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Introduction 

Polymer nanoparticles are colloidal materials of 10-1000 nm in diameter. They can be 

prepared by various polymerization and post-polymerization processing routes.1 The 

materials have been found useful in a wide array of modern technologies, including 

electronics, medicine, and environmental applications. As the particles are typically 

designed to suit a specific application, the production is often set with limitations as to which 

preparation methods can be used. The preparation is rather straightforward when the 

particles can be produced using emulsion polymerization. However, multiple steps are often 

required, as is the case when the polymer must be prepared prior to the particle formation 

step. Such routes can result in time-consuming procedures that are not cost-effective. 

Additionally, the fundamental knowledge regarding the preparation of polymer 

nanoparticles is still limited.1 These factors indicate a need for new efficient and precise 

techniques that can be used to produce particles with controlled sizes and morphologies.  

Polymerization-induced self-assembly (PISA) is a novel technique for producing block 

copolymer nanoparticles in one step. While being a newly developed approach to an old area 

of interest in polymer research, it has already been shown to offer significant advantages 

over conventional emulsion polymerization and self-assembly methods.2 The technique 

produces block copolymer nano-objects of various sizes and shapes via living 

polymerization techniques. The genius of the PISA approach lies in the variety of 

morphologies that can be achieved with relatively little effort. These morphologies can offer 

advantages over the classical spherical micelle, such as higher loading capacities or the 

ability to encapsulate both hydrophobic and hydrophilic materials in one particle.3 Moreover, 

the versatility of PISA is illustrated by the various monomers and solvents that have already 

been used in the reactions.2 The reactions often exhibit high conversions and reaction rates 

at high concentrations, while maintaining a low viscosity. Such systems are particularly 

promising for industrial-scale production. 

The growing popularity of the PISA concept is demonstrated by Figure 1. Despite being a 

new area of research, it has already contributed to materials science as a convenient route to 

sterilizable hydrogels4, engine oil additives5, intracellular delivery vehicles6, Pickering 

emulsifiers7, and other materials of interest. The number of publications presenting new 

PISA formulations can be expected to grow fast in the near future. A likely new trend is to 

use the stimulus-responsiveness of the material, such as its lower critical solution 

temperature, for triggering the self-assembly during polymerization.8  
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This thesis provides an overview of the recently developed PISA approach for producing 

block copolymer nanoparticles. The primary focus will be on aqueous emulsion PISA 

syntheses. Furthermore, a new PISA formulation will be presented. All concepts relevant to 

the experimental work will be first introduced in the literature part of the thesis. First, the 

concept of PISA is discussed in more depth. Secondly, the properties of N-vinylcaprolactam 

will be reviewed to illuminate the choice of monomer in the experimental work. The chapter 

will be followed by the principles of reversible addition-fragmentation chain transfer 

polymerization, and its relevance in block copolymer synthesis and emulsion systems. 

Finally, emulsion polymerization and the origins of PISA systems will be discussed, along 

with some challenges faced in PISA syntheses. 

  

 

Figure 1 Number of PISA publications per year. SciFinder search for “polymerization-induced self-

assembly” as entered and without duplicates, years 2008-2017 (04.10.2017). 
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I. LITERATURE PART 

 

1. Polymerization-Induced Self-Assembly 

Block copolymer self-assembly has been studied since the early 1960s.9 The focus of the 

research has slowly shifted from bulk processes, which are now well understood, to self-

assembly in solution, introducing an additional level of complexity to the system. The 

popularity of self-assembling copolymers lies in the wide variety of suitable monomers and 

potential applications. The resulting structures can be used for loading and releasing of small 

molecules10, controlled exposure of hidden, covalently bound units11, preparation of metal 

nanoparticles12, and surface modification purposes.13 Polymer aggregates exhibit superior 

mechanical and physical properties9 and low critical micelle concentrations13 when 

compared to their small-molecule counterparts. 

The most popular conventional approach for achieving the self-assembly of a block polymer 

is a two-step process.9 The copolymer is initially added in a common solvent, in which both 

blocks are readily soluble. The solvency is then reduced for one of the blocks by adding a 

selective solvent to induce microphase separation. The addition is continued until the content 

of the selective solvent is much higher than the required amount for the aggregation to take 

place. Finally, an excess of solvent is added to lock the resulting morphologies. In many 

cases the common solvent can be removed by dialysis against the selective solvent. Other 

methods for producing aggregates in a controlled fashion include electroformation14 and 

microfluidic techniques15, amongst others.9 The approaches have been shown to yield a 

variety of morphologies, such as spherical micelles16, worms17, vesicles18, and lamellae19. 

Some systems have reported to undergo a transformation of the structure under suitable 

conditions.18 The resulting morphology is determined by the degree of stretching of the core-

forming blocks, the interfacial tension between the core and the solvent, and the repulsive 

interactions between the chains forming the outer layer.9 Generally, the final copolymer 

concentrations achieved by these routes are too low for commercial production.2 Finding 

new, more convenient methods remains a goal for polymer scientists. 

A more recent approach to copolymer self-assembly exploits the growing insolubility of a 

propagating polymer chain to induce the self-assembly already during the polymerization 

process. The strategy typically utilizes a soluble homopolymer block that is extended by the 

addition of another monomer (Scheme 1).2 As more monomer is added, the growing block 
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gradually becomes insoluble, and the polymer self-assembles to compensate for the 

unfavorable solvent interactions. This new route to creating block copolymer nano-objects 

is known as polymerization-induced self-assembly (PISA). It is most often conducted by 

using reversible addition-fragmentation chain transfer (RAFT) polymerization, however 

other living polymerizations, such as nitroxide mediated20 and atom transfer radical 

polymerizations21, have been used as well. Successful reactions have been carried out in 

emulsion and dispersion in polar and non-polar media, resulting in even more unusual 

morphologies, such as yolk/shell particles22, jellyfish23, and framboidal vesicles.2 The 

particle morphology is dictated by the copolymer concentration and the block copolymer 

composition. The approach allows fast preparation of polymer colloids at high 

concentrations, often resulting in low dispersity products. The versatility of PISA is further 

illustrated in the excellent review of Canning et al.2  

1.1. PISA of Stimuli-Responsive Polymers 

Stimuli-responsive polymers have not been left out from PISA research. Multiple studies 

have been published where PISA was used to prepare thermoresponsive particles. Blanazs 

et al. reported the synthesis of poly(glycerol monomethacrylate)-block-poly(2-

hydroxypropyl methacrylate) hydrogels that underwent worm-to-sphere transition upon 

cooling.4 The transition gave rise to thermoreversible degelation of the free-standing gel, 

yielding a free-flowing solution. The thermoreversibility allowed facile sterilization of the 

material using ultrafiltration, and the method could thus offer a convenient route to 

producing sterilizable gels for cell cultures. Conversely, Fielding et al. published the 

preparation of thermoresponsive poly(lauryl methacrylate)-block-poly(benzyl methacrylate) 

 

Scheme 1 Schematic representation of a RAFT-mediated PISA reaction. A macro-chain transfer 

agent is extended with monomer. The growing chain will eventually become insoluble in the reaction 

medium and result in the self-assembly of the chain, yielding particles such as vesicles, spheres or 

worms. 
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worm gels that underwent worm-to-sphere transition upon heating.24 Reports can also be 

found on the use of pH-responsive polymers. Lovett et al. used a poly(glycerol 

monomethacrylate)-based macro-chain transfer agent (mCTA) to polymerize  

2-hydroxypropyl methacrylate.25 Reaction at pH 3.5 resulted in the formation of copolymer 

worms that underwent worm-to-sphere transition upon addition of base. The pH-responsive 

behavior was achieved through the incorporation of a single, terminal carboxylic acid group 

in each mCTA chain. Thus, only a minimal amount of base was required to induce the 

reversible transition. A more unusual stimulus was used by Zetterlund et al. in the 

preparation of poly(4-vinylpyridine)-block-polystyrene.26 The group reported the synthesis 

of copolymers with various morphologies. The presence of gaseous CO2 was shown to 

promote the formation of copolymer rods instead of vesicles at high degrees of 

polymerization. 

