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Abstract 
This thesis describes the reversible addition-fragmentation chain transfer (RAFT) polymerisation of block 
copolymer nanoparticles in water. Firstly, a water-soluble poly(glycerol monomethacrylate) (PGMA) 
macromolecular chain-transfer agent (macro-CTA) was synthesised via RAFT solution polymerisation in ethanol. 
The PGMA macro-CTA is then chain-extended with 2-hydroxypropyl methacrylate (HPMA) via RAFT aqueous 
dispersion polymerisation. Polymerisation-induced self-assembly (PISA) occurs under these conditions, where 
the miscible HPMA monomer polymerises to form an insoluble poly (2-hydroxypropyl methacrylate) block, thus 
driving in situ formation of spheres, worms or vesicles. These PGMA-PHPMA diblock copolymers are then 
chain-extended with benzyl methacrylate (BzMA) via ‘seeded’ RAFT aqueous emulsion polymerisation to 
prepare PGMA-PHPMA-PBzMA triblock copolymers. In Chapter Two, a series of model framboidal PGMA-
PHPMA-PBzMA triblock copolymer vesicles are synthesised with excellent control over surface roughness. 
Transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS) were utilised to characterise 
these nanoparticles, which were subsequently used to stabilise n-dodecane emulsion droplets in water. The 
adsorption efficiency, Aeff, of the nanoparticles at the n-dodecane/water interface was determined as a function of 
increasing vesicle surface roughness using a turbidimetry assay. A strong correlation between surface roughness 
and Aeff was observed, with Aeff increasing from 36 % up to 94 %. This is a significant improvement in Pickering 
emulsifier efficiency compared to that reported previously for similar vesicles with smooth surfaces. In Chapter 
Three, a series of PGMA-PHPMA-PBzMA triblock copolymer worms and spheres are synthesised. For certain 
block compositions, highly anisotropic worm-like particles are obtained, which are characterised by SAXS and 
TEM. The design rules for accessing higher order morphologies (i.e. worms or vesicles) are briefly explored. 
Surprisingly, vesicular morphologies cannot be accessed by targeting longer PBzMA blocks – instead only 
spherical nanoparticles are formed. SAXS is used to rationalise these counter-intuitive observations, which are 
best explained by considering subtle changes in the relative enthalpic incompatibilities between the three blocks 
during the growth of the PBzMA block. Finally, these PGMA-PHPMA-PBzMA worms are evaluated as 
Pickering emulsifiers for the stabilisation of oil-in-water emulsions. Millimetre-sized oil droplets were obtained 
using low-shear homogenisation (hand-shaking) in the presence of 20 % vol. n-dodecane. In contrast, control 
experiments performed using PGMA-PHPMA diblock copolymer worms indicated that these more delicate 
nanostructures did not survive even these mild conditions. In the latter two experimental Chapters of this thesis, 
PISA is used to design block copolymer nanoparticles as potential drug delivery vehicles. Thus, PGMA-PHPMA 
diblock copolymer vesicles are prepared in the presence of varying amounts of silica nanoparticles of 
approximately 18 nm diameter. After centrifugal purification to remove excess non-encapsulated silica 
nanoparticles, analysis confirms encapsulation of up to hundreds of silica nanoparticles per vesicle. Silica is a 
model payload: it has high electron contrast compared to the copolymer and its thermal stability enables 
quantification of the loading efficiency via thermogravimetric analysis. Encapsulation efficiencies can be 
obtained using disk centrifuge photosedimentometry, since the vesicle density increases at higher silica loadings 
while the mean vesicle diameter remains essentially unchanged. SAXS is used to confirm silica encapsulation, 
because a structure factor is observed at q ~ 0.25 nm-1. A new two-population model provides satisfactory data 
fits to the SAXS patterns and allows the mean silica volume fraction within the vesicles to be determined. These 
silica-loaded vesicles constitute a useful model system for understanding the encapsulation of globular proteins, 
enzymes or antibodies within block copolymer vesicles for potential biomedical applications. They may also 
serve as an active payload for self-healing hydrogels or repair of biological tissue. Finally, by targeting a 
relatively short PHPMA block, PGMA-PHPMA vesicles can be obtained that lie close to the worm-vesicle phase 
boundary, rendering them thermo-responsive. The thermo-responsive nature of these vesicles enables thermally-
triggered release of the encapsulated silica nanoparticles simply by cooling to 0-10oC, which induces a 
morphological transition. TEM studies confirm the change in diblock copolymer morphology and also enables 
direct visualisation of the released silica nanoparticles. Time-resolved small angle X-ray scattering is used to 
quantify the extent of silica release over time. For these experiments, the purified silica-loaded vesicles were 
cooled to 0oC for 30 min and SAXS patterns were collected every 15 s. For PGMA-PHPMA vesicles synthesised 
in the absence of silica nanoparticles, vesicles remained intact for 8 minutes before a vesicle-to-worm transition 
occurs. Thereafter, a worm-to-sphere transition occurs after 12 min at 0oC. For lower silica loadings, cooling 
induces a vesicle-to-sphere transition with subsequent nanoparticle release. For higher silica loadings, cooling to 
0oC for 30 min only leads to perforation of the vesicle membranes, but silica nanoparticles are still released 
through the pores. For vesicles prepared in the presence of 30 % w/w silica, a new SAXS model has been 
developed to determine both the mean volume fraction of encapsulated silica remaining within the vesicles and 
also the scattering length density of the vesicle. Satisfactory data fits to the experimental SAXS patterns were 
obtained using this model. These results indicate that 68 % of the encapsulated silica is released from the vesicles 
after being held at 0oC for 30 min.  
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Introduction 
A polymer is a long-chain molecule comprising a series of covalently-bonded repeat 

units called monomers. Vinyl monomers are the focus of this thesis. Linear polymers 

are formed when monofunctional vinyl monomers are used.1 A polymer containing 

two or more different monomers is known as a copolymer. Statistical, alternating and 

block copolymers are common examples of linear polymers. Linear block 

copolymers, specifically AB diblock and ABC triblock copolymers (see Figure 1.1), 

are of particular interest in this thesis. 

 
Figure 1.1. Schematic illustration of the linear block copolymers used in this thesis,2, 3 where A 
(red), B (blue) and C (green) represent different vinyl monomers. 

Polymerisation Techniques 
Free Radical Polymerisation 
This is a type of chain growth polymerisation. It is applicable to a wide range of 

functional vinyl monomers and this chemistry can be conducted under various 

physical conditions (solution, emulsion, dispersion, suspension etc.). There are four 

key steps to free radical polymerisation: initiator decomposition, chain initiation, 

propagation and termination. A typical free radical polymerisation reaction scheme is 

shown in Figure 1.2. 

 
Figure 1.2. Free radical polymerisation reaction mechanism showing initiator decomposition, 
monomer initiation, chain propagation and chain termination steps, where I = initiator, R = 
radical, M = monomer, H = hydrogen, n and m are the mean degrees of polymerisation. 
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The formation of primary free radicals (R•) is usually achieved by thermal 

decomposition of the initiator (I) via homolytic dissociation of a covalent bond in the 

initiating species (see Figure 1.3). Common free radical initiators that undergo 

homolytic scission via thermolysis contain either azo (-N=N-) or peroxide (O-O-) 

groups.  

 
Figure 1.3. Reaction mechanism for the thermal decomposition of two common free radical 
initiators: (a) benzoyl peroxide and (b) 4,4’-azobis-4-cyanopentanoic acid. These reagents 
undergo homolytic cleavage on heating to generate primary radical species.  

Initiation then occurs when a primary free radical (R•) reacts with a vinyl monomer 

(M) to produce a chain-initiating radial (RM1•). It is this initiation step (specifically 

initiator decomposition) which is the rate-determining step for free radical 

polymerisation (see below for a more detailed kinetics discussion). Successive 

monomer additions then occur during propagation, until chain termination occurs. 

Termination of the chain can occur in one of two ways, either by combination or 

disproportionation. This is one reason why free radical polymerisation forms 

polymers that are relatively polydisperse. If termination occurs by combination, two 

radical chains combine to form a single bond and the resulting polymer has a 

molecular weight equal to the sum of the two original polymer radicals (producing 

RMn+mR’). Alternatively, termination by disproportionation may occur, whereby a 

hydrogen atom is transferred from one polymer chain to another, resulting in a 

terminal vinyl group on one chain and a hydrogen-capped chain (producing 

RMn(CH=CH2) + R’Mm).  

The rate of polymerisation is the rate at which monomer is consumed. Monomer 

consumption occurs in both the initiation and propagation steps. However, monomer 

consumption during initiation is negligible relative to that consumed during the 
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propagation step. Therefore, the rate of polymerisation can be approximated to the 

rate of propagation: 

 

 
-

d[M]
dt

 ≈  Rp = kp [RMn
 •] [M] (1.1) 

 

where [M] is the monomer concentration, kp is the rate constant of propagation, Rp is 

the rate of propagation and [RMn•] is the polymer radical concentration. It is 

assumed that the rate of initiation (Ri) is equal to the overall rate of radical 

termination by combination and disproportionation (Rt, where Rt = Rtc and Rtd). 

Therefore, the concentration of polymer radicals, [RMn•], is constant throughout the 

polymerisation. Consequently, the rate of change of radical concentration is 

effectively zero (this is the so-called steady-state approximation). This can be 

expressed as: 

 

 
-

d[RMn
 •]

dt
= Ri - Rt = 0 (1.2) 

 

If we then substitute into this rate equation for the overall rate of termination by 

combination and disproportionation, we obtain Equation 1.3: 

 

   Ri - 2 kt [RMn
 •] [RMn

•] = 0  (1.3) 

 

Combining Equation 1.2 and Equation 1.3, we obtain an expression for the overall 

rate of initiation or termination (Equation 1.4): 

 

  Ri = Rt =  2 kt [RMn
 •]2 (1.4) 

 

where kt is the overall rate constant for radical termination (i.e. kt = ktc+ktd). The 

numerical factor of two arises because two polymer radicals are destroyed in each 

termination event. Equation 1.4 can be rearranged in terms of [RMn•] and substituted 

into Equation 1.1 to give Equation 1.5: 
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Rp = kp [M] �

Ri

2 kt
�

1/2

 (1.5) 

 

Thus, the rate of propagation, Rp, has a square-root dependence on the initiation rate, 

Ri. As discussed earlier, initiation consists of two steps: (i) generation of primary 

radicals by dissociation of the initiator (commonly by thermolysis), followed by (ii) 

the addition of one monomer unit to generate the secondary radical adduct. The first 

step is much slower than the latter. Therefore, initiator decomposition is considered 

the rate-determining step for initiation, see Equation 1.6: 

 

 Ri = Rd = 2 f kd [I ] (1.6) 

 

where Ri  is the rate of initiation, Rd is the rate of decomposition, f is the initiator 

efficiency, kd is the rate constant for initiator decomposition and [I] is the initiator 

concentration.  The initiator efficiency is defined as the fraction of radicals produced 

that go on to initiate polymer chains. Equation 1.6 can now be substituted into 

Equation 1.5 to give the rate equation for free radical chain polymerisation: 

 

 
Rp =  kp [M] �

f kd [I ]
kt

�
1/2

 (1.7) 

 

Equation 1.7 shows that the rate of free radical polymerisation depends on the square 

root of the initiator concentration and is first order with respect to monomer 

concentration. 

As discussed above, in a free radical polymerisation, the rate of initiation is 

significantly slower than the rate of propagation (Ri < Rp).4 Consequently, once 

initiation does occur, high molecular weight polymers are formed relatively quickly, 

making it difficult to control the molecular weight distribution of the resulting 

polymer. Moreover, if initiation continues to occur under monomer-starved 

conditions, the resulting polymer chains will be much shorter than those chains 

initiated at the beginning of the reaction.   
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Dispersion Polymerisation 
Dispersion polymerisation was developed by researchers at both ICI5 and Rohm & 

Haas6 in the early 1960s as a method of producing near-monodisperse particles in the 

range of 0.1 to 15 μm.7 In conventional free radical dispersion polymerisations, the 

continuous phase is a good solvent for the monomer, free radical initiator and steric 

stabiliser, but a non-solvent for the growing polymer chains. Therefore, the reaction 

mixture is initially homogeneous but becomes heterogeneous as the polymerisation 

progresses.  Short polymer chains (oligomers) are formed and grow to a certain 

critical chain length, whereby nucleation occurs and  the polymer chains precipitate 

from solution, leading to the formation of primary particles.8 These primary particles 

are swollen by the polymerisation medium and/or the monomer. As a result, 

polymerisation progresses within the individual particles, leading to the formation of 

colloidally stable spherical polymer latex particles.9 The steric stabiliser is used to 

prevent macroscopic precipitation. In the absence of this steric stabiliser, the polymer 

chains would simply precipitate from solution. The steric stabiliser must have two 

distinct properties: (i) it must contain at least one segment with an affinity for the 

polymer particle surface and (ii) it must contain a segment that is soluble in the 

chosen solvent.8  

Emulsion Polymerisation 
Emulsion polymerisation was established at the Goodyear Tyre and Rubber 

Company in the 1920s.10 It produces a free-flowing aqueous dispersion of latex 

particles from which the polymer can be readily separated if required.11 A typical 

free radical emulsion polymerisation comprises a water-immiscible monomer, a 

surfactant, a solvent-soluble free-radical initiator and water.12 As the monomer is not 

soluble in the continuous phase, emulsion polymerisation is heterogeneous from the 

outset. However, the initiator and stabiliser are soluble in the continuous phase. The 

monomer has relatively low water solubility but is dispersed in the continuous phase 

by the surfactant (the monomer is largely confined within the monomer droplets and 

surfactant micelles).  

Emulsion polymerisation offers many advantages over other polymerisation 

techniques. The low viscosity and high heat capacity of water leads to efficient 

stirring and excellent heat dissipation, respectively. Water is also a cheap and 
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environmentally-friendly solvent. Emulsion polymerisation also allows high 

molecular weight polymers to be generated at high rates and to very high 

conversions, with the latex products often requiring little or no further processing. 

One disadvantage to conventional emulsion polymerisation is that a high level of 

surfactant is usually required in order to disperse the water-immiscible monomer in 

the form of emulsion droplets. 

Living Anionic Polymerisation 
Living anionic polymerisation has become a widely used method of polymerisation 

since the pioneering work of Szwarc and co-workers13 in 1956 whereby the 

propagating species was a carbanion.10 Thus, there is electrostatic repulsion between 

the growing anionic polymer chain-ends and hence living anionic polymerisations 

involve no intrinsic termination step. This allows the synthesis of narrow molecular 

weight distribution polymers with predictable target molecular weights, according to 

Equation 1.8, where the number-average molecular weight (Mn) is simply calculated 

by the mass of monomer divided by the number of moles of initiator.14 

 

 Mn (g mol-1) = 
M (g)

I (mol)
 (1.8) 

 

The average number of structural units per polymer chain, otherwise known as the 

number-average degree of polymerisation (DP), can be targeted by adjusting the 

molar ratio of the monomer and initiator, as shown in Equation 1.9. 

 

 
DP = 

[M ]
[I ]  (1.9) 

 

In living anionic polymerisation, the rate of initiation is much faster than the rate of 

propagation (ki >> kp).15 This ensures that all chains are initiated at the same time 

and subsequently grow uniformly. Thus the molecular weight increases linearly with 

conversion. This is in contrast to free radical polymerisation, whereby the molecular 

weight increases very quickly, then attains an approximately constant value (see 

Figure 1.4).  
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Figure 1.4. Molecular weight vs. conversion curves for living anionic polymerisation and free 
radical polymerisation.16 

The monomer (and growing chain-ends) must be able to stabilise anionic charge. 

Hence suitable monomers for living anionic polymerisation include vinyl monomers 

(H2C=CHX) with electron-withdrawing X groups (e.g. phenyl, cyano or ester 

functionalities). The choice of solvent is also important. Protic solvents such as water 

or ethanol react rapidly with the active anion species via proton abstraction and thus 

are unsuitable. For the same reason, any protic impurities in the monomer must be 

completely removed prior to polymerisation and all glassware must be thoroughly 

dried to remove traces of moisture.  

Living anionic polymerisation enables synthesis of well-defined block copolymers by 

sequential monomer addition, along with functionalised chain-ends by selective 

termination with appropriate reagents such as dry carbon dioxide or ethylene oxide.17 

In their initial communication, Szwarc et al.18 reported the synthesis of  

polyisoprene-polystyrene-polyisoprene (PI-PS-PI) triblock copolymers via sequential 

monomer addition. Although this is a good example of living polymerisation, PI-PS-

PI is not a particularly useful material. In 1963, Holden and Milkovich19 patented the 

synthesis of polystyrene-polybutadiene-polystyrene (PS-PB-PS) using an n-
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butyllithium initiator in a hydrocarbon solvent. These triblock copolymers were 

commercialised by Shell Chemicals (now Kraton). Since the PS and PB blocks are 

enthalpically incompatible, they form microphase-separated structures in the solid 

state. The relatively short outer PS blocks have a high glass transition temperature 

(Tg) whereas the relatively long inner PB block has a low Tg. Hence these 

copolymers are useful as thermoplastic elastomers or gels.18 Other applications for 

related PS-PB block copolymers include lubricants and diesel soot dispersants. 

BASF markets a range of PS-PB star diblock and star-tapered copolymers made by 

coupling four living PS-PB chains.20, 21 With high PS and low PB content (known 

as Styrolux®), such materials are used as tough impact-resistant thermoplastics. In 

contrast, copolymers comprising low PS and high PB content (known as Styroflex®) 

produce highly flexible transparent wrapping material. Similarly, a PS-PI star 

diblock copolymer is produced by Phillips under the trade name Solprene®.22 A 

similar product is marketed as a viscosity modifier (thickener) for engine oils by 

Kraton.23  

However despite its impressive control over molecular weight distribution and 

copolymer architecture, the synthetic utility of anionic polymerisation is rather 

limited. This is because this technique is only suitable for a relatively small sub-set 

of vinyl monomers.  

Controlled/Living Radical Polymerisation 
Controlled/living radical polymerisation is a ‘pseudo-living’ technique. Such 

polymerisations are characterised by the suppression of chain termination relative to 

chain propagation. This is achieved by creating a rapid equilibrium between active 

and dormant chains. Active polymer radicals are reversibly deactivated to minimise 

the probability of premature termination. Although termination is reduced 

considerably, it is still present to some extent. Consequently, there has been some 

dispute over nomenclature. Hence the International Union of Pure and Applied 

Chemistry (IUPAC) has recommended using the term “reversible deactivation 

radical polymerisation” (RDRP).15 Examples of RDRP include nitroxide-mediated 

polymerisation (NMP) and atom transfer radical polymerisation (ATRP). One of the 

most widely used types of RDRP is reversible addition-fragmentation chain transfer 
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(RAFT) polymerisation.15, 24 This is the synthetic technique used in this thesis and 

will be discussed in detail later. 

Block Copolymer Self-Assembly 
Self-assembly occurs spontaneously and is a thermodynamically-driven process. The 

self-assembled structures are not held together by strong covalent or ionic bonds but 

by weaker van der Waals interactions, hydrogen bonding and screened electrostatic 

interactions.25 This results in soft, flexible materials that can respond to changes in 

the solution pH or electrolyte concentration.  

The assembly of amphiphilic AB diblock copolymers has been extensively 

researched.26-29 Block copolymers can undergo self-assembly in the bulk26, 30 as well 

as in solution.31 In the former case, microphase separation is typically observed as a 

result of the enthalpic incompatibility between the blocks.27 In solution, amphiphilic 

block copolymers can self-assemble to form various morphologies, including 

spherical micelles,32 worm-like micelles33 and vesicles.34 Three parameters influence 

the final copolymer morphology: (1) the volume fraction fA and fB for the A and B 

blocks, where the total volume fraction must equal unity (fA + fB = 1); (2) the total 

DP (N) of the two blocks (where N = DPA + DPB); (3) the Flory-Huggins parameter, 

χAB (defined in Equation 1.10), which describes the incompatibility between the two 

blocks.35-37 

 

𝝌𝝌𝐀𝐀𝐀𝐀 =  �
𝟏𝟏

𝒌𝒌𝐁𝐁𝑻𝑻� �𝜺𝜺𝐀𝐀𝐀𝐀 −  
𝟏𝟏
𝟐𝟐

(𝜺𝜺𝐀𝐀𝐀𝐀 + 𝜺𝜺𝐁𝐁𝐁𝐁)� (1.10) 

 

Here kB is the Boltzmann constant, T is the absolute temperature and εAB, εAA and 

εBB are the three interaction energies for the A and B blocks.35 The Flory-Huggins 

parameter varies inversely with temperature and this parameter is positive when A-B 

interactions result in an increase in the overall energy. Combining the Flory-Huggins 

parameter (χAB) with the DP can give the degree of segregation (χN) between the two 

blocks. Comparing this to the block volume fraction allows prediction of the 

copolymer morphology formed for the AB diblock. When fA is 0.5 (equal volume 

fractions of the A and B blocks) then lamellae are observed. At lower fA values, 
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either spheres or worms are expected. Increasing fA above 0.5 leads to inverted 

structures.38 

In solution, the precise nanostructure that is formed depends on the hydrophilic/ 

hydrophobic balance of the copolymer, which changes the molecular curvature.39 If 

the hydrophilic block is kept constant, and the length of the hydrophobic core-

forming block is increased, the resulting reduction in curvature can lead to the 

formation of higher-order morphologies such as cylindrical (worm-like) micelles or 

vesicles (Figure 1.5).39 The curvature is related to the packing parameter, P, which is 

defined in Equation 1.11: 

 

𝑷𝑷 =  
𝒂𝒂𝟎𝟎

𝒍𝒍𝐜𝐜 𝒗𝒗
 (1.11) 

 

where a0 is the optimal area of the head-group (or the hydrophilic stabiliser block), lc 

is the chain length of the hydrophobic core-forming block and v is the volume of the 

hydrophobic core-forming block. 

 
Figure 1.5. Self-assembly of an AB diblock copolymer into three different morphologies 
depending on the curvature of the copolymer in solution.39 Cylindrical micelles are also known 
as worms. The packing parameter, P, depends on the optimal area of the hydrophilic group, a0, 
the volume of the hydrophobic block, v, and the chain length of the hydrophobic block, lc. 
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Such block copolymer nano-objects can be prepared using post-polymerisation 

processing techniques, such as rehydration of a copolymer film,40 addition of a non-

solvent for the membrane forming block,41, 42 or by a temperature42 or pH43 trigger. 

Such processes are usually conducted in dilute solution (e.g. < 1 % w/w copolymer).  

Over the past five years or so, polymerisation-induced self-assembly (PISA) has 

become established as a powerful tool for the rational design and efficient synthesis 

of a wide range of diblock copolymer nano-objects in either aqueous or non-aqueous 

media.44-47 One advantage of this technique is that block copolymer nanoparticles 

can be prepared at copolymer concentrations of up to 25 % w/v solids.48-52 PISA will 

be used throughout this thesis to prepare a wide range of block copolymer nano-

objects. 

Reversible Addition-Fragmentation Chain Transfer 
(RAFT) Polymerisation 
Mechanism 
RAFT is a type of controlled ‘living’ radical polymerisation that can produce well-

defined block copolymers.53 It was first reported by Rizzardo and co-workers53 in 

1998. RAFT polymerisation provides good control over the copolymer molecular 

weight, with narrow molecular weight distributions (Mw/Mn < 1.30) being routinely 

achievable.54 The choice of RAFT chain transfer agent (CTA) is essential for a well-

controlled polymerisation.24 The generic chemical structures for a dithioester and 

trithiocarbonate RAFT CTA are shown in Figure 1.6. 

 
Figure 1.6. Generic chemical structures for (a) a dithioester and b) a trithiocarbonate RAFT 
chain transfer agent, where R is a good radical leaving group and Z is a good stabilising group. 

The Z group activates the C=S bond towards radical addition and stabilises the 

transition state formed on addition of the propagating radical. The R group must be a 

good radical leaving group, but should also be capable of re-initiating 

polymerisation.53 Like living polymerisation, the target DP does not depend on any 

rate constants or other kinetic parameters. Instead, the DP is simply given by the 
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monomer concentration divided by the RAFT CTA concentration, as shown in 

Equation 1.12. 

 

 
DP = 

[M ]
[CTA] (1.12) 

 

The RAFT polymerisation mechanism15, 24 is based on the same four steps already 

presented for free radical polymerisation, however the propagation step is different 

(see Figure 1.7). Initiation involves a conventional free radical initiator such as azo 

or peroxide compounds to generate radicals, which then react with multiple 

monomer units to generate polymer radicals (Pn•). 

 
Figure 1.7. The postulated RAFT mechanism as outlined by Rizzardo et al,55 where I = initiator, 
M = monomer, P = polymer and R = radical. 

RAFT propagation has the additional kinetic steps of reversible chain transfer, 

reinitiation and chain equilibrium, as shown in Figure 1.7.55 Reversible chain transfer 

involves a growing polymer radical reacting with the RAFT CTA, resulting in the 

removal of a radical (R•). This radical reinitiates the polymerisation, reacting with 
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monomer units to form a new polymer radical (Pm•), which then reversibly adds to 

the polymeric CTA produced in the reversible chain transfer step. This is the chain 

equilibrium step which enables controlled chain growth,56 thus allowing specific 

molecular weights to be targeted and giving narrow molecular weight distributions. 

RAFT suppresses the rate of termination of polymer radicals relative to the rate of 

propagation, but some background termination is still present.55 The probability of 

termination (and hence chain-end deactivation) increases under monomer-starved 

conditions. Therefore, these polymerisations are often quenched prior to complete 

conversion to allow the RAFT CTA to remain attached to the polymer chains for 

subsequent chain extension, if required. The ‘living’ nature of the RAFT mechanism 

is an important aspect which will be utilised in this project to design novel block 

copolymer nano-objects.  

One disadvantage of RAFT polymerisation is that it produces intrinsically coloured 

and occasionally malodorous polymers, both of which are due to the sulfur-based 

RAFT CTA end-group.57 However, removal of the RAFT end-group under 

controlled conditions after polymerisation can be achieved via aminolysis,58 

ozonolysis,59 bond cleavage using radicals derived from addition of excess 

initiator,60, 61 thermolysis,62 addition of hydrogen peroxide63 or light-mediated 

removal.64  

RAFT Solution Polymerisation 
One essential requirement for a solution polymerisation is that the monomer and the 

resulting polymer should be sufficiently soluble in the chosen solvent. RAFT 

solution polymerisations can be performed in many solvents, such as alcoholic 

media65-67, n-alkanes44, 68 and water.69  

RAFT Aqueous Dispersion Polymerisation 
One important difference between conventional dispersion polymerisation and RAFT 

dispersion polymerisation is that the steric stabiliser used in the latter technique is a 

solvent-soluble macro-CTA, previously synthesised by RAFT solution 

polymerisation. The solvent-miscible monomer polymerises from the macro-CTA to 

form oligomers. These oligomers are soluble in the solvent up to a certain critical 

DP. Thereafter, the growing polymer becomes insoluble in the solvent, causing 
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precipitation to form nascent diblock copolymer particles, which are stabilised by the 

solvent-soluble macro-CTA.  

RAFT aqueous dispersion polymerisation requires chain extension of a water-soluble 

polymer with a water-miscible monomer that polymerises to form a water-insoluble 

polymer.70 The use of aqueous media for RAFT polymerisations offers several 

advantages: water is cheap, non-toxic, non-flammable and has a high heat capacity. 

This means it is attractive on an industrial scale for both economic and 

environmental reasons. 

The use of RAFT aqueous dispersion polymerisation for the synthesis of well-

defined nanoparticles was first reported in 2010 by Li and Armes.71 The prototype 

formulation was based on chain extension of a poly(glycerol monomethacrylate) 

(PGMA or G) macromolecular chain transfer agent (macro-CTA) using 2-

hydroxypropyl methacrylate (HPMA); the chemical structures of these glycerol 

monomethacrylate (GMA) and HPMA monomers are shown in Figure 1.8. 

 
Figure 1.8. Chemical structures of glycerol monomethacrylate (GMA) and 2-hydroxypropyl 
methacrylate (HPMA). In each case only the major isomer is shown.72 

The initial reaction solution is homogeneous since HPMA is water-miscible up to 10 

% w/w at 70 oC.73 As the RAFT polymerisation proceeds, the growing poly(2-

hydroxypropyl methacrylate) (PHPMA or H) chains become water-insoluble. At this 

nucleation point in situ self-assembly occurs to form nanoparticles comprising a 

PHPMA core that are stabilised by the water-soluble PGMA chains. Since such self-

assembly occurs as a result of the polymerisation, this process is called 

polymerisation-induced self-assembly (PISA). Two important parameters dictate the 
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final morphology of the copolymer: (i) the relative mean degree of polymerisation 

(DP) of the hydrophilic and hydrophobic blocks; (ii) the total solids concentration at 

which the PISA synthesis is conducted.48 By systematically adjusting these 

parameters, a range of morphologies can be observed such as spherical micelles, 

worm-like micelles, and vesicles, plus various other, more transient, species such as 

branched worms, partially coalesced worms, nascent bilayers, “octopi” and 

“jellyfish”.49 Spherical micelles, worm-like micelles and vesicles can be reproducibly 

targeted for this versatile PGMA-PHPMA formulation following the construction of 

a predictive phase diagram, as shown in Figure 1.9.50 

 
Figure 1.9. Phase diagram and selected transmission electron microscopy (TEM) images for a 
series of PGMA78-PHPMAy diblock copolymers synthesised by RAFT aqueous dispersion 
polymerisation at concentrations ranging from 10 to 25 w/w % [S = spherical micelles, W = 
worms, and V = vesicles].50 
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However, higher order morphologies are not always achievable. Blanazs et al.50 

found that when a PGMA112 stabiliser block was chain-extended with a sufficiently 

long PHPMA core-forming block, only spherical micelles were formed. The in situ 

evolution of morphology from spheres to worms or vesicles is most likely prevented 

as a result of more effective steric stabilisation, which impedes initial particle fusion. 

In order for higher order morphologies to be achieved, spherical micelles must first 

fuse together to form worms. If this sphere-to-worm transition cannot occur, the final 

morphology is simply kinetically-trapped spheres, regardless of the diblock 

copolymer asymmetry. 

More recently, Warren et al.52 tested the vesicular morphology to destruction. A 

series of PGMA55-PHPMAy diblock copolymers were synthesised, with y ranging 

from 200 to 1000. DLS and SAXS studies indicated minimal change in the overall 

vesicle diameter when y = 400 to 800. However, the mean membrane thickness 

increased, hence the vesicle lumen must become smaller if the external vesicle 

dimensions remains constant (see Figure 1.10). Vesicle ‘death’ occurs when y 

exceeds 1000, which is thought to be due to greater steric congestion of the inner 

(vesicle lumen) stabiliser chains with increasing inner curvature.  

 
Figure 1.10. Evolution of vesicle membrane core thickness (Tm) with PHPMA DP (y) for a series 
of PGMA55-PHPMAy block copolymer vesicles, measured using SAXS. The error bars in the 
SAXS data indicate the membrane polydispersity. Note: Figure adapted from Warren et al.52 
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RAFT Aqueous Emulsion Polymerisation 
The main difference between conventional emulsion polymerisation and RAFT 

emulsion polymerisation is that there is no need for surfactant to be present in the 

latter technique. Instead, a polymeric surfactant is used, such as a hydrophilic macro-

CTA. The water-immiscible monomer polymerises from the water-soluble macro-

CTA, and the growing chains remain soluble in the reaction solution up to a critical 

DP. At this point, the hydrophobic oligomer becomes insoluble and self-assembles 

into micelles where the hydrophilic macro-CTA acts as a steric stabiliser for the 

nanoparticles. RAFT aqueous emulsion polymerisation offers some advantages over 

other controlled radical polymerisation techniques given its compatibility with a 

wide range of vinyl monomers, functional groups and experimental conditions. In 

contrast, RAFT aqueous dispersion polymerisation is only applicable to a rather 

limited set of vinyl monomers.51 

RAFT aqueous emulsion polymerisation has been investigated in considerable detail 

in recent years. Hawkett et al. developed the first successful RAFT emulsion 

polymerisation formulation by chain extending a poly(acrylic acid) macro-CTA 

using n-butyl acrylate to form stable latex particles.74-76 Furthermore, poly(acrylic 

acid)-poly(styrene)-poly(n-butyl acrylate) triblock copolymers were formed, leading 

to the formation of stable latexes.77 

More recently, Charleux and co-workers studied a range of hydrophilic stabiliser 

blocks (acrylic,78-80 methacrylic,81 and acrylamide82) and hydrophobic core-forming 

blocks (n-butyl acrylate,82 styrene,81, 83, 84 methyl methacrylate,85 and benzyl 

methacrylate86). Various formulations have been optimised to give high conversions, 

narrow molecular weight distributions and good control over the copolymer 

morphology. The first example of RAFT emulsion polymerisation to yield non-

spherical nano-objects involved a poly(acrylic acid-co-ethylene oxide) methyl ether 

acrylate) macro-CTA.81 This bifunctional water-soluble precursor was chain-

extended using styrene to form a series of diblock copolymer nanoparticles.81 PISA 

led to the formation of spheres, fibres (worms) or vesicles. Pure phases were 

achieved by replacing this acrylic macro-CTA with the equivalent methacrylic 

macro-CTA for the polymerisation of styrene.87 An extensive review article 

summarising the development of RAFT emulsion polymerisation was published in 

2012.88  
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A more recent study by Cunningham et al.89 showed that a non-ionic water-soluble 

PGMA51 macro-CTA (synthesised by RAFT solution polymerisation) could be 

chain-extended with benzyl methacrylate (BzMA) via RAFT aqueous emulsion 

polymerisation to form diblock copolymer nanoparticles. Despite exploring a wide 

range of variables such as the PGMA DP, PBzMA DP and copolymer concentration, 

only spherical morphologies could be obtained. It is still not understood why this is 

so often the case for such RAFT aqueous emulsion polymerisation formulations. It is 

postulated that diffusion of the water-immiscible BzMA monomer through the 

aqueous phase may occur too slowly on the time scale of the polymerisation to 

provide sufficient plasticisation of the growing PBzMA blocks. However, this 

hypothesis does not explain why Charleux et al. managed to achieve higher order 

morphologies using styrene as the core-forming block.77, 82, 85 

Framboidal Nanoparticles 
Various types of diblock copolymer nanoparticles can be readily synthesised via 

PISA using RAFT aqueous dispersion polymerisation. Chambon et al. showed that 

such formulations have sufficiently good living character to allow the production of 

well-defined ABC triblock copolymer vesicles via addition of a third comonomer.90 

Thus, addition of water-immiscible BzMA to a linear PGMA-PHPMA AB diblock 

copolymer vesicle precursor leads to novel framboidal ABC triblock copolymer 

vesicles via a seeded RAFT emulsion polymerisation mechanism. Here the BzMA is 

solubilised within the hydrophobic vesicular membrane and is polymerised therein. 

The chemical structure of these ABC triblock copolymer vesicles is shown in Figure 

1.11, whereby the values of x and y are fixed for the AB diblock vesicle precursor, 

and z is systematically varied. 
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Figure 1.11. Chemical structure of a series of PGMAx-PHPMAy-PBzMAz triblock copolymers 
prepared by Chambon et al. whereby x = 58, y = 350 and z ranges from 200 to 400.90 

As the BzMA polymerises, nano-scale phase separation within the hydrophobic 

vesicular membrane occurs, which is driven by enthalpic incompatibility between the 

PHPMA and the PBzMA blocks. This leads to the efficient production of framboidal 

(raspberry-like) ABC triblock copolymer vesicles. Transmission electron microscopy 

(TEM) studies reveal distinctive globules on the surface of the vesicles. 

 
Figure 1.12. Representative transmission electron micrographs obtained for (a) linear diblock 
copolymer precursor vesicles and (b), (c) and (d) framboidal triblock copolymer vesicles.90 

Chambon et al.90 showed that the globule size (and consequently the surface 

roughness) can be tuned by varying the mean target degree of polymerisation of the 

PBzMA block (as shown in Figure 1.12). This suggests that the globules are mainly 

composed of PBzMA, which is the more hydrophobic of the two core-forming 

blocks.  

Gel permeation chromatography (GPC) studies indicated unimodal traces for these 

framboidal ABC triblock copolymer vesicles with high blocking efficiencies being 

observed for the PGMA macro-CTA and the PGMA-PHPMA diblock precursor 

vesicles (see Figure 1.13). However, polydispersities of 1.21, 1.44 and 1.50 were 

obtained for target PBzMA DPs of 200, 300 and 400, respectively.90 These molecular 
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weight distributions were somewhat broader than those expected for RAFT 

polymerisations (for which Mw/Mn ≤ 1.30 is typical).54 This problem is most likely 

due to the relatively low macro-CTA/initiator molar ratio of 2.0 used in these 

polymerisations, resulting in less control over the polymerisation.55  

 
Figure 1.13. DMF GPC curves (vs poly(methyl methacrylate) standards) obtained for a 
PGMA58 macro-CTA, PGMA58–PHPMA350 diblock copolymer precursor vesicles, and 
PGMA58–PHPMA350–PBzMA400 triblock copolymer framboidal vesicles obtained via PISA.90  

Block Copolymer Nanoparticles as Delivery Vehicles  
Scope 
Microcompartmentalisation is a fundamental prerequisite for life on Earth.91-94 

Microencapsulation is important for a large range of industrial formulations, such as 

orally-administered drugs,95 agrochemicals96, 97 and laundry products.98, 99 In some 

cases it is essential for mutually incompatible components to be spatially separated. 

For example, if enzymes and bleach are mixed in liquid laundry products then 

enzyme denaturation occurs. In Nature, impermeable lipid membranes provide the 

physical separation required between components for many intracellular processes. 

Ideally, microencapsulation enables the controlled release of protected active 

components. For example, membrane proteins allow the selective diffusion of 

various chemical species in and out of cells.100 Components may also be released via 

an external trigger such as pH and temperature.   
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Vesicles as Delivery Vehicles 
Liposomes101 and block copolymer vesicles102-109 (or ‘polymersomes’) are some of 

the most widely used carriers in the development of drug delivery applications.110-112 

Typically, such hollow nanoparticles are loaded with water-soluble drugs,113-115 

oligonucleotides,115-117 enzymes118 or antibodies.119 Hydrophobic components can 

also be loaded into the hydrophobic vesicle membrane. Block copolymer vesicle 

membranes have been shown to be more stable, and therefore more advantageous, 

than lipid membranes.120 Furthermore, with block copolymer vesicles, the membrane 

properties can be easily tuned by varying the DP and nature of the hydrophobic 

block.  

As discussed above, block copolymer vesicles can be prepared using post-

polymerisation processing techniques, such as rehydration of a copolymer film,40  

addition of a non-solvent for the membrane forming block,41, 42 or by a temperature42 

or pH43 trigger. As discussed previously, block copolymer vesicles can also be 

prepared directly in water at high solids with no need for post-polymerisation 

processing via PISA.49  

There are many reports of encapsulation of water-soluble molecules within vesicles, 

including fluorescent dyes and drugs.41, 42, 107, 121-125 The incorporation of magnetic 

nanoparticles within block copolymer vesicle membranes has also been described, 

which may enable active targeting of tumors.126  

Adams et al.127 attempted encapsulation via post-polymerisation processing of 

diblock copolymers. Poly(ethylene oxide)-poly(N,N-diethylaminoethyl 

methacrylate) (PEO45-PDEAEMA81) diblock copolymers form vesicles after a 

switch from pH 2 to pH 11.43 At pH 2, the PDEAEMA block is fully protonated and 

hydrophilic. As the pH increases, the PDEAEMA block becomes deprotonated and 

hence hydrophobic, causing aggregation of the block copolymer to form vesicles. In 

this study, riboflavin and rhodamine B dyes are solubilised at pH 2 and become 

encapsulated when the vesicles form during the pH switch. However, fluorescence 

studies indicated that no encapsulation occurs. The authors suggested that this was 

because the PEO45-PDEAEMA81 vesicles formed by an unusual mechanism when 

prepared by a pH switch. Cryo-TEM images indicated that this diblock copolymer 

first aggregates to form fractals, then spherical micelles, followed finally by vesicles 

(see Figure 1.14a). It was postulated that restructuring of the spherical micelles into 
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vesicles was faster than diffusion of the water-soluble dyes through the vesicle 

membrane into the lumen. Therefore, the dyes were essentially excluded during 

vesicle formation.  

 
Figure 1.14. Schematic representation of two mechanisms of vesicle formation by block 
copolymers. (a) Fractals form small micelles, which grow to form larger micelles and then re-
arrange to give vesicles. (b) Small micelles form worms, which then form bilayers and finally 
vesicles. Note: black corresponds to hydrophobic and grey to hydrophilic regions.127 

However, Adams et al.127 suggested that the generally accepted mechanisms of 

vesicle formation would be expected to lead to high encapsulation efficiencies. More 

specifically, if vesicles were formed from a sequence of spheres, worms and bilayers 

then the water-soluble component should not be excluded during vesicle formation 

(see Figure 1.14b).  

