaction mixture. 

The reaction was stirred for 12 hours at 120 oC under reflux. After leaving to cool, the 

volatile fractions were removed under reduced pressure and a saturated sodium 

hydroxide solution was used to adjust the mixture to approximately pH 10. The oil 

layer was extracted into chloroform and dried with magnesium sulfate (~ 20 g). the 

solvent was then removed in vacuo to yield a yellow oil. The oil was distilled under 

reduced pressure to give a colorless liquid and stored in the fridge ((57 g). 1H NMR 

(CDCl3, 400 MHz, Figure 5-22), δ (ppm): 2.50 and 2.27 (t, 12 H, 

(CH3)2NCH2CH2NR), 2.12 (s, 18 H, (CH3)2NR). 

 Typical procedure for Cu(0) wire mediated RDRP of MA or MMA under inert 

conditions 

A glass vial with total volume capacity of 20 mL was charged with Cu(II)Br2 (0.05 

eq.) and Cyrene (4 mL). Me6Tren (0.18 eq.) was added through a microliter syringe 

and the solution was sonicated until total dissolution of Cu(II)Br2 (~10-15 mins). 

Subsequently, monomer (MA or MMA) (4 mL, 50 eq.), initiator (EBiB or DBiB or 

MBPA) (1 eq.) and pre-activated Cu(0) wire (5 cm) wrapped around a stirring bar 

were added to the vial and the vial sealed with a septum and wrapped with foil. Then, 

the mixture was deoxygenated under N2 bubbling for 15 minutes. The polymerization 

was left to commence at ambient temperature.  

 Typical procedure for Cu(0) wire mediated RDRP of (meth)acrylates and 

styrene with targeted DPn = 50, without external deoxygenation 

Cu(II)Br2 (0.05 eq.) Cyrene(1 mL) and Me6Tren (0.18 eq.) were added to a 2 mL glass 

vial and the solution was sonicated until total dissolution of Cu(II)Br2 (~10-15 mins). 

Subsequently, monomer (1 mL, 50 eq.), EBiB (1 eq.) and pre-activated Cu(0)wire (5 

cm) wrapped around a stirring bar were added to the vial and the vial sealed with a 

septum. The polymerization was left to commence at ambient temperature. Following 



 

227 

 

the polymerization reaction, samples were taken and passed through a short column 

of neutral alumina to remove dissolved copper salts prior to analysis by 1H NMR in 

CDCl3 and SEC in CHCl3.  

Purification: Cyrene, residual monomer and copper salts were removed by 

precipitation (x 3) in cold MeOH-H2O mixtures. Subsequently, the polymer 

redissolved in THF and MgSO4 was added. After filtration, the solvent was removed 

by rotary evaporator under reduced pressure. The polymer was dried in vacuum oven 

at 40 oC for 24 hrs before 1H NMR analysis. 

Monomers used: methyl acrylate (MA), methyl methacrylate (MMA), tert-butyl 

acrylate (t-BA), styrene, benzyl acrylate (BzA) and trifluoroethyl acrylate (TFEA). 

Typical procedure for in situ chain extensions 

Initially, pMA with targeted DPn =10 was synthesized following the typical procedure 

for the homopolymerization of MA described above. After 3 hrs, an aliquot (~ 100 

μL) was taken for 1H NMR and SEC analysis. Upon reaching 95% conversion, 900 

μL of the polymerization solution was withdrawn with a 1 mL polypropene (PP) 

syringe, without opening the vial, and the solution of Cyrene and EA (targeted DPn 

for the pEA block = 10, with 50 % v/v Cyrene) were added in the pMA-Br 

macroinitiator solution. The polymerization was left to commence and upon reaching 

95 % conversion, 900 μL of the pMA-pEA solution was withdrawn. For the formation 

of the third block, a solution of Cyrene and MA (targeted DPn for the pMA block = 

10, with 50 % v/v Cyrene) was added in the pMA-pEA solution. 
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 5.4.4 Supplementary Figures and Tables 