A very recent take on PISA considers the possibility to use thermally-triggered aggregation 

to yield self-assembled particles. The first paper to present the concept, specifically referred 

to as polymerization-induced thermal self-assembly (PITSA), was published by Figg et al. 

in 2015.8 The group polymerized N-isopropylacrylamide in the presence of a hydrophilic 

RAFT agent consisting of N,N-dimethylacrylamide and acrylic acid units. By carrying out 

the reaction above the phase-transition temperature of the growing poly(N-

isopropylacrylamide) block, the polymer underwent self-assembly yielding spherical, worm-

like and vesicular particles. The work lays the foundation for a completely new type of PISA 

formulations. The wide range of stimuli-responsive polymers offers new opportunities for 

research on self-assembling systems. Potential options for the growing block include 

numerous other lower critical solution temperature (LCST) polymers27, such as poly(N-

vinylcaprolactam) and poly[(N,N-dimethylamino)ethyl methacrylate]. In contrast, upper 

critical solution temperature behavior can be utilized by introducing a block for which the 

solubility in water decreases upon cooling.28 Such thermally-induced self-assemblies exhibit 

limited operating temperature ranges, unless stabilized appropriately. Possible ways to 

achieve this include physical crosslinking through hydrogen bonding10 or ionic interactions, 

and chemical crosslinking by addition of a bifunctional monomer29 or by post-

polymerization modification.30 
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2. Poly(N-vinylcaprolactam) 

Poly(N-vinylcaprolactam) (PNVCL, Scheme 2) is the second-most used temperature-

responsive polymer.31 It is widely utilized in environmental, catalytic, biomedical, and 

bioanalytical applications in various forms of copolymers, hydrogels, and polymer 

architectures. The first publications on the polymerization of N-vinylcaprolactam date back 

to 195232 and 196833. Despite the long history of research, the popularity of PNVCL still 

suffers from difficulties encountered in the production of the polymer. Reactions in bulk and 

in solution have been reported to result in high molecular weights, high dispersities and even 

in bimodal distributions of the product.34 The propagation rate of the monomer is relatively 

high due to lack of conjugation and thus an absence of resonance stabilization in the 

structure. The use of chain transfer agents (CTAs) has helped researchers overcome some of 

the problems. RAFT reactions, particularly those utilizing xanthates as the CTA, have been 

reported to yield dispersities as low as 1.1 for products ranging from 18,000 to  

150,000 g mol-1.35 Successful reactions have also been carried out using cobalt mediated 

radical polymerization.31 

PNVCL is soluble in polar and non-polar media, and has been polymerized in a variety of 

solvents, such as toluene33, 1,4-dioxane36, and N,N-dimethylformamide (DMF)37, using free 

radical polymerization methods. The water solubility of the monomer is low, approximately 

4 g l-1. However, due to the low melting point of 35-38 oC, the polymer can be synthesized 

in aqueous media using emulsion processes.38 Unlike the monomer, the resulting polymer is 

readily soluble in water. One of the key properties of PNVCL is its LCST behavior in water, 

meaning that the polymer undergoes coil-to-globule transition at its phase transition 

temperature upon heating (Scheme 3). PNVCL belongs to Type I LCST polymers, which 

represent the classical Flory-Huggins behavior.39 For such materials, the position of the 

critical composition shifts towards lower concentration with increasing molar mass. The 

 

Scheme 2 Molecular structures of N-vinylcaprolactam (left) and poly(N-vinylcaprolactam) (right). 
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cloud point temperature of PNVCL can typically be found between 30-40 oC 31, that is, in 

the temperature range relevant to many biological systems. The transition temperature can 

be increased or decreased by the incorporation of a second monomer.40 Moreover, 

copolymerization allows for the incorporation of hydrophilic, hydrophobic and ionic 

repeating units in the polymer, widening the range of PNVCL-based materials. Numerous 

reports on the design of various architectures, such as graft copolymers, hyperbranched and 

protein-like structures, and core-shell gels, can be found in literature.31 The instability of the 

propagating N-vinylcaprolactam (NVCL) radical can pose a problem when copolymerized 

with monomers such as methacrylates that form relatively stable radicals.41 Such conditions 

can result in low reactivity and thus low NVCL content in the product. The use of controlled 

radical polymerization techniques for synthesizing PNVCL led to the development of 

various PNVCL-based block copolymers. Liang et al. reported the preparation of a series of 

block copolymers of PNVCL and poly(N-vinyl-2-pyrrolidone) using RAFT.42 The phase 

transition temperature of the product could be fine-tuned by controlling the length of the 

second block. The dispersities of the products varied between 1.4-1.7. Liu et al. reported the 

polymerization of NVCL in DMF using a xanthate-terminated poly(ethylene glycol) (PEG) 

mCTA.43 The dispersities of the products with molecular weights of 7,700-41,200 g mol-1 

ranged from 1.0-1.1, indicating an exceptionally good control over the reaction.  

One of the biggest selling points of PNVCL has been its biocompatibility. The polymer has 

already been used in cosmetics and various biomedical materials. The biocompatibility of 

synthetic polymers can often be enhanced by adding steric repulsion against protein 

absorption.44 This can be achieved by grafting the polymer with materials such as 

poly(ethylene oxide) (PEO) – a hydrophilic polymer widely used in medical and biological 

 

Scheme 3 Schematic representation of the LCST behavior of PNVCL. Upon heating above the 

critical temperature, the polymer chains become insoluble and collapse, forming aggregates.  
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applications. The first study on the cytotoxicity of PNVCL and PNVCL-graft-PEO was 

published by Vihola et al. in 2005.45 Research has since been done on the cytotoxicity of 

PNVC-grafted chitosan46, folate-conjugated PNVCL-b-PEG micelles47, PNVCL-based 

microgels48,49, PVCL-based micro- and nanoparticles50,51, and poly(N-vinylcaprolactam)-

block-poly(N-vinylpyrrolidone)42. All studies indicated good tolerance of the cells towards 

the tested materials. The biocompatibility and convenient LCST make PNVCL an attractive 

option for pharmaceutical applications. Markvicheva et al. studied entrapment of cells in 

PNVCL particles by exploiting the phase transition behavior of the polymer already in 

1991.52 The hydrogel was stabilized by ovalbumin at 40 oC, and formed granules upon 

stirring. Vihola et al. expanded on the idea of particle stabilization by preparing drug-loaded, 

physically crosslinked PNVCL hydrogel particles.10 Concentrated polymer solution 

containing drug molecules was added dropwise to aqueous salicylic acid. At 37 oC, the 

polymer droplets solidified yielding drug-loaded hydrogel particles. The thermosensitive 

particles were stabilized by the physical crosslinker and showed no flocculation. 

 

3. RAFT Polymerization 

Reversible addition-fragmentation chain transfer polymerization is a type of controlled 

radical polymerization that makes use of a thiocarbonylthio CTA. Developed in 1998 by the 

Commonwealth Scientific and Industrial Research Organisation group in Australia53, it is 

the most recent of the controlled free radical methods, and has had a great impact on the 

development of free radical polymerization. RAFT has been reported to be the most versatile 

of all the living radical polymerization techniques in terms of reaction conditions, compatible 

monomers, its tolerance to functionalities and the variety of complex macromolecular 

architectures that can be created.54 The use of multifunctional RAFT agents allows the 

production of star, brush and comb polymers. In its simplest form, RAFT polymerization 

can be carried out by introducing a suitable CTA in a conventional free-radical 

polymerization system. Unlike in conventional reactions, predictable molecular weights and 

low dispersities can be achieved while keeping the end groups active for further reaction. 

3.1. Mechanism of the RAFT Process 

The mechanism of RAFT polymerization is presented in Scheme 4. The chain radical is 

produced using a conventional initiator. In the pre-equilibrium stage of the reaction, a 
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propagating chain radical will undergo addition to the CTA, forming an intermediate radical. 

The intermediate will then fragment reversibly, preferably resulting in a dormant polymeric 

chain and a new radical. A fragmented R group will reinitiate polymerization. In the main 

equilibrium phase, the addition of a chain radical induces the fragmentation of another chain. 

The number of dormant molecules in the reaction mixture equals the number of CTA 

molecules added. Due to chain equilibration, the amount of termination and unwanted chain 

transfer reactions is kept low.  

The livingness of RAFT polymerization requires careful consideration of the following 

factors.55 First, the CTA must be consumed very early in the reaction by a fast addition of 

the chain radical, resulting in the fragmentation of the reinitiating radical. The reinitiation 

step must be at least as fast as propagation. Secondly, the rate constant of the chain radical 

addition and fragmentation in the main equilibrium must be much faster than propagation. 

This requirement is the key to producing polymers with low dispersities, as a fast rate 

constant of exchange ensures that chains of equal length are obtained. Finally, the 

intermediate radical must not be susceptible to side reactions. The selection of Z and R 

groups has a great impact on the properties of the RAFT agent. The Z group strongly affects 

Scheme 4 Simplified mechanism of RAFT polymerization.55,56 Initiation (I), pre-equilibrium (II),  

reinitiation (III), main equilibrium (IV) and termination reactions (V) are shown. 
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the stability of the radical intermediate.54 It can also activate or deactivate the thiocarbonyl 

double bond. On the other hand, the R group determines the rate of forward fragmentation 

of the intermediate radical. It should also readily reinitiate the addition of further monomer. 

Parameters to consider include resonance stabilization, electron-withdrawing ability, and 

steric bulk of the R group.   

3.2. MADIX 

The macromolecular design by interchange of xanthates (MADIX) process was discovered 

perhaps concurrently with RAFT polymerization by a different research group. When the 

first pieces of CTA research were published in 198656, ultimately leading to the development 

of RAFT, another group of researchers were working on the radical chemistry of xanthates. 

The work published by Zard et al. in 1988 presented the use of degenerative transfer of 

radicals to xanthates in order to facilitate the addition of the radicals to double bonds.57 The 

new approach diminished radical quenching through competitive reactions. It was first 

applied to organic synthesis and eventually reached a wider audience. 

From a mechanistical point of view, RAFT and MADIX processes are identical. The 

difference of the concepts lies in the CTA. RAFT agents have the general structure 

Z―C(=S)S―R, whereas MADIX refers to xanthates only, i.e. Z = OZ′ (Scheme 5). The 

double bond character of the C=S bond is decreased in xanthates due to conjugation with 

nonbonded electrons on the adjacent oxygen.58 Such structure results in delocalization of the 

π electrons and consequently in a lowered rate of addition of a chain radical at sulfur. Thus, 

the Z group strongly affects the overall rate of chain transfer. Alkyl xanthates have been 

deemed unsuitable RAFT agents for strongly reactive monomers, but may be suitable for the 

polymerization of weakly reactive ones.55 Delocalization can be reduced by an electron-

withdrawing substituent bonded to the oxygen atom. By the addition of a group such as 

carbonyl or phenyl, thiocarbonylthio compounds can be tailored suitable for strongly 

reactive monomers as well.  