Clearly, it would be beneficial to prepare loaded block copolymer vesicles directly 

via a one-step process (such as PISA), rather than relying on post-polymerisation 

processing techniques. The in situ encapsulation of a model hydrophobic dye (Nile 

Red) within poly(oligo(ethylene glycol) methacrylate)-poly(styrene) (POEGMA-

PST) diblock copolymer vesicles using a PISA formulation in methanol was reported 

by Karagoz et al.128 However, styrene monomer conversions of only 10% were 

obtained, so this formulation is of questionable utility. Moreover, this alcoholic PISA 

formulation has limited applicability for drug delivery. It was also not clear from the 

reported fluorescence spectroscopy data whether some (or all) of the dye was located 
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within the vesicle membrane, rather than the lumen. Additionally, encapsulation 

efficiencies of up to 120 % were claimed, which suggests either an experimental 

artifact or rather large systematic errors.  

More recently, Tan et al.,47 reported the successful in situ encapsulation of silica 

nanoparticles and Bovine Serum Albumin (BSA) within monomethoxy 

poly(ethylene glycol)-poly(2-hydroxypropyl methacrylate) (mPEG-PHPMA) diblock 

copolymer vesicles synthesised using a photoinitiated PISA formulation at 25oC (see 

Figure 1.15a). Silica nanoparticles were selected as a model encapsulant (see Figure 

1.15b and Figure 1.15c). To examine whether proteins could be encapsulated without 

losing their biological activity they tested the BSA activity both before and after 

encapsulation was determined (see Figure 1.15d). Although this served as a 

promising strategy for preparing BSA-loaded thermosensitive vesicles via mild 

conditions (visible light, aqueous medium, and room temperature), the extent of 

encapsulation was not properly characterised so the encapsulation efficiency for this 

formulation is unknown.  

 
Figure 1.15. (a) Schematic for the preparation of PEG-PHPMA diblock copolymers which form 
various nano-objects via aqueous photo-PISA. (b) TEM image of purified mPEG113-PHPMA360 
vesicles prepared by aqueous photo-PISA of HPMA in the presence of 3.0 g silica sol (30% 
solids concentration). (c) TEM image of mPEG113-PHPMA360 vesicles prepared by photo-PISA 
in the presence of BSA. (d) Activity of (1) native BSA and (2) BSA in the supernatant of the 
product prepared by photo-PISA. Figure adapted from Tan et al.47 

 



 
Chapter One - Introduction 

 

25 

 

Nanoparticles as Pickering Emulsifiers 
Pickering Emulsions 
Pickering129 or Ramsden130 emulsions comprise water or oil droplets stabilised by 

colloidal nanoparticles and have been recognised for more than a century. A wide 

range of nanoparticles such as silica sols131,132 polystyrene latexes133-136 or inorganic 

clays137 have been shown to be effective Pickering emulsifiers. The nanoparticle 

wettability dictates the emulsion type. If the nanoparticles used for emulsification are 

hydrophobic, the contact angle will be greater than 90o, thus the particle should 

preferentially sit in the oil phase thereby forming a water-in-oil emulsion. If the 

nanoparticles are hydrophilic, an oil-in-water emulsion will be formed because the 

contact angle will be less than 90o (as shown in Figure 1.16).138 The nanoparticles 

discussed in this thesis are hydrophilic as a result of the water-soluble PGMA 

stabiliser chains expressed at the surface of the nanoparticles, so oil-in-water 

emulsions are invariably formed. 

 
Figure 1.16. Position of a small spherical particle located at a planar oil-water interface for a 
contact angle (measured through the aqueous phase) less than 90o (left), equal to 90o (centre) 
and greater than 90o (right).138 

Once the nanoparticles are adsorbed to the oil/water interface, the energy, E, to 

detach the particles is given by Equation 1.13:138  

 

E = π r2 γow (1 ± cosθ)2 (1.13) 
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where r is the particle radius, γow is the surface tension at the oil/water interface and θ 

is the nanoparticle contact angle. The sign inside the bracket is negative for removal 

of the particle into the water phase, and positive for removal into the oil phase. 

Consequently, it costs less energy, and it is therefore easier for particles to detach 

into the water phase if θ  <  90°.138 Similarly, if θ > 90° detachment into the oil phase 

is easier. 

 
Figure 1.17. Variation in the energy of detachment, E (relative to kT), for a spherical particle of 
radius 10 nm with the particle contact angle, θ, at the toluene/water interface (assuming γow = 
0.036 N m-1).139 

Equation 1.13 shows that the energy of detachment of a particle adsorbed at the 

oil/water interface is strongly dependent on the three-phase contact angle, θ. Figure 

1.17 illustrates this relationship for a particle of mean radius 10 nm adsorbed at the 

toluene/water interface.139 The energy of detachment is greatest when θ = 90° and 

declines rapidly either side of this value. Therefore the most stable emulsions are 
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formed when θ is close to 90°, because the particles are held more strongly at the 

interface with a detachment energy of around 2750 kT.139 However, larger/less stable 

emulsions are formed at both higher and lower values of θ. In fact, when the contact 

angle is less than 20° or greater than 160° the detachment energy is much lower (< 

10 kT).138 Hence, highly hydrophilic or hydrophobic nanoparticles typically do not 

act as effective Pickering emulsifiers. 

 
Figure 1.18. Variation of the theoretical detachment energy for spherical particles of differing 
radii exhibiting a contact angle of 90o at the n-alkane/water interface (γow = 0.050 N m-1) at 298 
K.138  

In addition to the contact angle, Equation 1.13 also shows that the detachment energy 

is proportional to the square of the particle radius. Figure 1.18 shows how the 

calculated detachment energy varies with mean radius for a particle adsorbed at the 

n-alkane/water interface with a contact angle of 90o. Particles of less than 1 nm 

radius have detachment energies similar to that of small-molecule surfactants (< 10 

kT). In this case, only weak reversible adsorption is anticipated at the oil-water 
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interface. Hence such particles may not be very effective as Pickering emulsifiers. 

Clearly, very high detachment energies would be required to remove larger particles 

(e.g. > 10 nm radius) from the droplet interface, hence they can be considered to be 

irreversibly adsorbed.138, 140 

This relatively high energy of particle attachment makes Pickering emulsions far 

more stable than surfactants, with the adsorbed particles providing a strong steric 

barrier to droplet coalescence.138 This is because sufficiently large particles adsorb 

permanently at the oil/water interface, whereas surfactants are characterised by 

dynamic adsorption and desorption.138, 141  

Improving Pickering Emulsion Stability 
It has been proposed that modulating nanoparticle surface roughness can promote 

Pickering emulsion stability.140, 142-144 This relationship has been demonstrated 

recently using cationic silica microparticles coated with anionic copolymers based on 

methacrylic acid and methyl methacrylate (Eudragit S-100) to stabilise the oil/water 

interface.142 In a second study, rough carbon black nanoparticles were used to 

stabilise the water/n-octane interface.145 The former study controls nanoparticle 

surface roughness by varying the extent of fusion of the nanoparticle coating by 

exposure to aqueous solutions containing either acetone or ethanol at various 

concentrations. Both contact angle hysteresis and emulsion stability measurements 

suggested that particle roughness improved the stability of the emulsions (see Figure 

1.19). However, this only appears to be the case when wetting occurs 

homogeneously via the Wenzel regime146, whereas the transition toward 

heterogeneous wetting (or Cassie–Baxter regime147) is associated with a loss of 

emulsion stability.  Thus the wetting behaviour of nanoparticles is influenced by 

the amplitude and topography of the roughness features148, 149 as well as by the 

specific surface chemistry. 

 



 
Chapter One - Introduction 

 

29 

 

 
Figure 1.19. Schematic cartoon describing the relationship between surface 
topography/roughness and emulsion stability and contact angle hysteresis.142 The Wenzel 
wetting regime is associated with improved emulsion stability via homogeneous wetting, 
whereas the Cassie-Baxter wetting regime is associated with a loss in emulsion stability due to 
heterogeneous wetting. 

Block Copolymer Vesicles as Pickering Emulsifiers 
The use of block copolymer vesicles as Pickering emulsifiers was reported by 

Thompson et al.150 Linear PGMA45-PHPMA200 diblock copolymer vesicles did not 

survive the high-shear homogenisation conditions required for emulsification, and 

consequently adsorbed at the oil-water interface as individual amphiphilic diblock 

copolymer chains. In contrast, the use of ethylene glycol dimethacrylate (EGDMA) 

as a third comonomer cross-linked the vesicles and so rendered them stable towards 

high-shear homogenisation. TEM studies confirmed that linear PGMA45-PHPMA200 

diblock copolymer vesicles had a smooth, featureless morphology, whereas the 

cross-linked PGMA58-PHPMA350-PEGDMA20 triblock copolymer vesicles 

exhibited a nano-textured surface (see Figure 1.20). 
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Figure 1.20. TEM images reported for linear PGMA45-PHPMA200 diblock copolymer vesicles 
and cross-linked PGMA58-PHPMA350-PEGDMA20 triblock copolymer vesicles.150  

The cross-linked vesicles adsorbed at the oil-water interface, similar to shell cross-

linked micelles.134-136, 138, 140, 151 In the former case, the emulsion droplet diameter 

was dependent on the vesicle concentration; smaller oil droplets were obtained when 

using higher vesicle concentrations, as shown in Figure 1.21. On the other hand, no 

concentration dependence was observed for molecularly-dissolved linear copolymer 

chains. 

 
Figure 1.21. Mean droplet diameter (obtained by laser diffraction) vs aqueous vesicle 
concentration for both linear PGMA45-PHPMA200 and cross-linked PGMA58-PHPMA350-
PEGDMA20 vesicles.150  
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However, turbidimetry experiments showed that the majority of the vesicles did not 

adsorb at the oil-water interface and instead remained within the continuous phase. 

The adsorption efficiency increased from 57 to 78 % (see Figure 1.22) as the initial 

vesicle concentration used to prepare the emulsion was reduced from 2.5 to 0.6 % 

w/w.150 The adsorption efficiency became poorer at higher vesicle concentrations 

since there are more vesicles present than the minimum required to fully coat all the 

oil droplets. However, even the optimum vesicle concentration led to an adsorption 

efficiency of less than 70 %.  

 
Figure 1.22. Left: Visible absorption spectra recorded for cross-linked vesicle dispersions at 
various concentrations. A fixed wavelength (750 nm) was used to construct a linear calibration 
plot (left inset), allowing the concentration of non-adsorbed vesicles remaining in the aqueous 
phase after emulsification to be determined via turbidimetry. Right: Determination of the 
adsorption efficiency of cross-linked PGMA58-PHPMA350-PEGDMA20 vesicles as determined 
by turbidimetric analysis of the lower aqueous phase of the creamed emulsions. 150 

Block Copolymer Spheres and Worms as Pickering Emulsifiers 
The use of spherical latex particles to stabilise giant (2 mm diameter) Pickering 

emulsions has been studied in some detail.152-154 Thompson et al.152 investigated the 

effect of emulsifier particle size and oil type on the droplet coalescence time. 

Coalescence times increased when the oil phase was changed from n-dodecane to 

sunflower oil, owing to the higher viscosity and lower interfacial tension of the latter 

oil. Coalescence times were increased when larger (902 nm diameter) PGMA-

stabilised polystyrene latex particles were used compared to smaller particles (135 

nm diameter), because of the greater distance separating the oil droplets.  More 

recently, Thompson et al.66 synthesised PGMA100-PHPMA200 diblock copolymer 

spheres, PGMA51-PBzMA250 diblock copolymer spheres89 and crosslinked 

PGMA100-PHPMA200-PEGDMA20 triblock copolymer spheres (see Figure 1.23).  

Initial 
Concentration

(wt %)

Adsorbed 
Concentration 

(wt %)

Adsorption 
Efficiency 

(%)

2.5 1.5 57

1.8 1.1 61

1.2 0.8 67

0.9 0.7 78

0.6 0.4 67
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Figure 1.23. TEM images of PGMA100-PHPMA200 diblock copolymer spheres, PGMA100-
PHPMA200-PEGDMA20 triblock copolymer spheres and PGMA51-PBzMA250 diblock copolymer 
spheres.66 

These block copolymer spheres were then compared in terms of their performance as 

Pickering emulsifiers of millimetre-sized emulsion droplets. The PGMA100-

PHPMA200 spheres do not withstand homogenisation and dissociate in situ to form 

individual diblock copolymer chains, adsorbing at the oil/water interface like 

surfactants. Both the PGMA100-PHPMA200-PEGDMA20 and PGMA51-PBzMA250 

block copolymer spheres survived homogenisation, because they exhibited 

concentration-dependent oil droplet diameters. These observations were not 

unexpected, because it was previously reported that linear diblock copolymer 

vesicles do not withstand homogenisation, whereas cross-linked triblock copolymer 

vesicles survive such high-shear conditions.150 The PGMA51-PBzMA250 diblock 

copolymer spheres withstood homogenisation even without cross-linking (see Figure 

1.24). The PBzMA block is significantly more hydrophobic than PHPMA, so it is 

able to confer sufficient stability via greater hydrophobic interactions (physical 

crosslinking). Conversely, the weakly hydrophobic PHPMA block is much more 

prone to undergo dissociation so it requires covalent crosslinking to produce stable 

PHPMA-based nano-objects. 
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Figure 1.24. Mean laser diffraction droplet diameter versus copolymer concentration for both 
linear PGMA100–PHPMA200 spheres and cross-linked PGMA100–PHPMA200–PEGDMA20 
spheres. The error bars represent the standard deviation of each mean volume-average droplet 
diameter, rather than the experimental error.66 

Similar observations were made when comparing PGMA45-PHPMA140 diblock 

copolymer worms, PGMA45-PHPMA100-PEGDMA10 triblock copolymer worms and 

PGMA37-PHPMA60-PBzMA30 triblock copolymer worms (see Figure 1.26) as 

Pickering emulsifiers. Again, the linear diblock copolymer disassociated under shear, 

while the covalently cross-linked triblock copolymer worms and the physically 

cross-linked triblock copolymer worms withstood homogenisation (see Figure 1.26). 

 
Figure 1.25. TEM images obtained for PGMA45-PHPMA140 diblock copolymer worms, 
PGMA45-PHPMA100-PEGDMA10 triblock copolymer worms and PGMA37-PHPMA60-
PBzMA30 triblock copolymer worms.66 
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Figure 1.26 Mean laser diffraction droplet diameter versus copolymer concentration for both 
linear PGMA45–PHPMA140 worms and PGMA37–PHPMA60–PBzMA30 worms. The error bars 
represent the standard deviation of each mean volume-average droplet diameter, rather than 
the experimental error. 66 

Particle Sizing Techniques 
Many techniques can be used to measure the size of colloidal particles. There is no 

single method that is universally used and each technique has various advantages and 

disadvantages (such as instrument bias resolution, cost, upper or lower size limits 

etc.). It is important to measure particle size distributions in colloid science because 

real systems have finite polydispersities. Moreover, a given particle sizing technique 

will report a specific moment of the size distribution.  

Electron Microscopy, Disc Centrifuge Photosedimentometry, 
Laser Diffraction and Dynamic Light Scattering 
Electron microscopy reports the number-average particle diameter, Dn, which is 

defined as: 

 

Dn = 
Σ Ni Di

Σ Ni
 (1.14) 

 

where Ni is the number of particles with diameter Di. Ideally, the number-average 

particle diameter should be readily accessible using simple, statistically robust 
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characterisation techniques. Unfortunately, this is not often the case. For example, 

electron microscopy is relatively expensive and particle size distributions are 

generally approximated by counting hundreds of particles manually (or with the aid 

of software). Furthermore, some characterisation techniques are more biased towards 

larger particles, and thus one or more assumptions are generally required to calculate 

the number-average diameter from raw data. For example, disc centrifuge 

photosedimentometry (DCP) reports the weight-average diameter, Dw, which can be 

defined as: 

 

Dw = 
Σ Ni Di

 4

Σ Ni Di
 3 = 

Σ wi Di

Σ wi
 (1.15) 

 

where wi is the weight (or mass) of a particle of diameter Di. The weight-average 

diameter is more biased towards larger particles than the number-average diameter. 

Similarly, laser diffraction reports the volume-average particle diameter, D4/3, which 

is mathematically equivalent to the weight-average, since volume is directly 

proportional to mass. DCP is a high resolution particle sizing technique which 

fractionates particles during analysis, based on the difference between the particle 

density and that of the continuous phase. Laser diffraction has lower resolution 

compared to DCP because no fractionation occurs during analysis in the former case.  

The intensity-average (or z-average) diameter is even more biased towards larger 

particles than the weight-average diameter. Dynamic light scattering (DLS) reports 

the intensity-average diameter, which is more biased towards larger particles because 

the intensity of scattered light from a particle is proportional to the sixth power of its 

diameter. Hence larger particles scatter much more light than smaller ones and 

contribute far more to the detected scattered light intensity. DLS is convenient and 

widely used, but it is rather sensitive to the presence of dust particles and can often 

oversize a sample with a broad size distribution (especially one containing a 

population of smaller particles). For example, DLS cannot easily discriminate 

between a binary mixture of 1000 nm and 10 nm particles because the contribution to 

the total light scattered by the smaller particles will be minimal. Furthermore, DLS is 
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highly sensitive to the onset of particle aggregation, but rather insensitive to particle 

dissociation.  

DLS reports the sphere-equivalent hydrodynamic diameter, Dh, which is calculated 

from the translational diffusion coefficient, D, using the Stokes-Einstein equation: 

 

Dh = 
𝒌𝒌𝐁𝐁T

3 π η D (1.16) 

 

where kB is the Boltzmann constant, T is the absolute temperature and η is the 

solution viscosity.155 The translational diffusion coefficient of the particles is 

measured by monitoring the decay of the correlation function over time by following 

fluctuations in the scattering intensity due to particles undergoing Brownian motion. 

Smaller particles diffuse faster than larger particles, so possess a larger D value in a 

given solvent.  

Small-Angle X-Ray Scattering (SAXS) 
SAXS is a powerful characterisation technique for the analysis of colloidal 

particles.156 Measurements are generally conducted on dilute dispersions and provide 

information on size, shape and nanoparticle interactions in their dispersed state. 

Furthermore, SAXS is a non-destructive, statistically robust technique since the 

observed patterns are a result of scattering from many millions of particles.157  

SAXS works by irradiating a sample with x-rays of a known wavelength. The 

characteristic length scale is inversely proportional to the scattering vector, q, which 

is given by Equation 1.17: 

 

q = 
4 π
λ

 sinθ (1.17) 

 

where 2θ is the scattering angle and λ is the wavelength. Several assumptions are 

made in the derivation of this equation: (i) x-ray scattering is relatively weak, so that 

each x-ray is only scattered once, (ii) the x-ray energy is not significantly changed 

during scattering and (iii) the scattering has no directional properties. The three 

vectors used to define q are shown in Figure 1.27.  
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Figure 1.27. Schematic illustration of the scattering vector, q, based on the incoming and 
scattered wave vectors, ko and k, and half the scattering angle, θ. 

When x-rays irradiate a sample, any particles present usually scatter the incident 

radiation as they typically have a different electron density and are similar in size to 

the x-ray wavelength. SAXS measures the intensity of this angle-dependent 

distribution of scattered radiation. The scattered intensity, I(q), is measured as a 

function of the x-ray momentum transfer, q. The normalised scattering intensity for a 

suspension of uniform particles is given by Equation 1.18 below: 

 

I(q) = N V 2 ∆ξ 2 F (q) S (q) (1.18) 

 

where N in the number density, V is the volume of scattering particles, ∆ξ is the 

contrast in scattering length density between the particles and solvent, F(q) is the 

form factor (which also describes the internal structure of the particles) and S(q) is 

the structure factor that represents the spatial arrangement of the scattering centres. 

For dilute dispersions of particles, S(q) is equal to unity because there are no inter-

particle interactions.  

A SAXS instrument consists of an x-ray source, a collimation system to produce a 

narrow beam, a beam stop to prevent the incident beam hitting the detector, and a 

detector to measure the scattered x-rays over a range of angles, see Figure 1.28.  
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Figure 1.28 Schematic representation of the set up for a small angle x-ray scattering experiment. 
A monochromatic x-ray beam is collimated then used to irradiate the sample. The scattering of 
the beam is recorded by the detector.158  

The detector gives a two-dimensional scattering pattern that is reduced to a 1D 

profile by taking into account the wavelength, pixel size and sample-to-detector 

distance. This 1D profile must then be background-corrected to allow analysis of 

scattering arising solely from the sample, rather than the solvent or sample holder. 

Interpreting scattering curves involves fitting to an appropriate scattering model, 

which will often contain many fitting parameters.  

In some cases, it is necessary to use more than one model for fitting the SAXS 

pattern. For example, Balmer et al.159 found that it was necessary to combine three 

different models to analyse the morphology of P2VP-silica nanocomposites. The 

surface morphology of such nanocomposite particles (see Figure 1.29f) is quite 

similar to that observed for framboidal vesicles (see Figure 1.12b).  

In this work, large P2VP-silica nanocomposite particles and small sterically 

stabilised P2VP latex particles were mixed for 1 h at 20 oC.  SAXS measurements 

allow the distribution of silica nanoparticles on the latexes to be determined after 

mixing. If there had been no silica redistribution after mixing these two dispersions, 

this final scattering pattern would be simply the summation of the nanocomposite 

and original latex scattering pattern. However, the observed SAXS curve is a 

superposition of scattering patterns for two partially coated nanocomposite particles 

of different diameters (see Figure 1.29e). In order to analyse the SAXS curves 

obtained for the partially coated P2VP-silica nanocomposite particles a three-

population model was used. The first population described the large nanocomposite 

core-shell structure of the particles, the second population described the small 

nanocomposite core-shell particles, and the third represents the particulate nature of 
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the silica shell. These SAXS experiments confirm unambiguously that facile silica 

exchange occurs between nanocomposite and latex particles in aqueous solution. 

 
Figure 1.29. SAXS patterns and fits (solid lines) obtained for: (a) 20 nm silica sol; (b) 600 nm 
sterically stabilised P2VP latex; (c) P2VP-silica nanocomposite particles prepared by coating 
this 600 nm P2VP latex with 20 nm silica at monolayer coverage; (d) 300 nm sterically stabilised 
P2VP latex; (e) the final bimodal distribution of partially coated nanocomposite particles 
obtained after mixing dispersions (c) and (d) and allowing silica exchange to occur for 1 h at 20 
°C. Each pattern has been multiplied by an arbitrary coefficient for clarity. (f) TEM image and 
(g) schematic representation of P2VP-silica nanocomposite particles (prepared by coating 450 
nm P2VP latex with 20 nm silica). Figure adapted from Balmer et al.159 

Thesis Outline  

 
The aim of this thesis is to expand our knowledge of the PGMA-PHPMA diblock 

copolymer system. There are two chapters which utilise PGMA-PHPMA diblock 

copolymer vesicles for the in situ encapsulation and subsequent release of silica 

nanoparticles. The other two chapters in this thesis chain-extend this diblock 

copolymer with BzMA to create new nano-objects.  

The aim of the first experimental Chapter in this thesis is to build on the work by 

Chambon et al.90 and explore the evolution of the framboidal (raspberry-like) 

PGMA-PHPMA-PBzMA morphology. This requires the synthesis of a well-defined 

PGMA macro-CTA with a suitable DP so as to ensure the formation of pure vesicles 

when subsequently chain-extended with HPMA. These PGMA-PHPMA precursor 

vesicles are then chain-extended with varying amounts of BzMA in order to observe 

the gradual evolution of the framboidal morphology. The resulting framboidal 
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PGMA-PHPMA-PBzMA triblock vesicles are then evaluated as Pickering 

emulsifiers for the stabilisation of oil-in-water emulsions. The hypothesis that surface 

roughness promotes Pickering emulsifier efficiency, first postulated by Behrens and 

San-Miguel,142 is investigated using this vesicle series, which provides Pickering 

emulsifiers of gradually increasing surface roughness with no significant change in 

the particle size distribution. Turbidimetry experiments on the Pickering emulsions 

are also conducted to assess the Pickering emulsifier adsorption efficiency.  

The second experimental Chapter also focuses on PGMA-PHPMA-PBzMA triblock 

copolymers. However, the target DP of each block differs from the first Chapter. For 

PGMA-PBzMA diblock copolymers synthesised via RAFT aqueous emulsion 

polymerisation, Cunningham et al.89 reported that only kinetically-trapped spheres 

could be achieved. This Chapter investigates whether higher order morphologies (i.e. 

worms or vesicles) can be obtained if a PHPMA block is introduced between the 

PGMA and PBzMA blocks. SAXS studies are used to characterise these nano-

objects. Furthermore, the resulting PGMA-PHPMA-PBzMA triblock copolymer 

worms are evaluated for the preparation of millimetre-sized Pickering emulsions. 

The third experimental Chapter explores the in situ encapsulation of silica 

nanoparticles within PGMA-PHPMA diblock copolymer vesicles. Diblock 

copolymer vesicles are synthesised in the presence of varying amounts of silica 

nanoparticles, in order to obtain a range of silica-loaded vesicles. Firstly, successful 

silica encapsulation within the diblock copolymer vesicle lumen is proven by SAXS 

and TEM studies. Next, the effect of the initial silica concentration is evaluated by 

calculation of the encapsulation efficiency, number of silica nanoparticles 

encapsulated per vesicle and loading efficiency using a range of analytical 

techniques. Thirdly, thermally-triggered release from these silica-loaded vesicles is 

examined as a function of both time and temperature.  

The final experimental Chapter assesses the time scale required for the release of 

silica nanoparticles from silica-loaded vesicles in more detail. More specifically, the 

effect of varying the number of silica nanoparticles per vesicle on the thermally-

triggered response of the vesicles is explored. Both TEM and SAXS studies are 

conducted to analyse the copolymer morphologies formed after cooling. 

Furthermore, by fitting SAXS data to a suitable model, the concentration of released 

silica can be estimated.  
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Introduction 
Pickering emulsions are water or oil droplets that are stabilised by colloidal particles 

and have been recognised for more than a century.1 These systems typically exhibit 

greater droplet stability compared to surfactant-stabilised emulsions.2 This is the 

result of strong, essentially irreversible particle adsorption at the oil-water interface, 

which minimises the interfacial area between the two immiscible liquids and 

provides a steric barrier towards droplet coalescence.2, 3 A wide range of 

nanoparticles such as silica sols4,5 polystyrene latexes6-9 and inorganic clays10 have 

been shown to be effective Pickering emulsifiers. More recently, cross-linked block 

copolymer nanoparticles prepared by reversible addition-fragmentation chain transfer 

(RAFT) polymerisation11, 12  have proven to be effective oil-in-water13 and water-in-

oil14 Pickering emulsifiers. For example, Thompson et al.13 prepared highly stable 

emulsions using poly(glycerol monomethacrylate)-poly(2-hydroxypropyl 

methacrylate)-poly(ethylene glycol dimethacrylate) (PGMA-PHPMA-PEGDMA) 

triblock copolymer vesicles. Turbidimetry studies indicated that these nanoparticles 

had an adsorption efficiency of as low as 57 %, depending on the vesicle 

concentration used for homogenisation. This relatively poor adsorption efficiency 

was in part attributed to the high water content of the vesicles, which leads to a low 

Hamaker constant compared to solid particles. 

In principle, particle wettability can be modulated by increasing surface roughness in 

order to enhance interfacial adsorption and hence Pickering emulsion stability. This 

hypothesis has been recently verified by San-Miguel and Behrens, who coated 

cationic silica microparticles with anionic nanoparticles prepared from a commercial 

methacrylic acid/methyl methacrylate statistical copolymer (Eudragit S-100; 33 % 

methacrylic acid). Solvent annealing of the nanoparticle coating was used to control 

the surface roughness of the microparticles, which were subsequently utilised to 

prepare oil-in-water Pickering emulsions at pH 5.15 In a related study, carbon black 

particles possessing a characteristic fractal morphology were used to stabilise the 

water/n-octane interface.16 

In the present study, we prepare a series of ABC triblock copolymer vesicles of 

exquisitely tunable surface roughness via RAFT aqueous dispersion 

polymerisation.17 First, a poly(glycerol monomethacrylate) (PGMA) macromolecular 

chain transfer agent (macro-CTA) is chain-extended using 2-hydroxypropyl 
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methacrylate (HPMA) in aqueous solution. In situ polymerisation-induced self-

assembly (PISA) occurs to form nanoparticles comprising poly(2-hydroxypropyl 

methacrylate) (PHPMA) cores that are sterically stabilised by the water-soluble 

PGMA chains.18-21 Depending on the relative volume fractions of the PGMA and 

PHPMA blocks, well-defined copolymer spheres, worms or vesicles can be obtained 

at relatively high solids directly in aqueous solution.22 The mechanism of formation 

of the vesicular morphology has been investigated by Blanazs et al.22, 23 Chambon 

and co-workers reported that chain extension of such PGMA-PHPMA precursor 

vesicles using a water-insoluble monomer such as benzyl methacrylate (BzMA) 

results in the formation of framboidal (raspberry-like) ABC triblock copolymer 

vesicles via seeded RAFT emulsion polymerisation.24 Herein, we revisit this 

formulation in order to gradually increase the target degree of polymerisation (DP) of 

the PBzMA block over a wide range using the same batch of PGMA-PHPMA 

diblock copolymer vesicles. This systematic approach enables the evolution of the 

framboidal morphology to be explored in detail: a series of vesicles with gradually 

increasing surface roughness are produced, as judged by transmission electron 

microscopy (TEM) and small-angle x-ray scattering (SAXS). These framboidal 

vesicles are then employed to prepare oil-in-water Pickering emulsions using either 

n-dodecane or n-hexane as the droplet phase. The emulsions are characterised in 

terms of their droplet size distributions and the particle adsorption efficiency at the 

oil/water interface is assessed as a function of surface roughness. For the sake of 

brevity, a shorthand notation is utilised throughout this Chapter to describe the 

various block copolymers. Thus G, H, B, and E denote glycerol monomethacrylate, 

2-hydroxypropyl methacrylate, benzyl methacrylate and ethylene glycol 

dimethacrylate, respectively. For example, GxHyBz represents a poly(glycerol 

monomethacrylate)-poly(2-hydroxypropyl methacrylate)-poly(benzyl methacrylate) 

copolymer, where x, y, and z indicate the mean DP of the three respective blocks. 

Experimental Details 
Materials 
All reagents were used as received unless otherwise stated. Benzyl 

methacrylate (BzMA), n-dodecane and 4, 4’-azobis-4-cyanopentanoic acid 

(ACVA) were purchased from Sigma-Aldrich (UK). BzMA inhibitor was 
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removed using an inhibitor removal column (Sigma-Aldrich). Ethanol, 

dichloromethane, DMSO and DMF were purchased from Fisher Scientific 

(UK). Glycerol monomethacrylate (GMA) was kindly donated by GEO 

Specialty Chemicals (Hythe) and used without further purification. 2-

Hydroxypropyl methacrylate (HPMA) was purchased from Alfa Aesar (UK) 

and contained 0.07 mol % dimethacrylate impurity, as judged by high 

performance liquid chromatography (HPLC). CD3OD and d6-DMSO NMR 

solvents were purchased from Goss Scientific (UK). 4-Cyano-4-(2-

phenylethanesulfanylthiocarbonyl)sulfanyl-pentanoic acid (PETTC) was 

synthesised in-house.25 Deionised water was obtained using an Elga Elgastat 

Option 3A water purifier; its pH was approximately 6.2 and its surface tension 

was 72.0 mN m-1 at 20 oC. 

RAFT Synthesis of PGMA Macro-CTA Agent in Ethanol  
A round-bottomed flask was charged with GMA (30.0 g; 187 mmol), PETTC 

(1.01 g; 2.97 mmol), ACVA (167 mg, 0.156 mmol) and ethanol (39.5 g). The 

sealed reaction vessel was purged with N2 for 30 min, placed in a pre-heated 

oil bath at 70 oC and stirred for 135 min. The resulting PGMA macro-CTA 

(GMA conversion = 87 %; Mn = 17,600 g mol-1, Mw/Mn = 1.16) was purified 

by precipitation into excess dichloromethane. A mean DP of 63 was calculated 

for this macro-CTA using 1H NMR spectroscopy by comparison of the integral 

from 3.4 ppm to 4.3 ppm due to five protons from the PGMA with that of the 

peaks around 7 ppm due to the five aromatic protons from the RAFT CTA. 

Preparation of Linear PGMA-PHPMA Diblock Copolymer 
Precursor Vesicles via RAFT Aqueous Dispersion Polymerisation at 
15 % w/w Solids  
PGMA63 macro-CTA (5.00 g, 0.485 mmol), HPMA monomer (24.5 g, 170 

mmol) and deionised water (167 g, purged with N2 for 30 min) were weighed 

into a 250 mL round-bottomed flask and purged with N2 for 20 min. ACVA 

was added (68.9 mg, 0.242 mmol, CTA/ACVA molar ratio = 2.0) and purged 

with N2 for a further 10 min prior to immersion in an oil bath set at 70 oC for 2 

h with stirring. Finally, the polymerisation was quenched by cooling to room 

temperature with subsequent exposure to air. 
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Preparation of PGMA-PHPMA-PBzMA Triblock Copolymer 
Vesicles via RAFT Seeded Emulsion Polymerisation at 10-19 % w/w 
Solids  
PGMA63-PHPMA350 diblock precursor vesicles (15.0 ml of a 10 % w/w 

copolymer dispersion, 1.50 g copolymer, 0.0247 mmol), ACVA (1.38 mg, 

0.00494 mmol, CTA/ACVA molar ratio = 5.0) and BzMA monomer (0. 109 g, 

0.617 mmol, target DP = 25) were weighed into a 40 ml sample vial and 

purged with N2 for 20 min prior to immersion in an oil bath set at 70 oC for 4 

h. Then the polymerisation was quenched by cooling to room temperature and 

subsequent exposure to air. A series of similar copolymer syntheses were 

performed for which the PBzMA target DP ranged from 50 to 400 using 

BzMA masses varying from 0.218 g to 1.74 g (1.23 mmol to 9.87 mmol), 

respectively. 

Pickering Emulsion Formation  
n-Dodecane (2.0 ml) was homogenised with 2.0 ml of a 0.5-3.0 % w/v 

aqueous vesicle dispersion for 2 min using a IKA Ultra-Turrax T-18 

homogeniser with a 10 mm dispersing tool operating at 12,000 rpm. The 

droplets were imaged by OM and the mean droplet diameter was assessed by 

laser diffraction. For TEM and SEM studies, n-hexane was used instead of n-

dodecane to ensure complete oil evaporation. 

Turbidimetry Experiments  
Pickering emulsions were allowed to cream overnight before an appropriate 

amount of the aqueous phase was extracted and diluted ten-fold, before 

measuring the absorbance from 400 to 800 nm using visible absorption 

spectroscopy. Calibration plots were constructed for each vesicle dispersion by 

recording the absorbance at 750 nm of the vesicle dispersions, varying the 

copolymer concentration from 0.00625 to 0.1 % w/w. 

Dynamic Light Scattering (DLS)  
Intensity-average hydrodynamic diameters of the copolymer dispersions were 

determined using a Malvern Zetasizer NanoZS instrument. Dilute aqueous 

dispersions (0.10 % w/w) were analysed using disposable cuvettes and all data 
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were averaged over three consecutive runs to give the hydrodynamic diameter 

(Dh). 

1H NMR Spectroscopy  
All NMR spectra were recorded using a 400 MHz Bruker Avance-400 

spectrometer and 64 scans were averaged per spectrum. The mean DP of the 

PBzMA block was calculated as described previously by Chambon et al.24 

Gel Permeation Chromatography (GPC)  
Copolymer molecular weights and polydispersities were determined using a 

DMF GPC set-up operating at 60 oC and comprising two Polymer Laboratories 

PL gel 5 μm Mixed C columns connected in series to a Varian 390 LC multi-

detector suite (only the refractive index detector was utilised) and a Varian 290 

LC pump injection module. The GPC eluent was HPLC grade DMF containing 

10 mM LiBr at a flow rate of 1.0 mL min-1. DMSO was used as a flow-rate 

marker. Calibration was conducted using a series of ten near-monodisperse 

poly(methyl methacrylate) standards (Mn = 625 – 618,000 g mol-1). The 

chromatograms were analysed using Varian Cirrus GPC software (version 3.3) 

provided by the instrument manufacturer (Polymer Laboratories).  

Transmission Electron Microscopy (TEM)  
Aggregate solutions were diluted fifty-fold at 20 oC to generate 0.10 % w/w 

dispersions. Copper/palladium TEM grids (Agar Scientific) were surface-

coated in-house to yield a thin film of amorphous carbon. The grids were then 

plasma glow-discharged for 30 s to create a hydrophilic surface. Individual 

samples (0.1 % w/w, 12 μL) were adsorbed onto the freshly glow-discharged 

grids for 1 min and then blotted with filter paper to remove excess solution. To 

stain the aggregates, uranyl formate (0.75 % w/v) solution (9 μL) was soaked 

on the sample-loaded grid for 20 s and then carefully blotted to remove excess 

stain. The grids were then dried using a vacuum hose. Imaging was performed 

on a Phillips CM100 instrument at 100 kV, equipped with a Gatan 1 K CCD 

camera. 
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Small-Angle X-Ray Scattering (SAXS)  
SAXS patterns were recorded at two synchrotron sources (ESRF, station ID02, 

Grenoble, France and Diamond Light Source, station I22, Didcot, UK). A 

monochromatic X-ray radiation (wavelength λ = 0.0995 nm and 0.1001 nm, 

respectively) and 2D SAXS detectors (FReLoN Kodak CCD and Pilatus 2M, 

respectively) were used for these experiments. The SAXS camera length set-

ups covered the q range from 0.009 nm-1 to 0.04 nm-1 (ESRF) and from 0.02 

nm-1 to 1.9 nm-1 (Diamond), where q= 4πsinθ
λ

  is the modulus of the scattering 

vector and θ is one-half of the scattering angle. Either a 2.0 mm diameter glass 

capillary (ESRF) or a liquid cell composed of two mica windows (each of 25 

μm thickness) separated by a polytetrafluoroethylene spacer of 1 mm thickness 

(Diamond) were used as sample holders, respectively. X-ray scattering data 

were reduced by Nika SAS data reduction macros for Igor Pro (integration, 

normalisation, background subtraction) and were further analysed using Irena 

SAS macros for Igor Pro. SAXS measurements were conducted on G63H350Bz 

(z = 0 – 400, see Table 2.2) dispersions either in water (ESRF and Diamond) or 

in a 40 % w/w aqueous sucrose solution (Diamond). The copolymer 

concentration was diluted from 10 % w/w (as-synthesised) to 1.0 % w/w for 

data collection. 

Visible Absorption Spectroscopy  
Turbidities of both the initial vesicle dispersions and also the underlying 

aqueous phase of the corresponding creamed emulsions after homogenisation 

with n-dodecane were assessed by visible absorption spectrophotometry 

(Perkin-Elmer Lambda 25 instrument) between 400 and 800 nm at a scan 

speed of 960 nm min-1. 

Optical Microscopy (OM)  
Optical microscopy images were recorded using a Motic DMBA300 digital 

biological microscope with a built-in camera and equipped with Motic Images 

Plus 2.0 ML software. 
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Laser Diffraction  
A Malvern Mastersizer 2000 instrument equipped with a small volume Hydro 

2000SM sample dispersion unit (ca. 50 ml), a He-Ne laser operating at 633 

nm, and a solid-state blue laser operating at 466 nm was used to size each 

emulsion. The stirring rate was adjusted to 1,000 rpm in order to avoid 

creaming of the emulsion during analysis. After each measurement, the cell 

was rinsed once with ethanol, followed by three rinses with doubly-distilled 

water; the glass walls of the cell were carefully wiped with lens cleaning tissue 

to avoid cross- contamination and the laser was aligned centrally to the 

detector prior to data acquisition. The volume-average diameter was measured 

and repeated four times for each emulsion. 

Results and Discussion 
Synthesis and Characterisation 
The initial RAFT solution polymerisation of GMA was conducted in ethanol at 70 oC 

to generate a near-monodisperse G63 macro-CTA (Mw/Mn = 1.16; see Figure 2.1 and 

Table 2.1). After purification, this water-soluble macro-CTA was utilised for the 

RAFT aqueous dispersion polymerisation of HPMA at 15 % w/w solids. 1H NMR 

studies indicated that >99% HPMA conversion was achieved within 2 h at 70 oC, as 

expected from previous studies.23 Gel permeation chromatography (GPC) studies 

indicated that near-monodisperse diblock copolymers were obtained with minimal 

macro-CTA contamination and high blocking efficiencies (Mw/Mn = 1.16; see Figure 

2.1 and Table 2.1). GPC traces were invariably unimodal but typically exhibited a 

high molecular weight shoulder. The latter feature is attributable to low levels of 

dimethacrylate impurity within HPMA (approximately 0.07 mol % as judged by 

HPLC analysis), which results in light cross-linking of the PHPMA chains.  

