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Abstract 

Silica nanoparticles are commonly integrated within polymeric matrices to form composite 

materials, due to their non-toxic nature, chemical resistance and physical properties. Polymer-

silica colloidal nanocomposites are the most studied class of hybrid nanoparticles and their 

applications can be tailored based on synthetic approaches. The aims of this work were to 

prepare polymer-silica colloidal nanocomposites via a combination of reversible deactivation 

radical polymerization, self-assembly and sol-gel chemistry. This approach enabled the 

preparation of hybrid nanoparticles with controllable shape and size. The influences of 

compositional design (e.g. block copolymer architecture), solvent and initiating systems were 

also studied. 

Firstly, polymer nanoparticles were prepared by Polymerization-Induced Self-Assembly (PISA) 

in ethanol where the solvophilic block was an alkoxysilane-functional methacrylate. Spherical 

nanoparticles and polymeric vesicles were successfully prepared. A solid silica shell was 

successfully grown from the particle surface via subsequent hydrolysis and condensation of 

tetraethyl orthosilicate. Secondly, block copolymer self-assembly was studied where the 

alkoxysilane functionality was present in the core-forming block. This approach was not viable 

by aqueous PISA emulsion polymerization. A solvent-mediated self-assembly approach was 

thus adopted, yielding spherical nanoparticles in water, and a mixture of spheres and vesicles 

in n-hexane. Finally, the reactivity of alkoxysilane-functional methacrylates was exploited to 

prepare triblock copolymers as surfactants where the interfacial block could be crosslinked via 

hydrolysis and condensation. Triblock copolymers were either formed separately (and used to 

stabilize oil-in-water miniemulsions) or in-situ via the PISA method. The encapsulation of Nile 

Red in the particle core was achieved in parallel with self-assembly and the retention rate was 

improved through interfacial crosslinking. 
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Chapter 1 : Introduction and Aims 

This chapter provides a background of silica nanoparticles and hybrid materials consisting of 

both polymer and silica domains. In Section 1.1, silica nanoparticle synthesis and their 

applications will be briefly discussed. In Section 1.2, the main methods of chain growth 

polymerization and the approaches to integrate silica-based materials into polymers are 

discussed. Primary heterogeneous polymerization methods and the polymerization of silicon 

containing monomers through heterogeneous techniques are examined in Section 1.3. In 

Section 1.4, self-assembly of block copolymers (with and without a silicon containing block) 

via various methods are presented. The aims and objectives of this work are given in Section 

1.5 and the thesis outline is described in Section 1.6.  
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1.1 Silica Nanoparticles 

 

Silicon dioxide (SiO2; commonly referred to silica) nanoparticles have been applied in 

multidisciplinary research, spanning advanced applications in biomedical engineering through 

to applications in everyday life (e.g. kitchenware, sealant and casings). The rise of silica 

nanoparticles as an effective and multipurpose material in different areas is primarily due to its 

high melting point, chemically inert nature, low toxicity and easy surface functionalization.1 A 

brief scheme of silica nanoparticle synthesis is shown as Figure 1-1. 

 

 

Figure 1-1: Brief scheme for silica particles synthesis via using silane-based monomers. Reprinted with 

permission from reference 2. Copyright 2010 BioMed Central Ltd. 
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1.1.1 Methods of Silica Nanoparticles Preparation 

 

A variety of different approaches to synthesize silica nanoparticles with different sizes, 

morphologies and physicochemical properties have been reported. Two of the most popular 

methods for silica nanoparticle synthesis are the Stöber and microemulsion methods. Both 

methods rely on sol-gel chemistry in the presence of either an acid or base catalyst. Acid 

catalysis produces chain-like networks while basic conditions produces a highly condensed and 

branched network.3 This is due to the different rates of hydrolysis (of the silica sol) and 

condensation (to form siloxane linkages) as a function of pH. At low pH the rate of hydrolysis 

is high and condensation is low; the reverse is true at high pH.4 The crosslinking rate is also 

affected by the size of alkoxy group.5 The sol-gel process is shown in Figure 1-2.  

 

  

Figure 1-2: Flow chart of sol-gel process. Reprinted with permission from reference 6. Copyright 2012 Hindawi 

Limited.  
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1.1.1.1 The Stöber Method 

 

A method of silica particle synthesis was first presented by Gerhard Kolbe in 1956.7 He 

synthesized spherical silica particles by hydrolysing tetraethylorthosilicate (TEOS) in the 

presence of ammonia catalyst. Following this, Werner Stöber improved the synthetic process 

in 1968.8 A variety of synthetic methods are available now, however the Stöber process is still 

the most popular technique for preparing silica nanoparticles to date, given it is the simplest 

and most effective way to synthesize monodisperse silica spheres. Furthermore, the conditions 

in the Stöber process involve readily available starting materials and non-stringent reaction 

conditions. In the simplest form of the Stöber process to prepare colloidal particles, the only 

reaction is the sequential hydrolysis and condensation of alkyl silicates under alkaline catalysis 

in alcoholic media. For an example, monodisperse and nonporous silica spheres with a diameter 

range from 20 to 100 nm were produced by using Stöber process.9 The particle diameter was 

highly influenced by water concentration, TEOS concentration, temperature and ammonia 

concentration. Figure 1-3 shows the silica nanoparticles produced from different conditions via 

Stöber method. In their work, the standard conditions were set to 0.37 mol L-1 TEOS, 0.25 mol 

L-1 ammonia, 3.95 mol L-1 water and 25 oC.9  

 



Chapter 1 

Page 5  

 

 

Figure 1-3: TEM images of silica nanoparticles produced from different conditions via Stöber method: (a) 

TEOS = 0.37 mol L-1, ammonia = 0.20 mol L-1, water = 3.95 mol L-1; (b) TEOS = 0.37 mol L-1, ammonia = 0.45 

mol L-1, water = 3.95 mol L-1; (c) TEOS = 0.37 mol L-1, ammonia = 0.25 mol L-1, water = 3.95 mol L-1; (d) 

TEOS = 0.37 mol L-1, ammonia = 0.25 mol L-1, water =8.34 mol L-1. All scale bars are 100 nm. Reprinted with 

permission  from reference 9. Copyright 2017 Taylor & Francis. 

 

In addition to colloidal silica, the Stöber method can be used to prepare hybrid materials 

through encapsulation. Some precious metal nanoparticles can be protected by coating with a 

layer of silica shell in addition to functionalize the hybrid nanoparticles with specific ligands 

via utilizing and conjugating the interface silanol (Si-OH) groups. Gold colloids have been 

evenly coated with a silica shell through Stöber process.10 The thickness of silica shell had an 

impact on optical properties of gold-silica hybrid nanoparticles. To extend the application,  

silica coated Fe3O4 magnetic nanoparticles (via using Stöber method) was surface 
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functionalized with different organosilane such as APTES (3-aminopropyltriethoxysilane) and 

MPTMS (3-mercaptopropyltrimethoxysilane).11 This surface functionalization was used to 

immobilize the enzyme lipase. A range of products can be prepared via the Stöber process and 

the overview is shown in Figure 1-4. 

 

 

Figure 1-4: The versatility of Stöber process in producing different silica nanoparticles. Reprinted with 

permission from reference 12. Copyright 2014 John Wiley and Sons. 

 

Besides solid sphere nanoparticles, mesoporous structures are also possible by the Stöber 

method with the assistance of magnesiothermic reduction process.13 The resultant spherical 

mesoporous particles had high specific surface area and average pore size of 9.7 nm. A 

modified Stöber method can improve the control in producing spherical mesoporous silica 

nanoparticles in terms of size distribution, pore diameter and synthesis time.14, 15 
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1.1.1.2 Microemulsion Method 

 

In addition to the Stöber process, highly monodisperse and spherical silica nanoparticles can 

be obtained through the microemulsion technique. In general, silica nanoparticles can be 

produced in either an oil-in-water (O/W)16, 17 or water-in-oil (W/O)18, 19 emulsion. Surfactants 

are used to stabilize the system and the thermodynamically stable nanodroplets will transform 

into “nanoreactors” where the hydrolysis and condensation of the alkoxysilyl groups takes 

place in the presence of catalyst. The size of resultant nanoparticles in this method is impacted 

by the nature of the surfactant and ratio of water to surfactant.12 As the reaction occurs within 

the “nanoreactors”, the volume of micelles also controls the size distribution of silica 

nanoparticles. The overview of microemulsion method can be seen in Figure 1-5. 

 

 

Figure 1-5: Overview of the microemulsion method. Reprinted with permission from reference 12. Copyright 

2014 John Wiley and Sons. 
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1.1.2 Size, Shape and Surface Chemistry 

 

1.1.2.1 Size 

 

The size of silica nanoparticles can be varied based on the synthetic method used.20 For 

example, Stöber and co-workers successfully produced spherical silica nanoparticles with 

controlled size up to 1.5 µm in diameter.7, 8 Much smaller sizes could be prepared in a non-

ionic reverse micellar system, where 50 to 70 nm diameter of silica nanoparticles were 

produced by hydrolysis of the tetraethoxysilane (TEOS).21 In such a system, the particle size 

decreased when the water to surfactant molar ratio increased.  

 

The size of silica nanoparticles is strongly affected by solvent choice and amounts of the 

reactants and catalysts.22 In addition to this, the stability of generated silica nanoparticles in the 

dispersion medium, and the rate of hydrolysis and condensation of silica precursor molecules 

also play an important role in governing the final silica nanoparticle size.23 The surface 

potential of silica nanoparticles and the ionic strength of the solvent strongly affect the particle 

formation through the aggregation of siloxane substructures. This has been reported by using 

tetraethoxysilane as a starting material.23 In that work, the growth of silica spheres occurred 

via a limited surface condensation of hydrolysed monomers and the particle growing rate was 

controlled by the first-order hydrolysis of the alkoxysilyl groups. The final particle size (20 nm 

to 180 nm) was influenced by the ionic strength of the solvent and the concentration of 

ammonia and water. Highly stable and small silica particles were most successfully formed in 

dilute ammonia solution.23  
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1.1.2.2 Shape and Structure 

 

The shape of silica nanoparticles is important with respect to specific applications. Due to 

recent synthetic advances, silica nanoparticles can be prepared with various morphologies such 

as cones,24 hexagonal platelets25 and ellipsoids.26 From a biomedical perspective, the 

morphologies of silica nanoparticles are crucial to improve their pre-designed functions. For 

example, the shape of mesoporous silica nanoparticles (MSN) has a significant effect to 

pharmacokinetics. Long rod-like silica nanoparticles had a greater residence time in the 

gastrointestinal tract and highest bioavailability than short rod-like and spherical 

nanoparticles.27 Rod shape particles also improved their oral absorption. The structures of these 

MSNs are shown in Figure 1-6. Intracellular reactive oxygen species (ROS) levels in cells were 

also affected by the particle shape.28 Long rods were an ideal antioxidant carrier to protect cells 

from oxidative injury while the short rods could improve “oxidative therapy” for tumour 

treatment. Spherical silica particles acted as antioxidants to reduce ROS levels. Additionally, 

nanorods have a higher surface area to volume ratio than spheres, which can boost the 

efficiency in drug loading and delivery.29   
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Figure 1-6: TEM images of mesoporous silica nanoparticles: (A, B) = long rods; (C, D) = short rods; (E, F) = 

spheres. Reprinted with permission from reference 27. Copyright 2017 Springer Nature Limited. 

 

The preparation of silica nanoparticles with different shapes often involves the uses of 

templates. Two types of templating methods are used; soft templating (using micelles30 and 

microemulsions/emulsions31, 32) and hard templating (using inorganic/metallic oxide 

particles33). The soft templating method is typically considered more attractive than hard 

templating, as it offers greater flexibility in tailoring the particle morphology and the template 

is easily removed. Hollow silica colloids with different conformations (pseudocubes, ellipsoids, 

capsules and peanuts) have been successfully revealed recently by applying hard template-

based methods.34 Hematite colloidal particles with different shapes were coated with silica to 

form hybrid hematite core-silica shell microparticles, followed by shell crosslinking and core 

removal in hydrochloric acid to form hollow structures. These hollow particles had potential 

to be used in catalytic supports and gas sensing due to the presence of tiny pores on the surface 
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and greater permeation than solid spherical particles.34 Figure 1-7 illustrates the synthesis of 

hollow silica nanoparticles using hematite. An example of using soft-template to prepare 

mesoporous silica nanoparticles with changeable pore structure and morphology has also been 

demonstrated recently.35 In that work, cetyltrimethylammoniumbromide (CTAB) was used as 

structure directing agent, ethyl acetate as co-template, with ethanol and water as co-solvents. 

When the initial volume of ethanol under basic condition was altered, the morphology and pore 

structure of the resulting particles were changed accordingly.  

 

 

Figure 1-7: Different shapes of hollow silica nanoparticles by using hard-template method. Reprinted with 

permission from reference 34. Copyright 2013 American Chemical Society. 
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1.1.2.3 Surface Chemistry 

 

The surface characteristics of silica nanoparticles determine the interaction patterns between 

particles and the surrounding environment. Silica nanoparticles have a modifiable surface 

chemistry where various organic functional groups or biomolecules can be attached. The 

negative charge of deprotonated silanol groups on the particle surface causes particle repulsion 

and contributes to colloidal stability.36 However this can be a problem when dispersing silica 

nanoparticles into high ionic strength solvent, as particles will aggregate and phase separate 

from the dispersion medium. In order to maintain effective dispersion and colloidal stability, 

the surface of silica particles can be modified with different types of organosilanes.37 As a large 

number of different organosilanes are commercially available, different functional groups are 

readily grafted from the surface of silica nanoparticles.  

 

The surface of silica nanoparticles also can be modified with polymers, mainly through 

covalent attachment. Particularly important examples involve poly(ethylene glycol) PEG based 

polymers; for example the preparation of high density PEG coated silica nanoparticles has been 

reported.36 This example demonstrated the functionalization of silica nanoparticles with PEG 

in a one pot reaction. PEG is a well-known polymer to prevent or minimize biomolecule 

adsorption. Because of its hydrophilic nature and outstanding biocompatibility, poly(ethylene 

glycol) methyl ether methacrylate (PEGMA) has been applied to decorate the surface of silica 

core forming nanoparticles. Silica nanoparticles were coated with PEGMA brushes via surface 

initiated living radical polymerization.38  
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Target ligands can also be used to modify the surface of silica nanoparticles. The tetradentate 

tris(2-aminoethyl)amine ligand has been used to prepare functionalized silica nanoparticles.39 

These nanoparticles were used as absorbents for eliminating copper and lead ions in paper mill 

wastewater.  

 

The surface chemistry of silica nanoparticles also sees these materials readily used as a 

Pickering-type emulsifier. A Pickering emulsion is an emulsion stabilized by solid particles 

adsorbed at the oil-water interface.40-45 Pickering emulsions are more resistant to coalescence 

compared to the use of traditional surfactants, increasing the variety of potential applications. 

Examples of Pickering stabilizers include carbon nanotubes,46, 47 clay,48, 49 and magnetic (Fe3O4) 

nanoparticles,50, 51 however silica stabilizers are the most common as they are easily obtained 

and modified.52, 53 Unmodified silica particles typically stabilize oil-in-water (O/W) Pickering 

emulsions due to the hydrophilic character resulting from Si-OH groups on the particle surface, 

while hydrophobic silica (via surface modification) can stabilize W/O Pickering emulsions.54 

In the last few decades, a range of solid stabilizer morphologies were explored in addition to 

traditional spherical shapes. Silica nanowires were used as a stabilizer in Pickering emulsion,55 

and it was shown that stability of the emulsion was highly dependent on the length of nanowires. 

The hydrophilicity and length of silica nanowires could determine whether W/O or O/W 

Pickering emulsion. Mesoporous modified silica nanoparticles are versatile and they are used 

as stabilizers in Pickering emulsion as well as catalytic sites.56 Porous silica has much higher 

catalytic efficiency than non-porous at a comparable size, due to abundant pores for reactions 

to take place without sacrificing the emulsion stability.  
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1.1.3 Polymer-Silica Hybrid Materials 

 

The preparation of organic-inorganic hybrids is a heavily researched topic in polymer science, 

and these materials are normally made by incorporating silica into a polymer matrix via various 

chemical interactions. As some polymers have undesirable chemical and physical properties 

(e.g. low melting point and/or glass transition temperature.), mixing silica into polymers can 

improve mechanical properties (e.g. flexural characteristic and tensile strength) of the hybrid 

material.57 An example of bulk silica incorporation into a polymeric material was shown via 

the copolymerization of vinyl acetate (VAc) with commercially available silane coupling 

agents (vinyltrimethoxysilane (VTS) and 3-(trimethoxysilyl) propyl methacrylate (MPS)), 

followed by a sol-gel process with TEOS to create silica domains, with a view to enhancing 

thermal and optical characteristics.58 The thermal decomposition temperatures of PVAc-PVTS-

TEOS and PVAc-PMPS-TEOS hybrids were much higher than PVAc-TEOS. This was 

explained by the presence of strong covalent bonding interactions between the copolymer and 

silica domains that could resist thermal decomposition and increase the hardness (or 

mechanical characteristic) of the material. Inorganic materials play an important role in 

composite network formation, as they are robust fillers that provide interfacial sites for the 

various organic components, typically resulting in significant increases in the elastic moduli 

and stiffness of hybrid materials. Furthermore, both hybrid materials were transparent under 

visible light and no macrophase separation was observed.58 

 

Besides improving material properties, silica also can be used as a template for producing 

polymer particles with different shapes. The synthesis process involves either grafting from 

silica template or directly polymerize at the surface of silica template. A range of polymer 
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shapes have been demonstrated such as nanospheres,59-61 ordered mesoporous polymers,62 

nanocapsules (buckled spheres),63 nanowires,64 and rods.65 For potential application, the silica 

template can be removed with hydrofluoric acid (HF) that will form nanoparticles with a 

hollow structure to potentially load cargo molecules.  

 

The directed self-assembly of silica nanoparticles also can be achieved via the use of block 

copolymers as directing agents. The self-assembly of block copolymers can be tuned based on 

temperature and pH, which can influence the resultant morphology. For example, 

poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) are thermoresponsive and 

become hydrophobic when the temperature is above 80 and 20 oC respectively.66 This method 

can provide control in the morphology of silica nanoparticles. A series of Pluronic® polymers 

((PEO-PPO-PEO) copolymers) were used as mediators to assemble solid spherical silica 

nanoparticles (~ 15 nm to 30 nm in diameter) into vesicular,67 ring,68 and rod-like69, 70 

architectures. The surface morphology of silica nanoparticles was influenced by the molecular 

weight of the Pluronic® polymers which is shown in Figure 1-8. Yao et al. showed a method 

to prepare multi-lamellar silica vesicles via self-assembly.71 Amphiphilic comb-like polymers 

with a siloxane backbone and Pluronic P123 were used as flexible co-templates to 

accommodate vesicle aggregation and fusion. The hardness of the vesicles could be enhanced 

via the hydrolysis and condensation of tetraethoxysilane (TEOS). Figure 1-9 shows the 

structure of multi-lamellar silica vesicles produced at different temperatures.  
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Figure 1-8: SEM images of silica nanoparticles vesicles prepared with different molecular weight of Pluronic® 

polymers after hydrothermal treatment: (a) 4400 g mol-1, (b) 5750 g mol-1, (c) 2900 g mol-1, (d) 3400 g mol-1, 

and (e) 12600 g mol-1. Reprinted with permission from reference 67. Copyright 2015 American Chemical 

Society. 
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Figure 1-9: SEM and TEM images of multi-lamellar silica vesicles produced under different temperatures: (A) 

40 oC, (B) 55 oC, and (C) 80 oC. Other conditions were maintained at standard. Reprinted with permission from 

reference 71. Copyright 2015 Royal Society of Chemistry. 
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1.2 Chain Growth Polymerization Methods 

 

Pure silica nanomaterials may have some drawbacks that limit or restrict use in particular 

applications. In order to fully utilise silica nanomaterials, the preparation of polymer-silica 

hybrid materials is popular and has been heavily investigated for several decades. The 

incorporation of silica nanomaterials into a polymer matrix during polymerization is relatively 

easy, and in addition the polymers can give different properties to the resulting material (e.g., 

degradable, biocompatible, thermoresponsive, etc.). With recent developments in polymer 

chemistry, silicon-containing monomers have been commercialised, that enables silicon 

incorporation directly into a polymer network. This has also enabled the preparation of 

composite nanoparticles consisting of a polymer phase and a silica phase, through common 

techniques such as emulsion or miniemulsion polymerization. In order to chain individual unit 

together, polymerization is the process that uses to connect smaller molecules (repeating units 

known as monomers) together to form three-dimensional networks or long polymer chains. 

Numerous polymerization mechanisms exist, such as step growth, chain growth, ring opening 

and metathesis, with arguably the largest sub-class being free-radical polymerization (FRP). In 

its simplest form, FRP is conducted with a vinyl compound (monomer) and an initiator – a 

small molecule capable of forming free radicals via decomposition. In this thesis, a sub-class 

of FRP known as Reversible Deactivation Radical Polymerization (RDRP) is utilized, as RDRP 

methods provide both molecular weight control and the ability to form block copolymers. 

Features of FRP and RDRP are discussed below.  
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1.2.1 Free Radical Polymerization (FRP) 

 

Free radical polymerization (FRP) is arguably the main chain growth polymerization method. 

The mechanism of FRP consists of multiple competing steps: initiation, propagation, 

termination, in addition to chain transfer (intra- and inter-molecular). Initiation of 

polymerization can take place by one of multiple methods, such as thermal decomposition of a 

small molecule,72 redox initiation73 or radiation (including UV,74 laser and visible light75, 76). 

Chain growth occurs via propagation, resulting in sequential addition of monomer units to an 

active chain. Chain termination occurs either via combination or disproportionation, resulting 

in “dead” chains that are unable to facilitate further chain growth. FRP is considered 

uncontrolled, in that the resultant polymer has a wide distribution of different chain lengths in 

addition to a variety of chain topologies (linear and branched).  

 

1.2.2 Reversible Deactivation Radical Polymerization (RDRP) Techniques 

 

Polymer chains produced by FRP are “dead” (they are unable to be re-initiated) and typically 

possess a broad chain length distribution (characterized by the dispersity Đ, the ratio of the 

weight-average and number-average molecular weight of the distribution). To create a polymer 

with low dispersity, every chain must be initiated and propagate at a comparable rate to grow 

polymer chain length in the absence of termination or other side reactions.77 This concept, in 

addition to re-initiation of polymer chains to consume more monomer, is known as “living 

polymerization.” Michael Szwarc was the first person to lay the groundwork on living 

polymerization in 1956.78 He observed the formation of “living” polystyrene with two living 

ends and the radical flux was not exhausted. He suggested this may be due to the polymers not 
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undergoing termination, allowing propagation until all monomers in the system were consumed, 

i.e. a “living” polymer. This exploration was the first step towards managing polymer 

architectures such as narrow molecular weight distribution and composition (e.g. block or 

triblock copolymers). The suppression of termination and unwanted chain transfer reactions 

establish a linear relationship between molecular weight and conversion of monomer to 

polymer. The initial work was performed using anionic polymerization, which has restrictions 

in terms of monomer selection and strict reaction conditions (e.g anhydrous solvents), as well 

as sensitivity to various functionalities and impurities.79,80 

 

Since the initial work in living ionic polymerization, Reversible Deactivation Radical 

Polymerization (RDRP) has become the dominant method in preparing polymers with 

controllable molecular weight and architecture. RDRP is a chain growth polymerization where 

minimal termination occurs, as long as monomer is still available in the system for propagation. 

RDRP solves many of the challenges in living anionic/cationic polymerizations. RDRP has 

much higher tolerance in reaction conditions and the process is relatively versatile; if performed 

well, the growing chains should increase in molecular weight and decrease in dispersity with 

increasing conversion.79 An ideal RDRP should have less than 10 % dead polymers (i.e. chains 

that have undergone irreversible termination), comparing to over 99 % of dead polymers in a 

conventional free radical polymerization.81 The arrival of RDRP has greatly aided the design 

of polymeric materials and their potential applications (e.g. surfactants, biomedical 

applications, membranes etc.).79 A comparison between free radical and Reversible 

Deactivation Radical Polymerization is showed in Figure 1-10.  
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Figure 1-10: Comparison between FRP and RDRP. (Top): FRP produces polymers with random chain length 

and the produced polymers are dead. (Bottom): RDRP produces almost even chain length polymers and the 

resultant polymers are “living” and suitable for subsequent chain extension with another type of monomer. 

Reproduced from reference 82. Copyright 2018 Otsuka Chemical Co., Ltd.  

 

There are three major RDRP methods that differ on the basis of the control agent used and the 

mechanism of control (i.e. reversible termination, or degenerative chain transfer). These 

methods are known as nitroxide mediated polymerization (NMP), atom transfer radical 

polymerization (ATRP), and reversible addition-fragmentation chain transfer (RAFT). RAFT 

polymerization is the RDRP method used exclusively in this thesis and as a result is described 

in detail below. NMP and ATRP have been reviewed extensively previously in the literature.83-

90  
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1.2.2.1 Reversible Addition-Fragmentation Chain Transfer polymerization (RAFT) 

 

Reversible Addition-Fragmentation Chain Transfer polymerization (RAFT) is one of the major 

RDRP techniques. RAFT can form polymer with low dispersity and be applied in different 

reaction environments (bulk, solution, emulsion etc.) to a greater extent than NMP and ATRP.91 

RAFT also has the widest potential to polymerize a broad variety of monomers with different 

functional groups.  

 

The mechanism of RAFT polymerization is shown in Figure 1-11. It involves reversible chain 

transfer via a series of addition-fragmentation processes. The initiation is identical to 

conventional FRP where the initiator generates active radicals to initiate monomers. After 

initiation, propagating radical (Pn
•) adds to a compound containing a thiocarbonylthio group 

(Species 1 in Figure 1-11). The intermediate radical (Species 2) forms upon addition and can 

fragment to generate a polymer capped with a thiocarbonylthio group (Species 3) and a new 

radical derived from the leaving group (R•). This radical (R•) can continue to initiate monomers 

and form a new propagating radical (Pm
•). A rapid chain equilibration between active 

propagating radicals (Pn
• and Pm

•) and dormant polymeric thiocarbonylthio-capped chains 

offers an increased probability for all polymeric chains to grow simultaneously with low 

dispersity. Active polymeric chains may terminate with each other to form dead polymer via 

radical combination or disproportionation. When all radicals are exhausted, the majority of 

polymeric chains contain the thiocarbonylthio endgroup and can be isolated and purified as 

stable polymeric materials.  
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Figure 1-11: Mechanism of RAFT polymerization. Reproduced from reference 92. Copyright 2006 CSIRO 

Publishing. 
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1.2.2.1.1 Initiators, RAFT Agents, and Monomer Selections 

 

Initiation in RAFT polymerization can be successfully achieved by numerous methods; using 

conventional thermal initiators such as azo and peroxy compounds, as well as various radiation 

sources (e.g. gamma,93, 94 UV and visible light95-98). The radicals (I•) from thermal 

decomposition of initiators can potentially add to monomers before adding to the chain transfer 

agent. For an ideal RAFT polymerization, chains should be initiated by the RAFT agent leaving 

group (R•) to control the molecular weight of polymers produced.80 RAFT polymerization can 

minimize the number of dead chains to below 5% of the total chain population through the use 

of a high ratio of CTA to initiator.99  

 

RAFT agents can be categorised into several classes such as dithioesters, xanthates, 

dithiocarbamates and trithiocarbonates. The chemical structures of these RAFT agents are 

shown in Figure 1-12. Inappropriate RAFT agent choice may lead to retardation, long induction 

period and loss of control over the polymerization for a specific monomer. The relevance of 

RAFT agent for a given monomer is determined by substituents of R and Z groups; each group 

will have a different effect towards controlling the polymerization.  

 

  

 

Figure 1-12: Basic structures of different RAFT agents 
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The Z group of the CTA (the “stabilizing group”) is used to amend the rate of addition of 

propagating radicals (Pn•) to the RAFT agent and the rate of fragmentation of the intermediate 

radical (Species 2 in Figure 1-11).77 The reactivity of the RAFT agent is highly influenced by 

the chemical groups surrounding the thiocarbonylthio group.77 In addition, the Z group also 

stabilizes the intermediate radical; if too stable, the fragmentation rate will be reduced and thus 

increasing the likelihood of termination.100, 101 The presence of electron withdrawing groups in 

the Z group will enhance the transfer constant to the RAFT agent, regardless of the class of 

RAFT agent.102 The R group of the RAFT agent (the “leaving group”) is important in 

determining the reactivity of the RAFT agent towards polymerization. R must typically be a 

good homolytic leaving group with respect to propagating radicals (Pn•) and should also be 

able to reinitiate polymerization to avoid retardation.77, 103  

 

In addition to the R and Z groups of the RAFT agent, the choice of RAFT agents is also 

dependent on the monomer type, which are typically classified as more-activated monomers 

(MAMs) and less activated monomers (LAMs). The monomer classification is determined by 

the position of double bond in monomer. The double bond of MAMs is conjugated to an 

aromatic ring (styrene), a carbonyl group (methyl methacrylate), or a nitrile (acrylonitrile) 

while the double bond of LAMs is adjacent to saturated carbon (diallyldimethylammonium 

chloride), an oxygen or nitrogen lone pair (vinyl acetate, N-vinylpyrrolidone), or heteroatom 

of a heteroaromatic ring (N-vinylcarbazole).104 Dithioesters and trithiocarbonates are well 

suited for polymerizing MAMs whereas the low transfer constant xanthates and 

dithiocarbamates are compatible with LAMs. In order to well control the polymerization of 

methacrylates or methacrylamides, the R group should form a secondary or tertiary 

radical.105,106 For polymerizing monomers with a high propagation rate coefficient (e.g. 

acrylates, acrylamides, vinyl esters), a primary or secondary R group is strongly preferred.77 
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At the conclusion of the reaction, the terminal groups of resultant polymers typically consist of 

the R (e.g. hydroxyl, carboxylic acid, succinimidyl ester, etc.) and Z (e.g. dithiobenzoates, 

trithiocarbonates, dithiocarbamates, and xanthates) groups of the RAFT agent. The chemistry 

of these terminal groups is dictated by RAFT agent selection.   