 

Scheme 5 Molecular structures of thiocarbonylthio compounds (left) and xanthates (right). 
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Generally speaking, the controlled free radical polymerization of unconjugated monomers 

has proved challenging.59 MADIX polymerization has been shown to resolve some of the 

problems encountered in the polymerization of NVCL, such as high dispersities of the 

products.35,60 Nieuwenhove et al. demonstrated the successful MADIX polymerization of 

NVCL in water-ethanol mixtures.61 The dispersities varied between 1.14 and 1.39, while the 

molar masses ranged from 9,000 to 12,000 g mol-1.  

3.3. Block Copolymer Synthesis 

Given the potential of RAFT in macromolecular engineering59, block copolymers are among 

the simplest possible polymeric architectures. Two approaches to block copolymer synthesis 

via RAFT exist. The choice of approach is dependent on the compatibility of all monomers 

with the RAFT method. The first route is sequential monomer addition, in which one 

monomer is polymerized quantitatively before the addition of a second monomer. The initial 

homopolymer may either be purified between the reactions, or the second monomer can be 

added directly to the system. If the latter is preferred, the addition is generally done below 

90% conversion of the first monomer to ensure that the chain-end functionality of the first 

block is maintained.54 The product will exhibit a monomer gradient between the 

homopolymer blocks, as the addition of the first monomer will compete with the addition of 

the second monomer until all of the former has been consumed. To obtain a low dispersity 

product and to ensure the attachment of the blocks, the fragmentation ability of the first block 

must be equal or greater than that of the second block. This will allow propagation of all the 

initial homopolymer chains in the second step. The resulting product will always have 

homopolymer contamination, as new chains are created from initiating radicals in the second 

step. The method is suitable not only for AB diblock copolymers, but also for the production 

of type ABA triblock copolymers. Triblock products can be obtained by using CTAs with 

difunctional R groups62 or symmetrical trithiocarbonates containing two reinitiating R 

groups63. 

The second approach involves the end-group modification of a homopolymer, resulting in a 

mCTA. The mCTA can then be used in the polymerization of a subsequent monomer to yield 

a block copolymer. Modification of functionalities at both chain ends allows the chain to 

grow at both ends in the subsequent reaction, yielding a triblock product. The most 

prominent advantage of this route is the possibility to utilize polymers produced by other 

polymerization mechanisms. Numerous studies have been published using this approach. 

Amongst other materials, the method has gained popularity in the synthesis of PEG-based 
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block copolymers. Hong et al. prepared diblock and triblock copolymers using 

dithiobenzoyl-terminated PEGs to control the polymerization of N-isopropylacrylamide in 

THF.64 The products exhibited dispersities of 1.2 and lower. Shi et al. used xanthate-

modified PEGs to carry out MADIX polymerization of N-vinylformamide in DMSO.65 

However, the dispersities of the resultant block copolymers were high, ranging from 1.7 to 

2.3, possibly due to chain transfer side reactions.  

Polymers prepared via RAFT polymerization contain the thiocarbonylthio functionality as 

the end group. Depending on the application of the product, the group can render the polymer 

unusable due to its properties such as reactivity or color. Thus, end group modification may 

be needed to obtain the desired product. Moreover, the recovery of the CTA for use in 

subsequent reactions is ideal due to the high cost of the compounds. Examples of CTA 

removal and recovery processes can be found in the literature. Perrier et al. reported a 

method for the recycling of RAFT agents by using free radical initiators.66 The approach was 

tested on methacrylate, acrylate, acrylamide and styrenyl polymers prepared with a variety 

of CTAs. Perhaps the biggest challenge in such post-polymerization processes is the 

scalability. The detached CTA should be readily recovered without altering the product 

itself, while keeping the process cost-effective. 

3.4. RAFT Emulsion Processes 

When the RAFT method was first applied to emulsion systems, considerable difficulties 

were encountered in controlling molecular weights and achieving colloidal stability.54 

Solutions to various issues were called for before the two techniques were deemed 

compatible. These problems included transport of the CTA out of the reaction locus, water 

sensitivity of some CTAs, unsuccessful particle nucleation and rate retardation. Due to the 

complex interplay of thermodynamic and kinetic effects, the mechanism of RAFT emulsion 

polymerization is not yet fully understood.67 

In this context, surface-active CTAs were initially designed to overcome problems related 

to their water solubility and colloidal instability in ab initio syntheses. Such molecules could 

serve as both the RAFT agent and a surfactant, eliminating the transfer of the CTA in the 

aqueous phase. They later proved helpful in the synthesis of self-assembling particles in 

emulsion and dispersion systems. These CTAs include the PEG-based RAFT agents 

discussed earlier, which have also been studied in emulsion.68 End-group modification of a 

hydrophilic PEG chain can give rise to an amphiphilic derivative with surface activity. 
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However, designing a suitable mCTA is not necessarily straightforward. Rieger et al. 

reported the emulsion polymerization of styrene using a PEG-based dithiobenzoate mCTA.68 

The reaction was slow, and only 26% conversion was achieved after 23 h. Replacing the end 

group with an alkyl trithiocarbonate gave a 67% conversion in 23 h using similar reaction 

conditions. Etchenausia et al. recently reported the use of a xanthate-terminated PEG chain 

in an aqueous emulsion copolymerization of N-vinylcaprolactam and vinyl acetate.69 The 

reaction produced stable latex particles with high dispersities in the absence of coagulum. 

When PEG was used instead of the mCTA, the reaction produced a large coagulum. This 

demonstrated the crucial role of the xanthate-terminated PEG in stabilizing the particles. 

 

4. Emulsion Polymerization 

Emulsion polymerization is a liquid-phase heterogeneous free-radical polymerization 

process, in which an insoluble monomer is polymerized in the presence of a stabilizing agent. 

Today, radical emulsion polymerization is widely used commercially. The advantages of 

emulsion processes include the ability to have a high polymer content dispersion while 

maintaining a low viscosity, the ease of heat transfer, and in the case of aqueous emulsion 

polymerization, the use water as an environmentally friendly dispersing medium. Utilizing 

the emulsion process, it is possible to attain both a high rate of reaction and a high molecular 

weight product. This is a significant advantage over homogeneous radical polymerizations, 

where the degree of polymerization is inversely proportional to the rate of reaction.55 

4.1. Mechanism of the Emulsion Process 

A simplified presentation of the emulsion process is shown in Scheme 6. Prior to initiation, 

an emulsion polymerization system consists of emulsifier-stabilized monomer droplets, 

monomer-swollen micelles, and the continuous medium with small amounts of molecularly 

dissolved initiator, monomer, and emulsifier. After an initiating radical is formed in the 

continuous phase, the addition of monomer units can take place through the diffusion of the 

radical into a micelle or a monomer droplet, or through propagation in the continuous phase, 

which will eventually result in precipitation. These three nucleation schemes are known as 

micellar nucleation, droplet nucleation, and homogeneous nucleation, respectively.67 As the 

total surface area of the micelles is much larger than that of the monomer droplets, and due 

to the poor solubility of the monomer, the polymerization will almost exclusively start in the 
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monomer-swollen micelles.55 Regardless of the initial nucleation mechanism, instability of 

the resultant particles will lead to coagulation, giving rise to coagulative nucleation. Micelles 

with no propagating radicals will provide emulsifier for the stabilization of polymer 

 

Scheme 6 Schematic representation of emulsion polymerization shows three mechanisms of particle 

formation and three intervals of reaction.66 The initiator radical (I*) starts the reaction by adding a 

monomer in the aqueous phase (IM*) or by entering a monomer droplet or a micelle. It may also 

propagate (IMn*) to reach a critical length (IMc*), at which the chain will become insoluble. The 

radical can enter a micelle or a droplet at any stage of propagation. Various physical and chemical 

processes, such as termination reactions and radical exit and re-entry, are not shown. 
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particles. This stage of the reaction is characterized by an accelerating reaction rate, resulting 

from an increasing number density of propagating polymer particle nuclei. 

According to the generally accepted kinetics scheme proposed by Harkins70, the reaction 

takes place exclusively in the polymer particle phase after particle nucleation is completed. 

Monomer droplets act as a supply from which more monomer diffuses into the loci of 

polymerization as it is consumed. The reaction rate remains stable as long as the monomer 

content of the polymer particles can be replenished. As the monomer droplets become 

depleted, the monomer concentration in the reaction locus decreases and the reaction rate 

decelerates. Harkins’ theory was later developed into a quantitative description by Smith and 

Ewart71. 

4.2. Aqueous PISA Formulations 

After the development of controlled radical polymerizations, their compatibility with 

aqueous systems raised interest in utilizing them in emulsion polymerization.72 On the other 

hand, among researchers working with emulsion systems, the goal was eventually set to 

develop surfactant-free emulsion processes. Amphiphilic copolymers were an attractive 

alternative for low-molar-mass surfactants due to their reduced mobility and enhanced 

attachment to the particle surface through adsorption and absorption. The two interests were 

combined when controlled polymerization methods were found to be a potential candidate 

for producing amphiphilic block copolymers that would stabilize classical latex particles in 

situ.73 These advances led to the discovery of aqueous emulsion PISA formulations. Today, 

PISA syntheses are carried out using both aqueous emulsion and dispersion polymerization 

processes. In dispersion polymerization, the monomer is soluble in the reaction medium, but 

the growing chain precipitates. 