TEM images (see Figure 2.2, G63H350) reveal a pure vesicular morphology, as 

expected for this asymmetric diblock composition. The vesicle folds that are 

discernible in the TEM images are the result of buckling and/or partial collapse of 

these relatively delicate nano-structures under the ultrahigh vacuum conditions. 

These well-defined G63H350 diblock copolymer precursor vesicles were also 

characterised by DLS (see Table 2.1) and then utilised for the RAFT seeded 
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emulsion polymerisation of BzMA at 70oC to produce a series of nine G63H350Bz 

triblock copolymers (where z ranges from 25 to 400). 

 

 
Figure 2.1 DMF GPC curves obtained for the G63 macro-CTA, linear G63H350 diblock 
copolymer precursor, and selected G63H350Bz triblock copolymers (where z ranges from 25 to 
400). Number-average molecular weights and polydispersities obtained for all nine of these 
copolymers are shown in Table 2.1. 

 

1H NMR studies for these triblock copolymers (see Figure 2.3) indicate conversions 

greater than 96 % (see Table 2.1). Signal j at 7.1-7.4 ppm, which is assigned to the 

five aromatic BzMA protons, increases on targeting higher DPs.  

DMF GPC studies confirmed that near-monodisperse triblock copolymers were 

obtained (Mw/Mn ranges from 1.10 to 1.25) with high blocking efficiencies; see 

Figure 2.1 and Table 2.1. It is noteworthy that these polydispersities are significantly 

lower than those reported by Chambon et al., who reported Mw/Mn values as high as 

1.50.24 This is most likely attributable to the higher macro-CTA/initiator molar ratio 

of 5.0 employed in the present work. In contrast, Chambon et al. used a macro-

CTA/initiator molar ratio of just 2.0, which is known to lead to reduced living 
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character for RAFT polymerisations and may also lead to homopolymer impurities.26 

Moreover, it is worth noting that Chambon et al. only targeted three G58H350Bz 

copolymers, for which z was 200, 300 or 400.24  

 
Table 2.1 Summary of 1H NMR calculated composition and conversion, GPC number-average 
molecular weight (Mn) and polydispersity (Mw/Mn) and DLS hydrodynamic diameter (Dh) 
obtained for a G63 macro-CTA, linear G63H350 diblock copolymer precursor vesicles and 
framboidal G63H350Bz triblock copolymer vesicles (where z ranges from 25 to 400). 

Copolymer 

Composition 

Conversion 

(%) 

Mn 

(kg mol-1) 
Mw/Mn 

Dh (PDI) 

(nm) 

G63 - 17.6 1.16 - 

G63H350 >99a 82.2 1.16 362 (0.08) 

G63H350B25 100 87.3 1.16 401 (0.09) 

G63H350B50 100 100.0 1.10 411 (0.09) 

G63H350B71 94 102.1 1.10 406 (0.09) 

G63H350B97 97 104.5 1.11 407 (0.07) 

G63H350B125 100 112.2 1.12 394 (0.04) 

G63H350B169 97 114,3 1.13 364 (0.06) 

G63H350B200 100 117.7 1.15 375 (0.08) 

G63H350B294 98 130.7 1.18 366 (0.05) 

G63H350B400 100 140.9 1.25 418 (0.12) 

a In this case, this corresponds to HPMA conversion. 
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Figure 2.2 Representative TEM images obtained for a series of framboidal G63H350Bz triblock 
copolymer vesicles (where z = 25-400) and also the precursor G63H350 diblock copolymer 
vesicles. A 200 nm scale bar applies for the first ten images, while a 500 nm scale bar applies for 
the first ten images, while a 500 nm scale bar applies for the last three images. 

 

In the present study, we explore the evolution of the framboidal morphology in much 

more detail (nine G63H350Bz copolymers, with z ranging from 25 to 400) while 

achieving significantly better control over the copolymer molecular weight 

distribution. 

DLS and TEM studies indicate that the vesicle diameter is more or less unchanged as 

the PBzMA DP is increased (see Table 2.1 and Figure 2.2). TEM analysis of the 
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G63H350 diblock copolymer precursor vesicles indicates a relatively smooth and 

featureless surface morphology (see Figure 2.2). After chain extension with BzMA, 

the vesicle surface becomes increasingly rough until individual micelle-like globules 

of approximately 34 nm can be observed at a block copolymer composition of 

G63H350B97. This suggests that nano-scale phase separation occurs within the vesicle 

walls during the polymerisation of BzMA, as previously reported by Chambon et 

al.24 As the target PBzMA DP is increased, the globules grow in size and 

prominence.  
 

 
Figure 2.3 Assigned 1H NMR spectra (d6-DMSO) obtained for the G63H350 linear diblock 
copolymer precursor and five of the corresponding G63H350Bz triblock copolymers (where z 
ranges from 25 to 400). 
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SAXS Studies 
SAXS is used to further characterise this framboidal vesicular morphology. TEM 

images (Figure 2.2) suggest three distinct particle morphologies: vesicles with 

smooth membranes (morphology 1), vesicles with pitted membranes (morphology 2) 

and vesicles with globular membranes (morphology 3) (see Figure 2.4). The latter 

morphology is comparable to the polymer core-particulate silica shell particles 

reported by Balmer and co-workers27-30 In this earlier work, Monte Carlo simulations 

were utilised to demonstrate27 that the SAXS patterns obtained for such 

nanocomposite particles can be described by a two-population model represented by 

a superposition of two scattering signals originating from a core-shell spherical 

particle (population 1) and the small spherical silica particles that formed the shell 

(population 2).  

 

 
Figure 2.4. Schematic representation of the structural morphology of both a G63H350 diblock 
copolymer precursor vesicle and a series of G63H350Bz triblock copolymer vesicles, where red = 
PGMA (G), light blue = PHPMA (H), light green = mixed PHPMA and PBzMA (B) 
membrane where z ≤ 50, and dark green = mixed PHPMA and PBzMA membrane where 
z ≥ 97.   
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Table 2.2 Structural parameters obtained for a series of G63H350Bz (z = 0 to 400) copolymer dispersions in either pure water or a 40 % w/w aqueous sucrose 
solution from SAXS analysis using the two-population model (Equation A1.1 in the Appendix, n = 2). Representative parameters of the first population model 
(population 1) corresponding to vesicles (whose form factor is described by Equation A1.2 in the Appendix): Rmc is the radius from the center of the vesicle to the 
center of the membrane (Figure 2.4) and σRmc is the associated standard deviation, Tmc is the membrane core thickness and σTmc is the associated standard 
deviation, Rout is the total radius of the vesicle (𝑹𝑹𝐨𝐨𝐨𝐨𝐨𝐨 = 𝑹𝑹𝐦𝐦𝐦𝐦 + 𝟏𝟏

𝟐𝟐
𝑻𝑻𝐦𝐦𝐦𝐦 + 𝟐𝟐𝟐𝟐𝐠𝐠, where the radius of gyration of the corona PGMA block, Rg, is 2.1 nm). Representative 

parameters of the second population (population 2) corresponding to spherical micelles (whose form factor is described by Equation A1.7 in the Appendix): Rs is 
the core radius, σRs is the standard deviation of the core radius, RPY is the Percus-Yevick correlation radius of densely-packed spherical micelles and FPY is the 
Percus-Yevick effective volume fraction of the packed micelles. c2/c1 is the ratio of the volume fraction of the copolymers forming spherical micelles (population 2) 
to the volume fraction of the copolymers forming vesicles (population 1). VPBzMA denotes the volume of the hydrophobic PBzMA block. Two sets of fitting 
parameters are given for G63H350B400 in a 40 % w/w aqueous sucrose solution. 

Copolymer 
Composition 

VPBzMA 
/nm3 

ξmc ×10-10 
/cm-2 

Population 1 

c2/c1 

Population 2 

Rmc (σRmc) 
/nm 

Tmc (σTmc)/ nm Rout/ nm Rs (σRs)/ nm RPY 
/nm 

FPY 
/nm Water Sucrose Water Sucrose Water Sucrose 

G63H350 - 11.11 163(47) 18.9(2.5) 18.9(2.5)* 176 176 - - - - - 
G63H350B25 6.378 11.05 155(46) 21.8(3.1) 18.2(2.7) 170 168 - - - - - 
G63H350B50 12.76 11.00 156(45) 23.1(3.5) 18.8(4.1) 172 169 - - - - - 
G63H350B97 24.75 10.93 155(44) 26.7(3.7) 24.8(3.3) 172 171 0.132 18.7(3.4) 18.7(3.4)* 15.8 0.35 
G63H350B125 31.89 10.89 155(43) 30.6(4.4) 26.6(4.3) 174 173 0.223 22.3(4.0) 22.3(4.0)* 20.7 0.43 
G63H350B169 43.11 10.84 156(42) 34.2(5.2) 27.2(3.9) 177 174 0.343 24.7(3.8) 22.7(4.3) 21.8 0.40 
G63H350B200 51.02 10.81 154(43) 37.8(6.3) 30.7(5.0) 177 173 0.425 26.9(3.6) 25.5(2.1) 22.6 0.36 
G63H350B294 75.00 10.75 145(46) 45.5(7.6) 35.7(4.6) 172 167 0.575 34.9(4.1) 30.9(3.8) 31.9 0.47 

G63H350B400 
102.0 10.69 142(44) 54.8(8.1) 44.0(10.7) 173 168 0.612 43.2(6.0) 36.7(5.2) 40.2 0.50 
102.0 10.69 142(44) - 41.3(10.8) - 167 20.3 - 34.5(6.3) 30.8 0.43 

* These data were not considered to be reliable.  
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Table 2.3 Structural parameters obtained for a series of G63H350Bz (z = 0 to 400) copolymer dispersions in either pure water or a 40 % w/w aqueous sucrose 
solution from SAXS analysis using the two-population model (Equation A1.1 in the Appendix, n = 2). Representative parameters of the first population model 
(population 1) corresponding to vesicles (whose form factor is described by Equation A1.2 in the Appendix): xsol is the volume fraction of solvent in the hydrophobic 
part of the vesicle membrane, Rmc is the radius from the center of the vesicle to the center of the membrane (Figure 2.4) and σRmc is the associated standard 
deviation, Tmc is the membrane core thickness and σTmc is the associated standard deviation, Rout is the total radius of the vesicle (𝑹𝑹𝐨𝐨𝐨𝐨𝐨𝐨 = 𝑹𝑹𝐦𝐦𝐦𝐦 + 𝟏𝟏

𝟐𝟐
𝑻𝑻𝐦𝐦𝐦𝐦 + 𝟐𝟐𝟐𝟐𝐠𝐠, where 

the radius of gyration of the corona PGMA block, Rg, is 2.1 nm). Representative parameters of the second population (population 2) corresponding to spherical 
micelles (whose form factor is described by Equation A1.7 in the Appendix): Rs is the core radius, σRs is the standard deviation of the core radius, RPY is the Percus-
Yevick correlation radius of densely-packed spherical micelles and FPY is the Percus-Yevick effective volume fraction of the packed micelles. c2/c1 is the ratio of the 
volume fraction of the copolymers forming micelles (population 2) to the volume fraction of the copolymers forming vesicles (population 1). VPBzM A denotes the 
volume of the hydrophobic PBzMA block. 

Copolymer 
Composition 

VPBzM

A /nm3 
ξmc ×10-10 

/cm-2 
xsol 

Population 1 c2/c
1 

Population 2 
Rmc 

(σRmc) 
/nm 

Tmc (σTmc)/ nm Rout/ nm Rs (σRs)/ nm RPY 
/nm 

FPY 
/nm Water Sucrose Water Sucrose  Water Sucrose 

G63H350 - 11.11 0.5 163(47) 18.9(2.5) 18.9(2.5)* 176 176 - - - - - 

G63H350B25 6.378 11.05 0.46 155(46) 21.9(3.1) 18.3(2.8) 170 168 - - - - - 

G63H350B50 12.76 11.00 0.42 156(45) 23.2(3.5) 18.7(4.1) 172 169 - - - - - 

G63H350B97 24.75 10.93 0.37 155(44) 26.3(3.6) 24.8(3.1) 172 171 0.158 14.3(5.1) 14.3(5.1)* 10.4 0.31 

G63H350B125 31.89 10.89 0.34 155(43) 30.4(4.9) 26.3(3.5) 174 173 0.321 23.3(3.6) 20.8(4.0)* 20.9 0.49 

G63H350B169 43.11 10.84 0.31 156(42) 33.9(5.6) 27.0(4.4) 177 174 0.388 25.2(3.6) 22.7(4.3) 21.8 0.42 

G63H350B200 51.02 10.81 0.29 154(43) 37.2(7.0) 30.7(5.3) 177 173 0.452 27.3(3.3) 25.7(2.5) 22.4 0.39 

G63H350B294 75.00 10.75 0.24 145(46) 45.0(8.0) 36.1(4.4) 172 167 0.611 34.5(3.7) 31.5(3.9) 30.1 0.46 

G63H350B400 102.0 10.69 0.20 142(44) 
54.3(8.9) 43.4(15.7) 173 169 0.693 42.5(6.0) 36.6(2.8) 38.1 0.46 

- 46.0 (10.7) - 169 1.818 - 36.2 (6.1) 31.8 0.46 
* These data were not considered to be reliable.  



 
Chapter Two – Framboidal ABC Triblock Copolymer Vesicles: a New Class of 

Efficient Pickering Emulsifier 

62 

 

A similar approach to SAXS analysis has been undertaken in the present study. 

Accordingly, population 1 represents the vesicles and population 2 describes the 

globules within the vesicle membrane (see Figure 2.4, morphology 3 and Equation 

A1.1 to Equation A1.10 in the Appendix). Population 1 of the proposed two-

population model corresponds to the initial morphology 1 (smooth vesicles) and is 

thus appropriate for SAXS analysis of the G63H350 diblock copolymer precursor. 

Morphology 1 is well described by the vesicle model (population 1 in Equation A1.1 

in the Appendix),which produced a reasonably good fit to the SAXS pattern over six 

orders of magnitude of X-ray scattering intensity (Figure 2.5, Table 2.2, G63H350). 

 

 
Figure 2.5. SAXS patterns obtained for 1.0 % w/w aqueous dispersions of G63H350 diblock 
copolymer precursor vesicles (z = 0) and a series of framboidal G63H350Bz triblock 
copolymer vesicles, where z = 25, 50, 97, 125, 169, 200, 294 or 400. Solid lines represent 
fitting curves: For z = 0, 25 or 50, a single population model was sufficient, whereas two 
populations were required for higher z values. For clarity, the SAXS patterns are shifted 
upward by an arbitrary factor indicated in the figure. 

 

The calculated vesicle radius, Rout, of 176 nm (Table 2.2) is consistent with both 

TEM observations (Figure 2.2) and DLS data (Table 2.1). The mean vesicle diameter 

is estimated to be 350 nm by TEM analysis, while DLS studies indicate a mean 
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hydrodynamic vesicle diameter (Dh) of 362 nm with a relatively low polydispersity 

index (PDI) of 0.08. The radius of gyration (Rg) of the G63 corona block was 

determined to be 2.1 nm from model fitting of the G63H350 SAXS pattern. This 

experimental value is comparable to a theoretical estimate: the projected contour 

length of a single GMA monomer is 0.255 nm (two carbon bonds in all-trans 

conformation), the total contour length of a G63 block, LPGMA = 63 x 0.255 nm = 

16.07 nm and the Kuhn length of 1.53 nm, based on the literature value for 

poly(methyl methacrylate)31, result in an estimated Rg of (16.07 x 1.53/6)1/2, or 2.02 

nm. The water volume fraction, xsol, in the membrane core is approximately 0.50 

according to the SAXS data fit. The vesicle model (population 1) also produced a 

good fit to the experimental SAXS patterns corresponding to the triblock copolymer 

vesicles containing a relatively short PBzMA block corresponding to morphology 2 

(Figure 2.5 and Table 2.2, samples G63H350B25 and G63H350B50). This result is 

consistent with TEM observations (Figure 2.2), which suggests that such copolymer 

compositions produce only surface-pitted vesicles that do not significantly affect 

their membrane structure. However, in order to produce satisfactory fits to SAXS 

patterns obtained for genuine framboidal vesicles prepared by targeting longer 

PBzMA blocks (e.g. G63H350Bz, z = 97-400) incorporation of population 2 (spherical 

micelles, which correspond to the micelle-like globules) into the model, Equation 

A1.1 in the Appendix, was essential (Figure 2.6, SAXS data corresponding to a 

continuous phase comprising pure water). A superposition of scattering signals from 

two populations (vesicles and spherical micelles) used in the model produces good 

fits to the SAXS data over a wide range of PBzMA block DPs (Figure 2.5 and Table 

2.2).  

It is assumed that both the Rg of the PGMA block and the water content within the 

hydrophobic vesicles membrane do not change during the growth of the PBzMA 

block. Thus, the Rg and xsol values obtained for the G63H350 diblock precursor 

vesicles were used as fixed parameters for SAXS fitting of the final triblock 

copolymers. The same batch of PGMA macro-CTA was used for all copolymer 

syntheses described in this work, so the assumption of a fixed Rg for this block is 

perfectly reasonable. At first sight, it is questionable whether xsol should remain 

constant when growing a progressively longer PBzMA block. This is because 

PBzMA is significantly more hydrophobic than PHPMA, hence a gradual reduction 
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in xsol with increasing PBzMA content might be expected.  However, the developing 

framboidal character of the vesicle membrane necessarily leads to the incorporation 

of additional water molecules (see Figure 2.7). The following discussion shows that 

this feature is sufficient to maintain a constant xsol, regardless of the PBzMA content 

of the copolymer.  

 

 
Figure 2.6. SAXS patterns obtained for both 1.0 % w/w aqueous sucrose and aqueous 
dispersions of framboidal G63H350B125 triblock copolymer vesicles. Fitting curves are 
represented by solid black lines. A two-population model was required for fitting 
[morphology 3 (M3) in Figure 2.4]: population 1 is represented by red dashed lines and 
population 2 is represented by blue dashed lines. Inset: schematic representations of the 
X-ray contrast achieved in both pure water and aqueous sucrose solutions. 

 

An xsol of 0.50 is obtained for the membrane-forming PHPMA block of the precursor 

G63H350 diblock copolymer vesicles. This value is consistent with recent work by 

Warren et al., who reported xsol values ranging from 0.38 to 0.66 for G55Hy vesicles 

when varying y from 200 to 1000, respectively.32 Assuming additivity, if the PBzMA 

component has a water content of zero then xsol might be expected to decrease from 
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0.50 for G63H350 diblock copolymer vesicles to 0.20 for G63H350B400 triblock 

copolymer vesicles (see Table 2. 3). Using these xsol values as fitting parameters 

produces comparable results to those obtained when xsol is kept constant at 0.50 (see 

Table 2.2 and Table 2.3). This suggests that the SAXS parameters are relatively 

insensitive to xsol. However, marginally better fits to the model, especially at high q, 

are obtained when xsol is taken to be 0.50, regardless of the copolymer composition. 

This is most likely because, for population 1 of the SAXS model, it is assumed that 

water is distributed evenly within the hydrophobic component of the vesicle 

membrane (see Figure 2.5). 

 

 
Figure 2.7 Schematic illustration of the effect of varying the PBzMA DP (z) on the value of xsol 
for G63H350Bz vesicles. (a) The originally predicted phase-separated three-layer cross-section 
model, where red = PGMA, blue = PHPMA and green = PBzMA. (b) The continuous core model 
which assumes the hydrophobic PHPMA and PBzMA blocks are uniformly distributed within 
the membrane, where red = PGMA, light blue = PHPMA, light green = mixed PHPMA plus 
PBzMA membrane where z ≤ 50, and dark green = mixed PHPMA plus PBzMA membrane 
where z ≥ 97. In each case, the yellow areas indicate the presence of water between adjacent 
globules. The inset cubes indicate the approximate volume occupied by each globule within the 
vesicle membrane. 

It is true that the overall volume fraction of water associated with the hydrophobic 

block(s) is reduced as the diblock copolymer precursor is chain-extended with 

BzMA. However, the local increase in curvature caused by the growth of the pseudo-

spherical globules actually leads to a higher volume fraction of water becoming 

associated with the membrane as a whole (see yellow regions in Figure 2.7). This 
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water volume fraction (or xsol) can be estimated geometrically by calculating the free 

volume associated with a sphere of radius 0.5a placed within a cube of length a: 
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SAXS analysis shows that the thickness of the hydrophobic component of the vesicle 

membrane (Tmc) increases on targeting higher DPs for the PBzMA block (Table 2.2 

and Figure 2.8).  

 

 
Figure 2.8 Variation in mean micelle/globule diameter and vesicle wall thickness (Tmc) with 
degree of polymerisation (z) for G63H350Bz triblock copolymer vesicles obtained from SAXS (▲, 
■) and TEM (●) data. [N.B. No mean globule diameters can be determined for z = 0, 25 and 50 
because these vesicles do not exhibit framboidal character.] 

 

However, the overall vesicle dimensions remain virtually constant over all 

copolymer compositions (Rout ~ 174 nm, Table 2.2), which is consistent with our 

TEM observations (Figure 2.2) and DLS studies (Table 2.1). Taken together, these 

data suggest that the vesicle growth mechanism leads to a gradual reduction in the 

volume of the vesicle lumen, as reported recently by Warren and co-workers for non-

framboidal G55Hy vesicles, where y ranges from 200 to 2000.33 The nanoscale phase 
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separation that occurs within the vesicle membrane described by the spherical 

micelle model (population 2) can also be identified from SAXS analysis. Both the 

spherical micelle radius (Rs) and the relative concentration of the second population 

(c2/c1) increase at a higher PBzMA block volume fraction, VPBzMA (Table 2.2). 

Moreover, the Rs values are consistent with those estimated from TEM images 

(Figure 2.8). TEM studies suggest that the mean micelle/globule diameter (2Rs) for 

the framboidal G63H350Bz vesicles increases from 34 nm to 76 nm as z is increased 

from 97 to 400. Similarly, SAXS analyses indicate that 2Rs increases from 36 nm to 

85 nm for the same set of samples. However, it is worth emphasising that only a few 

hundred globules were analysed by TEM, whereas the SAXS data are averaged over 

many millions of globules, which ensures far more robust statistics. Some difference 

between micelle/globule diameters measured by TEM and SAXS is likely because 

SAXS interrogates partially hydrated globules in aqueous solution. In contrast, TEM 

is performed on dehydrated globules under ultrahigh vacuum conditions, which 

accounts for the marginally smaller dimensions in this case.  

The proposed structural model (Figure 2.4) does not account for the nanoscale phase 

separation between the PHPMA and PBzMA blocks which might be expected to 

occur during PBzMA growth (see Figure 2.2). However, the difference between the 

scattering length densities of the copolymer components (ξPGMA, ξPHPMA and ξPBzMA) 

and water (ξH2O) significantly exceeds the difference between the scattering length 

densities of the copolymer components alone (see Appendix 1 for full details of the 

structural models used in the SAXS analysis). Thus SAXS is simply not particularly 

sensitive to the phase separation between the PHPMA and PBzMA blocks that is 

responsible for the evolution in morphology from smooth vesicles to framboidal 

vesicles during the PISA synthesis. Thus, in order to scrutinise the anticipated phase 

separation between the PHPMA and PBzMA blocks, a contrast variation technique 

was employed in this study. Accordingly, the vesicle dispersions were prepared using 

a 40 % w/w aqueous sucrose solution instead of water. 

This solution is a good solvent for the PGMA stabiliser block and has a scattering 

length density of ξH2O+sucrose = 10.88 x 1010 cm-2, which lies between ξPHPMA and 

ξPBzMA (see Appendix 1). This contrast variation approach significantly reduces the 

scattering length density difference between the copolymer components and the 

continuous phase and consequently increases the sensitivity of SAXS towards the 
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structural changes occurring within the vesicle membrane. It is emphasised that the 

PGMA stabiliser block has the highest scattering length density and hence produces 

a significant contribution to the scattering signal. Thus in principle contrast-matching 

the corona block (ξPGMA = 11.94 x 1010 cm-2) to the solvent would be informative, 

but unfortunately this was not possible because of the limited solubility of sucrose in 

water. The contrast-matched copolymer dispersions were prepared in two steps: (1) 

preparation of a 44 % w/w aqueous sucrose stock solution followed by (2) dilution of 

the copolymer dispersion prepared in pure water from 10 % w/w to 1 % w/w solids 

using this aqueous sucrose solution. The fitting parameters obtained for the purely 

aqueous dispersions were also used for SAXS analysis of the aqueous sucrose 

dispersions, while the solvent scattering length density used in the model was 

changed from that of water to that for 40 % w/w aqueous sucrose solution. Assuming 

that the vesicle morphology and the copolymer concentration remain unchanged in 

the aqueous sucrose dispersion, only six parameters are required for the SAXS 

fitting: the membrane thickness corresponding to the parameters used for population 

1, the spherical micelle radius corresponding to population 2, their corresponding 

standard deviations and relative concentrations of both populations. For each sample, 

the concentration ratio, c2/c1, was kept constant during the fitting at the same value 

obtained for the dispersions in pure water (Table 2.2). This relatively constrained 

model produced satisfactory data fits for the SAXS patterns of the aqueous sucrose 

dispersions (see Figure 2.6, Figure 2.9 and Table 2.2). A significant inconsistency is 

only observed for the triblock copolymer prepared with the longest PBzMA block 

(Figure 2.9, see G63H350B400). In this case, including additional fitting parameters in 

the model associated with the spherical micelle packing (RPY and FPY) and removing 

the c2/c1 ratio constraint produced a better data fit (Figure 2.9, solid red line). This 

latter fit indicated a significantly higher relative concentration for the second 

population (see the last entry in Table 2.2). This suggests that these nano-objects are 

best described as strongly interacting (i.e. aggregated) spherical micelles, with little 

or no vesicular character.  

In general, SAXS analysis of this series of vesicles dispersed in aqueous sucrose 

solution demonstrates that both the vesicle membrane thickness and the mean micelle 

radius are slightly reduced relative to the corresponding values determined for the 

same vesicles dispersed in pure water. The observed 15 vol % reduction in 
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membrane volume (see Table 2.2) is the result of a lower degree of solvent 

plasticisation. Presumably, this is simply because aqueous sucrose is a poorer solvent 

for the two blocks located in the membrane than water alone. Unfortunately, the 

relatively weak scattering from the aqueous sucrose dispersions means that SAXS 

pattern fits involving the other model parameters, including xsol, are considered 

unreliable. Nevertheless, the original SAXS model used for analysis of vesicle 

dispersions in pure water (Figure 2.4) were consistent with the SAXS patterns 

recorded for dispersions in aqueous sucrose solution. 

 

 
Figure 2.9 SAXS patterns and data fits obtained for a 1.0 % w/w dispersion of G63H350 diblock 
copolymer precursor vesicles in 40 % w/w aqueous sucrose and eight framboidal G63H350Bz 
triblock copolymer vesicles, where z ranges from 25 to 400. Solid black lines represent data fits 
assuming that the hydrophobic PHPMA and PBzMA blocks are uniformly distributed within 
the membrane (Figure 2.4): the first three vesicle samples were analysed assuming a single 
vesicle population (Equation A1.1 in the Appendix, n = 1), but for vesicles with a PBzMA DP of 
97 or above a two-population model was required for satisfactory data fits (Equation A1.1 in the 
Appendix, n = 2). The solid red line represents the data fit obtained for G63H350B400 triblock 
copolymer vesicles when a different set of fitting parameters were used based on an aggregated 
sphere model for which c2/c1 was allowed to vary (see Table A1.1). The SAXS patterns are 
shifted upward by an arbitrary factor, which is displayed in blue. 
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In order to probe the nanoscale phase separation between the PHPMA and PBzMA 

blocks within the vesicle membrane, a more sophisticated two-population model 

composed of vesicles with a three-layer hydrophobic membrane and spherical core-

shell-corona micelles was developed (see Figure 2.10, Equation A1.1 and Equation 

A1.11 to Equation A1.17 in the Appendix).  

 

 
Figure 2.10 Schematic representation illustrating the three-layer, phase-separated membrane 
model (red = PGMA, blue = PHPMA and green = PBzMA) used to fit SAXS data, where (1) is a 
cartoon showing a three-layer vesicle model for which the following two-population model is 
required; (2) represents population 1, which is a vesicle model comprising a three-layer 
membrane, and (3) represents population 2, which is a spherical micelle model (core-shell-
corona). 
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In this model, it is assumed that the PBzMA block occupies the central layer of the 

membrane. In principle, vesicles with the mean scattering length density of the 

hydrophobic component of the membrane that is closest to that of the aqueous 

sucrose solution (Table 2.2, see G63H350B125 and G63H350B169) should be most 

sensitive to nanoscale phase separation. If there is a homogeneous distribution of 

PHPMA and PBzMA blocks within the membrane (continuous core model, see 

Figure 2.4), then the hydrophobic component of the membrane should barely 

contribute to the X-ray scattering as the difference between ξmc and ξH2O+sucrose is 

almost zero. Alternatively, if there is nanoscale phase separation between the 

PHPMA and PBzMA blocks (three-layer model, see Figure 2.10) the hydrophobic 

component of the membrane should produce a strong contribution to the scattering 

signal because of the significant difference between ξPHPMA and ξH2O+sucrose and 

between ξH2O+sucrose and ξPBzMA. Given that phase separation between the PHPMA 

and PBzMA blocks should cause a redistribution of solvent concentration within the 

vesicle membrane, two scenarios for the sophisticated two-population model 

(Equations A1.1, A1.11 and A1.14 in the Appendix) were considered. As for the 

SAXS analyses summarised in Table 2.2, in one scenario it is assumed that the 

solvent fraction in the PBzMA layer and two PHPMA layers of the membrane are 

equal (i.e., xPBzMAsol = xPHPMAsol = 0.50). In an alternative scenario associated with 

Table 2.3, it is assumed that xPBzMAsol = 0 and xPHPMAsol = 0.50. Comparison of SAXS 

patterns calculated for the continuous core (single-layer) model and these two more 

sophisticated three-layer models indicates that the continuous core model is actually 

more consistent with the experimental data (Figure 2.11).  

To summarise the vesicle morphology studies, as the G63H350 diblock precursor is 

chain-extended with progressively longer PBzMA blocks, the overall vesicle 

diameter remains essentially constant (as indicated by DLS, TEM and SAXS) but the 

vesicle membrane thickness (as calculated by SAXS) increases. As a result, the 

vesicle lumen volume is gradually reduced on increasing the DP of the PBzMA. 

Finally, SAXS can be used to quantify the evolution in surface roughness indicated 

for these framboidal vesicles on the basis of TEM studies (see Figure 2.2). For 

G63H350Bz triblock copolymer vesicles, both SAXS and TEM studies indicate that 

well-defined globules are only formed when z > 97 and the mean globule diameter 

increases monotonically from 36 nm (z = 97) to 85 nm (z = 400).  However, a 
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contrast variation approach used for SAXS analysis provides no evidence for the 

anticipated nanoscale phase separation between the hydrophobic PHPMA and 

PBzMA blocks within the membrane. This suggests that the PHPMA and PBzMA 

blocks may only be weakly segregated within the vesicle membrane, rather than 

strongly segregated (see Figure 2.11). 

 

 
Figure 2.11. SAXS patterns obtained for a 1.0 % w/w aqueous sucrose dispersion of 
framboidal G63H350B125 triblock copolymer vesicles. The solid black line represents the 
fit when a continuous core model is used, the dashed red and blue lines represent the fits 
when a fully phase-separated three-layer model with xsol parameters of 0.5 (red) and 0.34 
(blue) were used for fitting. Inset: schematic representations of the continuous core 
model (left) and the phase-separated three-layer model (right). 
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Pickering Emulsion Studies 
Framboidal G63H350B200 triblock copolymer vesicles (an intermediate PBzMA 

block length) and linear G63H350 diblock copolymer vesicles were each 

evaluated as Pickering emulsifiers for the stabilisation of n-dodecane emulsion 

droplets in water. Aqueous vesicle dispersions (0.5 to 3.0 % w/w) were 

homogenised with an equal volume of n-dodecane at 12,000 rpm for two 

minutes at 20 oC to produce Pickering emulsions. The concentration 

dependence of the mean droplet diameter of the resulting emulsions was 

determined by laser diffraction and optical microscopy (see Figure 2.12). 

 

 
Figure 2.12 Volume-average diameter (determined for n-dodecane droplets by laser diffraction) 
vs. copolymer concentration for (♦) linear G63H350 diblock copolymer vesicles and (●) 
framboidal G63H350B200 triblock copolymer vesicles. Inset shows representative optical 
microscopy images for selected emulsions prepared at the stated copolymer concentration. The 
scale bars are valid for all six images. 

Increasing the concentration of linear G63H350 vesicles led to a constant mean 

droplet diameter of ~ 70 µm. This suggests that the linear G63H350 vesicles do 

not withstand the high shear conditions required for emulsion preparation, and 

instead dissociate to produce individual copolymer chains, as previously 

reported by Thompson et al.13, 34 In contrast, the mean emulsion droplet 
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diameter prepared using the G63H350B200 triblock copolymer vesicles increases 

from 55 µm up to 412 µm over the same concentration range. 

 
Figure 2.13 SEM images obtained for n-hexane-in-water Pickering emulsions stabilised by 2 % 
w/w dispersions of (a) smooth G63H350 diblock copolymer vesicles and (b) framboidal 
G63H350B400 triblock copolymer vesicles. The images show that the former G63H350 vesicles 
dissociate during high shear homogenisation, leading to the formation of an emulsion stabilised 
by individual diblock copolymer chains, rather than a genuine Pickering emulsion. In contrast, 
the latter framboidal vesicles proved to be stable when subjected to the same emulsification 
conditions and hence a genuine Pickering emulsion is produced. 

Similar concentration-dependent droplet diameters were observed for other 

G63H350Bz copolymer vesicles. These observations suggest that the G63H350Bz 

triblock copolymer vesicles survive high shear homogenisation and 
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consequently adsorb as intact triblock copolymer vesicles to produce genuine 

Pickering emulsions. Remarkably, only a relatively short PBzMA block is 

required to stabilise the vesicles during homogenisation; presumably, the 

highly hydrophobic nature of this third block is sufficient to prevent vesicle 

dissociation. SEM (Figure 2.13b) and TEM studies (Figure 2.14a) were carried 

out using n-hexane as the oil phase to ensure complete oil evaporation. These 

studies confirm that intact framboidal vesicles indeed act as Pickering 

emulsifiers. Hence the observed concentration dependence for the droplet 

diameter is readily explained: higher vesicle concentrations are required for 

stabilisation of smaller oil droplets because of the concomitant increase in total 

surface area. 

The Pickering emulsifier adsorption efficiency, Aeff, was determined by turbidimetry 

experiments, as described by Thompson et al.13 First, scattering curves were recorded 

and calibration plots were constructed for each triblock copolymer vesicle evaluated 

(see Appendix 2 and 3).The scattering intensity increased monotonically as the 

PBzMA DP is increased in the G63H350Bz triblock copolymer series, because of the 

significantly higher refractive index of this aromatic block. The Pickering emulsions 

proved to be highly stable towards coalescence, but creaming of the lower density 

droplet phase occurred on standing for 24 h at 20 oC. The turbidity of this lower 

aqueous phase was analysed by visible absorption spectroscopy to determine the 

amount of vesicles remaining in the aqueous solution and hence the adsorbed amount 

by difference (see Appendix 2 and Appendix 3). To confirm the validity of this 

turbidimetric assay, the vesicles were also sized by DLS before and after 

homogenisation in order to ensure that no size fractionation occurred during vesicle 

adsorption at the n-dodecane/water interface. 

At a copolymer concentration of 0.20 mM, the Aeff increased from 36 % up to 94 % 

on increasing the PBzMA DP from 25 to 125 (see Figure 2.14b). For PBzMA DPs 

greater than 125, the Aeff is progressively reduced, resulting in an Aeff of 85 % at a 

mean DP of 400 (see Figure 2.14b). These observations are similar to those reported 

by San-Miguel and Behrens,15 who observed that both the nanoparticle wettability 

and emulsion stability attained maximum values at the same root-mean-squared 

(rms) surface roughness. However, the latter parameter was calculated indirectly 

from AFM measurements performed on a planar surface that had been subjected to 
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the same coating conditions as the spherical microparticles. Nevertheless, it was 

suggested that wetting of microparticles with up to 6 nm rms roughness occurred 

within the Wenzel regime,35 whereas the roughest microparticles (rms roughness = 

7.5 nm) corresponded to the Cassie-Baxter regime.36 The former regime led to 

optimal Pickering emulsifier performance. 

 

 
Figure 2.14 (a) TEM images obtained for Pickering emulsions of n-hexane stabilised by aqueous 
vesicle dispersions of G63H350B25 and G63H350B400 triblock copolymer vesicles. (b) Plot of Aeff vs. 
PBzMA DP in a series of G63H350Bz triblock copolymer vesicles (0.20 mM) with increasing 
surface roughness. 
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In the present study, the model framboidal vesicles exhibit substantially enhanced 

Aeff values compared to non-framboidal G58H350E20 cross-linked vesicles,  for which 

a Aeff of 67 % has been reported for a similar copolymer concentration.13 

Presumably, the much higher surface roughness of the former nanoparticles (mean 

globule diameter ~ 45 nm) is responsible for this observation. This is significantly 

different to the critical length scale reported by San-Miguel and Behrens.15 However, 

it seems likely that other parameters, e.g. charge vs. steric stabilisation or differences 

in copolymer composition, also influence the particle contact angle (and hence 

surface wettability). 

Conclusions 
G63H350 diblock copolymer precursor vesicles were chain-extended with 

BzMA via seeded RAFT emulsion polymerisation at 70 oC to prepare a series 

of framboidal G63H350Bz triblock copolymer vesicles (where z ranged from 25 

to 400). TEM images reveal that the vesicle surface becomes increasingly 

pitted and rough until individual PBzMA globules can be observed protruding 

from the membrane. As higher PBzMA DPs are targeted, these globules 

gradually increase in size and become more prominent. SAXS provides a more 

in-depth analysis of surface roughness compared to TEM and DLS. Both 

SAXS and TEM studies confirm that topologically smooth vesicles are 

obtained prior to chain extension with BzMA, after which the vesicles acquire 

framboidal character (and hence surface roughness) depending on the DP of 

the PBzMA. A two-population SAXS model has been developed in order to 

characterise the globules protruding from the vesicle membrane. The mean 

globule diameter increases monotonically from 36 nm to 85 nm when the 

diblock copolymer precursor is chain-extended with 97-400 units of BzMA. 

Unlike the G63H350 diblock copolymer precursor vesicles, the framboidal 

triblock copolymer vesicles withstand high shear homogenisation conditions 

and can therefore act as Pickering emulsifiers for the stabilisation of n-

dodecane droplets. Turbidimetry data support the literature hypothesis that 

greater surface roughness does indeed promote higher Pickering emulsifier 

efficiencies. More specifically, framboidal vesicles with mean globule 

dimensions of 45 nm exhibit a Aeff of up to 94%. PISA represents a highly 
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convenient and versatile synthetic route to colloidal particles of exquisitely 

tunable surface roughness. Such nanoparticles may also be of interest for other 

fundamental scientific studies, such as the effect of surface topology on cell 

uptake kinetics.37 
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Introduction 
Particle-stabilised emulsions, otherwise known as Pickering emulsions, have 

been recognised for more than a century.1 Many classes of particles including 

silica,2-6 polymer latexes6-10 and clays11-14 can be used to stabilise such 

emulsions, with surface wettability usually dictating the emulsion type. Thus 

relatively hydrophilic particles tend to favour the formation of oil-in-water 

(o/w) emulsions, whereas relatively hydrophobic particles usually produce 

water-in-oil (w/o) emulsions.15-17 Over the last decade or so, increasing 

attention has been paid to the use of highly anisotropic particles. For example, 

Noble et al. reported the use of polymeric microrods to prepare water-in-oil 

emulsions, and ultimately colloidosomes.18 More recently, Kalashnikova et al. 

evaluated various types of cellulose-based Pickering emulsifiers of ribbon-like 

shape.19-21 Similarly, Wege et al.22 utilised hydrophobic anisotropic cellulose 

microparticles to stabilise water-in-oil emulsions. Vermant and co-workers23 

employed a multiple back-scattering technique to demonstrate that more stable 

Pickering emulsions are obtained when employing ellipsoidal polystyrene 

latexes (mean aspect ratio ~ 9) compared to conventional spherical latex 

particles. Similar results were also reported for ellipsoidal hematite particles 

(mean aspect ratio ~ 6).23 

Over the past decade, the Armes research group and others have utilised 

polymerisation-induced self-assembly (PISA) to prepare a wide range of 

diblock copolymer nano-objects of tunable size, shape and surface chemistry 

in the form of concentrated colloidal dispersions.24-28 Of particular relevance to 

the present work, PISA provides an extremely attractive route to highly 

anisotropic block copolymer worms,29 enabling their synthesis on a multi-gram 

scale in either polar solvents (e.g. water24, 30 or ethanol25, 31) or non-polar 

solvents (e.g. n-alkanes32, 33).  Reproducible PISA syntheses of such worms 

usually require the construction of phase diagrams,34, 35  although ad hoc 

syntheses can sometimes also be effective.36 Recently, we compared the 

performance of hydrophilic linear and cross-linked poly(glycerol 

monomethacrylate)-poly(2-hydroxypropyl methacrylate) [PGMA-PHPMA] 

diblock copolymer worms prepared via PISA in aqueous solution as Pickering 

emulsifiers for the production of o/w emulsions.36 The linear worms did not 
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survive the high-energy homogenisation conditions required to generate the oil 

droplets: instead, worm dissociation occurs to generate individual copolymer 

chains, which then act as a polymeric surfactant to stabilise the emulsion. 