 Cu(0) wire mediated RDRP of MA in Cyrene without any type of 

deoxygenation. Targeted DPn = 50 

 

Figure 5-10. Reaction scheme and 1H NMR for Cu(0) wire mediated RDRP of MA 

using EBiB as initiator and Cyrene as solvent. Conditions: [M]: [I]: [Cu(II)Br2]: 

[Me6Tren] = 50: 1: 0.05: 0.18, VCyrene = 50 % v/v with respect to monomer, no 

deoxygenation of reagents. Conversion was determined by comparing the integrals of 

monomeric vinyl protons (l, l`) to polymer signals (k). 
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 Cu(0) wire mediated RDRP of MMA in Cyrene without any type of 

deoxygenation. Targeted DPn = 50 

 

Figure 5-11. Reaction scheme and 1H NMR for Cu(0) wire mediated RDRP of MMA 

using EBiB as initiator and Cyrene as solvent. Conditions: [M]: [I]: [Cu(II)Br2]: 

[Me6Tren] = 50: 1: 0.05: 0.18, VCyrene = 50 % v/v with respect to monomer, no 

deoxygenation of reagents. Conversion was determined by comparing the integrals of 

monomeric vinyl protons (a, a`) to polymer signals (b). The peaks covered in the blue 

area correspond to cyrene. 
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 Cu(0) wire mediated RDRP of tert-BA in Cyrene without any type of 

deoxygenation. Targeted DPn = 50 

 

Figure 5-12. Reaction scheme and 1H NMR for Cu(0) wire mediated RDRP of tBA 

using EBiB as initiator and Cyrene as solvent. Conditions: [M]: [I]: [Cu(II)Br2]: 

[Me6Tren] = 50: 1: 0.05: 0.18, VCyrene = 50 % v/v with respect to monomer, no 

deoxygenation of reagents. Conversion was determined by comparing the integrals of 

monomeric vinyl protons (a, a`) to polymer signals (b). The peaks covered in the blue 

area correspond to cyrene. 
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 Cu(0) wire mediated RDRP of styrene in Cyrene without any type of 

deoxygenation. Targeted DPn = 50 

 

Figure 5-13. Reaction scheme and 1H NMR for Cu(0) wire mediated RDRP of styrene 

using EBiB as initiator and Cyrene as solvent. Conditions: [M]: [I]: [Cu(II)Br2]: 

[Me6Tren] = 50: 1: 0.05: 0.18, VCyrene = 50 % v/v with respect to monomer, no 

deoxygenation of reagents. Conversion was determined by comparing the integrals of 

monomeric vinyl protons (a, a`) to polymer signals (b). The peaks covered in the blue 

area correspond to cyrene. 
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 Cu(0) wire mediated RDRP of BzA in Cyrene without any type of 

deoxygenation. Targeted DPn = 50 

 

Figure 5-14. Reaction scheme and 1H NMR for Cu(0) wire mediated RDRP of BzA 

using EBiB as initiator and Cyrene as solvent. Conditions: [M]: [I]: [Cu(II)Br2]: 

[Me6Tren] = 50: 1: 0.05: 0.18, VCyrene = 50 % v/v with respect to monomer, no 

deoxygenation of reagents. Conversion was determined by comparing the integrals of 

monomeric vinyl protons (a, a`) to polymer signals (b). The peaks covered in the blue 

area correspond to cyrene. 
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 Cu(0) wire mediated RDRP of TFEA in Cyrene without any type of 

deoxygenation. Targeted DPn = 50 

 

Figure 5-15. Reaction scheme and 1H NMR for Cu(0) wire mediated RDRP of TFEA 

using EBiB as initiator and Cyrene as solvent. Conditions: [M]: [I]: [Cu(II)Br2]: 

[Me6Tren] = 50: 1: 0.05: 0.18, VCyrene = 50 % v/v with respect to monomer, no 

deoxygenation of reagents. Conversion was determined by comparing the integrals of 

monomeric vinyl protons (a, a`) to polymer signals (b). The peaks covered in the blue 

area correspond to cyrene. 
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Table 5-6. 1H NMR analysis of the purified polymers obtained from Cu(0)wire-

mediated RDRP of MA without deoxygenation. 