 

1.2.2.1.2 RAFT Polymerization with Silicon Containing Monomers in Homogeneous Systems 

 

RAFT polymerization is suitable for silyl-containing monomers and many examples have been 

reported. 3-[Tris(trimethylsilyloxy)silyl]propyl methacrylate (TRIS) (Figure 1-13) is an 

important building block for making contact lenses due to high content of Si-O group, which 

can improve oxygen penetration in the material. TRIS monomer has been polymerized with 

both cumyl dithiobenzoate (CDB) and 2-cyanoprop-2-yl dithiobenzoate (CPDB) in RAFT bulk 

polymerization.107 It was found that inhibition and retardation were significant for CDB 

compared to CPDB. The retardation in CDB-mediated polymerization was due to high stability 

of intermediate macroRAFT radicals. Both resultant polymers had low dispersity (<1.1) at high 

conversion (> 90%).  

 

 

Figure 1-13: Chemical structure of 3-[tris (trimethylsilyloxy) silyl] propyl methacrylate (TRIS).  
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RAFT is considered as the best candidate in producing controllable silyl-based polymers due 

to its wide tolerance of different functional groups and monomer species. A further example is 

the polymerization of bis(trimethylsiloxy)methylsilyl methacrylate (MATM 2) with S-(2-

cyanoprop-2-yl)-S-dodecyltrithiocarbonate (CTA-0610) and 2-Cyanoprop-2-yl dithiobenzoate 

(CPDB) RAFT agents in xylene.108 The chemical structures of MATM 2, CTA-0610, and 

CPDB are shown as Figure 1-14. The polymer of MATM 2 is used to create a self-polishing 

and antifouling surface due to its similarity to other alkylsilyl methacrylates monomers that 

have been tested as an effective antifouling coating.109, 110 The homopolymerization of MATM 

2 with CPDB and CTA-0610 followed first order kinetics and their resultant polymers were 

well controlled in terms of low dispersity and high molecular weight at high conversion. Chain 

extension with methyl methacrylate (MMA) to form a diblock copolymer was performed to 

create a material with lower surface energy and less susceptibility to hydrolysis.108    

 

  

 

 

Figure 1-14: Chemical structures of MATM 2, CTA-0610, and CPDB 

  

MATM 2 

CPDB CTA-0610 
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Furthermore, 2-phenyl-2-propyl benzodithioate (CDB) and CPDB RAFT agents have shown 

good control over the polymerization of tert-butyldimethylsilyl methacrylate (TBDMSMA, 

Figure 1-15) in toluene.111 Both RAFT agents were successful to produce low dispersity 

polymers (< 1.3) at high conversion. Polymers of TBDMSMA are similar to MATM 2 as it is 

often applied in anti-erosion and fouling resistance paint.  

 

 

Figure 1-15: Chemical structure of tert-butyldimethylsilyl methacrylate (TBDMSMA) 
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1.3 Heterogeneous Methods of Polymerization 

 

Polymerization methods can be divided into two main groups: homogeneous and 

heterogeneous. Homogeneous polymerization involves the polymerization of monomer(s) 

either in bulk (no solvent) or dissolved in a compatible solvent. Bulk polymerization is the 

simplest given that the only components are monomer(s) and initiator, however in bulk the 

system becomes extremely viscous even at moderate conversion. This makes the system very 

difficult to control heat transfer and dissipation can be problematic. This can be partially 

overcome by working in solution, however solvent selection is key as chain transfer to solvent 

may occur and the molecular weight distribution of the polymer will be affected.  

 

In contrast, heterogeneous polymerization relates systems where the polymer formed exists in 

a discrete dispersed phase, typically as particles, dispersed in a continuous phase (the solvent). 

Most heterogeneous polymerization systems require surfactants or stabilizers to avoid 

coagulation of the polymeric dispersed phase. Heterogeneous polymerization is applied 

extensively in industry due to it being an efficient method to reduce heat transfer and viscosity 

problems of bulk and solution systems. Heterogeneous polymerization systems are often 

classified by various parameters, such as monomer solubility in the continuous phase, stabilizer 

loading, dispersed phase stability, droplet size and polymerization mechanism. Three of the 

major heterogeneous polymerization techniques are known as dispersion, emulsion, and 

miniemulsion polymerization. These are discussed briefly below. 

  



Chapter 1 

Page 30  

 

1.3.1 Dispersion Polymerization  

 

In a typical dispersion polymerization, the monomer is soluble in the continuous phase but its 

corresponding polymer is insoluble. A dispersion polymerization begins as a homogeneous 

solution (a mixture of monomer, initiator, stabilizer, and solvent). Upon the start of 

polymerization, polymer chains become longer and ultimately become insoluble in the 

continuous phase. In the presence of stabilizers (typically polymeric stabilizers), the insoluble 

polymer remains dispersed in the continuous phase without precipitation, forming a polymer 

particle phase. The remaining monomer in the dispersed phase will diffuse into the core of 

swollen polymeric particles for continuous polymerization and subsequent increase in particle 

size.  At the end of the process, the dispersion polymerization is a heterogeneous turbid 

dispersion consisting of nanoparticles with an insoluble polymer core and a shell of polymeric 

stabilizer. The process of dispersion polymerization with polymeric stabilizer is illustrated in 

Figure 1-16.  

 

 

Figure 1-16: Dispersion polymerization with polymeric stabilizer. Reprinted with permission from reference 

112. Copyright 2014 John Wiley and Sons 
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1.3.2 Emulsion Polymerization 

 

An emulsion polymerization differs from a dispersion polymerization in that both the monomer 

and polymer are insoluble in the continuous phase, which is most typically water. Emulsion 

polymerization is typically performed using a monomer, solvent, initiator (that is soluble in the 

solvent) and surfactant. A sufficient shearing force (e.g. mechanical agitation such as overhead 

stirring) is required to emulsify the monomer into small droplets, and potentially form 

monomer-swollen micelles if surfactant is present above the critical micelle concentration 

(CMC). Nucleation in emulsion polymerization occurs either via micellar or homogeneous 

nucleation which depends on the surfactant level present.112-115 Following particle nucleation, 

particle growth occurs due to consumption of monomer, however, the concentration of 

monomer in the polymer particles is maintained via monomer diffusion from monomer droplets 

through the aqueous phase. Therefore, the polymerization rate is relatively constant and no new 

polymer particles form. After the depletion of monomer droplets, the monomer concentration 

in polymer particles decreases over time until all monomer is consumed.  

 

1.3.3 Miniemulsion Polymerization 

 

Miniemulsion polymerization involves the formation of nano-sized monomer droplets 

(typically 50 – 500 nm) in a continuous phase that can be converted to polymer particles via 

polymerization. Miniemulsion polymerization uses high amounts of surfactant that are 

adsorbed on the monomer droplet surface and therefore no micelles form. Miniemulsion 

polymerization differs from dispersion and emulsion polymerization as nucleation mainly 

occurs in monomer droplets and does not require mass transfer through the aqueous phase.  
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Because of this, every monomer droplet can act as an independent nanoreactor and the 

nucleation can be shielded from external disturbance. A typical miniemulsion system requires 

a small amount of an ultrahydrophobe (typically a long chain alkane) that is dissolved in the 

dispersed phase to retard Ostwald ripening of monomer droplets.116 A miniemulsion is usually 

produced via high energy mixing (e.g. ultrasonication) to disperse the monomer phase into a 

narrow distribution of monomer droplets. Miniemulsion process is briefly illustrated in Figure 

1-17.  

 

 

Figure 1-17: Oil-in-water miniemulsion process. (Left): A system containing oil phase (monomer, initiator and 

costabilizer/ultrahydrophobe) and water phase (water and surfactant). (Middle): Strong sonication is used to 

disperse oil phase into small droplets. (Right): Stable polymer particles are produced after polymerization. 

Reprinted with permission from reference 117. Copyright 2010 Springer Nature.  
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1.3.4 Heterogeneous Polymerization involving Silicon-Containing Monomers 

 

In addition to homogeneous methods, heterogeneous polymerization techniques such as 

emulsion polymerization have been used to create hollow silica nanoparticles. Silica core or 

silica shell nanoparticles can be created based on the experimental setup. Tissot and coworkers 

reported the preparation of latex particles in water (by ab initio emulsion polymerization) and 

the resultant particles were coated with a shell of silica.118, 119 The silica coated particles were 

synthesized via a two-step process: 3-(trimethoxysilyl)propyl methacrylate (MPS) was 

incorporated into polystyrene latex particles followed by a sol-gel reaction with  

tetraethoxysilane in water to form a silica shell on the surface. 

Dodecyldimethylpropylammonium sulfonate and potassium persulfate (KPS) were used as 

surfactant and initiator respectively. Because of the high melting point of the silica shell, 

hollow particles were produced via thermal degradation of the polystyrene core under 

calcination. The dimensions of particles could be easily adjusted by changing the amount of 

surfactant or monomer. Various reaction conditions of the emulsion copolymerization of 

styrene and MPS latex were also studied.120 The size of hybrid nanoparticles was affected by 

the pH of the aqueous phase (Figure 1-18).  
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Figure 1-18: Different sizes of polystyrene core- silica shell nanoparticles were produced at various pH: (A) pH 

7, and (B) pH 8.5. All scale bars are 200 nm. Reprinted with permission from reference 120. Copyright 2005 

American Chemical Society. 

 

Polyacrylate latex particles incorporating both fluorine and silicon in the shell have been 

synthesized by a seeded emulsion polymerization approach.121 The core consisted of methyl 

methacrylate (MMA), butyl acrylate (BA) and methacrylic acid (MAA). Dodecafluoroheptyl 

methacrylate (DFMA) and γ-(methacryloxy) propyltrimethoxy silane (KH-570) were used as 

functional monomers to form the shell. Three types of surfactants were used in this emulsion 

polymerization: a sulphonated anionic fluorosurfactant (S-100), anionic ammonium 

allyloxtmethylate nonylphenol ethoxylates sulfate (DNS-86), and non-ionic octylphenol 

polyoxyethylene ether (OP-10). The hydrophobicity and thermal stability of the particles were 

improved due to the enrichment of silicon and fluorine at the interface. The surface energy also 

decreased with the increasing amount of DFMA and MPS. 

 

Besides producing particles with a silica shell, emulsion polymerization also can prepare 

nanocomposites consisting of a silica core and polymeric shell. Formation of silica 

core/polymer shell particles were made by using a dispersed silica sol and a monomer mixture 
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(MMA, BA, and MAA).122 Poly(ethylene oxide)-type reactive non-ionic surfactants (ADECA 

REASOAP NE-10 and NE-30) were used. The emulsion was initiated either by ammonium 

peroxydisulfate (APS) or a redox system. Spherical hybrid nanoparticles were observed under 

TEM, and the resultant emulsion used to prepare nanocomposite films. The transparent film 

had a high resistance against organic solvents due to the strong interaction between the silica 

and polymeric phases.  

 

Miniemulsion polymerization is a versatile method to prepare silicon-containing particles as 

the nucleation occurs within monomer droplets, which can suppress the premature hydrolysis 

and condensation of alkoxysilyl groups. Silanol-functionalized polystyrene latex nanoparticles 

have been successfully prepared in miniemulsion using MPS as the functional monomer.123, 124 

The final particle size was not affected by MPS concentration but was influenced by surfactant 

concentration. As the latex interface was enriched with alkoxysilyl groups, the surface of 

polystyrene latex could be functionalized or coated with a silica shell. The kinetics of the 

miniemulsion copolymerization of styrene and MPS were studied and a series of variables 

(MPS/St weight ratio, nature and amount of initiator, pH, and surfactant concentration) were 

also investigated.125 Besides styrene (St) monomer, MPS also has been copolymerized with 

other acrylates (butyl acrylate, BA) and methacrylates (methyl methacrylate, MMA) via 

miniemulsion to form random copolymers.126 Figure 1-19 shows the nanoparticles produced 

by the copolymerization of MPS with other monomers. Figure 1-19(a)-1 shows particles are 

‘linked’ due to hydrolysis and condensation of MPS. The linked coagulum produces coarse 

and irregular dark region as seen in Figure 1-19(a)-1. A typical nanoparticle structure of 

poly(MMA-co-MPS) is showed in Figure 1-19(a)-2 and this image is looked similar to other 

systems.  
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Figure 1-19: TEM images for nanoparticles produced by MPS copolymerization with different types of 

monomers in miniemulsion: (a) poly(MMA-co-MPS), (b) poly(MMA-co-BA-co-MPS), (c) poly(St-co-MPS), and 

(d) poly(St-co-BA-co-MPS). Reprinted with permission from reference 126. Copyright 2006 Elsevier. 

 

In addition to emulsion and miniemulsion polymerizations, monodisperse crosslinked hybrid 

polymer particles also can be synthesized in conventional dispersion polymerization.127 

Styrene and MPS were copolymerized together in a methanol/water mixture, and the resultant 

micron-size particles were then crosslinked to form high density siloxane network.   
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1.4 Self-Assembly of Block Copolymers 

 

Block copolymers can be prepared through a diverse range of synthesis techniques such as 

anionic and cationic polymerizations, and more recently Reversible-Deactivation Radical 

Polymerization (RDRP).128 Block copolymers consist of two chemically distinct domains that 

can self-assemble into a variety of different nanostructures (e.g. spheres, cylinders and vesicles) 

when dispersed into a solvent that is selective for one block. For example in aqueous solution, 

a block copolymer with hydrophilic (poly(acrylic acid)) and hydrophobic (polystyrene) 

domains will aggregate to form micellar structures with a hydrophilic polymer shell and 

hydrophobic core.129 Self-assembly of block copolymers is also observed in bulk resulting in 

microphase separation as a function of copolymer composition and the Flory-Huggins 

parameter, again into a variety of different shapes.130  

 

Block copolymer self-assembly has attracted greater attention than small molecule (amphiphile) 

self-assembly due to the stability of block copolymer aggregates in solution, in addition to their 

potential applications in fields such as biomedical engineering.131 Block copolymer self-

assembly in solution has been intensively studied over the last few decades and numerous 

different morphologies have been produced.130 For  block copolymer self-assembly in solution, 

the block copolymer is initially designed and synthesized in a good solvent that solvates both 

blocks, followed by introducing an external stimulant (e.g. feeding a non-solvent,132-134 

changing temperature135 or pH136) into the homogeneous solution. As a result, the block 

copolymers aggregate and form micelles that predominantly depend on the composition and 

concentration of the polymer, however kinetically trapped structures can be observed. Dialysis 

may be required in some cases to remove the remaining good solvent. This traditional self-
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assembly technique is usually time-consuming due to the series of steps involved and can only 

be performed in dilute solution (typically < 1 wt%).137 The self-assembly process of block 

copolymer in solution is essentially controlled by three main factors: the degree of stretching 

of the core-forming block, interfacial tension between the micelle core and the solvent outside 

the core and the repulsive interactions among corona chains.130, 138, 139   

 

The geometry of self-assembled block copolymer objects can be predicted by using the packing 

parameter (p). The equation is defined as follows: 

𝑝 =  
𝑣

𝑎o𝑙c
 

where ‘v’ and ‘lc’ are the volume and length of the hydrophobic polymer segment while ‘ao’ is 

the surface area of the block junction/ head group. The morphology of self-assembled objects 

will change with respect to the packing parameter, such as spheres (p ≤ 1/3), cylinders/rods 

(1/3 < p ≤ 1/2) and vesicles (1/2 < p ≤ 1). Figure 1-20 shows the relationship between packing 

parameter and shape. Spherical micelles are predicted when the hydrophilic block mass fraction 

(f) is greater than 45%.140 Cylindrical particles can be obtained at f < 50%,141 while 

polymersomes/vesicles and inverted micelles will form when f ≈ 35 ± 10% and f < 25% 

respectively.140  
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Figure 1-20: Packing parameter (p) is determined by the block copolymer aggregation. The corresponding 

morphology is controlled by the p value. Reprinted with permission from reference 142. Copyright 2017 Royal 

Society of Chemistry. 

 

1.4.1 Solvent-Driven Self-Assembly of Silicon-Containing Block Copolymers 

 

Block copolymers consisting of a silicon-containing block have been extensively explored due 

to many favourable features such as beneficial physical and chemical properties,143 ready post-

assembly modification144 and applications in lithography.145 Some examples of polymer-

silicon hybrid nanocomposites prepared by living polymerization and their subsequent self-

assembly induced by external solvent are reported below.  
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Various compositions of poly(acryloxypropyltriethoxysilane)-b-poly(styrene) (PAPTES-b-PS) 

diblock copolymers were prepared by nitroxide-mediated polymerization (NMP).146 The self-

assembly of block copolymer started when methanol was added slowly to a solution of the 

block copolymer in dioxane until the solvent composition was dioxane:methanol  = 40/60 w/w. 

Methanol is a poor solvent for the PS block but a good solvent for the PAPTES block. After 

the formation of spherical block copolymer nanoparticles, hydrochloric acid was added to 

crosslink the PAPTES shell and maintain the shape for subsequent analysis. Figure 1-21 shows 

the self-assembly of PAPTES-b-PS block copolymer induced by methanol.  

 

 

Figure 1-21: Self-assembly of block copolymer (PAPTES-b-PS) induced by methanol. (Top): schematic diagram 

of self-assembly and crosslinking of PAPTES-b-PS, (Bottom): TEM images of self-assembled particles made up 

of different chain lengths of PS in 40/60 (w/w) dioxane/methanol solutions- (a) PAPTES91-b-PS34, and (b) 

PAPTES91-b-PS175. Reprinted with permission from reference 146. Copyright 2010 Elsevier. 
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A series of silicon containing triblock copolymers (poly(ethylene oxide)-b-poly(3-

(trimethoxysilyl) propyl methacrylate)-b-poly(methyl methacrylate) (PEO-b-PMPS-PMMA)) 

were synthesized via ATRP.147 The triblock copolymers were initially dissolved in a good 

solvent (dimethylformamide, DMF) and then self-assembly was induced by adding water into 

DMF (until the water content reached 51.4 wt%) to form nanospheres with PEO corona. As 

each individual sphere consisted reactive trimethoxysilyl groups, triethylamine was then used 

to catalyse the hydrolysis and condensation process of alkoxysilane groups to form solid hybrid 

nanospheres. 

 

In addition to NMP and ATRP methods, silica core-polymer shell nanoparticles also can be 

prepared via RAFT polymerization. A dithiobenzoate RAFT agent (S-benzyl dithiobenzoate) 

was used to control the polymerization of N-isopropylacrylamide (NIPAM) and the resultant 

homopolymer was isolated.148 This macroRAFT agent was then chain extended with silicon 

containing monomers (3-(trimethoxysilyl) propyl methacrylate (MPS)) to form a block 

copolymer (PNIPAM-b-PMPS) that could undergo self-assembly. The block copolymer was 

dissolved in a good solvent (DMF) and self-assembly was induced by adding water. 

Nanospheres were produced with a PMPS hydrophobic core and PNIPAM shell. The PMPS 

core was also crosslinked with triethylamine (TEA). By changing the degree of polymerization 

of PNIPAM, the nanospheres could be varied in size. When the temperature was above 32 oC, 

the particle size decreased due to the thermoresponsive nature of PNIPAM.  
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1.4.2 Polymerization-Induced Self-Assembly 

 

With continuous developments in controlled/living radical polymerization (especially RAFT), 

a relatively new self-assembly technique has emerged, known as polymerization-induced self-

assembly (PISA).149-151 The PISA process involves in-situ self-assembly during the chain 

growth of solvophobic block, representing a different approach to traditional self-assembly. 

PISA can also be performed in a one-pot approach, comparing to the two separate steps needed 

in conventional self-assembly. The PISA technique has increased the flexibility in designing 

nanoparticles with unique morphologies (such as spheres, rods or “worms”, and vesicles), at 

high solids content (up to 50 % w/w polymer). Many variables can be tuned to produce 

desirable nanocomposite structures such as solvent choice, temperature and monomer selection.  

 

In a typical PISA approach, a solvophilic block is firstly prepared by RAFT polymerization, 

and second block monomer (solvophobic block) is subsequently introduced and chain 

extension is allowed to take place. When the chain length of solvophobic block increases, the 

diblock copolymer self-assembles into micelles and the morphology evolves from spheres to 

worms or vesicles, based on the packing parameter of the block copolymer as a function of 

composition. As a result, solvophobic block forms the core of the self-assembled structure and 

stabilized by the solvophilic block on the surface. PISA works well with organic and inorganic 

polymers and can be applied in various media. Over the last decade, PISA mediated by RAFT 

polymerization has been demonstrated in emulsion and dispersion polymerizations;152,153-159 

each system is able to produce pure spheres, worms or vesicles at high solid content.  
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1.4.2.1 PISA via RAFT Dispersion Polymerization 

 

RAFT dispersion polymerization is slightly different to traditional dispersion polymerization 

in that a RAFT agent is added. The key to PISA via RAFT dispersion polymerization is 

determined by the selection of the monomer for the second block. The second block monomer 

should be soluble in the continuous phase and initially form a homogeneous solution. When 

the second block reaches a certain degree of polymerization, the block becomes insoluble in 

the reaction medium. This also changes the polymerization system from homogeneous to 

heterogeneous. With stabilization from the solvophilic block/macroRAFT agent, the block 

copolymer begins to aggregate into nanoparticles, ultimately forming stable particles that can 

evolve in morphology from sphere to vesicles along with the increasing chain length of the 

hydrophobic block.  

 

One of the most common classes of solvents for RAFT dispersion polymerizations are low 

molecular weight alcohols such as methanol and ethanol. Semsarilar and colleagues used 

benzyl methacrylate (BzMA) as a core forming block instead of styrene.160 This is primarily 

due to styrene is a less reactive monomer with low conversion after several days polymerization 

whereas benzyl methacrylate propagates at a much greater rate and high conversion can be 

achieved.161, 162 For the chain extension of BzMA, poly(methacrylic acid) (PMAA) was used 

as a stabilizer block and 4-cyano-4-(2-phenylethanesulfanylthiocarbonyl) sulfanylpentanoic 

acid (PETTC) was utilised as RAFT agent. Diverse morphologies and hydrodynamic diameters 

were tuneable by the chain length of core forming block and solid concentration. When the 

chain length of BzMA increased, spherical nanoparticles grew into worms and vesicles. After 

high conversion of the second monomer and narrow polymer molecular weight distributions 
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of the PMAA-b-PBzMA were obtained, a further chain extension to form a triblock copolymer 

was carried out. PMAA-PBzMA was used as the macroCTA for chain extension with 2,2,2- 

trifluoroethyl methacrylate (TFEMA). Once the TFEMA monomer was added to the system, 

the initially turbid solution became clear due to the effect of co-solvent to the PBzMA block. 

As the DP of the TFEMA block became larger, the solution became milky again and the 

morphology evolved from spheres to vesicles. The schematic diagram for this experiment is 

shown as Figure 1-22.  

 

 

Figure 1-22: Synthesis of diblock (PMAA-PBzMA) and triblock copolymer (PMAA-PBzMA-PTFEMA) in 

ethanol. Reprinted with permission from reference 160. Copyright 2014 Royal Society of Chemistry. 
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In addition to polar solvents, non-polar hydrocarbons also can be used as solvents in PISA via 

RAFT dispersion polymerization. A diblock copolymer of poly(lauryl acrylate)−poly(benzyl 

acrylate) (PLA−PBzA) was prepared in three different n-alkane solvents (n-heptane, n-

dodecane, and isohexadecane) via RAFT polymerization.163 Under this one-pot approach, high 

conversions were achieved in all reactions and various morphologies (sphere, worms, and 

vesicles) were observed. When the solvent hydrophobicity increased, the block copolymers in 

isohexadecane formed a gel at much lower target PBzA DP than in dodecane and heptane. The 

gel phase was interpreted as the presence of worms.  

 

The PISA process also enables encapsulation of guest molecules within nanoparticle structures. 

Karagoz et al. reported high efficiency loading of hydrophobic guest molecules into 

nanoparticles during the one-pot PISA process.164 An asymmetric poly(poly(ethylene glycol) 

methyl ether methacrylate)-block-poly(styrene) (PEGMA-b-PSt) copolymer was prepared via 

RAFT polymerization in methanol. When the chain length of polystyrene increased, the PISA 

process began and nanoparticles self-assembled into various morphologies. Figure 1-23 shows 

the particle size increased over polymerization time and a range of morphologies were obtained. 

Because of the hydrophobic polystyrene core, the hydrophobic dye Nile Red was successfully 

loaded into the nanoparticle core during the self-assembly process without affecting the 

morphology or polymerization kinetics. The Nile Red loading increased with the size of 

hydrophobic core.  
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Figure 1-23: TEM images of block copolymer (PEGMA-b-PSt) morphology changing with the conversion over 

48 hours. Reprinted with permission from reference 164. Copyright 2013 John Wiley and Sons. 

 

Self-assembly of silicon containing block copolymers via a one-pot approach is rare, typically 

due to the need for stringent reaction conditions and the instability of the monomer. A relatively 

stable silicon containing monomer (based on polyhedral oligomeric silsesquioxane (POSS)) 

has been used to prepare hybrid nanoparticles via RAFT and PISA processes using a one-pot 

method.165 Different morphologies were produced via controlling the compositions of block 

copolymers. In the experiment, cumyl dithiobenzoate (CDB) was used as a RAFT agent and 

polymerized with 3-(3,5,7,9,11,13,15-heptaisobutyl-pentacyclo [9.5.1.13,9.15,15.17,13]-

octasiloxane-1-yl) propyl methacrylate (MAiBuPOSS). The resultant macroRAFT agent was 
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then chain extended with styrene at 120 oC in octane (a poor solvent for the PSt block) to 

produce diblock copolymers (PMAiBuPOSS-b-PSt). Although the conversion was low (< 

50%), the molecular weight (17000-74000 g mol-1) and dispersity (Ð = 1.15-1.9) were 

considered as satisfactory. Different morphologies were observed (sphere, rod, vesicles and 

large porous particles) by electron microscopy and these morphologies were influenced by the 

degree of polymerization of the PS core block and the chain length of PMAiBuPOSS 

macroCTA. The obtained morphologies were also found to be sensitive to the cooling rate from 

the polymerization temperature; the block copolymer was completely soluble at high 

temperature and only self-assembled at room temperature.    

 

 

1.4.2.2 PISA via RAFT Emulsion Polymerization 

 

Water-soluble and surface-active chain transfer agents have been utilised in RAFT aqueous 

emulsion polymerization to improve colloidal stability, in addition to offering an alternative 

strategy to replace traditional surfactants. Surface-active chain transfer agents in RAFT 

emulsion polymerization also provide better control over the molecular weight distribution by 

localizing the polymerization growth and avoiding transportation of the RAFT agent in 

aqueous medium.166 The polymerization typically consists of two steps: firstly to prepare a 

hydrophilic macroRAFT/stabilizer block and secondly to perform chain extension with water-

immiscible monomers to grow micelles under RAFT control. When the chain length of 

hydrophobic block increases, the micelles become bigger and eventually aggregate into stable 

particles via the PISA process. PISA via RAFT emulsion polymerization has attracted much 

interest due to many benefits such as self-assembly at high solids content, high conversion, and 

the use of environmental friendly solvents such as water. This approach also can produce 
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alternative morphology such as nanofibers and vesicles,167-171 which were never seen 

previously in conventional emulsion polymerization (which is limited to spherical structures 

only172-177). The pathway of PISA via RAFT emulsion polymerization is shown in Figure 1-24.  

 

 

 

Figure 1-24: A brief mechanism of PISA via RAFT emulsion polymerization. (Left): hydrophilic macroRAFT 

agent is dissolved in continuous phase and prepared for chain extension with hydrophobic monomers. (Middle): 

macroRAFT agent chains start to aggregate and form micelles after chain extension with a few hydrophobic 

monomer units. (Right): large monomer droplets breakdown slowly as monomer diffuses into micelles stabilized 

by macroRAFT agent and continue polymerization and chain extension. Reprinted with permission from 

reference 178. Copyright 2017 MDPI Publisher.  

 

Some examples of PISA via RAFT emulsion polymerization are described below. Phenyl 

acrylate (PhA) has been recently applied in three different PISA formulations: RAFT aqueous 

emulsion polymerization, RAFT dispersion polymerization in ethanol, and RAFT dispersion 

polymerization in n-heptane.179 For the PISA via RAFT emulsion polymerization, 

poly(dimethyl acrylamide) (PDMAC) was selected as a macroRAFT agent and chain extended 

with PhA in water. High conversion was achieved and the molecular weight increased with 
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target degree of polymerization of PhA (between 50 and 500 units). Only spherical structures 

were observed in RAFT aqueous emulsion polymerization due to kinetic trapping of this 

morphology. This is in contrast to PISA via RAFT dispersion polymerizations in ethanol and 

heptane, which generated diverse morphologies such as spheres, worms, and vesicles.  

 

An intermediate water solubility monomer (2-hydroxybutyl methacrylate, HBMA; ~20 g dm-3 

at 70 oC) was used as a core block in RAFT aqueous emulsion polymerization and PISA 

approach.180 In the experiment, poly((methacrylic acid), PMAA) macroRAFT agent was chain 

extended with HBMA in pH 5 buffer. When the chain length of HBMA increased, the 

morphology changed from spheres to “monkey nuts.” A further increase of the HBMA block 

(DP 300, 1000 and 1500) resulted large spheres only. Figure 1-25 shows the synthesis of 

PMAA-b-PHBMA in buffer and nanoparticles obtained at different chain length of PHBMA. 

“Monkey nut” structures (Figure 1-25(c)) were caused by the 1D fusion of spheres, due to the 

intermediate aqueous solubility HBMA monomers that can plasticise the core block effectively.  

  



Chapter 1 

Page 50  

 

 

Figure 1-25: Self-assembly of PMAA-b-PHBMA. (Left) Preparation of PMAA-b-PHBMA via RAFT aqueous 

emulsion polymerization, (Right) TEM images of nanoparticles with different chain lengths PHBMA – (a) 

PMAA56-b-PHBMA50, (b) PMAA56-b-PHBMA130, (c) PMAA56-b-PHBMA150 (monkey nut), (d) PMAA56-b-

PHBMA300, and (e) PMAA56-b-PHBMA1000. Reprinted with permission from reference 180. Copyright 2017 

American Chemical Society.  