The similarities of conventional aqueous emulsion polymerization and its PISA variant raise 

a question about the advantages of the two approaches over each other. Perhaps the most 

apparent advantage of PISA is the possibility to create block copolymer worms and vesicles. 

Canning et al. deemed the conventional method to be superior for the production of near 

monodisperse spherical particles of 100-1,000 nm diameter.2 However, PISA formulations 

seemed more competent for producing spheres of smaller size, as they do not require high 

amounts of stabilizer. Conventional emulsion systems tend to suffer from excess surfactant, 

which is also troublesome to remove. Additionally, if sterically stabilized particles are 

desired, PISA seems preferable to emulsion systems by offering higher blocking 
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efficiencies.74,75 It it also worth mentioning that the PISA approach offers a low viscosity 

option with a faster reaction rate for the solution polymerization of block copolymers. 

Although some PISA syntheses have been shown to result in higher order morphologies, 

such as worms and vesicles, these are mostly seen to be products of aqueous dispersion 

RAFT reactions.2 The reason for RAFT aqueous emulsion polymerizations mostly resulting 

in spherical particles is currently not well understood. For dispersion systems, it is known 

that the relative volume fractions of the stabilizer and the core-forming block plays an 

important role in the development of the particle morphology.76 Long stabilizers promote 

effective steric stabilization already after nucleation, preventing further sphere-sphere 

fusion. The fusion is essential for obtaining higher order morphologies. This was illustrated 

in the work of Blanazs et al. where transmission electron microscopy was used to monitor 

the evolution of the particle shape throughout a PISA reaction.23 The group prepared 

poly(glycerol monomethacrylate)-block-poly(2-hydroxypropyl methacrylate) copolymers 

that underwent sphere-to-worm and eventually worm-to-vesicle transitions during the 

polymerization. Micrographs revealed the presence of hybrid morphologies, such as short 

worms, partially coalesced worms, and jellyfish, between the more traditional shapes. Such 

observations provide evidence of the underlying mechanisms. Whereas with conventional 

self-assembly methods the particle morphologies can be predicted using the packing 

parameter9, it has not proved sufficient for predicting the morphologies resulting from PISA 

reactions. The parameter determines the morphology of the aggregates by relating the 

volume v and the length l of the hydrophobic segment to the contact area a of the head group 

as 

However, such a relationship does not take into account the relative degrees of solvation in 

the system or the possible concentration dependence.2 Theoretical advances are needed to 

better control these reactions. 

It should be noted that the use of RAFT not only provides a platform for the syntheses, but 

also sets boundaries for the outcome. One such limitation is the degree of polymerization. 

The target length of the resulting polymer in RAFT reactions is given by the monomer-to-

CTA ratio. A practical upper limit of monomer concentration means that the chain length 

can only be increased by decreasing the amount of added CTA. Moreover, the CTA-to-

initiator ratio must be kept reasonable to provide a sufficient number of radicals to the 

 𝑝 = 𝑣/𝑎𝑙 . (1) 
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system, while maintaining the livingness of the reaction. Another variable that can pose a 

problem is the remaining RAFT end-group, which should be either compatible with the 

application or easily removed by post-polymerization processes. Strategies on end-group 

removal and recovery can be found in the literature66, however the self-assembly might result 

in the end-group being hidden inside the particle and thus poorly accessible for removal. 

Furthermore, additional steps in the production will increase the costs and decrease the 

practicality of the technology.  
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II. EXPERIMENTAL PART 

 

9. Introduction  

The aim of this research was to produce a poly(ethylene glycol)-block- 

poly(N-vinylcaprolactam) copolymer that would undergo polymerization-induced self-

assembly. The plan was to use commercially produced PEG and extend the chain with 

NVCL units by carrying out the polymerization in an aqueous medium at 50 oC, that is, 

above the lower critical solution temperature of PNVCL. Several morphologies of polymer 

particles, such as spheres, worms and vesicles, have been obtained using similar strategies2. 

However, only one research group is known to have exploited the LCST behavior of the 

growing chain for inducing the self-assembly during polymerization.8 The resultant 

morphology could not be predicted, but can be determined using methods such as 

transmission electron microscopy. The particles were to be physically crosslinked using 

small molecular weight compounds carrying hydrogen bond donors. 

The goal was to carry out the reaction as a controlled radical polymerization, more 

specifically, as a MADIX-type RAFT polymerization. Therefore, for the polymerization of 

the PNVCL block, a PEG-based macro-chain transfer agent was required. Poly(ethylene 

glycol) methyl ether was chosen as the starting material for a two-step synthesis found in the 

literature, where the hydroxyl end-group was modified into a xanthate moiety. As the result 

of various PISA reactions were known to be dependent on the volume fractions of the two 

blocks2, two different lengths of PEG were chosen for the experiments. Due to the poor water 

solubility and the melting point of 35-38 oC of NVCL, the reaction was expected to follow 

the emulsion polymerization mechanism. 

To study the system thoroughly, several polymerizations were to be carried out by varying 

the mCTA length, the initial monomer concentration and reactant ratios. The resultant 

particles were to be characterized with dynamic light scattering at the reaction temperature 

before and after physical crosslinking. Dialyzed and dried products were to be analyzed with 

NMR spectroscopy, size exclusion chromatography, and turbidimetry. 
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10. Materials 

All chemicals were used as received from the supplier unless otherwise stated. Poly(ethylene 

glycol) methyl ether (mPEG113-OH, average Mn 5000), poly(ethylene glycol) methyl ether 

(mPEG42-OH, average Mn ~1900), 2-bromopropionyl bromide (97%), sodium hydroxide 

(NaOH, ≥ 98%), potassium ethyl xanthogenate (96%), N-(2-Hydroxyethyl)piperazine-N′-

(2-ethanesulfonic acid) (HEPES, 99.5%), and Trizma base (Tris, ≥ 99.9%) were purchased 

from Sigma/Aldrich and used as received. Triethylamine (≥ 99%) was purchased from 

Merck. Dichloromethane (CH2Cl2, 99.99%) was purchased from Fischer Scientific and dried 

over regenerated 4 Å molecular sieves before use. Diethyl ether (100.0%) and hydrochloric 

acid (HCl, 37%) were purchased from VWR Chemicals. Magnesium sulfate (MgSO4, 

anhydrous, > 99.5%) was purchased from Alfa Aesar. N-vinylcaprolactam (NVCL, 98%) 

was purchased from Aldrich and recrystallized twice from toluene prior to use. 2,2’-

Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) was purchased from Wako 

Chemicals and recrystallized from methanol. Sodium hydrogen carbonate (NaHCO3, 99.9%) 

was purchased from Fischer Scientific. Dimethylsulfoxide-d6 (DMSO-d6, 99.8% D) and 

deuterium oxide (D2O, 99.96% D) were obtained from Euriso-Top. Dialysis was conducted 

using Cellu Sep T1 regenerated cellulose tubular membranes with a nominal MWCO of 

3,500. 

 

11. Syntheses 

11.1. Preparation of Xanthate-Terminated Macro-Chain Transfer Agents 

The mCTAs were prepared from mPEG by adapting a two-step synthesis found in the 

literature (Scheme 7).6 In the first step, mPEG113-OH (20.16 g, 4 mmol) was dissolved in 

100 ml of anhydrous CH2Cl2 in a dry 250 ml three-necked flask. Triethylamine (1.238 g, 12 

mmol) was added and the flask was set in an ice bath. A solution of 2-bromopropionyl 

bromide (1.3 ml, 12 mmol) in 20 ml of anhydrous CH2Cl2 was added dropwise to the solution 

over 2 h. After the addition, the mixture was taken off the ice and stirring was continued for 

1 d.  

The solution was filtered and 200 ml of CH2Cl2 was added. The organic layer was washed 

with 1.0 M HCl solution (3 × 80 ml), 1.0 M NaOH solution (3 × 80 ml), and deionized water 

(2 × 80 ml) and dried with anhydrous MgSO4. The solution was concentrated in a rotary 
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evaporator at 30 oC to 20 ml. The polymer was precipitated in 400 ml of cold diethyl ether 

and dried in vacuum for 3 h, giving mPEG113-Br. Gravimetric yield: 19.4 g (96%). 1H NMR 

in DMSO-d6, 20 mg ml-1.  

The same procedure was used for the preparation of mPEG42-Br. Gravimetric yield: 89%. 

The second step of the synthesis found in the literature was modified, and the resulting 

procedure was as follows. mPEG113-Br (5.00 g, 1 mmol) was dissolved in 100 ml of 

anhydrous CH2Cl2 in a round-bottom flask. Potassium ethyl xanthogenate (0.480 g, 3 mmol) 

was added. The flask was protected from light and the mixture was stirred for 30 min.  

Solids were filtered off and 50 ml of CH2Cl2 was added. The solution was washed with 

saturated NaHCO3 solution (3 × 70 ml) and deionized water (1 × 70 ml). The organic phase 

was dried with anhydrous MgSO4 and concentrated to 20 ml at 30 oC using a rotary 

evaporator. The polymer was precipitated in 400 ml of cold diethyl ether. The product was 

dried under atmosphere overnight. mPEG113-X was obtained. Gravimetric yield: 4.64 g 

(93%). 1H NMR in DMSO-d6, 20 mg ml-1. 

