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Summary 

In the field of nanocomposites, the ambition is to precisely control particle 

morphology to achieve a proper interaction between a polymer and a filler. The 

latter is crucial to obtain hybrid materials with the targeted properties. Numerous 

studies, both academically and industrially, have been conducted in the design of 

efficient encapsulation procedures. However, it is still remains a challenge to 

encapsulate every single nanoparticle.  

This PhD work describes the application of anionic co-oligomers towards polymer 

encapsulation of unmodified hard (Gibbsite, silica lenses) and soft (DODAB 

vesicles) templates via ATRP-mediated starved feed emulsion polymerisation. 

Briefly, charged co-oligomers, consisting of acrylic acid and butyl acrylate units, 

were prepared by ATRP. These co-oligomers were then adsorbed on the 

unmodified surface of the cationic template. Polymerisation was performed under 

starved feed conditions by feeding a hydrophobic monomer mixture. Co-oligomers 

acted as a stabiliser and a macroinitiator, eliminating the use of additional 

surfactant and initiator. Additionally anionic co-oligomers were used in combination 

with conventional free radical emulsion polymerisation to explore the encapsulation 

of Gibbsite platelets. In this strategy, these co-oligomers stabilised the initial 

platelets and the formed latex particles, which also by passed the use of additional 

surfactant.  

Chapter 1 outlines a general introduction and the objectives of the work described 

in this thesis. Chapter 2 gives the theoretical background on free and 

controlled/living radical polymerisation in homogeneous and heterogeneous 

systems. Subsequently, application of conventional and controlled/living radical 

(mini)emulsion polymerisation in the synthesis of inorganic/organic hybrid latex 

particles is described.  

Chapter 3 describes the detailed development of the ATRP-based approach 

towards the synthesis of polymer-Gibbsite nanocomposites. “Muffin-like” 

nanocomposites were produced under optimised polymerisation conditions. The 
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resulting morphology was attributed to the mobility of the growing polymer chains, 

and fully encapsulated Gibbsite was successfully obtained by using a cross-linker 

combined with the ATRP approach.  

Chapters 4-5 include experimental results obtained when applying the ATRP-

based strategy on the hard (silica lenses) and soft (DODAB vesicles) substrates. In 

both cases growth of polymer from one side of the template was observed, 

demonstrating a successful extrapolation of the ATRP-based approach from 

Gibbsite to other templates. Importantly, the effect of the co-oligomer composition 

on the DODAB vesicles morphology before and after polymerisation was observed 

unlike Gibbsite and silica lenses. The work summarised in these chapters was 

done in the A*STAR Institute of Chemical Engineering and Science in Singapore. 

Chapter 6 focuses on the application of a conventional-free radical synthetic 

strategy to encapsulate Gibbsite platelets. Optimised reaction conditions led to the 

successful encapsulation of unmodified Gibbsite platelets. In order to increase both 

solids and filler content, a mathematical model was derived based on the amounts 

of co-oligomer that are required for the colloidal stabilisation of the initial Gibbsite 

dispersion and for the particles during their subsequent growth. The obtained 

dispersions were used to prepare films and the effect of the Gibbsite amount on the 

various properties (e.g. barrier, thermo-mechanical) of these films was studied.  

Finally, Chapter 7 covers the overall conclusions, outlook and remaining questions 

that have raised in the past 4 years of the presented work. 

In conclusion, two different encapsulation strategies, based on conventional and 

ATRP-mediated starved feed emulsion polymerisation, have been developed and 

successfully applied on various templates. 
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General introduction 

Nanotechnology is considered as a key technology of the 21
st
 century. It is 

predicted that by 2019 the global market for nanotechnology based products will 

reach about $64.2 billion.
1
But why is it so promising? The reason is a difference in 

properties of the same material in bulk and on nanoscale. Scientists use this 

capability to produce more powerful electronic devices, more accurate diagnostic 

equipment, high performance materials etc.
2-4

  

Over the past decades, nanocomposites have been gaining a growing importance 

both scientifically and industrially because of their potential application in the 

production of modern plastics, adhesives, paint, inks, food, textiles, 

pharmaceuticals, cosmetics. Incorporation of the fillers into polymer matrices can 

considerably affect the properties of the final material.
5-6

 In general, several 

benefits can be expected when there exists a proper compatibility between a filler 

and a polymer, e.g. better particle dispersion in a polymer matrix, improved light 

scattering, hardness, scratch resistance, mechanical and thermal properties and a 

reduced gas/water permeability.
7-9

  

In order to achieve these better properties, control over the nanoparticle distribution 

and arrangement within the polymer matrix is important.
10

 Numerous efforts around 

the world are currently focused on the development of synthetic strategies to obtain 

such control. One of the most efficient procedures to achieve this is by surrounding 

an inorganic particle with a polymer layer. The preparation of such hybrid particles 

in (mini)emulsion polymerisation can be done by physical
11,12

 or by chemical 

routes.
13-15

 Often, in order to make hydrophilic inorganic particles compatible with a 

polymer, surface modification via a so-called hydrophobization process is required. 

It can be conducted either via physical adsorption or by covalent bonding of the 

modifying agent,
15

 and is usually required due to peculiarities of encapsulation 

process itself. For instance, formation of hydrophobic regions (e.g. the hemi-

micelle) around the platelet is advisable in emulsion polymerisation;
16

 whereas in 

miniemulsion a surface modification is crucial in order to achieve a proper 

dispersion of the clay platelets in the submicron monomer droplets.
14
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Because of the thermodynamic and kinetic peculiarities of the reaction often a 

targeted morphology cannot be achieved. Stubbs et al. developed a diagram to 

determine the expected final morphology for a given composite latex particle based 

on the thermodynamic and kinetic aspects of the reaction.
17

  

Conventional free radical
15

 and controlled/living radical
18

 (mini) emulsion 

polymerisation have been widely applied to encapsulate inorganic particles. 

Encapsulation of surface modified clay platelets via free radical (mini)emulsion 

resulted in a dumbbell
11

 or an armored-like morphology.
19

 Attempts to encapsulate 

unmodified platelets led to (partial) coagulation
20

 or armored particles.
21

 In 2008, 

Hawkett et al.
22 

reported successful encapsulation of inorganic pigments using 

RAFT-mediated emulsion polymerisation. This synthetic strategy was based on the 

physical adsorption of random charged co-oligomers, synthesised by RAFT 

polymerisation, on the surface of the pigments. These co-oligomers acted as 

stabilisers, and subsequently were chain extended by slow feeding of a 

hydrophobic monomer mixture (MMA and BA) and addition of a water-soluble 

initiator. This strategy was successfully extended to the encapsulation of titanium 

dioxide,
23

 Gibbsite,
24 

cerium dioxide,
25

 graphene oxide,
26

 multi-walled carbon 

nanotubes,
27

 Mg2AlNO3 and Mg2AlCO3.
28 

In this thesis, we focus on the application 

of the ATRP technique towards polymer encapsulation of unmodified hard 

(Gibbsite, silica lenses) and soft (DODAB vesicles) templates. One of the unique 

advantages of ATRP over RAFT is its initiating system which makes it possible to 

immobilize initiating groups on the surface of the substance to be encapsulated. In 

our case co-oligomers, synthesised via ATRP, act not only as stabilising agents for 

the initial template, but also as macroinitiators. Thus, it eliminates the need for 

additional initiator. Moreover, since co-oligomers cover the surface of the template, 

their role as macroinitiators makes it possible to grow chains directly from the 

surface of the particles; in effect it is a surface-initiated polymerisation from non-

covalently bonded initiators. Anionic co-oligomers were also utilised in combination 

with the conventional emulsion polymerisation to explore the encapsulation of 

Gibbsite platelets. In this strategy, these co-oligomers stabilised the initial platelets 
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and the formed latex particles, which also by-passed the use of additional 

surfactant.  

Aim and outline of this thesis 

The objectives of the work described in this thesis are schematically summarised in 

Scheme 1. 

 

Scheme 1. Schematic representation of the objectives of the work reported in this thesis. 

In this thesis, we aim to understand the underlying mechanism behind the 

formation of the obtained morphologies from these two strategies. Special attention 

is paid to the role of the anionic co-oligomer and the reaction kinetics as the factors 

contributing to the formation of equilibrium and non-equilibrium structures. We 

believe that detailed mechanistic insight in the encapsulation process is essential 

for a smooth production of nanocomposites with a controlled morphology. 

This thesis consists of 7 chapters. In Chapter 2, fundamental aspects of ATRP, 

and a discussion on the application of controlled and conventional radical emulsion 

polymerisation in the synthesis of the nanocomposites are presented.  
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In Chapter 3, the development of the ATRP-based approach towards synthesis of 

polymer-Gibbsite nanocomposites is described in detail. First, optimisation of 

polymerisation conditions and the resulting “muffin-like” morphology of the obtained 

composite latex particles are discussed. The influence of the monomer composition 

and feeding rates on the morphology was studied using cryo-TEM. Obtained 

results pointed out to the formation of equilibrium morphology, and therefore 

elaboration on the possible mechanism of the produced “muffin-like” 

nanocomposites is given. In order to limit the mobility of the growing polymer 

chains, a cross-linker was used.  