 

Polymeric nanofibers were obtained via RAFT emulsion polymerization of styrene through the 

PISA process.181 A hydrophilic trithiocarbonate based macroRAFT agent (poly(acrylic acid)-

gradient-poly(ethylene glycol) methyl ether acrylate (PEGA), PAA-grad-PEGA) was used to 

chain extend styrene in aqueous media with different pH and salt concentrations. As the styrene 

block grew, the continuous phase became turbid. However, residual macroRAFT agent was 

detected at pH > 6 due to reported effect of pH182 and less efficient chain extension in emulsion 

polymerization (due to multiphasic nature of emulsion polymerization). Non-spherical 

structures (such as vesicles or fibres) were observed at acidic pH or high salt concentration.  
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As emphasised above, under the PISA approach, access to higher order morphologies (worm 

and vesicles) is much more challenging in RAFT aqueous emulsion than RAFT dispersion 

polymerization. RAFT aqueous emulsion polymerization often produces spherical 

morphologies even at highly asymmetric diblock compositions183-187 and this limitation is still 

not well understood. Khor and co-workers found the macroRAFT agent end group 

hydrophobicity and radical initiator concentration were the critical keys to access higher order 

morphology via PISA in RAFT aqueous emulsion polymerization.188 N-hydroxyethyl 

acrylamide (HEAA) and poly(ethylene glycol) methyl ether acrylate (PEGA) were used to 

prepare two macoRAFT agents with different end groups: 4-cyano-4-

(ethylthiocarbonothioylthio)pentanoic acid (ECT) or methylated-ECT (ECT-Me). Both 

macroRAFT agents were then chain extended with styrene in water to form nanoparticles 

(PHEAA-b-PEGA-b-PSt). When the macroRAFT agent with ECT-Me was used, vesicles 

structure was obtained. At a similar chain length of styrene block, only spherical structures 

were obtained with ECT endgroup macroRAFT agent. This might due to the ECT-Me 

endgroup increasing the packing parameter and chain aggregation number. For the methyl-

terminated macroRAFT agent, reducing the radical concentration by half changed the 

morphology from vesicles to spheres. This decreased the number of growing polymer chains. 

Conversely, doubling or tripling the radical concentration could produce vesicles from spheres 

in the RAFT emulsion polymerization of styrene with the macroRAFT agent with ECT 

endgroup.  
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1.5 Aims and Objectives of the Work 

 

Based on a review of the literature across the topics of polymer-silica hybrid materials, 

reversible deactivation radical polymerization and self-assembly, there is a clear knowledge 

gap with respect to the preparation of colloidal nanocomposites (consisting of polymer and 

silica domains) via various self-assembly methods. The overall aim of this work is therefore a 

fundamental investigation of the use of silicon-containing monomers for the rational 

preparation of hybrid nanocomposites of controllable size and shape.  

 

This overall aim can be broken down as a series of sub-aims, described as follows: 

a) To investigate the synthesis and preparation of hybrid polymer-silica nanoparticles 

through a combination of reversible deactivation radical polymerization, self-assembly 

and orthogonal sol-gel chemistry; 

b) To specifically prepare polymer/silica nanoparticles with controllable size and shape, 

including anisotropic particles such as rods, ‘worms’ and vesicles; 

c) To develop a greater understanding of the experimental conditions used in both 

homogeneous and heterogeneous polymerizations of silicon-containing monomers for 

the controlled synthesis of copolymers and resulting nanoparticles;  

d) To investigate the compositional design of such polymer nanoparticles, including the 

use of silicon-containing monomers in the i) stabilizer block; ii) core-forming block 

and iii) interfacial block, and to study potential applications such as encapsulation of 

various payloads.  
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1.6 Thesis Outline  

 

This thesis is written based on the guidelines and rules of the University of Tasmania, Australia. 

This thesis consists of six chapters, including this Introduction. The contents of the following 

chapters are briefly summarized below:  

 

Chapter 2: Experimental Methods and Characterisations 

This chapter reports all the chemical reagents and preparation methods used in this thesis. The 

conditions used in each characterisation technique are also shown.  

 

Chapter 3: Polymer-Inorganic Hybrid Nanoparticles of Various Morphologies via 

Polymerization-Induced Self-Assembly and Sol–Gel Chemistry 

This chapter reports synthesis of polymer-silica hybrid nanoparticles of various morphologies 

via polymerization-induced self-assembly (PISA) using an alkoxysilane-based methacrylate as 

the solvophilic block. A range of variables were studied such as choice of alkoxysilane 

monomers, types of RAFT agent, and the length of both solvophilic and solvophobic blocks 

(benzyl methacrylate). The presence of reactive alkoxysilane groups at the particle surface 

enabled a silica shell to be grown from the surface via condensation of tetraethylorthosilicate 

(TEOS) in a controlled approach.  
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Some of the content of this chapter was published as an article entitled “Polymer-Inorganic 

Hybrid Nanoparticles of Various Morphologies via Polymerization-Induced Self-Assembly 

and Sol–Gel Chemistry”, Polymer Chemistry, 2016, 7, 6575-6585. (DOI: 

10.1039/C6PY01447J) 

 

Chapter 4: Self-Assembly of Block Copolymers with an Alkoxysilane-Based Core-

Forming Block: A Comparison of Synthetic Approaches 

This chapter reports the comparison of two methods (PISA and traditional solution-based self-

assembly) to prepare polymer nanoparticles bearing an alkoxysilane based core-forming block. 

The limitations and benefits of each method are discussed. Using the solution self-assembly 

method, stable nanoparticles of differing shapes and sizes were formed in both water and 

hexane, based on the nature of the macroRAFT agents used. The steric bulk of the alkoxysilane 

block was also studied with respect to change in resultant particle morphology.  

 

Sections of this chapter were published with the title of “Self-Assembly of Block Copolymers 

with An Alkoxysilane-Based Core-Forming Block: A Comparison of Synthetic Approaches”, 

Journal of Polymer Science Part A: Polymer Chemistry, 2017, 56, 420-429. (DOI: 

10.1002/pola.28911) 
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Chapter 5: Preparation of Aqueous Capsules with a Crosslinked Interface via Using 

Silicon Containing Triblock Copolymers 

This chapter reports the preparation of ABC-type triblock copolymers by two different methods, 

where the central B block contained a reactive alkoxysilane functionality. These triblock 

copolymers were examined for their use as stabilizers in oil-in-water miniemulsions (or 

prepared in-situ via the PISA methodology), followed by base-catalysed crosslinking of the 

interfacial block. The success of interfacial crosslinking, colloidal stability and particle 

morphology by both methods was studied. Encapsulation efficiency was also investigated.  

 

Chapter 6: Conclusions and Future Work 

This chapter reports conclusions of this thesis and proposals for future work.  
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Chapter 2 : Experimental Methods 

This chapter reports all the experimental and instrumental procedures applied in this thesis.  

 

2.1 Materials 

 

3-(Trimethoxysilyl) propyl methacrylate (MPS; 98%), benzyl methacrylate (BzMA; 96%), 

lauryl methacrylate (LMA; 96%), poly(ethylene glycol) methyl ether (PEG; average Mn = 

2000), poly(ethylene glycol) methyl ether methacrylate (PEGMA; average Mn 300 and 950), 

4-cyanopentanoic acid dithiobenzoate (CPADB; >97%), 4-cyano-4-

[(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic acid (CDTSPA; 97%), tetraethyl 

orthosilicate (TEOS; 98%), 1,3,5-trioxane (>99%), N,N’-dicyclohexylcarbodiimide (DCC; 

99%), 4-(dimethylamino)pyridine (DMAP; >99%), p-toluenesulfonic acid (99%), 

triethylamine (TEA; >99%), octylamine (99%), hexadecane (HD; 99%), 

tertbutylhydroperoxide (70% w/w in water), L-ascorbic acid (reagent grade), 4-tert-

butylcatechol (97%), chromium(III) acetylacetonate (97%), Nile Blue A (>75%), and 1,4-

dioxane (>99%) were purchased from Sigma Aldrich, Australia. 4,4-Azobis(4-cyanovaleric 

acid) (ACVA; 98%) was purchased from Alfa Aesar, and ammonium hydroxide (30% w/w 

aqueous solution) was purchased from ChemSupply. Hydrochloric acid (HCl; 37%) was 

purchased from Scharlau. Sulphuric acid (H2SO4; 98%) was purchased from Ajax Finechem. 

All the reagents were used as received unless otherwise stated. Benzyl methacrylate and lauryl 

methacrylate were deinhibited through a basic alumina column and stored in the freezer prior 

to use. A pH 7 buffer was prepared from potassium dihydrogen phosphate and di-sodium 

hydrogen phosphate (ionic strength = 0.01 M). Methanol, ethanol, isopropanol, toluene, 
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petroleum spirit (60–80 oC), diethyl ether, dimethylformamide (DMF), tetrahydrofuran (THF) 

and n-hexane used were analytical reagent (AR) grade and the water used was Milli-Q standard.  

 

2.2 Monomer Synthesis 

 

2.2.1 Synthesis of 3-(Triisopropoxysilyl) Propyl Methacrylate (IPS) 

 

The synthesis of 3-(triisopropoxysilyl) propyl methacrylate (IPS) was modified slightly from 

previous procedures.1, 2 p-Toluenesulfonic acid (0.1 g) and 4-tert-butylcatechol (0.02 g) were 

dissolved in isopropanol (40 mL). MPS (10 g, 9.6 mL) was added to the solution that was 

distilled at 110 °C for 5 hours, with further addition of isopropanol (20 mL) every 30 minutes. 

After 5 hours the mixture was allowed to cool, then poured into a saturated aqueous sodium 

bicarbonate solution (100 mL), followed by extraction into hexane (3 × 50 mL). The combined 

hexane layers were washed with a saturated aqueous sodium chloride solution (∼100 mL) and 

the resultant hexane layer was dried over anhydrous magnesium sulphate overnight. Hexane 

was removed via rotary evaporation and the product then dried under vacuum at room 

temperature for 3 hours. The product was purified by passage through a basic alumina column 

and stored at 4 °C until needed. IPS was a clear and pale yellow liquid. The yield was around 

65%. 1H NMR (400 MHz, CDCl3, δ(ppm)): 0.577–0.726 (dd, 2H, CH2), 1.15–1.26 (d, J = 6.03 

Hz, 18H, (CH3)6), 1.72–1.85 (m, 2H, CH2), 1.95 (s, 3H, CH3), 4.08–4.16 (m, 2H, CH2), 4.17–

4.28 (m, 3H, (CH)3), 5.54 (s, 1H, CH2), and 6.1 (s, 1H, CH2). The 29Si NMR spectrum of IPS 

consisted of a T0 peak (−50.2 ppm) as well as a minor T2 peak at −56.6 ppm, suggesting a small 

degree of condensation in the monomer (this peak corresponded to Si atoms with two Si–O–Si 

linkages).3  
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2.3 MacroRAFT Agent Syntheses 

 

2.3.1 MPS-based MacroRAFT Agents 

 

An example procedure for a target DP of 40 units using CPADB is described. MPS (2.377 mL, 

10 mmol), CPADB (69.9 mg; 0.25 mmol), 1,3,5-trioxane (150 mg, 1.67 mmol) and ACVA (28 

mg, 0.1 mmol; [CPADB]/[ACVA] ratio = 2.5) were dissolved in 1,4-dioxane (9 mL) in a 

Schlenk flask. The solution was deoxygenated via three freeze–pump–thaw cycles, filled with 

high purity Ar gas, and then placed in a pre-heated oil bath at 65 °C overnight with magnetic 

stirring. Following polymerization, the flask was allowed to cool, opened to the air and the 

polymer isolated by precipitation into a tenfold excess of hexane. After precipitation, the solid 

was transferred to a glass vial, partial air dried for 5 minutes, dissolved in ethanol at a 

concentration of ∼100 mg mL-1 and stored in the freezer until needed. The hexane content in 

the ethanolic solution was never more than 0.4 mol % by 1H NMR. Similar reaction conditions 

were used to synthesize PMPS-based macroRAFT agents with a differing DP or different 

RAFT agent (CDTSPA). 

 

2.3.2 IPS-based MacroRAFT Agents 

 

PIPS macroRAFT agent (CPADB and CDTSPA) with DPs of 40 and 65 were synthesized by 

applying an identical procedure to that described for PMPS (Section 2.3.1), except the polymer 

was precipitated into a methanol/water (8:2 volume ratio) mixture.1, 4  
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2.3.3 PEGMA-based MacroRAFT Agents 

Three different chain lengths of PEGMA (Mn 950)-based macroRAFT agents were prepared 

with targeting average degrees of polymerization (DP) of 10, 20, and 40 units. A typical method 

for a target DP of 20 units using CDTSPA is described as follows. PEGMA (Mn 950; 2 g, 2.11 

mmol), CDTSPA (0.0425 g, 0.105 mmol), ACVA (0.0118 g, 0.0421 mmol; 

[CDTSPA]/[ACVA] ratio = 2.5), and 1,3,5 trioxane (0.032 g, 0.351 mmol, acting as internal 

reference) were dissolved in 1,4-dioxane (4.726 mL) in a Schlenk flask. The solution was 

deoxygenated via three freeze–pump–thaw cycles, filled with high purity Argon gas, and then 

placed in a pre-heated oil bath at 80 oC for 24 hours with magnetic stirring. After 

polymerization, the flask was allowed to cool, exposed to air and the homopolymer was 

isolated via precipitation into a 10-fold excess of diethyl ether. The collected polymer was dried 

at 30 oC under vacuum overnight prior to characterization. Fractional conversion of monomer 

to polymer was determined by 1H NMR spectroscopy and was 0.87, 0.89, and 0.89 respectively 

for the three macroRAFT agents. The PEGMA (Mn 950) macroRAFT agents were denoted as 

PEGMA9, PEGMA18, and PEGMA36, the subscript reflecting the theoretical DP of the polymer. 

PEGMA (Mn 300) macroRAFT agents with DP of 20, 40, and 60 were using a similar approach 

that described in PEGMA (Mn 950), except the temperature was 65 oC and the resultant polymer 

was precipitated into n-hexane. The PEGMA (Mn 300) macroRAFT agents were denoted as 

PEGMA19, PEGMA39, and PEGMA58, the subscript reflecting the theoretical DP of the 

polymer. 
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2.3.4 LMA-based MacroRAFT Agents 

PLMA macroRAFT agent with DP of 40 was synthesized by applying an identical procedure 

to that described for PEGMA (Mn 950; Section 2.3.3), except the reaction temperature was set 

to 65 oC and polymer was precipitated into a methanol. The theoretical DP of PLMA 

macroRAFT was 38 and subsequently denoted as PLMA38. 

2.4 PEG-Trithiocarbonate based RAFT Agent Synthesis 

The preparation of PEG-trithiocarbonate based RAFT agent was conducted via esterification 

of the carboxylic acid group (from RAFT agent) with PEG bearing a hydroxyl endgruop. The 

process used in this work adopted the method in published papers with some modifications5-8 

and carried out as follows. PEG (2000 Da nominal mass) (0.7 g, 0.35 mmol), DMAP (0.0385 

g, 0.32 mmol), and CDTSPA (0.17 g, 0.42mmol) were dissolved in 5 mL of THF. The solution 

was bubbled with argon at 0 oC for 10 minutes. After 10 minutes bubbling, 2.5 mL of THF 

containing DCC (0.13 g, 0.63 mmol) was added via syringe and needle. The whole solution 

was stirred for 24 hours at room temperature. The obtained solution was filtered and the filtrate 

was precipitated into large excess of cold hexane:diethyl ether (1:1 v/v). The collected yellow 

solid was dissolved in THF and precipitated into cold hexane:diethyl ether again. The 

recovered yellow solid was then dried at 30 oC under vacuum overnight. The yield was around 

35%. A reaction scheme can be viewed in Figure 4-5. 
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2.5 Nile Red Synthesis 

 

Nile Red was synthesised according to a previously published procedure.9 Briefly, Nile Blue 

(0.4619 g, 0.63 mmol) was dissolved in 250 mL of 0.5% H2SO4 and the solution was heated 

under reflux condition for 2 hours. After cooling to room temperature, the product was 

extracted using toluene until a light pink colour appeared in the organic phase. Toluene was 

removed by rotary evaporation, leaving a dark purple residue (0.112 g; yield = 57%). The 

compound (referred to as Nile Red) was confirmed by using 1H NMR (400 MHz, DMSO-d6, 

δ(ppm)): 1.15-1.21 (t, 6H, (CH3)2), 3.48-3.56 (q, 4H, (CH2)2), 6.30-6.32 (s, 1H, CH), 6.67-6.71 

(d, 1H, CH), 6.84-6.89 (dd, 1H, CH), 7.63-7.68 (d, 1H, CH), 7.71-7.76 (td, 1H, CH), 7.79-7.84 

(td, 1H, CH), 8.12-8.16 (dd, 1H, CH), and 8.56-8.60 (dd, 1H, CH).  

 

2.6 Polymerization-Induced Self-Assembly (PISA) 

 

2.6.1 PISA of BzMA Using a MPS or IPS-Based MacroRAFT Agent 

 

MPS-based macroRAFT agents were chain extended with benzyl methacrylate (BzMA) in 

ethanol via RAFT dispersion polymerization. An example of the synthesis of PMPS40-b-

PBzMA400 at 20% w/w solids is given. Deinhibited BzMA (0.795 mL, 4.69 mmol), ACVA 

(0.7 mg, 0.0025 mmol; [macroCTA]/[ACVA] ratio = 5), and 1,3,5-trioxane (70 mg, 0.777 

mmol) were dissolved in ethanol (3.666 mL, 2.892 g). Then, 1 mL of ethanol containing 

PMPS40 macroRAFT agent (0.111 g, 0.0117 mmol) was added to the mixture. The reaction 

mixture was deoxygenated by three freeze–pump–thaw cycles and filled with Argon gas. The 

reaction flask was placed in preheated oil bath with stirring at 65 °C for 24 hours. The block 
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copolymer was isolated by precipitation into ten-fold hexane and partial air dried prior to NMR 

and SEC analyses. For PISA experiments with the PIPS macroRAFT agent, the resultant 

copolymer was precipitated into methanol/water (8:2 volume ratio) mixture. A general reaction 

scheme can be viewed in Figure 3-3.  

 

2.6.2 Attempted PISA of MPS in Water Using PEGMA-based MacroRAFT Agent 

 

Below is a typical approach at performing PISA of MPS in water using the PEGMA (Mn 950)18 

macroRAFT agent. To prepare PEGMA (Mn 950)18-b-PMPS100 at 10% w/w, PEGMA (Mn 

950)18 macroRAFT agent (0.1826 g, 0.0099 mmol) was added to a reaction flask along with 

MPS (0.235 mL, 0.99 mmol), ACVA (0.0011 g, 0.004 mmol; [macroRAFT]/[ACVA] = 2.5) 

and pH 7 buffer (3.843 mL). The reaction solution was purged via bubbling with Argon gas 

for 15 minutes in an icebath. The flask was immersed in a preheated oil bath at 65 oC and 

polymerization was allowed to proceed for 24 hours with magnetic stirring. The reaction was 

halted via exposure to air and cooling to room temperature. For PISA approach of MPS with 

PEG2000-CDTSPA, an approach used in PEGMA (Mn 950)18-PMPS was applied. When redox 

initiation (TBHP/ascorbic acid) was used to initiate polymerization, a similar procedure to that 

stated above was used, however the reaction temperature was 25 oC. The [macroRAFT]: 

[initiator] ratio was held at 2.5. Deoxygenated solutions of TBHP and ascorbic acid were added 

sequentially via syringe, with 2 minutes of Argon bubbling prior to each addition. DMF was 

used as an internal standard in both attempted PISA experiments (at 65 oC with thermal 

initiation and 25 oC with redox initiation). A general reaction scheme can be viewed in Figure 

4-1. 
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Due to difficulties with re-dissolving vacuum dried poly(MPS) in good solvents as a result of 

intra- and inter-molecular crosslinking in the solid state, the nanoparticle dispersion was first 

dialyzed against water (to remove dissolved salts) then subsequently THF prior to SEC analysis.  

 

2.6.3 PISA of ABC-Type Triblock Copolymers with an MPS-based “B” Block and the 

Simultaneous Encapsulation of Nile Red 

 

ABC-type triblock copolymers were prepared via RAFT polymerization and PISA approach 

via a one-pot approach. A representative synthesis of PEGMA (Mn 300)19-b-PMPS20-y-b-

(PMPSy-grad-PBzMA400) at 10% w/w solids is given. y is the remaining MPS monomers after 

chain extension with PEGMA (Mn 300)19 macroRAFT agent.  MPS monomer (0.1 mL, 0.42 

mmol), ACVA (2.4 mg, 0.0086 mmol; [macroCTA]/[ACVA] ratio = 2.5) and 1,3,5-trioxane 

(6.3 mg, 0.07 mmol) were dissolved in isopropanol (1.819 mL, 1.43 g). PEGMA (Mn 300)19 

macroRAFT agent (0.133 g, 0.021 mmol) was dissolved in isopropanol (1 mL, 0.786 g) under 

gentle heating with hot water due to the temperature-dependent solubility (UCST) of the 

PEGMA block in this solvent.10 Both solutions were mixed together and deoxygenated by three 

freeze-pump-thaw cycles and filled with Argon gas. The reaction flask was placed in a 

preheated oil bath with stirring at 65 oC for 24 hours. An aliquot was taken at the end of the 

reaction to determine the conversion of MPS into polymer via 1H NMR. No polymer 

purification was carried out due to difficulties in isolating the polymer while avoiding 

crosslinking and gelation, likely due to crosslinking of MPS units. The mass of PEGMA (Mn 

300)19-b-PMPS20-y macroRAFT agent was estimated by using the MPS conversion and the dry 

mass of PEGMA (Mn 300)19 macroRAFT agent. Then, deinhibited BzMA (1.423 mL, 8.4 

mmol), ACVA (2.4 mg, 0.0086 mmol; [macroCTA]/[ACVA] ratio = 2.5), and 1,3,5-trioxane 
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(0.12 g, 1.3 mmol) were dissolved in a mixture of isopropanol (17.267 mL, 13.58 g) and MilliQ 

water (0.837 mL, 0.837 g). This solution was transferred into the same flask and mixed with 

PEGMA (Mn 300)19-b-PMPS20-y macroRAFT agent (0.2192 g, 0.021 mmol) solution. After 

mixing, the whole solution was made up to a composition of isopropanol:MilliQ 96:4% v/v to 

avoid precipitation of the triblock copolymer at room temperature. The solids content was still 

maintained at 10% w/w. The reaction flask was deoxygenated by three freeze-pump-thaw 

cycles and placed in an oil bath with stirring at 65 oC for 24 hours. A general reaction scheme 

can be viewed in Figure 5-15.  

 

The simultaneous encapsulation of an organic dye into the particle core was achieved via using 

the same protocol of PEGMA (Mn 300)19-b-PMPS20-y-b-(PMPSy-grad-PBzMA400) synthesis in 

the presence of Nile Red. The process was performed via using a one-pot approach. Nile Red 

was dissolved in the mixture that consisted of BzMA monomer, ACVA initiator, trioxane, 

PEGMA-b-PMPS macroRAFT agent, and isopropanol:MilliQ water (96:4 % v/v). Then, the 

purple-red solution followed the same procedure described in above for deoxygenation, 

reaction conditions, and purification. Nile Red was added to a constant amount with respect to 

the dry mass of PEGMA macroRAFT agent (0.6% w/w).11 The excess Nile Red was removed 

via dialysis against isopropanol:MilliQ water (96:4 % v/v) for 3 days. The isopropanol:MilliQ 

water (96:4 % v/v) was changed daily.  
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2.7 Solvent-Induced Self-Assembly of Block Copolymers 

 

2.7.1 Self-Assembly of PEGMA (Mn 950)-b-PMPS and PEGMA (Mn 950)-b-IPS in Water 

 

3-(Trimethoxysilyl) propyl methacrylate (MPS) was used to chain-extend PEGMA (Mn 950)-

based macroRAFT agents in 1,4-dioxane via RAFT solution polymerization, for a variety of 

different DPs of the MPS block. An example of the synthesis of PEGMA (Mn 950)18-b-

PMPS100 at 10% w/w solids content is given. PEGMA (Mn 950)18 macroRAFT agent (0.1504 

g, 0.00909 mmol), MPS (0.216 mL, 0.909 mmol), ACVA (0.001 g, 0.00363 mmol; 

[macroCTA]/[ACVA] ratio = 2.5), and 1,3,5-trioxane (0.0136 g, 0.151 mmol) were dissolved 

in 1,4-dioxane (3.414 mL, 3.516 g) in a Schlenk flask. The reaction mixture was deoxygenated 

by three freeze–pump–thaw cycles and filled with Argon gas. The flask was placed in preheated 

oil bath at 65 oC for 24 hours with continuous stirring. After polymerization, the block 

copolymer was precipitated into 10-fold hexane and partial air-dried prior to NMR and SEC 

analyses.  

 

To induce self-assembly, Milli-Q water was injected into the polymer solution at a rate of 1.2 

mL hour-1 via a syringe pump (NE-4000 dual syringe pump, New Era pump systems) under 

constant stirring at room temperature. The final concentration of polymer was 1% w/w. Then, 

the sample was transferred into a dialysis bag (MWCO 3500 Da) and dialyzed against Milli-Q 

water for 3 days. Water was changed daily.  

 

Block copolymers based on the chain extension of PEGMA (Mn 950)-based macroRAFT 

agents (theoretical DP = 18) with IPS were prepared via a similar approach to that described 
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for PEGMA (Mn 950)-b-PMPS, except the block copolymer was dialyzed against THF prior to 

SEC analysis. A general reaction scheme can be viewed in Figure 4-18. The self-assembly of 

this block copolymer was induced by addition of Milli-Q water and applying an identical 

method mentioned in PEGMA (Mn 950)-b-PMPS. The sample was then transferred into a 

dialysis bag (MWCO 3500 Da) and dialyzed against Milli-Q water for 3 days. Water was 

changed daily. 

 

2.7.2 Self-Assembly of PLMA-b-PMPS in n-Hexane 

 

A similar approach to that of PEGMA-b-PMPS was applied in preparing PLMA38-b-PMPSy 

block copolymers, where y was the targeted number of MPS units (ranging from 80 to 1000). 

A general reaction scheme can be viewed in Figure 4-23. These block copolymers were 

precipitated into an ethanol/water (2:8 volume ratio) mixture prior to characterisations. The 

self-assembly of this block copolymer was induced by addition of n-hexane (a non-solvent for 

the MPS block) and using similar addition conditions via syringe pump to those described in 

PEGMA-b-PMPS. Then, the sample was transferred into a dialysis bag (MWCO 3500 Da) and 

dialyzed against hexane for 3 days. Hexane was changed daily. 

 

2.8 Oil-in-Water Miniemulsion Stabilized by ABC-Type Triblock Copolymers 

 

The synthesis of ABC-type triblock copolymers was similar to the method described in Section 

2.6.3, except this process was performed in two steps. An example of the preparation of 

PEGMA (Mn 950)18-b-PMPS20-b-PBzMA100 at 10% w/w is given. PEGMA (Mn 950)18 

macroRAFT agent (0.2565 g, 0.0147mmol), MPS (0.07 mL, 0.295 mmol), ACVA (0.0016 g, 



Chapter 2 

Page 74  

 

0.00571 mmol; [macroCTA]/[ACVA] ratio = 2.5), and 1,3,5-trioxane (0.0044 g, 0.0488 mmol) 

were dissolved in 1,4-dioxane (2.93 mL, 3.02 g) in a Schlenk flask. The reaction mixture was 

deoxygenated by three freeze–pump–thaw cycles and filled with Argon gas. The flask was 

placed in a preheated oil bath at 65 oC for 24 hours with continuous stirring. After 

polymerization, an aliquot was taken to determine the conversion of MPS into polymer via 1H 

NMR. A general reaction scheme can be viewed in Figure 5-2. The block copolymer was 

precipitated into 10-fold hexane and partially air-dried. The mass of incomplete dry PEGMA 

(Mn 950)18 – PMPS20 macroRAFT agent was measured and re-dissolved in dioxane. For the 

subsequent chain extension with BzMA, PEGMA (Mn 950)18 – PMPS20 macroRAFT agent 

(0.2379 g, 0.0111 mmol), BzMA (0.19 mL, 1.11 mmol), ACVA (0.0013 g, 0.00464 mmol; 

[macroCTA]/[ACVA] ratio = 2.5), and 1,3,5-trioxane (0.0168 g, 0.187 mmol) were dissolved 

in 1,4-dioxane (3.962 mL, 4.08 g). The reaction was deoxygenated again via free-pump-thaw 

and placed in an oil bath at 65 oC for 24 hours. After the reaction completed, the triblock 

copolymer was precipitated into hexane and the collected copolymer was partially air-dried. 

The mass of triblock copolymer (not vacuum dried) was recorded and dissolved in toluene at a 

concentration of 20 % w/w.  

 

A toluene-in-water miniemulsion was formed via the following approach. 1 g of toluene 

(containing 200 mg of triblock copolymer) was mixed with 0.05 g of hexadecane. The total 

mass fraction of oil phase was maintained at 20% w/w via addition of MilliQ water to form a 

biphasic mixture. The mixture was ultrasonicated on ice (Branson Model 450 Digital Sonifier 

with microtip, 5 mins cycle, 30% amplitude, 200 W) to form a homogeneous milky white 

solution. The type of the emulsion was confirmed by a drop test. 
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2.9 Silica Synthesis and Crosslinking 

 

2.9.1 Hydrolysis and Condensation of TEOS to Yield Silica Shells 

 

A typical sol–gel experiment was adapted from the procedure of Tissot et al.12 Briefly, a 

volume of ethanolic nanoparticle dispersion (e.g. PMPS-b-PBzMA, see Section 2.6.1) 

corresponding to 1 g of polymer was diluted with further ethanol to a total amount of solvent 

100 g. To this solution, ammonium hydroxide (30% w/w) was added so that the concentration 

of base was 0.4 M. A separate solution of 15 g of TEOS in 15 g ethanol was injected into the 

ethanolic dispersion at a rate of 1 mL/hr via syringe pump under constant magnetic stirring at 

room temperature. A range of parameters were studied such as the total amount of TEOS added, 

concentration of base and the feed rate. The resulting particle dispersion was centrifuged at 

4000 rpm and then redispersed into fresh ethanol. A general schematic diagram can be viewed 

in Figure 3-14.  

 

2.9.2 Base-Catalysed Cross-linking of MPS-functional Capsules and Miniemulsion Droplets  

 

Different base catalysts were used to induce crosslinking of MPS. For miniemulsions prepared 

in Section 2.8, 1 mL of the resulting miniemulsion was extracted and 0.112 mL of triethylamine 

was added to form a catalyst concentration of 0.8 mol L-1. The solution was stirred overnight 

in an oil bath at 25 oC. Other catalysts were also utilised such as hydrochloric acid and 

octylamine. The catalyst concentration was remained the same.  
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For interfacial crosslinking of the nanoparticle dispersions prepared by the PISA process 

(Section 2.6.3), 0.208 mL of ammonium hydroxide solution was added to 2 mL of triblock 

copolymer dispersion to form a catalyst concentration of 0.8 mol L-1. The solution was stirred 

overnight in an oil bath at 25 oC. When Nile Red was present, the crosslinked particle dispersion 

was dialyzed against isopropanol:MilliQ (96:4% v/v) solvent for 3 days. The solvent was 

changed daily.  