In the preparation of mPEG42-X from mPEG42-Br, only a 10 min reaction time was used. 

Longer reaction times seemed to promote difficulties in removing unreacted xanthate from 

the products, as indicated by impurities in 1H NMR spectra. Gravimetric yield: 90%. 

 

 

Scheme 7 Synthetic procedure for the preparation of the mCTA used in this work. 1) In the first 

step, mPEG-OH reacts with 2-bromopropionyl bromide in a base-catalyzed SN2 reaction to yield an 

ester, mPEG-Br. 2) In the second reaction, the terminal bromine of the mCTA precursor is replaced 

by a xanthate moiety, giving mPEG-X. 
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11.2. Polymerization of PEG-b-PNVCL Copolymers 

Various aqueous media, concentrations and reactant ratios were used to study the 

polymerization reaction (Scheme 8). The general procedure was as follows. NVCL and 

mPEG-X were added in a 25 ml two-necked flask. In a separate flask, an excess of VA-044 

was dissolved in a small amount of solvent. The needed amount of initiator solution was 

added in the reaction flask along with the rest of the solvent. The solution was stirred slowly 

using a magnetic stirrer and bubbled with nitrogen for 1 h at room temperature. A 𝑡0 

conversion sample of two drops was taken using a nitrogen-purged syringe. The mixing 

speed was increased to 400 rpm and the reaction was initiated by immersing the reaction 

flask in a preheated oil bath. Reaction temperature was 50 oC. For kinetic studies, conversion 

samples of two drops were taken through a septum using a nitrogen-purged syringe and 

quenched with liquid nitrogen. 

The polymerization was stopped by opening the system to air and cooling it down with liquid 

nitrogen. If light scattering experiments were to be conducted on the resultant particles, the 

reaction was stopped without cooling by only opening the system to air. The system was 

homogenized by stirring at room temperature before taking the final conversion sample. The 

reaction mixture was dialyzed against deionized water for 5 d and freeze-dried. 1H NMR in 

D2O, 2 drops in 0.6 ml. DOSY in D2O, 5 mg ml-1. 

  

 

Scheme 8 MADIX polymerization of NVCL. 
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12. Characterization 

12.1. Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectra were recorded using a 500 MHz Bruker Avance III spectrometer at 23 oC. 

Diffusion-ordered spectroscopy (DOSY) measurements were carried out using the Bruker 

pulse sequence ledbpgp2s. A diffusion delay of 100 ms was used. Two hours prior to the 

measurement, a 5 mg ml-1 sample was prepared in D2O. TopSpin and SpinWorks software 

were used to process the data. 

Conversions of the polymerization reactions were determined by the disappearance of the 

CH2CHN signal of NVCL. 

12.2. Size Exclusion Chromatography (SEC) 

SEC analysis was performed on the mCTAs using a Waters 515 HPLC pump connected to 

a Waters 2410 refractive index detector. Samples of 1 mg ml-1 were prepared in an aqueous 

0.1 M sodium nitrate solution containing 3% acetonitrile (ACN). Poly(ethylene oxide) 

(PEO) standards were used for calibration. Separation was attained using a Varian PL 

aquagel-OH mixed column (100-600,000) and Waters Ultrahydrogel 250 (1,000-80,000) 

and 120 (100-5,000) columns. Injection volume was 50.0 μl and the elution rate was  

0.8 ml min-1. OmniSEC software was used for data analysis.  

PEG-b-PNVCL samples of 1 mg ml-1 were analyzed in THF containing 1 mg ml-1 of 

tetrabutylammonium bromide (TBAB). A Waters ACQUITY APC System was used for the 

analysis. Poly(methyl methacrylate) (PMMA) standards were used for calibration. 

Separation was attained with two Acquity APC XT extended temperature columns with 

450Å (20,000-400,000) and 200Å (3,00-70,000) pore sizes. Injection volume was 10.0 µl. 

Chromatograms were plotted using OriginPro software. Baseline subtraction, normalization 

and FTT smoothing were used where needed. 

12.3. Dynamic Light Scattering (DLS) 

DLS measurements were performed using Coherent Sapphire 488-100 CW CDRH as the 

light source and Brookhaven Instruments’ BI-CrossCorr detector, BI-200SM goniometer, 

and BIC-TurboCorr digital pseudo-cross-correlator. The detector consisted of two BIC-DS1 

detectors. The laser operated at 488 nm and 10-15 mW. A 100 µm pinhole and 30-130o 

angles were used for the measurements. Temperature was controlled using a LAUDA RC 6 

CP thermostat. 
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To conduct the experiment, a sample was withdrawn from the reaction mixture and diluted 

down in a syringe, while keeping the solution temperature between 50-75 oC. Before 

beginning the first measurement, the sample was stabilized at 50 oC inside the instrument 

for 30 min. The measurement was then performed at said temperature. Scattering data was 

collected for 3 and 10 min for multiple angle and single angle experiments, respectively. 

Crosslinking experiment was carried out using saturated aqueous salicylic acid. The solution 

was prepared at room temperature and filtrated prior to use. After conducting the initial 

measurements on the polymer particles, salicylic acid solution was heated to 65 oC, and  

1 ml was added in the sample cuvette. The cuvette was briefly shaken and left to stabilize in 

the measuring cell at 50 oC for 15 min before collecting the data. 

12.4. Turbidimetry 

Turbidity measurements were carried out using a JASCO J-815 circular dichroism 

spectrometer. The instrument was equipped with an external Peltier PTC-423S/15 

temperature control unit. One day prior to the experiment, 1 mg ml-1 sample solution was 

prepared in deionized water. Before starting the measurement, the sample cuvette was kept 

at 25 oC for 10 min. The spectrum was recorded at a 700 nm wavelength from 25 to 60 oC. 

The heating rate was 1 oC min-1. 

 

13. Results and discussion 

13.1. Preparation of the Macro-Chain Transfer Agents 

The purity of the mPEGs used for the mCTA syntheses were determined by 1H NMR. The 

spectrum of PEG in DMSO-d6 reveals a hydroxyl peak that does not shift or broaden as a 

function of concentration or impurities, and can be used for quantitative analysis (Figures 2 

and 3).77 The PEG contamination of the starting materials were determined before starting 

the work, as the presence of PEG in mPEG results in some of the CTA having a xanthate 

group at both ends of the polymer. The amount of PEG was given by the equation 

where An is the integral of signal n.77 The PEG content was found to be 2% for mPEG42-OH 

and 7% for mPEG113-OH. The purities were deemed acceptable for the purpose. 

 % PEG = [𝐴OH/(𝐴methoxy/3) − 1]/2 ∙ 100, (2) 
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Figure 2 1H NMR spectra of mPEG42-OH (top), mPEG42-Br (middle) and mPEG42-X (bottom). All 

spectra were measured in DMSO-d6 (20 mg ml-1). 

 

 

 

 

 

Figure 3 1H NMR spectra of mPEG113-OH (top), mPEG113-Br (middle) and mPEG113-X (bottom). 

All spectra were measured in DMSO-d6 (20 mg ml-1). 
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The successful syntheses of the mCTAs were demonstrated by 1H NMR measurements. The 

spectra of mPEG42-X, mPEG113-X, and their precursors are shown in Figures 2 and 3 In the 

first step, full conversion of the hydroxyl end group was confirmed by the disappearance of 

the triplet arising from the hydroxyl protons at 4.6 ppm. Three new signals arose at 1.7, 4.2 

and 4.7 ppm due to the resulting ester. In the second reaction, substitution of the terminal 

bromine with a xanthate resulted in two new signals at 1.4 and 4.6 ppm, arising from the 

xanthate protons. Additionally, the chemical shifts of the protons close to the carbonyl group 

shifted towards lower frequencies due to the new neighboring group. 

SEC analysis was conducted to determine the number average molecular weights (Mn) and 

the dispersities (ĐM) of the CTAs and their precursors (Table 1). The analysis was performed 

in water to get a realistic result with PEO standards, and in THF to later compare the results 

to those of the copolymers. Due to the poor signal-to-noise ratio of the mPEG-X peaks, the 

data was smoothed using FFT filtering. This resulted in the baseline resembling a sine wave. 

However, the visual comparison of the peak shapes was improved significantly. The 

chromatograms are shown in Figures 4 and 5. 

For the shorter mCTA, the starting material and the resulting CTA gave clean, symmetric 

peaks with identical dispersities (Figure 4). For mPEG42-Br, a smaller compound eluted 

very close to the polymer. This resulted in partial overlap of the peaks. A likely explanation 

for this was an unsuccessful purification step. Despite the impurity, the polymer peak could 

still be seen at its expected position. The peak was analysed by integrating over the estimated 

Table 1 SEC analysis of the CTAs and their precursors. a Value reported by the supplier.  
b Analyzed in 0.1 M NaNO3 + ACN (3%) using PEO standards. c Analyzed in THF + TBAB  

(1 mg ml-1) using PMMA standards. d Analyzed by estimating the integration limit for the polymer 

peak. 

Structure Mn 
a 

(g mol-1) 

Mn,SEC b 

(g mol-1) 

ĐM b Mn,SEC c 

(g mol-1) 

ĐM c 

mPEG42-OH 1,900 1,900 1.06   

mPEG42-Br  1,900 d 1.04 d   

mPEG42-X  1,900 1.05 3,200 1.13 

mPEG113-OH 5,000 4,800 1.13   

mPEG113-Br  3,000 1.31   

mPEG113-X  4,800 d 1.07 d 9,000 1.16 
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Figure 4 SEC analysis of mPEG42-X and its precursors in 0.1 M NaNO3 + ACN (3%) with PEO 

standards. 