Targeted 

Polymer 

Conversion 

(%) 
Mn, th. (g mol-1) Mn, NMR. (g mol-1) 

Ieff b 

(%) 

pMA5 99 630 710 89 

pMA10 >99 1100 1200 92 

pMA20 >99 1900 2300 83 

pMA50 90 4100 5100 80 

pMA100 86 7600 10300 74 

pMA200
a 88 15000 - - 

pMA800
a 43 29800 - - 

a The initiator efficiency for the polymerizations of MA with targeted DPn = 200 and 800 are not 

reported due to the low intensity of the peaks that correspond to initiator.  
b Ieff = (1 – ((Mn, NMR – Mn, th.) / Mn, NMR)) × 100 

 

 Cu(0) wire mediated RDRP of MA in Cyrene. Targeted DPn = 5 

 

Figure 5-16. 1H NMR for Cu(0) wire-mediated RDRP of MA using EBiB as initiator 

and Cyrene as solvent under N2. Conditions: [M]: [I]: [Cu(II)Br2]: [Me6Tren] = 5: 1: 

0.05: 0.18, VCyrene = 50 % v/v with respect to monomer. Spectrum was collected after 

the purification of the polymer for the determination of Ieff  and the Mn, NMR. 
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 Cu(0) wire mediated RDRP of MA in Cyrene. Targeted DPn = 10 

 

Figure 5- 17. 1H NMR for Cu(0) wire-mediated RDRP of MA using EBiB as initiator 

and Cyrene as solvent under N2. Conditions: [M]: [I]: [Cu(II)Br2]: [Me6Tren] = 10: 1: 

0.05: 0.18, VCyrene = 50 % v/v with respect to monomer. Spectrum was collected after 

the purification of the polymer for the determination of Ieff  and the Mn, NMR. 
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 Cu(0) wire mediated RDRP of MA in Cyrene. Targeted DPn = 20 

 

Figure 5-18. 1H NMR for Cu(0) wire-mediated RDRP of MA using EBiB as initiator 

and Cyrene as solvent under N2. Conditions: [M]: [I]: [Cu(II)Br2]: [Me6Tren] = 20: 1: 

0.05: 0.18, VCyrene = 50 % v/v with respect to monomer. Spectrum was collected after 

the purification of the polymer for the determination of Ieff  and the Mn, NMR. 
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 Cu(0) wire mediated RDRP of MA in Cyrene. Targeted DPn = 50 

 

Figure 5-19. 1H NMR for Cu(0) wire-mediated RDRP of MA using EBiB as initiator 

and Cyrene as solvent under N2. Conditions: [M]: [I]: [Cu(II)Br2]: [Me6Tren] = 50: 1: 

0.05: 0.18, VCyrene = 50 % v/v with respect to monomer. Spectrum was collected after 

the purification of the polymer for the determination of Ieff  and the Mn, NMR. 
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 Cu(0) wire mediated RDRP of MA in Cyrene. Targeted DPn = 100 

 

Figure 5-20. 1H NMR for Cu(0) wire-mediated RDRP of MA using EBiB as initiator 

and Cyrene as solvent under N2. Conditions: [M]: [I]: [Cu(II)Br2]: [Me6Tren] = 100: 

1: 0.05: 0.18, VCyrene = 50 % v/v with respect to monomer. Spectrum was collected 

after the purification of the polymer for the determination of Ieff and the Mn, NMR. 
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 Cu(0) wire mediated RDRP of MA in Cyrene. Targeted DPn = 200 

 

Figure 5-21. 1H NMR for Cu(0) wire-mediated RDRP of MA using EBiB as initiator 

and Cyrene as solvent under N2. Conditions: [M]: [I]: [Cu(II)Br2]: [Me6Tren] = 200: 

1: 0.05: 0.18, VCyrene = 50 % v/v with respect to monomer. 
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 Cu(0) wire mediated RDRP of MA in Cyrene. Targeted DPn = 800 