However, the corresponding cross-linked worms (which were obtained via 

addition of a small amount of ethylene glycol dimethacrylate) survived 

homogenisation, leading to the formation of genuine Pickering emulsions. In 

related work, hydrophobic linear poly(lauryl methacrylate)-poly(benzyl 

methacrylate) [PLMA-PBzMA] worms prepared via PISA in n-dodecane 

survived homogenisation to produce w/o Pickering emulsions.16 In this case 

the worms exhibited thermo-responsive behaviour: heating to 150 oC led to a 

worm-to-sphere transition that was essentially irreversible if it is conducted in 

sufficiently dilute solution (1.0 % w/w). Thus this system provided a unique 

opportunity to compare the effect of particle morphology on Pickering 

emulsifier performance for chemically identical spheres and worms.16 It was 

found that the worms were more effective stabilisers, because they produced 

finer, more stable oil droplets than the spheres when directly compared under 

the same conditions. This is understandable, because worms are 1-2 orders of 

magnitude more strongly adsorbed at the oil-water interface than spheres, yet 

have a comparable surface area per unit mass, As (the As for highly anisotropic 

worms is estimated to be only approximately 33% less than the As for the 

corresponding spheres). 16, 36 Given these intrinsic advantages, and the relative 

ease with which block copolymer worms can now be accessed via PISA 

syntheses, further exploration of the use of such anisotropic particles as 

Pickering emulsifiers is clearly warranted. 

In this work, we revisit our recent empirical (and serendipitous) discovery that 

linear PGMA-PHPMA-PBzMA triblock copolymers can form sufficiently 

robust worms to act as Pickering emulsifiers for o/w emulsions.36 More 

specifically, we examine the scope and limitations of the PISA synthesis of 

such worms, explain why the copolymer morphology does not evolve further 

to produce vesicles, characterise the worm dimensions using transmission 

electron microscopy (TEM) and small-angle X-ray scattering (SAXS), and 

assess the performance of such worms as hydrophilic Pickering emulsifiers for 

the production of millimetre-sized oil droplets.  
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Experimental Details 
Materials  
All reagents were used as received unless otherwise stated. Benzyl 

methacrylate (BzMA), n-dodecane, 2-cyano-2-propyl benzodithioate (CPDB) 

and 4, 4’-azobis-4-cyanopentanoic acid (ACVA) were purchased from Sigma-

Aldrich (UK). BzMA inhibitor was removed by passing this monomer through 

an inhibitor removal column. Ethanol, dichloromethane, DMSO and DMF 

were purchased from Fisher Scientific (UK). Glycerol monomethacrylate 

(GMA) was kindly donated by GEO Specialty Chemicals (Hythe) and used 

without further purification. 2-Hydroxypropyl methacrylate (HPMA) was 

purchased from Alfa Aesar (UK) and contained 0.07 mol % dimethacrylate 

impurity, as judged by high performance liquid chromatography (HPLC). 

Deuterated methanol (d4-CD3OD), dimethyl sulfoxide (d6-DMSO) and 

dimethyformamide (d7-DMF) NMR solvents were purchased from Goss 

Scientific (UK). Deionised water was obtained using an Elga Elgastat Option 

3A water purifier; its pH was approximately 6.2 and its surface tension was 

72.0 mN m-1 at 20 oC. 

RAFT Synthesis of PGMA Macro-CTA Agent in Ethanol  
The G37 macro-CTA was synthesised by Dr Vincent Ladmiral and the G92 

macro-CTA was synthesised by Rheanna Perry, following previously reported 

protocols.35  

Preparation of G37H60 Diblock Copolymer Precursor via RAFT 
Aqueous Solution Polymerisation at 15 % w/w Solids 
G37 macro-CTA (5.00 g, 0.813 mmol), HPMA monomer (7.04 g, 48.8 mmol), 

deionised water (68.6 g) and ACVA (76.0 mg, 0.271 mmol, CTA/ACVA 

molar ratio = 3.0) were weighed into a 100 mL round-bottomed flask and 

purged with N2 for 30 min prior to immersion in an oil bath set at 70 oC for 2 

h. Finally, the polymerisation was quenched by cooling to room temperature 

with subsequent exposure to air. 
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Preparation of G37H60Bz Triblock Copolymers (Where z 
Ranges from 10-550) via RAFT Seeded Emulsion 
Polymerisation at 11-46 % w/w Solids 
Protocol for G37H60B30 triblock copolymer worms: G37H60 diblock copolymer 

precursor (8.00 g of a 10 % w/w copolymer solution, 1.00 g copolymer, 0.0541 

mmol), ACVA (3.03 mg, 0.0108 mmol, CTA/ACVA molar ratio = 5.0) and 

BzMA monomer (0. 286 g, 1.62 mmol, target degree of polymerisation (DP) = 

30) were weighed into a 25 ml sample vial and purged with N2 for 20 min 

prior to immersion in an oil bath set at 70 oC for 4 h with stirring. The 

polymerisation was quenched by cooling to room temperature and subsequent 

exposure to air. This polymerisation was conducted at 13 % w/w solids. A 

series of similar copolymer syntheses were performed for which the PBzMA 

target DP ranged from 10 to 550 using BzMA masses varying from 0.0953 g 

to 5.23 g (0.541 mmol to 29.7 mmol), respectively, with the copolymer solids 

concentration increasing from 11 to 46 % w/w.  

Preparation of Linear G37H90 Diblock Copolymer Worms via 
RAFT Aqueous Dispersion Polymerisation at 13 % w/w Solids 
G37 macro-CTA (1.00 g, 0.163 mmol), HPMA monomer (2.11 g, 14.6 mmol), 

deionised water (20.9 g) and ACVA (15.1 mg, 0.0542 mmol, CTA/ACVA 

molar ratio = 3.0) were weighed into a 50 mL round-bottomed flask and 

purged with N2 for 30 min prior to immersion in an oil bath set at 70 oC for 2 h 

with stirring. Finally, the polymerisation was quenched by cooling to room 

temperature with subsequent exposure to air. 

Preparation of Linear G92B30 Diblock Copolymer Spheres via 
RAFT Aqueous Emulsion Polymerisation at 13 % w/w Solids 
G92 macro-CTA (0.5 g, 0.0334 mmol), BzMA monomer (0.177 g, 1.00 mmol), 

deionised water (4.55 g) and ACVA (3.12 mg, 0.011 mmol, CTA/ACVA 

molar ratio = 3.0) were weighed into a 25 mL vial and purged with N2 for 30 

min prior to immersion in an oil bath set at 70 oC for 4 h with stirring. Finally, 

the polymerisation was quenched by cooling to room temperature with 

subsequent exposure to air. 
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Pickering Emulsion Formation 
Either n-dodecane or n-hexane (20 vol. %) was shaken by hand with 2.0 ml of 

a 0.00188 - 1.0 % w/w aqueous worm dispersion for 2 min at 20 oC. The 

droplets were imaged by OM and the mean droplet diameter was determined 

by laser diffraction.  

1H NMR Spectroscopy 
All NMR spectra were recorded using a 400 MHz Bruker Avance-400 

spectrometer and 64 scans were averaged per spectrum.  

Gel Permeation Chromatography (GPC) 
Copolymer molecular weights and polydispersities were determined using a 

DMF GPC set-up operating at 60 oC and comprising two Polymer Laboratories 

PL gel 5 μm Mixed C columns connected in series to a Varian 390 LC multi-

detector suite (only the refractive index detector was utilised) and a Varian 290 

LC pump injection module. The GPC eluent was HPLC grade DMF containing 

10 mM LiBr at a flow rate of 1.0 mL min-1. DMSO was used as a flow-rate 

marker. Calibration was conducted using a series of ten near-monodisperse 

poly(methyl methacrylate) standards (Mn = 625 – 618,000 g mol-1). The 

chromatograms were analysed using Varian Cirrus GPC software (version 3.3) 

provided by the instrument manufacturer (Polymer Laboratories).  

Dynamic Light Scattering (DLS) 
Intensity-average hydrodynamic diameters of the copolymer dispersions were 

determined using a Malvern Zetasizer NanoZS instrument. Dilute aqueous 

dispersions (0.10 % w/w) were analysed using disposable cuvettes and all data 

were averaged over three consecutive runs to give the hydrodynamic diameter 

(Dh). 

Transmission Electron Microscopy (TEM) 
As-synthesised copolymer dispersions were diluted at 20 oC to generate 0.10 

% w/w dispersions. Copper/palladium TEM grids (Agar Scientific) were 

surface-coated in-house to yield a thin film of amorphous carbon. The grids 

were then plasma glow-discharged for 30 s to create a hydrophilic surface. 

Individual samples of aqueous copolymer dispersions (0.1 % w/w, 12 μL) 
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were adsorbed onto the freshly glow-discharged grids for 20 s and then blotted 

with filter paper to remove excess solution. To stain the copolymer 

dispersions, uranyl formate (0.75 % w/v) solution (9 μL) was soaked on the 

sample-loaded grid for 20 s and then carefully blotted to remove excess stain. 

The grids were then dried using a vacuum hose. Imaging was performed on a 

Phillips CM100 instrument at 100 kV, equipped with a Gatan 1 K CCD 

camera.  A similar protocol was followed for the emulsion droplet grid 

preparation. The emulsion was shaken and a sample (12 μL) was adsorbed 

onto the freshly glow discharged grid. The grids were not blotted with filter 

paper to remove excess dispersion – instead the hexane oil droplet evaporated 

after several min at ambient temperature. The staining protocol was the same 

as that for the aqueous copolymer dispersions. 

Small-Angle X-Ray Scattering (SAXS) 
SAXS patterns were recorded at Diamond Light Source (station I22, Didcot, 

UK). A monochromatic X-ray radiation (of wavelength λ = 0.1239 nm) and 

2D SAXS detector (Pilatus 2M) were used for the experiment. The SAXS 

camera length set-ups covered the q range from 0.02 nm-1 to 1.9 nm-1, where q 

= 4πsinθ/λ is the modulus of the scattering vector and θ is half of the scattering 

angle. A glass capillary cell of 1 mm thickness was used as the sample holder. 

X-ray scattering data were reduced by Dawn software, and were further 

analysed using Irena SAS macros for Igor Pro.37 SAXS measurements were 

conducted on various aqueous dispersions, for which the copolymer 

concentration was diluted to 1.0 % w/w for data collection. A scattering 

pattern of the homopolymer solution was collected using a laboratory SAXS 

instrument (a modified Bruker AXS Nanostar equipped with a microfocus 

Genix 3D Cu Kα radiation X-ray source and a collimator comprised of two 

sets of motorised scatterless slits by Xenocs, a camera length of 1.46 m and a 

2D HiSTAR multiwire gas detector), glass capillaries of 2 mm diameter were 

used as a sample holder.  
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Optical Microscopy (OM) 
Optical microscopy images were recorded using a Motic DMBA300 digital 

biological microscope with a built-in camera and equipped with Motic Images 

Plus 2.0 ML software. 

Laser Diffraction 
A Malvern Mastersizer 2000 instrument equipped with a small volume Hydro 

2000SM sample dispersion unit (ca. 50 ml), a HeNe laser operating at 633 nm, 

and a solid-state blue laser operating at 466 nm was used to size each 

emulsion. The stirring rate was adjusted to 1,000 rpm in order to avoid 

creaming of the emulsion during analysis. After each measurement, the cell 

was rinsed once with ethanol, followed by three rinses with doubly-distilled 

water; the glass walls of the cell were carefully wiped with lens cleaning tissue 

to avoid cross-contamination and the laser was aligned centrally to the detector 

prior to data acquisition. The volume-average diameter was measured and 

repeated four times for each emulsion. 

Results and Discussion  

Synthesis and Characterisation of Block Copolymers 
For the sake of brevity, a shorthand notation is utilised throughout this Chapter 

to describe the various block copolymers. Thus G, H and B are used to 

represent glycerol monomethacrylate (GMA), 2-hydroxypropyl methacrylate 

(HPMA) and benzyl methacrylate (BzMA), respectively. Thus GxHyBz 

denotes poly(glycerol monomethacrylate)-poly(2-hydroxypropyl 

methacrylate)-poly(benzyl methacrylate), where x, y, and z indicate the mean 

DP of the three respective blocks. 

The initial RAFT solution polymerisation of GMA was conducted in ethanol at 70 oC 

to generate a near-monodisperse G37 macromolecular chain transfer agent (macro-

CTA) (Mw/Mn = 1.19; see Figure 3.1 and Table 3.1). After purification, this water-

soluble macro-CTA was utilised for the in situ RAFT aqueous solution 

polymerisation of HPMA at 15 % w/w solids, yielding a 100 g batch of G37H60 

diblock copolymer precursor (see Figure 3.2a).  
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Figure 3.1. DMF GPC curves vs. poly(methyl methacrylate) (PMMA) standards obtained for a 
G37 macro-CTA, a G37H60 diblock copolymer precursor and a series of G37H60Bz triblock 
copolymers (where z ranges from 10 to 550). 

 

1H NMR studies indicated that more than 99 % HPMA conversion was achieved 

within 2 h at 70 oC (see Figure 3.3), as expected from previous studies.34 Gel 

permeation chromatography (GPC) studies indicated that a near-monodisperse 

diblock copolymer was obtained with high blocking efficiencies and minimal macro-

CTA contamination (Mw/Mn = 1.14; see Figure 3.1 and Table 3.1). The GPC trace 

was unimodal but a high molecular weight shoulder was discernible, which has been 

attributed to low levels of dimethacrylate impurity in the HPMA monomer 

(approximately 0.07 mol % as judged by HPLC analysis), which results in light 

branching of the PHPMA chains. Dynamic light scattering (DLS) studies of this 

G37H60 diblock copolymer reveal a relatively low count rate of 50 kcps and 1H NMR 

studies confirm that the PHPMA block is fully soluble in water (see Figure 3.4), 

suggesting that self-assembly does not occur for this relatively short PHPMA block. 
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Figure 3.2. Synthesis of (a) G37H60B10-550 triblock copolymer via RAFT aqueous solution polymerisation of HPMA followed by RAFT seeded emulsion 
polymerisation of BzMA and (b) G92B28 diblock copolymer prepared via RAFT aqueous emulsion polymerisation of BzMA. 
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Table 3.1. Summary of 1H NMR-derived monomer conversion, apparent DLS hydrodynamic 
diameter (Dh) and polydispersity, number-average molecular weight (Mn) and polydispersity 
(Mw/Mn) determined for a G37 macro-CTA, a G37H60 diblock copolymer precursor, a series of 
seven G37H60Bz triblock copolymers (where z ranges from 10 to 550), a G37H90 diblock 
copolymer control, a G92 macro-CTA precursor and a G92B28 diblock copolymer control. 

Copolymer 

Composition 

BzMA 

conversion/ 

% 

Dh (PDI)c 

/ nm 

Mn
b 

/ g mol-1 
Mw/Mn

b 

G37 macro-CTA 
  

9 800 1.19 

G37H60 >99a 119 (0.31) 20 200 1.14 

G37H60B10 98 41 (0.13) 21 000 1.13 

G37H60B28 94 147 (0.23) 22 600 1.13 

G37H60B47 95 79 (0.16) 24 300 1.14 

G37H60B92 92 45 (0.03) 29 300 1.16 

G37H60B186 93 63 (0.04) 39 300 1.18 

G37H60B300 >99 86 (0.14) 50 500 1.17 

G37H60B550 >99 120 (0.06) 69 500 1.19 

G37H90 >99a 46 (0.13) 25 500 1.11 

G92 macro-CTA 
  

23 900 1.12 

G92B28 94 28 (0.36) 26 300 1.14 

a  Data correspond to HPMA conversion, rather than BzMA conversion.  
b DMF GPC data recorded using a refractive index detector and calibrated using a series of 
poly(methyl methacrylate) standards. 
c  Dh is a sphere-equivalent diameter in the case of worms. 
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Figure 3.3. Assigned 1H NMR spectra obtained for a G37 macro-CTA (d4-CD3OD), G37H60 
diblock copolymer precursor (d6-DMSO) and a series of G37H60Bz triblock copolymers, where z 
ranges from 10 to 550 (d6-DMSO). 
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Figure 3.4. Assigned 1H NMR spectra (D2O) obtained for a G37H60 diblock copolymer. The 
integrals suggest that both the PGMA and PHPMA blocks are solvated, hence the PHPMA DP 
of 60 is insufficient to induce micellisation. 

Furthermore, no nanoparticles can be observed by TEM (see Figure 3.5, 

G37H60), which again indicates that the PHPMA block is not sufficiently long 

to induce micellar nucleation. This is consistent with observations made by 

Blanazs and co-workers, who found that a minimum PHPMA DP of around 90 

was required to induce nucleation when using a PGMA47 macro-CTA.34 

However, it should be noted that this minimum critical DP is expected to be 

rather sensitive to the precise PISA formulation.38 

This G37H60 diblock copolymer precursor was then utilised as a macro-CTA for the 

RAFT seeded emulsion polymerisation of BzMA at 70 oC to produce a series of 

seven G37H60Bz triblock copolymers, where z ranged from 10 to 550 (see Figure 

3.2a). 1H NMR studies confirmed that BzMA conversions greater than 92 % were 

obtained in each case (see Figure 3.3 and Table 3.1). Dimethyl formamide (DMF) 

GPC studies indicated that near-monodisperse triblock copolymers were obtained 

(Mw/Mn < 1.20, see Table 3.1) with high blocking efficiencies (see Figure 3.1). TEM 

images shown in Figure 3.5 and DLS studies (see Table 3.1) indicated that spheres 

with a hydrodynamic diameter (Dh) of 41 nm were formed when z = 10, thus 

chain extension with just 10 units of BzMA is sufficient to induce micellar 

nucleation. When targeting a PBzMA DP of 30 (and achieving a DP of 28), 

TEM studies indicated the formation of highly anisotropic worms (Figure 3.5), 

similar to those reported recently.36 
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Figure 3.5. TEM images obtained for dried dilute aqueous dispersions of the G37H60 diblock 
copolymer precursor, a series of seven G37H60Bz triblock copolymers (where z ranges from 10 
to 550), the G37H90 diblock copolymer worms and the G92B28 diblock copolymer spheres. 
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These G37H60B28 worms were further characterised by SAXS. The worm 

model39-41 provided an excellent fit to the SAXS pattern over six orders of 

magnitude of X-ray scattering intensity (see Figure 3.6a). The mean worm 

contour length (Lw) was determined to be 653 nm, which is consistent with 

TEM observations. Assuming a circular worm cross-section, the mean worm 

width (Ww), was calculated to be 25.6 ± 1.7 nm, which is also consistent with 

that estimated from TEM images (for which Ww = 24.2 ± 3.2 nm), where Ww = 

2Rsw + 4Rg, with Rsw representing the radius of the worm core cross-section 

and Rg representing the radius of gyration of the corona chains. The Rg of the 

G37 corona block of these worms was determined to be 1.7 nm from the data 

fit to the SAXS pattern. This experimental value is comparable to a theoretical 

estimate: the projected contour length of a single GMA monomer is 0.255 nm 

(two carbon bonds in an all-trans conformation), the total contour length of a 

G37 block, LPGMA = 37 x 0.255 nm = 9.44 nm and the literature value of the 

Kuhn length for poly(methyl methacrylate) is 1.53 nm,42 resulting in an Rg of 

(9.44 x 1.53/6)1/2, or 1.55 nm. A worm model fit to the SAXS data pattern of 

G37H60B28 (Figure 3.6a) has shown that the solvent volume fraction in the core 

(xsol) is 0.03, which suggests that the hydrophobic worm cores are essentially 

non-solvated. This is significantly different to xsol values reported recently by 

Warren et al.28 for G55Hy diblock copolymer vesicles, which ranged from 0.38 

to 0.66 as y was increased from 200 to 1000. It is evident that extension with 

approximately 28 units of BzMA not only changes the nanoparticle 

morphology from spheres to worms, but also drastically changes the extent of 

hydration of the nanoparticle cores.  

Based on the PISA literature,38, 43-46 it was anticipated that vesicular morphologies 

should be obtained for these G37H60Bz triblock copolymers as the target DP of the 

PBzMA block was gradually increased. However, only branched worms and spheres 

were obtained when z = 47 (see TEM images in Figure 3.5). Furthermore, both TEM 

and DLS studies indicated that only spheres were obtained when z ≥ 92 (see Figure 

3.5 and Table 3.1, respectively). The spheres progressively increase in mean 

diameter from 45 nm to 120 nm as z was systematically varied from 92 to 550, 

but vesicular morphologies were never obtained. 
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Figure 3.6. SAXS data (open black circles) and fits (red lines) for dilute aqueous dispersions of 
(a) G37H60B28 triblock copolymer worms and (b) G37H60B186 triblock copolymer spheres. 
Insets: schematic cartoons of the corresponding morphologies, where Lw = the mean worm 
contour length, Ww = the mean worm width, Rg = the radius of gyration, Ds = the diameter of 
the sphere and RPY = the Percus-Yevick correlation radius of densely-packed spheres. Note: the 
structural morphologies are not drawn to scale.  

Hypothetically, the spherical morphology observed by TEM might actually 

correspond to small vesicles. However, the SAXS pattern recorded for the 

G37H60B186 triblock copolymer has a gradient that tends to zero at low q (see Figure 

3.6b) indicating typical spherical particles,47 rather than hollow spheres (or vesicles). 
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Analysis of the G37H60B186 SAXS pattern using a spherical micelle model39-41, 48 

gave an excellent data fit over six orders of magnitude of x-ray scattering intensity 

(Figure 3.6b). The SAXS-derived mean sphere diameter (Ds) was calculated to be 

56.2 ± 5.4 nm, which is similar to that reported by DLS (63 nm, see Table 3.1). The 

structure factor peak observed in the SAXS pattern at q ~ 0.05 nm-1 (Figure 3.6b) 

suggests that the spheres are weakly aggregated.  The Percus-Yevick correlation 

radius of packed spheres (RPY) was obtained to be 50.5 nm. The TEM images 

obtained for dispersions when z ≥ 92 also show that the spheres may be partially 

fused/weakly aggregated. However, the number-average diameter estimated from 

TEM images recorded for G37H60B92-550 triblock copolymer spheres corresponds 

quite closely to the hydrodynamic diameter obtained from DLS studies (see entries 

6-9 in Table 3.1). 

Although these results are somewhat counter-intuitive when compared to most 

of the recent PISA literature, 37, 42-45 it is perhaps not too surprising that only 

spheres are obtained when targeting higher DPs for the PBzMA block. For 

example, Cunningham et al.27 prepared a series of G51By diblock copolymer 

spheres via RAFT aqueous emulsion polymerisation of BzMA, with y ranging 

from 50 to 1000. Only spherical nanoparticles were obtained in all cases, 

regardless of the total solids content. In the present study, a weakly 

hydrophobic PHPMA block lies between the hydrophilic PGMA and highly 

hydrophobic PBzMA blocks, which allows triblock copolymer worms to be 

prepared for compositions containing just 31 mol % PBzMA. However, 

targeting higher PBzMA contents only leads to the formation of triblock 

copolymer spheres. The most likely explanation for these unexpected 

observations is that the PBzMA block is enthalpically highly incompatible 

with the PHPMA block, whereas the PHPMA block is only rather weakly 

incompatible with the PGMA block. Thus, when the G37H60 diblock 

copolymer is chain-extended with BzMA, at least some fraction of the partially 

hydrated PHPMA block24 is gradually driven out of the increasingly 

hydrophobic core to become co-located with the PGMA stabiliser chains in the 

hydrophilic corona (see the schematic cartoon shown in Figure 3.7). If this is 

the case, it would lead to an effectively longer stabiliser block, with a 

theoretical maximum DP of 97 (i.e. the sum of G37 and H60). 
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Figure 3.7. Schematic cartoon to illustrate the conformational behaviour of G37H60Bz triblock 
copolymer chains as z is systematically increased. Hydrophilic regions are represented by blue 
and hydrophobic regions are represented by orange. The packing parameter, P, is given by  
𝑷𝑷 =  𝒗𝒗/𝒂𝒂𝐨𝐨𝒍𝒍𝐜𝐜  where v is the volume of the hydrophobic chains, ao is the optimal area of the head 
group, and lc is the length of the hydrophobic tail.43, 49 Initially, the G37H60 diblock copolymer 
precursor chains are molecularly dissolved in the aqueous phase. For z ~ 10, the relatively short 
PBzMA block induces nucleation, producing spherical micelles with mixed cores comprising the 
PHPMA60 and the PBzMA10 blocks. For z ~ 30, the growing PBzMA block leads to an increase 
in P, which drives a sphere-to-worm transition during PISA. When z ~ 47, the PHPMA block 
becomes at least partly co-located within the stabiliser corona layer, rather than the core. This is 
because the weakly hydrophobic PHPMA block is actually less enthalpically incompatible with 
the hydrophilic PGMA block than with the highly hydrophobic PBzMA block. This inevitably 
causes a reduction in P, which leads to a worm-to-sphere transition.  

SAXS analysis allows this hypothesis to be examined.50 A SAXS pattern was 

collected for a 10 % w/w aqueous solution of the G37 macro-CTA (i.e., for 

molecularly dissolved chains below their overlap concentration). A satisfactory data 

fit was obtained for this pattern using a Gaussian coil model,51 which indicated a Rg 

of 1.7 nm (see Figure 3.8a). This is very close to the Rg value for the stabiliser chains 

obtained from fitting the G37H60B28 SAXS pattern using the worm model (see Table 

3.2). This suggests that all of the weakly hydrophobic PHPMA60 blocks are located 

within the core of the worms, while the hydrophilic PGMA37 blocks occupy the 

worm corona. To test this hypothesis, the worm model was slightly modified (see 

Equations A4.15 To A4.22 in the Appendix for the modified SAXS model) by 

incorporating an additional fitting parameter (η) corresponding to the volume 

fraction of the PHPMA block within the core domain. This η parameter enables the 

volume of the core and corona to be determined, rather than fixing these values based 

on the known block compositions. By definition, if the whole PHPMA block is 

located within the core, η should be equal to unity. In contrast, η should be zero if the 

PHPMA block is solely located in the corona. A good data fit was obtained for the 

G37H60B28 SAXS pattern using the modified worm model (see Figure 3.8b). The 
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fitting parameters were similar to those obtained when using the unmodified, original 

worm model (see Table 3.2). The Rg for the G37 corona block of this triblock 

copolymer was determined to be 1.7 nm, which is identical to that obtained for the 

G37 macro-CTA alone (see Figure 3.8a). Moreover, η tends towards unity, indicating 

that all of the PHPMA block is located in the worm core (see Figure 3.7). 

A spherical micelle model39-41, 48 was similarly modified by incorporating η as 

an additional fitting parameter (see Equations A4.3 To A4.14 in the Appendix for 

the modified SAXS model and Table 3.2). Analysis of the G37H60B186 spheres 

using this more sophisticated model gave a reasonably good data fit to the 

SAXS pattern over six orders of magnitude of X-ray scattering intensity 

(Figure 3.8c). Again, the fitting parameters were similar to those obtained when 

using the original unmodified sphere model (see Table 3.2). However, the Rg of 

the G37 corona block for this G37H60B186 triblock copolymer was determined 

to be 3.3 nm from this analysis, which is significantly larger than that obtained 

for the G37H60B28 worms. Notwithstanding the imperfect data fit at high q, this 

indicates that the stabiliser corona is somewhat thicker in the former case, even 

though the same G37H60 diblock precursor was used for the PISA synthesis of 

the G37H60B28 and G37H60B186 triblocks. Moreover, η was found to be 0.62, 

which suggests that a significant fraction of the PHPMA block is now located 

in the corona, rather than in the core (see Figure 3.7). This provides direct 

experimental evidence for a higher effective DP for the corona block when 

targeting a longer PBzMA core-forming block. For the G37H60B186 triblock 

copolymer spheres, SAXS analysis indicates that around 23 HPMA repeat 

units [(1 – 0.62) × 60 ≈ 23] in each PHPMA block are located within the 

corona, while the remaining 37 repeat units occupy the core along with the 

PBzMA chains. This increase in the effective stabiliser block DP leads to a 

reduction in the packing parameter, P, which in turn causes the observed 

worm-to-sphere transition (see Figure 3.7). The driving force for relocating 

approximately one-third of the PHPMA block within the corona is the greater 

incompatibility within the PHPMA and PBzMA blocks as the DP of the 

PBzMA block is increased. In this context, in Chapter two of this thesis we 

show that systematically varying the PBzMA block DP (or z) from 25 to 400 

leads to an evolution in framboidal morphology for a series of G63H350Bz 
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triblock copolymer vesicles.52 Thus it is not really surprising that enthalpic 

demixing between the PHPMA and PBzMA blocks leads to a dramatic change 

in morphology in the work carried out in this Chapter. In summary, SAXS 

provides useful insight into the unusual (and at first sight counter-intuitive) 

evolution in copolymer morphology for this particular PISA formulation, 

which can be rationalised by considering subtle changes in the relative 

enthalpic incompatibilities between the three blocks during the growth of the 

PBzMA core-forming block.  

In order to examine whether the intermediate PHPMA block is really essential for 

worm formation, a G92B28 diblock copolymer was synthesised via RAFT aqueous 

emulsion polymerisation of BzMA using a G92 macro-CTA (see Figure 3.2b). The 

G92 block was designed to have a comparable DP to that of the combined DP of the 

G37 and H60 blocks, while a PBzMA DP of 30 was targeted because this produced 

worms for the ABC triblock formulation. 1H NMR studies indicated that 94% BzMA 

conversion was achieved after 4 h at 70 oC (see Figure 3.9a). GPC studies indicated 

that a low-polydispersity diblock copolymer was obtained with a high blocking 

efficiency and minimal macro-CTA contamination (Mw/Mn = 1.14; see Figure 3.9b 

and Table 3.1). DLS studies indicate a mean Dh of 28 nm (see Table 3.1). TEM 

images confirmed the formation of very small spheres of around 11.3 ± 2.5 nm 

diameter (based on analysing 100 nanoparticles) with no evidence for the 

presence of any worms (see Figure 3.5).  
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Figure 3.8. SAXS data (open black circles) and fits (red lines) for (a) a G37 macro-CTA and dilute aqueous dispersions of (b) G37H60B28 triblock copolymer worms, 
(c) G37H60B186 triblock copolymer spheres and (d) G92B28 diblock copolymer spheres. Insets: schematic cartoons of the corresponding morphologies, where Lw = 
the contour length of the worm, Ww = width of the worm, Rg = radius of gyration, Ds = diameter of the sphere and RPY = Percus-Yevick correlation radius of 
densely-packed spheres (see Table 3.2).  
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Table 3.2. Structural parameters obtained from SAXS analysis of a series of five block copolymers in water using appropriate sphere and worm models. 
Representative parameters are denoted as follows: VPGMA, VPHPMA and VPBzMA are the volumes of the PGMA, PHPMA and PBzMA blocks, respectively, Rg 
represents the radius of gyration of the G37 (or G92) corona chains, xsol denotes the volume fraction of solvent in the core, and η represents the volume fraction of 
the PHPMA block located within the core domain. For the worm models: Lw is the mean worm contour length, Lk is the mean worm Kuhn length and Rsw 
represents the radius of the worm core cross-section. For the sphere models: Rs is the sphere core radius and σRs is the standard deviation of the sphere core radius. 
A related homopolymer precursor (G37) was also analysed using a Gaussian coil model. 

Copolymer 
Composition 

Model used for 
fitting 

VPGMA 
/ Å3 

VPHPMA/ 
Å3 

VPBzMA/ 
Å3 

Volume 
fraction Rs / nm σRs / 

nm 
Lw / 
nm 

Lk / 
nm Rg / nm xsol η 

G37 Gaussian coil51 7512   0.16300     1.69 ± 0.08   

G37H60B28 worm40, 53 
7512 11871 14515 

0.00973 9.36* 0.84 653 163 1.74 0.031  

G37H60B28 modified worm  0.00946 9.37* 0.84 653 163 1.73 0.010 1.00 

G37H60B186 sphere39, 40 
7512 11871 57443 

0.00883 24.49 2.69   1.80 0.000  

G37H60B186 modified sphere 0.01080 24.67 2.70   3.33 0.001 0.62 

G92B28 
star-like sphere48, 

54 18678  8647 0.00746 4.549 0.70   3.02   
*These radii correspond to Rsw (the radius of the worm core cross-section). 
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Figure 3.9. (a) Assigned 1H NMR spectra obtained for a G92 macro-CTA (d4-CD3OD) 
and a G92B28 diblock copolymer (d7-DMF). (b) DMF GPC curves vs. poly(methyl 
methacrylate) (PMMA) standards obtained for a G92 macro-CTA and a G92B28 diblock 
copolymer.  

SAXS analysis confirmed that spheres are indeed formed with the gradient of 

the SAXS pattern tending to zero in the low q region, which is characteristic of 

spheres.47 Analysis of this SAXS pattern using a star-like micelle model48, 54 

provided a satisfactory data fit over five orders of magnitude of X-ray 
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scattering intensity (see Figure 3.8d). The mean sphere diameter, Ds, was 

calculated to be 21.0 ± 1.4 nm, which is comparable to that suggested by DLS, 

while the Rg of the G92 corona block for this G92B28 diblock copolymer was 

determined to be 3.0 nm. This experimental value is larger than the theoretical 

estimate (where Rg was calculated to be 2.45 nm) due to the star-like nature of 

the spheres. The spherical core diameter was determined to be 9.0 ± 1.4 nm, 

which is comparable to that estimated from TEM images. The correlation 

radius for densely-packed spheres, RPY, was determined to be 19.3 nm. This is 

simply a consequence of the star-like nature of the former copolymer,48, 55 

which has a much higher effective volume fraction and hence a significantly 

lower critical overlap concentration. There is a significant upturn in the X-ray 

scattered intensity at low q (below 0.017 nm-1; see Figure 3.8d). This could 

indicate the formation of aggregates (or mass fractals) most likely due to the 

extensive overlap between stabiliser chains of the micelles. The formation of 

spherical star-like micelles by this G92B28 diblock copolymer suggests that an 

intermediate PHPMA block is an essential prerequisite for obtaining a worm 

morphology. A reasonable explanation for this unexpected observation is 

outlined in Figure 3.7. 

Millimetre-Sized Pickering Emulsion Droplets 
Recently, Thompson et al. reported that G45H200 diblock copolymer vesicles 

were unstable with respect to dissociation when used as a Pickering emulsifier. 

However, chemical crosslinking of such vesicles using ethylene glycol 

dimethacrylate as a third block dramatically improved their stability towards 

high-shear homogenisation: TEM studies of dried emulsion droplets confirmed 

that such covalently-stabilised vesicles were adsorbed intact at the oil-water 

interface.56 More recently, Thompson et al. reported that G45H140 diblock 

copolymer worms similarly could not withstand high-shear homogenisation, 

whereas G37H60B30 triblock copolymer worms proved to be highly efficient 

Pickering emulsifiers.36 Moreover, DLS studies showed that the former worms 

were thermo-responsive, as expected based on previous work by Verber et 

al.30 In contrast, the G37H60B30 triblock copolymer worms were not thermo-
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responsive; this indicates that introducing the more hydrophobic PBzMA 

block stabilises the worm morphology.  

 
Figure 3.10. (a) Assigned 1H NMR spectra (d4-CD3OD) obtained for a G37 macro-CTA and a 
G37H90 diblock copolymer. (b) DMF GPC curves [vs. poly(methyl methacrylate) (PMMA) 
standards] obtained for a G37 macro-CTA and a G37H90 diblock copolymer. 
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In the present study, we have used RAFT aqueous dispersion polymerisation (see 

Figure 3.2a) to prepare G37H90 diblock copolymer worms, which were designed to 

be analogous to the G37H60B28 triblock copolymer worms. 1H NMR studies 

confirmed that more than 99 % HPMA conversion was achieved after 2 h at 70 oC 

(see Figure 3.10a). GPC studies indicated that a near-monodisperse diblock 

copolymer was obtained with a high blocking efficiency and minimal macro-CTA 

contamination (Mw/Mn = 1.11; see Figure 3.10b and Table 3.1). DLS studies (see 

Table 3.1) and TEM images (see Figure 3.5) were consistent with the targeted 

pure worm morphology.  

Incorporating the highly hydrophobic PBzMA block enables the G37H60B28 

worms to act as an effective Pickering emulsifier. Previously, we reported that 

G37H60B28 worms can survive the high-shear homogenisation conditions 

required for emulsification, whereas G45H140 worms undergo dissociation to 

form individual copolymer chains under these conditions.36 In the present 

study, we examined homogenisation under much lower shear conditions, i.e. 

hand-shaking.  

More specifically, both G37H60B28 and G37H90 worms were evaluated as 

putative Pickering emulsifiers for the stabilisation of n-dodecane emulsion 

droplets in water. Aqueous worm dispersions (1.88 x 10-3 to 1.00 % w/w) were 

hand-shaken with 20 vol % n-dodecane for two min at 20 oC to produce 

emulsions. In order to examine whether the worms were adsorbed intact at the 

oil-water interface, optical microscopy (OM) and laser diffraction were used to 

determine the mean oil droplet diameters (see Figure 3.11). According to OM 

studies, the oil droplets became larger as the G37H60B28 worm concentration 

was lowered, as shown in Figure 3.11a. These observations were corroborated 

by laser diffraction studies: the mean oil droplet diameter increased from 115 

to 483 µm as the worm dispersion concentration was reduced from 1.00 to 

0.0075 % w/w (see Figure 3.11c). This concentration-dependent behaviour is 

consistent with the formation of genuine Pickering emulsions (see Figure 

3.12).5, 57-59 This was expected because Thompson et al. recently reported that 

such triblock copolymer worms can withstand high-shear homogenisation, so 

they should also survive low-shear homogenisation.36 
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Figure 3.11. Optical microscopy images obtained for n-dodecane-in-water emulsion droplets 
prepared using either (a) G37H60B28 or (b) G37H90 worms under low-shear conditions (i.e. hand-
shaking). (c) Plots of mean droplet diameter (obtained by laser diffraction) vs. worm 
concentration for emulsions prepared by hand-shaking dilute aqueous dispersions of G37H60B28 
worms (red, ■) and G37H90 worms (blue, ♦) with 20 volume % n-dodecane. 

It is worth emphasising that the mean oil droplet diameters are much larger 

when using hand-shaking for emulsification (approximately 115 µm at 1.00 % 

w/w) compared to those obtained using high-shear homogenisation 

(approximately 45 µm at 1.00 % w/w).36 When the worm dispersion 
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concentration was lowered to 1.88 x 10-3 % w/w, the oil droplets proved to be 

too unstable to be assessed by laser diffraction. However, the droplet diameter 

was estimated (from digital photographs recorded immediately after 

emulsification) to be 1.11 ± 0.42 mm (based on measuring 120 droplets). 

Droplet coalescence occurs within a few hours, but reconstitution of the 

original emulsions can be achieved via further hand-shaking. This differs from 

the highly stable millimetre-sized emulsions prepared using partially 

hydrophobised silica particles reported by Arditty et al.60 The instability 

observed in the present work suggests that worm desorption occurs; similar 

observations have been recently reported by Rizelli and co-workers for worm-

stabilised Pickering non-aqueous emulsions.61 In contrast, it is emphasised that 

the finer o/w emulsions prepared at higher worm concentrations (≥ 0.03 % 

w/w) remain stable indefinitely.  

In contrast, both OM and laser diffraction studies indicated that the mean oil 

droplet diameter remained relatively constant on lowering the concentration of 

the G37H90 worms, (Figure 3.11b and Figure 3.11c). This indicates that these 

worms are so delicate that they cannot survive even low-shear hand-shaking. 

Instead, dissociation to form individual G37H90 copolymer chains occurs, 

which then adsorb at the oil-water interface to stabilise the oil droplets (see 

Figure 3.12). Again, mean oil droplet diameters were significantly larger (~ 136 

µm) than those reported previously when using high-shear homogenisation (~ 

45 µm). 

For emulsions stabilised using either G37H90 or G37H60B28 worms, creaming 

of the low-density oil droplet phase occurred on standing for 24 h at 20 oC. 