 

 

 

Figure 5 SEC analysis of mPEG113-X and its precursors in 0.1 M NaNO3 + ACN (3%) with PEO 

standards. 
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polymer peak only. The obtained values of Mn corresponded exactly to that given by the 

supplier. 

In the analysis of the longer mCTA, the starting material eluted close to a small, higher 

molecular weight impurity (Figure 5). The chromatogram exhibited tailing of the peaks for 

the starting material and mPEG113-Br. mPEG113-X eluted close to an impurity of a smaller 

size, which could be an indication of incomplete purification of the product. The peak was 

analysed by integrating over the product peak only. The molecular weights of mPEG113-OH 

and mPEG113-X agreed well with the value given by the supplier. The dispersities of the 

prepared mCTAs were low, and almost identical. This served as an ideal starting point for 

the preparation of the block copolymers. 

13.2. Polymerization of PEG-b-PNVCL Copolymers 

The solubility of NVCL in water is low, approximately 4 g l-1. When an initial monomer 

content of 4-20 m-% was used for the reactions, the solubility limit was greatly exceeded. 

Adding the mPEG-X into the reaction mixture seemed to increase the solubility of NVCL 

slightly. As the melting point of NVCL is 35-38 oC, it was hypothesized that the process of 

polymerizing NVCL in the described system would essentially be emulsion polymerization, 

and that the reaction would follow emulsion polymerization kinetics.  

Before immersing the reaction flasks in an oil bath, there were significant differences in the 

appearances of the reaction mixtures of different concentrations. When mPEG113-X was 

used, the 4 m-% mixture was a clear solution and no solids remained in the flask. The  

8 m-% mixture exhibited small, unstable monomer droplets dispersed in the solvent phase. 

The formation of such an emulsion at room temperature was unexpected given the melting 

point of NVCL. A monomer content of 20 m-% resulted in a heterogeneous mixture, as part 

of the NVCL remained in a solid state until heated. Upon heating the reaction mixtures to 

50 oC, the solids melted or dissolved for all concentrations. The initial turbidity of the 

solutions varied from almost clear to nearly milky white. High concentrations promoted 

increased turbidity. 

13.2.1. Effect of the Reaction Medium 

Polymerizations of the PEG-b-PNVCL copolymers were carried out in deionized water and 

in aqueous HEPES and Tris buffer solutions. The structures of the buffers are shown in 

Figure 6. The chain extension of mPEG113-X with NVCL has been successfully conducted 
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in DMF by Liu et al.43 In this work, for inducing the self-assembly of the copolymer during 

the polymerization, aqueous media were used instead. The choice of the reaction medium 

proved to have a great effect on the results. A similar reaction has been carried out in Tris 

buffer, utilizing mPEG42-X for the copolymerization of vinyl acetate and NVCL.69  

It should be noted that initially the pH values of the buffer solutions were set to be 7.4 under 

the reaction conditions. After conducting the experiments, it was found out that Tris and 

HEPES are highly sensitive to temperature changes.78 Thus, the pH of the buffer solution 

was dependent not only on the concentration, but also on the temperature of the solution. As 

the pH value of Tris was set to 7.4 at 22 oC, the value at 50 oC was approximately 6.6. 

Similarly, the pH of HEPES was approximately 7.0. 

The synthesis of the block copolymer was attempted in deionized water using a high initial 

monomer concentration (Table 2). A comparison between the reactions carried out in water 

and in Tris revealed a trend for water to promote higher conversions, as suggested by the 

full disappearance of the double bond protons in the 1H NMR spectra (Figure 7). However,  

Table 2 A comparison between PEG-b-PNVCL polymerization reactions carried out in deionized 

water and in Tris (0.10 M, pH 6.6). Initial monomer content was 20 m-% for all reactions.  
a Determined by 1H NMR analysis in D2O. 

CTA Solvent [M0]:[CTA]:[I] Yield  

(%) 

Conv. a  

(%) 

Reaction time  

(h) 

mPEG42-X H2O 500:1:1 75 100 24 

mPEG42-X Tris 500:1:1 85 94 24 

mPEG113-X H2O 500:1:1 70 100 23 

mPEG113-X Tris 500:1:0.3 91 99 24 

 

 

Figure 6 The molecular structure of HEPES (left) and Tris (right). 
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despite the seemingly higher conversions, gravimetric yields were significantly lower for the 

water reactions than for their Tris counterparts.  

A possible explanation for the observations was the hydrolysis of NVCL. The process has 

been shown to take place as a result of increasing acidity of the reaction medium in systems 

where potassium persulfate was used as an initiator.79 The mechanism suggested in the 

literature produces acetaldehyde and caprolactam. The conversion spectra of the 20 m-% 

reaction with mPEG113-X in deionized water showed the appearance and disappearance of 

signals that were not present when the reaction was carried out in Tris. An in-depth analysis 

of the spectra revealed possible acetaldehyde and caprolactam peaks. The signals seen at 9.6 

and 2.2 ppm corresponded to those designated to acetaldehyde in the literature.79 The 

absence of the >NH signal of caprolactam could be explained by the exchange of protons 

with the deuterated solvent. Furthermore, the peak shapes at 23 h reaction time suggested 

that not all caprolactam rings were incorporated in a polymeric structure. 

Figure 7 1H NMR conversion spectra for the 20 m-% reaction utilizing mPEG113-X in deionized 

water. Arrows indicate the signals that are not seen when the reaction is carried out in Tris buffer. 

Signals indicated by the black arrows correspond to the chemical shifts of acetaldehyde.79 The spectra 

were measured from 2 drops of reaction mixture in 0.6 ml of D2O. 
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The 1H NMR data indicated that instead of all the NVCL taking part in the polymerization 

reaction, the apparent 100% conversions in water were partially a result of the hydrolytic 

cleavage of the vinyl group. The side reaction could be further investigated by using other 

deuterated solvents to maintain the exchangeable protons in the spectra. However, for this 

work, the nature of the side reaction was not important. It was concluded that deionized 

water was not an optimal reaction medium, and that the use of a buffer solution was a 

requirement to have a good control over the reaction. 

The polymerization was attempted in HEPES solution to better control the reaction 

conditions. HEPES is a biocompatible zwitterionic buffer with a pKa of 7.4 at 20 oC.80 Two 

reactions were carried out using mPEG42-X and an initial monomer content of 4 m-%  

(Table 3). The conversions were extremely low compared to the conversion achieved in Tris 

solution using the same mCTA and concentration. 1H NMR showed a 3% conversion for 

both HEPES reactions. The conversions correlated well with the amounts of solids obtained, 

which confirmed that barely any reaction was taking place. 

The poor conversions were explained by the tendency of HEPES to form radicals.81 The 

formation of radicals has been shown to take place in various buffers containing a piperazine 

ring. These radicals have half-lives of approximately 10 min, which makes them sufficiently 

stable to prevent any radical polymerization from taking place in the aforementioned 

conditions. After these findings, it was concluded that the low conversions were a result of 

chain transfer to HEPES. The participation of the buffer in radical reactions makes it an 

undesirable buffer candidate for any radical polymerization. 

Polymerizations were conducted in Tris buffer. Tris is frequently used in biochemistry due 

to its low cost and high buffer capacity. Some disadvantages of the buffer include the 

reactivity of the amine group and its toxicity for many mammalian cells due to its high 

Table 3 A comparison between PEG-b-PNVCL polymerizations carried out in HEPES (10 mM, pH 

7.0) and in Tris (0.10 M, pH 6.6) solutions. The initial monomer content was 4 m-% for all reactions. 
a Monomer conversion determined by 1H NMR analysis in D2O. 

CTA Solvent [M0]:[CTA]:[I] Yield  

(%) 

Conv. a   

(%) 

Reaction time  

(h) 

mPEG42-X HEPES 500:1:0.3 2 3 24 

mPEG42-X Tris 500:1:0.3 67 78 24 

mPEG42-X HEPES 500:1:1 1 3 24 
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lipophilicity. Multiple reactions were carried out using an initial monomer content of  

4-20 m-%. Experimental data shows Tris to be a suitable buffer for conducting the 

polymerization (Table 4). Conversions of the reactions were high and gravimetric yields 

correlated well with the conversions. The small difference was due to loss of product during 

the purification process. The buffer seemed to prevent any unwanted side reactions, as 

indicated by the 1H NMR conversion spectra (Figure 8). The reason for the low conversion 

of the 4 m-% reaction with mPEG113-X was not clear, as the reaction with mPEG42-X gave 

a relatively high yield. 

13.2.1. Effects of Stabilizer Length and Monomer Concentration 

The most significant difference between the reactions carried out using different lengths of 

mCTA was the stability of the resulting particles. The use of the shorter stabilizing block 

resulted in aggregation of the polymer in the reaction mixture. The aggregates were sticky 

and thus prevented magnetic stirring for the remainder of the reaction time. Such reaction 

conditions were clearly unsuitable for the purpose, and the reactions were considered 

unsuccessful. The longer stabilizing block allowed for the preparation of stable particles that 

were not soluble in water at the reaction temperature. The reactions at high concentrations 

resulted in a milky white colloid that turned into a clear solution upon cooling (Figure 9). 