Chapters 4 and 5, describe the applicability of the developed ATRP-based 

strategy on hard (silica lenses) and soft (DODAB vesicles) templates. In both 

cases, resulting composite morphology was analysed using cryo-TEM, and growth 

of a polymer particle from one side of its substrate was observed. The work, 

summarised in these chapters, was done in A*STAR Institute of Chemical 

Engineering and Science in Singapore. 

Chapter 6 focuses on the application of the anionic co-oligomer in a free radical 

emulsion polymerisation to encapsulate unmodified Gibbsite platelets. Cryo-TEM 

results clearly showed fully encapsulated platelets. In order to produce highly-filled 

polymer-Gibbsite nanocomposites, a mathematical model was derived based on 

the correlation between total co-oligomer amount and the amount of polymer per 

Gibbsite platelet.  The obtained dispersions were then used to prepare films; and 

the effect of the Gibbsite content on the various properties was studied.  

Finally, Chapter 7 covers overall conclusions, outlook and remaining questions 

that have been raised in the past 4 years of the presented work.  
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Theoretical background 

In this Chapter a theoretical background of this thesis will be presented. We will 

first describe features of free radical and controlled/living radical polymerisation, 

particularly atom transfer radical polymerisation in different media. Then application 

of these techniques to synthesise inorganic/organic hybrid particles via 

(mini)emulsion polymerisation will be discussed. 

 

 

 

 

 

 

 

 

 

 



 

 

 



Theoretical background 

 

9 
 

Free radical polymerisation 

Free radical polymerisation (FRP) belongs to the class of chain growth 

polymerisation. It is characterised by fast addition of monomers to the growing 

chain.
1-2

 The rate of addition is very high (10
3 

- 10
4
 units per second) and the 

growth time of a single chain is relatively short (0.1 – 10 s).
3
 Therefore, chain 

length and composition are determined within seconds.  

The polymerisation consists of five stages: (1) primary radical formation, (2) 

initiation, (3) propagation, (4) termination and (5) chain transfer.
 

Stage 1. Primary radical formation. Radicals can be formed in a number of ways: 

thermal decomposition, photolysis, redox reactions, radiation and electrochemical 

reactions. Decomposition of the initiator into primary radicals: 

 
  
      

Stage 2. Initiation. The first monomeric unit is added to the formed primary radical: 

    
  
     

Stage 3. Propagation. The sequential addition of monomeric units to the 

propagating radicals: 

     
  
     

  

  
   

  
     

  

  
   

  
       

  

Stage 4. Termination. This process takes place via combination or 

disproportionation. In combination, two radicals terminate to form a dead polymer 

chain: 
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In disproportionation, one radical transfers a hydrogen atom to another radical and, 

as a result, two dead polymers are formed: 

   
     

 
   
           

Stage 5. Chain transfer. Chain transfer reactions, where the active center is 

transferred to another molecule (monomer, polymer, solvent, initiator, etc.) can also 

lead to the end of the chain growth: 

   
    

   
          

FRP is one of the frequently used polymerisation techniques for polymer 

production, especially on an industrial scale.
3-4

 It displays relatively low sensitivity 

towards impurities due to the high reactivity of the propagating radicals, as well as 

its ability to be performed in bulk, solution and water.
5
 However, drawbacks are 

limited control over the molecular structure of the formed polymer and a broad 

molecular weight distribution (Đ ≥ 2). As a consequence, it is not possible to 

produce block copolymers using FRP.
5 

Atom transfer radical polymerisation 

Reversible deactivation radical polymerisation (RDRP) is a tool to produce 

polymers with well-defined architectures and low polydispersity. The major 

difference between FRP and RDRP is how the polymer chain grows during the 

reaction. In FRP, as stated above, the growth time of a single chain is in the range 

from 10
-1

 s to a few seconds, and chains are formed continuously during the 

polymerisation. However, in RDRP all or most of the chains are formed in the 

beginning and continuously grow during the entire reaction time.
5
 In RDRP, the 

robustness of conventional radical polymerisation with a high level of control from 

the living polymerisation is achieved by equilibrium between a low amount of 

propagating radicals and a large amount of dormant species. Polymeric radicals 

are reversibly trapped either in a deactivation/activation process or a reversible 

transfer process (Scheme 1).
3 
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Scheme 1. General mechanisms of the two classes of reversible deactivation radical polymerisation. 

Since only ATRP was used as a RDRP technique in this work, we will now briefly 

discuss this technique. A general mechanism of ATRP is shown in Scheme 2. 

ATRP is based on the reversible activation of dormant species (R-X) by a transition 

metal halide catalyst (Mt
n
-Y/L).

6
 This interaction leads to the formation of a radical 

R and an oxidized metal complex (X-Mt
n+1

-Y/L). The radical then undergoes 

propagation and termination reactions. However, the equilibrium lies to the dormant 

state during the reaction, resulting in a low concentration of propagating radicals, 

which in turn results in a minimisation of termination reactions.  

 

Scheme 2. General mechanism of atom transfer radical polymerisation. 
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Components 

Initiators. In ATRP, typical initiators are halide-containing compounds (R-X). The 

active radical is generated after the carbon-halogen bond is homolytically cleaved.
6
 

Therefore, the reactivity of an initiator is inversely proportional to the bond energy. 

As reported by Matyjaszewski et al.,
6
 there are two general rules for the choice of 

initiator:  

1) Stability of alkyl halides: 3° > 2° >1°;  

2) Initiating activity based on the stabilising group:  

CN > C(O)R > C(O)OR ≈ Ph > Cl > Me.
7
  

However, there are some additional peculiarities which should be considered:  

a) multiple functional groups may increase the initiator activity; 

b) bond strength in alkyl halide can change initiator efficiency 

(R-Cl > R-Br > R-I);  

c) addition of bromides as initiators or salts can lead to a faster exchange 

reaction and result in polymers with low Đ.
7
  

A wide variety of initiators with their kact can be found in the literature.
8 

Catalysts. Key to a successful ATRP is an appropriately selected catalyst. In 

general the catalyst activity is strongly affected by the structures of the initiator and 

the ligand.
6,8-9

 Firstly, the metal ion in a catalytic complex should have at least two 

oxidation states. Secondly, it should have reasonable affinity towards a halogen 

from the initiator. Thirdly, the coordination sphere around the metal should have 

enough vacant positions to accommodate a halogen anion from the initiator upon 

oxidation. Fourthly, a nitrogen-based ligand should form a strong complex with the 

metal. Most of the ATRP reactions are based on copper complexes,
6
 although the 

use of other metals (Mo,
10

 Re,
11

, Ru,
12

 Fe,
13

 Rh,
14

 Ni,
15

 and Pd
16

) was reported. An 

overview of the common ligands and their equilibrium constants is reported in the 

literature.
9
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Solvents. Theoretically, since the propagation in ATRP is the same as in FRP, 

solvent should not significantly affect the reaction.
6
 However, it dramatically affects 

the efficiency of the catalytic complex.
17

 Especially the use of polar solvents can 

lead to the disproportionation reaction of the catalyst and as a result to the loss of 

its activity.
18

 A more thorough discussion about conducting ATRP in water will be 

presented further in this chapter. One should also consider a structural change of 

the catalyst when working in bulk or solution. For example, it was reported that the 

ATRP of butyl acrylate with CuBr(bpy)3 carried out in ethylene carbonate was 

faster than in bulk. This was due to a structural change of the catalyst in the bulk 

system as compared to the solvent one.
19 

Monomers.  Successful polymerisation using ATRP has been reported for nearly all 

monomers.
6-7,20-32

 It is worth noting that the polymerisation rate is determined by 

the kp.
6
 If the latter one is too small, ATRP will be very slow. Numerous papers 

report on successful controlled polymerisation using ATRP for the monomers such 

as styrenes,
20-23

 acrylates
24-29

 and methacrylates.
7,30-32

 In most cases copper-based 

systems were applied.  