The lower aqueous phase, which contained excess non-adsorbed copolymer, 

was carefully removed and analysed by DLS to examine whether the worms 

remained intact after hand-shaking. DLS studies of the G37H90 aqueous phase 

indicated a hydrodynamic diameter of 41 nm (polydispersity = 0.18) and a 

much lower count rate (2,500 kcps) than that observed for the original worms 

(37,000 kcps). This 93 % reduction in count rate is fully consistent with 

substantial worm dissociation during hand-shaking. In contrast, DLS studies of 

the aqueous phase removed from the G37H60B28–stabilised emulsion indicated 

an apparent hydrodynamic diameter of 153 nm, a polydispersity of 0.23 and 
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count rate of 21,000 kcps, which are comparable to the DLS data obtained 

before emulsification. These observations confirm that these G37H60B28 worms 

remain intact after emulsification via hand-shaking.  

 

 
Figure 3.12. Schematic illustration of the attempted formation of Pickering emulsions using 
either G37H90 or G37H60B28 worms under low-shear conditions (i.e. hand-shaking). 

Finally, closely-related emulsions were prepared using n-hexane instead of n-

dodecane to enable more convenient removal of the oil phase via evaporation 

at ambient temperature. Figure 3.13 shows TEM images obtained from 

emulsions prepared using the G37H60B28 and G37H90 worms. In the latter case, 

the surface of the dried emulsion droplet is smooth and featureless, with no 

evidence for any adsorbed nanoparticles (see Figure 3.13a). Similar TEM 

observations were reported for both G45H150 diblock copolymer worms and 

G45H200 diblock copolymer vesicles in previous studies of shear-induced 

dissociation of diblock copolymer nano-objects.36, 56  
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Figure 3.13. TEM images obtained for n-hexane-in-water emulsion droplets dried at 20 oC using 
(a) 0.25 % w/w G37H90 diblock copolymer worms and (b) 0.25 % w/w G37H60B28 triblock 
copolymer worms. The edge (blue) and top-surface (red) of the dried emulsion droplets are 
shown at higher magnification on the right-hand side. No worms are visible when using the 
G37H90 diblock copolymer since this undergoes dissociation even during low-shear 
homogenisation (hand-shaking). In contrast, worms are clearly discernible when using the 
G37H60B28 triblock copolymer, indicating that a genuine Pickering emulsion had been obtained. 

In contrast, the dried emulsions prepared using the G37H60B28 worms clearly 

comprise intact worms adsorbed at the oil-water interface (see Figure 3.13b). 

Thus, all the experimental evidence suggests that, regardless of their 

morphology, GxHy nanoparticles are not sufficiently robust to survive 

emulsification under any conditions, even low-shear hand-shaking. However, 

incorporating highly hydrophobic PBzMA as a third block, produces much 
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more robust worms that can withstand high-shear homogenisation and allow 

the formation of millimetre-sized emulsion droplets. 

Conclusions 
A series of PGMA-PHPMA-PBzMA triblock copolymer nano-objects have 

been prepared in concentrated aqueous solution via polymerisation-induced 

self-assembly (PISA). For certain triblock compositions, highly anisotropic 

worm-like nanoparticles can be obtained with a mean contour length of 653 

nm as determined by SAXS studies. Surprisingly, chain extension of the 

hydrophobic core-forming block of these worm-like nanoparticles does not 

lead to vesicle formation, with spherical micelles being formed instead. SAXS 

and 1H NMR studies shed some light on these unexpected observations, which 

are best explained by considering changes in the relative enthalpic 

incompatibilities between the PGMA, PHPMA and PBzMA blocks during the 

in situ growth of the latter block. In particular, SAXS data fits suggest that the 

effective Rg of the corona block actually increases as the PGMA-PHPMA 

diblock copolymer is chain-extended with BzMA, even though the same 

diblock precursor was used for all copolymer syntheses. Thus, at least some 

fraction of the partially hydrated PHPMA blocks must be gradually driven out 

of the increasingly hydrophobic core to become co-located with the 

hydrophilic PGMA stabiliser chains in the corona. SAXS analysis suggests 

that approximately one-third of the HPMA units are displaced from the 

particle cores via this mechanism. This counter-intuitive finding highlights the 

subtle switch from weak to strong segregation between incompatible blocks 

and its hitherto unappreciated effect on the evolution in copolymer 

morphology during PISA. 

Finally, the PGMA-PHPMA-PBzMA triblock copolymer worms were 

evaluated as Pickering emulsifiers for n-dodecane oil droplets in water. Unlike 

the PGMA-PHPMA diblock copolymer worms reported previously,36 these 

triblock worms do not exhibit thermo-responsive behaviour. However, they are 

much more robust when subjected to high-shear, which makes them much 

more effective Pickering emulsifiers. Low-shear emulsification (hand-shaking) 

enables the formation of metastable millimetre-sized oil droplets. 
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Introduction 
Microcompartmentalisation is widely acknowledged to be a fundamental prerequisite 

for life on Earth.1-4 Many intracellular processes require spatial separation of 

components via impermeable lipid membranes, with membrane proteins allowing the 

selective diffusion of various chemical species in and out of cells.5 Similarly, 

microencapsulation is important for many industrial formulations, ranging from 

orally-administered drugs6 to agrochemicals7, 8 and laundry products.9, 10 This enables 

the controlled release of active components and can also prevent the premature 

deactivation of mutually incompatible components, such as enzyme denaturation by 

bleach chemicals in liquid laundry products. In particular, liposomes11 and block 

copolymer vesicles12-19 (or ‘polymersomes’) are some of the most widely used 

carriers in the development of drug delivery applications.20-22 Typically, such hollow 

nanoparticles are loaded with water-soluble drugs,23-25 oligonucleotides,25-27 

enzymes28 or antibodies.29 In this context, there are also a few reports describing the 

incorporation of magnetic nanoparticles within block copolymer vesicle membranes, 

which may enable active targeting of tumors.30  

Over the last five years or so, polymerisation-induced self-assembly (PISA) has 

become established as a powerful tool for the rational design and efficient synthesis 

of a wide range of diblock copolymer nano-objects in either aqueous or non-aqueous 

media.31-33 Of particular relevance to the present study, RAFT aqueous dispersion 

polymerisation can be utilised to prepare block copolymer vesicles at copolymer 

concentrations of up to 25 % w/v solids.34-38 Periodic sampling during such syntheses 

has confirmed a progressive evolution in copolymer morphology, with transmission 

electron microscopy (TEM) studies revealing that the transformation of highly 

anisotropic worms into well-defined vesicles proceeds via a so-called ‘jellyfish’ 

intermediate.35 These observations suggest an intriguing question: can the efficient 

encapsulation of nanoparticles within the vesicles be achieved during such PISA 

syntheses? This question is directly addressed herein, with an aqueous silica sol 

being selected as a model cargo.  These nanoparticles were chosen for the following 

five reasons: (i) they are commercially available in the form of concentrated 

dispersions; (ii) they possess sufficient electron contrast to allow their visualisation 

by TEM; (iii) they are relatively strong X-ray scatterers; (iv) their density is 

sufficiently high to aid sedimentation-based particle size analysis; (v) their 
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encapsulation efficiency can be readily determined using thermogravimetry. 

Moreover, Rose and co-workers39 have recently reported that silica nanoparticles 

enable the convenient repair of cleaved synthetic hydrogels or biological tissue (e.g. 

organs such as the liver). Hence such silica nanoparticles are likely to be a 

biomedically relevant active species, in addition to serving as a model cargo. 

In the present study, a series of silica-loaded AB diblock copolymer vesicles were 

readily prepared via RAFT aqueous dispersion polymerisation36, 37, 40 by chain-

extending a water-soluble poly(glycerol monomethacrylate) (PGMA) 

macromolecular chain transfer agent (macro-CTA) using 2-hydroxypropyl 

methacrylate (HPMA) in the presence of varying concentrations of aqueous silica 

nanoparticles.  

Provided that an appropriate diblock copolymer composition is targeted, the resulting 

amphiphilic PGMA-PHPMA diblock copolymer chains undergo in situ self-

assembly via a complex multi-step mechanism that ultimately leads to the formation 

of large polydisperse vesicles.35 An open-ended ’jellyfish’ structure is generated just 

prior to vesicle formation,35 hence silica nanoparticles can diffuse within the 

‘jellyfish’ before membrane formation is complete, leading to their in situ 

encapsulation. It is perhaps worth emphasising that vesicle formation via this 

pathway circumvents the problem of encapsulation discussed by Adams et al. for 

vesicles prepared via post-polymerisation processing of preformed diblock 

copolymers.41 

Experimental Details 
Materials 
All reagents were used as received unless otherwise stated. 4, 4’-Azobis-4-

cyanopentanoic acid (ACVA) and 2-cyano-2-propyl benzodithioate (CPDB) 

were purchased from Sigma-Aldrich (UK). Ethanol and dichloromethane were 

purchased from Fisher Scientific (UK). Glycerol monomethacrylate (GMA) 

was kindly donated by GEO Specialty Chemicals (Hythe, UK) and used 

without further purification. 2-Hydroxypropyl methacrylate (HPMA) was 

purchased from Alfa Aesar (UK) and contained 0.07 mol % dimethacrylate 

impurity, as judged by high performance liquid chromatography (HPLC). 

CD3OD (1H NMR solvent) was purchased from Goss Scientific (UK). Bindzil 
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CC401 colloidal silica (supplied as a 40 % w/w aqueous dispersion; 

manufacturer’s nominal particle diameter = 12 nm) was kindly donated by 

AkzoNobel Pulp and Performance Chemicals AB (Sweden). Deionised water 

was obtained using an Elga Elgastat Option 3A water purifier; its pH was 

approximately 6.2 and its surface tension was 72.0 mN m-1 at 20 oC.  

RAFT Synthesis of G58 Macro-CTA Agent in Ethanol  
A round-bottomed flask was charged with GMA (30.0 g; 187 mmol), CPDB 

(0.823 g; 2.97 mmol), ACVA (167 mg, 0.156 mmol) and ethanol (39.2 g). The 

sealed reaction vessel was purged with N2 for 30 min and placed in a pre-

heated oil bath at 70 oC for 150 min with stirring. The resulting PGMA macro-

CTA (GMA conversion = 80 %; Mn = 15,400 g mol-1, Mw/Mn = 1.13) was 

purified by precipitation into excess dichloromethane. A mean DP of 58 was 

calculated for this macro-CTA using 1H NMR spectroscopy by comparing the 

integral from 3.4 ppm to 4.3 ppm assigned to the five protons on the PGMA 

units with that of the aromatic signals at around 7 ppm assigned to the five 

protons on the RAFT CTA end-group.  

Preparation of G58H250 Diblock Copolymer Precursor Vesicles via 
RAFT Aqueous Dispersion Polymerisation at 10 % w/w Solids in the 
Presence of 0 to 35 % w/w Silica 
The protocol used for a silica concentration of 20 % w/w solids is shown here: G58 

macro-CTA (0.200 g, 0.021 mmol), HPMA monomer (0.758 g, 5.26 mmol), 

CC401 silica sol (4.80 g, 40 % w/w in water) and deionised water (3.84 g) 

were weighed into a sample vial and purged with N2 for 20 min. ACVA was 

added (1.18 mg, 0.0042 mmol, CTA/ACVA molar ratio = 5.0) and purged 

with N2 for a further 10 min prior to immersion in an oil bath set at 70 oC for 2 

h with stirring. Finally, the polymerisation was quenched by cooling to room 

temperature with subsequent exposure to air. Table 4.1 summarises the 

amounts of CC401 silica sol and deionised water used in various formulations. 
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Table 4.1. Silica sol and deionised water required to prepare a target silica concentration for in 
situ PISA encapsulation experiments. 

Silica concentration 

during PISA (% w/w) 

CC401 silica sol 

(g) 
Deionised water (g) 

0 0 8.63 

5 1.20 7.43 

10 2.40 6.23 

15 3.60 5.04 

20 4.80 3.84 

25 6.00 2.64 

30 7.19 1.44 

35 8.39 0.24 

 

1H NMR Spectroscopy 
All NMR spectra were recorded using a 400 MHz Bruker Avance-400 

spectrometer and 64 scans were averaged per spectrum. 

Gel Permeation Chromatography (GPC) 
Copolymer molecular weights and polydispersities were determined using a 

DMF GPC set-up operating at 60 oC and comprising two Polymer Laboratories 

PL gel 5 μm Mixed C columns connected in series to a Varian 390 LC multi-

detector suite (only the refractive index detector was utilised) and a Varian 290 

LC pump injection module. The GPC eluent was HPLC-grade DMF 

containing 10 mM LiBr at a flow rate of 1.0 mL min-1. DMSO was used as a 

flow-rate marker. Calibration was conducted using a series of ten near-

monodisperse poly(methyl methacrylate) standards (Mn = 625 – 618,000 g 

mol-1). The chromatograms were analysed using Varian Cirrus GPC software 

(version 3.3) provided by the instrument manufacturer (Polymer Laboratories).  

Dynamic Light Scattering (DLS) 
Intensity-average hydrodynamic diameters of the copolymer dispersions were 

determined at a scattering angle of 173o using a Malvern Zetasizer NanoZS 
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instrument. Dilute aqueous dispersions (0.10 % w/w) were analysed at 25 oC 

using disposable cuvettes and all data were averaged over three consecutive 

runs to give the hydrodynamic diameter (Dh). 

Transmission Electron Microscopy (TEM) 
Copolymer dispersions were diluted fifty-fold at 20 oC to generate 0.10 % w/w 

dispersions. Copper/palladium TEM grids (Agar Scientific) were surface-

coated in-house to yield a thin film of amorphous carbon. The grids were then 

plasma glow-discharged for 30 s to create a hydrophilic surface. Individual 

samples (0.1 % w/w, 12 μL) were adsorbed onto the freshly glow-discharged 

grids for 60 seconds and then blotted with filter paper to remove excess 

solution. To stain the aggregates, uranyl formate (0.75 % w/v) solution (9 μL) 

was soaked on the sample-loaded grid for 20 seconds and then carefully 

blotted to remove excess stain. The grids were then dried using a vacuum hose. 

Imaging was performed on a Phillips CM100 instrument at 100 kV, equipped 

with a Gatan 1 K CCD camera. 

Cryogenic Transmission Electron Microscopy (cryo-TEM) 
Sample vitrification was conducted using an automated vitrification robot (FEI 

VitrobotTM Mark III) for the liquid ethane quench. Cryo-TEM 200 mesh 

copper grids with a ‘lacey’ carbon film (EM Resolutions, UK) were used with 

plasma treatment. For visualisation, the dispersions were diluted to the 

following concentrations: 1 % w/w for the polymer vesicles and silica-

containing vesicles, and 0.1 % w/w for silica nanoparticles. For vitrification, 

typically 3 μl of the dispersion was applied to a cryo-TEM grid inside the 

vitrobot chamber at 20 °C and 99% humidity. Samples were examined using a 

FEI Tecnai Spirit TEM instrument equipped with a Gatan 1k MS600CW CCD 

camera operating at 120 kV under low-dose conditions. Vitrified grids were 

mounted onto a cryo-transfer holder pre-cooled to -175 °C using liquid 

nitrogen and then transferred into the microscope. Micrographs were recorded 

at magnifications ranging from 9,000 to 68,000 times, with defocus values of 

between -100 µm and -5 µm, depending upon the magnification. 
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Small-Angle X-Ray Scattering (SAXS) 
SAXS patterns were recorded at a synchrotron source (ESRF, station ID02, 

Grenoble, France). A monochromatic X-ray radiation (wavelength λ = 0.0995 

nm) and 2D SAXS CCD detector (Rayonix MX-170HS) were used for these 

experiments. The SAXS camera lengths (two camera lengths were used) 

covered the q range from 0.004 nm-1 to 2.0 nm-1, where 𝒒𝒒 =  𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒
𝛌𝛌

  is the 

modulus of the scattering vector and θ is half of the scattering angle. For static 

measurements, a vitrified quartz capillary flow-through cell (diameter 1.68 

mm) was used as a sample holder. For time-resolved measurements, a glass 

capillary was inserted into a heating stage which was connected to a linkam. 

X-ray scattering data were reduced (integration and normalisation) using 

standard routines from the beamline. SAXSutilities and Irena SAS macros for 

Igor Pro were utilised for further analysis (background subtraction). The 

scattering intensity of water was used for absolute scale calibration of the X-

ray scattering pattern. SAXS measurements were conducted on silica sols with 

variable concentrations as well as on G58H250 diblock copolymer vesicles 

prepared in the presence of increasing amounts of 0 to 35 % w/w aqueous 

dispersions silica nanoparticles. The concentration of copolymer vesicles was 

diluted from 10 % w/w (as-synthesised) to 1.0 % w/w and underwent six 

centrifugation-redispersion cycles for data collection. 

Disc Centrifuge Photosedimentometry (DCP) 
A CPS model DC24000 instrument was used to obtain weight-average particle 

size distributions. The disk centrifuge was run at 24,000 rpm, and the spin 

fluid contained a density gradient constructed from 8.0 to 2.0 % w/w aqueous 

sucrose solutions; a small volume of n-dodecane (0.50 mL) was used to extend 

the lifetime of the gradient. The disc centrifuge was calibrated with a 

poly(vinyl chloride) latex with a weight-average particle diameter of 263 nm 

and a known density of 1.385 g cm-3. 

Thermogravimetric Analysis (TGA) 
Analyses were conducted on freeze-dried samples that were heated in air to 

800 °C at a heating rate of 20 °C min–1 using a TA Instruments Q500. The 
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observed mass loss was attributed to complete pyrolysis of the copolymer 

component (300-600 oC), with the remaining incombustible residues being 

attributed to pure silica. The surface glycerol groups on the surface of the silica 

nanoparticles resulted in some weight loss due to pyrolysis of this organic 

component.  

Helium Pycnometry 
The solid-state density of the dried Bindzil CC401 silica sol was determined 

using a Micromeritics AccuPyc 1330 helium pycnometer at 20 °C. 

 

Results and Discussion 
Synthesis and Characterisation of Silica-Loaded Vesicles 
RAFT solution polymerisation of GMA was conducted in ethanol at 70 oC to 

generate a near-monodisperse G58 macro-CTA (Mw/Mn = 1.13). After purification, 

this water-soluble macro-CTA was utilised for the RAFT aqueous dispersion 

polymerisation of HPMA at 10 % w/w solids (see Figure 4.1a) to obtain PGMA58-

PHPMA250 diblock copolymers, denoted herein as G58H250 for the sake of brevity. 

Gel permeation chromatography (GPC) studies indicated that near-monodisperse 

diblock copolymers were obtained with minimal macro-CTA contamination and high 

blocking efficiencies (Mw/Mn = 1.12; see Figure 4.2). RAFT aqueous dispersion 

polymerisation of HPMA was also conducted in the presence of 5 to 35 % w/w silica 

nanoparticles. 1H NMR studies (see Figure 4.3) indicated that > 99% HPMA 

conversion was achieved within 2 h at 70 oC, regardless of the presence of silica 

nanoparticles. TEM images (see Figure 4.4) reveal a pure vesicular morphology for 

the control experiments performed in the absence of any silica nanoparticles, as 

expected when targeting such an asymmetric G58H250 diblock copolymer 

composition.35, 36 
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Figure 4.1. (a) Synthesis of a G58 macro-CTA via RAFT solution polymerisation and subsequent synthesis of G58H250 diblock copolymer via RAFT 
aqueous dispersion polymerisation (targeting this copolymer composition is known to lead to vesicle formation35, 36). (b) Schematic cartoon illustrating in 
situ encapsulation of silica nanoparticles during the synthesis of G58H250 diblock copolymer vesicles via RAFT aqueous dispersion polymerisation and 
subsequent release of such silica nanoparticles on cooling to 0 oC, which induces vesicle dissociation. 
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Figure 4.2. DMF GPC curves obtained for the G58 macro-CTA and G58H250 diblock copolymer 
(versus poly(methyl methacrylate) (PMMA) calibration standards). 

 

Dynamic light scattering (DLS) studies indicated a mean vesicle diameter of 350 nm 

with a polydispersity index (PDI) of 0.08 (see Table 4.2). The folds that are 

discernible in the TEM images are the result of vesicle buckling and/or partial 

collapse of these relatively delicate nano-structures under ultrahigh vacuum. For 

experiments conducted in the presence of silica nanoparticles, TEM images reveal 

that a pure vesicular morphology is still obtained, with lots of excess, non-

encapsulated silica nanoparticles also present. In order to remove the non-

encapsulated silica, the vesicles were centrifuged at 9,000 rpm for 20 min and 

redispersed in deionised water (see cartoon in Figure 4.1b). After six centrifugation-

redispersion cycles, TEM images suggest that the vast majority of the non-

encapsulated silica is removed and that the remaining silica nanoparticles reside 

within the vesicles, forming silica-loaded vesicles (see Figure 4.4). 
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Figure 4.3. Assigned 1H NMR spectra (CD3OD) obtained for the G58 macro-CTA and the 
G58H250 diblock copolymer vesicles prepared in the presence of increasing amounts of silica 
nanoparticles (5 to 35 % w/w silica). The asterisks indicate the signal resulting from ethanol, 
which has a concentration of 2.5 % w/w in the as-supplied Bindzil CC401 silica sol. This signal 
becomes more intense as the [silica]0 increases, as expected. 
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Figure 4.4. TEM images of G58H250 diblock copolymer vesicles synthesised in the presence of 
increasing amounts of silica nanoparticles (0 to 20 % w/w silica). Left: as-synthesised dried 
dispersions containing excess silica, right: after six centrifugation-redispersion cycles to remove 
excess silica. 
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However, hypothetically these TEM observations could be the result of drying 

artefacts. In contrast, cryo-TEM allows the direct observation of hydrated vesicles 

that have not been dried, stained or fixed; thus this technique is much more 

representative of their native environment. Cryo-TEM images (see Figure 4.5) 

confirm that the silica nanoparticles are indeed located inside the vesicle lumen. Both 

DLS and TEM studies indicate that the vesicle diameter is essentially unchanged, 

regardless of the initial silica concentration, [silica]0. 

 

 
Figure 4.5. Cryo-TEM images obtained for (a) G58H250 diblock copolymer vesicles, (b) G58H250 
diblock copolymer vesicles prepared in the presence of 20 % w/w silica nanoparticles (after 
centrifugation to remove excess silica nanoparticles) and (c) the silica nanoparticles alone, where 
the SAXS-derived vesicle diameter (Dv) is 18.4 nm. 

 

Simple geometric considerations suggest that the maximum number of silica 

nanoparticles encapsulated per vesicle during these PISA syntheses should be given 

by the total vesicle lumen volume multiplied by the number of silica nanoparticles 

per unit volume in the aqueous solution, which depends on [silica]0. In order to 

quantify the amount of silica encapsulated within the vesicle lumen, the following 

three characterisation techniques were utilised. 
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Table 4.2. Summary of DLS hydrodynamic diameters (Dh), initial and final silica contents determined by thermogravimetric analysis (TGA) before and 
after centrifugation and TGA-derived silica loading efficiency (LETGA), effective density (ρeff), number of silica nanoparticles per vesicle (Nsv), and 
encapsulation efficiency (EEDCP) determined using disk centrifuge photosedimentometry (DCP), SAXS-derived vesicle diameter (where Dv = 2Rv  and σD v 
is its standard deviation) and the concentration of encapsulated silica obtained for a series of G58H250 diblock copolymers prepared in the presence of 0 to 
35 % w/w silica. 

[silica]0 
/% w/w 

DLS Dh 
(PDI) 
/nm 

Initial 
TGA 
silica  

content 
/% 

Final TGA 
silica  

content  
 /% 

LETGA 
/% 

DCP ρeff  
/g cm-3 

DCP 
Nsv 

EEDCP 
/% 

SAXS  
Dv ± σDv 

/nm 

SAXS-derived 
concentration of 

encapsulated silica 
/% w/w 

0 350 (0.08) 0.25 0.25 0.0 1.071 0 0 291 ± 7 0 

5 364 (0.17) 37.7 3.78 7.85 1.076 9 13.2 296 ± 6 0.20 

10 390 (0.18) 51.5 8.72 9.55 1.084 24 16.9 295 ± 5 0.41 

15 317 (0.20) 63.5 13.6 10.5 1.093 40 18.9 323 ± 5 1.12 

20 402 (0.17) 73.1 17.0 10.2 1.106 66 24.6 335 ± 6 1.87 

25 382 (0.15) 78.2 19.2 9.51 1.119 91 25.6 301 ± 5 1.75 

30 410 (0.16) 83.8 21.0 8.85 1.130 112 26.2 332 ± 5 2.03 

35 346 (0.09) 86.5 22.1 8.12 1.141 133 26.6 301 ± 5 1.79 
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Disc Centrifuge Photosedimentometry (DCP)  
DCP reports the weight-average particle diameter, which lies between the number-

average and intensity-average diameters reported by TEM and DLS, respectively.42 

Assuming a spherical particle morphology, a DCP weight-average diameter can be 

readily calculated, provided that the particle density is accurately known. Since the 

PHPMA membrane is highly plasticised by water38 the vesicle density was estimated 

to be 1.10 g cm-3. When arbitrarily fixing the vesicle density at this value, the mean 

vesicle diameter increases monotonically and the vesicle size distribution becomes 

significantly broader when the [silica]0 is increased from 0 to 35 % w/w (see Figure 

4.6a). Given that the silica density is 2.06 g cm-3 (as judged by helium pycnometry), 

this suggests that the number of silica nanoparticles encapsulated per vesicle 

increases at higher [silica]0, as expected. Hence the effective vesicle density 

increases, resulting in much faster sedimentation of the vesicles relative to the non-

encapsulated silica nanoparticles. This means that DCP analyses can be conducted on 

the as-synthesised dispersions, since the excess silica nanoparticles cannot be 

detected on the same (short) time scale as the vesicles. However, the vesicle size 

distribution has finite width and larger vesicles contain many more silica 

nanoparticles than smaller vesicles. This leads to a density distribution being 

superimposed on the vesicle size distribution, which results in its artificial 

broadening. In principle, this problem can be corrected by calculating the particle 

density for a given diameter, as reported by Fielding et al.42 However, this 

refinement was not necessary in the present work.  

SAXS analysis of the G58H250 diblock copolymer vesicles prepared in the presence 

of silica nanoparticles indicated volume-average vesicle diameters of 295-335 nm, 

which are comparable to the mean diameter of 291 ± 7 nm obtained for empty 

vesicles (see Table 4.2). This suggests that the presence of the silica nanoparticles 

does not significantly affect the PISA synthesis. Taking the SAXS diameter of the 

empty vesicles to be the true DCP diameter for both empty and silica-loaded 

vesicles, the effective vesicle density (ρeff) must vary from 1.071 to 1.141 g cm-3 on 

increasing the [silica]0 from 0 to 35 % w/w (see Figure 4.6b). This difference in ρeff 

allows calculation of (i) the mean number of silica nanoparticles encapsulated per 

vesicle (Nsv), (ii) the volume of the vesicle lumen occupied by silica nanoparticles 
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(Vsl) and (iii) the encapsulation efficiency (EEDCP, see Equations A5.1 to A5.8 in the 

Appendix for calculations). 

 
Figure 4.6. DCP data recorded for G58H250 diblock copolymer vesicles prepared in the presence 
of increasing amounts of silica nanoparticles (0 to 35 % w/w silica). (a) Uncorrected weight-
average vesicle size distributions for which an arbitrary vesicle density of 1.10 g cm-3 was 
utilised. (b) Corrected weight-average vesicle size distributions whereby the weight-average 
diameter was held constant at 291 nm (as calculated from SAXS analysis of vesicles prepared in 
the absence of any silica nanoparticles) by adjusting the vesicle density from 1.071 to 1.141 g cm-

3, see Table 4.2. These densities were then used to calculate the silica content of the vesicles. N.B. 
The apparent broadening of these DCP size distributions is an artefact caused by the 
superposition of a density distribution on the size distribution (because larger vesicles will 
contain more silica nanoparticles).   

 

This analysis suggests that Nsv increases from 0 to 126 (see Figure 4.7a and Table 

4.2), Vsl increases from 0 to 4.76 % and EEDCP increases from 0 to 27 % on 

increasing [silica]0 from 0 to 35 % w/w (see Figure 4.7b and Table 4.2). The Nsv 

increases monotonically with [silica]0. However, Nsv is lower than the theoretical Nsv 

calculated from geometric considerations. Naively, it was expected that the Nsv 

would be simply comparable to the number of silica nanoparticles that occupy a 

certain volume for a given [silica]0. However, the silica concentration inside the 

vesicle lumen is lower than that outside the vesicles. This suggests a mass transport 

problem: diffusion of the silica nanoparticles within the ‘jellyfish’ during PISA 

appears to be relatively slow on the time scale of vesicle formation. Thus only 

approximately 27 % of the theoretical maximum amount of silica is actually 

encapsulated within the vesicle lumen (see Figure 4.7b). 
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Figure 4.7. Effect of varying the initial silica concentration, [silica]0, during the in situ loading of 
silica nanoparticles into G58H250 diblock copolymer vesicles prepared via RAFT aqueous 
dispersion polymerisation at 70 oC. (a) Comparison of the theoretical maximum number of silica 
nanoparticles encapsulated per vesicle with that calculated experimentally from DCP data. (b) 
Comparison of DCP-derived silica encapsulation efficiency (EEDCP) and the TGA-derived 
loading efficiency (LETGA). 

Thermogravimetric Analysis (TGA) 
Pyrolysis of the methacrylic copolymer used in this study leaves no incombustible 

residues on heating up to 800 oC in air. In contrast, the silica nanoparticles are 

thermally stable under these conditions. Thus TGA can be used to determine the 

encapsulated silica content of dried vesicles after removal of the excess non-

encapsulated silica via six centrifugation-redispersion cycles (see TEM images in 

Figure 4.4).  
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The silica nanoparticles used in this work lose ~ 10.1 % mass on heating to 350 oC in 

air during TGA analysis. This is attributed to a combination of surface moisture and 

also pyrolysis of surface glycerol groups (at ~350 oC), which are present for this 

particular commercial grade. This mass loss must be taken into account when 

calculating the silica content of the silica-loaded vesicles (see Equation A6.1 in the 

Appendix and data shown in Table 4.2). As expected, TGA curves recorded prior to 

centrifugation (see Figure 4.8a) indicate higher silica contents than those observed 

after centrifugation (see Figure 4.8b). 

 
Figure 4.8. TGA data recorded for G58H250 diblock copolymer vesicles prepared in the presence 
of increasing amounts of silica nanoparticles (0 to 35 % w/w silica) where (a) is post-
polymerisation prior to centrifugation, and (b) is post-polymerisation after centrifugation (i.e. 
after removal of the excess silica nanoparticles). A weight loss curve is also shown for the dried 
silica nanoparticles alone as a reference. 
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Figure 4.9. Concentration of silica nanoparticles in the supernatant, [silica]s, after each 
centrifugation-redispersion cycle, as determined by gravimetric analysis, for G58H250 diblock 
copolymer vesicles synthesised in the presence of 35 % w/w silica. 

 

In calculating the TGA-derived loading efficiency (LETGA, see Equation A6.1 and 

6.2 in the Appendix), it is assumed that (i) all the copolymer present has formed 

vesicles, (ii) there are no empty vesicles and (iii) all of the excess/non-encapsulated 

silica was removed via centrifugation (which is likely to be the case in view of the 

gravimetric analysis results shown in Figure 4.9).  

The LETGA remains relatively constant at around 8 % regardless of the [silica]0 (see 

Figure 4.7b). It is perhaps worth emphasising the difference between LETGA and 

EEDCP. The former parameter is calculated from experimental TGA data and 

represents the proportion of silica that is encapsulated within the vesicles relative to 

[silica]0. In contrast, EEDCP is calculated by combining the DCP and SAXS data. 

SAXS is used to determine an accurate weight-average vesicle diameter, vesicle 

membrane thickness and vesicle lumen volume. The numerator term is the mean 

number of silica nanoparticles per vesicle (determined by using the SAXS data to 

calculate the precise vesicle density required to correct the raw DCP data), while the 

denominator is calculated by multiplying the [silica]0 by the total vesicle lumen 

volume divided by the total volume of the solution. This calculation assumes that 

there are no interactions between the copolymer and the silica. For a given vesicle 
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diameter and [silica]0, the denominator term can be used to calculate the theoretical 

maximum number of silica nanoparticles per vesicle. 

Small Angle X-Ray Scattering (SAXS) 
In order to analyse the synchrotron SAXS data obtained for these silica-loaded 

vesicles, it was necessary to develop an appropriate analytical model. Three types of 

particles are present in these samples: empty copolymer vesicles (morphology 1), 

spherical silica nanoparticles (morphology 2) and silica-loaded copolymer vesicles 

(morphology 3). In general, the silica component scatters X-rays much more strongly 

than the copolymer, but it is perhaps worth emphasising that the silica nanoparticles 

(morphology 2) dominate the scattering intensity at high q, whereas the much larger 

vesicles (morphology 1) dominate the scattering at low q. Drawing on previously 

reported structural characterisation of core-shell nanocomposite particles comprising 

polymer cores and particulate silica shells,43 the scattering patterns associated with 

morphology 3 can be satisfactorily described using a two-population model. In this 

case population 1 corresponds to silica-loaded vesicles and population 2 describes 

the particulate nature of the corresponding lumen. Thus, this two-population model 

includes a modified version of morphology 1 and morphology 2 and can be applied 

to all three morphologies. In general, the scattering intensity of a system composed 

of n different (non-interacting) populations of polydisperse objects can be expressed 

as:  

 

𝐼𝐼(𝑞𝑞) =  ∑ 𝑆𝑆𝑙𝑙𝑛𝑛
𝑙𝑙=1 (𝑞𝑞)𝑁𝑁𝑙𝑙 ∫ …∞

0 ∫ 𝐹𝐹𝑙𝑙
∞
0 (𝑞𝑞, 𝑟𝑟𝑙𝑙1, … , 𝑟𝑟𝑙𝑙𝑙𝑙)𝛹𝛹𝑙𝑙(𝑟𝑟𝑙𝑙1, … , 𝑟𝑟𝑙𝑙𝑙𝑙)𝑑𝑑𝑟𝑟𝑙𝑙1 …𝑑𝑑𝑟𝑟𝑙𝑙𝑙𝑙    (4.1) 

 

where 𝐹𝐹𝑙𝑙(𝑞𝑞, 𝑟𝑟𝑙𝑙1, … , 𝑟𝑟𝑙𝑙𝑙𝑙) is the form factor, 𝛹𝛹𝑙𝑙(𝑟𝑟𝑙𝑙1, … , 𝑟𝑟𝑙𝑙𝑙𝑙) is the distribution function, 

Nl is the number density per unit volume and 𝑆𝑆𝑙𝑙(𝑞𝑞) is the structure factor of the lth 

population in the system. rl1,...,rlk is a set of k parameters describing the structural 

morphology of the lth population. The two-population model can be derived from 

Equation 4.1 by taking n = 2 and assigning the silica-loaded copolymer vesicles to 

population 1 (l = 1) and the spherical silica nanoparticles within the vesicle lumen to 

population 2 (l = 2). The form factor for population 1 (vesicles) can be described 

as:44 
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𝐹𝐹1(𝑞𝑞) = [𝐴𝐴m𝑙𝑙(𝑞𝑞)]2 +  𝑁𝑁agg𝛽𝛽c2𝐹𝐹c�𝑞𝑞𝑅𝑅g� + 𝑁𝑁agg(𝑁𝑁agg − 1)𝛽𝛽c2[𝐴𝐴c(𝑞𝑞)]2 +

2𝑁𝑁agg𝛽𝛽c𝐴𝐴m𝑙𝑙(𝑞𝑞)𝐴𝐴c(𝑞𝑞)    (4.2) 

However, this expression requires modification to represent silica-loaded vesicles: 

the amplitude of the membrane self-term in Equation 4.2 must be replaced by an 

amplitude representing both the membrane and the silica-loaded lumen expressed as 

the form factor amplitude for a core-shell spherical particle:45 

 

𝐴𝐴m𝑙𝑙(𝑞𝑞) = (1 − 𝑥𝑥sol)(𝜉𝜉m − 𝜉𝜉sol)𝑉𝑉outф(𝑞𝑞𝑅𝑅out) + [𝜉𝜉𝑙𝑙 − 𝜉𝜉sol − (1 − 𝑥𝑥sol)(𝜉𝜉m −

𝜉𝜉sol)]𝑉𝑉inф(𝑞𝑞𝑅𝑅in)    (4.3) 

 

where 𝑅𝑅in =  𝑅𝑅m − 1
2
𝑇𝑇m is the radius of the lumen, 𝑅𝑅out =  𝑅𝑅m +  1

2
𝑇𝑇m is the outer 

radius of the membrane, 𝑉𝑉in =  4
3
𝜋𝜋𝑅𝑅in3  is the volume of the vesicle lumen and 

𝑉𝑉out =  4
3
𝜋𝜋𝑅𝑅out3 is the volume of the vesicle. Rm is the radius from the center of the 

vesicle to the middle of the membrane, Tm is the membrane thickness (Figure 4.10) 

and ф(𝑥𝑥) =  3[sin(𝑥𝑥)−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥(𝑥𝑥)]
(𝑥𝑥)3

  is the form factor amplitude for a homogeneous sphere. 

The vesicle aggregation number (i.e. the mean number of copolymer chains per 

vesicle) is given by  𝑁𝑁agg = (1 − 𝑥𝑥sol)(𝑉𝑉out −  𝑉𝑉in)/𝑉𝑉m  where xsol is the solvent 

fraction in the membrane and Vm is the volume of the membrane-forming 

hydrophobic PHPMA block (Vm = VPHPMA250). The X-ray scattering length contrast 

for the corona block is 𝛽𝛽c =  𝑉𝑉c(𝜉𝜉c − 𝜉𝜉sol), where Vc is the corona block volume 

(VPGMA58). The block volumes are calculated from 𝑉𝑉 =  𝑀𝑀w
𝜌𝜌𝜌𝜌A

 using the weight-

average molecular weight, Mw, of the block components and the mass densities of 

the three blocks comprising the copolymer (ρPHPMA = 1.21 ± 0.01 g cm-3 and ρPGMA = 

1.31 ± 0.01 g cm-3, these values were determined for the corresponding 

homopolymers using a helium pycnometer). 𝜉𝜉R sol, 𝜉𝜉R m, 𝜉𝜉R c, and 𝜉𝜉R l are the X-ray 

scattering length densities of the surrounding solvent (𝜉𝜉RH2O = 9.42 x 1010 cm-2), the 

membrane-forming hydrophobic block (𝜉𝜉R PHPMA = 11.11 x 1010 cm-2), the vesicle 

corona block ( 𝜉𝜉R PGMA = 11.94 x 1010 cm-2) and the vesicle lumen [ 𝜉𝜉𝑙𝑙 = �1 −

𝑉𝑉SiO2/𝑉𝑉in�𝜉𝜉H2O + (𝑉𝑉SiO2/𝑉𝑉in)𝜉𝜉SiO2, where ξSiO2 = 17.5 × 1010 cm-2, and VSiO2 is the 

volume occupied by silica nanoparticles within the lumen]. It should be mentioned 
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that the X-ray scattering length contrast for the membrane block is 𝛽𝛽m =  𝑉𝑉m(𝜉𝜉m −

𝜉𝜉sol). Thus, the (βc/βm)2 ratio is approximately 0.08, which suggests that the profile 

of the electron density distribution within the corona should be included in the 

model. However, recent modeling of experimental data on a similar system has 

demonstrated that incorporation of a profile function in the model has a negligible 

effect on the derived structural parameters.38 The self-correlation term for the corona 

block in Equation 4.2 is given by the Debye function, 

𝐹𝐹c�𝑞𝑞𝑅𝑅g� =  2�exp�−𝑞𝑞
2𝑅𝑅g2�−1+𝑞𝑞2𝑅𝑅g2�
𝑞𝑞4𝑅𝑅g4

, where Rg is the radius of gyration of the corona 

block (Figure 4.10). Assuming that there is no penetration of the corona blocks 

within the membrane, the amplitude of the corona self-term is expressed as: 

 

𝐴𝐴c(𝑞𝑞) =  𝛹𝛹(𝑞𝑞𝑅𝑅g) 1
2
�𝑠𝑠𝑠𝑠𝑠𝑠�𝑞𝑞(𝑅𝑅out+𝑅𝑅g)�

𝑞𝑞(𝑅𝑅out+𝑅𝑅g)
+ 𝑠𝑠𝑠𝑠𝑠𝑠�𝑞𝑞(𝑅𝑅in−𝑅𝑅g�

𝑞𝑞(𝑅𝑅in−𝑅𝑅g)
�    (4.4) 

 

where 𝛹𝛹�𝑞𝑞𝑅𝑅g� =  1−exp (−𝑞𝑞𝑅𝑅g)
(𝑞𝑞𝑅𝑅g)2

 is the form factor amplitude of the corona chain. The 

polydispersities for two parameters (Rm and Tm), expressed as a Gaussian 

distribution, are considered for the first (silica-loaded vesicle) population: 

 

𝛹𝛹1(𝑟𝑟11, 𝑟𝑟12) =  1

�2𝜋𝜋𝜎𝜎𝑅𝑅m
2
𝑒𝑒
−(𝑟𝑟11−𝑅𝑅m)2

2𝜎𝜎𝑅𝑅m
2 1

�2𝜋𝜋𝜎𝜎𝑇𝑇m
2
𝑒𝑒
−(𝑟𝑟12−𝑇𝑇m)2

2𝜎𝜎𝑇𝑇m
2     (4.5) 

 

where σRm and σTm are the standard deviations for Rm and Tm, respectively. The 

number density per unit volume of population 1 (l = 1 in Equation 4.1) is expressed 

as: 

 

𝑁𝑁1 =  𝑐𝑐1
∫ ∫ 𝑉𝑉1(𝑟𝑟11,𝑟𝑟12)𝛹𝛹1(𝑟𝑟11,𝑟𝑟12)𝑑𝑑𝑑𝑑11𝑑𝑑𝑑𝑑12

∞
0

∞
0

    (4.6) 

 

where c1 is the total volume fraction of copolymer molecules forming vesicles in the 

sample and 𝑉𝑉1(𝑟𝑟11, 𝑟𝑟12) is the total volume of copolymers in a vesicle [𝑉𝑉1(𝑟𝑟11, 𝑟𝑟12) =

(𝑉𝑉m + 𝑉𝑉c)𝑁𝑁agg(𝑟𝑟11, 𝑟𝑟12) ]. It is assumed that the vesicle dispersion is sufficiently 

dilute to enable the structure factor for population 1 to be set to unity [𝑆𝑆1(𝑞𝑞) = 1]. 
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Population 1 describes scattering from a vesicle with a homogeneous lumen. 