 

2.10 Instrumentation and Analytical Methods 

 

Below are the main characterisation methods used in this thesis.  

 

2.10.1 Nuclear Magnetic Resonance Spectroscopy (NMR) 

 

Proton (1H) spectra were acquired with a 300 MHz Bruker Avance III NMR spectrometer. 

Deuterated chloroform (CDCl3) or deuterated acetone was used as NMR solvents. 1H NMR 

was used to determine the fractional conversion of monomer to polymer by comparing the 

integral of vinylic protons of methacrylate-based monomers (MPS, IPS, PEGMA, LMA, and 

BzMA, δ ~ 5.54 and 6.10 ppm) before and after polymerization to an internal reference (either 

1,3,5-trioxane (δ = 5.15 ppm) or DMF (δ = 7.96 ppm)). 1,3,5-Trioxane was used as reference 

for solution polymerization; for heterogeneous systems, DMF in acetone-d6 was used (both the 

continuous and dispersed phases of the reaction are miscible with both acetone and DMF). 
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Silicon (29Si) NMR spectra were acquired on the same instrument at a frequency of 79.39 MHz, 

both with and without TMS as internal reference. Due to solubility issues, CDCl3 or acetone-

d6 containing a small amount of chromium(III) acetylactonate was used as solvent for the 

macroRAFT agent and diblock copolymer. Chromium(III) acetylactonate is a paramagnetic 

relaxing agent and used to reduce recycle delay.13 29Si NMR spectra were recorded at 298.15 

K with 6000 scans and a dwell time of 31.73 μs, with background noise minimized by spectral 

subtraction method.  

 

2.10.2 Dynamic Light Scattering (DLS) 

 

Hydrodynamic diameters were measured by using a Malvern ZetaSizer Nanoseries integrated 

with DTS software. The measurement was carried out at 298 K using a 4 mW He–Ne laser 

with wavelength 633 nm. The scattering angle was 173°. Results were based on the average 

values of three independent measurements. Highly diluted solutions were used to determine 

particle sizes (2 drops of the sample in approximately 20 mL of selected solvent). 

 

2.10.3 Scanning Electron Microscopy (SEM) 

 

Particle characteristics (surface structure, size, and shape) were determined by using Hitachi 

SU-70 Analytical Field Emission SEM. Specimens were prepared by drying a drop of diluted 

sample solution on aluminium stubs. The accelerating voltage was set to 1.5 kV. Dried sample 

studs were sputter-coated using a Platinum Coater BalTec SCD050 prior to imaging.  
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2.10.4 Transmission Electron Microscopy (TEM) 

 

For Chapter 3 and 4, particle features (interior structure, size, and morphology) were 

determined by using a FEI Tecnai (FEI, OR, USA). The accelerating voltage was 200 kV. 

Images were recorded digitally using an Eagle 2k CCD camera (FEI) and Digital Micrograph 

(Gatan). 

 

For Chapter 5, a Hitachi HT 7700 transmission electron microscope was used. The accelerating 

voltage was set to 80 kV. Images were recorded digitally via using a XR-81 CCD camera 

(AMT). Sample preparation was identical for both instruments, where all samples were 

prepared via using a drop-cast method onto carbon-coated 300 mesh copper grids. 

 

2.10.5 Thermogravimetric Analysis (TGA) 

 

Thermal analysis was carried out via using a LABSYS Evo TG-DSC 1600C Thermogravimeter. 

An aluminium crucible (100 μL) was used to hold the sample in the furnace. Approximately 

15 mg of samples were used and heated from 25 °C to 550 °C at a rate of 10 °C min-1 in a 

nitrogen atmosphere. 

 

2.10.6 X-ray Photoelectron Spectroscopy (XPS) 

 

Elemental compositions were analysed through an Escalab250Xi X-ray photoelectron 

spectrometer (Thermo Scientific). The Al Kα incident radiation (1486.6 eV) was set at 150 W 
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(13 kV, 12 mA). Survey scans were taken over a binding energy range of 1360–0 eV (1 eV 

steps) with a dwell time of 100 ms; higher resolution scans were taken with 0.1 eV steps and a 

250 ms dwell time. Data was analysed using Avantage software (Thermo Scientific). 

 

2.10.7 Size Exclusion Chromatography (SEC) 

 

In Chapters 3 and 4, polymer molecular weights and distributions were determined via using a 

Shimadzu system with refractive index detection (RID-10A), four Phenogel columns (105, 104, 

103 and 500 Å pore size) and THF as eluent (flow rate 1 mL min-1). All polymer samples were 

dissolved overnight in the eluent at a concentration ∼3 mg mL-1, then filtered through a 450 

nm Nylon filter. The columns were housed in a CTO-10AC VP Shimadzu column oven set at 

40 °C. Calibration was performed using a series of linear polystyrene standards (Polymer 

Laboratories) spanning a mass range of 0.6 to 1820 kDa. 

 

In Chapter 5, the polymer sample preparation was maintained the same as above (dissolved 

overnight in THF at a concentration of ~ 3 mg/mL and filtered through a 450 nm PTFE filter). 

The polymer molecular weights and distributions were determined via using a Viscotek system 

with refractive index detection (VE 3580), a PLgel guard column, two PLgel columns 

(MIXED-C, mixed pore size) and THF as eluent (flow rate 1 mL/min). The columns were 

warmed in a Phenomenex column oven (TS-430) set at 40 °C. Calibration was performed using 

a series of linear polystyrene standards (PSS-Polymer) spanning a mass range of 0.27 to 66 

kDa.  
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2.10.8 Ultraviolet–Visible Spectroscopy (UV-Vis) 

 

The samples were prepared by adding 1 ml of dialysed Nile Red solution into 9 ml of fresh 

dioxane. The samples were allowed to stand for 24 hours before analysis. UV-visible spectra 

were recorded in a glass cuvette using an UV Mate spectrophotometer (Metertech). The 

samples were scanned with a wavelength range from 400 to 800 nm.  
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Chapter 3 : Polymer-Inorganic Hybrid Nanoparticles of Various 

Morphologies via Polymerization-Induced Self-Assembly and Sol–

Gel Chemistry 

 

3.1 Introduction 

 

Polymer-inorganic hybrid materials have been researched intensively over the last few decades. 

Hybrid materials can combine the beneficial properties of each component and minimize 

disadvantageous ones, as often single-component materials have limited physical and/or 

chemical properties for a specific application. Numerous examples of polymer-inorganic and 

polymer-organic have been demonstrated in different areas such as biomedical applications,1, 

2 fuel cells,3, 4 membranes,5, 6 and others. A range of synthetic methods have been utilised to 

create such materials, mostly using heterophase polymerization approaches such as 

miniemulsion,7-9 emulsion10, 11 and dispersion polymerization,12-14 in addition to layer-by-layer 

deposition methods.15  

 

Silica (SiO2) has excellent chemical and physical properties and is one of the most popular 

components utilized in hybrid material designs.16-18 External morphology and shape control of 

pure silica nanoparticles is much less common in comparison to spherical silica nanoparticles 

with varying internal (i.e. solid, hollow, or mesoporous) structure, which have been widely 

reported. The morphology and structure of silica nanoparticles are highly influenced by the 

preparation methods and reaction conditions. Different shapes and structures of pure silica 

nanoparticles have been studied to enhance the application efficiency, especially in biomedical 
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applications.16, 19-22 Polymer@silica (Polymer core / silica shell) nanoparticles have been 

synthesized through classic emulsion polymerization (using either alkoxysilane functional co-

monomer23, 24 or silica nanoparticles25) and dispersion polymerization (where small silica 

nanoparticles are absorbed onto the polymer nanoparticle surface via acid-base interactions26). 

However, these methods primarily produce spherical nanoparticles.  

 

Hybrid silica nanoparticles with unique and controllable external morphologies were only able 

to be prepared at low solids content. This limitation is analogous to previous methods used to 

prepare polymer nanoparticles with rod-like or vesicular morphologies, where the controlled 

self-assembly of diblock copolymers in selective solvents was only possible at very low 

concentration.27, 28 In recent times, polymerization-induced self-assembly (PISA) mediated by 

RAFT polymerization has become a preferred method to prepare self-assembled block 

copolymer nanoparticles, as this method offers more flexibility and controls in addition to 

synthesize nanoparticles with tailored shapes at very high solids content (up to 50 % w/w).29 

PISA is a robust technique and it has been applied in many cases to examine the effect solvent 

choice,30-33 charge of the stabilizing block34, 35 and the nature of the core-forming block36, 37 as 

well as the use of novel solvents (e.g. supercritical carbon dioxide) to prepare unique in-situ 

particle architectures.38   

 

This chapter reports the preparation of silica shell – polymer core hybrid nanoparticles at high 

solids content via the combination of PISA and sol-gel chemistry. A diblock copolymer is 

synthesized by RAFT polymerization, whereby the solvophilic block is a methacrylate bearing 

an alkoxysilane pendant group, followed by chain extension with the solvophobic block 

(benzyl methacrylate) in a non-solvent (ethanol). The length of the solvophobic block is varied 
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in order to use PISA template to direct the morphology to various nanoparticle structures. Due 

to the presence of alkoxysilane groups at the nanoparticle surface, the growth of a silica shell 

on the particle surface can be achieved via the hydrolysis and condensation of a silica precursor 

(TEOS) in a controlled fashion, to produce silica nanoparticles with different morphologies. 

The surface condensation step is orthogonal to the PISA process and as a result the polymer 

nanoparticle acts as a template for the construction of silica shells at the surface. To the best of 

our knowledge, this is the first report on the use of alkoxysilane-containing methacrylates as a 

stabilizer block in PISA systems, which provides the means to control and generate hybrid 

nanoparticles with an array of morphologies and with an amenable surface to further 

functionalization.   
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3.2 Results and Discussions 

 

3.2.1 Alkoxysilane-containing MacroRAFT Agents 

 

In this work, alkoxysilane-containing monomers such as MPS and IPS were prepared as 

macroRAFT agents. MPS has been applied in RAFT polymerization previously and reported 

by Mellon et al.39 (as a macroRAFT agent) and Zhang et al.40 (as a second block during 

copolymer synthesis). IPS has been utilised in anionic polymerization41 and via ATRP,42 

however, neither monomer (MPS or IPS) has been used in PISA systems previously. The 

commercially available MPS monomer was first employed in our study and IPS monomer was 

prepared in parallel with this work. 1H and 29Si NMR spectra of as-synthesized IPS are shown 

in Figure 3-1 and Figure 3-2 respectively. One of the ultimate aims of this work was to make 

alkoxysilane-based macroRAFT agents for subsequent chain extension through the PISA 

process. The PISA system in this work was briefly outlined in Figure 3-3. A dithiobenzoate 

(CPADB) and a trithiocarbonate (CDTSPA) based RAFT agents were utilised and they 

possessed identical leaving groups. These RAFT agents were selected due to efficient RAFT 

polymerization of tertiary propagating radicals, which require thiocarbonylthio compounds 

with a tertiary R group and radical stabilizing Z group to improve the rate of addition of radicals 

to the C=S group of the chain transfer agent.43 In following sections, dithiobenzoate and 

trithiocarbonate based RAFT agents were labelled as ‘D’ and ‘T’ respectively. All reactions 

were performed at 65 oC to maintain a constant 10 hour half-life of ACVA initiator.44 
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Figure 3-1: Proton NMR spectrum of IPS in CDCl3 
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Figure 3-2: 29Si NMR spectrum of IPS in CDCl3. T0 and T2 refer to Si atoms with 0 and 2 Si-O-Si linkages 

respectively. 

 

 

Figure 3-3: Schematic of the PISA process using an alkoxysilane solvophilic block to chain extend benzyl 

methacrylate in ethanol. 
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Each macroRAFT agent was prepared to have two targeted degrees of polymerization (DP), 

namely 40 and 65 monomer repeating units. The characterization data of macroRAFT agents 

are reported in Table 3-1. The fractional conversion was high (≥ 0.95) in all macroRAFT agent 

syntheses. Good agreement was established between the theoretical DP (based on the target 

DP and fractional conversion) and experimental DP determined by 1H NMR spectroscopy of 

the resultant polymer, assuming every chain carries one RAFT end-group. The 1H NMR of a 

dithiobenzoate-based MPS macroRAFT agent is shown in Figure 3-4. XPS characterisation 

was also used to support the agreement where the estimated DP of macroRAFT agents could 

be calculated via using the Si : S atomic ratio. Assuming no loss or degradation of RAFT end-

groups during synthesis or storage, the macroRAFT agents should have two S atoms per 

endgroup and one Si atom per monomer repeating unit. The XPS data shown in Table 3-2 was 

based on CPADB macroRAFT agents (D). The estimated DP by XPS was higher than the 

theoretical DP, especially MPS based macroRAFT agents (Entry 3-1 and 3-2 in Table 3-2).  

 

An important experimental observation was that when poly(MPS) was precipitated and fully 

dried under vacuum, the dry polymer would not re-dissolve back into any good solvent tested 

(chloroform, ethanol, DMSO, acetone and THF). Other groups had identified this problem 

previously, attributed to intra- and inter-molecular crosslinking of the polymer via hydrolysis 

and condensation of trimethoxysilane group.39, 40 In this work, all solution-based 

characterisations (such as NMR and SEC) were prepared by promptly dissolving the 

precipitated and partially dried sample into the relevant solvent to minimize potential 

crosslinking. This approach worked well as the solution-state 29Si NMR (Figure 3-5) detected 

a sole sharp resonance peak at ~ -42.7 ppm (normally defined as T0 peak),45 indicative of no 

crosslinking of the macroRAFT agent and proving that the alkoxysilane based macroRAFT 

agents were stable in the absence of prolonged drying and storage.  
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Table 3-1: Characterisation data of macroRAFT agents 

Entry Sample 

code 

Fractional 

conversion 

DPth DP 

(1H NMR) 

Mn 

(1H NMR) 

(kDa) 

Mn 

(SEC) 

(kDa) 

Ð (SEC) 

3-1 D-MPS40 0.98 39 41 10.0 16.8 4.03 

3-2 D-MPS65 0.97 63 66 15.9 26.3 11.3 

3-3 D-IPS40 0.97 39 48 13.3 10.8 1.23 

3-4 D-IPS65 0.97 63 72 21.2 21.6 1.49 

3-5 T-MPS40 0.95 38 36 9.84 10.4 1.45 

3-6 T-MPS65 0.96 62 72 15.8 19.6 2.36 

3-7 T-IPS40 0.96 38 48 13.0 9.86 1.20 

3-8 T-IPS65 0.97 63 59 21.4 14.8 1.34 

 

Table 3-2: XPS data of CPADB based macroRAFT agents (D) 

Entry* Sample 

code 

Conversion DPth DP 

 (1H NMR) 

Si, S content 

(atomic %) 

Si : S 

ratio 

DP 

(XPS) 

3-1 D-MPS40 0.98 39 41 7.25, 0.22 33 66 

3-2 D-MPS65 0.97 63 66 6.71, 0.15 45 90 

3-3 D-IPS40 0.97 39 48 6.85, 0.28 24.5 49 

3-4 D-IPS65 0.97 63 72 9.53, 0.25 38 76 

* Refer to Table 3-1. 
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Figure 3-4: 1H NMR spectrum of D-MPS40 macroRAFT agent (Entry 3-1 in Table 3-1). Orange circle refers to 

CH2 in the MPS backbone and purple circle refers to aromatic ring of RAFT agent.  
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Figure 3-5: Solution-based 29Si NMR spectrum of D-MPS40 after precipitation into hexane (CDCl3 + 

tetramethylsilane (TMS) as internal reference) 

  

The nature of the alkoxysilane group was shown to influence the molecular weight distribution 

of polymers significantly (see Table 3-1 and Figure 3-6). These results showed a correlation 

between the nature of the alkoxysilane pendant group and stability towards hydrolysis and 

condensation. Most MPS-based macroRAFT agents had very high dispersities (specifically 

Entry 3-1 and 3-2 in Table 3-1), however IPS based macroRAFT agents had dispersities lower 

than 1.5 and monomodal distributions. This result was attributed to the increased stability of 

the tri(isopropoxysilyl) group relative to the  trimethoxysilyl group with respect to hydrolysis 

and condensation.46 While the molecular weight distributions of MPS based macroRAFT 
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agents might seem extraordinarily broad for a typical RAFT polymerization, it was not due to 

a poorly controlled polymerization. These high molecular peaks/shoulders were most likely 

formed during SEC sample preparation; samples were dried as much as possible, dissolved in 

SEC eluent overnight and then filtered prior to analysis. This hypothesis was supported by the 

fact that (i) these samples could be effectively chain extended with BzMA under a variety of 

conditions (see Figure 3-7 and Figure 3-8) and (ii) the absence of T1, T2, or T3 peaks in 29Si 

NMR spectra of the resulting polymers, suggesting that the samples did not crosslink 

immediately after preparation. Ozaki et. al. reported broad molecular weight distributions after 

precipitation of trimethoxysilyl or triethoxysilyl-based polymers due to hydrolysis and 

condensation of alkoxysilane groups.41 29Si NMR spectroscopy also confirmed the absence of 

hydrolysis and condensation after IPS based macroRAFT agents were precipitated into 

methanol/water mixture (Figure 3-9).  
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Figure 3-6: Height-normalized SEC molecular weight distributions for (A) dithiobenzoate, and (B) 

trithiocarbonate mediated RAFT polymerization of MPS (red) and IPS (black) 
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Figure 3-7: Height-normalized SEC molecular weight distributions for chain extension with 400 units of BzMA 

under different alkoxysilane macroRAFT agents (40 monomer repeating units) and RAFT agent types. (A) Entry 

3-27 in Table 3-6; (B) Entry 3-44 in Table 3-6; (C) Entry 3-52 in Table 3-6; and (D) Entry 3-66 in Table 

3-6Table 3-8.  
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Figure 3-8: Height-normalized SEC molecular weight distributions of MPS- and IPS- based macroRAFT agents 

with 65 monomer repeating units in the chain extension with 400 units of benzyl methacrylate. (A) Entry 3-40 in 

Table 3-6; (B) Entry 3-48 in Table 3-6; (C) Entry 3-62 in Table 3-6; and (D) Entry 3-70 in Table 3-6.  
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Figure 3-9: Solution-based 29Si NMR spectrum of D-IPS40 after precipitation into methanol/water (8:2 v/v) 

 

It is noteworthy that the controlled polymerization of MPS is influenced by the RAFT agent 

selection. In this work, trithiocarbonate mediated polymerization produced low dispersity 

polymers (Entry 3-5 and 3-6 in Table 3-1) under similar conditions to those applied for 

dithiobenzoate-mediated reactions (Entry 3-1 and 3-2 in Table 3-1). The reason for this is 

unclear as possible inter-molecular crosslinking of chains via condensation is unlikely to be 

greatly influenced (if at all) by the nature of the chain end. Thermogravimetric analysis showed 

dried macroRAFT agents had decomposed and a significant residual mass remained at the 

conclusion of the heating process (~ > 30% of the original mass of the sample, Figure 3-10 and 

Table 3-3). The residual mass is quite close to the predicted residual mass, based on the 

assumption that a cross-linked silica residue has formed upon heating (Appendix 1).  
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Figure 3-10: Thermogravimetric analysis of MPS (red) and IPS (black) macroRAFT agents in addition to chain 

extension with 400 units of BzMA (blue and purple curves) 

 

Table 3-3: Residual mass of TGA for different macroRAFT agents 

Entry MacroRAFT agents Residual mass (%) 

3-9 D-MPS40 41.8 

3-10 D-MPS65 40.6 

3-11 D-IPS40 32.6 

3-12 D-IPS65 36.5 
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3.2.2 Nanoparticle Synthesis via the PISA Process 

 

This section discusses the chain extension of alkoxysilane containing macroRAFT agents with 

benzyl methacrylate (BzMA) in ethanol. As BzMA monomer is soluble in ethanol but its 

polymer is insoluble, this represents a dispersion polymerization where the PISA process can 

potentially occur. BzMA is selected as a core-forming block for its high reactivity and a glass 

transition temperature of poly(BzMA) (55 oC) is lower than the experimental temperature, 

which prevents the formation of nanoparticles with kinetically frozen cores.47, 48 In this work, 

the target DP of BzMA was adjusted from 100 to 400 units and three different solid contents 

(based on full conversion) were targeted at 10, 15, and 20 % w/w. In-situ self-assembly was 

demonstrated via the formation of a milky dispersion from an initially clear solution in the 

absence of any coagulum, demonstrating the ability for the alkoxysilane macroRAFT agent to 

act as a stabilizer in block copolymer self-assembly. On the other hand, a significant 

precipitation of polymer was found in the absence of the alkoxysilane solvophilic block (Figure 

3-11).  

 



Chapter 3 

Page 99  

 

 

Figure 3-11: RAFT polymerization of BzMA in ethanol. (Top): PISA process in the presence of alkoxysilane 

solvophilic block; (Bottom): Absence of alkoxysilane solvophilic block, showing polymer precipitation.  

 

The results for PISA systems stabilized by dithiobenzoate and trithiocarbonate based MPS 

macroRAFT agents are summarised in Table 3-4 and Table 3-5 respectively. The fractional 

conversion of BzMA was very high in nearly all cases (≥ 0.91) and a range of particle 

morphologies was observed by SEM and TEM analysis (Figure 3-12). A predictive phase 

diagram was not the main priority of this work, however some information can be obtained 

regarding morphological transition. When a shorter alkoxysilane macroRAFT agent was used 

(D-MPS40 and T-MPS40), a vesicular morphology was observed at BzMA block lengths greater 

than 150 repeat units. This vesicle phase was not pure and often a minor fraction of spherical 

particles could be observed (Figure 3-12B as an example). These macroRAFT agents did not 

exhibit either pure spherical phase nor a ‘worm’ phase at low BzMA DP values; only short rod-

like structure or fused spherical objects were observed. When using a longer stabilizer block 
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(MPS65), spherical morphology was observed across a wide range of BzMA DP values. This 

observation is in agreement with published PISA reports where the solvophilic block length 

can influence the packing parameter of block copolymer and hence the nanoparticle 

morphology.32, 49, 50 A longer stabilizer block can also result in ‘kinetically’ trapped spherical 

morphology despite a high DP of core-forming block.51 Longer stabilizer blocks aid the steric 

stabilization of nanoparticles, however, they also prevent the efficient 1D fusion of spheres to 

form higher-order rod-like structures.51 No evidence showed the solids content had significant 

impact on the morphology in this alkoxysilane stabilized system. Variation of the Z group had 

an impact on the morphology of MPS-based block copolymers (e.g. spheres in Entry 3-40 in 

Table 3-4 (D-MPS65-BzMA400) and mixture of vesicles and spheres in Entry 3-48 in Table 3-5 

(T-MPS65-BzMA400)). IPS-based block copolymer nanoparticles were spherical in nature 

regardless of the Z group of the RAFT agent.  

  



Chapter 3 

Page 101  

 

Table 3-4: Summary of PISA experiments utilizing dithiobenzoate based MPS macroRAFT agents as solvophilic 

blocks 

Entry MacroRAFT 

agents 

Target 

BzMA DP 

Solids 

(%) 

BzMA 

conversion 

dz (nm) / 

PDI (DLS) 

Morphology 

3-13 D-MPS40  100 10 0.97 72 / 0.05 Rods/fused 

spheres 

3-14 15 0.97 69 / 0.05 Rod/fused 

spheres 

3-15 20 0.99 107 / 0.18 Fused spheres 

3-16 125 10 0.96 84 / 0.13 Spheres, mainly 

fused 

3-17 20 0.98 118 / 0.22 Spheres, some 

fused 

3-18 150 20 0.98 225 / 0.08 Vesicles 

3-19 200 10 0.91 259 /0.1 Vesicles 

3-20 15 0.99 223 / 0.17 Vesicles and 

spheres 

3-21 20 0.96 297 / 0.24 Vesicles 

3-22 300 10 0.93 421 / 0.19 Vesicles and 

spheres 

3-23 15 0.99 234 / 0.07 Vesicles, some 

spheres 

3-24 20 0.99 352 / 0.14 Vesicles, some 

spheres 
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3-25 400 10 0.98 943 / 0.30 Vesicles, some 

spheres 

3-26 15 0.98 785 / 0.23 Vesicles 

3-27 20 0.97 236 / 0.24 Vesicles, some 

spheres 

3-28 D-MPS65  100 10 0.95 97 / 0.13 Spheres 

3-29 15 0.99 88 / 0.12 Irregular fused 

spheres 

3-30 20 0.95 109 /0.22 Irregular fused 

spheres 

3-31 150 20 0.98 186 /0.24 Spheres, some 

irregular  

3-32 200 10 0.98 119 / 0.14 Spheres 

3-33 15 0.96 97 / 0.09 Spheres 

3-34 20 0.96 137 / 0.14 Spheres 

3-35 300 10 0.91 173 / 0.15 Spheres, some 

irregular 

3-36 15 0.98 239 / 0.27 Spheres 

3-37 20 0.93 216 / 0.23 Spheres 

3-38 400 10 0.94 180 / 0.14 Spheres 

3-39 15 0.97 175 / 0.24 Spheres 

3-40 20 0.99 189 / 0.08 Spheres 
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Table 3-5: Summary of PISA experiments utilizing trithiocarbonate based MPS macroRAFT agents as 

solvophilic blocks. All experiments were conducted at a solids content of 20 wt%. 

Entry MacroRAFT 

agents 

Target 

BzMA DP 

BzMA 

conversion 

dz (nm) / 

PDI (DLS) 

Morphology 

3-41 T-MPS40 100 0.99 231 / 0.22 Spheres, some 

vesicles 

3-42 200 0.99 930 / 0.04 Vesicles 

3-43 300 0.99 648 / 0.07 Vesicles 

3-44 400 0.99 995 / 0.18 Vesicles 

3-45 T-MPS65 100 0.99 219 / 0.82 Rods 

3-46 200 0.99 150 / 0.18 Lumpy rods 

3-47 300 0.99 570 / 0.55 Rods and spheres 

3-48 400 0.91 475 / 0.66 Vesicles and 

spheres 
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Figure 3-12: TEM (top row) and SEM (bottom row) of various MPS-stabilized nanoparticles: (A) Entry 3-14 in 

Table 3-4 (D-MPS40 – BzMA100); (B) Entry 3-26 in Table 3-4 (D-MPS40 – BzMA400); and (C) Entry 3-40 in 

Table 3-4 (D-MPS65 – BzMA400). Scale bars = (A and B) = 500 nm, and (C) = 250 nm.  

 

Using the molecular weight distribution of macroRAFT agents presented in Figure 3-6 as a 

reference point, we demonstrate that chain extension with BzMA during the PISA process was 

very effective (Figure 3-7 and Table 3-6). The results shown here all correspond to the 

extension of 400 BzMA units and so are readily comparable; it is acknowledged that these 

molecular weight distributions are only semi-quantitative given the likely presence of cross-

linked material and molecular weight determination via polystyrene calibration. In all cases, 

the primary peak in the SEC chromatogram shifts from a relative molecular weight of ~ 104 to 

~ 105 Da. A small residual peak was detected at low molecular weights and this was likely 

caused by dead chains formed during macroRAFT agent synthesis. High molecular weight 

peaks found in the poly(MPS-b-BzMA) molecular weight distribution were not the 
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consequence of termination by combination, but rather to intra- and inter-molecular 

crosslinking of MPS units. These results support the hypothesis in previous section that MPS 

based polymer undergoes crosslinking after synthesis. In contrast, the more bulky and stable 

poly(IPS) macroRAFT agent produced relatively low dispersity and narrow MWD copolymers 

(~ 1.5) upon the chain extension with BzMA (Figure 3-7 and Table 3-6), with an associated 

small bimolecular termination peak at high molecular weights. Poly(IPS-b-BzMA) almost fully 

decomposed during TGA analysis (Figure 3-10) with only a small residual mass remaining (< 

1%).  

 

Table 3-6: Number-average molecular weight and dispersity values for various macroRAFT agents after chain 

extension with 400 BzMA units 

Solvophilic block Entry* Mn (SEC) (kDa) Ð 

MPS 3-27 63.8 3.69 

3-40 68.1 5.12 

3-44 84.2 4.54 

3-48 76.0 8.27 

IPS 3-52 68.9 1.62 

3-62 91.8 1.51 

3-66 57.2 1.36 

3-70 54.3 1.55 

* Refer to Table 3-4, Table 3-5, Table 3-7, and Table 3-8. 
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Highly stable nanoparticle dispersions (Table 3-7 and Table 3-8) were also observed in PISA 

systems stabilized by IPS-based macroRAFT agents. In all cases high BzMA conversion was 

achieved, however, the nanoparticle morphology was spherical regardless of the DP of BzMA 

block, even up to very high values (such as 1800 and 2500 units). As an example, monodisperse 

spherical nanoparticles stabilized by T-IPS40 based macroRAFT agent (PDI by DLS < 0.06) 

just increased in size from ~129 nm to ~447 nm hydrodynamic diameter upon increasing the 

BzMA block length. IPS has a much bulkier pendant (tri(isopropoxysilyl)) group compared to 

MPS, greatly influencing the packing parameter and thus impact on the particle morphology. 

A bulkier solvophilic block is similar to a large ‘head group’ surfactant in terms of self-

assembly of an amphiphilic species, making the formation of spheres more likely. A longer 

stabilizing block will also provide more effective steric stabilization and aid in the formation 

of spherical nanoparticles. Upon increasing DP of the BzMA block, these spherical 

nanoparticles continue grow in size; both by the increase in molecular weight as well as the 

mobility of individual copolymer chains between micelles and/or sphere-sphere fusion 

events.52 Data in Table 3-7 shows that smaller nanoparticles are observed with using longer 

stabilizer blocks (DP 65) in contrast to shorter stabilizer blocks (DP 40) when the DP of the 

BzMA block is held constant . This is due to a longer stabilizer block having a stronger inter-

corona chain repulsion, which favours a decreasing in the radius of curvature and form smaller 

nanoparticles.53-55 During the self-assembly process, a greater number of shorter stabilizer 

block copolymers (PIPS40-b-PBzMA) are required to associate together for stabilization, as the 

number of solvophilic IPS units in PIPS40 block is lower than PIPS65. Therefore, the size of 

nanoparticles expands as a greater number of shorter block copolymers joining together.  The 

nanoparticles formed at the lowest BzMA DP (100 units, Entry 3-49 and 3-59 in Table 3-7) 

exhibited different morphologies by different imaging methods: the samples appeared sticky 

and aggregated by SEM, and fibrous by TEM (Figure 3-13A). This is most likely due to particle 
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collapse and coalescence during imaging, as opposed to the existence of a worm of fibrous 

morphology.  