Higher reaction temperatures together with nonpolar solvents are suggested for 

styrene ATRP.
20-21

 However, it was also reported that in order to achieve polymers 

with low polydispersity lower temperatures should be applied to avoid thermal self-

initiation.
22-23

  

A wide range of poly(acrylates) have been synthesised with narrow molecular 

weight distribution at different temperatures and using different catalytic systems.
24-

28
 Copper appears to be the most efficient metal for acrylate ATRP due to the fast 

deactivation of a growing radical by a cupric halide.
29

 Depending on the used 

ligand, polymerisation can be conducted at room temperature. For example, using 

the CuBr/Me6TREN catalytic system poly(methyl acrylate) was produced within 1 

hour at ambient temperature with Đ = 1.10 and Mn = 12600 g mol
-1

.
26

   

High values of the ATRP equilibrium constants of methacrylates allow their 

polymerisation using ATRP.
7,30-32

 Most of the reported results of methacrylates 

ATRP were conducted in solution at temperatures from 70 – 90°C. 
7,30

 This is 
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advisable due to the high Tg of the poly(MMA) and to keep a low concentration of 

the growing radicals.
6
 However, there are also reports on conducting ATRP of 

MMA at lower temperatures.
31-32

 Haddleton et al. reported the successful ATRP of 

MMA with low Đ and controlled Mn at 60°C, 40°C and 15°C using CuBr/N-alkyl-2-

pyridylmethanimine in 25 wt% toluene with addition of 4-methoxyphenol.
32

   

Acidic monomers present a challenging problem for ATRP.
33-36

 Catalyst efficiency 

can be lost in acidic monomer ATRP due to possible ligand protonation at low pH
34

 

and coordination of carboxylic acid groups with copper.
35

 Usually, hydrolysis of 

protected monomers is used to yield acidic polymers.
36

 However, recently 

Matyjaszewski et al. reported on the successful ATRP of methacrylic acid (MAA).
33

 

It was found that termination of MAA was due to an intramolecular cyclization 

reaction and not to combination of two radicals. Improved ATRP was achieved 

using Cl instead of Br as chain-end halogen, at pH = 0.9 and [CuCl2]:[TPMA] = 1:4. 

The reaction was conducted at 25 °C using 0.1 M NaCl as supporting electrolyte 

and 2-hydroxyethyl α-bromoisobutyrate in water.  As a result, poly(MAA) with                

Đ <1.50 and Mn ranging from 15000 – 87 000 g mol
-1 

was produced.  

Activator ReGenerated by Electron Transfer ATRP 

In the last decades a wide variety of polymeric materials was produced by using 

ATRP.
8
 However, it is still not commonly used in the large-scale production due to 

several limitations. Firstly, high catalyst concentrations are used during the reaction 

(typically from 0.1 to 1 mol%).
37

 Therefore, removal of catalyst will add expenses 

during the purification process. Secondly, an oxygen-free environment should be 

maintained during the entire process, which can be challenging in a large-scale 

production.
38

   

In order to overcome these limitations a novel type of ATRP – Activator 

ReGenerated by Electron Transfer ATRP (ARGET ATRP) – was developed by 

Matyjaszewski and co-workers
37 

(Scheme 3). In ARGET ATRP, the process is 

triggered by reducing in situ the stable metal complex X-Mt
n+1

-Y/L to Mt
n
-Y/L. 

Therefore, it allows not only to decrease the catalyst concentration to ppm scale 
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(up to 2 ppm vs. monomer), but also an excess of reducing agent allows the 

elimination of oxygen and other radical inhibitors.
37

  

 

Scheme 3. General mechanism of ARGET ATRP. 

Different reducing agents have been reported in the literature: tin (II) 2-

ethylhexanoate,
37,39

 ascorbic acid,
40

 hydrazine,
38,40

 phenylhydrazine,
38

 glucose
40

 

and tertiary amines.
40-41

  

Several parameters should be considered when optimising polymerisation 

conditions in ARGET ATRP. Firstly, depending on the binding strength of ligand to 

metal different levels of controls were reported.
37-38

 For example, with the same 

amount of catalyst (2 ppm vs. monomer), CuBr2/Me6TREN system showed poorer 

control compared to CuBr2/TPMA one.
37

 This can be ascribed to the higher amount 

of copper species in the later catalytic system, since TPMA binds stronger to 

copper (II). Secondly, the appropriate reducing agent and its concentration are 

important. When too little is used, it might not be enough to maintain continuous 

reduction/oxidation cycles. When too much is used, it might lead to uncontrolled 

and fast polymerisation.
38

 It becomes more clouded by the fact that tertiary amines 

(ligands and monomers) can be used as mild reducing agents.
38,40-41 
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In summary, ARGET ATRP is an appealing technique to industrial application and 

simplifies the preparation of various polymer materials. Currently, ARGET ATRP is 

widely used in aqueous systems.
35,42

 A more detailed description of ARGET ATRP 

in aqueous dispersed media will be given later in this chapter.  

Emulsion polymerisation 

Emulsion polymerisation is one of the most widely used polymerisation techniques 

in industry for the production of coatings, paints and adhesives.
3
 The advantages 

of this polymerisation technique are its ability to produce high molar mass polymers 

at high rates  rate of polymerisation, the elimination of organic solvents, a low 

viscosity of the continuous phase and an excellent heat exchange. An emulsion 

polymerisation system consists of water, a water-soluble initiator, a sparingly 

water-soluble monomer and a surfactant. There are three distinct intervals during 

the polymerisation: (I) particle nucleation, (II) particle growth in the presence of 

monomer droplets and (III) monomer depletion.   

         

Scheme 4. Interval I. Particle nucleation. 

Interval I (Scheme 4) is the phase in which particle formation takes place and this 

occurs via various processes:  

(a) when the surfactant concentration is higher than its cmc, micelles are formed 

and  micellar nucleation takes place;
43-44

  



Theoretical background 

 

17 

 

(b) when the surfactant concentration below its cmc or in the absence of surfactant, 

a propagating radical in the aqueous phase reaches a critical degree of 

polymerisation and undergoes a coil-to-globule transition. In this case 

homogeneous nucleation occurs;
45

  

(c) when unstable primary particles, formed either via micellar or homogeneous 

nucleation, aggregate to form mature latex particles, coagulative nucleation takes 

place.
46 

As a result, interval I is characterised by an increase of the particle number and 

rate of polymerisation. This can be also illustrated by the following equation of the 

polymerisation rate,
 
Rp:

 

              
  

      
 (1) 

where kp is the propagation rate constant, [M]p is the monomer concentration in the 

latex particle,    is the average number of radicals per particle, Vs is the swollen 

volume of a particle, NAv is the Avogadro constant and Np is the particle number.
3
  

Interval II (Scheme 5) begins when particle nucleation is stopped and is therefore 

characterised with Np = constant.  

   

Scheme 5. Interval II. Particle growth in the presence of monomer droplets. 

Growth of monomer-swollen particles takes place and monomer droplets behave 

as supplier of monomer to the latex particles via diffusion through the aqueous 
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phase. Gradually, monomer droplets are exhausted and interval II ends. Given that 

Np = constant and [M]p = constant, the rate of polymerisation remains also 

constant, as illustrated by Equation 1. 

Interval III (Scheme 6) starts when monomer droplets have disappeared and is 

characterised by a continuous decrease of the monomer concentration in the 

particles.  As evidenced by Equation 1, the rate of polymerisation diminishes 

respectively. As a result, a dispersion of polymer particles with average diameters 

typically between 50 and 500 nm in water is produced.
3
  

 

Scheme 6. Interval III. Monomer depletion. 

ATRP in emulsion 

Transition of ATRP from a homogeneous (bulk or solution) to a heterogeneous 

system is not straightforward. Characteristics such as compartmentalisation and 

reactants partitioning take place in the dispersed system whereas they do not in 

bulk/solution polymerisation. Compartmentalisation is the physical separation of 

reactants in distinct confined spaces.
47

 Its influence on the reaction kinetics in 

conventional emulsion polymerisation is relatively well-known.
48

 

Compartmentalisation of the propagating radicals decreases bimolecular 

termination and, therefore, the polymerisation rate is higher as compared to the 

bulk/solution systems. However, in ATRP, in addition to the propagating radicals, 

the catalyst species may also be compartmentalised. 
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Compartmentalisation is divided into two effects: segregation and confined space 

(Scheme 7).
47

 The former refers to the fact that two species located in separate 

particles are unable to react. The later refers to two species located in the same 

particle but the reaction rate depends on the particle size. Zetterlund et al. has 

extensively studied the effect of compartmentalisation on RDRP through modeling 

and simulations.
47,49-50

 He showed that compartmentalisation does not affect the 

activation step in ATRP since the concentration of the copper (I) complex is too 

high. But, termination is affected by the segregation effect resulting in increasing 

livingness; and the confined space effect influences deactivation leading to 

increasing level of control over molecular weight distribution. However, it should be 

noted that the effect of compartmentalisation on ATRP is still not well-understood 

and depends on the particular reaction system.
47

    

 

Scheme 7. Schematic illustration of (a) segregation effect and (b) the confined space effect (reprinted 

with permission from American Chemical Society)
47

. 