Table 4 Parameters of the PEG-b-PNVCL polymerization reactions performed in Tris solution  

(0.10 M, pH 6.6). a Stability of the resulting particles. Stable (S) mixtures had no coagulum at the 

end of the reaction. Unstable (U) mixtures exhibited aggregation of the latex. b Monomer conversion 

determined by 1H NMR analysis in D2O. 

CTA M0 (m-%) [M0]:[CTA]:[I] Stability a Yield  

(%) 

Conv. b  

(%) 

Reaction time  

(h) 

mPEG42-X 

4 500:1:0.3 U 67 78 24 

6 500:1:0.3 U 69 79 18 

8 500:1:1 U 74 86 18 

10 500:1:0.3 U 73 85 21 

20 500:1:1 U 85 94 24 

mPEG113-X 

4 500:1:0.3 S 6 9 24 

8 500:1:0.3 S 66 84 23 

10 500:1:0.3 S 97 97 26 

20 500:1:0.3 S 91 100 24 
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Figure 8 1H NMR spectra of the 20 m-% reaction in Tris (0.10 M, pH 6.6) using mPEG113-X as the 

mCTA. The spectra were measured from 2 drops of reaction mixture in 0.6 ml of D2O. 

 

 

 

Figure 9 Polymerization product of a 10 m-% reaction with mPEG113-X at 50 oC (left) and after 

cooling to room temperature (right). 
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The 10-20 m-% reactions with mPEG113-X were deemed as successful PISA reactions due 

to their good particle stabilities and high conversions. 

The molecular weights of the dialyzed and freeze-dried products were estimated by 1H NMR 

and SEC (Table 5). The theoretical values of Mn were systematically greater but 

corresponded well to those given by spectroscopic and chromatographic techniques. 

Possible sources of error were the use of PMMA standards, as well as heterogeneity of the 

dried polymer samples. The good correlation between the theoretical and the experimental 

molecular weights suggested a controlled character of the reaction. 

Chromatograms of the SEC analyses are shown in Figures 10 and 11. The unstable particles 

prepared using the shorter stabilizer revealed two types of products (Figure 10). The 

copolymers prepared at low initial monomer concentration showed peaks with a broad 

shoulder on the low-molecular-weight side of the distribution. With increasing 

concentration, the shoulder was seen to grow bigger. For the 10-20 m-% reactions it 

represented the majority of the product, with a smaller overlapping peak seen at the high-

molecular-weight side of the distribution. However, the highest molecular weight of the 

distribution was the same for every reaction. All peaks extended over the mCTA elution 

area, being a possible indicator of unreacted mCTA. All products exhibited high dispersities. 

  

Table 5 Molecular weights, dispersities and cloud-point temperatures of the prepared copolymers. 

The reactions correspond to those presented in Table 4. a Calculated as MmPEG + conv. × [M0] / [CTA] 

× MNVCL. b Estimated by 1H NMR analysis in D2O. c Analyzed in THF + TBAB (1 mg ml-1) using 

PMMA standards. d Calculated as conv. × [M0] / [CTA]. e Determined by turbidimetry in water and 

defined as the temperature at which the transmittance started to decrease. 

CTA M0  

(m-%) 

Mn,theor. 
a

  

(g mol-1) 

Mn,NMR 
b

  

(g mol-1) 

Mn,SEC 
c
  

(g mol-1) 

ĐM 
c DPtheor. 

d 

 

Tc 
e 

(oC) 

mPEG42-X 

4 56,400 49,500 46,200 3.22 390  

6 57,100 49,300 56,200 3.06 395  

8 61,900 52,500 45,200 3.48 430  

10 61,200 57,800 40,900 3.20 425  

20 67,500 57,500 46,500 2.74 470  

mPEG113-X 

4 11,400 6,100 9,100 1.15 45  

8 63,600 56,400 54,500 2.60 420 34.1 

10 72,700 67,100 68,300 2.04 485 34.5 

20 74,800 68,700 67,800 1.68 500 35.2 
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Figure 10 SEC traces of PEG42-b-PNVCL copolymers and the corresponding CTA. The analysis 

was conducted in THF containing TBAB (1 mg ml-1) using PMMA standards. 

 

 

 

Figure 11 SEC traces of PEG113-b-PNVCL copolymers and the corresponding CTA. The 

analysis was conducted in THF containing TBAB (1 mg ml-1) using PMMA standards. 
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Polymerizations using mPEG113-X yielded products with broad molecular weight 

distributions (Figure 11). However, the shape of the peaks for the 8-20 m-% reactions were 

much preferable to those presented earlier. Furthermore, the dispersity decreased 

significantly with increasing reaction concentration. All samples were seen to contain 

unreacted mCTA. The heterogeneity of the product was possibly a result of the complexity 

of the RAFT emulsion system. The chromatogram of the 4 m-% product corresponded 

almost perfectly to that of pure mCTA, confirming that barely any reaction took place during 

polymerization. 

The formation of a block copolymer was further studied by DOSY measurements in D2O. 

The data was plotted on an xy-plane, where x represents the chemical shift and y is the 

logarithm of the diffusion coefficient. Spectra were recorded for mPEG113-X and the 

polymerization product of a 20 m-% reaction with said mCTA. This allowed for the 

investigation of any possible changes in the diffusion coefficient of the PEG chain as a result 

of the reaction. 

The DOSY spectrum of the block copolymer (Figure 12) showed a diffusion coefficient of 

3.6 ∙ 10-11 m2 s-1 for the PNVCL block and a slightly higher average value of  

 

 

Figure 12 DOSY NMR spectrum of PEG113-b-PNVCL in D2O (5 mg ml-1). 
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6.2 ∙ 10-11 m2 s-1 for the PEG block. In the spectrum of mPEG113-X (Figure 13), all signals 

were aligned and exhibited a diffusion coefficient of 1.0 ∙ 10-10 m2 s-1. Thus, the average 

diffusion coefficient of the PEG block of the copolymer was somewhere between those of 

pure mPEG113-X and the PNVCL block. The result confirmed the presence of unreacted 

mCTA in the sample. More importantly, it suggested that some of the PEG was incorporated 

in the product, and that the RAFT agent had taken part in the reaction. 

Turbidimetry measurements were used to determine the cloud point temperature (Tc) of the 

purified polymers (Figure 14). The experiment was only conducted on the products of the 

8-10 m-% reactions with a long stabilizer. The obtained transmittance spectra exhibited a 

sudden increase in turbidity as the phase transition region was reached. The spectra revealed 

a trend where the transition temperature increased with increasing polymerization 

concentration. Thus, the obtained Mn,SEC values suggested that the transition temperature 

increased with increasing molecular weight. Such results were not in an agreement with the 

literature.43 A closer look at the SEC data revealed that the trend seen in the transmittance 

measurements correlated well with the upper limits of the molecular weight distributions. In 

other words, the transmittance begun to decrease as the longest chains of the sample became 

 

 

Figure 13 DOSY NMR spectrum of mPEG113-X in D2O (5 mg ml-1) shows an apparent diffusion 

coefficient of 1.0 ∙ 10-10 m2 s-1. 
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insoluble. The transition temperatures of the 8 and 10 m-% reactions were close to each 

other, much as the highest molecular weights they contained, as seen from the 

chromatograms. The 20 m-% product contained only shorter chains, and thus exhibited a 

higher Tc.  

Dynamic light scattering experiments were conducted on three successful PISA products to 

determine their particle size distributions (Table 6). Data was collected for 10 min at a 90o 

 

Figure 14 Transmittance spectra of PEG113-b-PNVCL copolymers in water (1 mg ml-1). 
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Table 6 Products characterized by dynamic light scattering. mPEG113-X was used for all reactions.  
a Determined by 1H NMR analysis in D2O. 

M0  

(m-%) 

[M0]:[CTA]:[I] Conv. a 

(%) 

Mn,NMR a 

(g mol-1) 

Mean Rh  

(nm) 

20 500:1:0.3 100 69,300 102 

10 500:1:0.3 97 67,100 104 

10 350:1:0.3 97 50,800 95 
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angle and analyzed using the CONTIN algorithm. The correlation functions of all 

measurements showed monomodal decay (Figure 15). The single exponential behavior was 

better demonstrated by the linearity of the natural logarithm. The correlation functions of the 

500:1:0.3 feed products seemed almost identical. The corresponding histograms showed the 

distributions of the hydrodynamic radii (Rh) to be narrow for all samples (Figure 16), 

however the 350:1:0.3 feed resulted in a slightly broader particle size distribution than the 

500:1:0.3 feed. Mean hydrodynamic radii were seen to correlate with the molecular weights 

determined by 1H NMR analysis. Multiple angle measurements were conducted on the 

samples to study the angular dependence of the particle size. Table 7 shows the data 

collected before and after physical crosslinking. The data was analyzed using both the 

CONTIN algorithm and the cumulant method. As the initial experiments showed 

monomodal size distribution of the particles, the cumulant expansion was deemed as a 

reliable analysis method. The method assumes a Gaussian-like distribution of the particles, 

which was true for all samples based on the presented histograms. The relative standard 

 

 

Figure 15 Normalized correlation functions of the scattered light intensity. Monomodal decay 

was seen for all series of data, indicating monomodal particle distributions. 
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deviation (RSD) of effective Rh was exceptionally low for the 10 m-% reaction utilizing a 

350:1:0.3 feed. The RSD varied between 0.4-8.7% for all samples, confirming that the 

presented polymerization method is suitable for producing particles with well-defined sizes. 