 

Table 3-7: Summary of PISA experiments utilizing dithiobenzoate based IPS macroRAFT agents as solvophilic 

blocks. All experiments were conducted at a solids content of 20 wt%. 

Entry MacroRAFT 

agents 

Target 

BzMA DP 

BzMA 

conversion 

dz (nm) / PDI 

(DLS) 

Morphology 

3-49 D-IPS40 100 0.97 59 / 0.05 Rods/fused spheres 

3-50 200 0.99 89 / 0.07 Spheres 

3-51 300 0.98 136 / 0.05 Spheres 

3-52 400 0.99 123 / 0.03 Spheres 

3-53 500 0.99 146 / 0.02 Spheres 

3-54 600 0.98 155 / 0.02 Spheres 

3-55 800 0.98 169 / 0.02 Spheres 

3-56 1100 0.98 292 / 0.05 Spheres 

3-57 1400 0.99 232 / 0.02 Spheres 

3-58 1800 0.98 283 / 0.03 Spheres 

3-59 D-IPS65 100 0.98 92 / 0.25 Rods/fused spheres 

3-60 200 0.98 76 / 0.05 Spheres 

3-61 300 0.99 87 / 0.04 Spheres 

3-62 400 0.98 97 / 0.04 Spheres 

3-63 500 0.99 132 / 0.03 Spheres 

3-64 600 0.99 127 / 0.04 Spheres 

3-65 1200 0.97 158 / 0.03 Spheres 
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Table 3-8: Summary of PISA experiments utilizing trithiocarbonate based IPS macroRAFT agents as solvophilic 

blocks. All experiments were conducted at a solids content of 20 wt%. 

Entry MacroRAFT 

agents 

Target 

BzMA DP 

BzMA 

conversion 

dz (nm) / PDI 

(DLS) 

Morphology 

3-66 T-IPS40 400 0.98 129 / 0.06 Spheres 

3-67 800 0.93 180 / 0.03 Spheres 

3-68 1200 0.85 262 / 0.02 Spheres 

3-69 2500 0.99 447 / 0.05 Spheres 

3-70 T-IPS65 400 0.99 132 / 0.15 Spheres 

3-71 1000 0.96 144 / 0.07 Spheres 

 

 

Figure 3-13: TEM (top row) and SEM (bottom row) of various IPS-stabilized nanoparticles: (A) Entry 3-59 in 

Table 3-7 (D-IPS65 – BzMA100); (B) Entry 3-52 in Table 3-7 (D-IPS40 – BzMA400); and (C) Entry 3-56 in Table 

3-7 (D-IPS40 -BzMA1100). All scale bar = 500 nm. 
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3.2.3 Growth of Silica Shells 

 

As each repeating unit in the stabilizer block consists of a reactive alkoxysilane group, the 

nanoparticles prepared in the above section were subsequently used as a template to create 

hybrid polymer-silica nanoparticles. This was accomplished via base-catalysed hydrolysis and 

condensation of TEOS at the particle surface, achieved by slow feed of TEOS into the reaction 

mixture to minimize the nucleation of new SiNPs. The procedure is briefly described in Figure 

3-14. Base catalysis (ammonia) was used in this experiment to produce stable nanoparticles 

with highly crosslinked, branched and fully dense silica networks; in contrast, acid catalysis 

may form weakly crosslinked structures and produce aggregation.11  

 

MPS-functional vesicles (Entry 3-26 in Table 3-4) and IPS-functional nanospheres (Entry 3-

52 in Table 3-7) were selected for the formation of a silica coating. For MPS stabilized vesicles, 

a uniform thick silica shell is observed at the particle surface by TEM and noticeable changes 

to surface morphology are seen by SEM (Figure 3-14A). SEM analysis also supports the 

successful growth of silica shells by showing strong contrast to the previously (non-crosslinked) 

collapsed vesicles (Figure 3-12B); the crosslinked silica shell is more rigid and retains its 

structural integrity under the conditions of the electron microscope. In comparison to MPS-

stabilized systems, multi-lobed (also referred to as ‘raspberry-like’) structures were discovered 

at the surface of IPS-functional nanospheres after growth of the silica shell at the particle 

surface (Figure 3-14B).  
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Figure 3-14: (Top left) Schematic diagram of growth of silica shell on particle surface with alkoxysilane groups 

(via TEOS hydrolysis and condensation); (Bottom left) DLS volume distributions before and after silica shell 

growth for sphere and vesicles particles; (Right panel) TEM and SEM images of particles following silica shell 

growth. A1/A2: Entry 3-72 in Table 3-9 (scale bars = 500 nm). B1/B2: Entry 3-79 in Table 3-9 (scale bars = 

200 nm).  

 

The different morphologies of these particles (smooth shells versus raspberry-like structures) 

are attributed to the different hydrolysis rates of the isopropoxysilyl and methoxysilyl groups. 

Davies et al. reported on the half-life of various alkylsilyl compounds with respect to acid and 

base-catalysed hydrolysis;46 the half-life of trimethylsilyl and triethylsilyl groups was < 1 

minute while the triisopropylsilyl group had a half-life of > 24 hours. The longer half-life and 

greater stability of the isopropylsilyl group is analogous to the isopropoxysilyl groups at the 

surface of the IPS functional particles prepared here. TEOS is thus more likely to hydrolyse 

and self-condense as opposed to crosslink with surface IPS groups. As a result, clustered 
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domains of silica form at the IPS surface as opposed to the growth of a smooth and even shell. 

Raspberry-like structures were retained even at greatly reduced TEOS feed rates.  

 

With knowledge of the initial particle size and amount of TEOS added into the system, it is 

possible to predict the final particle size after the growth of silica shell through the sol-gel 

process.23 This prediction is valid if all added TEOS hydrolyses and condenses at the particle 

surface without secondary nucleation. This predictive model can be found in Appendix 2. The 

z-average hydrodynamic diameter (measured by DLS) and predicted particle size are shown in 

Table 3-9. For IPS based precursors (spherical nanoparticles), the agreement between predicted 

size and hydrodynamic diameter by DLS was quite good, except when the ammonia 

concentration was significantly increased (Entry 3-84 and 3-85 in Table 3-9). An approximate 

40-60 nm increase in hydrodynamic diameter was observed after silica shell growth, in 

conjunction with low polydispersity of the particle size distribution.  
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Table 3-9: Particle size (experimental and predicted) of MPS- and IPS- stabilized nanoparticles after growth of 

a silica shell 

Entry Variation* dz (nm) / PDI (DLS) dpred (nm) 

MPS vesicle (Entry 3-26) 785 / 0.23 - 

3-72 None 826 / 0.29 1198 

3-73 0.1 x mass TEOS 713 / 0.33 848 

3-74 0.2 x mass TEOS 899 / 0.22 902 

3-75 0.4 x mass TEOS 799 / 0.56 995 

3-76 2 x mass TEOS 1870 / 0.36 1435 

3-77 0.6 M NH4OH 1506 / 0.82 1198 

MPS sphere (D-MPS65 – BzMA400)^ 129 / 0.04 - 

3-78 None 210 / 0.10 197 

IPS sphere (Entry 3-52) 123 / 0.03 - 

3-79 None 168 / 0.05 171 

3-80 0.5 x mass TEOS 162 / 0.10 147 

3-81 1.25 x mass TEOS 166 / 0.11 174 

3-82 2 x feed rate 190 / 0.13 171 

3-83 0.5 x feed rate 189 / 0.05 171 

3-84 0.6 M NH4OH 259 / 0.05 171 

3-85 0.8 M NH4OH 1779 / 0.29 171 

* Relative to procedure described in Experimental Section. ^ BzMA conversion was 0.98 and the solids content 

was 20 wt%.  
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The predicted size was quite different from the actual particle size of MPS-based vesicles. In 

most cases (Entry 3-72 to 3-75 in Table 3-9), the predicted size was bigger than the observed 

size, which implied that some TEOS did not condense at the particle surface. The 

overestimation of size is potentially due to simultaneous growth of the silica shell from the 

inner and outer surface of the vesicle structure. As a result, some TEOS is consumed in the 

growth of the inner surface of the vesicle, which would not contribute to increasing particle 

diameter. Electron microscopy and DLS of particles prior to centrifugation, washing and 

redispersion in fresh solvent demonstrated the nucleation of new particles (~ 50 nm diameter, 

occupying around 5-10% of the total volume distribution), which would further reduce the 

amount of available TEOS to condense at the particle surface and therefore contribute to the 

overestimation in the predicted size.  

 

All silica shell growth experiments were carried out at the same mass concentration of polymer 

precursor dispersed in ethanol. This would result in a lower number of seed particles per unit 

volume for larger MPS vesicles in comparison to smaller IPS spheres at the same mass 

concentration. A reduction in number of seed particles decreases the total available seed surface 

area for TEOS to condense, hence increasing the likelihood of secondary nucleation (this is 

similar to the mechanism of secondary nucleation in seeded emulsion polymerization systems 

and its dependence on particle number56). To support this, small MPS stabilized spheres (Entry 

3-78 in Table 3-9) with a higher seed particle number density were tested in the growth of silica 

shells. The analysis indicated good agreement between predicted particle size and that observed 

experimentally.  
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3.3 Conclusions 

 

This work demonstrates the preparation of hybrid polymer-silica nanoparticles of differing 

morphologies through the use of reactive alkoxysilane monomers. This work clearly shows the 

nature of alkoxysilane group (present within the solvophilic block) has a significant impact on 

the resulting morphology of nanoparticles produced by the PISA process, and the morphology 

of the silica shell that grows from the surface of such particles. When alkoxysilane monomers 

are used as a solvophilic block for subsequent chain extension, the bulkier IPS monomer 

containing a triisopropoxysilyl group yields spherical nanoparticles only, while the less bulky 

MPS monomer can access to higher order morphologies such as vesicles. The different 

reactivities of these alkoxysilane monomers with respect to hydrolysis and condensation also 

causes a significant effect on the controlled growth of silica shell at particle surface, resulting 

smooth (MPS) or lobed silica shells (IPS).  

 

The stability of these two alkoxysilane monomers represents a synthetic and characterization 

challenge. Both monomers are difficult to work with (especially MPS), and purification and 

storage of the resulting polymers can be troublesome as alkoxysilane monomers are moisture 

and temperature sensitive, resulting in undesired crosslinking. Redissolution in common 

solvents and subsequent analysis by SEC is thus complicated and hindered by additional peaks 

at higher molecular weights which are highly caused by crosslinking and the formation of 

aggregated structures. Despite these challenges, effective chain extension of alkoxysilane 

based macroRAFT agents has been demonstrated and the self-assembly of resulting diblock 

copolymers via the PISA mechanism in a block-selective solvent with good colloidal stability 

has been shown. Overall, the approach outlined in this chapter demonstrates a pathway towards 
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the preparation of hybrid nanoparticles, where the inorganic component (silica) is prepared 

orthogonally to the morphology-directing component (the PISA step). The potential exists for 

the process to be performed in a one-pot synthesis upon appropriate choice of second block 

monomer and solvent. This work is also quite attractive and important to polymer field as 

hybrid polymer-silica nanoparticles vesicles can be easily produced by this method, providing 

access to a morphology that is not typically achievable via other colloidal nanocomposite 

synthetic approaches.  
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Chapter 4 : Self-Assembly of Block Copolymers with an 

Alkoxysilane-Based Core Forming Block: A Study of Synthetic 

Approaches and Copolymer Composition 

 

4.1 Introduction 

 

As detailed in Chapter 1, polymeric based colloidal nanocomposites have become a popular 

research topic recently, especially integrated with either an organic or inorganic phase at the 

nanoscale. Numerous materials can be used to prepare such nanocomposites such as natural 

and synthetic clays,1-3 (semi-) metal oxide nanoparticles,4-12 graphene-derived nanosheets,13-17 

carbon nanotubes,18, 19 and quantum dots.20-22 In general, such hybrid materials are prepared by 

dispersing organic/inorganic materials into the monomer phase (for miniemulsion 

polymerization)23, 24 or the continuous phase (for emulsion and dispersion polymerization)25-28 

and then radical polymerization leads to the formation of an in-situ composite.  

 

Polymer-silica hybrid nanocomposite has received significant research attention in recent 

decades.29-31 Modified silica nanoparticles have been used to prepare the reverse 

silica@polymer (silica core / polymer shell) structure via “grafting from” or “grafting to”.  As 

“grafting to” has some limitations (e.g. low grafting density),32 a combination of “grafting from” 

and reversible deactivation radical polymerization has been developed in recent times, known 

as surface-initiated reversible deactivation radical polymerization (SI-RDRP).25 SI-RDRP has 

been demonstrated as a powerful tool in emulsion polymerization (such as RAFT-assisted 

encapsulating emulsion polymerization10-12, 18, 22, 33) to further advance the design of colloidal 
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nanocomposite where the organic/inorganic phase can be enclosed by a living polymer shell. 

This method is established on physisorption of a specifically designed amphiphilic RAFT 

copolymer onto the surface of the organic/inorganic nanomaterial, with a subsequent starved-

feed emulsion polymerization.  

 

Alkoxysilane functional monomers such as 3-(trimethoxysilyl)propyl methacrylate (MPS) are 

highly prone to hydrolysis and condensation when dispersed in water and this process has been 

formerly used to prepare colloidal nanocomposites.34-37 A straightforward route was showed 

by van der Wel and co-workers in producing colloidal organosilica with variable particle size.34 

This approach involved stirring MPS in water at room temperature in the presence of 

ammonium hydroxide catalyst. Using a base catalyst in preparing hybrid colloids is quite 

common and has been reported elsewhere, e.g. MPS based emulsification to prepare hybrid 

colloids at room temperature.35-37 This step precedes the free-radical polymerization of the 

unreacted vinyl groups present in the MPS colloid, “solidifying” the particle and creating a 

polymer-silica hybrid.  

 

Polymerization-induced self-assembly (PISA) has been widely used in preparing polymer-

silica colloidal nanocomposites.38-43 Surface-initiated PISA was recently applied to assemble 

silica nanoparticles (~15 nm diameter, dispersed in ethanol) into “strings” and vesicles by 

Benicewicz and coworkers,38, 39 while the transformation was governed by the balance of 

solvophilic and solvophobic polymers grafted onto the silica surface. Bourgeat-Lami and 

coworkers also performed nitroxide-mediated PISA in the presence of aqueous silica 

nanoparticles so that the poly((PEGMA)-co-styrene) macroalkoxyamine could be absorbed 

onto the surface of silica nanoparticles.40 This led the block copolymers to self-assemble into 
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various morphologies at the silica surface under the influence of pH. A potential application of 

polymeric vesicles prepared by PISA is demonstrated in loading silica nanoparticles into the 

vesicle core, and the release mechanism is triggered by order-order and order-disorder 

transitions.41, 42 

 

In Chapter 3, the synthesis of polymer/silica nanocomposites with various morphologies via 

the combination of PISA and sol-gel chemistry was demonstrated. MPS was selected as the 

solvophilic block in this instance, allowed to undergo chain extension with benzyl methacrylate 

in ethanol, yielding spherical and vesicular morphologies. The presence of alkoxysilane groups 

at the particle surface allowed for the controlled condensation of a silica precursor 

(tetraethylorthosilicate, TEOS) to occur and form a silica shell at the particle interface. In this 

Chapter, the design of colloidal nanocomposites with an alkoxysilane-functional core is 

investigated, initially via the PISA process. The first investigated system was the use of a 

hydrophilic PEG-based macroRAFT agent to mediate aqueous RAFT emulsion polymerization 

of MPS under different approaches (ab initio, seeded, and different initiating systems). Due to 

various shortcomings and limitations of this method from a mechanistic perspective, solvent-

driven self-assembly of pre-prepared block copolymers44, 45 is utilized in an attempt to prepare 

targeted nanostructures. The effect of changing the steric bulk of the alkoxysilane core (through 

the use of the monomer 3-(triisopropoxysilyl) propyl methacrylate, IPS) with respect to the 

particle morphology is also studied. Lastly, self-assembly of MPS-based block copolymers is 

demonstrated in an organic solvent (n-hexane) through the use of an appropriate lipophilic 

macroRAFT agent, demonstrating the versatility of MPS in different solvents to form 

nanoparticles.  
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4.2 Results and Discussions 

 

4.2.1 Attempts at Aqueous PISA Formulations Using MPS as Solvophobic Monomer 

 

Approaches toward the preparation of MPS-based polymer nanoparticles via the PISA method 

in aqueous solution are described in this section. As MPS monomer and the corresponding 

poly(MPS) homopolymer are insoluble in water, this represents a typical emulsion 

polymerization.46 The total solids content was set to 10 % w/w in all cases. A trithiocarbonate 

based solvophilic block (poly(ethylene glycol) methyl ether methacrylate, PEGMA, monomer 

Mn = 950 Da) was chain extended with MPS in pH 7 buffer to reduce the possibility of MPS 

hydrolysis, which is accelerated under acidic or basic conditions.47-49 The overall procedure is 

illustrated in Figure 4-1. Three PEGMA macroRAFT agents with different degree of 

polymerization were prepared, all of which possessed a narrow molecular weight distribution 

(Ð ~ 1.1; refer to Figure 4-2 and Table 4-1).  

 

 

Figure 4-1: Overview of PEGMA-b-PMPS block copolymer synthesis via either RAFT mediated solution 

polymerization or emulsion polymerization 
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Figure 4-2: SEC distributions of the three different PEGMA macroRAFT agents used in this Chapter 

 

Table 4-1: SEC data of the three different PEGMA macroRAFT agents shown in Figure 4-2 

Target PEGMA DP PEGMA conversion DPth Mn (kDa) Ð 

10 0.89 9 5.7 1.23 

20 0.89 18 11.9 1.13 

40 0.87 36 14.4 1.10 

 

The results of the RAFT-mediated emulsion polymerizations (using ACVA as initiator) are 

reported in Table 4-2. Extensive coagulum was observed in nearly all RAFT-mediated 

emulsion polymerizations, making it difficult to determine the MPS conversion (values ranged 

from 27% to 92%, according to the latex that was formed). Electron microscopy (Figure 4-3) 

and DLS analysis revealed the formation of spherical polymer nanoparticles, however, there 
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was no clear trend in particle size across these experiments. The extensive coagulum was 

caused by the MPS block, as opposed to the possibility of poor colloidal stability provided by 

the PEGMA stabilizer block. This was demonstrated through the use of the PEGMA18 

macroRAFT agent to polymerize another methacrylate-based hydrophobic monomer (benzyl 

methacrylate) in water to high conversion, resulting in the formation of stable nanoparticles 

with no coagulum (Sample 4-S in Table 4-4).  

 

Table 4-2: Summary of ab initio RAFT-mediated emulsion polymerization of MPS at 65 oC for 24 hours. All the 

experiments were conducted at 10% w/w except where noted.  

Sample code PEGMA 

MacroRAFT 

agents 

Target MPS 

DP 

MPS conversiona dz (nm) (PDI) 

4-A PEGMA9 80 0.92 160 (0.41) 

4-B 100 0.57 98 (0.38) 

4-C 200 0.92 111 (0.29) 

4-D PEGMA18 80 0.55 80 (0.13) 

4-E 100 0.70 89 (0.14) 

4-F 200 0.27 148 (0.26) 

4-G PEGMA36 200 n/ac 150 (0.25) 

4-H 400b n/ac 190 (0.38) 

4-I 600b n/ac 357 (0.25) 

a In all samples, extensive coagulum was observed. Conversion was based on stable latex only and values listed 

above were underestimate. b Target solids content was 20% w/w. c No meaningful conversion was measured due 

to high level of coagulum.  
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Figure 4-3: TEM image of Sample 4-F (in Table 4-2) prepared by RAFT-mediated emulsion polymerization. 

Scale bar= 200 nm.  

 

Due to presence of extensive coagulum, SEC analysis was inconsistent and troublesome in 

evaluating successful chain extension. The coagulum was often insoluble in THF, providing 

data that only partially represented the molecular weight distribution (MWD) of the polymer 

formed. This can be seen in Figure 4-4(A). No detectable chain extension and a significant low 

molecular weight “tail” in the distribution was observed. When the PEGMA macroRAFT 

agents were replaced with a poly(ethylene glycol) methyl ether (PEG-2000)-CDTSPA RAFT 

agent, similar results were obtained. The synthesis of (PEG-2000)-CDTSPA RAFT via 

esterification is shown in Figure 4-5. Upon attempted RAFT emulsion polymerization of MPS, 

comparable coagulum again occurred, with formation of low molecular weight polymer (Table 

4-3, Figure 4-6, and Figure 4-7).  
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Figure 4-4: Height-normalized SEC molecular weight distributions of: (A) PEGMA36 macroRAFT agent and 

subsequent emulsion polymerization of MPS; (B) Precipitate formed during the emulsification of MPS in pH 7 

buffer (black line) and Milli-Q water (red line) at 65 oC.  
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Figure 4-5: Synthesis of (PEG-2000)-CDTSPA RAFT via esterification reaction with hydroxy-functional PEG.  

 

Table 4-3: Summary of ab initio RAFT-mediated emulsion polymerization of MPS using (PEG-2000)-CDTSPA 

RAFT at 65 oC for 24 hours.  

Sample code Solids content 

(% w/w) 

Target MPS 

DP 

MPS 

conversiona 

dz (nm) (PDI) 

4-J 20 100 0.66 139 (0.16) 

4-K 200 0.53 180 (0.25) 

4-L 300 0.62 200 (0.02) 

4-M 400 0.64 218 (0.23) 

4-N 10 80 0.66 92 (0.17) 

4-O 100 0.68 106 (0.20) 

4-P 200 0.60 180 (0.02) 

4-Q 300 0.63 241 (0.03) 

4-R 400 0.54 255 (0.03) 

a In all samples, extensive coagulum was observed. Conversion was based on stable latex only and values listed 

were underestimated.  
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Figure 4-6: TEM image of Sample 4-M in Table 4-3.  

 

 

Figure 4-7: Height-normalized SEC distributions of PEGylated RAFT agent and attempted RAFT-mediated 

emulsion polymerization of MPS.  
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To further explore the above results, the stability of the MPS monomer alone was investigated 

under our experimental conditions. In the absence of the stabilizer block (macroRAFT agent) 

and initiator, MPS was stirred vigorously in either Milli-Q water or pH 7 buffer at 65 oC for 24 

hours. The MPS weight fraction was maintained at 10% w/w to simulate the conditions used 

in the PISA formulations. In both cases, an oligomeric precipitate formed (buffer: Mn = 3.6 

kDa, Ð = 2.2; Milli-Q water: Mn = 1.5 kDa, Ð = 1.4; refer to Figure 4-4(B)). The mass of the 

precipitate was approximately 79% of the initial mass of the MPS present. This observation 

(oligomers obtained in this molecular weight range) was similar to previously published 

work,50 where MPS was also hydrolysed without catalyst; however in that work MPS-based 

oligomers took more than 7 days to form at room temperature. The molecular weight 

distributions reported previously spanned a similar molecular weight range to the polymer 

produced in above emulsion polymerization experiments (Figure 4-4(A)).   

 

The oligomeric precipitate described above was analysed by NMR spectroscopy. For 1H NMR 

analysis, resonances attributed to the vinylic protons of MPS (~ 5.58 and 6.03 ppm) were still 

present after 24 hours reaction (Figure 4-8), however, the integral of the singlet at 3.52 ppm 

(three methoxy groups) had reduced by ~ 83% relative to the initial value. 29Si NMR analysis 

of the precipitate (Figure 4-9) also revealed four distinct peaks at -42.3 ppm, -50.6 ppm, -58.9 

ppm, and -68.5 ppm which corresponded to T0, T1, T2, and T3 groups respectively. The 

superscript number (T0 to T3) refer to Si atoms with 0, 1, 2, and 3 Si-O-Si linkages 

respectively.51 Both NMR analyses strongly supported precipitate formation was via the 

hydrolysis and condensation of the trimethoxysilyl moiety under catalyst-free conditions used 

here. A similar experiment performed at 25 oC was precipitate-free and no condensation of the 

MPS monomer was observed by 29Si NMR (Figure 4-9), emphasizing the importance of 

reaction temperature.  
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Figure 4-8: (Top): 1H NMR spectra of MPS/water emulsion (black line) and precipitate (red line) after stirring 

at 65 oC for 24 hours. (Middle): Enlarged region of MPS/water spectrum showing vinyl resonance at 5.58 and 

6.03 ppm and trimethoxy resonance at 3.52 ppm. (Bottom): The precipitate showed that the vinyl resonances 

were still present and the integral of the trimethoxy resonance had decreased significantly.  
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Figure 4-9: 29Si NMR of the precipitate formed during emulsification of MPS in water at 65 oC for 24 hours (red 

curve) and at 25 oC (black curve, no precipitate).  

 

Based on these observations, we conclude that under these conditions the ab initio RAFT 

emulsion polymerization of MPS was not possible due to the inherent instability of the 

monomer in water. The hydrolysis and subsequent condensation of MPS led to the formation 

of polymeric species through siloxane linkages, which greatly compromised the ability for 

monomer addition and chain extension via the RAFT process. This also explains the broad and 

low molecular weight distributions seen in these attempted PISA systems (Figure 4-4).  
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Comparing these results to previously published work, it is worth noting that MPS has been 

used in radical emulsion polymerization systems to produce hybrid latex particles via 

copolymerization with styrene.52, 53 In those publications, the pH was maintained at 7 (similar 

in this work) to minimize MPS hydrolysis and condensation, and no MPS side reactions were 

reported. However, MPS was added in a second step after particle nucleation,53 avoiding the 

formation of MPS droplets in the aqueous continuous phase. In an ab initio system under RAFT 

control such as those used here, the particle nucleation does not commence until the 

solvophobic block is sufficiently long to induce self-assembly. This prolongs the length of time 

where the MPS monomer would exist as droplets in the aqueous continuous phase and therefore 

increasing the chance of hydrolysis and condensation.  

 

The results reported here are supported by published data regarding alkoxysilane hydrolysis. 

Savard et al. showed that the hydrolysis of MPS was pseudo first order in nature, with the rate 

coefficient for hydrolysis to trisilanol calculated as k = ~ 1.5 × 10-2 hour-1 at pH 7 (25 oC).47 

With reported activation energy data for trialkoxysilane hydrolysis (Ea = ~ 27 to 43 kJ mol-1 

depending on the mechanism of hydrolysis),48 the degree of MPS hydrolysis after 24 hours at 

65 oC was estimated between 73% and 95%. However, these calculations were based on dilute 

solution kinetic data, and our experiment was a heterogeneous system of MPS droplets in water. 

Nonetheless, MPS hydrolysis in our experiment is likely to be significant where the hydrolysis 

can occur at the MPS droplet/water interface. Savard et al. also stated that “the rate of 

condensation became as rapid as the rate of hydrolysis” under neutral and alkaline pH 

conditions, supporting our experimental observation of a significant precipitate of oligomers 

from MPS.  
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In an attempt to resolve the issue of MPS stability in water at elevated temperature in ab initio 

systems, two different sets of experiments were proposed and conducted: (i) seeded PISA, 

where self-assembly occurred using another monomer prior to polymerization of MPS; and (ii) 

low temperature PISA of MPS in water via redox initiation (Table 4-4). In the case of seeded 

PISA using a PEGMA18 macroRAFT agent, benzyl methacrylate (target addition of 100 

monomer units) was used as the core forming block, followed by MPS of varying target DP 

(from 80 to 200). The MPS conversion was high (≥ 84%) and the systems were coagulum-free. 

Upon increasing the target DP of the MPS block, bimodal particle size distributions were 

observed by DLS and TEM analysis (Figure 4-10(A, B)). This result suggested that the 

poly(BzMA) seed was not growing uniformly with further addition of MPS, again attributed 

to the hydrolytic instability of MPS at elevated temperature. For redox experiments, ascorbic 

acid and tert-butylhydroperoxide (TBHP) were used as a redox pair to initiate the ab initio 

RAFT emulsion polymerization of MPS at 25 oC, using the PEGMA18 macroRAFT agent. 

Small and relatively monodisperse nanoparticles were produced and determined by DLS and 

TEM analysis (Table 4-4 and Figure 4-11). In the redox system, the fractional conversion of 

MPS was relatively high and the experiments were coagulum free.  
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Table 4-4: Summary of seeded and redox-initiated RAFT-mediated emulsion polymerization of MPS, using a 

PEGMA18 macroRAFT agent. All the experiments were conducted at 10% w/w. 

Sample code Target MPS DP MPS conversion dz (nm) (PDI) 

Seeded 

4-S Seed (100 units of 

BzMA) 

n/aa 50 (0.17) 

4-T 80 0.87 100 (0.28) 

4-U 100 0.94 145 (0.24) 

4-V 200 0.84 244 (0.25) 

Redox 

4-W 80 0.68 43 (0.13) 

4-X 100 0.74 49 (0.14) 

4-Y 200 0.77 52 (0.09) 

a Fractional conversion of BzMA was 0.87.  
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Figure 4-10: Seeded RAFT-mediated emulsion polymerization of MPS. (A) TEM image of Sample 4-V in Table 

4-4; (B) DLS volume distributions of seeded experiments; (C) Height-normalized SEC distributions of seeded 

polymerizations. Scale bar = 200 nm in panel (A). 
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Figure 4-11: Redox-initiated RAFT emulsion polymerization of MPS. (Top): TEM image of Sample 4-Y in Table 

4-4; (Middle): DLS volume distributions of samples; (Bottom): Height-normalized SEC distributions of samples.  
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Unexpected features were observed in the molecular weight distributions of seeded and redox 

emulsion polymerization systems. A narrow peak at extremely high molecular weight (> 106 g 

mol-1) was observed in all seeded samples (Figure 4-10(C)), in addition to polymer in the 

“expected” molecular range (104 – 105 Da). There was some evidence of chain extension of the 

PEGMA macroRAFT agents. The SEC chromatograms for redox-initiated systems are shown 

in Figure 4-11 and the peak at extremely high molecular weights is outside the calibration range 

of the SEC. These unexpected features warrant further discussion, given how different they are 

to those seen in Figure 4-4. The narrow and extremely high molecular weight peak is attributed 

to crosslinked polymer nanoparticles that passing through the SEC columns as a single entity, 

as opposed to individual chains. This is analogous to recent published results in template 

polymerization in self-assembled polymeric micelles, where the resultant nanoparticles could 

not be dissociated into individual chains for molecular weight analysis.54 To achieve such a 

molecular distribution, the PEGMA macroRAFT agent needs to be successfully chain extended 

with MPS, with subsequent partial hydrolysis of the polyMPS block promoting in-situ 

crosslinking following self-assembly.  
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4.2.2 Solution Self-Assembly of PEGMA-b-MPS Copolymers upon Addition of Selective Non-

Solvent 

 

As an alternative to RAFT aqueous emulsion polymerization, the solution self-assembly of pre-

formed diblock copolymers was performed. For this method, poly(PEGMA-b-MPS) 

copolymers were prepared by RAFT polymerization in 1,4-dioxane, a good solvent to both 

blocks. A PEGMA18 macroRAFT agent was selected as a stabilizer block and the target MPS 

DP was varied from 80 to 1000 (Table 4-5 and Figure 4-12). The SEC chromatograms showed 

a shift towards increased molecular weight with increased target DP of the MPS block as 

expected. However, a small residual population of PEGMA macroRAFT agent was found in 

most samples that did not undergo successful chain extension. This was possibly due to steric 

hindrance of the bulky PEGMA macroRAFT agent that may cause lower re-initiation 

efficiency. Mp values (representative of the PEGMA-b-PMPS copolymer population) show a 

linear increase with DPth, indicative of the living nature of the polymerization (Figure 4-13). 