The copper (I) complex is easily oxidized to copper (II) and, therefore, direct ATRP 

is often not suitable for emulsion polymerisation.
50

 As a result, ARGET ATRP,
51

 

ICAR
52

 or eATRP
53

 are often applied.  Furthermore, numerous publications 

indicated that miniemulsion and microemulsion ARGET ATRP are more successful 

than emulsion polymerisation.
54-59 

This was attributed to the fact that the mass 
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transfer of a hydrophobic catalyst complex and initiator from monomer droplet to a 

polymerising particle is challenging in emulsion ATRP.
60

 Zetterlund et al. stated 

that there is still limited number of publications on this topic.
50,61-64 

There are several criteria which should be considered when conducting ATRP in 

aqueous dispersed system. Firstly, the concentration of copper (I) and copper (II) 

complexes in monomer phase should be high enough to efficiently maintain 

activation/deactivation cycles during the reaction.
18,35,65.

 More water-soluble copper 

(II) species can partition to the water phase, leading to an uncontrolled 

polymerisation.  

Secondly, the ligand should be sufficiently hydrophobic and be strongly bonded to 

the metal to avoid competing complexation of the metal ion with water 

molecules.
18,64 

If the hydrophobicity of the ligand is too high, then the catalyst 

transportation from the monomer droplet to particles may be ineffective.
65

 To the 

best of our knowledge, successful ATRP in aqueous dispersed systems was only 

reported when copper was used in combination with the following ligands: 

TPMA,
35,66

 bis(2-pyridylmethyl)octadecylamine,
62,67-68

 4,4’-di(5-nonyl)-2,2’-

bipyridine.
69-70

  

Thirdly, an appropriate surfactant should be chosen. Generalisation of this criterion 

is that one should use cationic or nonionic surfactants in order to avoid possible 

interactions between the anionic surfactant and copper cations.
71

 One of the mostly 

used nonionic surfactants in (mini)emulsion ATRP is Brij98.
72

 However, Zetterlund 

et al.
69

 and Cheng et al.
60

 reported on successful (mini)emulsion AGET ATRP 

using an anionic surfactant. In the first case,
69

 a relatively narrow molecular weight 

distribution    (Đ = 1.2-1.5) was achieved with the addition of NaBr as sacrificial 

source of halide ions. In the second case, Cheng et al.
60

 utilised so-called inistab 

species. These species function both as initiator and surfactant. Even though the 

particle size distribution was broad, control/livingness was achieved.  

The fourth criterion is the pH of the reaction mixture. It was reported that the 

optimal pH is around 7.5.
72

 At lower pH catalyst protonation can occur and at 

higher pH the C-Br bond can be hydrolysed.  
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Synthesis of nanocomposites 

Incorporation of inorganic nanoparticles into a polymer matrix is a commonly used 

technique to affect the properties of the final material. If the compatibility between 

the polymer and the filler is correct, the final properties are expected to be other 

than the sum of the individual components. However, in order to achieve this, 

control over the nanoparticle distribution and arrangement within the polymer 

matrix is crucial. One of the most efficient procedures to achieve this is by 

surrounding every single inorganic (nano)particle with a polymer layer.  

Encapsulation of an inorganic particle can be conducted via physical or chemical 

methods.
73

 A physical strategy is based on electrostatic interactions between 

polymer latex particles and inorganic particles. Heterocoagulation and layer-by-

layer approaches are examples of such strategy.
74

 In the chemical method, 

monomers are used to build up polymer chains to encapsulate the particles.
75

 In 

this thesis emulsion polymerisation, as an example of the chemical method, is used 

and therefore the following discussion is focused on this approach.   

Generally, encapsulation via (mini)emulsion polymerisation comprises of two steps: 

(1) synthesis of inorganic particles (so-called seed) and (2) polymerisation of 

monomers in the presence of these well-defined seed particles. The resulting 

morphology is determined by thermodynamics and kinetics.
76-77 

In principle, there 

exists an equilibrium morphology for every particle, but, kinetics will determine 

whether this morphology can be reached during the reaction time or not.
 

In order to achieve efficient encapsulation, several parameters should be noted:
3
 a) 

the net surfactant amount, corrected for the adsorbed amount, should be below its 

cmc to avoid secondary nucleation; b) monomer with low water solubility should be 

used to avoid homogeneous nucleation; c) starved feed addition of a monomer can 

slow down or even prevent formation of new particles.  
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Synthesis of nanocomposites via conventional emulsion polymerisation 

Conventional emulsion polymerisation has been extensively employed industrially 

to produce nanocomposites. A review by Bourgeat-Lami et al.
75

 describes two main 

synthetic approaches, which are used to prepare nanocomposites:
 

a) Preformed inorganic particles are used as seeds and the composite colloid is 

produced via in situ emulsion polymerisation; 

b) Preformed polymer latex particles are used as templates to grow inorganic 

particles either on the surface or within the template. 

When inorganic particles are used as seeds, a suitable interaction between the 

particle surface and the growing polymer is achieved through surface modification. 

This is done either by adsorption or/and reaction of suitable molecules with the 

particle surface. The main requirements for the used organic modifiers are efficient 

interaction between inorganic particle surface and modifier, compatibility with the 

monomer and reactivity.
75 

Utilisation of such molecules for the encapsulation of 

silica, iron oxide, titanium oxide and clay will be described below. 

Conventional surfactants. So-called polymerisable surfactants are molecules which 

combine properties of a surfactant with those of a monomer. This type of emulsion 

polymerisation is also called admicellar.
75

 For example, silica gels were 

encapsulated using a quaternary alkyl salt of dimethyl aminoethyl methacrylate.
78

 

This surfactant formed a bilayer on the silica surface, in which styrene was 

polymerised.
 
Qu et al. reported the use of an anionic reactive surfactant in 

combination with a non-ionic one to encapsulate silica particles with a polymer 

through the same strategy.
79 

Encapsulation of non-magnetic iron oxide using admicellar emulsion polymerisation 

was first reported by Meguro et al.
80

 In this strategy, SDS was first adsorbed onto 

iron oxide particles, forming a surfactant bilayer. Styrene was then solubilised in 

the hydrophobic surfactant interlayer, promoting polymer growth close to/from the 

surface of the nanoparticles. Yanase et al. reported the same concept to obtain 

magnetic PMMA and PS particles using sodium oleate and SDBS.
81 

The crucial 
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parameters in this method are an appropriate balance between iron oxide 

nanoparticles, the surfactant bilayer and the initial amount of monomer. As a result, 

the final product is usually polydisperse and it is challenging to reproduce the same 

filler content. Finally, the distribution of iron oxide may not be homogeneous from 

one particle to another.
81  

Admicellar polymerisation is also used to encapsulate pigments. Often they are 

dispersed in water under high shear in the presence of a surfactant.
82

 Then 

monomers are introduced into the system together with water-soluble initiator. In 

this approach, the nature and concentration of surfactant play a crucial role. Its 

high concentration can lead to secondary nucleation and formation of empty latex 

particles. Non-ionic oxyethylenic amphiphiles,
83

 water-soluble anionic
84 

or mixture 

of surfactants
85

 are reported to be used for encapsulation of titanium oxides. 

Organosilanes and titanates. Silane and titanate coupling agents have been widely 

used for surface modification.
86-91

 In the mid-1990s, Guyot et al. reported for the 

first time the successful encapsulation of silica particles through emulsion 

polymerisation of ethyl acrylate using methacryloxy propyl trimethoxysilane 

(MPTMS).
86

 The particle morphology depends on the grafting density of the 

coupling agent, the silica size and content. For example, a high grafting density 

allows formation of core-shell particles, whereas a low density leads to the 

formation of segregated domains around the silica particles.
87

 It was reported that 

an equal ratio between silica seed particles and PS particles led to the dumbbell-

like or snowman-like morphologies.
88

 At the same time, a higher silica content 

compared to the polymer particles resulted in an “inverted” raspberry-like 

morphology.
  

Similar to the silica nanoparticles, an iron oxide surface can be also modified using 

silane derivatives carrying vinyl groups.
89

 The attachment is conducted via the 

reaction with surface hydroxyl groups of iron oxide. For example, polymerised 

MPTMS-droplets stabilized by iron oxide nanoparticles were coated with PMMA 

through seeded emulsion polymerisation.
89
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In the 1990s successful encapsulation of TiO2 was achieved using a polymerisable 

titanate coupling agent, which resulted in the covalent attachment of polymer 

chains onto the surface of the pigments.
90  

Titanates are also widely used to hydrophobise surface of clay through interaction 

with the hydroxyl groups of the platelets. Voorn et al.
91

 reported for the first time 

about dumbbell-like PMMA-clay nanocomposites. In this strategy, titanates were 

used for the edge modification of the clay platelets and starved-feed surfactant-free 

emulsion polymerisation was applied.   

Macromonomers. Another method to modify surfaces is the use of physicochemical 

adsorption of appropriate molecules.
 