 

Figure 5-22. 1H NMR for Cu(0) wire-mediated RDRP of MA using EBiB as initiator 

and Cyrene as solvent under N2. Conditions: [M]: [I]: [Cu(II)Br2]: [Me6Tren] = 800: 

1: 0.05: 0.18, VCyrene = 50 % v/v with respect to monomer. 
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 Synthesis of tris-(2-(dimethylamino)ethyl)amine (Me6Tren) 

 

Figure 5-23. Reaction scheme for the synthesis of Me6Tren and 1H NMR spectrum of 

the pure product. 400 MHz, δ (ppm): 2.50 and 2.27 (t, 12 H, J = 2 Hz, 

(CH3)2NCH2CH2NR), 2.12 (s, 18 H, (CH3)2NR). 
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Chapter 6: Summary and Outlook 

 The main focus of this work was to explore the potential of improving the 

accessibility of transition metal-mediated polymerizations and render them more 

environmentally and industrially friendly processes.  

Although Controlled Radical Polymerizations are powerful tools for the 

synthesis of a plethora of materials with diverse properties and architectures,1-4 there 

are still many challenges to address. New methodologies or enhancements to existing 

ones need to be developed for the introduction of sustainable materials in order to 

reduce the ecosystem toxicity and the environmental concern regarding the use of 

these materials. The majority of the work described in this thesis was focused on 

exploiting current radical polymerization techniques for the development of 

methodologies with a potential application in industry. In order to achieve that, a 

fundamental study was carried out (Chapter 2) to gain more knowledge on how the 

stabilization of a water-borne polymer colloid occurs in a surfactant-free system. 

CCTP is a versatile technique, which can be applied directly in water, requires 

significantly low amounts of a Co catalyst and results in macromonomers with 

controlled molecular weight. Macromonomers synthesized through CCTP were used 

in this study and in combination with emulsion polymerization, a better understanding 

on the stabilization process was obtained. It was also demonstrated that the particle 

size of the latex particles could be predetermined by adjusting the stabilizer to 

monomer ratio. 

CCTP macromonomers are an efficient alternative for the preparation of 

polymeric materials with high colloidal stability.5-10 RAFT-mediated surfactant-free 

emulsion polymerization has progressed significantly over the last two decades with 

highly promising applications.11-15 However, most RAFT agents are not commercially 

available and their synthesis may be challenging. Most importantly, such reagents are 

malodorous and their use results in colored products (pink or yellow), which can be 

removed through chemical modification of the end group, thus posing some 

limitations in several applications, like personal care products. Based on the findings 

of the work described in Chapter 2, future work on the synthesis of macromonomers 
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through Co-mediated polymerization could expand the pool of types of stabilizers 

used, in a purely environmentally friendly approach. 

 In the past few years, sustainability and efficacy of the polymeric materials 

have been the main focus of both academic and industrial researchers. In the field of 

agrochemicals, industries are interested in polymer microencapsulation technology 

due to the choices it offers,16, 17 regarding the deposition of an active ingredient (AI) 

in a crop and more specifically, the release of the AI when exposed to a particular 

trigger. Delayed release of the AI would prolong its effectiveness, which allows for 

less precisely timed application. In the same context as in Chapter 2, but in a more 

industrially relevant approach, the application of amphiphilic statistical 

macromonomers obtained through CCTP were used in a two step process in Chapter 

3. In a simple process, amphiphilic macromonomers were used to successfully 

disperse an insecticide (CYNT) in aqueous media, resulting in stable AI dispersions. 

Following this, feeding of a monomer mixture (MMA : BA =10 : 1) directly in these 

dispersions led to polymer coated CYNT particles, as confirmed by HPLC and SEM. 

Besides the low amounts of Co catalyst that are required for the synthesis of the 

macromonomers, with this process low amounts of macromonomers are used. 