The polymerization was also confirmed to be first order in nature with respect to the 

consumption of MPS (Figure 4-14).  
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Table 4-5: Summary of PEGMA18-b-PMPSy block copolymers via RAFT solution polymerization and their self-

assembly upon addition of selective solvent (water). All the experiments were conducted at 10% w/w.  

Sample 

code 

Target 

MPS DP 

MPS 

conversiona 

DPth Mn 

(kDa) 

Mp 

(kDa) 

Ðb dz (nm) 

(PDI) 

dz (nm) 

(PDI) 

(post-

dialysis) 

4-Z 80 0.87 70 11.4 13.7 1.33 37 

(0.17)c 

41 (0.39) 

4-AA 100 0.85 85 12.3 17.2 1.68 51 

(0.20)c 

46 (0.23) 

4-AB 200 0.78 156 20.7 33.3 1.75 88 

(0.20) 

53 (0.21) 

4-AC 400 0.67 268 28.2 58.6 2.14 105 

(0.06) 

89 (0.08) 

4-AD 600 0.63 378 31.3 73.1 2.38 113 

(0.05) 

104 (0.03) 

4-AE 800 0.53 424 35.0 83.7 2.49 151 

(0.03) 

147 (0.03) 

4-AF 1000 0.42 420 64.8 89.6 2.98 185 

(0.06) 

185 (0.07) 

a Determined by NMR spectroscopy, b Dispersity of entire distribution (including macroRAFT agent), c Self-

assembly took place by rapid addition of water via pipette in one shot, in lieu of slow addition via syringe pump.  
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Figure 4-12: Height-normalized SEC molecular weight distributions for PEGMA-b-PMPS block copolymers 

prepared by RAFT solution polymerization.  
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Figure 4-13: Variation of Mn (red triangles) and Mp (black circles) of the PEGMA-b-PMPS block copolymers 

(from SEC measurements, relative to PMMA standards) reported in Table 4-5. The red line is the theoretical Mn 

value based on the theoretical DP of the MPS block.  
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Figure 4-14: Plot of ln(1/(1-x)) vs time (x = fractional conversion of MPS) for the synthesis of PEGMA18-b-

PMPS200 (Sample 4-AB in Table 4-5). A linear fit (R2 = 0.994) is provided for the first 10 hours of 

polymerization, indicative of the first-order nature of the consumption of MPS.  

 

Self-assembly of these block copolymers was induced by the slow addition of water which is 

a poor solvent for the PMPS block. The resultant block copolymers did not undergo purification 

prior to addition of water. Upon continual addition of water, the solution gradually became 

turbid and ultimately a milky-white colour. Samples were then dialyzed against water to 

remove residual 1,4-dioxane. DLS and TEM analyses revealed the resulting nanoparticles were 

small, and the diameter of relatively monodisperse spheres ranged from ~40 to ~190 nm (Table 

4-5, Figure 4-15, and Figure 4-16(A)). For samples with shorter MPS blocks (Samples 4-Z and 

4-AA in Table 4-5), a broad size distribution was observed upon slow addition of water, and 

the samples were not colloidally stable. However, rapid addition of water in a single shot 
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produced stable nanoparticles for these samples with a moderate polydispersity in size 

distribution. The hydrodynamic diameter scaled with a 0.65 power law dependence of the DP 

of the MPS core-forming block (Figure 4-16(B)), a value that is typical of block copolymer 

self-assembly in the strong segregation limit.55 

 

 

Figure 4-15: TEM images of nanoparticles prepared by addition of water to a solution of PEGMA-b-PMPS in 

1,4 dioxane. (A) Sample 4-Z in Table 4-5, (B) Sample 4-AC in Table 4-5, and (C) Sample 4-AE in Table 4-5. 

Scale bar = 200 nm in all cases.  
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Figure 4-16: (A) DLS volume distributions and (B) variation of hydrodynamic diameter with theoretical MPS 

DP for self-assembled nanoparticles described in Table 4-5.  
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Despite the strong asymmetry in the polymer composition upon increasing MPS block length 

(e.g. Sample 4-AE in Table 4-5 is nominally PEGMA18-b-PMPS424, with a volume fraction of 

the MPS block fMPS ~ 0.96), all resultant nanoparticles were still spherical. This was unexpected 

as the thermodynamic of self-assembly suggests that lower curvature shapes should be 

produced such as rods, vesicles, and lamellae during the self-assembly of highly asymmetric 

block copolymers.44, 45, 56, 57 The observed spherical structures could be rationalized either on 

the basis of the bulky nature of PEGMA-based solvophilic “head group,” or that rearrangement 

beyond spherical micelles was impossible due to kinetic trapping or chemical reaction.56 It was 

further shown that the polymer nanoparticles did not dissociate when added to excess miscible 

good solvent for both blocks after self-assembly. Sample 4-AC (in Table 4-5) was added into 

1,4-dioxane and a negligible change in particle size was observed (dz (initial, in water) = 89 

nm; dz (final, in dioxane) = 84 nm, see Figure 4-17). We presume this is attributed to in-situ 

core crosslinking of the nanoparticles via the trimethoxysilyl groups present along the polymer 

backbone; this crosslinking traps the morphology and enables the formation of only spherical 

nanoparticles. This interpretation also matches with the SEC distributions seen in Figure 

4-10(C) where an extraordinarily high molecular weight peak is observed; this peak can be 

attributed to crosslinking of self-assembled polymer chains.  
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Figure 4-17: DLS volume distributions of Sample 4-AC in Table 4-5 (self-assembled PEGMA-b-PMPS block 

copolymer in water, black curve); upon adding aqueous dispersion of Sample 4-AC (in Table 4-5) to a miscible 

good solvent, 1,4 dioxane (red curve).  

 

4.2.3 Self-Assembly of PEGMA-b-IPS Block Copolymers in Water: Effect of Changing the 

Alkoxysilane Group 

 

In the preceding section, the bulky PEGMA headgroup has the effect of lowering the effective 

packing parameter of PEGMA-b-PMPS diblock copolymers, favouring the formation of 

spherical structures. In an attempt to access higher order morphologies, a bulkier monomer (3-

(triisopropoxysilyl) propyl methacrylate, IPS) was used to replace MPS as the solvophobic 

block for self-assembly in water. A similar approach to prepare PEGMA-b-PMPS block 

copolymers was applied here: a PEGMA18 macroRAFT agent was utilised, followed by chain 

extension with IPS in 1,4-dioxane. At the end of the reaction, the resultant polymer solution 
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was added with water via syringe pump to induce self-assembly. Once water was completely 

injected, dialysis was applied to remove residual 1,4-dioxane. The overall synthetic process is 

shown in Figure 4-18.  

 

 

Figure 4-18: Overview of PEGMA-b-PIPS block copolymer synthesis via RAFT mediated solution 

polymerization 

 

The results of block copolymer synthesis are shown in Table 4-6 and Figure 4-19. A range of 

target DPs of the IPS block were considered, from 80 to 600 units. All fractional conversions 

were moderately high and the SEC distributions shifted towards higher molecular weights with 

increased target DP of the IPS block as expected. A low molecular weight shoulder peak, 

corresponding to macroRAFT agent that had not undergone chain extension was also observed. 

We presume this peak is caused by the slow macroRAFT agent consumption during 

polymerization, causing some block copolymer chains form earlier than others and produce a 

broader molecular weight distribution. For the isolation of PEGMA-b-PIPS block copolymer, 

the polymer solution was dialyzed against THF due to PEGMA homopolymer is soluble in 

methanol/water mixture and this is a typical solvent combination to precipitate PIPS. Similar 

to PEGMA-b-PMPS block copolymers, it was difficult to achieve PEGMA-b-PIPS copolymers 
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with a theoretical DP of the core-forming block greater than 450 monomer units (Table 4-5 and 

Table 4-6). 

Table 4-6: Summary of PEGMA18-b-PIPSx diblock copolymers via RAFT solution polymerization and their self-

assembly upon addition of selective solvent (water)  

Sample 

code 

Target 

IPS DP 

IPS 

conversiona 

DPth Mn 

(kDa) 

Ðb dz (nm) 

(PDI) 

dz (nm) (PDI) 

(post-dialysis) 

4-AG 80 0.88 70 27.3 1.71 48.5 

(0.12)c 

49.8 (0.15) 

4-AH 100 0.72 72 18.4 2.28 100 

(0.21)c 

97 (0.23)  

4-AI 200 0.70 140 33.1 2.38 156 

(0.07) 

156 (0.07) 

4-AJ 400 0.74 296 41.8 2.54 154 

(0.04) 

154 (0.02) 

4-AK 600 0.66 396 48.7 2.70 208 

(0.014) 

209 (0.03) 

a Determined by NMR spectroscopy, b Dispersity of entire distribution (including macroRAFT agent), c Self-

assembly took place by rapid addition of water via pipette in one shot, in lieu of slow addition via syringe pump. 
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Figure 4-19: Height-normalized SEC molecular weight distributions for PEGMA-b-PIPS block copolymers 

prepared by RAFT solution polymerization. 

 

Upon the continual addition of water, the solution of PEGMA-b-PIPS gradually became turbid 

and milky white. DLS and TEM analyses of the post-dialysis dispersion revealed the formation 

of small spherical nanoparticles ranging from ~ 50 nm to ~ 210 nm diameter (Table 4-6, Figure 

4-20 and Figure 4-21). No higher-order morphologies were again observed. Because of the 

nature of the IPS repeating unit, the particle size and copolymer molecular weight were much 

higher than the PEGMA-b-PMPS at a comparable core block length. A similar observation 

with short MPS blocks was also observed in IPS-based systems, where a broad size distribution 

formed upon slow addition of water, and the samples were not colloidally stable. This was 

again addressed by a one-shot addition of water into these systems to induce self-assembly.  
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Over an equivalent range of core-forming block lengths as those studied in PEGMA-b-PMPS 

systems, only spherical nanoparticles were observed in PEGMA-b-PIPS systems. This is 

attributed to the greater volume of the IPS-based core-forming block being still insufficient to 

overcome the large effective headgroup area of the PEGMA-based stabilizer block to 

potentially form worms or vesicles. The DLS distribution (Figure 4-22) shows insignificant 

change after adding sample 4-AG (in Table 4-6) into dioxane. This may be due to slow 

crosslinking of PIPS block during/or after self-assembly in water, which cannot be suppressed 

completely. As a result, dioxane swollen the partial crosslinking PIPS network and increased 

DLS particle size slightly (dz (initial, in water) = 49.8 nm and dz (final, in dioxane) = 52.5 nm).  

 

 

Figure 4-20: TEM images of nanoparticles prepared by addition of water to a solution of PEGMA-b-PIPS in 

1,4 dioxane. (A) Sample 4-AG in Table 4-6, (B) Sample 4-AH in Table 4-6, and (C) Sample 4-AJ in Table 4-6. 

Scale bar = (A) 100 nm, (B) 500 nm, and (C) 200 nm. 
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Figure 4-21: DLS volume distributions of PEGMA-b-PIPS after dialysis against water. 

 

 

Figure 4-22: DLS volume distribution of Sample 4-AG in Table 4-6 (self-assembled PEGMA-b-PIPS in water, 

black curve); upon addition of Sample 4-AG (in Table 4-6) into dioxane (red curve)  
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4.2.4 Self-Assembly of MPS-based Block Copolymers in a Non-Polar Organic Solvent 

 

In this section, the solution self-assembly of diblock copolymers containing an MPS core-

forming block in a non-polar organic solvent (n-hexane) is demonstrated. Lauryl methacrylate 

(LMA) was used as a hydrophobic stabilizer, followed by chain extension with MPS in a good 

solvent for both blocks (1,4-dioxane) via RAFT polymerization. Self-assembly of a 10 % w/w 

solution of the PLMA-b-PMPS block copolymer in 1,4-dioxane was induced by addition of n-

hexane, eliciting a turbid white dispersion. A PLMA38 macroRAFT agent was used and the 

target MPS DP was adjusted from 80 to 400 repeating units (Table 4-7). A shorter PLMA18 

macroRAFT agent was used initially, however in this instance colloidally stable nanoparticles 

could not be formed via self-assembly, prompting the use of a longer LMA stabilizing block. 

The reaction scheme is shown in Figure 4-23. 

 

 

Figure 4-23: The preparation of PLMA-b-PMPS block copolymer via RAFT polymerization in dioxane 
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Table 4-7: Summary of PLMA38-b-PMPSy diblock copolymers via RAFT solution polymerization and their self-

assembly upon addition of selective solvent (n-hexane)  

Sample 

code 

Target 

MPS DP 

MPS 

conversiona 

DPth Mn 

(kDa) 

Ðb dz (nm) 

(PDI) 

dz (nm) (PDI) 

(post-dialysis) 

4-AL 80 0.88 70 9.73 1.45 43 (0.2) 39 (0.1) 

4-AM 100 0.87 87 13.2 1.56 50 (0.11) 50 (0.22) 

4-AN 200 0.77 154 28.2 1.55 98 (0.13) 91 (0.11) 

4-AO 400 0.63 252 39.2 2.64 371 (0.28) 360 (0.34) 

a Determined by NMR spectroscopy, b Dispersity of entire distribution (including macroRAFT agent) 

 

The SEC chromatograms of the resulting polymers show a shift towards higher molecular 

weights upon increasing target MPS DP (Figure 4-24), proving effective chain extensions of 

the PLMA macroRAFT agent in solution. A low molecular weight shoulder was observed in 

all distributions, likely corresponding to the initial macroRAFT agent. The dispersity was 

higher than a ‘typical’ RAFT polymerization and the conversion of MPS monomer into 

polymer decreased with increasing target MPS DP.  
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Figure 4-24: Height-normalized SEC molecular weight distributions for PLMA-b-PMPS block copolymers 

prepared by RAFT solution polymerization. 

 

TEM analysis revealed a transition across different nanoparticle morphologies for self-

assembled PLMA-b-PMPS block copolymers (Figure 4-25). When the MPS block was 

relatively short, TEM revealed small and monodisperse spherical nanoparticles (Samples 4-AL 

to 4-AN). At the longest MPS length studied, the resulting morphology was a mixed phase 

consisting of spheres, rods and vesicles (Sample 4-AO (in Table 4-7), Figure 4-25(C) and 

Figure 4-26). This demonstrated that higher order morphologies such as vesicles were possible 

with a MPS core-forming block. DLS measurements supported the observation of small and 

monodisperse objects with an effective particle size range of ~ 40 to ~90 nm (Samples 4-AL 

to 4-AN), with a large increase in average particle size of the mixed phase (as DLS 

measurements assume a spherical morphology, the change in effective particle size is indicative 
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of the nature of diffusion in solution of different particle morphologies). Compared to the 

PEGMA-b-PMPS system discussed in Section 4.2.2, the non-spherical morphologies observed 

here can be attributed to a less bulky solvophilic block. The DLS distribution (Figure 4-27) 

shows the particles did not dissociate into a good solvent (dioxane) (dz (initial, in hexane) = 39 

nm; dz (final, in dioxane) = 35 nm). It is proposed that the MPS crosslinking process can occur 

and continue at a minimum rate if any one of the trimethoxysilyl groups is hydrolysed. In the 

supplied MPS monomer, 1 % of trimethoxysilyl groups have been hydrolysed based on the 

supplier data (Sigma Aldrich), which may be promoted in the presence of trace water in both 

solvents. According to the specification test results, the hexane used in this experiment had a 

maximum acidity of 0.0002 meq g-1, which could have the catalyst effect in crosslinking the 

alkoxysilyl groups.  

 

 

Figure 4-25: TEM images of nanoparticles prepared by addition of hexane to a solution of PLMA-b-PMPS in 

1,4 dioxane. (A) Sample 4-AM in Table 4-7, (B) Sample 4-AN in Table 4-7, and (C) Sample 4-AO in Table 4-7. 

Scale bar = (A) 100 nm, (B) 200 nm, and (C) 500 nm. 
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Figure 4-26: DLS volume distributions of PLMA-b-PMPS after dialysis against hexane. 

 

 

Figure 4-27: DLS volume distributions of Sample 4-AL in Table 4-7 (self-assembled of PLMA-b-PMPS in 

hexane, black curve); upon addition of Sample 4-AL (in Table 4-7) into dioxane (red curve) 



Chapter 4 

Page 156  

 

4.2.5 Comparison Between Emulsion Polymerization and Solution Self-Assembly Polymerization 

Used in This Study 

 

Different approaches (emulsion polymerization and solution self-assembly polymerization) 

have been investigated in this study and they have distinct impacts to hybrid nanoparticles. 

Low temperature emulsion polymerization and solution polymerization are suitable for MPS 

monomers. These systems produce coagulum free product and breakthrough the MPS stability 

issue in high temperature emulsion polymerization. Both systems also use neutral solvent to 

reduce the MPS crosslinking risk. However, emulsion polymerization has an obstacle in SEC 

analysis where an extremely high molecular weight peak (outside calibration range) is observed, 

impacting the accuracy of molecular weight and dispersity. This problem is not found in 

solution polymerization. The selection of redox catalyst is also limited compares to a wide 

range initiator can be applied in solution polymerization. Temperature control is also crucial in 

emulsion polymerization as any increasing temperature may boost MPS hydrolysis and 

condensation rates. Overall, solution polymerization is a better choice than emulsion 

polymerization for this tricky MPS monomer. Solution polymerization has proved the chain 

extension/molecular weight distribution is good and higher order morphology is obtained 

despite the process involves multiple steps. When the experiment requires low temperature and 

a solvent which cannot dissolve MPS monomer, redox emulsion polymerization is a primary 

choice. 
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4.3 Conclusions 

 

In this Chapter, the RAFT polymerization of alkoxysilane-functional monomers (MPS and IPS) 

to produce silica core-polymer shell nanoparticles via different self-assembly approaches was 

studied. The PISA process was not possible in a classic and elevated temperature (65 oC) RAFT 

emulsion polymerization due to instability of the MPS monomer in the reaction medium 

(water). The alkoxysilane groups of MPS were shown to hydrolyse and condense in the absence 

of an acid or base catalyst via SEC and 1H/29Si NMR characterisations. Intermolecular 

condensation also produced MPS based oligomers which reduced colloidal stability and 

resulted in poor chain extension with a PEGMA-based macroRAFT agent. Lower reaction 

temperature (redox initiation) and seeded systems were also chosen in attempts to suppress 

MPS crosslinking, however, these systems provided mixed results. In both cases, coagulum 

was minimal due a reduction in monomer hydrolysis and condensation, but their chain 

extension was not effectively quantified via SEC.  

 

Because of the above-mentioned issues, the traditional method of diblock copolymer self-

assembly in solution at low total solids content was performed via adding a poor solvent. While 

the technical advantages of the PISA method were lost, control and quantification of the 

polymer synthesis could be easier to achieve in the absence of water as reaction solvent. Even 

with highly asymmetric diblock copolymers, only spherical nanoparticles were obtained using 

both MPS and IPS as the core-forming block. The formation of non-equilibrium morphologies 

was attributed to the bulky PEGMA headgroup and in-situ crosslinking of the MPS block, 

trapping the spherical structures formed upon addition of water, which could not return to their 

dissolved unimer state in a good solvent. The use of an oil-soluble stabilizer block (lauryl 
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methacrylate) to prepare diblock copolymers with a MPS core block demonstrated the ability 

to prepare mixed morphology nanoparticles upon addition of n-hexane.  
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Chapter 5 : Preparation of Particles and Capsules with a 

Crosslinked Interface via Alkoxysilane-Functional Triblock 

Copolymers 

 

5.1 Introduction 

 

Self-assembled block copolymer nanoparticles are becoming increasingly popular in recent 

times, due to the rise of several synthetic techniques that enable block copolymers to be readily 

synthesized. For the design of hybrid polymer-organic or polymer-inorganic materials, the 

controlled polymerization of monomers with a specific functional group, followed by self-

assembly, is a popular route. Monomers containing (for example) inorganic functional groups 

are commercially available, and Reversible Deactivation Radical Polymerization (RDRP) 

techniques can be used to integrate inorganic structures into polymeric materials; examples 

prepared include fluorinated,1, 2 silicon3, 4 and phosphorus-based polymeric materials.5, 6 

Besides benefits from inorganic functional groups, inorganic containing amphiphilic 

copolymers also can be used as polymeric surfactants.7-10 Silicon (Si) is one of the most popular 

elements to integrate into hybrid polymeric materials, as many types (functionalized with other 

inorganic groups, monomers, porous etc.) and forms (solid and liquid) of silicon containing 

materials are easily accessible. 

 

In the preparation of block copolymer nanoparticles, one of the traditional methods involves 

the slow addition of a block-selective solvent to induce self-assembly.11-13 While block 

copolymers have low critical micelle concentration or critical aggregation concentration values 
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compared to low molecular weight surfactants, block copolymer nanoparticles can dissociate 

into individual chains when a major change to the system occurs (e.g. very low concentration, 

high temperature, good solvent etc.) This problem is particularly relevant to cargo-loaded 

nanoparticles for delivery of a therapeutic payload.14-16 As a result, numerous strategies have 

been developed to covalently crosslink block copolymer nanoparticles to prevent dissociation; 

these methods can be cross-linking the core, corona, and at the interfacial junction between the 

solvophilic and solvophobic domains.17 Shell crosslinking is normally carried out by using 

crosslinking agents (organosilicon (for example: (3-aminopropyl)trimethoxysilane and 1,2-

bis(trimethoxysilyl)ethane), divinylbenzene, diethylene glycol dimethacrylate, glutaraldehyde 

etc.),18-27 Michael addition reaction,28, 29 UV-irradiation,30-34 “click” chemistry,35-37 and others. 

All these methods require very low diblock copolymer concentration to proceed crosslinking 

and avoid intermicellar couplings.17  

 

Shell-crosslinked nanoparticles also can be subjected to additional surface functionalization 

and further extend the applications of these nanoparticles. Surface functionalization can be 

completed via three routes: using a functionalized initiator species,38, 39 randomly integrating 

functional groups into the shell after formation of particles40-42 or one of many “click” 

reactions.17 However, all of the above methods mainly form a crosslinked shell that can 

potentially degrade at high temperature. If the shell is crosslinked with an organosilicon 

crosslinking reagent, a robust crosslinked inorganic (silica) shell is formed through sol-gel 

chemistry.43-45 The crosslinked silica also enables surface functionalization via reaction with 

commercial available alkoxysilanes that contain various functional groups (e.g. amino, 

glycidyl, thiol).46-48  
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Hybrid polymer-silica nanoparticles are traditionally prepared via “grafting from” and 

“grafting to” methods and these methods produce silica core / polymer shell nanoparticles.49 

By tuning the position of the crosslinking precursor (such as an alkoxysilane) in the block 

copolymer as well as reaction conditions, hybrid polymer nanoparticles with a  silica core or 

silica shell can be easily obtained via an acid or base catalysed hydrolysis and condensation 

process.50-56 Highly crosslinked silicon networks have been widely used to reduce the leaching 

of incorporated dyes57 and increase air/gas permeation rates inside the polymer matrix.58, 59 In 

addition to shell crosslinking, periphery/end terminal shell crosslinking (where terminally 

functionalized polymeric surfactants at the extremity of the shell are crosslinked) has been used 

to improve the structural integrity of the resultant nanoparticles.60-63 Periphery shell 

crosslinking is quite useful as this method can create a significant free volume within the 

particle (as well as a thin outer shell) that increase cargo loading efficiency and diffusion. For 

example, triethoxysilyl-terminated triblock copolymers were used as surfactants in stabilizing 

oil-in-water miniemulsions.64 Stable and hybrid nanoparticles with large internal cavity were 

obtained after the terminal silyl functional groups were crosslinked at the outermost shell.  

 

The advent of Polymerization-Induced Self-Assembly (PISA) mediated by RAFT technique 

has enabled the preparation of in-situ self-assembled organic-inorganic polymer nanoparticles 

with various morphologies at high solids content.65-68 Similar to the stabilization of block 

copolymer nanoparticles prepared by solvent-induced methods, cross-linking methods to 

stabilize a particular particle morphology have been adopted. By incorporating functional 

groups into the copolymer that are amenable to crosslinking, morphology control and post-

polymerization crosslinking can be completed in two steps through the use of the PISA 

method.69-71 This method (PISA and crosslinking) makes nanoparticles resistant to external 

stimuli and fix the nanoparticle morphologies (sphere, rod and vesicle). Chambon and co-



 Chapter 5  

Page 165  

 

workers reported the linear poly(glycerol monomethacrylate-block-2-hydroxypropyl 

methacrylate) (PGMA-b-PHPMA) vesicles had disintegrated when cationic surfactant or DMF 

was added into the system.72 However, they enhanced the vesicular structure by 

copolymerizing with ethylene glycol dimethacrylate (EGDMA) to form a triblock copolymer 

(PGMA-b-PHPMA-b-PEGDMA). PEGDMA crosslinking was successfully achieved as the 

DLS particle size increased in the presence of surfactant and no nanoparticle dissolution was 

observed. Interfacial crosslinking of self-assembled nanoparticles has been demonstrated via 

the use of a triblock copolymer where the middle block is crosslinked.73-77 Interfacial 

crosslinking can retain the mobility and nature of hydrophilic and hydrophobic blocks which 

is much better than whole corona shell and core crosslinking. In addition, interfacial 

crosslinking can be carried out at high copolymer concentration as the intermicellar coupling 

is avoided by steric stabilization polymer chains at the outermost shell.78  

 

The results reported in the previous chapters document the use of alkoxysilane functional 

polymers both as a solvophilic and solvophobic block in copolymer self-assembly. In this 

chapter, RAFT polymerization is used to prepare triblock copolymers that contain PMPS as a 

“middle” block, where the aim is to ultimately create block copolymer nanoparticles with a 

crosslinked interface, as opposed to a crosslinked core or corona. The triblock copolymers have 

an ABC-type composition, with a hydrophilic poly(ethylene glycol) methyl ether methacrylate 

(PEGMA) block, a short PMPS block, and a hydrophobic poly(benzyl methacrylate) (PBzMA) 

block. The composition of these triblock copolymers is studied in two settings; i) pre-formed 

copolymers as polymeric surfactants to stabilize O/W miniemulsion droplets, and ii) in-situ 

copolymer formation via RAFT-mediated PISA. Following self-assembly, the PMPS block is 

subsequently crosslinked via base-catalysed hydrolysis and condensation. Interfacial 

crosslinking was shown to be successful in both methods, however the colloidal stability of 
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crosslinked emulsions was relatively poor. The PISA approach was much more successful with 

respect to in-situ colloidal stability, however only spherical nanoparticles were formed with no 

observed morphology transitions. The encapsulation of a dye (Nile Red) into the particle core 

was also achieved during the self-assembly process, and the retention of Nile Red in the particle 

core was improved when the alkoxysilyl moieties at the particle interface were crosslinked.  
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5.2 Results and Discussions 

 

5.2.1 Oil-in-Water Droplets Stabilized by Alkoxysilane Containing Triblock Copolymers 

 

The use of alkoxysilane-functional triblock copolymers as a polymeric surfactant in O/W 

miniemulsions is discussed in this section. The triblock copolymers consist of a PEGMA 

hydrophilic block (P), MPS interfacial block (M) and hydrophobic BzMA block (B) (denoted 

as PxMyBz where x, y and z are the respective DPs of the three blocks). By designing the 

alkoxysilane-functional block as the middle block, MPS moieties can be distributed near to the 

droplet interface. Three PEGMA (Mn 300) (P300x) and three PEGMA (Mn 950) (P950x) 

macroRAFT agents of different degree of polymerization (Mn 300: 19, 39, and 58; Mn 950: 9, 

18, and 36) were prepared. The PEGMA macroRAFT agent was first chain extended with MPS 

and then BzMA in dioxane in a two-step approach. The SEC data of these macroRAFT agents 

are tabulated in Table 5-1. All macroRAFT agents possessed narrow molecular weight 

distributions (Ð ~ 1.2; see Figure 5-1). The preparation of these triblock copolymers is 

illustrated in Figure 5-2.  