Reculusa et al. synthesised raspberry-like PS-

silica nanocomposites via emulsion polimerisation using PEGMA as a coupling 

agent.
92

 Coupling was obtained via strong hydrogen bonding between ethylene 

oxide units of PEGMA and silica surface silanols. PAA
93

 and PMAA
94

 were used as 

steric stabilisers for the initial aqueous dispersion of iron oxides. For instance, 

PMAA was used first to modify surface of Fe3O4 and then AIBA initiator was 

adsorbed to govern the polymerisation in the vicinity of the nanoparticles. However, 

aggregated magnetic nuclei led to the formation of raspberry-like nanocomposites. 

Ionic initiators. An alternative synthetic route to form nanocomposites is via 

electrostatic adsorption of ionic initiator. Luna-Xavier et al. reported for the first time 

synthesis of PMMA-silica nanocomposites through emulsion polymerisation using 

AIBA and non-ionic surfactant.
95

 It was reported, that depending on the silica size 

either strawberry-like or core-shell particles were obtained.  

The use of a diazoic amidinium initiator
96

 or redox initiator
97

 was reported to 

promote polymer growth at the surface of titanium oxides. In both cases, better 

results were achieved under starved-feed conditions to reduce secondary 

nucleation.  

Armored-like poly(S-co-BA)/Laponite nanocomposites were obtained when cationic 

initiator AIBA was used in a batch conventional emulsion polymerisation.
98 
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Auxiliary (co)monomers. Armes et al. applied for the first time this strategy for the 

homopolymerisation of 4-vinylpyridine  in the presence of an ultrafine aqueous 

silica sol via soap-free emulsion polymerisation.
99

 Particle formation was promoted 

through the interaction between the pyridine group of the monomer and the silanols 

of silica. As a result, a “current-bun” morphology was obtained. Raspberry-like 

pMMA-silica composite particles were obtained using 1-vinyl imidazole.
99

 The 

above mentioned syntheses were conducted without any surfactant, since the 

stabilisation was provided by the nanosized silica particles (>20 nm). However, 

some surfactant should be used when working with larger silica particles. Chen et 

al. reported that depending on the surfactant concentration, the monomer/silica 

ratio and the addition type of the monomer either core-shell or raspberry-like 

morphologies were obtained.
100

    

Polymer particles as templates. The above described methods utilised already 

preformed nanoparticles. In this section, we describe studies where these particles 

were synthesised in situ. Ugelstad et al. pioneered such approach to synthesise 

polymer-iron oxide nanocomposites.
101

 Magnetic iron oxides were formed in situ 

inside porous micrometric PS particles via oxidising of FeCl2 solution. Afterwards, 

the hybrid nanoparticles were coated by a polymer shell via emulsion 

polymerisation. Metallic shells or nanoparticles can also be synthesised using this 

approach. In order to achieve this, functional groups are first introduced into 

polymer particles via copolymerisation of the corresponding monomer. The metal 

salt is then adsorbed on the surface either by ion exchange or complexation 

reactions. Subsequently, the salt is transformed into a metal colloid by the addition 

of a reducing agent. For example, silver nanoparticles were deposited onto the 

surface of carboxylated poly(MMA-co-MAA) particles using a silver salt.
102

 

Rhodium nanoparticles were formed on the surface of PS particles, which were 

earlier copolymerised with AA, MAA and acrylonitrile.
103

 Alternatively, in order to 

produce core-shell structures, the controlled hydrolysis of metal salts into metal 

oxides, followed by reduction into the corresponding metal can be used. For 

example, polymer-zirconium spheres were obtained by calcination of zirconium 

sulfate-coated PS particles.
104
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Synthesis of nanocomposites via controlled/living (mini)emulsion 

polymerisation 

Although free-radical polymerisation is widely employed industrially, unavoidable 

fast termination, broad molecular weight distributions and restricted 

macromolecular architecture triggered application of RDRP towards the synthesis 

of polymer/inorganic hybrid nanoparticles.  It allows polymer growth from the 

surface of the particle and consequently controlling the composite morphology. 

Similar to the conventional emulsion polymerisation strategy, surface modification 

of the inorganic particles should be conducted prior to the polymerisation. Initiator 

or chain transfer agent, involved in the RDRP process, are attached either by 

covalent linking or by physisorption. Despite the fact that numerous publications 

describe utilisation of RDRP to form nanocomposites,
105-108

 only a small number of 

studies report on the synthesis in an aqueous medium.
109-129

 Examples of ATRP 

and RAFT-based strategies in (mini)emulsion will be described below. The 

discussion focuses on these particular strategies since they were used in this 

thesis. 

ATRP. In this case, surface modification is performed either by covalently grafting 

of the ATRP initiator or adsorbing a polyelectrolyte containing ATRP initiator 

moieties. Even though this modification technique is widely used, its drawback is a 

possible interparticle coupling reactions leading to gelation. In order to avoid it, 

miniemulsion polymerisation, where reaction is conducted in the separate 

monomer droplets, can be used.  Bombalski et al. synthesised core-shell PBA-

silica particles using AGET ATRP miniemulsion.
110

 A silica surface was modified 

with 1-(chlorodimethylsilyl)propyl 2-bromoisobutyrate, and Brij 98, hexadecane, 

ascorbic acid, CuBr2 and bis(2-pyridylmethyl)octadecylamine were used for 

polymerisation. Esteves et al. used the same principle to synthesise PBA-cadmium 

sulfate quantum dot composite particles.
111

 Polymerisation was controlled and AFM 

images of the obtained particles showed core-shell morphology.  

Khezri et al. reported the synthesis of exfoliated P(S-co-MMA)/clay 

nanocomposites using a similar approach.
112

 Clay platelets were first dispersed in 
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the monomer droplets and then AGET ATRP miniemulsion using EBiB, dNbPy, 

CuBr2, hexadecane, ascorbic acid and CTAB was performed. This strategy was 

then extended to the synthesis of exfoliated P(S-co-BA)/clay nanocomposites.
113

  

The same group later reported utilisation of reverse ATRP in miniemulsion to 

obtain PS/clay hybrid particles
114

 and SR&NI ATRP in miniemulsion to produce 

exfoliated PMMA/clay nanocomposites.
115 

In all cases, an effect of clay increase 

(up to 2 wt%) was observed on polymerisation. Decrease in monomer conversion 

together with broadening of the molecular weight distribution was attributed to a 

possible interaction between radicals and clay layers, as well as clay platelets 

acting as a hindrance for the monomer, initiator and metal complex diffusion.  

Matyjaszewski et al. reported the encapsulation of gold nanoparticles
116

 and 

organic dyes
117

 by using AGET ATRP miniemulsion. In this strategy, the cross-

linker EGDMA was used in order to improve stability of the nanocomposite and to 

prevent dissociation of the polymers from the nanoparticles.  

RAFT. In 2008, Hawkett et al.
118

 developed an original, simple method for the 

encapsulation of inorganic pigments using RAFT-mediated emulsion 

polymerisation. Briefly, random co-oligomers consisting of butyl acrylate and acrylic 

acid units were synthesised by RAFT polymerisation. These co-oligomers are first 

adsorbed onto the surface of the inorganic particles, where they act as stabilizers, 

and are subsequently chain extended by slow feeding of a hydrophobic monomer 

mixture (MMA and BA) and addition of a water-soluble initiator. This strategy was 

successfully extended to the encapsulation of titanium dioxide,
119

 Gibbsite,
120 

cerium dioxide,
121

 graphene oxide,
122

 multi-walled carbon nanotubes,
123

 Mg2AlNO3 

and Mg2AlCO3.
124

 In this thesis, we used this method as a precursor for our 

studies. 

At the same time as Hawkett, Daigle et al.
125

 reported on a similar strategy for the 

encapsulation of oxides, metals and nitrides. However, in this case SDS was 

employed as additional surfactant and the macroRAFT agent was composed only 

of acrylic acid units. Additionally, a monomer mixture (S and BA) was introduced 

from the beginning of the reaction and initiator was fed. TEM images showed 
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successful encapsulation of the templates, but empty polymer particles were also 

observed due to possible chain extension of the free macroRAFT agent and 

secondary nucleation. This strategy was also applied for the encapsulation of 

cadmium sulfide
126 

and lead sulfide.
127 

In these studies, successful encapsulation 

was only achieved when a random macroRAFT co-oligomer was used, which is in 

accordance with the earlier work of Hawkett et al.  

It is worth noting that several parameters can influence the composite morphology 

when using the above mentioned RAFT-based strategies: monomer composition, 

macroRAFT agent composition, feeding process and pH.
 