Although the CYNT content can be as high as 30 w/w % in these dispersions, when 

polymerizations in higher solids content were attempted (50 w/w %) the mixture was 

solidified, setting some limitations of this approach. Nevertheless, this could be further 

studied, as well as the behavior of the macromonomers as dispersants in an industrial 

scale. 

 This project allows for improvement regarding the release profile of the coated 

particles. It was shown that the extraction of CYNT from the aqueous formulation to 

organic media could be monitored by changing the volume of the aqueous phase. 

However, further studies are required in order to better understand the process of 

release in an actual crop application. Upon application of the formulation in a plant 

field and after water evaporation a film could be formed on the plant, consisting of the 

dispersed AI particles and polymer particles. For this reason, it is important for this 

chemistry to be applied with the use of biodegradable polymers or materials that derive 

from biorenewable resources.  
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 As previously discussed, this work was focused on improving the accessibility 

of current polymerization techniques with a potential application in industry. In this 

concept, an academically well-established living radical polymerization method, 

namely photo-induced Cu-RDRP was performed in a continuous flow process 

(Chapter 4). Continuous flow reactions are a very efficient alternative for batch 

reactions, providing high reproducibility, consistency, low-cost and multi-scale 

polymerizations.  

In this chapter, an already reported system for its ability to prepare polymeric 

materials in continuous flow reactions,18, 19 was demonstrated in an oxygen tolerant 

approach, thus providing a simple platform for multi-scale polymerizations in a facile 

and consistent manner. Hence, by avoiding stringent anaerobic conditions that are 

usually required for a flow-setup, well-defined polyacrylates were synthesized 

verifying the robustness of the photo-induced Cu-RDRP process. This was further 

corroborated by the synthesis of sophisticated architectures (8-arm star 

homopolymer), as well as hydrophobic and hydrophilic polymers through a user-

friendly setup. Despite the high end-group fidelity of the obtained polymers, as was 

demonstrated through post polymerization modification, further studies on the ability 

of the system to perform block copolymerization is required. 

Moreover, the continuous flow photo-induced Cu-RDRP process in aqueous 

media still remains a challenge. The use of alkali metal halide salts could increase the 

control of the Cu-RDRP process by effectively increasing the concentration of 

deactivating species without disturbing the equilibrium between active and dormant 

species.20-22 This could be an interesting approach to achieve successful 

polymerizations in aqueous media, however other parameters should also be 

considered, i.e. the choice of the tubing. For instance, tubing made of perfluoroalkoxy 

alkane (PFA) or fluorinated ethylene propylene (FEP) has high oxygen permeability, 

while Halar and Tefzel (tetrafluoroethylene) exhibit higher oxygen barrier 

properties.23  

 Finally, this approach could enable the introduction of a living radical 

polymerization process, as well as the concept of the continuous flow chemistry in 

undergraduate laboratories or in any educational institution without access to specialist 

equipment for deoxygenation.  
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 In Chapter 5, the potential of cyrene, a biorenewable and biodegradable 

compound, to be used as solvent in Cu-RDRP was investigated. For this purpose 

several acrylates (as well as MMA and styrene) were polymerized through the oxygen 

tolerant approach of Cu(0) wire-mediated RDRP. The polymers exhibited 

macromolecular characteristics similar to those obtained in solvents commonly used 

in the literature.24, 25 The successful Cu(0)-mediated polymerization reaction in cyrene 

(even at very low catalyst loadings) makes this technique further accessible for 

applications where harsh aprotic polar solvents are increasingly seen as undesirable 

reagents. 

 Despite the advantages that cyrene offers, its use in the field of polymer science 

as solvent or even as monomer precursor is limited or overlooked. Due to its green 

and sustainable character, cyrene has a potential use as solvent in organic synthesis,26 

as well as in chain-growth and step-growth polymerization reactions. Cyrene was 

found to be a suitable solvent for ROMP,27, 28 as well as the preparation of 

polyamidoimides29 and polyurethanes.30 The price of cyrene currently is relatively 

high (£182/L), however it is expected that the availability of cyrene will increase, 

which should reduce its cost and enlarge its popularity as a green medium for polymer 

synthesis. 
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