  



 Chapter 5  

Page 168  

 

Table 5-1: Fractional conversion and SEC data of PEGMA macroRAFT agents 

Entry Target PEGMA 

macroRAFT agents 

Fractional 

conversion 

DPth Mn (SEC) 

(kDa) 

Ð (SEC) 

5-1 PEGMA (Mn 300)20 0.97 19 5.94 1.22 

5-2 PEGMA (Mn 300)40 0.98 39 12.2 1.19 

5-3 PEGMA (Mn 300)60 0.97 58 14.3 1.20 

5-4 PEGMA (Mn 950)10 0.90 9 9.60 1.11 

5-5 PEGMA (Mn 950)20 0.90 18 14.2 1.09 

5-6 PEGMA (Mn 950)40 0.89 36 22.6 1.19 

 

 

Figure 5-1: Height normalized SEC distributions of PEGMA macroRAFT agents 
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Figure 5-2: RAFT-mediated solution polymerization of PEGMA triblock copolymer in dioxane 

 

Monomer conversion data for the chain extension polymerization of MPS and BzMA is 

summarized in Table 5-2. In all cases, the conversions of MPS and BzMA were moderately 

high (≥ 74% and ≥ 76% respectively). Due to extensive crosslinking of polymers during SEC 

preparation and analysis and irreproducible molecular weight distributions (as reported in 

Chapters 3 and 4), attributed to the highly reactive nature of the MPS block, SEC was not 

performed to analyse these triblock copolymers. The overall molecular weight of the triblock 

copolymer was varied according to the target degree of polymerization of each block. As the 

application of these triblock copolymers was to act as a polymeric surfactant, Griffin’s equation 

was used to target an approximate hydrophilic–lipophilic balance (HLB) value for the 

polymeric structure.79-81 Griffin’s equation is suitable for non-ionic surfactants such as 

PEGMA, defined below:  

𝐻𝐿𝐵 = 20 × (
𝑀h

𝑀
) 

where Mh is the total molecular mass of hydrophilic groups (repeating ethylene glycol units in 

PEGMA block; PEGMA (Mn 950): ~ 19 units, and PEGMA (Mn 300): ~ 5 units) and M is the 

molecular mass of entire triblock copolymer (PxMyBz) including the RAFT agent. The 

calculated HLB values are also tabulated in Table 5-2, suggesting an appropriate composition 

for an O/W stabilizer. The miniemulsion type was confirmed via a drop test. A drop of 
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miniemulsion (without catalyst) was transferred into toluene and water respectively; the 

observation showed the drop could completely disperse in water while the white drop sank in 

toluene and unable to disperse (Figure 5-3). This proved that the minimemulsion was an O/W 

system despite the polymeric surfactant being initially dissolved in the oil phase.  

 

Table 5-2: PEGMA triblock copolymers with different target DP and conversions of MPS and BzMA and their 

HLB values 

Entry PEGMA 

MacroRAFT 

agents from 

Table 5-1 

Target 

composition 

Conversion Theoretical  

 

MPS BzMA Composition HLB 

value 

5-7 5-1 P30019M10B30 0.88 0.89 P30019M9B27 6.5 

5-8 5-2 P30039M20B60 0.83 0.82 P30039M17B49 6.9 

5-9 5-3 P30058M30B90 0.79 0.82 P30058M24B74 6.9 

5-10 5-4 P9509M10B50 0.83 0.90 P9509M8B45 8.0 

5-11 5-5 P95018M20B100 0.76* 0.82* P95018M15B82 8.4 

5-12 5-5 P95018B100 - 0.85 P95018B85 9.3 

5-13 5-6 P95036M40B200 0.74^ 0.76^ P95036M30B152 8.7 

* Average conversion based on six experiments. ^ Average conversion based on two experiments.  
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Figure 5-3: Drop test of miniemulsion: (A) Entry 5-7 in Table 5-2 (P30019M9B27) in water, (B) Entry 5-7 in 

Table 5-2 (P30019M9B27) in toluene, (C) Entry 5-10 in Table 5-2 (P9509M8B45) in water, and (D) Entry 5-10 in 

Table 5-2 (P9509M8B45) in toluene. Both miniemulsions were prepared at 20 % w/w polymer loading (with 

respect to oil phase) and 20 % w/w oil phase. Red circle shows the white drop sank in toluene.  

 

The results of the toluene-in-water miniemulsions stabilized by PxMyBz triblock copolymers 

under different conditions are reported in Table 5-3 to Table 5-6. The weight fraction of the oil 

phase was kept at 20 % w/w and the reaction temperature was maintained at 25 oC unless 

otherwise noted, and the MPS block was subsequently crosslinked after formation of the 

miniemulsion. The reaction conditions studied included type of catalyst to induce crosslinking, 

catalyst concentration, PEGMA macroRAFT agent, chain length of triblock copolymers, 

polymer loading, and temperature. Each of these variables are discussed in the following 

paragraphs. Miniemulsions were studied by comparing the DLS volume distributions before 

(in both water and 1,4-dioxane) and after crosslinking (in 1,4-dioxane). Dioxane is a good 

solvent for the triblock copolymer and when dioxane is added, the non-crosslinked droplets 

should dissociate into individual chains, resulting in a very small particle diameter. In contrast, 

after crosslinking the droplets should not dissociate; dioxane will swell the crosslinked particles 
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slightly and the resultant DLS volume distribution should be comparable close to the 

distribution in water, as the particle structure has been “fixed” (if completely crosslinked). The 

DLS volume distributions in water (before crosslinking) represent the particle sizes after 

ultrasonication in the absence of catalyst. The volume mean diameter, dz, and PDI values were 

also considered. The stability of after crosslinked miniemulsion was much concerned in this 

work and it varied across different conditions. According to observations, the uncrosslinked 

miniemulsion had slightly better stability (stability in crosslinked miniemulsion plus additional 

up to 2 days) than crosslinked miniemulsion.  
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Table 5-3: Effect of catalyst selections on the particles size and stability of P95018M15B82 

Entry Condition Volume mean 

diameter before 

crosslinking  

dz before 

crosslinking  

Volume mean 

diameter after 

crosslinking  

dz after 

crosslinking  

After 

crosslinking 

stability 

Type of 

catalyst 

[Catalyst] 

(mol L-1) 

Dioxane 

(nm)  

Water 

(nm)  

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

Dioxane 

(nm)  

Water 

(nm)  

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

P95018M15B82 

5-14 HCl  0.4 12.3 351 500 

(0.706) 

248 

(0.188) 

3706 384 364 

(0.901) 

621 

(0.479) 

Overnight 

5-15 NH4OH  0.4 12.3 351 500 

(0.706) 

248 

(0.188) 

1166 399 845 

(0.715) 

1542 

(0.871) 

Overnight 

5-16 TEA  0.4 7.98 1740 597 

(0.66) 

231 

(0.234) 

364 1086 433 

(0.63) 

259 

(0.19) 

< 2 days 
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In the above experiments, the polymer loading was 10 % w/w and the reaction temperature was 25 oC. HCl = hydrochloric acid, NH4OH = ammonium hydroxide, TEA = 

triethylamine.  

 

5-17 TEA  0.8 7.98 1740 597 

(0.66) 

231 

(0.234) 

195 244 320 

(0.477) 

297 

(0.365) 

 2 days 

5-18 Octylamine 0.8 19.2 355 3680 

(1.0) 

403 

(0.328) 

47.8 509 1198 

(1.0) 

1472 

(0.871) 

A few hours 
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Table 5-4: Effect of polymer loading on particle size and stability of P95018M15B82 

 

In the above experiments, TEA catalyst was used with a concentration of 0.8 mol L-1. The reaction temperature was 25 oC.  

 

Entry Condition Volume mean 

diameter before 

crosslinking  

dz before 

crosslinking  

Volume mean 

diameter after 

crosslinking  

dz after 

crosslinking  

After 

crosslinking 

stability 

Polymer loading in 

toluene (wt %) 

Dioxane 

(nm)  

Water 

(nm)  

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

Dioxane 

(nm)  

Water 

(nm)  

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

P95018M15B82 

5-19 15 9.43 336 125 

(0.266) 

323 

(0.265) 

162 299 177 

(0.412) 

348 

(0.435) 

~ 2 days 

5-20 20 10.6 545 104 

(0.654) 

474 

(0.236) 

1226 442 649 

(0.616) 

527 

(0.487) 

3 days 
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Table 5-5: Different lengths of PEG and triblock copolymer were investigated and their impacts on the particle size and stability  

Entry Condition Volume mean 

diameter before 

crosslinking  

dz before 

crosslinking  

Volume mean 

diameter after 

crosslinking  

dz after 

crosslinking  

After 

crosslinking 

stability 

Chain lengths of PEG 

and triblock copolymer 

Dioxane 

(nm)  

Water 

(nm)  

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

Dioxane 

(nm)  

Water 

(nm)  

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

5-21 P30019M9B27 41.1 697 119 

(0.355) 

1206 

(0.428) 

910 805 1083 

(0.665) 

1158 

(0.368) 

 < 3 days 

5-22 P30039M17B49 7.14 824 188 

(0.313) 

581 

(0.688) 

2285 1253 262 

(0.602) 

504 

(0.592) 

3 days 

5-23 P30058M24B74 785 778 84.5 

(0.443) 

1109 

(0.565) 

791 593 471 

(0.676) 

1215 

(0.74) 

3 days 

5-24 P9509M8B45 5.52 1033 2831 

(1.0) 

255 

(0.263) 

75.4 286 114 

(0.374) 

267 

(0.279) 

 < 3 days 
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In the above experiments, TEA catalyst was used with a concentration of 0.8 mol L-1. The polymer loading was fixed at 20 % w/w and reaction temperature was 25 oC. 

 

5-25 P95036M30B152 82.9 529 53.6 

(0.995) 

519 

(0.31) 

753 457 538 

(0.679) 

485 

(0.377) 

3 days 
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Table 5-6: Effect of high reaction temperature on the particle size and stability of P950xMyBz triblock copolymers 

 

In the above experiments, TEA catalyst was used with a concentration of 0.8 mol L-1. The polymer loading was 20 % w/w.  

 

Entry Condition Volume mean 

diameter before 

crosslinking  

dz before 

crosslinking  

Volume mean 

diameter after 

crosslinking  

dz after 

crosslinking  

After 

crosslinking 

stability 

Temperature (oC) Dioxane 

(nm)  

Water 

(nm)  

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

Dioxane 

(nm)  

Water 

(nm)  

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

P95018M15B82 

5-26 65 10.8 459 209 

(0.334) 

428 

(0.275) 

2322 314 467 

(0.469) 

554 

(0.569) 

Overnight 

P95036M30B152 

5-27 65 37.7 534 56.5 

(0.589) 

502 

(0.317) 

495 507 576 

(0.594) 

572 

(0.533) 

Overnight 
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Acid vs Base Catalysis. Using the P95018M15B82 triblock copolymer, the influence of acid or 

base catalysis was studied on the interfacial crosslinking of o/w droplets. The loading of 

polymer in the toluene phase was 10 % w/w. The concentration of HCl and NH4OH in the 

aqueous phase was 0.4 mol L-1 (Entry 5-14 and 5-15 in Table 5-3). The volume distributions 

of the non-crosslinked droplets decreased significantly in 1,4-dioxane, showing distinct 

dissociation into individual chains (Figure 5-4). After cross-linking with both catalysts, there 

is no evidence of dissociation into unimers upon addition to 1,4-dioxane. Catalysis with 

NH4OH revealed a volume distribution closer to the parent distribution in water, with much 

larger effective particle size when acid catalysis was used.  An acidic environment has a much 

faster hydrolysis rate than condensation, causing the PMPS block to have majority silanol 

groups (Si-OH) and minor crosslinked network (Si-O-Si).82-84 It is postulated that this may 

result in interparticle crosslinking and the formation of larger aggregates via the presence of 

silanol groups. However, both solutions phase separated overnight after crosslinking.  

 



 Chapter 5  

Page 180  

 

 

Figure 5-4: DLS volume distributions of Entry 5-14 and 5-15 (in Table 5-3) in dioxane and water, using HCl 

and NH4OH catalysts. Dash line represents before crosslinking (no catalyst) and solid line represents after 

crosslinking (with catalyst).  

 

Base Catalysis: Effect of Water Solubility. The effectiveness of two other catalysts of 

differing water solubility (triethylamine (TEA) and octylamine) was studied, as a comparison 

to the NH4OH discussed above. The water solubility of octylamine and TEA at 25 oC is 0.2 

and 69 g L-1 respectively.85 A moderately water-soluble base (TEA) was tested to crosslink the 

MPS groups at the droplet interface. Two different concentrations of TEA were used (Entry 5-

16 and 5-17 in Table 5-3; 0.4 and 0.8 mol L-1 respectively) and the same precursor polymer 

was used. A peak at large particle size (~ 5 µm; Figure 5-5) was observed in water for the 

uncrosslinked miniemulsion (Entry 5-16 and 5-17 in Table 5-3) and this peak was possibly due 

to an insufficient level of polymeric surfactant. After TEA-induced catalysis, a bimodal 
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distribution and large particle size were obtained in the DLS distribution when using high 

concentration (0.8 mol L-1). A significant increase in the size distribution was noticed when the 

crosslinked miniemulsion dispersed in 1,4-dioxane (compared to without crosslinking) (Figure 

5-5). This result suggested moderate levels of interfacial crosslinking of MPS units and higher 

catalyst concentration had a closer preservation of the initial droplet size in water. After 

crosslinking, the dispersion was stable for up to 2 days, representing an improvement on 

ammonium hydroxide catalyst. A highly water insoluble catalyst (octylamine, Entry 5-18 in 

Table 5-3) was subsequently investigated and the catalyst concentration was fixed at 0.8 mol 

L-1, since higher catalyst concentration had a better performance. Figure 5-5 shows the 

octylamine did not effectively crosslink the PMPS block at the droplet interface; upon addition 

to 1,4-dioxane, the volume distribution was only slightly larger than dissociated unimers (see 

orange and purple curves). The crosslinked miniemulsion catalysed by octylamine also phase 

separated within a few hours. Therefore, TEA catalyst was selected and applied in the 

remaining miniemulsion experiments.  
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Figure 5-5: DLS volume distributions of Entry 5-16, 5-17 and 5-18 (in Table 5-3) in dioxane and water, using 

TEA and octylamine catalysts. Dash line represents before crosslinking (no catalyst) and solid line represents 

after crosslinking (with catalyst).  

 

Polymer Loading. The influence of increasing the polymer loading was further examined, 

using 0.8 mol L-1 catalyst concentration. Two different polymer loadings (15 and 20 % w/w; 

Entry 5-19 and 5-20 (in Table 5-4) respectively) were tested. The crosslinked miniemulsion 

was stable for up to 3 days at a polymer loading of 20 % w/w. Figure 5-6 shows a large particle 

size and unimodal distribution were observed at a polymer loading of 20 % w/w (see purple 

curve) when dispersed in dioxane, significantly larger than the parent distribution in water. The 

DLS distribution for 15 % w/w polymer loading was comparable to the result at 10 % w/w 

(Entry 5-17 in Table 5-3; Figure 5-5). The increased polymer concentration will result in a 

more densely packed droplet interface which can improve the droplet stability and also likely 

enhance the level of MPS crosslinking. In Figure 5-6, it can be seen that the particle size (Entry 
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5-20 in Table 5-4) after crosslinking (in dioxane) is slightly bigger than its uncrosslinked 

miniemulsion in water, most likely due to swelling of the polymer domains in a good solvent.  

 

 

Figure 5-6: DLS volume distributions of different polymer loading experiments (Entry 5-19 and 5-20 in Table 

5-4) in dioxane and water. Dash line represents before crosslinking (no catalyst) and solid line represents after 

crosslinking (with catalyst). 

 

Influence of PEG and Triblock Copolymer Chain Lengths. Different lengths of PEG and 

triblock copolymer were then studied for miniemulsions prepared under the above-optimised 

conditions (0.8 mol L-1 TEA, 20 % w/w polymer loading). Figure 5-7 and Figure 5-8 show the 

DLS volume distributions of miniemulsions stabilized by polymers with a PEGMA (Mn 300) 

and PEGMA (Mn 950) block respectively. In the case of P300 triblocks (Figure 5-7), there was 

clear evidence of successful interfacial crosslinking – the unimer peak at low particle size 
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disappeared (comparing before and after crosslinking distributions in dioxane); in nearly all 

cases the primary peak in dioxane was comparable to the precursor size distribution in water. 

When the chain length of triblock copolymer was increased (while keeping the block ratios 

identical), there was moderate improvement in the dispersion stability after crosslinking (phase 

separation after three days), which was still undesirable for long term storage. There was no 

obvious trend in particle size and PDI when the chain length of triblock copolymer increased. 

TEM images (Figure 5-9 and Figure 5-10) showed hollow “capsule-like” structures were 

produced. TEM images were taken by diluting crosslinked solution with MilliQ. The capsules 

appear collapsed under electron microscopy due to their hollow nature and relatively thin 

crosslinked interface. Both electron microscopy images also illustrated the hollow capsules 

maintained the same structure before and after crosslinking and TEA catalyst did not degrade 

the polymeric surfactants. The size of crosslinked capsules was comparable to the DLS volume 

distributions. 

 

In comparison, when P950 was used as the hydrophilic block, there was a much greater level 

of variation in successfully crosslinking the droplet interface (see Figure 5-8). For the triblock 

copolymer of shortest chain length (Entry 5-24 in Table 5-5), insufficient crosslinking was 

observed to stabilize the droplets (light green curve). The efficacy of crosslinking improved 

with increasing polymer chain length, as the parent size distribution was preserved to a greater 

extent (when comparing distributions in water and dioxane, see orange and purple curves). This 

is likely attributed to reduced mobility of the higher molecular weight triblock copolymer when 

adsorbed at the droplet interface, in addition to a greater number of MPS units available for 

crosslinking. TEM revealed hollow structure nanoparticles were also obtained when longer 

P950 macroRAFT agent was used (Figure 5-11; Entry 5-25 in Table 5-5). This observation 

was similar to nanoparticles produced with using P300 macroRAFT agent in miniemulsions.  
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Figure 5-7: DLS volume distributions of P300xMyBz (Entry 5-21, Entry 5-22 and Entry 5-23 in Table 5-5) in 

dioxane and water. Dash line represents before crosslinking (no catalyst) and solid line represents after 

crosslinking (with catalyst).  
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Figure 5-8: DLS volume distributions of P950xMyBz (Entry 5-24 and Entry 5-25 in Table 5-5) in dioxane and 

water. Dash line represents before crosslinking (no catalyst) and solid line represents after crosslinking (with 

catalyst). 

 

 

Figure 5-9: TEM images of Entry 5-21 (in Table 5-5, P30019M9B27) in MilliQ: (A) before crosslinking, and (B) 

after crosslinking. Scale bar: (A) and (B) = 2 µm 
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Figure 5-10: TEM images of Entry 5-23 (in Table 5-5, P30058M24B74) in MilliQ: (A) before crosslinking, and (B) 

after crosslinking. Scale bar: (A) and (B) = 2 µm 

 

 

Figure 5-11: TEM images of Entry 5-25 (in Table 5-5, P95036M30B152) in MilliQ: (A) before crosslinking, and 

(B) after crosslinking. Scale bar: (A) and (B) = 2 µm 

 

Influence of Temperature. Rates of hydrolysis and condensation of alkoxysilyl are 

temperature sensitive. At elevated temperatures, the rate of hydrolysis of MPS units will 

increase with the presence of catalyst and consequently condensation reaction.86-89 A more 

rapid condensation could potentially “lock” the droplets promptly via forming a silica shell. 

Two different P950-based triblock copolymers (Entry 5-26 and 5-27 in Table 5-6) were studied 
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under higher temperature and the particle size distributions are shown in Figure 5-12. There 

was excellent correspondence between the parent droplet distribution before (water) and after 

(dioxane) crosslinking, with no evidence of residual unimers. However, the stability was poor 

and the dispersions phase separated overnight.  

 

 

Figure 5-12: DLS volume distributions of higher reaction temperature experiments (Entry 5-26 and 5-27 in 

Table 5-6) in dioxane and water. Dash line represents before crosslinking (no catalyst) and solid line represents 

after crosslinking (with catalyst).  
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Absence of MPS Block. Lastly, the effect of the presence of the PMPS block was studied. A 

diblock copolymer without an PMPS block (P95018B85; Entry 5-28 in Table 5-7) was prepared 

and applied as polymeric surfactant in O/W minimeulsion (no TEA catalyst). DLS 

measurement in dioxane showed complete dissociation of the stabilized droplets upon transfer 

from miniemulsion to dioxane, as expected (Figure 5-13). However, this dispersion showed 

the greatest stability (at least 5 days) before phase separation, suggesting that the PMPS block 

has a negative effect on colloidal stability. The reason for this is not clear, however the 

crosslinking of MPS obviously impacts on the mobility of the polymer chains at the interface. 

Furthermore, residual uncrosslinked groups (methoxysilyl and silanol) present near the particle 

surface may result in aggregation and destabilization over time. In term of particle structure, 

Figure 5-14 indicated a mixed morphology of hollow and sphere was obtained. This 

observation was slightly different to triblock copolymer containing PMPS block where all the 

resultant nanoparticles were hollow structure.  

 

Table 5-7: Particle size and stability of PEGMA diblock copolymer without PMPS block 

Entry Condition Volume mean 

diameter 

dz Stability 

Diblock copolymer 

composition (No PMPS 

block) 

Dioxane 

(nm) 

Water 

(nm) 

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

5-28 P95018B85 29.3 1219 138 

(0.357) 

348 

(0.261) 

5 days 

In the above experiment, the polymer loading was fixed at 20 % w/w and reaction temperature was 25 oC. 
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Figure 5-13: DLS volume distribution of P95018B85 diblock copolymer (Entry 5-28 in Table 5-7) in dioxane and 

water 

 

 

Figure 5-14: TEM image of Entry 5-28 (in Table 5-7, P95018B85) in MilliQ (no crosslinking). Scale bar = 2 µm. 
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5.2.2 Self-Assembly of Alkoxysilane-Containing Triblock Copolymers via Polymerization-

Induced Self-Assembly  

 

As the O/W miniemulsions stabilized by triblock copolymers reported in the previous section 

had limited colloidal stability, an alternative method of triblock copolymer self-assembly was 

investigated. In this section, Polymerization-Induced Self-Assembly (PISA) mediated by 

RAFT polymerization was used to synthesize triblock copolymers of similar composition to 

those prepared in Section 5.2.1. One PEGMA (Mn 300) and two PEGMA (Mn 950) macroRAFT 

agents of different degree of polymerization (Mn 300: 19 units; Mn 950: 9 and 18 units) were 

prepared for this study. The SEC data of these macroRAFT agents were tabulated in Table 5-1 

(Entry 5-1, 5-4, and 5-5) and they possessed narrow molecular weight distributions (see Figure 

5-1; black, blue, and orange curves). The pre-synthesized PEGMA macroRAFT agent was first 

chain extended with MPS in isopropanol and then BzMA in isopropanol:water (96:4 % v/v) 

under a one-pot approach. Water was added to create an isopropanol:water (96:4 % v/v) 

mixture for chain extension with BzMA in order to prevent UCST-type behaviour of PEGMA 

in isopropanol during storage.90 It was observed that when pure isopropanol was used as the 

reaction solvent for PISA syntheses, the resultant triblock copolymer (PEGMA-PMPS-PBzMA) 

precipitated from solution when the temperature dropped from the reaction temperature to 

room temperature. The system was completely stable at room temperature when water was 

present. The synthesis of this triblock copolymer via one-pot approach is illustrated in Figure 

5-15. 
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Figure 5-15: PISA mediated by RAFT polymerization of PEGMA-PMPS-PBzMA triblock copolymer in 

isopropanol:water (96:4 % v/v) 

 

The target degree of polymerization of MPS was kept at 20 while the length of the BzMA block 

was varied from 100 up to 1000 units. The reaction was completed as a one-pot process and no 

purification was performed prior to chain extension with BzMA. As the conversion of MPS 

into polymer was moderate, some remaining MPS units were then incorporated into the 

growing polymer chains during BzMA chain extension, producing the triblock copolymer with 

the expected structure of PEGMA-block-PMPS-block-(PMPS-gradient-PBzMA) (Px-b-M20-y-

b-(My-grad-Bz), where x and z are the respective DPs of PEGMA and BzMA, y is the remaining 

units of MPS monomer incorporated into the BzMA block). The results of the chain extension 

of MPS and BzMA are summarised in Table 5-8 to Table 5-10. The fractional conversion of 

BzMA was quite high (≥ 85 %) in most cases, however, the fractional conversion of MPS was 

lower when higher molecular weight PEGMA macroRAFT agents were used. This was 

attributed to longer/heavier PEGMA macroRAFT agent having a reduced reinitiation 

efficiency91 and steric hindrance from the bulky pendant group.92, 93  
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Table 5-8: Conversion and stability of P30019 triblock copolymers  

Entry Target 

composition 

Conversion Theoretical composition Stability 

(No 

gelation) 

MPS BzMA 

5-29 P30019M20B100 0.86 0.99 P30019-b-M17-b-(M3-grad-B99) ≥ 7 days 

5-30 P30019M20B200 0.79 0.98 P30019-b-M16-b-(M4-grad-B196) ~ 5 days 

5-31* P30019M20B200 0.83 0.95 P30019-b-M17-b-(M3-grad-B190) ~ 5 days 

5-32 P30019M20B400 0.83 0.99 P30019-b-M17-b-(M3-grad-B396) 2 days 

5-33 P30019M20B600 0.79 0.97 P30019-b-M16-b-(M4-grad-B582) ~ 1 day 

5-34 P30019M20B800 0.77 0.96 P30019-b-M15-b-(M5-grad-B768) A few hours 

5-35^ P30019M20B800 0.72 0.97 P30019-b-M14-b-(M6-grad-B776) A few hours 

* Nile Red was applied in the experiment. ^ Aliquot was extracted immediately once the reaction stopped and the 

solution was still hot.   
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Table 5-9: Conversion and stability of P9509 triblock copolymers 

Entry Target 

composition 

Conversion Theoretical composition Stability 

(No 

gelation) 

MPS BzMA 

5-36 P9509M20B100 0.78 0.97 P9509-b-M16-b-(M4-grad-B97) ≥ 7 days 

5-37 P9509M20B200 0.60 0.98 P9509-b-M12-b-(M8-grad-B196) 

5-38 P9509M20B400 0.77 0.97 P9509-b-M15-b-(M5-grad-B388) 

5-39* P9509M20B400 0.76 0.95 P9509-b-M15-b-(M5-grad-B380) 

5-40 P9509M20B600 0.74 0.97 P9509-b-M15-b-(M5-grad-B582) ~ 5 days 

5-41 P9509M20B800 0.64 0.95 P9509-b-M13-b-(M7-grad-B760) 

5-42 P9509M20B1000 0.68 0.98 P9509-b-M14-b-(M6-grad-B980) 

* Nile Red was applied in the experiment.  
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Table 5-10: Conversion and stability of P95018 triblock copolymers 

Entry Target 

composition 

Conversion Theoretical composition Stability 

(No 

gelation) 

MPS BzMA 

5-43 P95018M20B100 0.63 0.91 P95018-b-M13-b-(M7-grad-B91) ≥ 7 days 

5-44 P95018M20B200 0.57 0.85 P95018-b-M11-b-(M9-grad-B170) 

5-45 P95018M20B400 0.62 0.95 P95018-b-M12-b-(M8-grad-B380) 

5-46* P95018M20B400 0.62 0.94 P95018-b-M12-b-(M8-grad-B376) 

5-47 P95018M20B600 0.60 0.96 P95018-b-M12-b-(M8-grad-B576) 

5-48 P95018M20B800 0.63 0.95 P95018-b-M13-b-(M7-grad-B760) ~ 6 days 

5-49 P95018M20B1000 0.66 0.94 P95018-b-M13-b-(M7-grad-B940) 

* Nile Red was applied in the experiment. 

 

Influence of Hydrophobic Chain Length. A range of target BzMA DPs were investigated in 

three different PEGMA macroRAFT agent systems. For all compositions, no variation in 

particle morphology was observed; all resultant nanoparticles were spherical in shape, even at 

very high target BzMA DPs. Typical TEM images of spherical nanoparticles formed by the 

PISA process for these systems are shown in Figure 5-16. The use of different PEGMA 

macroRAFT agents (P30019 and P9509) also resulted in the exclusive formation of spherical 

nanoparticles, despite this being a dispersion polymerization system. This phenomenon was 

attributed to the bulky/long stabilizer block or the higher order morphology was not possible 

due to kinetic trapping,94-99 however as will be discussed later, the presence of the MPS block 

also contributes to this exclusive spherical morphology. 
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The stability of the resulting dispersions (prior to MPS crosslinking) also varied across the 

systems (Table 5-8 to Table 5-10). When lower molecular weight PEGMA macroRAFT agents 

were used and a high BzMA DP was targeted, the uncrosslinked dispersion would gel after a 

few hours (Entry 5-34 in Table 5-8), in contrast to 6 days (Entry 5-48 in Table 5-10) stability 

with high molecular weight PEGMA macroRAFT agent at an identical target DP of BzMA. 

This gel issue was possibly due to strong interactions of long fused sphere network (see Figure 

5-17). DLS particle size before crosslinking (Entry 5-33 in Table 5-11) showed very large 

particle size in isopropanol:water and water. The DLS particle size was comparable to that 

observed by TEM (Figure 5-17). Wang and co-workers reported fractal-type connected bead 

structure was caused by random spheres fusion and diffusion limited aggregation and growth 

processes.100 The gelation was reversible into the liquid state upon heating, however, 

significant coagulum was observed. The reversible transition from gel to liquid was attributed 

to solvent plasticization of the core-forming block at high temperature.101-103 Because of the 

rapid gelation of Entry 5-34 (in Table 5-8), an identical experiment was performed however 

the particle size was measured directly while the reaction dispersion was still hot (Entry 5-35 

in Table 5-11). The particle size of Entry 5-35 (in Table 5-11) before crosslinking was typical 

for a dispersion of this composition and demonstrated good reproducibility of particle size 

without the effects of aggregation and gelation. TEM images of particles prepared in these 

experiments are shown in Figure 5-18.  
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Figure 5-16: TEM images of self-assembled nanoparticles in isopropanol:water (96:4 % v/v) and before 

crosslinking: (A) Entry 5-30 in Table 5-11, (B) Entry 5-42 in Table 5-12, and (C) Entry 5-49 in Table 5-13. 

Scale bar = (A) 500 nm, (B) 1 µm, and (C) 2 µm.  
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Figure 5-17: TEM image of Entry 5-33 (in Table 5-11, P30019M20B600) in isopropanol:water (96:4 % v/v) 

(before crosslinking). Scale bar = 2 µm. 