However, the lumen actually has a particulate structure arising from the encapsulated 

silica nanoparticles. This generates an additional scattering signal that can be 

described by population 2, for which l = 2 in Equation 4.1. The form factor for this 

population is simply that for a homogeneous sphere: 

 

𝐹𝐹2(𝑞𝑞) = �𝜉𝜉SiO2 − 𝜉𝜉sol�
2ф2(𝑞𝑞𝑅𝑅SiO2)    (4.7) 

 

where RSiO2 is the mean radius of the silica nanoparticles. All other parameters and 

functions in the model for population 2 are analogous to those for population 1 

(Equation 4.2). The polydispersity of one parameter (RSiO2), expressed as a Gaussian 

distribution, is considered for population 2:  

 

𝛹𝛹2(𝑟𝑟2𝑙𝑙) = 1

�2𝜋𝜋𝜎𝜎𝑅𝑅SiO2
2

𝑒𝑒
−
�𝑟𝑟21−𝑅𝑅SiO2�

2

2𝜎𝜎𝑅𝑅SiO2
2

    (4.8) 

 

where 𝜎𝜎RSiO2  is the standard deviation for RSiO2. The number density per unit volume 

of population 2 is expressed as: 

 

𝑁𝑁2 =  𝑐𝑐2
∫ 𝑉𝑉2(𝑟𝑟21)𝛹𝛹2(𝑟𝑟21)𝑑𝑑𝑑𝑑21
∞
0

    (4.9) 

 

where c2 is the total volume fraction of silica particles in the sample and 𝑉𝑉2(𝑟𝑟21) =
4
3
𝜋𝜋𝑟𝑟213  is the volume of a single spherical silica nanoparticle. Since inter-particle 

interactions are expected for silica particles occupying the vesicle lumen, a hard-

sphere interaction structure factor based on the Percus-Yevick approximation46 was 

introduced into the model for population 2: 

 

𝑆𝑆2(𝑞𝑞) = 𝑆𝑆PY(𝑞𝑞,𝑅𝑅PY,𝑓𝑓PY)    (4.10) 
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where RPY is the interaction radius and fPY is an effective hard-sphere volume 

fraction. The model was incorporated in Irena SAS macros for Igor Pro software47 

and numerical integration of Equations 4.1, 4.6 and 4.9 was used for data fitting.  

 

 
Figure 4.10. SAXS patterns obtained for 1.0 % w/w aqueous dispersions of G58H250 diblock 
copolymer vesicles prepared via PISA in the presence of varying amounts of silica nanoparticles 
(0, 5 and 35 % w/w silica). Grey circles represent data and solid lines represent fitting curves: 
when no silica was present during the vesicle synthesis, a single population vesicle model was 
sufficient to fit the corresponding SAXS pattern, whereas two populations were required when 
silica nanoparticles were present during the PISA synthesis. Red and blue dashed lines 
represent populations 1 and 2, respectively. For clarity, the upper two SAXS patterns are 
shifted vertically by arbitrary scaling factors, as shown on the plot. Inset: schematic 
representation of empty and silica-loaded G58H250 diblock copolymer vesicles, where small 
black circles represent silica nanoparticles, red = PGMA block (G), light blue = PHPMA block 
(H), Rm is the radius from the center of the vesicle to the middle of the membrane, Tm is the 
membrane thickness and Rg is the radius of gyration of the corona. 
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Table 4.3. Structural parameters obtained by SAXS analysis of G58H250 diblock copolymer 
vesicles prepared in the presence of varying silica concentrations (0 to 35 % w/w) after 
centrifugation to remove non-encapsulated silica nanoparticles. Fitting of the SAXS data 
required using a two-population model: population 1 corresponds to vesicles with a silica-loaded 
lumen and population 2 corresponds to spherical silica nanoparticles. Representative 
parameters for population 1: Rm is the radius from the center of the vesicle to the center of the 
membrane and σR m is the associated standard deviation, Tm is the membrane thickness and σT m 
is the associated standard deviation, Rv is the total radius of the vesicle (𝑹𝑹𝐯𝐯 =  𝑹𝑹𝐦𝐦 + 𝟏𝟏

𝟐𝟐
𝑻𝑻𝐦𝐦 +

𝟐𝟐𝟐𝟐𝐠𝐠), where the radius of gyration of the corona PGMA block, Rg, is 2.3 nm - see the main text 
for further details). Representative parameters for population 2: RSiO2 is the silica nanoparticle 
radius, σRSiO2 is the associated standard deviation, RPY is the Percus-Yevick correlation radius 
of densely-packed spherical micelles and fPY is the Percus-Yevick effective volume fraction of 
the packed micelles. c2/c1 is the ratio of the volume fraction of the spherical silica nanoparticles 
(population 2) to the volume fraction of the copolymer vesicles (population 1). 

[silica]0/ 

% w/w 

Population 1 

c2/c1 

Population 2 

Rm (σRm) 

/nm 

Tm 

(σTm)/ 

nm 

Rv/ 

nm 

RSiO2 

(σRSiO2)/ 

nm 

RPY /nm 
fPY 

/nm 

0 125.0 (3.4) 15.9 (2.5) 145.5 - - - - 

5 127.8 (3.0) 15.4 (2.2) 147.8 0.015 9.2 (2.1) - - 

10 129.8 (2.5) 13.2 (2.5) 147.6 0.037 9.2 (2.1) - - 

15 138.4 (2.6) 18.5 (3.4) 161.5 0.219 9.2 (2.1) 162.49 0.0900 

20 145.8(2.8) 17.2 (1.8) 167.6 0.375 9.2 (2.1) 129.39 0.1336 

25 134.6 (2.4) 15.8 (2.2) 150.4 0.635 9.2 (2.1) 112.99 0.1553 

30 145.4 (2.7) 15.9 (2.2) 165.9 0.928 9.2 (2.1) 110.96 0.1860 

35 132.1 (2.3) 13.7 (2.2) 150.4 1.229 9.2 (2.1) 99.551 0.2200 

0.1a - - - - 9.2 (2.1) - - 

1a - - - - 9.1 (2.1) 291.71 0.0915 

5a - - - - 9.1 (2.1) 194.22 0.1645 

30b 132.8 (3.1) 15.9 (2.5) 153.3 0.542 9.2 (2.1) - - 
a Data correspond to silica sols.  
b Data correspond to a control experiment, whereby a known amount of silica sol was added to 
G58H250 diblock copolymer vesicles after their PISA synthesis. Thus none of the silica nanoparticles 
are encapsulated in this case. 
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Accordingly, use of population 1 alone was sufficient for satisfactory data fits to 

SAXS patterns obtained for empty G58H250 diblock copolymer vesicles synthesised 

in the absence of any silica nanoparticles. Use of the vesicle model (l = 1 in Equation 

4.1 and 𝜉𝜉𝑙𝑙 = 𝜉𝜉sol in Equation 4.3) produced a reasonably good fit over seven orders 

of magnitude of X-ray scattering intensity (see Figure 4.10). The overall vesicle 

radius, Rv = Rout + 2Rg, was calculated to be 145.5 nm (Table 4.3), which is 

consistent with both TEM observations (Figure 4.4) and DLS data (Table 4.2).  

The Rg of the G58 corona block was determined to be 2.3 nm from fitting of the 

G58H250 SAXS pattern.38 This experimental value is comparable to a theoretical 

estimate: the projected contour length of a single GMA monomer is 0.255 nm (two 

carbon bonds in all-trans conformation), the total contour length of a G58 block, 

LPGMA = 58 x 0.255 nm = 14.79 nm and the Kuhn length of 1.53 nm, based on the 

literature value for poly(methyl methacrylate)48, result in an estimated Rg of (14.79 x 

1.53/6)1/2, or 1.94 nm. The SAXS data fit suggested that the hydrophobic PHPMA 

component of the vesicle membrane was solvated, xsol = 0.16. In order to produce 

satisfactory fits to SAXS patterns obtained for G58H250 diblock copolymer vesicles 

prepared in the presence of silica nanoparticles, incorporation of population 2 (l = 2 

in Equation 4.1) into the model was essential. It was also assumed for the fitting that 

all silica nanoparticles represented by population 2 are located within the vesicles. 

Thus, the volume fraction of silica nanoparticles, c2, and the scattering length density 

of the lumen, ξl, must be related in order to produce a self-consistent model. In this 

respect, the scattering length density of the lumen can be expressed as 𝜉𝜉𝑙𝑙 =

(1 − 𝑐𝑐2/𝑐𝑐𝑙𝑙)𝜉𝜉H2O + (𝑐𝑐2/𝑐𝑐𝑙𝑙)𝜉𝜉SiO2 , where 𝑐𝑐𝑙𝑙 = 𝑐𝑐1𝑉𝑉in
(𝑉𝑉out−𝑉𝑉in)(1−𝑥𝑥sol)

, is the total volume 

fraction of vesicle lumen. 

Structural parameters for the silica nanoparticles alone were obtained from SAXS 

patterns recorded for 0.1, 1 and 5 % w/w aqueous silica sols (see Figure 4.11). In this 

case, only population 2 of the model was required for satisfactory data fits. The silica 

nanoparticle radius (RSiO2) was estimated to be 9.2 ± 2.1 nm in all cases. Fittings for 

the 1 and 5 % w/w silica SAXS patterns required a hard-sphere interaction structure 

factor (see Equation 4.10), because a pronounced peak at q ~ 0.25 nm-1 is observed at 
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higher silica concentrations. In contrast, no structure factor was observed for the 0.1 

% w/w silica sol, as expected. 

 
Figure 4.11. SAXS patterns obtained for 5.0, 1.0 and 0.1 % w/w aqueous silica dispersions. Solid 
lines represent fitting curves; for all data a simple spheroid model was appropriate. For the 5.0 
and 1.0 % w/w silica sols, it was necessary to use a hard-sphere interaction, whereas no 
structure factor was observed for the 0.1 % w/w silica sol. Inset: schematic representation of the 
parameters obtained when fitting the spheroid model to these aqueous silica dispersions, where 
RSiO2 is the radius of the silica nanoparticle and RPY is the correlation distance between silica 
nanoparticles. 

A superposition of X-ray scattering signals from the two populations used in the 

model produced good fits to the SAXS data obtained for vesicles synthesised in the 

presence of silica nanoparticles, after removal of excess non-encapsulated silica 

(Figure 4.10 and Table 4.3). It is assumed that both the Rg of the PGMA block and 

the water content within the vesicle membrane are independent of [silica]0. This is 

reasonable, because the same batch of PGMA macro-CTA was utilised and the same 

PHPMA block degree of polymerisation (DP) was targeted in all cases. Thus the Rg 

and xsol values obtained for G58H250 diblock copolymer vesicles synthesised in the 

absence of any silica were also used for SAXS fitting of the vesicles synthesised in 

the presence of silica nanoparticles. Moreover, SAXS analysis shows that both the 

Tm and Rv remain virtually constant regardless of [silica]0 (Tm ~ 15.9 nm and Rv ~ 

145.5 nm, Table 4.3), which is consistent with our TEM observations (Figure 4.4) 

and DLS data (Table 4.2). This confirms that the dimensions of the empty vesicles 
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produced using this PISA formulation in the absence of any silica are comparable to 

those obtained in the presence of the silica nanoparticles (see Table 4.2). It is 

emphasised that the broad peak at q ~ 0.25 nm-1, which is associated with interacting 

silica nanoparticles, confirms successful silica encapsulation within the vesicles. 

Moreover, increasing the [silica]0 leads to both a higher effective volume fraction 

and a reduction in the correlation distance between silica nanoparticles (fPY and RPY, 

respectively, see Table 4.3), which suggests a greater packing density for the silica 

nanoparticles within the vesicle lumen. This was corroborated by control 

experiments in which silica nanoparticles were added to empty vesicles to afford 

dispersions of the same overall silica concentration. SAXS patterns recorded for such 

dispersions did not possess any peak at q ~ 0.25 nm-1 corresponding to silica 

nanoparticles, indicating that no structure factor is required in this case (see Figure 

4.12). These SAXS observations confirm beyond any reasonable doubt that the silica 

nanoparticles are undoubtedly encapsulated within the vesicles during these PISA 

syntheses.  

 
Figure 4.12. SAXS pattern obtained for a 7.5 % w/w aqueous silica dispersion added to 10 % 
w/w G58H250 diblock copolymer vesicles after their PISA synthesis. These ratios were used to 
mimic the encapsulated silica/vesicle mass ratio for [silica]0 = 30 % w/w, based on 25 % silica 
encapsulation estimated from TGA. The solid black line represents the data fit, for which a two-
population model was required. Population 1 (red dashed line) represents the vesicles and 
population 2 (blue dashed line) represents the spherical silica nanoparticles. Inset: schematic 
representations obtained for the empty vesicles and the silica sol in the sample. 
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The concentration of encapsulated silica nanoparticles (see Table 4.2), can be 

estimated using the volume fraction of silica nanoparticles (c2) obtained from the 

fitted SAXS patterns. In general, the SAXS data are in fairly good agreement with 

the corresponding TGA data (see Figure 4.13). However, SAXS tends to 

underestimate the concentration of encapsulated silica at higher [silica]0. In 

principle, this might be because TGA cannot distinguish between the silica 

nanoparticles located within the vesicles and any excess, non-encapsulated silica that 

might remain in the aqueous continuous phase. In contrast, the two-population SAXS 

model used in this work is mainly sensitive to silica nanoparticles located within the 

vesicle lumen. However, TEM studies coupled with gravimetric analysis of 

successive supernatants suggest that there is relatively little, if any, non-encapsulated 

silica present after six centrifugation-redispersion cycles (see Figure 4.4 and Figure 

4.9, respectively). This discrepancy arises because DCP reports artificially 

broadened, highly asymmetric size distributions at higher [silica]0, as discussed 

earlier. This is essentially a polydispersity effect: heavier vesicles containing 

relatively high silica loadings appear larger in the DCP size distribution, whereas 

lighter vesicles containing fewer encapsulated silica nanoparticles appear smaller, 

giving rise to an artificially skewed distribution. 

 
Figure 4.13. Effect of varying the initial silica concentration, [silica]0, on the concentration of 
encapsulated silica, as calculated using SAXS (▲, measured at 1.0 % w/w copolymer) and TGA 
(■) for G58H250 diblock copolymer vesicles prepared at 10 % w/w in the presence of 0 to 35 % 
w/w silica nanoparticles (after six centrifugation-redispersion cycles). 
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This polydispersity effect also leads to uncertainty in the calculated copolymer 

volume fraction (c1). The copolymer concentration was actually kept constant at 1.0 

% w/w for all SAXS measurements. However, the SAXS model incorrectly suggests 

that the copolymer concentration is reduced ten-fold as the [silica]0 is increased from 

0 to 35 % w/w. Such a significant discrepancy must be associated with the broad 

distribution of Nsv indicated by DCP measurements. The latter technique shows that 

at low [silica]0 there is a relatively symmetric (approximately Gaussian) distribution 

of silica nanoparticles per vesicle. However, vesicle dispersions prepared at higher 

[silica]0 exhibit significantly broader, highly asymmetric distributions skewed to 

higher mass (Figure 4.6). This effect is enhanced because ξSiO2 is rather higher than 

that of the copolymer (17.5 × 1010 cm-2
 vs. 11.11 x 1010 cm-2, respectively), so 

heavily-loaded vesicles scatter much more strongly than lightly-loaded (or empty) 

vesicles. This bias becomes important at higher [silica]0, resulting in a lower 

apparent copolymer concentration. In contrast, for [silica]0 = 5 % w/w, the particle 

size distribution is relatively narrow and symmetric (approximately Gaussian), 

meaning that the SAXS data are more reliable in this regime. For PISA syntheses 

conducted at this relatively low [silica]0, the mean number of silica nanoparticles per 

vesicle is calculated to be 9 and 14 for DCP and SAXS, respectively. 

In principle, the problem in the SAXS analysis observed at high [silica]0 could be 

rectified by incorporating an additional function in order to account for the 

polydispersity of Nsv. However, the current SAXS model already incorporates three 

polydispersity functions (Equation 4.5 and 4.8): an extra function describing the 

asymmetric distribution of Nsv would significantly complicate the data analysis and 

is beyond the scope of this work.  

Thermally-Triggered Release of Silica Nanoparticles 
In principle, the controlled release of silica nanoparticles from vesicles could offer a 

self-repair mechanism for either synthetic hydrogels or living tissues.39 For the 

G58H250 diblock copolymer vesicles described herein, a relatively short mean DP 

was targeted for the thermo-responsive PHPMA block because the controlled release 

of the encapsulated silica nanoparticles was to be examined. 
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Figure 4.14. TEM images obtained for (a) empty G58H250 diblock copolymer vesicles and (b) 
after cooling to 0 oC for 30 min, the vesicles dissociate to form a mixture of spheres and short 
worm-like micelles. TEM images obtained for G58H250 diblock copolymer vesicles synthesised in 
the presence of 5 % w/w silica nanoparticles (see Figure 4.4) after cooling to (c) 0 oC for 30 min, 
(d) 2 oC for 3 h, (e) 5 oC for 57 h and (f) 10 oC for 71 h. Cooling results in the release of the 
encapsulated silica nanoparticles, which are more electron-dense than the copolymer 
nanoparticles (red circles depict free silica nanoparticles). Cooling to 0 or 2 oC causes vesicles to 
dissociate to spherical micelles and short worm-like micelles, to 5 oC results in jellyfish, worms 
and lamellae and cooling to only 10 oC results in minimal vesicle disintegration. 

In control experiments performed in the absence of any silica nanoparticles, TEM 

studies confirmed that the G58H250 diblock copolymer vesicles underwent a 

morphology change to produce a mixture of diblock copolymer spheres and short 

worm-like micelles on cooling to 0 oC for 30 min (see Figure 4.14).  
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For silica-loaded G58H250 diblock copolymer vesicles prepared in the presence of 5 

% w/w silica nanoparticles, a similar change in morphology was observed on cooling 

(see Figure 4.14c). Such vesicle dissociation leads to release of the encapsulated 

silica nanoparticles, which results in loss of the silica structure factor in the 

corresponding SAXS pattern. Thus this thermally-triggered transition confirms that 

the silica nanoparticles are indeed encapsulated within the vesicle lumen. 

 

 
Figure 4.15. SAXS patterns obtained for 1.0 % w/w aqueous dispersions of G58H250 diblock 
copolymer vesicles (originally prepared via PISA at 10 % w/w copolymer in the presence of 5 % 
w/w silica). The excess/non-encapsulated silica nanoparticles were removed via six 
centrifugation-redispersion cycles. Then the purified silica-loaded G58H250 vesicles were cooled 
to 0 oC for 30 min while scattering patterns were collected every 15 s. Selected SAXS patterns 
recorded after various times at 0 oC are shown (for clarity, these patterns are shifted vertically 
by an arbitrary scaling factor). Silica-loaded vesicles are present up to 8 min (○), but undergo 
disassociation to form worm-like micelles after 9 min (○), followed by the further 
transformation to produce mainly spheres after 12 min (○). 

 

SAXS was utilised to explore the kinetics of silica nanoparticle release at 0 oC (see 

Figure 4.15). Time-resolved SAXS studies indicated that intact silica-loaded vesicles 

are still present after six minutes at 0 oC. Close inspection of these SAXS patterns 

confirms that the local minimum at q ~ 0.02 nm-1, which is associated with the 
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vesicle form factor, disappears after 9 min at 0 oC. Moreover, the gradient of the 

scattering pattern at low q is reduced from -2 to -1 after 9 min, indicating the 

formation of worm-like micelles. This gradient tends to zero after 12 min at 0 oC, 

suggesting further vesicle disassociation to form a mixture of spheres and short 

worm-like micelles. Furthermore, the final pattern after 30 min at 0 oC is identical to 

that obtained after 12 min, confirming that the morphological transition is essentially 

complete after 12 min. Further time-resolved SAXS studies were conducted for 

silica-loaded vesicles prepared in the presence of 10-35 % w/w silica nanoparticles, 

which is discussed in Chapter Five of this thesis.  

Leibler's recent pioneering study39 suggests that silica nanoparticles can be utilised as 

remarkably effective adhesives for the repair of both synthetic hydrogels and 

biological tissue. More specifically, two cut pieces of either polydimethylacrylamide 

gel or calf’s liver can be glued together simply by spreading an aqueous solution of 

30 nm commercial silica nanoparticles on the two freshly cleaved interfaces and 

applying light pressure for 30 s. In the context of the present study, we hypothesise 

that silica nanoparticles encapsulated within vesicles are not available for the repair 

of either synthetic hydrogels or biological tissue. However, after their thermally-

triggered release from the vesicles, the silica nanoparticles should be able to act as an 

effective adhesive. However, for a useful self-healing system it may be preferable to 

achieve silica nanoparticle release at higher temperatures than 0 oC. Temperature-

dependent DLS studies (see Figure 4.16a) indicate the onset of vesicle dissociation at 

around 10 oC, as judged by the reduction in count rate and mean particle diameter 

(Dh). Time-resolved DLS studies show that the rate of dissociation is significantly 

faster at lower temperature. For example, Dh decreases from approximately 350 nm 

to 76 nm after 2 h at 2 oC, with a concomitant reduction in count rate from 22,000 to 

1,000 kcps (see Figure 4.16b). TEM images verify release of the encapsulated silica 

nanoparticles, plus the co-existence of copolymer spheres (see Figure 4.14d). 

However, after ageing at 5 oC for 57 h, Dh increases to 523 nm before decreasing to 

284 nm, which suggests vesicle swelling prior to their dissociation (see Figure 

4.16c). However, the final Dh value is not consistent with sphere formation. This is 

confirmed by TEM, which reveals the formation of a complex mixture of lamellae 

and worm-like micelles under these conditions (see Figure 4.14e). Nevertheless, the 

encapsulated silica nanoparticles are still released (see red circles in Figure 4.14e). 
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Moreover, ageing for 71 h at 10 oC, both Dh and the count rate remain constant at 

around 350 nm and 20,000 kcps, respectively, which at first sight suggests that the 

silica-loaded vesicles are not thermo-responsive under these conditions (see Figure 

4.16d). Indeed, TEM images reveal that some vesicles are still intact, yet at least 

some originally-encapsulated silica nanoparticles were released, indicating that a 

minor fraction of vesicles undergo disassociation (see Figure 4.14f). In summary, 

both the extent and rate of release of encapsulated silica nanoparticles can be fine-

tuned by varying the release temperature and ageing time. In principle, it would be 

desirable to conduct time-resolved SAXS studies of the silica-loaded vesicles at 2, 5 

or 10 oC, but the much longer experimental timescales required (days) preclude such 

experiments. 

 

 
Figure 4.16. Plots of hydrodynamic diameter (♦) and derived count rate (■) against (a) 
temperature and time at constant temperature of (b) 2 oC, (c) 5 oC and (d) 10 oC for G58H250 
diblock copolymer vesicles synthesised in the presence of 5 % w/w silica after excess silica has 
been removed via six centrifugation-redispersion cycles. 

 

During the course of this work, Zhang et al.49 reported successful encapsulation of 

silica nanoparticles within PEG-PHPMA vesicles prepared at 20 oC using a photo-

initiated PISA formulation. However, compared to the present study, only limited 

characterisation of the extent of encapsulation was undertaken. 
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Conclusions 
In summary, we report the in situ encapsulation of silica nanoparticles within 

PGMA-PHPMA diblock copolymer vesicles prepared via PISA in concentrated 

aqueous solution. Excess silica is readily removed via centrifugation-redispersion 

cycles and the presence of the silica nanoparticles within the purified vesicles is 

confirmed by cryo-TEM studies. Thermogravimetric analysis enables the loading 

efficiency to be directly determined and these results are fully consistent with 

quantitative data derived from both disc centrifuge photosedimentometry and small-

angle X-ray scattering studies. The former technique indicates that silica 

encapsulation leads to a density distribution being superimposed on the vesicle size 

distribution, which results in its artificial broadening. The latter technique required 

development of a new analytical model to calculate the silica volume fraction within 

the vesicles. SAXS studies also reveal a silica structure factor, which provides 

compelling evidence for successful nanoparticle encapsulation within the vesicles. 

As far as we are aware, this is the most detailed study yet of a model vesicle 

encapsulation system. Having established optimal conditions for in situ vesicle 

loading, this approach should enable the efficient encapsulation of various globular 

proteins, including enzymes and antibodies. Ideally, such formulations would require 

PISA syntheses to be conducted at no more than 37 oC in order to minimise protein 

denaturation. In this context, it is noteworthy that there are many literature reports of 

RAFT polymerisations being successfully conducted at ambient temperature (20-25 
oC).50, 51 Moreover, we demonstrate that the encapsulated silica nanoparticles can be 

released in a controlled manner via thermally-triggered vesicle dissociation. Time-

resolved SAXS studies indicated that the vesicle-to-sphere morphological transition 

is complete after 12 min at 0 oC. DLS studies and TEM images further show that this 

morphological transition requires much longer time scales (hours/days) when cooling 

to 2, 5 or 10 oC. Our findings suggest the possibility of a ‘self-healing’ formulation 

for synthetic hydrogels, and perhaps also biological tissues.  
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Introduction 
Chapter Four reported the successful in situ encapsulation of silica nanoparticles 

within poly(glycerol monomethacrylate)-poly(2-hydroxypropyl methacrylate) 

(PGMA-PHPMA) diblock copolymer vesicles prepared via PISA.1 These vesicles 

were synthesised at 10 % w/w solids in the presence of 0 to 35 % w/w silica 

nanoparticles followed by extensive purification via six centrifugation-redispersion 

cycles. Small-angle x-ray scattering (SAXS), disk centrifuge photosedimentometry 

and cryo-TEM studies confirmed successful silica encapsulation within the vesicle 

lumen.  

Given their biocompatibility and commercial availability, silica nanoparticles 

constitute a useful model cargo. Moreover, their high electron contrast aids 

transmission electron microscopy (TEM) studies, they scatter X-rays strongly which 

facilitates SAXS analysis and their excellent thermally stability enables convenient 

quantification via thermogravimetric analysis. Furthermore, silica nanoparticles are 

potentially an ‘active’ payload. Recently, Rose et al.2 reported that strong adhesion 

between a freshly-cleaved hydrogel can be rapidly achieved at ambient temperature 

simply by spreading an aqueous droplet containing silica nanoparticles on one of the 

two surfaces of the cleaved gel prior to contact. This approach can also be used for 

biological tissues such as calf’s liver, which suggests potential biomedical 

applications. However, silica nanoparticles encapsulated within block copolymer 

vesicles must be first released to become available for such tissue repair. It is well-

known that certain vesicles can undergo morphological transitions when exposed to 

an external stimulus such as temperature,3-5 light,6 salt7, 8 or pH.5, 9-12 In this Chapter, 

time-resolved SAXS studies are used to monitor the rate of release of silica 

nanoparticles encapsulated within PGMA-PHPMA diblock copolymer vesicles by 

utilising a thermally-triggered morphological transition.  A remarkable range of 

physical behaviour is observed depending on the initial concentration of silica 

nanoparticles within such vesicles. 
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Experimental Details 
Materials 
All reagents were used as received unless otherwise stated. 4, 4’-Azobis-4-

cyanopentanoic acid (ACVA) and 2-cyano-2-propyl dithiobenzoate (CPDB) 

were purchased from Sigma-Aldrich (UK). Ethanol and dichloromethane were 

purchased from Fisher Scientific (UK). Glycerol monomethacrylate (GMA; 

99.8 % purity; 0.06 mol% dimethacrylate impurity) was kindly donated by 

GEO Specialty Chemicals (Hythe, UK) and used without further purification. 

2-Hydroxypropyl methacrylate (HPMA) was purchased from Alfa Aesar (UK) 

and contained 0.07 mol % dimethacrylate impurity, as judged by HPLC 

analysis. CD3OD was purchased from Goss Scientific (UK). Bindzil colloidal 

silica (CC401; supplied as a 40 % w/w aqueous dispersion; manufacturer’s 

nominal particle diameter = 12 nm) was kindly donated by AkzoNobel Pulp 

and Performance Chemicals AB (Bohus, Sweden). 2,2'-Azobis[2-(2-

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

Specialty Chemicals (Japan). Deionised water (pH 6.2; surface tension = 72.0 

mN m-1 at 20 oC) was obtained using an Elga Elgastat Option 3A water 

purifier. 

Synthesis of Silica-Loaded G58H250 Diblock Copolymer Vesicles  
Such syntheses were described in detail in Chapter Four.1 The protocol used for a 20 

% w/w aqueous silica dispersion is representative and is described here. G58 macro-

CTA (0.200 g, 0.021 mmol), HPMA monomer (0.758 g, 5.26 mmol), CC401 

silica sol (4.80 g, 40 % w/w aqueous dispersion) and deionised water (3.84 g) 

were weighed into a sample vial and purged with N2 for 20 min. ACVA was 

added (1.18 mg, 0.0042 mmol, CTA/ACVA molar ratio = 5.0) and purged 

with N2 for a further 10 min prior to immersion in an oil bath set at 70 oC for 2 

h. Finally, the HPMA polymerisation was quenched by cooling to room 

temperature with subsequent exposure to air. The protocol used for the 0, 5, 

10, and 30 % w/w aqueous silica dispersion formulations are the same, except 

the relative amounts of silica sol and deionised water are varied (Table 5.1).  To 

remove excess, non-encapsulated silica nanoparticles, the vesicles were diluted from 
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10 % w/w to 1.0 % w/w prior to performing six centrifugation-redispersion cycles 

(9,000 rpm for 20 min for each cycle).   
 

Table 5.1. Summary of the specific amounts of silica sol (40 % w/w) and deionised water used in 
order to obtain a specific aqueous silica concentration. 

Silica concentration (% w/w) CC401 silica sol (g) Deionised water (g) 

0 0 8.63 

5 1.20 7.43 

10 2.40 6.23 

20 4.80 3.84 

30 7.19 1.44 

Dynamic Light Scattering (DLS)  
Intensity-average hydrodynamic diameters were recorded for aqueous 

copolymer dispersions and determined using a Malvern Zetasizer NanoZS 

instrument. Dilute aqueous dispersions (0.10 % w/w) were analysed at 25oC 

using disposable cuvettes and all data were averaged over three consecutive 

runs to give the hydrodynamic diameter (Dh).  

Transmission Electron Microscopy (TEM)  
As-synthesised copolymer dispersions were diluted at 25 oC to generate 0.10 

% w/w dispersions. Copper/palladium TEM grids (Agar Scientific, UK) were 

surface-coated in-house to produce a thin film of amorphous carbon. The grids 

were then plasma glow-discharged for 30 s to create a hydrophilic surface. 

Individual samples of aqueous copolymer dispersions (0.1 % w/w, 12 μL) 

were adsorbed onto the freshly glow-discharged grids for 20 s and then blotted 

with filter paper to remove excess solution. To stain the copolymer 

dispersions, uranyl formate solution (0.75 % w/v; 9 μL) solution was placed on 

the sample-loaded grid for 20 s and then carefully blotted to remove excess 

stain. The grids were then dried using a vacuum hose. Imaging was performed 

at 100 kV using a Phillips CM100 instrument equipped with a Gatan 1 K CCD 

camera.   
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Small-Angle X-ray Scattering (SAXS)  
SAXS patterns were recorded at a synchrotron (ESRF, station ID02, Grenoble, 

France). A monochromatic X-ray beam (λ = 0.0995 nm) and a 2D SAXS 

detector (Rayonix MX-170HS) were used for these experiments. A q range of 

0.004 nm-1 to 2.0 nm-1 was used for measurements, where 𝑞𝑞 =  4πsinθ
λ

   

corresponds to the modulus of the scattering vector and θ is half of the 

scattering angle. For these time-resolved measurements, a glass capillary of 2 

mm thickness was inserted into a heating stage (HFSX350-CAP, Linkam 

Scientific Instruments, Tadworth, UK). X-ray scattering data were reduced 

(integration, normalisation and background subtraction) using standard 

routines available at the ID02 beamline. The scattering intensity of water was 

used for absolute scale calibration of the X-ray scattering patterns. Irena SAS 

macros13 for Igor Pro were utilised for modelling and further SAXS analysis. 

Copolymer vesicle dispersions were diluted from 10 % w/w (as-synthesised) to 

1.0 % w/w and then subjected to six centrifugation-redispersion cycles prior to 

data collection. For time-resolved studies, dilute aqueous dispersions were 

cooled to 0 oC for 30 min with SAXS patterns being collected every 15 s.  

Results and Discussion 
Results 
For the sake of brevity, a shorthand notation is utilised throughout this Chapter 

to describe the copolymer. Thus G58H250 represents a PGMA-PHPMA diblock 

copolymer, where 58 and 250 indicate the mean degrees of polymerisation 

(DP) of the two respective blocks. 

The thermoresponsive behaviour of 1.0 % w/w copolymer dispersions of both empty 

and silica-loaded G58H250 vesicles (originally prepared via PISA at 10% w/w 

copolymer in the presence of either 5, 10, 20 or 30 % w/w silica nanoparticles, 

followed by purification via multiple centrifugation-redispersion cycles to remove 

excess free silica) was examined in Chapter Four by cooling to approximately 0 °C 

using an ice bath. The initial vesicle dispersions were turbid at room temperature, as 

expected. After cooling for 30 min, the samples prepared in the presence of either 0 
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% or 5.0 % w/w silica were no longer turbid, whereas those prepared using 10, 20 

and 30 % w/w silica remained turbid.  

 
Figure 5.1. Chemical structure of the G58H250 diblock copolymer, TEM images and schematic 
cartoons of silica-loaded G58H250 diblock copolymer vesicles synthesised in the presence of 
varying amounts of silica nanoparticles (0−30 % w/w silica) after six centrifugation-redispersion 
cycles to remove excess silica, before (left) and after (right) being held in ice for 30 min. 
Dynamic light scattering hydrodynamic diameters and associated polydispersities are stated in 
the inset of each TEM image.  
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TEM images and dynamic light scattering (DLS) studies indicated that the empty and 

silica-loaded G58H250 vesicles each had a mean hydrodynamic diameter (Dh) of 

approximately 350 nm at 25 °C (see Figure 5.1). However, when the empty vesicles 

were cooled in ice for 30 min, spheres were obtained with a Dh of 60 nm (see Figure 

5.1). This morphological transition was expected, because a mean DP of 250 was 

targeted for the structure-directing PHPMA block so as to produce vesicles that lie 

close to the worm-vesicle phase boundary.5 Cooling leads to greater surface 

plasticisation of the PHPMA membranes, which results in a thermally-triggered 

morphological transition to produce either worms or spheres. 

Similar observations were made for the silica-loaded G58H250 diblock copolymer 

vesicles synthesised in the presence of 5.0 % w/w silica nanoparticles. After cooling 

to 0 °C for 30 min, a mixture of pseudo-spherical copolymer nanoparticles and free 

silica nanoparticles can be observed by TEM (see Figure 5.1). Moreover, the Dh is 

reduced from 364 nm at 25 °C to 62 nm after 30 min at 0 °C. These results confirm 

that the silica-loaded vesicles dissociate to form spheres under these conditions, thus 

releasing the encapsulated silica nanoparticles.  

For the silica-loaded G58H250 vesicles synthesised in the presence of 10 % w/w 

silica, worm-like aggregates and free silica nanoparticles are observed by TEM after 

30 min at 0 °C (see Figure 5.1). Furthermore, for silica-loaded G58H250 vesicles 

synthesised in the presence of 20 or 30 % w/w silica, TEM analysis suggests that at 

least some of the vesicles remain intact, despite apparent release of the encapsulated 

silica nanoparticles (see Figure 5.1). In both cases, DLS studies indicate little change 

in Dh. However, close inspection reveals that the remaining vesicles after cooling to 

0 °C for 30 min appear to have perforated membranes (see cartoon in Figure 5.1). 

Prior to this study, we did not anticipate that the encapsulated silica payload might 

affect the thermally-triggered morphological transition because the vesicles comprise 

the same G58H250 copolymer composition in all cases. However, both TEM images 

and DLS studies indicate that increasing the silica payload leads to qualitatively 

different thermoresponsive behaviour. 

Both Derry et al.14 and Förster and co-workers15 have recently reported that time-

resolved SAXS can be used to monitor changes in block copolymer morphology over 

time. Thus, in order to gain a better understanding of the silica release mechanism(s), 
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time-resolved SAXS studies were conducted on the G58H250 vesicles prepared via 

PISA at 10 % w/w copolymer in the presence of either 0, 5 or 30 % w/w silica 

nanoparticles. These dispersions were purified to remove excess silica via multiple 

centrifugation-redispersion cycles, then diluted to 1.0 % w/w copolymer and cooled 

to 0 oC for 30 min while recording SAXS patterns at 15 s intervals. 

SAXS patterns obtained for the empty G58H250 vesicles suggest that they remained 

intact for up to 5 min at 0 oC. Selected SAXS patterns (recorded after 0, 2.5 and 5 

min) were fitted using a vesicle model,16 which provided satisfactory data fits (see 

Figure 5.2). The radius from the centre of the vesicle to the centre of the membrane, 

Rm, remained relatively constant, while the mean vesicle membrane thickness, Tm, 

was reduced from 15.9 ± 2.5 nm to 10.9 ± 3.6 nm over time at 0 oC.  The volume 

fraction of water within the membrane, xsol, increased from 0.16 to 0.69 after 5 min 

at 0 oC.  This indicates greater hydration of the core-forming PHPMA block, as 

previously reported by Blanazs et al. for G54H140 worms at 4 °C.17, 18  

After 5 min, the highly plasticised vesicles begin to dissociate: worms are formed 

after 8.75 min at 0 °C, as indicated by the gradient in the I(q) vs. q plot tending to 

negative unity at low q.19 An established worm-like micelle model20-22 provided a 

reasonably good fit to the corresponding scattering pattern (see Figure 5.2; data set 

recorded after 8.75 min). The worm cross-section radius, Rsw, was determined to be 

9.0 ± 3.1 nm, with a mean worm contour length, Lw, of 349 nm and a worm Kuhn 

length, Lk, of 76.2 nm. The water volume fraction xsol was determined to be 0.88 for 

the worms, which is significantly higher than that observed for the vesicles. Such 

vesicle-to-worm transitions are believed to be the result of surface plasticisation of 

the membrane, which leads to an increase in the effective stabiliser block DP and 

hence a reduction in the packing parameter.5  

After 10 min at 0 oC, a spherical dimer model4 produced a good fit to the SAXS 

pattern (Figure 5.2, 10 min), indicating worm dissociation according to the model 

proposed by Blanazs et al.18 The sphere core radius, Rs, and xsol were determined to 

be 11.2 ± 4.2 nm and 0.89, respectively. The low q gradient tends to zero for all 

SAXS patterns collected after 12.5 min, indicating the formation of approximately 

spherical particles.19 Hence a spherical micelle model20-23 was utilised to fit all SAXS 
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patterns recorded over longer time scales. Data fits were consistent with the 

formation of spheres with a Rs of 14.6 ± 4.3 nm and an xsol of 0.87.  