 For example, Bourgeat-

Lami et al. applied the described RAFT-based approach to synthesise polymer-

Laponite hybrid particles, but using PEO macroRAFT agent.
128 

ACPA was used as 

initiator and either styrene or MMA:BA = 80:20 v/v was fed into the reaction 

mixture. The polymerisation proceeded under RAFT control and an armored-like 

morphology was observed independently from the used monomer composition.  
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3  

Polymer-Gibbsite 

nanocomposites via ATRP 

In this chapter, we present the synthesis of polymer-Gibbsite composite latex 

particles via a ATRP-based approach. A random ATRP co-oligomer, consisting of 

acrylic acid and butyl acrylate units, was synthesised using ATRP and used as a 

stabiliser for the Gibbsite platelets and served as a macroinitiator for copper-

mediated starved feed emulsion polymerisation.  Using a hydrophobic ligand for 

Cu2+ and optimising the feeding profile of ascorbic acid and the [ascorbic 

acid]/[Cu2+] ratio, successful Activator ReGenerated by Electron Transfer (ARGET) 

ATRP emulsion polymerisation was conducted in a controlled way, using only the 

anionic ATRP co-oligomer as surfactant. Cryo-TEM characterisation revealed a 

“muffin-like” morphology of the resulting composite latex particles, which was not 

affected by monomer feed composition and feeding profile. This morphology was 

attributed to the possible mobility of the growing polymeric chains, allowing them to 

move to one side of the platelet during the reaction. Addition of ethylene glycol 

dimethacrylate (EGDMA), as a cross-linker, reduced this mobility and it was shown 

that this approach indeed led to encapsulated Gibbsite.  

This chapter has been published as:  

O. P. Loiko, A. B. Spoelstra, A. M. van Herk, J. Meuldijk and J.P.A. Heuts, Polym. Chem., 2017, 8, 

2909-2912. 

O. P. Loiko, A. B. Spoelstra, A. M. van Herk, J. Meuldijk and J.P.A. Heuts, Polym. Chem., 2016, 7, 

3383-3391. 
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Introduction 

Nanocomposites, with an inorganic core and a polymer shell, represent an 

important class of materials used in a wide range of applications.
1-3

 Due to 

enhanced mechanical strength, stiffness, thermal, optical, and rheological 

properties, polymer-clay hybrid particles are widely used in coating applications.
4
 

Control over orientation of the inorganic particles in the final polymeric film is 

important for the coating properties.
5
 For instance, the incorporation of clay 

particles within the polymer matrix can significantly improve thermal stability, 

mechanical and gas barrier properties.
6
 However, these advantages can only be 

achieved with a good dispersion and alignment of a every single platelet in the 

polymer matrix.
7
  

Several different techniques have been reported for the preparation of polymer/clay 

nanocomposites: controlled heterocoagulation,
8
 melt intercalation and in situ 

polymerisation of organically modified clay,
9-11

 as well as by emulsion
12,13

 and 

miniemulsion polymerisation.
14

 Most of these techniques refer to surface-initiated 

polymerisation. Such polymerisation usually requires immobilization of an initiator 

functionality on the surface via chemical attachment, followed by polymerisation 

from these surface-attached initiators.
14

 However, such chemical modification of 

the surface is time consuming and less suitable for large-scale production.   

Reported morphologies of polymer/clay nanocomposites in most cases were 

mainly so-called armored (platelets located at the particle surface),
2,4,12,15-16

 peanut-

shaped
17

 or dumbbell latex particles.
18

 Only a few studies have been successful in 

producing latex particles, where a single clay platelet was fully inside a polymer 

shell.
15,19

  Thus, the encapsulation of clay still remains challenging. Previously, in 

our group, Ali et al. used a method based on reversible addition-fragmentation 

chain transfer (RAFT) in a starved feed emulsion polymerisation.
19

 This strategy, 

which was originally developed by Hawkett and co-workers,
20

 is based on the use 

of random co-oligomers consisting of butyl acrylate (BA) and acrylic acid (AA) 

synthesised by RAFT polymerisation (Scheme 1). These co-oligomers are first 

adsorbed onto the surface of the inorganic particles, where they act as stabilisers, 
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and subsequently chain extended by slow feeding of a hydrophobic monomer 

mixture and addition of initiator. This RAFT-based approach was also successfully 

used to encapsulate titanium dioxide,
21

 pigments,
20

 cerium dioxide,
22

 graphene 

oxide
23

 and multi-walled carbon nanotubes.
24

  

 

Scheme 1. Schematic representation of the synthesis of polymer-Gibbsite nanocomposites by aqueous 

starved-feed emulsion polymerisation using RAFT or ATRP co-oligomers. 

In the present work, we focus on the application of the ATRP technique towards 

the synthesis of polymer-Gibbsite nanocomposites. This type of RDRP uses redox 

chemistry to reversibly transfer a halogen atom between a dormant alkyl halide and 

a transition metal catalyst.
25

 One of the unique advantages of ATRP over RAFT is 

its initiating system which makes it possible to immobilize initiating groups on the 

surface of the substance to be encapsulated. In our case co-oligomers, 

synthesised via ATRP, act not only as stabilising agents for Gibbsite platelets, but 

also as macroinitiators. Thus, it eliminates the need for additional initiator. 

Moreover, since co-oligomers cover the surface of Gibbsite platelets, their role as 

macroinitiators makes it possible to grow chains directly from the surface of the 

inorganic particles; in effect it is a surface-initiated polymerisation from non-

covalently bonded initiators. Surface-initiated ATRP is widely used in the synthesis 

of nanocomposites, where bromine-containing functional groups are immobilized 

on the surface via covalent bonding and act as grafting points.
25

 However, to the 

best of our knowledge, only a few studies have reported on the encapsulation of 

inorganic particles using ATRP without any surface modifications.
14,26

 For instance, 

Matyjaszewski et al. reported successful encapsulation of gold nanoparticles and 

organic dyes via an interfacial confined Activator Generated by Electron Transfer 
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(AGET) ATRP miniemulsion polymerisation.
26

 In the current work, we report a 

novel ATRP-based approach towards polymer-Gibbsite nanocomposites, where 

random ATRP co-oligomers act as stabilisers and macroinitiator at the same time 

(Scheme 1). This approach eliminates the use of additional initiators and results in 

chains attached to the Gibbsite surface without the need for additional surface 

modification.  

In this strategy, random ATRP co-oligomers, consisting of butyl acrylate and acrylic 

acid, were first adsorbed on the surface of Gibbsite platelets and then chain 

extended under Cu-mediated starved-feed emulsion polymerisation conditions by 

the feeding of a monomer mixture, consisting of MMA and BA. Cryo-TEM was used 

to study the resulting morphologies. Several parameters, such as catalyst 

concentration, molar ratio between ascorbic acid and copper, feed profile of 

ascorbic acid, and monomer composition and feeding profile were investigated with 

a focus on the resulting particle morphology, colloidal stability and control of the 

polymerisation reaction.  

Experimental 

Materials 

Butyl acrylate (BA, Aldrich, 99%), tert-butyl acrylate (tBA, Aldrich, 99%), methyl 

methacrylate (MMA, Aldrich, 99%), ethylene glycol dimethacrylate (EGDMA, 

Aldrich, 98%) were purified by passing them through a column filled with inhibitor 

removal. CuBr (99.999%, Aldrich), CuBr2 (99.999%, Aldrich), ascorbic acid (99%, 

Aldrich), ethyl α-bromoisobutyrate (EBiB, 98%, Aldrich), tris(2-pyridylmethyl)amine 

(TPMA, 99%, Aldrich), N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA, 

99%, Aldrich), methanol, tetrahydrofuran (THF), trifluoroacetic acid (TFA, 99%, 

Aldrich), N,N-dimethylformamide (DMF), hydrochloric acid (32%, Merck), aluminum 

isopropoxide (98%, Acros), aluminum sec-butoxide (95%, Fluka) were used as 

received. 
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Characterisation 

Molar mass distributions, the number average molar mass (Mn) and polydispersity 

index (Ɖ) of the ATRP co-oligomers and the composite latexes were measured by 

using size exclusion chromatography (SEC) using a Waters SEC equipped with a 

Waters model 510 pump, a model 410 differential refractometer and a 2487 dual λ 

absorbance detector (operated at λ = 254 nm). A set of two mixed bed columns 

(Mixed-C, Polymer Laboratories, 30 cm, 40°C) were used. Tetrahydrofuran was 

used as the eluent, and the system was calibrated using polystyrene standards 

(range = 580 - 7.5  10
6
 g mol

-1
). Data analysis was performed using the software 

Empower Pro version 2 from the Waters Corporation. 

FTIR spectra were recorded on a Bio-Rad Infrared Excalibur 3000 FTIR 

spectrometer. Analysis of the spectra was done with the software Varian 

Resolution Pro version 4.05.009. 

1
H NMR spectra were recorded on a Varian 400 MHz spectrometer using 

chloroform-d and water-d2 as solvents. Analysis of the spectra was done using the 

software MestReNova 9.0.0-12821 from Mestrelab Research S.L. 