 

 

Figure 5-18: TEM images of P30019M20B800 in isopropanol:water (96:4 % v/v): (A) Entry 5-34 in Table 5-11 

(before crosslinking) and (B) Entry 5-35 in Table 5-11 (before crosslinking). Scale bar: (A) and (B) = 2 µm. 
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Crosslinking via Using NH4OH Catalyst. After the self-assembled nanoparticles were 

produced, the interfacial PMPS block was initially crosslinked with TEA at a concentration 0.8 

mol L-1. Although TEA was the best catalyst for interfacial crosslinking in Section 5.2.1, the 

PISA system became unstable and polymer precipitated out once TEA catalyst was added. The 

system instability in this PISA approach was possibly due to different solvents used. As a result, 

ammonium hydroxide was used at the same concentration, resulting in stable nanoparticle 

dispersions. The results of DLS measurements (before and after crosslinking) in 

isopropanol:water (96:4 % v/v), dioxane, and water are listed in Table 5-11 to Table 5-13. Each 

experiment was assessed by comparing DLS measurements between dioxane and 

isopropanol:water (96:4 % v/v), to study if the self-assembled nanoparticle would disassemble 

in a good solvent (dioxane) or not. The average particle size in isopropanol:water (96:4 % v/v) 

and water were comparable, with an increase in particle size upon increasing the length of the 

BzMA block. Prior to cross-linking, the effective particle size in dioxane was relatively small 

(~ 11 to 37 nm hydrodynamic diameter); after cross-linking, the particle size in dioxane was 

much larger (see Figure 5-19, Figure 5-21 and Figure 5-23). The z-average diameter in dioxane 

was typically slightly larger than the particle size in both isopropanol:water and water, due to 

the swelling of the polymer phase with a good solvent; the particles however were unable to 

dissociate due to the interfacial cross-linking of the MPS block. There was no evidence of 

unimers in the particle size distribution after crosslinking and addition to dioxane, suggesting 

a high level of interfacial cross-linking. Most of the DLS volume distributions (after 

crosslinking) overlapped with their parent distributions in isopropanol:water (Figure 5-20, 

Figure 5-22 and Figure 5-24), showing particle size distribution was not influenced by the 

crosslinking process.  
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An additional benefit of interfacial cross-linking was that the colloidal stability of the resulting 

dispersion was improved. All crosslinked dispersions did not gel after 7 days of storage. Figure 

5-25 shows the comparison between nanoparticle dispersions that were either cross-linked or 

not crosslinked; the lack of gelation (after crosslinking) is emphasised via vial inversion. TEM 

also disclosed the crosslinking could prevent sphere-sphere fusion and avoid long network 

entanglement (Figure 5-26) and the particle size was comparable to DLS measurement (Table 

5-11).  Large DLS particle sizes were noted in Entries 5-33 and 5-34 (Table 5-11). The unusual 

particle size of Entry 5-33 (in Table 5-11) before crosslinking was perhaps an effect of slow 

gelation over time as it had a maximum stability up to a day. Unintended PMPS crosslinking 

was ruled out in this case and a clear particle size shift (when added to dioxane) could be 

observed in Figure 5-19. As long as the solution had not fully gelled, crosslinking of Entry 5-

33 (in Table 5-11) was still possible, producing a moderate DLS particle size. The large DLS 

particle size in Entry 5-34 (in Table 5-11) was expected since this sample gelled quickly, 

making true determination of particle size difficult.  
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Table 5-11: Particle size diameter of P30019 triblock copolymer before and after crosslinking 

Entry number 

from Table 5-8 

Theoretical composition dz before crosslinking dz after crosslinking 

Isopropanol:Water 

96:4 % v/v (nm) 

(PDI) 

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

Isopropanol:Water 

96:4 % v/v (nm) 

(PDI) 

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

5-29 P30019-b-M17-b-(M3-grad-B99) 95.3  

(0.142) 

12.6 

(0.237) 

89 

(0.164) 

105  

(0.164) 

108 

(0.113) 

100 

(0.181) 

5-30 P30019-b-M16-b-(M4-grad-B196) 93.9 

(0.081) 

13.3 

(0.199) 

87.7 

(0.145) 

94.8  

(0.081) 

124 

(0.01) 

87.6 

(0.086) 

5-32 P30019-b-M17-b-(M3-grad-B396) 208  

(0.291) 

19 

(0.196) 

198 

(0.321) 

165  

(0.11) 

268 

(0.068) 

153 

(0.107) 

5-33 P30019-b-M16-b-(M4-grad-B582) 1295  

(0.443) 

23.1 

(0.205) 

1186 

(0.831) 

354  

(0.293) 

689 

(0.23) 

326 

(0.376) 

5-34 P30019-b-M15-b-(M5-grad-B768) 2821  

(0.982) 

25.2 

(0.194) 

3556 

(0.565) 

2966 

(0.754) 

1552 

(0.338) 

3344 

(0.799) 
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5-35^ P30019-b-M14-b-(M6-grad-B776) 246 

 (0.022) 

26.2 

(0.198) 

244 

(0.018) 

245  

(0.032) 

457 

(0.05) 

232 

(0.034) 

^ Aliquot was extracted immediately once the reaction stopped and the solution was still hot.   
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Table 5-12: Particle size diameter of P9509 triblock copolymer before and after crosslinking 

Entry number 

from Table 5-9 

Theoretical composition dz before crosslinking dz after crosslinking 

Isopropanol:Water 

96:4 % v/v (nm) 

(PDI) 

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

Isopropanol:Water 

96:4 % v/v (nm) 

(PDI) 

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

5-36 P9509-b-M16-b-(M4-grad-B97) 80.9  

(0.127) 

11.6 

(0.227) 

74.4 

(0.133) 

79.6  

(0.093) 

92.1 

(0.09) 

77.6 

(0.146) 

5-37 P9509-b-M12-b-(M8-grad-B196) 88.5  

(0.136) 

14.5 

(0.286) 

81 

(0.135) 

88.3  

(0.106) 

103 

(0.06) 

82.8 

(0.142) 

5-38 P9509-b-M15-b-(M5-grad-B388) 125  

(0.097) 

18.5 

(0.163) 

125 

(0.118) 

122  

(0.069) 

208 

(0.008) 

116 

(0.098) 

5-40 P9509-b-M15-b-(M5-grad-B582) 142 

 (0.067) 

21 

(0.137) 

138 

(0.106) 

135  

(0.058) 

210 

(0.014) 

129 

(0.062) 

5-41 P9509-b-M13-b-(M7-grad-B760) 188  

(0.033) 

23.7 

(0.181) 

186 

(0.084) 

180  

(0.037) 

331 

(0.106) 

171 

(0.066) 
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5-42 P9509-b-M14-b-(M6-grad-B980) 416  

(0.074) 

37.4 

(0.23) 

412 

(0.016) 

420  

(0.093) 

666 

(0.261) 

399 

(0.007) 
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Table 5-13: Particles size diameter of P95018 triblock copolymer before and after crosslinking 

Entry number 

from 

 Table 5-10 

Theoretical composition dz before crosslinking dz after crosslinking 

Isopropanol:Water 

96:4 % v/v (nm) 

(PDI) 

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

Isopropanol:Water 

96:4 % v/v (nm) 

(PDI) 

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

5-43 P95018-b-M13-b-(M7-grad-B91) 129  

(0.266) 

11.3 

(0.237) 

124 

(0.304) 

126  

(0.237) 

120 

(0.236) 

125 

(0.268) 

5-44 P95018-b-M11-b-(M9-grad-B170) 150  

(0.109) 

12.7 

(0.147) 

144 

(0.133) 

150  

(0.12) 

171 

(0.114) 

144 

(0.127) 

5-45 P95018-b-M12-b-(M8-grad-B380) 104  

(0.162) 

14.6 

(0.223) 

101 

(0.212) 

104  

(0.148) 

141 

(0.073) 

99.7 

(0.169) 

5-47 P95018-b-M12-b-(M8-grad-B576) 121  

(0.202) 

21.5 

(0.188) 

120 

(0.229) 

122 

 (0.169) 

181 

(0.04) 

120 

(0.226) 

5-48 P95018-b-M13-b-(M7-grad-B760) 146  

(0.094) 

24.4 

(0.17) 

145 

(0.113) 

144 

 (0.119) 

225 

(0.06) 

141 

(0.117) 
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5-49 P95018-b-M13-b-(M7-grad-B940) 213  

(0.055) 

31.6 

(0.197) 

207 

(0.072) 

212  

(0.042) 

348 

(0.121) 

202 

(0.031) 
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Figure 5-19: DLS volume distributions of P30019-b-PMPS20-y-b-(PMPSy-grad-PBzMAz) in dioxane. Dash line 

represents before crosslinking (no catalyst) and solid line represents after crosslinking (with catalyst).  

 

 

Figure 5-20: DLS volume distributions of P30019-b-PMPS20-y-b-(PMPSy-grad-PBzMAz) in isopropanol:water 

(96:4 % v/v). Dash line represents before crosslinking (no catalyst) and solid line represents after crosslinking 

(with catalyst). 
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Figure 5-21: DLS volume distributions of P9509-b-PMPS20-y-b-(PMPSy-grad-PBzMAz) in dioxane. Dash line 

represents before crosslinking (no catalyst) and solid line represents after crosslinking (with catalyst).  

 

 

Figure 5-22: DLS volume distributions of P9509-b-PMPS20-y-b-(PMPSy-grad-PBzMAz) in isopropanol:water 

(96:4 % v/v). Dash line represents before crosslinking (no catalyst) and solid line represents after crosslinking 

(with catalyst). 
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Figure 5-23: DLS volume distributions of P95018-b-PMPS20-y-b-(PMPSy-grad-PBzMAz) in dioxane. Dash line 

represents before crosslinking (no catalyst) and solid line represents after crosslinking (with catalyst). 

 

 

Figure 5-24: DLS volume distributions of P95018-b-PMPS20-y-b-(PMPSy-grad-PBzMAz) in isopropanol:water 

(96:4 % v/v). Dash line represents before crosslinking (no catalyst) and solid line represents after crosslinking 

(with catalyst). 
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Figure 5-25: Images of non-crosslinking and after crosslinking of Entry 5-35 (in Table 5-11, P30019-b-M14-b-

(M6-grad-B776)):  (A) gel formation after a few hours (no crosslinking), and (B) white liquid (after crosslinking 

with catalyst). 

 

 

Figure 5-26: TEM images of nanoparticles in isopropanol:water (96:4 % v/v): (A) Entry 5-33 in Table 5-11 

(after crosslinking) and (B) Entry 5-35 in Table 5-11 (after crosslinking). Scale bar: (A) and (B) = 2 µm. 
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Absence of PMPS block. In this section, the impact of the PMPS block on the particle 

morphology was studied. A low molecular weight PEGMA macroRAFT agent (P30019) was 

directly chain extended with different lengths of BzMA block to form diblock copolymer 

nanoparticles in isopropanol/water (96:4 % v/v). The fractional conversion of BzMA was high 

and the DLS particle size increased with increasing the chain length of PBzMA (Table 5-14). 

However, the dispersion stability decreased when the chain length of PBzMA increased, 

ranging from more than 7 days (P30019B196) to ~ 1 day (P30019B760). Figure 5-27 shows three 

different P30019Bz dispersions, with the precipitate noted in images B and C. An almost clear 

liquid phase was observed in Entry 5-52 (in Table 5-14, P30019B760) while pale white liquid 

was observed in Entry 5-51 (in Table 5-14, P30019B332). The precipitation was attributed to an 

insufficient stabilization from P30019 when targeting high BzMA DP. Interestingly, in the 

absence of an MPS block, vesicle-type morphologies were observed by electron microscopy 

(Figure 5-28). This result showed a contrasting observation to Entry 5-30 in Table 5-11 (Figure 

5-16) where PMPS block was included and only spheres were observed. This result strongly 

suggests that the MPS block is preventing the formation of higher order morphologies beyond 

spherical nanoparticles; as the MPS block is soluble in the reaction medium, the solvophilic 

block in these systems actually consists of the PEGMA block as well as the MPS block. IPS 

was not studied in this case, as IPS is soluble in the reaction medium and has a bulky structure 

which can further increase the effective headgroup area. In the absence of catalyst, the particles 

are not interfacially cross-linked, and so the differing chemical nature of the solvophilic block 

is preventing a morphology transition, even at very long BzMA block lengths. 
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Table 5-14: Conversion and DLS data of P30019Bz 

Entry Target 

BzMA 

DP 

BzMA 

conversion 

Theoretical 

composition 

dz  

Isopropanol: 

Water 

(96:4 % v/v) 

(nm) (PDI) 

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

5-50 200 0.98 P30019B196 403 

 (0.197) 

11 

 (0.128) 

383  

(0.22) 

5-51 400 0.83 P30019B332 1234  

(0.123) 

14.9 

(0.092) 

1269 

(0.793) 

5-52 800 0.95 P30019B760 2630  

(0.764) 

20.7  

(0.161) 

2296  

(0.919) 
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Figure 5-27: P30019Bz solutions (in isopropanol:water (96 % v/v)) and their stability: (A) Entry 5-50 in Table 

5-14, (B) Entry 5-51 in Table 5-14, and (C) Entry 5-52 in Table 5-14. Red circle shows the precipitated 

polymer.  

 

 

Figure 5-28: Electron microscopy images of Entry 5-50 (in Table 5-14) in isopropanol:water (96 % v/v): (A) 

SEM image (no crosslinking) and (B) TEM image (no crosslinking). Scale bar: (A) 2 µm and (B) 5 µm.  
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Encapsulation of Nile Red into Nanoparticle Core. Nile Red is a hydrophobic dye with a 

water solubility of < 1 µg mL-1.104 In this work, the maximum absorption wavelength of Nile 

Red in dioxane was 519 nm and the molar absorption coefficient was determined to be 18825 

± 126 M-1 cm-1. Nile Red was introduced together with the addition of BzMA into the  reaction 

vessel in order to simultaneously encapsulate Nile Red into the particle core during the self-

assembly process.105 The Nile Red encapsulated nanoparticles were subsequently crosslinked 

with using NH4OH, followed by 3 days dialysis against isopropanol:water (96 % v/v) to remove 

Nile Red that was not encapsulated (the possibility of Nile Red leaching from the particle core 

also exists). Figure 5-29 shows a notable colour difference of the nanoparticle dispersion before 

(a dark reddish pink) and after dialysis (pale pink), indicating large amount of non-encapsulated 

Nile Red was eliminated during dialysis, which is discussed in the next paragraph. The 

presence of Nile Red also did not affect the stability of the dispersion.  

 

The concentration of encapsulated Nile Red was determined by using UV-vis spectroscopy in 

dioxane. Dioxane is a good solvent to both Nile Red and the triblock copolymer; as a result, 

non-crosslinked particles will dissociate into unimers in dioxane (releasing any encapsulated 

Nile Red) while crosslinked nanoparticles (after dialysis) will not dissociate, with any Nile Red 

released from the particle is due to diffusion through the cross-linked interface. The DLS 

particle size results of experiments in the presence of Nile Red is presented in Table 5-15. A 

major particle size change in dioxane (before and after crosslinking) was observed in Figure 

5-30 and this phenomenon had been described in the previous section. Figure 5-31 shows the 

crosslinked distributions sufficiently close to their non-crosslinked parent distributions in 

isopropanol:water (96:4 % v/v) (after dialysis). Table 5-16 shows the data of Nile Red 

experiments and the retention efficiency attributed to interfacial crosslinking. The 

concentration of non-encapsulated Nile Red was varied with the type of PEGMA macroRAFT 
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agent used; this is primarily due to the mass ratio between Nile Red and PEGMA macroRAFT 

agent used in each experiment was held constant. The retention efficiency of crosslinked 

nanoparticles was relatively low, which may be attributed to leakage of Nile Red across the 

cross-linked interface when swollen with dioxane. However, this result demonstrated 

crosslinking could retain some cargo within the core even a good solvent was used. For 

example, 1.41 µmol L-1 of Nile Red was encapsulated in non-crosslinked particles (Entry 5-31 

in Table 5-16) after dialysis and all dye was released when dioxane was added. After the 

particles were crosslinked and dialysed, 1.11 µmol L-1 of Nile Red was released in dioxane 

through diffusion, meaning that 0.3 µmol L-1 of Nile Red remained in the particle core. The 

retention efficiency of Entry 5-39 (in Table 5-16) was quite high (56.3 %) compared to other 

systems tested; and this was possibly due to the structure of the polymer. Entry 5-39 (in Table 

5-9) possessed a PBzMA chain twice that of Entry 5-31 (in Table 5-8), which would increase 

the aromatic ring interaction by twofold and therefore retained more Nile Red.106 TEM images 

(Figure 5-32) showed that the morphology was still spherical (and some fused spheres) after 

loaded with Nile Red, crosslinking and dialysis.  
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Figure 5-29: Nile Red encapsulation experiment (Entry 5-31 in Table 5-8; P30019-b-M17-b-(M3-grad-B190)): (A) 

solution before crosslinking and dialysis, (B) solution before crosslinking and after dialysis, (C) solution after 

crosslinking and before dialysis, and (D) solution after crosslinking and dialysis.  
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Table 5-15: Particle size of Nile Red experiments 

Entry from 

Table 5-8, 

Table 5-9 and 

Table 5-10 

Theoretical 

composition 

Description dz before crosslinking dz after crosslinking 

Isopropanol:Water 

96:4 % v/v (nm) 

(PDI) 

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

Isopropanol:Water 

96:4 % v/v (nm) 

(PDI) 

Dioxane 

(nm) 

(PDI) 

Water 

(nm) 

(PDI) 

5-31 P30019-b-M17-b-

(M3-grad-B190) 

Before dialysis 109  

(0.047) 

15.3 

(0.252) 

104 

(0.086) 

110  

(0.057) 

150 

(0.032) 

102 

(0.049) 

After dialysis 113  

(0.056) 

22.8 

(0.255) 

107 

(0.066) 

228  

(0.186) 

182 

(0.038) 

229 

(0.279) 

5-39 P9509-b-M15-b-

(M5-grad-B380) 

Before dialysis 111 

(0.081) 

16.7 

(0.123) 

106 

(0.107) 

126 

 (0.073) 

205 

(0.015) 

119 

(0.096) 

After dialysis 128 

(0.089) 

23.6 

(0.221) 

123 

(0.1) 

153  

(0.086) 

212 

(0.014) 

147 

(0.133) 

5-46 P95018-b-M12-b-

(M8-grad-B376) 

Before dialysis 116  

(0.172) 

17 

(0.181) 

115 

(0.222) 

114  

(0.177) 

154 

(0.075) 

112 

(0.212) 
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After dialysis 110  

(0.093) 

19.4 

(0.204) 

106 

(0.157) 

109  

(0.158) 

142 

(0.061) 

105 

(0.187) 
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Figure 5-30: DLS volume distributions of Nile Red experiments (after dialysis) in dioxane. Dash line represents 

before crosslinking (no catalyst) and solid line represents after crosslinking (with catalyst). 

 

 

Figure 5-31: DLS volume distributions of Nile Red experiments (after dialysis) in isopropanol:water (96:4 % 

v/v). Dash line represents before crosslinking (no catalyst) and solid line represents after crosslinking (with 

catalyst). 
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Table 5-16: Data of Nile Red experiments and the retention efficiency 

Entry from 

Table 5-8, 

Table 5-9, and 

Table 5-10 

Theoretical 

composition 

Concentration of 

non-encapsulated 

Nile Red (µmol L-1) 

Concentration of 

encapsulated Nile Red 

released in dioxane  

(after dialysis) 

(µmol L-1) 

Remaining concentration of 

encapsulated Nile Red in the 

particle core after dioxane 

added (after dialysis) 

(µmol L-1) 

Retention 

efficiency 

(%)# 

Before 

Crosslinking 

After 

Crosslinking 

Before 

Crosslinking 

After 

Crosslinking 

5-31 P30019-b-M17-b-

(M3-grad-B190) 

40.9 1.41 1.11 0 0.3 21.3 

5-39 P9509-b-M15-b-

(M5-grad-B380) 

15.6 2.61 1.14 0 1.47 56.3 

5-46 P95018-b-M12-b-

(M8-grad-B376) 

47.6 5.28 4.11 0 1.17 22.2 

# The retention efficiency of Nile Red in the core was calculated by using 1- ([encapsulated Nile Red released in dioxane (after crosslinking)] / [encapsulated Nile Red released 

in dioxane (before crosslinking)]). 
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Figure 5-32: TEM images of Entry 5-46 (in Table 5-15; P95018-b-M12-b-(M8-grad-B376)) in isopropanol:water 

(96:4 % v/v): (A) before dialysis (after crosslinking) and (B) after dialysis (after crosslinking). Scale bar: (A) 2 

µm and (B) 500 nm.  
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5.3 Conclusions 

 

In this work, the use of triblock copolymers with a reactive middle block have been explored 

to create interfacially crosslinked polymer nanoparticles and capsules. Two different methods 

were pursued, involving either a pre-synthesized triblock copolymer to stabilize a 

miniemulsion system, or in-situ self-assembly of a targeted copolymer. Both methods had 

comparative successes and limitations to their approach. 

 

Pre-synthesized triblock copolymers used as polymeric surfactants in stabilizing toluene/water 

miniemulsion showed the ability to effectively crosslink the interface by base catalysed 

hydrolysis and condensation, yielding hollow capsules. The capsules did not dissociate upon 

addition to dioxane, as opposed to the starting copolymer. Despite a series of optimisation with 

respect to polymer loading, polymer composition, temperature and catalyst type, the main 

deficiency of this approach was the stability of crosslinked dispersion. These dispersions were 

not suitable for long term storage, as the miniemulsion phase separated within days. The 

stability of the dispersion may be improved by partially crosslinking the MPS (to retain some 

of the solvophilic character of MPS), increasing the HLB value of polymeric surfactant, or 

using a highly oil soluble hydrophobic block (e.g by replacing BzMA with lauryl methacrylate). 

 

PISA mediated by RAFT polymerization provided an alternative approach towards the 

synthesis of triblock copolymers with similar composition to the approach above. In-situ self-

assembled nanoparticles were generated when the chain length of PBzMA block increased. 

Many factors were considered and studied to access higher order morphology, however, the 

morphology was still restricted to spherical nanoparticles, with vesicles only formed in the 
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absence of the middle PMPS block. The stability of the un-crosslinked PISA dispersion was 

varied with the type of PEGMA macroRAFT agent used and target BzMA DP. Gelation of the 

nanoparticle dispersion was observed upon storage, however this could be avoided and stability 

could be improved by crosslinking the interfacial PMPS block with the addition of a base 

catalyst. Crosslinked nanoparticles were shown to enhance the retention efficiency of Nile Red 

in the particle core in comparison to non-crosslinked particles. This shows the possibility of 

using nanoparticles with an interfacial alkoxysilyl block can be a potential candidate for the 

controlled release of hydrophobic materials.  
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Chapter 6 : Conclusions and Future Work 

 

6.1 Conclusions 

 

This thesis has focussed on the design, preparation and characterization of colloidal 

nanocomposites, specifically polymer/silica nanoparticles. Silica nanoparticles produced by 

traditional methods (e.g. emulsion, Stöber etc.) are typically spherical in structure, with some 

control over porosity. This work has used Reversible-Deactivation Radical Polymerization 

(RDRP) to explore a route to access nanoparticles of differing morphology via Polymerization-

Induced Self-Assembly (PISA). PISA mediated by RAFT polymerization provides a level of 

control of polymer synthesis in addition to particle size and shape. This thesis aimed to use the 

PISA process to produce polymer-silica nanoparticles with different shapes through the use of 

the self-assembled polymer nanoparticle as a scaffold for further chemistry. 

 

The design of polymer@silica (polymer core/silica shell) nanoparticles via a combination of 

PISA and sol-gel chemistry was successfully demonstrated. This was achieved through the use 

of an alkoxysilane-functional methacrylate as the solvophilic block and subsequent chain-

extension and self-assembly of poly(benzyl methacrylate) in ethanol. This was the first reported 

example of using monomers such as MPS (3-(trimethoxysilyl)propyl methacrylate) and IPS 

(3-(triisopropoxysilyl)propyl methacrylate) as the stabilizer block in a PISA formulation. A 

range of morphologies were observed, however the bulkier IPS stabilizer only generated 

spherical nanoparticles; polymeric vesicles were achieved in the MPS-BzMA system. The 

alkoxysilane at the particle surface was used to grow a shell of silica in a controlled fashion via 

a base-catalysed sol-gel process with tetraethylorthosilicate (TEOS). The growth of the silica 
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shell was verified via electron microscopy and the shell thickness could be adjusted by 

controlling the TEOS volume.  

 

Attempts to prepare block copolymer nanoparticles with the alkoxysilane block in the particle 

core proved a greater synthetic challenge. PISA mediated by RAFT emulsion polymerization 

was attempted to produce PEGMA-b-PMPS particles in aqueous buffer, however the 

hydrolysis and condensation of the MPS monomer under the reaction conditions used resulted 

in ineffective chain extension and extensive coagulum. Self-assembly was achieved via 

preparing diblock copolymers (PEGMA-PMPS, PEGMA-PIPS and PLMA-PMPS) by RAFT 

solution polymerization and then inducing self-assembly through the addition of a poor solvent 

(water or hexane). Only sphere nanoparticles were obtained when using PEGMA stabilizer 

block (both PEGMA-PMPS and PEGMA-PIPS). PLMA-PMPS vesicles were observed in 

hexane, suggesting that the bulky PEGMA stabilizer block hindered the access to low curvature 

morphologies in aqueous solution. In-situ crosslinking of the PMPS block during and/or after 

self-assembly was also observed, as all the self-assembled nanoparticles reported (PEGMA-

PMPS, PEGMA-PIPS and PLMA-PMPS) were unable to dissociate into unimers upon addition 

to an excess good solvent that solvated both blocks.  

 

Lastly, MPS-based block copolymers were used to explore the concept of interfacial 

crosslinking of nanoparticles. Triblock copolymers with alkoxysilane functionality in the 

middle block (e.g. PEGMA-PMPS-PBzMA) were designed and studied via two approaches. 

Triblock copolymers were first prepared by RAFT solution polymerization and then used as  

polymeric surfactants to stabilize toluene-in-water miniemulsions, following by interfacial 

crosslinking through addition of base catalyst. Various reaction conditions were optimized 
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however colloidal stability was only of the order of a few days. Despite the relatively low 

stability, hollow capsules could be observed by cross-linking the interface; the crosslinked 

structure was also confirmed by DLS measurements in a good solvent (dioxane). As an 

alternative, PISA mediated by RAFT dispersion polymerization was used to prepare self-

assembled nanoparticles of the same triblock composition. Self-assembly to form nanoparticles 

was observed, and the product stability varied from a few hours to more than a week, depending 

on the type of PEGMA macroRAFT agent and PBzMA chain length. Only spherical structures 

were observed, with the exception of removing the MPS block entirely, upon which vesicles 

formed, suggesting a critical role of the MPS block in trapping the spherical morphology 

formed. Successful interfacial crosslinking was again observed, and enhanced retention of a 

model hydrophobic compound (Nile Red) in the crosslinked particle core was reported.  

  

In summary, the versatility and applicability of alkoxysilane-functional monomers such as 

MPS has been demonstrated through its dual application in chain growth polymerization and 

as a precursor in sol-gel chemistry to create inorganic materials. This thesis has reported the 

synthesis of hybrid organic-inorganic nanoparticles via RAFT polymerization and self-

assembly through a variety of different approaches. Hybrid nanoparticles with a range of 

morphologies have been demonstrated, offering a new approach to the preparation of 

composite materials with different structures. The concepts developed in this thesis can readily 

be applied to other polymer-organic or polymer-inorganic hybrid nanoparticles in the future.  
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6.2 Future Work 

 

This work serves as a platform for the continued study of the preparation of colloidal 

nanocomposites via RDRP methods. Some suggestions and recommendations for future work 

are given below: 

 

➢ Surface modification: the surface chemistry of hybrid polymer@silica nanoparticles can 

be modified to vary their potential application and function. A range of functionalized 

alkoxysilanes are commercially available, such as fluorinated silanes (e.g. 1H,1H,2H,2H-

perfluorodecyltriethoxysilane) and amine based (e.g. (3-aminopropyl) trimethoxysilane). 

The surface of silica particles can be readily functionalized by modification with these 

silanes. A fluorinated surface would make the particles much more hydrophobic; an amine-

rich surface provides a simple route for further covalent modification at the particle surface. 

 

➢ Light-mediated polymerization: Numerous challenges were encountered in the preparation 

of MPS-based block copolymers in aqueous solution, due to the instability of the monomer 

in the reaction medium at elevated temperatures. Room-temperature redox initiation was 

applied in this work however challenges with respect to characterization still remained. 

Given the growth in light-mediated polymerization techniques involving RAFT 

polymerization, it would be interesting to pursue photopolymerization (.e.g PET-RAFT1, 

2) as a method to prepare MPS-based block copolymers (and self-assembly). Specifically, 

the absence of a thermal initiation step may aid in the synthesis of block copolymers 

without unwanted side-reactions of the MPS monomer.  
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➢ Interfacial cross-linking and monolith formation: As shown in Chapter 5, the formation of 

ABC-type triblock copolymers with MPS as the middle block was effective with respect 

to interfacial crosslinking of emulsions and polymeric nanoparticles. As block copolymers 

are routinely used to stabilize and prepare polymerizable high internal phase emulsions 

(polyHIPEs), the copolymers reported here would be interesting in polyHIPE preparation 

as the droplet interface can be readily stabilized via crosslinking, reinforcing the pore 

structure and contributing to the mechanical strength of the monolith.  
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Appendices 

 

Appendix 1:  

The predicted residual mass of alkoxysilane macroRAFT agents is estimated as follows, based 

on the below assumptions: 

➢ Effects due to polymer end-groups (dithiobenzoate and trithiocarbonate) are neglected;  

➢ The remaining residual (silica) obtained at the conclusion of TGA measurement is 

purely produced by the alkoxysilane groups within the polymer backbone upon 

elevated heating.  

➢ All carbon, hydrogen (and some oxygen) within the polymeric structure are lost via 

thermal decomposition.  

➢ Silicon (Si) in the silica produced is derived from Si in the polymeric structure.  

➢ The chamber is completely sealed and under an inert atmosphere.   

 

 

For MPS (248 g/mol) and IPS (332 g/mol) respectively, the mass fraction of Si in the structure 

is:  

MPS: % Si = 28/248 = 11.3% (by mass) 

IPS: % Si = 28/332 = 8.4% (by mass) 
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Assuming all available Si is converted into SiO2 (60 g/mol), the predicted residual mass is: 

Residual mass (MPS):  60/248 = 24.3% 

Residual mass (IPS):  60/332 = 18.1%  

However, this predicted mass represents a lower bound on the actual value, which is ~ 15% 

greater. It is postulated that a significant carbon content remains, potentially incorporated into 

the cross-linked residue. 

 

 

Appendix 2: 

Size prediction of hybrid polymer-silica particles after TEOS growth:  

dpred = dseed√
1.8x + 1.18

1.8x

3

  

x = 
seed (g)

silica (g)
; silica(g) = 

mTEOS × 61

208
  

 

The density of the silica shell is assumed to be ~ 1.8 g/cm3 and the density of the seed particle 

is assumed to be equivalent to the density of poly(benzyl methacrylate), which is 1.18 g/cm3.  

 

Reference: I. Tissot, C. Novat, F. Lefebvre and E. Bourgeat-Lami, Macromolecules, 2001, 34, 

5737-5739. 