Dispersities varied between 0.005-0.184, and tended to increase with decreasing detection 

angle. Smallest variation was seen for the 20 m-% reaction. 

Preliminary crosslinking experiments were conducted on one of the samples to study the 

possibility of maintaining the particle shape at ambient temperatures. PNVCL particles can 

be physically crosslinked using a small-molecular compound containing hydrogen bond 

donors.10 For this purpose, saturated salicylic acid solution was added in the sample cuvette 

after conducting the initial DLS measurements. The results showed that the crosslinking did 

not affect the particle size. The crosslinked particles did not dissolve upon cooling to room 

temperature. Few aggregates were seen in the cuvette, most likely due to temperature 

gradients during the addition of the crosslinker. 

 

Figure 16 Normalized distributions of the hydrodynamic radii of PISA products. The histograms 

correspond to the data presented in Figure 15. 
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Table 7 Data analysis of the multiple angle experiment of the PISA particles at 50 oC. 

   BEFORE PHYSICAL 

CROSSLINKING 
AFTER PHYSICAL 

CROSSLINKING 

   CONTIN 2nd cumulant CONTIN 2nd cumulant 

M0  

(m-%) 
[M0]:[CTA]:[I] Angle 

(o) 

Mean Rh 

(nm) 

Eff. Rh 

(nm) 

Poly Mean Rh 

(nm) 

Eff. Rh 

(nm) 

Poly 

20 500:1:0.3 

30 136.55 127.55 0.072    

60 111.25 112.35 0.019    

90 99.30 101.35 0.020    

120 96.95 106.70 0.005    

Mean   111.01 111.99     

SD   15.71 9.79     

RSD (%)   14.2 8.7     

10 500:1:0.3 

30 110.10 116.35 0.110 114.55 114.55 0.052 

40 143.05 114.95 0.050    

50 111.05 113.20 0.022 110.65 109.50 0.046 

70 107.10 105.35 0.048 125.45 103.20 0.022 

90 99.55 101.60 0.005 95.80 99.60 0.020 

110 98.00 101.75 0.005 92.95 98.85 0.006 

120 102.00 105.75 0.005    

130 104.55 107.45 0.005 102.65 102.90 0.044 

Mean   109.43 108.30  107.01 104.77  

SD   13.44 5.13  11.20 5.56  

RSD (%)   12.3 4.7  10.5 5.3  

10 350:1:0.3 

30 90.50 94.55 0.184    

40 84.15 93.85 0.111    

50 102.80 94.40 0.092    

60 93.15 94.80 0.050    

70 99.20 94.90 0.082    

80 98.75 94.55 0.045    

90 117.00 94.70 0.023    

120 93.85 94.25 0.008    

130 116.80 93.85 0.045    

Mean   99.58 94.43     

SD   10.57 0.36     

RSD (%)   10.6 0.4     
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13.2.2. Reaction Kinetics 

Conversion sampling was carried out for four reactions to study them in more depth  

(Table 8). The effects of concentration and reactant ratios become especially important when 

the procedure is used to pursue various morphologies of the resultant polymer particles. It is 

known that for some systems the resulting morphology depends on the relative volume 

fractions of the soluble and insoluble blocks82, and even on the total solids concentration76. 

Additionally, for light scattering experiments, it was essential that only minimal monomer 

residue was left in the reaction mixture, as the product could not be purified before the 

measurements. Any remaining insoluble NVCL can form droplets in water at 50 oC and act 

as a source of error in the measurements. Thus, a full conversion is desirable. 

For the first comparison, 10 and 20 m-% reactions were carried out using identical feed 

ratios. The conversion data revealed that the higher concentration promoted a significantly 

faster reaction rate (Figure 17). The 20 m-% reaction reached a constant rate period soon 

after initiation. The conditions allowed for the reaction to reach an 80% conversion before 

deceleration of the reaction rate took place. The final conversion was achieved only within 

13 hours of initiation. The 10 m-% reaction reached its linear region within four hours. The 

biggest differences in the curves were seen after said point. A lower concentration resulted 

in a gentler slope in the linear region and a significantly longer deceleration period. The 

latter constituted for over half of the reaction time required to reach full conversion. The 

conversion profiles of the reactions resembled much of those often presented for emulsion 

polymerization systems.55 The data exhibited three intervals of reaction, representing 

particle nucleation, particle growth and finally depletion of the monomer droplets.67 

 

Table 8 Effect of the concentration and reactant ratios on the reaction rate and conversion. All 

reactions were carried out in Tris buffer (0.10 M, pH 6.6) using mPEG113-X. a Time required to reach 

the interval. b Time required to reach end conversion. c Determined by 1H NMR analysis in D2O. 

M0  

(m-%) 

[M0]:[CTA]:[I] Yield  

(%) 

tII 
a 

(h) 

tIII 
a 

(h) 

tconv. 
b 

(h) 

Conv. c 

(%) 

Reaction time  

(h) 

20 500:1:0.3 90 2.5 5.5 12.5 98 24 

10 500:1:0.3 91 5.5 10.0 24.5 97 26 

10 350:1:0.3 87 4.5 9.0 22.5 97 24 

10 200:1:0.3 97 3.5 8.5 18.0 97 20 
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For the second comparison, the kinetics of three 10 m-% reactions with different reactant 

feeds were compared to each other. The reactant ratios were kept typical for a RAFT 

polymerization. It was seen that decreasing the initial amount of monomer relative to the 

amount of CTA and initiator resulted in faster reaction rates (Figure 18). It is known that in 

emulsion polymerization systems, increasing the emulsifier concentration results in a greater 

number density of micelles and thus in a greater number of growing polymer chains.55,67 

Additionally, increasing the amount of initiator leads to a higher initiation rate. The observed 

trend in the reaction rates could be explained by these two factors. 

The kinetic data revealed three periods of polymerization for all four reactions. Each of the 

reactions begun with an acceleration period, the length of which was somewhat dependent 

on both the initial monomer concentration and the feed ratio. As the reaction reached a  

 

Figure 17 Evolution of the conversion in the polymerization of NVCL. mPEG113-X and 

[M0]:[CTA]:[I] of 500:1:0.3 were used for both reactions. Conversion was determined by 1H NMR 

analysis (2 drops of reaction mixture in 0.6 ml of D2O). 
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20-30% conversion, a period of constant rate took place. High reaction rates allowed for the 

constant rate to be maintained until high conversions were reached. Conversely, low reaction 

rates promoted a faster transition to the deceleration phase. All reactions reached almost full 

conversion. However, for the 20 m-% reaction the reaction time was significantly shorter 

than for the rest. 

  

 

Figure 18 The effect of feed ratios on the reaction rate. NVCL was polymerized in the presence 

of mPEG113-X using a 10 m-% initial monomer content. The three curves correspond to different 

[M0]:[CTA]:[I] ratios. Conversion was determined by 1H NMR analysis (2 drops of reaction 

mixture in 0.6 ml of D2O). 
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14. Conclusions 

A new PISA formulation was developed for producing PEG-b-PNVCL particles in water. 

The effects of reaction conditions were thoroughly studied, and the products were 

characterized using various techniques. The approach was shown to produce copolymer 

particles with well-defined properties which can be tuned by varying the reaction conditions. 

The particles can be physically crosslinked to make them insoluble in water at ambient 

temperatures. Furthermore, a simplified method for the modification of mPEG-OH into a 

xanthate-terminated mCTA was reported. 

This work demonstrated the importance of the selection of stabilizer on the outcome of 

attempted PISA reactions. Successful stability of the particles was achieved using a PEG 

chain of 113 repeating units. The use of a shorter chain of 42 repeating units resulted in 

coagulum in the reaction flask. The relative volume fractions of the copolymer blocks have 

been shown to have a great effect on the result of several PISA reactions.2 In addition to 

colloidal stability, the relationship can also affect the resulting morphology. As mPEG is 

commercially available at various molecular weights, the reaction could be further studied 

using stabilizers of different lengths. More importantly, further research is called for to 

determine the morphology of the particles. Development of the crosslinking procedure is 

needed, and other suitable crosslinkers should also be considered. 

Based on the kinetic and chromatographic data, the polymerization reaction exhibited best 

qualities when performed at high concentrations. Such conditions resulted not only in high 

reaction rates and high yields, but also in lower dispersities of the products. The result 

suggested that the reaction could be even more successful at concentrations over 20 m-%. 

Thus, more research is needed to study the concentration dependence of the reaction in more 

depth. The kinetics resembled those of a typical emulsion polymerization process.55 The 

reaction could be repeated using mPEG or a micelle-forming PEG derivative to better 

understand the role of mPEG-X in the reaction. Unwanted side reactions were avoided by 

carrying out the reaction in Tris buffer. However, the lipophilicity of Tris and the reactivity 

of its amine group makes it a non-ideal medium for the preparation of biocompatible 

materials. 

This thesis reported one of the first PISA systems to exploit the temperature-sensitivity of 

the growing chain. Stimuli-responsive polymers can be expected to offer more exciting 

options for producing copolymer nano-objects. Moreover, the PISA concept was brought 
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closer to biomedical applications by using biocompatible polymers. The vast research 

already conducted on PEG and PVNCL make them ideal candidates in the search for new 

materials for applications such as drug delivery. As PISA has quickly become well 

recognized as an alternative method for designing polymer particles, the area of research 

will likely gain more popularity in the near future.  
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