 

 
Figure 5.2. SAXS patterns obtained for 1.0 % w/w aqueous dispersions of G58H250 vesicles 
(originally prepared via PISA at 10 % w/w copolymer in the absence of 18.4 nm silica 
nanoparticles). The G58H250 vesicles were cooled to 0 °C for 30 min with scattering patterns 
being recorded at 15 s intervals. Selected SAXS patterns recorded after various times at 0 °C 
are shown (for clarity, these patterns are shifted vertically by an arbitrary scaling factor). 
Owing to the relatively high signal/noise ratio, patterns recorded from 8.75 min to 30 min were 
truncated at low q. Black open circles show the experimental data and data fits are indicated by 
solid lines. Vesicles are present at 0 °C for up to 5 min (blue fits) but subsequently undergo 
dissociation to form worm-like micelles after 8.75 min (green fit), followed by formation of 
spherical micelle dimers after 10 min (orange fit) and spheres after 12.5 min (red fits). 

 

It is perhaps worth noting that the spherical dimers formed after 10 min have a 

significantly smaller Rs value compared to that obtained for the spheres formed after 

12.5 min (11.2 ± 4.2 nm vs. 14.6 ± 4.3 nm, respectively). This significant increase in 

Rs when going from spherical dimers to spheres can be rationalised by considering 

the spatial redistribution of copolymer chains that occurs during this transition (see 

Figure 5.3). This explanation also applies to the preceding worm-to-dimer transition. 

In this latter case, the Rsw for the worms formed after 8.75 min at 0 oC is 9.0 ± 3.1 

nm, which is significantly smaller than that for the dimers formed after 10 min. 
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Figure 5.3. Schematic cartoon depicting the change in dimensions that occur when the G58H250 
worms are converted into first spherical dimers and then spheres on cooling to 0 oC. There is a 
significant increase in the mean core radius on switching from worms to spherical dimers to 
spheres. 

 

For the SAXS patterns recorded after 0, 8.75 and 30 min at 0 oC, data fits using 

appropriate models enabled the mean aggregation number (Nagg) for the vesicles, 

worms and spheres to be determined using the following three equations: 

 

Nagg vesicle=(1-xsol)
(Vout-Vin)

Vco
  (1) 

Nagg worm=(1-xsol)
πRsw

2Lw
Vco

  (2) 

Nagg sphere=(1-xsol)
4

3� πRs
3

Vco
 (3) 

 

where Vout= 4
3

π(Rm+ 1
2

Tm)
3

, Vin= 4
3

π(Rm- 1
2

Tm)
3

 and Vco is the volume of the 

hydrophobic PHPMA core-forming block. Using the above three equations, we 

calculate approximately 49,900 copolymer chains per vesicle, 185 copolymer chains 

per worm and 29 copolymer chains per sphere. Assuming that the main source of 

uncertainty arises from the standard deviation in the sphere radius, a conservative 

estimate for the uncertainty in the associated Nagg is approximately 30 %. 

Significantly larger values are expected for the more polydisperse worms and 

vesicles. Nevertheless, the calculated Nagg values suggest that, on cooling to 0 oC, 

each vesicle dissociates to form 270 worms and, ultimately, 1750 spheres (thus each 

worm comprises approximately 7 spheres).  
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SAXS patterns recorded for G58H250 vesicles synthesised in the presence of 5.0  % 

w/w silica indicate that silica-loaded vesicles are initially present at 25 °C while 

spheres are formed after 30 min at 0 °C (see Figure 5.4). This vesicle-to-sphere 

transition is accompanied by release of the encapsulated silica nanoparticles as 

confirmed by TEM studies, see Figure 5.1.  

 

 
Figure 5.4. SAXS patterns obtained for a 1.0 % w/w aqueous dispersion of purified silica-loaded 
G58H250 vesicles (originally prepared via PISA at 10 % w/w copolymer in the presence of 5.0 % 
w/w silica nanoparticles) at 25 °C (red data) and after cooling the same vesicles to 0 °C for 30 
min (blue data). Solid black lines represent data fits in each case using a two-population SAXS 
model (see main text for details). 

 

Satisfactory fitting of the initial SAXS pattern recorded at 25 °C required a two-

population ‘vesicle plus sphere’ model (see Appendix 7 for further details of this 

SAXS model).1 The silica-loaded vesicles had a mean Rm of 127.8 ± 30.5 nm, a Tm 

of 15.4 ± 2.2 nm and an xsol of 0.16. However, a two-population ‘spherical micelle20-

23  plus sphere’ model was required to obtain a reasonably good fit to the SAXS 

pattern observed after 30 min at 0 °C. Some deviation in the data fit was observed at 

around q ~ 0.1 nm-1, which is ascribed to minor populations of dimers and trimers.4 

Such species can be observed in the TEM image shown in Figure 5.1. As expected, 
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the silica nanoparticles were unaffected by lowering the temperature because the Rs 

for this component remained constant at 9.2 ± 2.1 nm. The G58H250 spheres formed 

after 30 min at 0 °C exhibited an Rs of 14.6 ± 4.3 nm and an xsol of 0.88, which are 

comparable values to those obtained after dissociation of the empty G58H250 vesicles. 

In summary, the thermally-triggered morphological transition observed for the silica-

loaded G58H250 vesicles prepared in the presence of 5.0 % w/w silica nanoparticles is 

essentially identical to that found for the empty G58H250 vesicles. 

 

 
Figure 5.5. SAXS patterns obtained for a 1.0 % w/w aqueous dispersion of G58H250 vesicles 
(originally prepared via PISA at 10 % w/w copolymer in the presence of 30 % w/w silica 
nanoparticles). Excess non-encapsulated silica nanoparticles were removed via six 
centrifugation−redispersion cycles. The resulting purified silica-loaded G58H250 vesicles were 
cooled to 0 °C for 30 min while SAXS patterns were recorded at 15 s intervals. Only selected 
patterns recorded after various times at 0 °C are shown (for clarity, these patterns are shifted 
vertically by an arbitrary scaling factor). The experimental data are represented by black open 
circles while solid red lines show the data fits calculated using a two-population ‘vesicle plus 
sphere’ model. 
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In contrast, time-resolved SAXS patterns recorded for silica-loaded G58H250 vesicles 

prepared in the presence of 30 % w/w silica nanoparticles indicate that the original 

vesicles remained intact after cooling to 0 oC for 30 min (see Figure 5.5). These 

observations are also supported by TEM studies (see Figure 5.1). However, the 

structure factor peak at q ~ 0.25 nm-1 corresponding to the relatively high local 

concentration of encapsulated silica nanoparticles gradually disappears over time. 

This is consistent with release of the encapsulated nanoparticles, since this leads to a 

reduction in the effective silica concentration. 

Fitting the corresponding SAXS patterns requires a sophisticated model that accounts 

for both the G58H250 vesicles and the spherical silica nanoparticles (see Appendix 7 

for further information).1 In order to study the extent of silica release under such 

conditions, this ‘vesicle plus sphere’ two-population model was modified to include 

two new fitting parameters. For the vesicle model, the effective scattering length 

density of the lumen, ξlum, was included as a fitting parameter in order to assess the 

rate of silica release from the vesicles at 0 oC. The scattering length density of pure 

amorphous silica, ξSiO2, is 17.5 × 1010 cm-2 and that of water, ξH2O, is 9.42 × 1010 cm-

2. At 25 °C, the vesicle lumen contains both silica nanoparticles and water. Fitting the 

SAXS pattern of the original silica-loaded vesicles indicates that ξlum is 11.75 × 1010 

cm-2. This value is intermediate between that of silica and water, as expected. The 

numerical value of ξlum is gradually reduced over time at 0 oC (see Figure 5.6a and 

Table 5.2). For example, the ξlum decreased to 10.99 × 1010 cm-2 after 15 min at 0 oC, 

and to 10.67 × 1010 cm-2 after a further 15 min. This reduction in x-ray contrast for 

the lumen confirms that the encapsulated silica nanoparticles are gradually released 

from the vesicles over time. Furthermore, these data suggest that initially the vesicle 

lumen contains approximately 29 vol. % silica (with the remaining volume being 

water), which is reduced to 15 vol. % silica after 30 min at 0 oC. This suggests that 

approximately 52 % of the encapsulated silica nanoparticles are released under these 

conditions.  However, the ξlum is an average over the entire lumen. It assumes that the 

silica nanoparticles (and hence the electrons) are uniformly distributed throughout 

the vesicle lumen, but in practice this may not be the case.  

For the sphere model, two sub-populations are used to model the silica component 

for the release kinetics: the silica nanoparticles released from the vesicles are 
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described by a spherical form factor while the silica nanoparticles remaining within 

the vesicle lumen are described by a sphere model with a structure factor for 

interacting hard spheres. The relative contributions made to the overall scattering by 

these two sub-populations were used to determine the fraction of encapsulated silica 

nanoparticles at any given time interval (see Appendix 7, Equation A7.10). The 

volume fraction of released silica, Crel, was included as a fitting parameter.  

Crel increased from 3.19 × 10-5 at 0 °C and 0 min to 9.04 × 10-4 after 30 min at 0 °C 

(see Figure 5.6b and Table 5.2). As expected, the overall silica volume fraction in the 

dispersion, CSiO2, remains essentially constant, which validates this analytical 

approach (see Figure 5.6b and Table 5.2). SAXS analysis indicates that 68 % silica is 

released from the silica-loaded vesicles within 30 min at 0 °C. This is reasonably 

comparable to the release of 52 % silica estimated by fitting ξlum under the same 

conditions.  

As discussed above, the ξlum is averaged over the entire vesicle lumen, so the value 

obtained from the measurements of Crel is considered to be more accurate. 

Furthermore, the Percus-Yevick correlation radius for densely-packed spheres (RPY) 

was 113 nm at 0 °C and 0 min and 251 nm after 30 min at 0 °C (see Table 5.2). This 

suggests that the released silica nanoparticles become well-dispersed in the aqueous 

continuous phase after vesicle dissociation occurs. Moreover, the Percus-Yevick 

effective volume fraction for packed spheres, fPY, is reduced from 0.195 to 0.066 (see 

Table 5.2), thus confirming partial release of the silica nanoparticles from the vesicle 

lumen.  

In summary, the silica nanoparticles are initially relatively densely-packed within the 

vesicles at 25 °C, which leads to a prominent structure factor, a high ξlum, a small 

Crel, a short RPY and a large fPY. After 30 min at 0 °C, a substantial fraction of the 

encapsulated silica nanoparticles are released from the slowly dissociating vesicles, 

leading to loss of the original structure factor, a lower ξlum, a larger Crel, a larger RPY 

and a smaller fPY. 
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Figure 5.6. (a) Plot of the scattering length density of the G58H250 diblock copolymer vesicle 
lumen (ξ lum) against time held at 0 oC (red circles). Inset: schematic cartoon illustrating how the 
release of silica nanoparticles from inside the vesicles changes the ξ lum as the purified silica-
loaded vesicles (originally prepared via PISA at 10 % w/w copolymer in the presence of 30 % 
w/w silica) are cooled to 0 oC for 30 min. (b) A plot of the total volume fraction of silica in the 
system (blue triangles corresponding to left y-axis), the volume fraction of released silica (red 
squares corresponding to left y-axis) and the percentage of released silica (green diamonds 
corresponding to right y-axis) against the time at which the purified silica-loaded G58H250 
diblock copolymer vesicles (originally prepared with 30 % w/w silica) were cooled at 0 oC.   
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Table 5.2. Summary of SAXS structural parameters obtained for diluted 1.0 % w/w aqueous 
copolymer dispersions of purified G58H250 vesicles (originally prepared via PISA at 10 % w/w 
copolymer in the presence of 30 % w/w silica) when cooled to 0 °C for 30 min. Scattering 
patterns were recorded every 15 s. Selected SAXS patterns recorded after 2.5 min intervals at 0 
°C were analysed using a two-population model comprising vesicles and spheres, with the latter 
component representing the silica nanoparticles. Vesicle parameters for population 1 are as 
follows: Rm is the mean radius from the centre of the vesicle to the centre of the membrane, σR m 
is the associated standard deviation and ξ lum is the scattering length density of the vesicle lumen. 
Sphere parameters for population 2 are as follows: CSiO 2

 is the total volume fraction of silica 
nanoparticles in the aqueous dispersion, Crel is the volume fraction of released silica 
nanoparticles, fPY is the Percus-Yevick effective volume fraction of the packed silica spheres and 
RPY is the Percus-Yevick correlation radius of the packed spheres. 

Time 

/min 

Population 1 (Vesicles)a Population 2 (Silica nanoparticles)b 

Rm (σRm) 

/ nm 
ξlum CSiO2 Crel 

fPY 

/nm 

RPY 

/nm 

0 141.0 (26.7) 11.75 0.00114 0.0000319 0.195 113 

2.5 148.3 (33.3) 11.36 0.00112 0.0000477 0.175 127 

5.0 149.9 (32.8) 11.26 0.00115 0.0000734 0.175 130 

7.5 150.3 (32.7) 11.16 0.00115 0.0000736 0.177 132 

10.0 150.9 (31.4) 11.20 0.00119 0.0000830 0.150 136 

12.5 149.5 (31.7) 11.12 0.00119 0.0000908 0.131 134 

15.0 149.1 (33.8) 10.99 0.00121 0.0002213 0.114 148 

17.5 149.3 (34.0) 10.87 0.00121 0.0002547 0.086 158 

20.0 149.8 (33.3) 10.75 0.00121 0.0003959 0.069 170 

22.5 147.3 (36.2) 10.73 0.00123 0.0004388 0.063 181 

25.0 149.0 (33.6) 10.85 0.00130 0.0005559 0.066 156 

27.5 150.7 (33.3) 10.71 0.00127 0.0007022 0.048 161 

30.0 146.7 (39.0) 10.67 0.00132 0.0009038 0.066 251 
 

a The copolymer volume fraction in the dispersion (Ccopolymer), the membrane thickness (Tm) and its 
associated standard deviation (σTm) and the radius of gyration of the PGMA corona block (Rg) were 
each fixed at 0.001, 15.9 nm, 2.2 nm, and 2.3 nm, respectively. 
b The core radius (RSiO2

) and  its associated standard deviation (σRSiO2
) were fixed at 9.2 nm and 2.1 

nm, respectively. 
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Discussion 
One important question that arises from this study is the following: how do the 

encapsulated silica nanoparticles get released if the vesicles sometimes apparently 

remain intact? In principle, one plausible explanation is that the smaller vesicles 

dissociate preferentially compared to the larger vesicles because the former species 

have a higher radius of curvature. If such size-dependent dissociation occurred, the 

mean vesicle diameter should increase with ageing time at 0oC with a concomitant 

reduction in the vesicle number density. The latter parameter can be estimated using 

the x-ray scattering intensity at 0.01 nm-1 and does indeed decrease approximately 

two-fold (from ~16,000 cm-1 to ~7,000 cm-1; see Figure 5.7). However, the mean 

vesicle radius, Rm, remains relatively constant at ~149 nm for the G58H250 vesicles, 

regardless of their ageing time at 0 oC (see Table 5.2). This suggests that vesicle 

dissociation is not in fact size-dependent. 

  

 
Figure 5.7. Time dependence of the x-ray scattering intensity at q = 0.01 nm-1 for purified silica-
loaded G58H250 vesicles after cooling to 0 oC. In this example, the G58H250 vesicles were 
prepared in the presence of 30 % w/w silica nanoparticles. 

 

An alternative explanation is that all vesicles, regardless of their size, eventually 

comprise perforated (and hence permeable) membranes while remaining intact, 

enabling silica nanoparticles to diffuse out through the increasingly porous 
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membrane. As discussed above, TEM images suggest that the vesicles do indeed 

remain intact and there is also good evidence for membrane perforation. Moreover, 

close inspection suggest that the pore dimensions are comparable to the number-

average diameter of the silica nanoparticles (estimated to be 13 ± 3 nm by measuring 

100 nanoparticles). Hence in principle the silica nanoparticles can escape from the 

vesicles if membrane perforation becomes extensive. However, this hypothesis does 

not explain the apparent reduction in vesicle number density indicated in the SAXS 

studies, unless this is actually an artefact related to membrane perforation.  

 

 
Figure 5.8. Schematic cartoon illustrating control experiments in which either a 5 % w/w or a 
30% w/w aqueous dispersion of glycerol-functionalised silica nanoparticles was added to empty 
G58H250 diblock copolymer vesicles and subsequently cooled in ice for 30 min. TEM images and 
dynamic light scattering data (see inset text) indicate that G58H250 spheres were formed in both 
cases, regardless of the silica concentration. 

 

Moreover, neither hypothesis explains why G58H250 vesicles readily dissociate to 

form spheres in the absence of any silica nanoparticles, yet do not apparently 

undergo dissociation at all if they contain relatively high silica loadings. Thus control 

experiments were performed to examine whether varying the silica nanoparticle 

concentration present in the continuous phase had any significant effect on the 

vesicle release kinetics or mechanism. Empty G58H250 vesicles prepared in the 

absence of any silica nanoparticles were added in turn to either a 5.0 % w/w or 30 % 
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w/w aqueous dispersion of silica nanoparticles. Each vesicle/silica binary mixture 

was then cooled to 0 °C for 30 min. TEM studies confirmed that the empty vesicles 

dissociated to form spheres, regardless of the background silica concentration (see 

Figure 5.8). Thus the presence of silica in the aqueous continuous phase clearly does 

not confer additional vesicle stabilisation.  

According to a recent review article by Dimova, “the bending rigidity of membranes 

is a sensitive indicator for the presence of inclusions or adsorbing species”.24 Thus 

an intriguing question is whether the encapsulated silica nanoparticles can somehow 

reinforce the vesicle membrane. At first sight, this tentative explanation looks rather 

attractive, because the silica-loaded vesicles certainly become significantly more 

stable than empty vesicles when subjected to the same thermal trigger. Furthermore, 

higher silica loadings enhance the vesicle membrane stability with respect to the 

thermally-triggered release of such nanoparticles. In principle, the silica 

nanoparticles may physically adsorb to the inner surface of the vesicle lumen, which 

is likely to reinforce the vesicle morphology. However, there is no direct 

experimental evidence to support this hypothesis, either in the TEM images or in the 

SAXS data collected at 25oC. [If silica nanoparticles did adsorb to the inner lumen, 

the most likely change in the SAXS pattern would be a more pronounced structure 

factor at intermediate q. Unfortunately, SAXS is not sufficiently sensitive to detect 

such local ordering]. 

The silica nanoparticle concentration within the vesicles also affects the 

characteristic time scale required for the observed morphological transitions. The x-

ray scattering intensity at q ~ 0.01 nm-1 was analysed over time at 0 °C (see Figure 

5.9). For the G58H250 vesicles prepared in the absence of any silica, the vesicle-to-

sphere transition requires approximately 12 min for completion, whereas the same 

transition requires around 14 min for G58H250 vesicles prepared in the presence of 

5.0 % w/w silica. For G58H250 vesicles prepared in the presence of 10 % w/w silica, 

the morphological transition from silica-loaded vesicles to worm clusters plus 

released silica requires approximately 16 min. For vesicles prepared in the presence 

of 20 or 30 % w/w silica, the morphological transition to perforated vesicles requires 

around 21 min and 23 min, respectively. These observations confirm that the silica 

nanoparticle loading achieved during the in situ PISA synthesis of these diblock 
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copolymer vesicles has a significant influence on the thermal stability of the 

vesicular morphology. 

 

 
Figure 5.9. Relationship between the initial silica nanoparticle concentration against time 
required for completion of the morphological transition of the G58H250 diblock copolymer 
vesicles on cooling to 0 oC. The characteristic time taken for the morphological transition was 
estimated from the change in intensity of the SAXS patterns recorded at q = 0.01 nm-1. 

 

Conclusions 
The thermally-triggered release of silica nanoparticles within G58H250 diblock 

copolymer vesicles has been studied. When silica-loaded vesicles are held at 0 °C for 

30 min, TEM images suggest that the fundamental nature of the vesicle dissociation 

is profoundly affected by the concentration of silica nanoparticles within the lumen. 

For PISA syntheses conducted in the presence of either no silica or 5.0 % w/w silica, 

the expected vesicle-to-sphere transition is observed. When using 10 % w/w silica, 

the silica-loaded vesicles form aggregated worm clusters on cooling. For 20 or 30 % 

w/w silica, vesicle membranes gradually become perforated, with at least some 

vesicles remaining intact after 30 min at 0 °C. In all cases, the encapsulated silica 
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nanoparticles are released from the vesicles. Time-resolved SAXS experiments 

conducted at 0 °C allow the release kinetics to be examined. For empty G58H250 

vesicles, the vesicles remain intact for 5 min, form worms after 8.75 min, spherical 

dimers after 10 min and finally spheres after 12.5 min. Fitting selected SAXS 

patterns using an appropriate model enables mean aggregation numbers to be 

calculated for each morphology, with each vesicle dissociating to afford 

approximately 1750 spheres. For G58H250 vesicles prepared in the presence of 30 % 

w/w silica, time-resolved SAXS experiments conducted at 0 °C suggest that most of 

the vesicles remain intact. However, the disappearance of the silica structure factor 

present in the original SAXS pattern indicates that the encapsulated silica is released, 

presumably through perforated vesicle membranes. Data fits for selected SAXS 

patterns revealed that the scattering length density of the vesicle lumen is reduced 

monotonically over time for silica-loaded vesicle dispersions held at 0 °C. More 

detailed analysis revealed that 68% of the encapsulated silica nanoparticles were 

released within 30 min under these conditions. 
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Conclusions and Future Work 
 

A range of block copolymer morphologies, such as spheres, worms and vesicles, can 

be accessed via PISA during RAFT aqueous dispersion polymerisation of HPMA. 

Generally speaking, the precise copolymer composition dictates the final copolymer 

morphology, although copolymer concentration can also be an important parameter. 

PGMA-PHPMA vesicles can be prepared in the form of concentrated dispersions via 

jellyfish intermediates. In principle, the ‘open’ nature of such jellyfish should allow 

in situ encapsulation. In practice, the encapsulation of water-soluble small molecules 

is problematic because of the permeability of the highly plasticised PHPMA 

membranes. However, silica nanoparticles (and globular proteins such as BSA1) can 

be encapsulated and retained within the vesicle lumen. Under optimised conditions, 

up to hundreds of silica nanoparticles can be encapsulated per vesicle. However, the 

time scale required for silica diffusion into the vesicle lumen is relatively long 

compared to that for complete fusion of the vesicle membrane. Hence the 

encapsulation efficiency of silica nanoparticles is relatively low at approximately 27 

%. Controlled release of these silica nanoparticles has been demonstrated by cooling 

the thermosensitive PGMA-PHPMA vesicles to 0 - 10 oC. Surprisingly, the precise 

release mechanism depends on the initial silica concentration within the vesicle 

lumen. However, it is difficult to identify a real-world application where such low 

temperatures would be appropriate for triggered release.  

 

Leibler and co-workers2 have recently reported that silica nanoparticles enable the 

convenient repair of cleaved synthetic hydrogels or biological tissue (e.g. organs 

such as the liver). Hence silica nanoparticles may actually constitute a biomedically- 

relevant active species. In principle, the silica-loaded vesicles synthesised in Chapter 

Four could provide a ‘self-healing’ formulation for synthetic hydrogels, and perhaps 

also biological tissues. We have collaborated with Leibler’s group to examine the 

glycerol-functionalised silica used herein for the attempted adhesion of gels and/or 

biological tissues. Unfortunately, these surface-treated silica nanoparticles were not 

successful in repairing cleaved hydrogels.  Ideally, the specific silica sol (Ludox TM-

50) used by Leibler and co-workers in their 2014 Nature paper should be utilised 

instead. However, our attempts to encapsulate such silica nanoparticles within 
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PGMA-PGPMA vesicles have been unsuccessful. However, another team has 

reported successful encapsulation of such non-functionalised anionic silica sols 

within poly(ethylene glycol)-poly(2-hydroxypropyl methacrylate) (PEG-PHPMA) 

diblock copolymer vesicles.3 This synthetic protocol involved photo-initiated PISA 

at 20 °C. It is not clear whether such milder conditions are essential or whether the 

key difference involves switching from the steric stabiliser from PGMA to PEG. This 

aspect warrants further study and the collaboration with Leibler’s team may be worth 

revisiting in the future. 

 

In principle, diblock copolymer vesicles could be designed whereby the membrane-

forming block exhibits UCST-like thermosensivity, rather than LCST-like behaviour. 

If successful, this would enable silica release to be triggered on heating rather than 

by cooling, which may open up new commercial applications. Moreover, various 

other functional nanoparticles could be encapsulated within vesicles. For example, 

quantum dots may be useful for fluorescence imaging while encapsulation of 

magnetite sols would confer magnetoresponsivity. In addition, gold sols can absorb 

near-infrared light which leads to localised heating that can destroy cancer cells.4 

 

RAFT seeded emulsion polymerisation of a third water-immiscible monomer 

(BzMA) from PGMA-PHPMA precursor vesicles leads to the formation of PGMA-

PHPMA-PBzMA triblock copolymer vesicles with a distinctive framboidal 

morphology. It has been shown that the ability to fine-tune the surface roughness of 

such vesicles is the key to optimising their performance as Pickering emulsifiers. 

Framboidal vesicles containing surface globules of 45 nm diameter exhibited an 

optimum Pickering emulsifier adsorption efficiency of 94 %. Moreover, literature 

precedent suggests that nanoparticles with pronounced surface topography undergo 

more efficient cell uptake.5, 6 Thus  such framboidal nanoparticles may also be of 

interest for fundamental studies of the effect of surface topology on cell uptake 

kinetics.6 For example, it has been recently reported that the Dengue virus 

undergoes a temperature-driven conformational transition from a smooth to rough 

particle surface.6 The smooth structure is present when the virus is non-infective 

within its mosquito host at 25 oC while the framboidal-like morphology is adopted 

when incubated at 37 oC.7, 8 Since the latter temperature corresponds to human body 
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temperature, it is believed that this change in morphology is intimately associated 

with human infection by the Dengue virus. This conformational transition is 

remarkably similar to that reported in Chapter Two, whereby the smooth PGMA-

PHPMA vesicles become framboidal when chain-extended with BzMA. Thus, these 

PGMA-PHPMA-PBzMA framboidal vesicles are an interesting new synthetic mimic 

for the infectious form of the Dengue virus.  In general, viruses are the most efficient 

drug delivery systems found in Nature. Thus, if they could be designed to be 

stimulus-responsive, such framboidal vesicles may enable delivery of various 

protein-based drugs into cell nuclei, which has considerable therapeutic potential. 

 

For RAFT dispersion polymerisation formulations, spheres, worms or vesicles can be 

normally obtained provided that the stabiliser block is not too long. However, with 

only a few notable exceptions, only kinetically-trapped spheres are obtained via 

RAFT aqueous emulsion polymerisation (e.g. for PGMA-PBzMA formulations9). In 

this thesis, it is shown that introducing an intermediate water-soluble PHPMA block  

enables access to well-defined worms for certain chemical compositions. Although 

vesicles cannot be obtained using this strategy, it would be interesting to examine 

alternative water-immiscible monomers such as methyl methacrylate, butyl 

methacrylate, 2,2,2-trifluoroethyl methacrylate or 2-(diisopropylamino)ethyl 

methacrylate could be used instead of BzMA. 

 

PGMA-PHPMA diblock copolymer nano-objects are not stable when subjected to 

high shear, dissociating in situ to form diblock copolymer chains.10 In order to 

stabilise such nanoparticles, chemical cross-linking has been utilised in the 

literature.10 In contrast, the linear PGMA-PHPMA-PBzMA triblock copolymer 

worms and framboidal vesicles prepared in Chapters Two and Three are able to 

withstand the high-shear homogenisation conditions required for emulsification. This 

is attributed to the stronger inter-chain attractive forces associated with the more 

hydrophobic PBzMA block. Again, it would be interesting to evaluate whether 

methyl methacrylate, butyl methacrylate, 2,2,2-trifluoroethyl methacrylate or 2-

(diisopropylamino)ethyl methacrylate can be used instead of BzMA in this context. 

Indeed, although not included in this thesis, I have used 2-(diisopropylamino)ethyl 

methacrylate to prepare pH-responsive framboidal vesicles; this study will be 
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reported elsewhere in due course. Thus, if all the main findings in this thesis were 

combined, protein-loaded pH-responsive framboidal vesicles could be designed for 

potential intracellular delivery applications.  

 

During the course of this thesis, SAXS has been an invaluable characterisation 

technique for the analysis of block copolymer nano-objects. In Chapter Two, SAXS 

enabled a series of framboidal morphologies to be quantified in terms of the mean 

globule size, membrane thickness and overall vesicle diameter. In Chapter Three, 

SAXS provided the underpinning evidence to explain the counter-intuitive 

observation that vesicles could not be obtained from PGMA-PHPMA-PBzMA 

triblock copolymer worms. In Chapter Four, the structure factor observed by SAXS 

provided direct and irrefutable evidence for the encapsulation of silica nanoparticles 

within vesicles and then allowed calculation of the number of silica nanoparticles per 

vesicle. The time scale required for the release of such silica nanoparticles was then 

analysed in Chapter Five using in situ SAXS experiments. Finally, in the light of 

recent in situ SAXS studies by Derry and co-workers,11 it would be fascinating to 

conduct similar SAXS experiments to monitor the evolution of the framboidal 

vesicle morphology during PISA. 
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1. Structural models for framboidal particle SAXS 
analysis 
 

Three distinctive copolymer morphologies could be identified by TEM studies (see 

Figure 2.2): (morphology 1, M1) vesicles with smooth featureless membranes, 

(morphology 2, M2) vesicles with pitted surfaces and (morphology 3, M3) vesicles 

with particulate membranes composed of an assembly of small micelle-like spheres 

(Figure 2.4). The latter morphology is comparable to core-shell nanocomposite 

particles (comprising polymer cores and particulate silica shells) reported by Balmer 

and co-workers1-4, who demonstrated that the corresponding SAXS patterns could be 

fitted using a two-population model obtained by combining a core-shell model with a 

particulate shell.1 A similar approach has been undertaken in this work. In the 

following description of the SAXS models, the hydrophobic component of the 

vesicle membrane (i.e., the PHPMA and PBzMA blocks) is called the membrane (or 

a membrane core) and the hydrophilic component of the vesicle membrane (i.e., the 

PGMA block) is called the corona. 

In general, the scattering intensity of a system composed of n different (non-

interacting) populations of polydisperse objects can be expressed as: 

∑ ∫∫
=

∞∞

Ψ=
n

l
lkllklllkllll drdrrrrrqFNqSqI

1 0
11

2
1

0

...),...,(),...,,(...)()(  A1.1 

where ),...,,( 1 lkll rrqF is the form factor, ),...,( 1 lkll rrΨ is the distribution function, Nl is 

the number density per unit volume and )(qSl  is the structure factor of the lth 

population in the system. rl 1,...,rl k is a set of k parameters describing the structural 

morphology of the lth population. Based on our previous studies,3, 4 it was assumed 

that the SAXS patterns can be represented as a sum of scattering signals generated by 

two populations (n = 2 in Equation A1.1): (i) vesicles (the first population, l = 1 in 

Equation A1.1) and (ii) spherical micelles forming the vesicle membrane (the second 

population, l = 2 in Equation A1.1). In the case of vesicles with smooth (or pitted) 

membranes, the second population can be simply removed from the model (n = 1 in 

Equation A1.1). The form factor for the first population, represented by vesicles, can 

be described as:5 
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The amplitude of the membrane self-term in Equation A1.2 is: 
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where mcmcmcin 2
1 TRR −=  is the inner radius of the membrane, mcmcmcout 2

1 TRR +=  is 

the outer radius of the membrane, 3
mcinin 3

4 RV π=  and 3
mcoutout 3

4 RV π= . Rmc is the radius 

from the centre of the vesicle to the middle of the membrane and Tmc is the 

membrane thickness (see Figure 2.4). 3)(
)]cos()[sin(3)(

x
xxxx −

=Φ  is the form factor 

amplitude of a sphere. The exponent term represents a sigmoidal interface (width σin) 

that describes a decaying scattering length density between the PBzMA and PHPMA 

membrane-forming blocks and the PGMA corona. This parameter was fixed in the 

model at 0.25 nm. The vesicle aggregation number (i.e. the mean number of 

copolymer chains per vesicle) is given by mcinoutsolagg1 /))(1( VVVxN −−= , where xsol 

is the solvent fraction in the membrane and Vmc is the volume of the membrane block 

components (Vmc = VPHPMA35 0 + VPBzMA z). In this model it is assumed that the 

hydrophobic PHPMA and PBzMA blocks are uniformly distributed within the 

membrane. The corona block X-ray scattering length contrast is )( solccc ξξβ −=V , 

where Vc is the corona block volume (VPGMA6 3). The block volumes are calculated 

from 
ρA

n

N
MV =  using the number-average molecular weight, Mn, of the block 

components and the mass densities of the three blocks comprising the copolymer 

(ρPHPMA = 1.21 ± 0.01 g cm-3, ρPBzMA = 1.15 ± 0.01 g cm-3 and ρPGMA = 1.31 ± 0.01 g 

cm-3; these values were determined for the corresponding homopolymers using a 

helium pycnometer). ξmc, ξc, and ξsol are the X-ray scattering length densities of the 

membrane [ξmc = (VPHPMA35 0ξPHPMA + VPBzMA zξPBzMA)/Vmc, where ξPHPMA = 11.11 x 

1010 cm-2 and ξPBzMA = 10.41 x 1010 cm-2], the vesicle corona block (ξPGMA = 11.94 x 

1010 cm-2) and the solvent (ξH2 O = 9.42 x 1010 cm-2 for water or ξH2O+sucros e = 10.88 x 

1010 cm-2 for the 40 % w/w aqueous sucrose solution assuming that scattering length 
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density of sucrose is 14.36 x 1010 cm-2 and mass density of water and sucrose is 1.0 g 

cm-3 and 1.59 g cm-3, respectively). The self-correlation term of the corona block is 

given by the Debye function 4
g

4

2
g

22
g

2

gc

]1)[exp(2
)(

Rq
RqRq

qRF
+−−

= , where Rg is the 

radius of gyration of the corona block. Assuming that there is no penetration of the 

corona blocks within the membrane, the amplitude of the corona self-term is 

expressed as: 


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where 2
g

g
g )(

)exp(1
)(

qR
qR

qR
−−

=ψ  is the factor amplitude of the corona chain. The 

polydispersities for two parameters (Rmc and Tmc), expressed as a Gaussian 

distribution, are considered for the first (vesicle) population: 

2
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=Ψ  A1.5 

where σRm c and σTm c are the standard deviations for Rmc and Tmc, respectively. The 

number density per unit volume of the first population (l = 1 in Equation A1.1) is 

expressed as: 

∫ ∫
∞ ∞

Ψ
=

0 0
12111211112111

1
1

),(),( drdrrrrrV

cN  
A1.6 

where c1 is the total volume fraction of copolymer in the vesicles and ),( 12111 rrV  is 

the total volume of copolymers in a vesicle [V1(r11,r12) = (Vmc+Vc)Nagg1(r11,r12)]. A 

dilute vesicle dispersion is assumed in the model, so the structure factor of the first 

population is set to unity [ 1)(1 =qS ]. The first population describes scattering from a 

continuous membrane (Figure 2.4, smooth vesicles). If the membrane has a 

particulate sub-structure, this generates an additional scattering signal that can be 

described by a second population (Figure 2.4, spherical micelles), l = 2 in Equation 

A1.1). The form factor of this population can be represented by a spherical micelle 

model:5 
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c2agg

2
2mc2

qAqAN
qANNqRFNqAqF

β

ββ

+

−++=
 A1.7 

If not stated otherwise, the parameters and functions in this micelle model are 

analogous to those of the vesicle model, Equation A1.2. The amplitude of the core 

self-term in Equation A1.7 is 

 







−Φ−−=

2
exp)(

3
4))(1()(

2
in

2

s
3
ssolmsol2mc

spxx qqRRxqA c , where Rs is the radius of 

the spherical micelle core (Figure 2.4). The form factor amplitude of the spherical 

micelle corona is 
)(

)](sin[
)()(

s

gs
2c

g
g RRq

RRq
qRqA

+

+
=ψ  where no penetration of the 

corona chains within the micelle cores was assumed. As for the vesicle model, cβ  

corresponds to the X-ray scattering length contrast of the corona block. The 

aggregation number, Nagg2, for the spherical micelles is given by 

mc

3
s

sol2agg 3
4)1(
V

RxN π
−= . The polydispersity for one parameter (Rs) can be expressed 

as a Gaussian distribution and is considered for the second population of spherical 

micelles:  
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where σR s is the standard deviation for Rs. The number density per unit volume of 

the second population (l = 2 in Equation A1.1) is expressed as: 

∫
∞

Ψ
=

0
21212212

2
2

)()( drrrV

cN  
A1.9 

where c2 is the total volume fraction of copolymer in the spherical micelles and 

)( 212 rV  is the total volume of copolymer in a spherical micelle [V2(r21) = 

(Vmc+Vc)Nagg2(r21)]. An effective structure factor expression previously proposed for 

interacting spherical micelles6 is used for the second population in order to describe 

dense packing of the spherical micelles within the vesicle membrane: 

)(
]1),,([)(1)(
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2 qF

fRqSqAqS −
+=  A1.10 
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Herein the form factor of the average radial scattering length density distribution of 

micelles is )()()( 2cc2aggmc2mic qANqAqA β+=  and ),,( PYPYPY fRqS  is a hard-sphere 

interaction structure factor based on the Percus-Yevick approximation7, where RPY is 

the interaction radius ( PYsPY RRR ∆+= , PYR∆ is a fitting parameter) and fPY is the 

hard-sphere volume fraction. A numerical integration was used for Equation A1.1, 

Equation A1.6 and Equation A1.9 during the fitting. 

Nanoscale phase separation between the hydrophobic PBzMA and PHPMA blocks 

was also considered and a vesicle model with a three-layer membrane structure was 

developed for the corresponding SAXS analysis (see Figure 2.10 and Figure 2.11). In 

this model it is assumed that phase-separated blocks of PBzMA and PHPMA occupy 

both the central layer of the membrane and also an adjacent layer. Again, a two-

population approach (n = 2 in Equation A1.1) was used and, by analogy to Equation 

A1.2, the vesicle form factor corresponding to the first population can be expressed 

as: 
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In this case the amplitude of the membrane self-term is 
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A1.12 

where PBzMAmcPBzMAin 2
1 TRR −=  is the inner radius of the PBzMA layer of the 

membrane, PBzMAmcPBzMAout 2
1 TRR +=  is the outer radius of the PBzMA layer, 

3
PBzMAinPBzMAin 3

4 RV π=  and 3
PBzMAoutPBzMAout 3

4 RV π= . Because the number of PBzMA 

blocks and PHPMA blocks occupying the three-layer membrane must be the same 

and equal to the aggregation number, lN 3
agg1 , then it follows that TPBzMA is defined 

from the following relation: 
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where xPBzMAsol and xPHPMAsol are the solvent fraction in the PBzMA layer and both 

PHPMA layers of the membrane, respectively. The vesicle aggregation number is 

given by:    PHPMA350PBzMAinPBzMAoutinoutPHPMAsol
3
agg1 /)]()[1( VVVVVxN l −−−−= . The 

other parameters utilised for this three-layer membrane vesicle model (Equation 

A1.11) have the same definitions as those used in the single-layer membrane vesicle 

model (Equation A1.2). The number density per unit volume of the first population (l 

= 1 in Equation A1.1) is expressed as: 
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A1.14 

where c1 is the total volume fraction of copolymer in population 1 and ),( 1211
3

1 rrV l  is 

the corresponding total volume of copolymer [𝑉𝑉13𝑙𝑙(𝑟𝑟11, 𝑟𝑟12) = (𝑉𝑉PBzMAz +

𝑉𝑉PHPMA350 + 𝑉𝑉c)𝑁𝑁agg13𝑙𝑙 (𝑟𝑟11, 𝑟𝑟12)].  Polydispersities for two parameters (Rmc and Tmc) 

are introduced for the first population (Equation A1.5). A dilute vesicle dispersion is 

assumed, so the structure factor of the first population can be set to unity [ 1)(1 =qS

].The form factor for the second population of particles associated with the 

particulate membrane structure, l = 2 in Equation A1.1, can be represented by a 

spherical micelle model where the core is represented by two components as a result 

of the nanoscale phase separation of the PHPMA and PBzMA blocks. By analogy to 

Equation A1.7, we have:  
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The amplitude of the core self-term is given by: 
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where Rsin is the inner radius of the PHPMA shell (i.e. the PBzMA core radius of the 

micelles) and Rs is the outer radius of the PHPMA shell, such that 3
sinsin 3

4 RV π=  and 

3
ss 3

4 RV π= . If not stated otherwise, parameters and functions in this model are the 

same as those used in the vesicle model, Equation A1.12. The aggregation number 

for the spherical micelles is given by PHPMA350sinsPHPMAsol
3
agg2 /))(1( VVVxN l −−= . 