The particle size distribution and zeta-potential (ζ) were determined at 23°C using a 

Malvern Zetasizer Nano ZS instrument. The ζ potential was calculated from the 

electrophoretic mobility (µ) using the Smoluchowski relationship, ζ = ηµ/ε, with 

ka>>1 (where η is the viscosity, ε is the dielectric constant of the medium, k and a 

are the Debye-Hückel parameter and particle radius, respectively).      

Cryogenic transmission electron microscopy (cryo-TEM) measurements were 

conducted on a FEI Tecnai 20, type Sphera TEM instrument (with a LaB6 filament, 

operating voltage = 200 kV). The sample vitrification procedure was performed 

using an automated vitrification robot (FEI Vitrobot Mark III). A 3 µl sample was 

applied to a Quantifoil grid (R 2/2, Quantifoil Micro Tools GmbH; freshly glow 

discharged for 40 seconds just prior to use) within the environmental chamber of 

the Vitrobot and the excess liquid was blotted away. The thin film thus formed was 

shot into melting ethane. The grid containing vitrified film was immediately 
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transferred to a cryoholder (Gatan 626) and observed under low dose conditions at 

-170 °C.  

Synthesis of Gibbsite 

Gibbsite was synthesised according to the method described by Wierenga et al.
27

 

Briefly, to a 2 L polypropylene bottle 1 L of double deionized water (DDI) was 

added and acidified by 2.6 g hydrochloric acid. To the solution 19.7 g (0.08 mol) 

aluminium sec-butoxide and 16.3 g (0.08 mol) aluminium isopropoxide were added 

and dissolved by stirring for 10 days at room temperature. Subsequently the 

solution was heated in a water bath at 85°C for three days. The dispersion was 

then dialyzed against deionized water for 10 days in regenerated cellulose tubes 

(Visking, MWCO 12,000-14,000), after which the dispersion was centrifuged at 

3,000 rpm for 15 min to remove large platelets.  The supernatant was then 

redispersed in water and centrifuged at 10,000 rpm for 3 h.  Very small platelets 

were removed by discarding the supernatant and the sediment was redispersed in 

water to obtain a 0.9 wt% Gibbsite dispersion of the desired particle size.   

Synthesis of the ATRP initiator (2-bromo-2-methylpropionic acid phenyl 

ester) 

2-Bromo-2-methylpropionic acid phenyl ester was synthesised according to 

literature protocol.
28

 18.85 g (0.20 mol) phenol was dissolved in 400 mL THF and 

30.7 mL (0.22 mol) triethylamine was added to the mixture. 27.2 mL (0.22 mol) 

bromoisobutyryl bromide was then slowly added to the solution, which resulted in 

an exothermic reaction and a white precipitate of triethylammonium bromide was 

formed. The resulting mixture was stirred at room temperature for 4 h. 

Triethylammonium bromide was removed by filtration and the solvent was removed 

in vacuo, which resulted in a colorless liquid. Yield = 37.2 g (77.3 %). 
1
H NMR (400 

MHz, CDCl3): 7.41, 7.25, 7.13 (aromatic H), 2.06 (CH3). IR (Liquid, ATR Cell) 2972, 

1749 (C=O), 1593, 1492, 1462, 1263, 1184, 1161, 1136, 1099, 1004, 937, 744, 

688. 
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General procedure for synthesis of anionic random ATRP co-oligomers 

All needles, Schlenk flasks and magnetic stirring bars were dried overnight in an 

oven at 120 °C and purged with argon during cooling before use. The 

polymerisation was conducted in a Schlenk flask equipped with a magnetic stirring 

bar. n-Butyl acrylate (12.8 g, 0.1 mol) and tert-butyl acrylate (25.6 g, 0.2 mol) were 

polymerised in 10 vol% DMF using PMDETA (0.26 g, 0.0015 mol) and CuBr (0.21 

g, 0.0015 mol) as a catalyst system and 2-bromo-2-methyl-propionic acid phenyl 

ester (0.31 g, 0.0015 mol) as initiator using a standard procedure (Scheme 2). The 

reaction was carried out at 70 °C and terminated after 3 h by cooling the flask to 0 

°C and opening it to the air. The catalyst was removed by passing the reaction 

mixture through a column of basic alumina. The co-oligomer was then isolated by 

pouring the solution into a water-methanol mixture and drying the precipitate under 

vacuum at room temperature.  During the polymerisation, samples were taken at 

regular intervals to measure monomer conversion using gas chromatography and 

molar mass distributions using SEC (See Appendix A and Table 1).  Final 

conversion: 10%. 
1
H NMR (400 MHz, CDCl3): 7.41, 7.25, 7.13 (aromatic H), 4.02 

(O-CH2), 2.22 (-CH2-CH2-), 1.82 – 1.52 (-CH2-CH2-C(C=O), 1.45 (O-C(CH3)3), 0.96 

(-CH3). The co-oligomer composition was determined using 
1
H NMR from the 

integrated intensity ratios of the area for the aromatic protons (δ = 7.13-7.41) of the 

end group to the area for methyl group (δ = 0.96) of butyl acrylate or to the area for 

tert-butyl group (δ = 1.45) of tert-butyl acrylate respectively. 

 

Scheme 2. Schematic representation of the synthetic strategy to anionic co-oligomer from butyl acrylate 

and tert-butyl acrylate.  

The co-oligomers were dissolved in dichloromethane and a five- fold molar excess 

of TFA with respect to the tert-butyl group was added. The mixture was stirred at 

room temperature for 24 h. The hydrolysed product was collected after rotary 
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evaporation of the solvent and TFA. The product was then washed with 

dichloromethane and dried at 50 °C under vacuum.
29

 The degree of hydrolysis was 

calculated from comparison of the integrals between 0.8 and 2.8 ppm before and 

after treatment with TFA. No loss in Br end group functionality is expected to occur 

due to this treatment as no changes in the NMR spectra of the initiator ethyl α-

bromoisobutyrate were observed after the same treatment. 

Table 1. Characterisation of the ATRP co-oligomer before (BAn-co-tBAm) and after (BAn-co-AAm) 

hydrolysis 

 Mn
a 
(g mol

-1
) Ɖ

a
 n

b
 m

b
 Xn 

c
 

BA4-co-tBA8 2.1  10
3
 1.15 4.2 8.1 12.3 

BA4-co-AA8 1.4  10
3
 1.15 4.0 8.3 12.3 

a
Determined by SEC against PS standards; 

b
Determined by 

1
H NMR; 

c
Xn = n + m. 

Adsorption studies 

The adsorption procedure was performed as described by Ali et al.
19

 In different 

vials, calculated amounts of ATRP co-oligomers were transferred from a 10 mM 

aqueous stock solution and a total volume of 10 mL was made by adding DDI 

water. Equal volumes of Gibbsite dispersion (0.9 wt%) were then added drop wise 

into these vials under constant stirring. The vials were kept stirring overnight at 

room temperature.  Particle size distributions and ζ potentials were measured for 

these samples. 

Encapsulation experiments  

Experiments without EGDMA. Polymer encapsulated Gibbsite nanoparticles were 

synthesised by ARGET ATRP starved-feed emulsion polymerisation. Briefly, 0.7 

mL of a 10 mM aqueous stock solution of ATRP co-oligomer and 30 mL of DDI 

water were transferred into a 50 mL three neck flask after which 1 mL of Gibbsite 

dispersion (0.9 wt%) was added drop wise at a rate of 1 mL min
-1

 using syringe 

pump NE-1000 under constant stirring at room temperature. The resulting 

dispersion was then sonicated for 1.5 min using Vibracell tip sonicator at 30% 
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amplitude. 1 mL of copper catalyst (54.6  10
-6

 mmol, [CuBr2]:[TPMA]=1:8)  was 

added and the reaction mixture was purged with argon for 30 minutes after which 

the flask was heated to 70 °C. At this point ascorbic acid was added to start the 

reaction and under optimized conditions this was done by continuous feeding of 5 

mL of a  11.1  10
-6

 M aqueous ascorbic acid solution at a rate of 9 mg min
-1

 using 

syringe pump NE-1000 (this results in a final 1:1 molar ratio of [CuBr2]0 to [ascorbic 

acid]).  At the same time 5 mL of deoxygenated monomer mixture (MMA : BA =            

10 : 1 w/w) at a rate 9 mg min
-1

 was fed using syringe pump NE-1000. After the 

completion of monomer and ascorbic acid addition, the flask was kept stirring at 70 

°C for another two hours. During polymerisation samples were collected to analyse 

molar mass and particle size distributions.  A control experiment in which no 

Gibbsite was added, but otherwise identical to the experiment described in this 

section, did not lead to any significant monomer conversion. 