Because the number of PBzMA blocks and PHPMA blocks occupying the micelle 

core must be the same and equal to the aggregation number, lN 3
2agg , Rsin is defined 

from the following relation: 
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The other parameters used in this spherical micelle model with phase-separated 

micelle cores (Equation A1.14) have the same definition as those used in the 

spherical micelle model (Equation A1.7). The number density per unit volume of the 

second population is expressed as: 
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A1.16 

where c2 is the total volume fraction of copolymer in population 2 and )( 21
3

2 rV l  is the 

corresponding total volume of copolymer [𝑉𝑉23𝑙𝑙(𝑟𝑟21) = (𝑉𝑉PBzMAz + 𝑉𝑉PHPMA350 +

𝑉𝑉c)𝑁𝑁agg23𝑙𝑙 (𝑟𝑟21)] . The polydispersity for one parameter (Rs) is considered for the 

second population (Equation A1.8). An effective structure factor expression 

proposed for interacting spherical micelles6 was used for the second population in 

order to describe the dense micelle packing within the vesicle membrane: 
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23

mic
2 qF

fRqSqAqS
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Herein the form factor of the average radial scattering length density distribution of 

the micelles is given by 𝐴𝐴mic3𝑙𝑙 (𝑞𝑞) =  𝐴𝐴mc23𝑙𝑙 (𝑞𝑞) + 𝑁𝑁agg23𝑙𝑙 𝛽𝛽c𝐴𝐴c2(𝑞𝑞) . Numerical 

integration was used for Equation A1.14 and Equation A1.16 during the fitting. 
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2. Visible absorption spectra and calibration plot for 
G63H350Bz copolymer vesicles (z = 25 to 400). 
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Visible absorption spectra (left) were recorded for a series of G63H350Bz copolymer 

vesicles (where z ranges from 25 to 400) at various copolymer concentrations. An 

arbitrary wavelength (750 nm) was used to construct a linear calibration plot (right), 

which allows the concentration of non-adsorbed vesicles remaining in the aqueous 

phase after emulsification to be determined via turbidimetry. 
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3. Data to determine the adsorbed concentration of 
G63H350Bz triblock copolymer vesicles (z = 0 to 400) in 
Pickering emulsions  

Copolymer 
Composition 

Initial 
Copolymer 

Concentration 
(% w/w) 

Initial 
Copolymer 

Concentration 
(mM) 

Copolymer 
Concentration 

in the 
Aqueous 
Phase (% 

w/w)* 

Copolymer 
Concentration 

Adsorbed  
(% w/w) 

Adsorption 
Efficiency 

(%) 

G58H350B25 

0.5 0.08 0.28 0.22 44 
1.0 0.15 0.65 0.35 35 
1.5 0.23 0.97 0.53 36 
2.0 0.31 1.66 0.34 17 
2.5 0.39 2.26 0.24 10 
3.0 0.46 2.59 0.41 14 

G58H350B50 

0.5 0.07 0.06 0.44 88 
1.0 0.15 0.35 0.65 65 
1.5 0.22 0.54 0.96 64 
2.0 0.29 1.23 0.77 38 
2.5 0.37 1.91 0.59 24 
3.0 0.44 2.51 0.49 16 

G58H350B71 

0.5 0.07 0.16 0.34 67 
1.0 0.14 0.45 0.55 55 
1.5 0.21 0.58 0.92 61 
2.0 0.28 1.12 0.88 44 
2.5 0.35 1.43 1.07 43 
3.0 0.43 2.51 0.49 16 

G58H350B97 

0.5 0.07 0.03 0.47 94 
1.0 0.13 0.31 0.69 69 
1.5 0.20 0.21 1.29 86 
2.0 0.26 0.63 1.37 69 
2.5 0.33 1.05 1.45 58 
3.0 0.40 2.11 0.89 30 

G58H350B125 

0.5 0.06 0.00 0.50 100 
1.0 0.12 0.03 0.97 97 
1.5 0.18 0.08 1.42 94 
2.0 0.24 0.19 1.81 90 
2.5 0.30 0.23 2.27 91 
3.0 0.36 0.87 2.13 71 

G58H350B200 

0.5 0.05 0.03 0.47 93 
1.0 0.11 0.06 0.94 94 
1.5 0.16 0.11 1.39 93 
2.0 0.21 0.22 1.78 89 
2.5 0.27 0.41 2.09 84 
3.0 0.32 0.94 2.06 69 

G58H350B294 

0.5 0.05 0.01 0.49 99 
1.0 0.09 0.03 0.97 97 
1.5 0.14 0.07 1.43 95 
2.0 0.18 0.20 1.80 90 
2.5 0.23 0.41 2.09 83 
3.0 0.27 0.95 2.05 68 

G58H350B400 

0.5 0.04 0.00 0.50 100 
1.0 0.08 0.02 0.98 98 
1.5 0.12 0.09 1.41 94 
2.0 0.16 0.21 1.79 90 
2.5 0.20 0.37 2.13 85 
3.0 0.24 0.81 2.19 73 

*As determined by turbidimetry from a linear Beer-Lambert plot of absorbance (at an arbitrary 
fixed wavelength of 750 nm) against vesicle concentration. 



 
Chapter Seven - Appendix 

189 

 

4. Modified SAXS models for G37H60Bz spherical 
micelles and worm-like micelles   
 

In general, the X-ray intensity scattered by a dispersion of nano-objects [usually 

represented by the scattering cross section per unit sample volume, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(𝑞𝑞)] can be 

expressed as: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(𝑞𝑞) = 𝑁𝑁𝑁𝑁(𝑞𝑞)� …
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2𝛹𝛹�𝑟𝑟1, … , 𝑟𝑟k�𝑑𝑑𝑟𝑟1 …𝑑𝑑𝑟𝑟k

∞

0

 A4.2 

where 𝐹𝐹(𝑞𝑞, 𝑟𝑟1, … , 𝑟𝑟k) is their form factor, 𝑟𝑟1, … , 𝑟𝑟k is a set of k parameters describing 

the structural morphology, 𝛹𝛹�𝑟𝑟1, … , 𝑟𝑟k�  is the probability function describing 

polydispersity of each parameter of the structure, S(q) is the structure factor and N is 

the nano-object number density per unit volume expressed as: 

𝑁𝑁 =
𝜑𝜑

∫ …∞
0 ∫ 𝑉𝑉�𝑟𝑟1, … , 𝑟𝑟k�

∞
0 𝛹𝛹�𝑟𝑟1, … , 𝑟𝑟k�𝑑𝑑𝑟𝑟1 …𝑑𝑑𝑟𝑟k

 A4.3 

where 𝑉𝑉�𝑟𝑟1, … , 𝑟𝑟k� is volume of the nano-object and φ is their volume fraction in the 

dispersion. 

Modified Spherical Micelle Model 

The spherical micelle form factor for Equation A4.2 is given by:8 

𝐹𝐹s_mic(𝑞𝑞) = 𝑁𝑁s2𝛽𝛽s
2𝐴𝐴s2(𝑞𝑞,𝑅𝑅s) + 𝑁𝑁s𝛽𝛽c

2𝐹𝐹c�𝑞𝑞,𝑅𝑅g� + 𝑁𝑁s(𝑁𝑁s − 1)𝛽𝛽c
2𝐴𝐴c2(𝑞𝑞)

+ 2𝑁𝑁s2𝛽𝛽s𝛽𝛽c𝐴𝐴s(𝑞𝑞,𝑅𝑅s)𝐴𝐴c(𝑞𝑞) 
A4.4 

where Rs is the radius of the hydrophobic spherical micelle core, Rg is the radius of 

gyration of the PGMA coronal block, the core block and the corona block X-ray 

scattering length contrast is given by 𝛽𝛽s = 𝑉𝑉s(𝜉𝜉s − 𝜉𝜉sol)  and 𝛽𝛽c = 𝑉𝑉c(𝜉𝜉c − 𝜉𝜉sol) , 

respectively. Here ξs, ξc and ξsol are the X-ray scattering length densities of the core 

block, corona block and the solvent (ξsol = 9.42 x 1010 cm-2), respectively. 

Considering the amphiphilic properties of the PGMA-PHPMA-PBzMA triblock 

copolymers it is assumed in the model that PGMA block always locates in the 

coronal part of the micelles, PBzMA block is in the core part and PHPMA block 

could occupy intermediate position depending on composition of the triblock 
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copolymer. In order to describe the relative amounts of the PHPMA block existing 

within the core domain and within the corona, ξs is expressed as follows: 

𝜉𝜉s =
𝜉𝜉PBzMA𝑉𝑉PBzMA + 𝜂𝜂𝜉𝜉PHPMA𝑉𝑉PHPMA

𝑉𝑉PBzMA + 𝜂𝜂𝑉𝑉PHPMA
 

A4.5 

 

and ξc is expressed  as: 

𝜉𝜉c =
𝜉𝜉PGMA𝑉𝑉PGMA + (1 − 𝜂𝜂)𝜉𝜉PHPMA𝑉𝑉PHPMA

𝑉𝑉PGMA + (1 − 𝜂𝜂)𝑉𝑉PHPMA
 

A4.6 

 

where ξPBzMA = 10.41 x 1010 cm-2, ξPHPMA = 11.11 x 1010 cm-2 and ξPGMA = 11.94 x 

1010 cm-2. Here VPBzMA, VPHPMA and VPGMA represent the volumes of each block and 

were obtained from 𝑉𝑉 = 𝑀𝑀n,pol

𝑁𝑁A𝜌𝜌
 using the solid-state homopolymer densities of 

PBzMA (ρPBzMA = 1.15 g cm-3),9 PHPMA (ρPHPMA = 1.21 g cm-3) and PGMA (ρPGMA 

= 1.31 g cm-3), where Mn,pol corresponds to the number-average molecular weight of 

the polymer block determined by 1H NMR spectroscopy. Similarly, the volume of 

the core, Vs is given by: 

𝑉𝑉s = 𝑉𝑉PBzMA + 𝜂𝜂𝑉𝑉PHPMA A4.7 

And the volume of the corona, Vc is given by: 

𝑉𝑉c = 𝑉𝑉PGMA + (1 − 𝜂𝜂)𝑉𝑉PHPMA 
A4.8 

 

This alteration of the pre-existing model introduces η, which is the volume fraction 

of the PHPMA block which exists within the micelle core. Thus the product ηVPHPMA 

gives the volume of PHPMA block that exists within the core domain, and (1-

η)VPHPMA gives the volume of the PHPMA block within the corona. 

The sphere form factor amplitude is used for the amplitude of the core self-term: 

𝐴𝐴c(𝑞𝑞,𝑅𝑅s) = Φ(𝑞𝑞𝑅𝑅s)exp�−
𝑞𝑞2𝜎𝜎2

2
� A4.9 

where Φ(𝑞𝑞𝑅𝑅s) = 3[sin(𝑞𝑞𝑅𝑅s)−𝑞𝑞𝑅𝑅scos(𝑞𝑞𝑅𝑅s)]
(𝑞𝑞𝑅𝑅s)3

 and the exponential term describes a 

sigmoidal interface between the core and corona part of the micelles where the width 

σ accounting for a decaying or increasing scattering length density at the interface. 

This σ value was fixed at 2.5 during fitting. 
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The form factor amplitude of the spherical micelle corona is taken as: 

𝐴𝐴c(𝑞𝑞) =
∫ 𝜇𝜇c(𝑟𝑟)𝑅𝑅s+2𝑠𝑠
𝑅𝑅s

sin (𝑞𝑞𝑞𝑞)
𝑞𝑞𝑞𝑞 𝑟𝑟2𝑑𝑑𝑑𝑑

∫ 𝜇𝜇c(𝑟𝑟)𝑟𝑟2𝑑𝑑𝑑𝑑𝑅𝑅s+2𝑠𝑠
𝑅𝑅s

exp�−
𝑞𝑞2𝜎𝜎2

2
� A4.10 

The radial profile, μc(r), is represented by a linear combination of two cubic b 

splines, with two fitting parameters s and a corresponding to the width of the corona 

profile and the function weight coefficient, respectively. This information can be 

found elsewhere,10, 11 as can the approximate integrated form of Equation A4.10. 

The self-correlation term for the corona block is given by the Debye function: 

𝐹𝐹c(𝑞𝑞,𝑅𝑅g) =
2�exp�−𝑞𝑞2𝑅𝑅g2� − 1 + 𝑞𝑞2𝑅𝑅g2�

𝑞𝑞4𝑅𝑅g4
 A4.11 

where Rg is the radius of gyration of the coronal block. 

The aggregation number of the spherical micelle is: 

𝑁𝑁s = (1 − 𝑥𝑥sol)
4
3𝜋𝜋𝑅𝑅s

3

𝑉𝑉s
 A4.12 

where xsol is the volume fraction of solvent in the micelle core. 

An effective structure factor expression proposed for interacting spherical micelles6 

has been used in Equation A4.2: 

𝑆𝑆s(𝑞𝑞) = 1 +
𝐴𝐴s_mic
av (𝑞𝑞)2[𝑆𝑆PY(𝑞𝑞,𝑅𝑅PY,𝑓𝑓PY) − 1]

𝐹𝐹s_mic(𝑞𝑞)
 A4.13 

Herein the form factor of the average radial scattering length density distribution of 

micelles is used as 𝐴𝐴s_mic
av (𝑞𝑞) = 𝑁𝑁s[𝛽𝛽s𝐴𝐴s(𝑞𝑞,𝑅𝑅s) + 𝛽𝛽c𝐴𝐴c(𝑞𝑞)] and 𝑆𝑆PY(𝑞𝑞,𝑅𝑅PY,𝑓𝑓PY) is a 

hard-sphere interaction structure factor based on the Percus-Yevick approximation,7 

where RPY is the interaction radius and fPY is the hard-sphere effective volume 

fraction. A polydispersity of one parameter (Rs) is assumed for the micelle model 

which is described by a Gaussian distribution. Thus, the polydispersity function in 

Equation A4.2 can be represented as: 

𝛹𝛹(𝑟𝑟1) =
1

�2𝜋𝜋𝜎𝜎𝑅𝑅s2
exp�−

(𝑟𝑟1 − 𝑅𝑅s)2

2𝜎𝜎𝑅𝑅s2
� A4.14 
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where σRs is the standard deviation for Rs. In this respect Rs should be replaced by r1 

in Equations A4.3, A4.8, A4.9 and A4.11 for the modelling. In accordance with 

Equation A4.3 the number density per unit volume for the micelle model is 

expressed as: 

𝑁𝑁 =
𝜑𝜑

∫ 𝑉𝑉(𝑟𝑟1)𝛹𝛹(𝑟𝑟1)𝑑𝑑𝑟𝑟1
∞
0

 A4.15 

where φ is the total volume fraction of copolymer in the spherical micelles and 1( )V r  

is the total volume of copolymer in a spherical micelle [𝑉𝑉(𝑟𝑟1) = (𝑉𝑉s + 𝑉𝑉c)𝑁𝑁s(𝑟𝑟1)]. 

Modified Worm-Like Micelle Model 

The worm-like micelle form factor for Equation A4.2 is given by:8 

𝐹𝐹w_mic(𝑞𝑞) = 𝑁𝑁w2𝛽𝛽s
2𝐹𝐹sw(𝑞𝑞) + 𝑁𝑁w𝛽𝛽c

2𝐹𝐹c�𝑞𝑞,𝑅𝑅g� + 𝑁𝑁w(𝑁𝑁w − 1)𝛽𝛽c
2𝑆𝑆cc(𝑞𝑞)

+ 2𝑁𝑁w2𝛽𝛽s𝛽𝛽c𝑆𝑆sc(𝑞𝑞) 
A4.16 

where the core block and the corona block X-ray scattering length contrast is given 

by 𝛽𝛽s = 𝑉𝑉s(𝜉𝜉s − 𝜉𝜉sol)  and 𝛽𝛽c = 𝑉𝑉c(𝜉𝜉c − 𝜉𝜉sol) , respectively. The scattering length 

density of the core block (ξs) and the corona block (ξc) are determined as described 

in Equations A4.5 and A4.6, respectively, and the volume of core block (Vs) and the 

corona block (Vc) are determined as described in Equations A4.7 and A4.8, 

respectively. 

The self-correlation term for the worm-like micelle core of radius Rsw is: 

𝐹𝐹sw(𝑞𝑞) = 𝐹𝐹worm(𝑞𝑞, 𝐿𝐿w, 𝑏𝑏w)𝐴𝐴csworm
2(𝑞𝑞,𝑅𝑅sw) A4.17 

which is a product of a core cross-section term: 

𝐹𝐹csworm�𝑞𝑞,𝑅𝑅g� = 𝐴𝐴csworm
2(𝑞𝑞,𝑅𝑅sw) = �2

𝐽𝐽1(𝑞𝑞𝑅𝑅sw)
𝑞𝑞𝑅𝑅sw

�
2

 A4.18 

where J1 is the first-order Bessel function of the first kind, and a form factor 

𝐹𝐹worm(𝑞𝑞, 𝐿𝐿w, 𝐿𝐿k)  for self-avoiding semi-flexible chains represents the worm-like 

micelle, where Lk is the worm Kuhn length and Lw is the mean worm contour length. 

A complete expression for the chain form factor can be found elsewhere.12 The self-

correlation term for the corona block is given by the Debye function shown in 

Equation A4.11. 
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The interference cross-term between the worm micelle core and the corona chain is 

given by: 

𝑆𝑆sc(𝑞𝑞) = 𝛹𝛹2(𝑞𝑞𝑅𝑅g)𝐽𝐽02�𝑞𝑞�𝑅𝑅sw + 𝑅𝑅g��𝐹𝐹worm(𝑞𝑞, 𝐿𝐿w, 𝐿𝐿k) A4.19 

where 𝛹𝛹�𝑞𝑞𝑅𝑅g� = 1−exp�−𝑞𝑞2𝑅𝑅g2�

�𝑞𝑞𝑅𝑅g�
2  is the form factor amplitude of the corona chain, Rg 

is the radius of gyration of the corona block and J0 is the zero-order Bessel function 

of the first kind. 

The interference term between the worm corona chains is: 

𝑆𝑆cc(𝑞𝑞) = 𝛹𝛹�𝑞𝑞𝑅𝑅g�𝐴𝐴cs_worm𝐽𝐽0�𝑞𝑞�𝑅𝑅sw + 𝑅𝑅g��𝐹𝐹worm(𝑞𝑞, 𝐿𝐿w, 𝐿𝐿k) A4.20 

The mean aggregation number of the worm-like micelle is given by: 

𝑁𝑁w = (1 − 𝑥𝑥sol)
𝜋𝜋𝑅𝑅sw2𝐿𝐿w

𝑉𝑉s
 A4.21 

where xsol is the volume fraction of solvent within the worm-like micelle core. 

Possible semi-spherical caps at the ends of each worm are not considered in this form 

factor. It is also assumed that S(q) = 1 at sufficiently low copolymer concentrations 

(e.g. 1.0% w/w). 

A polydispersity of one parameter (Rsw) is assumed for the worm-like micelle model 

which is described by a Gaussian distribution. Thus, the polydispersity function in 

Equation A4.2 can be represented as: 

𝛹𝛹(𝑟𝑟1) =
1

�2𝜋𝜋𝜎𝜎𝑅𝑅sw2
exp�−

(𝑟𝑟1 − 𝑅𝑅sw)2

2𝜎𝜎𝑅𝑅sw2
� A4.21 

where σRsw is the standard deviation for Rsw. In this respect Rsw should be replaced 

by r1 in Equations A4.15-A4.20 for the modelling. In accordance with Equation 

A4.3 the number density per unit volume for the worm-like micelle model is 

expressed as: 

𝑁𝑁 =
𝜑𝜑

∫ 𝑉𝑉(𝑟𝑟1)𝛹𝛹(𝑟𝑟1)𝑑𝑑𝑟𝑟1
∞
0

 A4.22 

where φ is the total volume fraction of copolymer in the worm-like micelles and 

1( )V r  is the total volume of copolymer in a worm-like micelle [𝑉𝑉(𝑟𝑟1) = (𝑉𝑉s +

𝑉𝑉c)𝑁𝑁w(𝑟𝑟1)]. 
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5. DCP calculations for silica-loaded G58H250 diblock 
copolymer vesicles 
 

The volume of the vesicle, V, was calculated using Equation A5.1: 

 

𝑉𝑉 =  
4
3
𝜋𝜋𝑟𝑟3 A5.1 

 

where r is the mean vesicle radius. Using this V, together with the vesicle density, ρ, 

the vesicle mass, m, can be obtained using Equation A5.2: 

 

𝑚𝑚 = 𝑉𝑉𝑉𝑉 A5.2 
 

Equations A5.1 and A5.2 can be combined to give Equation A5.3: 

 

𝑚𝑚 =  
4
3
𝜋𝜋𝑟𝑟3𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒 A5.3 

 

The effective density, ρeff, was obtained analytically from the DCP data by fixing the 

weight-average diameter at 291 nm. The ρeff value for empty vesicles (i.e. vesicles 

prepared in the absence of any silica nanoparticles) is 1.075 g cm-3 and this value 

increases from 1.076 to 1.141 g cm-3 when the [silica]0 is increased from 5 to 35 % 

w/w, respectively (see Table 4.1). Using these values and Equation A5.3, the mass of 

the loaded vesicles, ml, and the mass of the empty vesicles, me, can be calculated. 

The mass difference allows the encapsulated silica mass, ms, to be calculated using: 

 

𝑚𝑚s =  𝑚𝑚l  −  𝑚𝑚e A5.4 
 

The mass of one silica nanoparticle, m1s, can be calculated using Equation A5.3, 

where the silica density, ρ, is 2.06(5) g cm-3 (as judged by helium pycnometry) and r 

is 9.2 nm (obtained from SAXS analysis).  If the encapsulated silica mass, ms, is 
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divided by the mass of one silica nanoparticle, m1s, the mean number of silica 

nanoparticles per vesicle, Nsv, can be calculated using: 

 

𝑁𝑁sv =  
𝑚𝑚s

𝑚𝑚1s
 A5.5 

 

Subtracting the vesicle membrane thickness (15.9 nm) and four times the radius of 

gyration (2.3 nm) from the SAXS-derived mean vesicle radius of 145.5 nm, the 

volume of the vesicle lumen, Vl, can be calculated from Equation A5.1. The volume 

of encapsulated silica nanoparticles per vesicle, Vsv, can be calculated by multiplying 

the volume of one silica nanoparticle by Nsv. Subtracting the Vsv from the Vl allows 

the percentage of the vesicle lumen that is occupied by silica nanoparticles, Vsl  to be 

calculated using: 

𝑉𝑉sl =   �
𝑉𝑉sv
𝑉𝑉l
�  𝑥𝑥 100     A5.6 

The theoretical maximum number of encapsulated silica nanoparticles, can be 

calculated by multiplying the number of silica nanoparticles occupying 1.00 mL, Ns, 

which is based on the initial silica concentration, by Vl (see Equation A5.7): 

 

Theoretical 𝑁𝑁sv = 𝑁𝑁s  ×   𝑉𝑉l     A5.7 
 

By dividing Nsv by the theoretical Nsv, the DCP-derived encapsulation efficiency, 

EEDCP, can be calculated using: 

 

𝐸𝐸𝐸𝐸DCP (%) =  �
Actual 𝑁𝑁sv

Theoretical 𝑁𝑁sv
�  × 100          A5.8 

 

It should be noted that calculation of the theoretical Nsv assumes that the silica 

nanoparticles have a mean diameter of 18.4 nm and that the Bindzil CC401 silica sol 

has a solids concentration of 40 % w/w.  It also assumes that the silica concentration 

is constant both inside and outside the vesicle lumen and that there is no interaction 

between the silica nanoparticles and the vesicles. 
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6. TGA calculations for silica-loaded G58H250 diblock 
copolymer vesicles 
 

The silica nanoparticles used in this work lose ~ 10.1 % mass on heating to 350 oC in 

air during TGA analysis. This is attributed to a combination of surface moisture and 

also pyrolysis of surface glycerol groups, which are present for this particular 

commercial grade. This mass loss must be taken into account when calculating the 

silica content of the vesicles. In order to account for this in each sample, the residual 

mass for each sample was divided by the silica weight remaining (10.1) divided by 

100: 

silica content or 𝑊𝑊𝑊𝑊c (%) =  
𝑊𝑊𝑊𝑊 

(silica 𝑊𝑊𝑊𝑊/100)   A6.1 

 

Where WR is the weight remaining and WRc is the corrected weight remaining. The 

silica content after centrifugation, determined using Equation A5.1, can be used to 

calculate the TGA-derived silica loading efficiency, LETGA: 

 

𝐿𝐿𝐿𝐿TGA (%) = �
�� 𝑊𝑊𝑅𝑅c

1 −𝑊𝑊𝑊𝑊c
�  ×  10�

[silica]0
�  × 100   A6.2 
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7. SAXS models used for the analysis of silica-loaded 
vesicles 
 

Silica-Loaded Vesicle Model 

In order to analyse the synchrotron SAXS data obtained for these silica-loaded 

vesicles, it was necessary to develop an appropriate analytical model. Two types of 

particles are present in these dispersions: copolymer vesicles (morphology 1) and 

spherical silica nanoparticles (morphology 2). In general, the silica component 

scatters X-rays more strongly than the copolymer component. However, it is perhaps 

worth emphasising that the silica nanoparticles (morphology 2) dominate the 

scattering intensity at high q, whereas the much larger vesicles (morphology 1) 

dominate the scattering at low q. Drawing on our earlier structural characterisation of 

core-shell nanocomposite particles comprising copolymer cores and particulate silica 

shells1, the scattering patterns associated with the silica-loaded copolymer vesicles 

can be satisfactorily described using a two-population model. In this case, population 

1 corresponds to silica-loaded vesicles and population 2 describes the particulate 

nature of the corresponding vesicle lumen. Thus this two-population model includes 

a modified version of morphology 1, where the vesicle lumen is assumed to contain 

silica and hence can be described as a type of core-shell particle (where the X-ray 

contrast of the lumen core depends on the concentration of the encapsulated silica 

nanoparticles). In general, the scattering intensity of a system composed of n 

different (non-interacting) populations of polydisperse objects can be expressed as: 

𝐼𝐼(𝑞𝑞) =  ∑ 𝑆𝑆𝑙𝑙𝑛𝑛
𝑙𝑙=1 (𝑞𝑞)𝑁𝑁𝑙𝑙 ∫ …∞

0 ∫ 𝐹𝐹𝑙𝑙
∞
0 (𝑞𝑞, 𝑟𝑟𝑙𝑙1, … , 𝑟𝑟𝑙𝑙𝑙𝑙)𝛹𝛹𝑙𝑙(𝑟𝑟𝑙𝑙1, … , 𝑟𝑟𝑙𝑙𝑙𝑙)𝑑𝑑𝑟𝑟𝑙𝑙1 …𝑑𝑑𝑟𝑟𝑙𝑙𝑙𝑙      

(A7.1) 

where 𝐹𝐹𝑙𝑙(𝑞𝑞, 𝑟𝑟𝑙𝑙1, … , 𝑟𝑟𝑙𝑙𝑙𝑙) is the form factor, 𝛹𝛹𝑙𝑙(𝑟𝑟𝑙𝑙1, … , 𝑟𝑟𝑙𝑙𝑙𝑙) is the distribution function, 

Nl is the number density per unit volume and 𝑆𝑆𝑙𝑙(𝑞𝑞) is the structure factor of the lth 

population in the system. rl1,...,rlk is a set of k parameters describing the structural 

morphology of the lth population. The two-population model can be derived from 

Equation A7.1 by taking n = 2 and assigning the silica-loaded copolymer vesicles to 

population 1 (l = 1) and the spherical silica nanoparticles within the vesicle lumen to 

population 2 (l = 2). The form factor for population 1 (vesicles) can be described as:2 
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𝐹𝐹1(𝑞𝑞) = [𝐴𝐴m1(𝑞𝑞)]2 + 𝑁𝑁agg𝛽𝛽c2𝐹𝐹c�𝑞𝑞𝑅𝑅g� + 𝑁𝑁agg(𝑁𝑁agg − 1)𝛽𝛽c2[𝐴𝐴c(𝑞𝑞)]2 + 

2𝑁𝑁agg𝛽𝛽c𝐴𝐴m1(𝑞𝑞)𝐴𝐴c(𝑞𝑞)      (A7.2) 

However, this expression requires modification to represent silica-loaded vesicles: 

the amplitude of the membrane self-term in Equation A7.2 must be replaced by an 

amplitude representing both the membrane (shell) and the silica-loaded lumen (core) 

expressed as the form factor amplitude for a core-shell spherical particle:3 

𝐴𝐴m1(𝑞𝑞) = (1 − 𝑥𝑥sol)(𝜉𝜉m − 𝜉𝜉sol)𝑉𝑉outф(𝑞𝑞𝑅𝑅out) + [𝜉𝜉lum − 𝜉𝜉sol − (1 − 𝑥𝑥sol)(𝜉𝜉m −

𝜉𝜉sol)]𝑉𝑉inф(𝑞𝑞𝑅𝑅in)      (A7.3) 

where 𝑅𝑅in =  𝑅𝑅m − 1
2
𝑇𝑇m  is the inner radius of the hydrophobic membrane (or the 

lumen), 𝑅𝑅out =  𝑅𝑅m + 1
2
𝑇𝑇m  is the outer radius of the hydrophobic membrane, 

𝑉𝑉in =  4
3
𝜋𝜋𝑅𝑅in3 is the volume of the vesicle lumen and Vout =  4

3
𝜋𝜋𝑅𝑅out3 is the volume 

of the vesicle defined by the boundary of the hydrophobic membrane. Rm is the 

radius from the center of the vesicle to the middle of the membrane, Tm is the 

hydrophobic membrane thickness and ф(𝑥𝑥) =  3[sin(𝑥𝑥)−𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥(𝑥𝑥)]
(𝑥𝑥)3

  is the form factor 

amplitude of a homogeneous sphere. The vesicle aggregation number (i.e. the mean 

number of copolymer chains per vesicle) is given by  𝑁𝑁agg = (1 − 𝑥𝑥sol)(𝑉𝑉out −

 𝑉𝑉in)/𝑉𝑉m where xsol is the solvent fraction in the hydrophobic membrane and Vm is 

the volume of the membrane-forming hydrophobic PHPMA block (Vm = VPHPMA250). 

The X-ray scattering length contrast for the membrane and corona block is 𝛽𝛽m =

 𝑉𝑉m(𝜉𝜉m − 𝜉𝜉sol) and 𝛽𝛽c =  𝑉𝑉c(𝜉𝜉c − 𝜉𝜉sol), respectively, where Vc is the corona block 

volume (VPGMA58). The block volumes are calculated from 𝑉𝑉 =  𝑀𝑀w
𝜌𝜌𝜌𝜌𝐴𝐴

 using the 

weight-average molecular weight, Mw, of the block components and the mass 

densities of the three blocks comprising the copolymer (ρPHPMA = 1.21 ± 0.01 g cm-3 

and ρPGMA = 1.31 ± 0.01 g cm-3; these solid-state values were determined for the 

corresponding homopolymers using helium pycnometry). ξsol, ξm, ξc, and ξlum are the 

X-ray scattering length densities of the surrounding solvent (ξH2O = 9.42 x 1010 cm-2), 

the membrane-forming hydrophobic block (ξPHPMA = 11.11 x 1010 cm-2), the vesicle 

corona block (ξPGMA = 11.94 x 1010 cm-2) and the vesicle lumen [ 𝜉𝜉lum =

�1 − 𝑉𝑉SiO2/𝑉𝑉in�ξH2O + (𝑉𝑉SiO2/𝑉𝑉in)𝜉𝜉SiO2, where ξSiO2 = 17.5 × 1010 cm-2, and VSiO2 is 

the volume occupied by the silica nanoparticles within the vesicle lumen], 

respectively. It should be noted that the (βc/βm)2 ratio is approximately 0.08, which 
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suggests that the profile of the electron density distribution within the corona might 

need to be included in the model. However, recent modeling of experimental data for 

a similar system has demonstrated that incorporation of a profile function in the 

model has a negligible effect on the derived structural parameters.4 The self-

correlation term for the corona block in Equation A7.2 is given by the Debye 

function, 𝐹𝐹c�𝑞𝑞𝑅𝑅g� =  2�exp�−𝑞𝑞
2𝑅𝑅g2�−1+𝑞𝑞2𝑅𝑅g2�
𝑞𝑞4𝑅𝑅g4

, where Rg is the radius of gyration of the 

corona block. Assuming that there is no penetration of the corona blocks within the 

membrane, the amplitude of the corona self-term is expressed as: 

𝐴𝐴c(𝑞𝑞) =  𝛹𝛹(𝑞𝑞𝑅𝑅g) 1
2
�𝑠𝑠𝑠𝑠𝑠𝑠�𝑞𝑞(𝑅𝑅out+𝑅𝑅g)�

𝑞𝑞(𝑅𝑅out+𝑅𝑅g)
+ 𝑠𝑠𝑠𝑠𝑠𝑠�𝑞𝑞(𝑅𝑅in−𝑅𝑅g�

𝑞𝑞(𝑅𝑅in−𝑅𝑅g)
�      (A7.4) 

where 𝛹𝛹�𝑞𝑞𝑅𝑅g� =  1−exp (−𝑞𝑞𝑅𝑅g)
(𝑞𝑞𝑅𝑅g)2

 is the form factor amplitude of the corona chain. The 

polydispersities for two parameters (Rm and Tm), expressed as a Gaussian 

distribution, are considered for the first population of silica-loaded vesicles: 

𝛹𝛹1(𝑟𝑟11, 𝑟𝑟12) =  1

�2𝜋𝜋𝜎𝜎𝑅𝑅m
2
𝑒𝑒
−(𝑟𝑟11−𝑅𝑅m)2

2𝜎𝜎𝑅𝑅m
2 1

�2𝜋𝜋𝜎𝜎𝑇𝑇m
2
𝑒𝑒
−(𝑟𝑟12−𝑇𝑇m)2

2𝜎𝜎𝑇𝑇m
2       (A7.5) 

where σRm and σTm are the standard deviations for Rm and Tm, respectively. The 

number density per unit volume of population 1 (l = 1 in Equation A7.1) is expressed 

as: 

𝑁𝑁1 =  𝑐𝑐1
∫ ∫ 𝑉𝑉1(𝑟𝑟11,𝑟𝑟12)𝛹𝛹1(𝑟𝑟11,𝑟𝑟12)𝑑𝑑𝑑𝑑11𝑑𝑑𝑑𝑑12

∞
0

∞
0

      (A7.6) 

where c1 is the total volume fraction of copolymer vesicles and 𝑉𝑉1(𝑟𝑟11, 𝑟𝑟12) is the 

total volume of copolymer chains within a vesicle [ 𝑉𝑉1(𝑟𝑟11, 𝑟𝑟12) = (𝑉𝑉m +

𝑉𝑉c)𝑁𝑁agg(𝑟𝑟11, 𝑟𝑟12) ]. It is assumed that the copolymer vesicle dispersions are 

sufficiently dilute to enable the structure factor for population 1 to be set to unity 

[ 𝑆𝑆1(𝑞𝑞) = 1 ]. Population 1 describes scattering from a vesicle assuming a 

homogeneous lumen with an effective scattering length density, 𝜉𝜉𝑙𝑙𝑙𝑙𝑙𝑙. However, the 

lumen actually has a particulate structure arising from the encapsulated silica 

nanoparticles. This generates an additional scattering signal that can be described by 

population 2 (sphere model), for which l = 2 in Equation A7.1. 
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Modified Model for Silica Release  

The form factor for this population is simply that for a homogeneous sphere: 

𝐹𝐹2(𝑞𝑞) = �𝜉𝜉SiO2 − 𝜉𝜉sol�
2ф2(𝑞𝑞𝑅𝑅SiO2)      (A7.7) 

where RSiO2 is the mean radius of the silica nanoparticles. All other parameters and 

functions in the model for population 2 are analogous to those for population 1 

(Equation A7.2). The polydispersity of one parameter (RSiO2), expressed as a 

Gaussian distribution, is considered for population 2:  

𝛹𝛹2(𝑟𝑟21) = 1

�2𝜋𝜋𝜎𝜎𝑅𝑅SiO2
2

𝑒𝑒
−
�𝑟𝑟21−𝑅𝑅SiO2�

2

2𝜎𝜎𝑅𝑅SiO2
2

      (A7.8) 

where 𝜎𝜎𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆2  is the standard deviation for RSiO2. The number density per unit volume 

of population 2 is expressed as: 

𝑁𝑁2 =  𝑐𝑐SiO2
∫ 𝑉𝑉2(𝑟𝑟21)𝛹𝛹2(𝑟𝑟21)𝑑𝑑𝑑𝑑21
∞
0

      (A7.9) 

where c2 is the total volume fraction of silica particles in the sample and 𝑉𝑉2(𝑟𝑟21) =
4
3
𝜋𝜋𝑟𝑟213  is the volume of a single spherical silica nanoparticle. Since inter-particle 

interactions are expected for silica nanoparticles occupying the vesicle lumen, a 

structure factor S2(q) should be incorporated into the SAXS analysis using Equation 

A7.1. According to its manufacturer (AkzoNobel), approximately 50% of the surface 

silanol groups on the CC401 silica nanoparticles are glycerol-functionalised, hence 

such nanoparticles should exhibit significantly lower anionic surface charge 

compared to conventional aqueous silica sols.5,6 Thus, depending upon the surface 

charge density and background salt, it might be necessary to account for electrostatic 

interactions between silica nanoparticles when modelling the SAXS data.  In 

principle, this correction requires a suitable Hayter-Penfold structure factor for 

charged particles.13 However, the well-known Percus-Yevick approximation7 for 

hard spheres might be applicable for this system. In order to validate this hypothesis, 

SAXS patterns recorded for various concentrations of aqueous silica dispersions 

were fitted using Equation A7.1 for a single population using a spherical particle 

form factor, a particle size distribution and a number density per unit volume as 

described by Equations A7.7, A7.8 and A7.9, respectively. The Percus-Yevick 

approximation7 has a structure factor 𝑆𝑆PY(𝑞𝑞,𝑅𝑅PY,𝑓𝑓PY), where the interaction radius 
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RPY and effective hard-sphere volume fraction fPY were used as fitting parameters. 

This approach produced satisfactory fits to the data (see Figure A7.1).  

 

 
Figure A7.1. SAXS patterns recorded for 0.1% w/w (red squares), 1.0 % w/w (blue 
circles), 5.0 % w/w (green triangles) and 10 % w/w (orange diamonds) aqueous dispersions 
of glycerol-functionalised silica nanoparticles. Data were fitted using an established sphere 
model incorporating a Percus-Yevick ‘hard sphere’ structure factor. 

 
This suggests that this relatively simple approximation returns reliable silica volume 

fractions and hence is suitable for analysis of the rate of release of the silica 

nanoparticles from the silica-loaded vesicles. Moreover, there is a good correlation 

between the mass of silica nanoparticles calculated from SAXS fittings (CSiO2mass x 

100%) and the actual silica masses used to prepare these aqueous dispersions (Table 

A7.1). 

Given that two types of silica nanoparticles can be present in the dispersion 

simultaneously (e.g. packed silica encapsulated within the vesicle lumen with an 

associated structure factor, plus freely diffusing silica released from the vesicle 

lumen with no corresponding structure factor), the structure factor term for 

population 2 (silica nanoparticles) in Equation A7.1 is expressed as: 

𝑆𝑆2(𝑞𝑞) =  1
𝐶𝐶SiO2

[𝑆𝑆PY(𝑞𝑞,𝑅𝑅PY,𝑓𝑓PY) × (𝑐𝑐SiO2 − 𝑐𝑐rel) + 𝑐𝑐rel]      (A7.10) 

where Crel is the volume fraction of the released silica nanoparticles. The volume 

fraction of encapsulated silica nanoparticles can be obtained from Cenc = CSiO2 - Crel. 

This refined model was incorporated into Irena SAS macros for Igor Pro software8 
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and numerical integration of Equations A7.1, A7.6 and A7.9 was used for data 

fitting. 
Table A7.1. Summary of parameters (particle volume fraction in the dispersions CSiO2, particle 
mass fraction in the dispersion CSiO2mass calculated from CSiO2 assuming that the mass densities 
of silica and water are 2.19 g cm-3 and 1.00 g cm-3, respectively, particle radius RSiO2, standard 
deviation of the particle radius σRSiO2, inter-particle distance RPY and effective volume fraction 
fPY) as a result of fitting SAXS data for 0.1, 1.0, 5.0 and 10 % w/w aqueous dispersions of 
glycerol-functionalised silica nanoparticles using a Percus-Yevick ‘hard sphere’ structure 
factor. 

Silica 

concentration 
0.1 % w/w 1.0 % w/w 5.0 % w/w 10 % w/w 

𝑪𝑪𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 4.11×10-4 4.07×10-3 2.13×10-2 3.04×10-2 

𝑪𝑪𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 9.00×10-4 8.87×10-3 4.54×10-2 6.42×10-2 

𝑹𝑹𝐒𝐒𝐒𝐒𝐒𝐒𝟐𝟐 / nm 9.22 9.19 9.13 9.13 

𝝈𝝈𝐑𝐑𝐒𝐒𝐒𝐒𝐒𝐒𝟐𝟐  / nm 2.14 2.13 2.08 2.07 

𝑅𝑅PY / nm 43.6 29.0 19.5 17.8 

𝑓𝑓PY 0.018 0.094 0.165 0.184 
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