Experiments with EGDMA. Polymer encapsulated Gibbsite nanoparticles 

were synthesised by ARGET ATRP starved feed emulsion polymerisation 

using three feeding profiles. The starting reaction mixture was the same in all 

three profiles. Briefly, 1.4 mL of a 10 mM aqueous stock solution of ATRP 

macroinitiator and 30 mL of DDI water were transferred into a 50 mL three 

neck flask after which 2 mL of Gibbsite dispersion (1 wt%) was added 

dropwise at a rate of 1 mL min
-1

 using a syringe pump NE-1000 under 

constant stirring at room temperature. The resulting dispersion was then 

sonicated for 1.5 min using Vibracell tip sonicator at 30% amplitude. 2 mL of 

copper catalyst (10.910
-5

 mmol [CuBr2]:[TPMA]=1:8)  was added and the 

reaction mixture was purged with argon for 30 minutes after which the flask 

was heated to 70°C. At this point continuous feeding of 5 mL of 22.210
-6

 M 

aqueous ascorbic acid solution at a rate of 9 mg min
-1

 began using a syringe 

pump NE-1000. 

Profile I: At the same time 0.45 g of deoxygenated EGDMA was injected into 

the reaction mixture. After two hours 4.5 g of deoxygenated monomer 

mixture (MMA:BA=10:1 w/w) was fed at a rate 9 mg min
-1

 using the same 
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syringe pump. After the completion of monomer and ascorbic acid addition, 

the flask was kept stirring at 70°C for another two hours.  

Profile II: At the same time 0.45 g of deoxygenated EGDMA at the same rate was 

fed using syringe pump NE-1000. After the cross-linker addition was finished 4.5 g 

of deoxygenated monomer mixture (MMA:BA=10:1 w/w) was fed at a rate 9 mg 

min
-1

 using the same syringe pump. After the completion of monomer and ascorbic 

acid addition, the flask was kept stirring at 70°C for another two hours.  

Profile III: At the same time 4.95 g of deoxygenated mixture of monomer (MMA:BA 

= 10:1 w/w) and EGDMA (10 wt% based on overall monomer content) at the same 

rate was fed using syringe pump NE-1000. After the completion of monomer and 

ascorbic acid addition, the flask was kept stirring at 70°C for another two hours.  

Results and discussion 

Adsorption studies 

The isoelectric point of Gibbsite platelets has been reported to be at around                

pH = 9.27.
19

 The charge originates from the ionization of the surface aluminol 

(AlOH) groups into either AlOH
2+

 (below the isoelectric point) or AlO
-
 (above the 

isoelectric point). From isoelectric point determinations, Wierenga et al. stated that 

completely cationic platelets are only available at pH ≈ 7.27.
27

 At the same pH 

complete deprotonation of carboxylic groups in acrylic acid units of ATRP 

macroinitiator takes place,
30 

which makes it an optimal pH for adsorption and 

further encapsulation.  

Synthesised cationic hexagonal Gibbsite platelets have a Z-average diameter (Dz) 

of 91 nm and thickness of about 9 nm, a ζ-potential of + 40 mV at pH ≈ 7 (Figure 

1).  
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Figure 1. TEM image of the unmodified Gibbsite platelets. 

In order to study the influence of the ATRP macroinitiator amount on the colloidal 

stability of the Gibbsite platelets and to get information about which amount of 

ATRP macroinitiator to use in further experiments, the dependence of the Z-

average diameter and the ζ-potential on the amount of ATRP co-oligomer was 

studied (Figure 2).  

 

Figure 2. Effect of ATRP macroinitiator concentration on () Dz  and () ζ  of the Gibbsite platelets at 

pH = 7. Note: 1 mg of ATRP macroinitiator corresponds to 5.7  10
-6
 mol of COOH (calculated from           

Mn = 1.4  10
3
 g mol

-1
 and n(COOH) = 8.) 

From Figure 2 it is clear that addition of the positively charged Gibbsite platelets to 

the negatively charged macroinitiator leads to a decrease in ζ-potential and an 
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initial increase and subsequent decrease in Dz; both level out at higher 

macronitiator levels.  The measured Dz displays a maximum, indicative of colloidal 

instability, at a macroinitiator content of ~35 mg/g Gibbsite, which corresponds to 

the isoelectric point (ζ = 0 mV).  These observations, which were also made in 

previously reported RAFT studies,
19

 are typical for a "charge inversion" process.
31

 

For our further encapsulation studies we used a large excess of macroinitiator (300 

mg/g Gibbsite), because excellent results were obtained using similar amounts of 

RAFT co-oligomer in the previous studies.
19

 

Preparation and characterisation of polymer-Gibbsite latex particles 

Although ATRP is a versatile and robust technique which can be used in different 

systems, it is still challenging to carry out ATRP in water.
32–36

 Two critical factors 

that should be taken into account are the choices of an appropriate ligand to 

maintain high solubility of the Cu
+
 and Cu

2+
 complexes at the locus of 

polymerisation,
37-38

 and a surfactant that does not interfere with the catalyst 

system.
39

   

From preliminary experiments it was noticed that addition of copper catalyst to 

ATRP macroinitiator adsorbed on Gibbsite platelets led to a dramatic increase in Z-

average diameter. TEM micrographs revealed aggregation of Gibbsite platelets 

(Figure 3), likely caused by a complexation reaction between positively charged 

copper ions and negatively charged carboxylic acid groups of acrylic acid from the 

ATRP macroinitiator/stabiliser.
40–41 
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Figure 3. TEM micrograph of colloidal instable Gibbsite platelets after copper (II) catalyst addition. 

In order to find a catalyst concentration at which the colloidal stability of the 

platelets will not be affected, the effect of [Cu
2+

] on the Dz of ATRP macroinitiator 

stabilized Gibbsite platelets was studied (Figure 4).  
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Figure 4. Effect of [Cu
2+

] on Dz of an ATRP macroinitiator-stabilized Gibbsite dispersion containing             

2.7 mg of ATRP macroinitiator (15.4  10
-6
 mol COO

-
) and 9 mg of Gibbsite per mL.  

As can be seen from Figure 4, aggregation of platelets is observed for                        

[Cu
2+

] > 2.5  10
-6

 M. In order to avoid colloidal instability, future encapsulation 

experiments were performed at [catalyst] < 2.5  10
-6

 M. Since these 

concentrations of catalyst are too low to maintain efficient polymerisation in normal 

ATRP, ARGET ATRP conditions were applied for encapsulation experiments.
25
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The ligand TPMA was chosen because it combines hydrophobicity with a strong 

binding efficiency to Cu
2+

 ions,
42

 at a ratio [TPMA]/[CuBr2] = 8; it has been 

previously reported that excess of a hydrophobic ligand is required to maintain a 

good control in aqueous ARGET ATRP.
34,43,44

  Ascorbic acid was added as the 

reducing agent in large excess ([ascorbic acid]0 : [Cu
2+

]0 = 10.
25

  Under these 

polymerisation conditions, the ζ-potential did not change significantly from that of 

the original macroinitiator-stabilised Gibbsite dispersion. 

In order to avoid formation of monomer droplets, which directly affects the 

encapsulation efficiency, starved-feed conditions are required during emulsion 

polymerisation.
19

 We therefore first studied the rates of polymerisation for three 

different feeding rates to establish the right conditions.  These results are shown in 

Figure 5.  
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Figure 5. Effect of monomer feed rate on overall conversion vs. time for encapsulation of Gibbsite 

platelets (2.7 mg of ATRP macroinitiator and 9 mg of Gibbsite per mL): (, solid line) 18 mg min
-1
,   (, 

dashed line) 9 mg min
-1
 and (▲, dotted line) 4.6 mg min

-1
. [Cu

2+
]0 = 1.3  10

-6
 M,                         

[TPMA]0 = 10.4  10
-6
 M, [ascorbic acid]0 = 13  10

-6
 M; 100% of monomer added corresponds to         

4.5 g. The ascorbic acid was injected in the beginning of the reaction. 

It can be seen from Figure 5 that in all three cases the polymerisation rate follows 

the addition rate (indicative of starved-feed conditions) in the beginning, but that all 

polymerisations slow down at later stages and lead to a limiting conversion after ~ 

300 min. A possible explanation for this limiting conversion is the absence of 

radicals after 300 min. This can happen either due to the absence of Cu
+
 species 
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(regenerated in situ from Cu
2+

 by the reducing agent)
37

 or the absence dormant 

chains that can be re-activated.  Since the available amount of reducing agent is 

one of the key parameters in the regeneration of the activating Cu
+
 species, 

monomer conversion rates at different feeding profiles of ascorbic acid (while 

maintaining the overall added amount constant) were studied. The results of these 

studies are shown in Figure 6. 
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Figure 6. Effect of ascorbic acid feed profile on overall conversion vs. time for encapsulation of Gibbsite 

platelets: () single injection, () stepwise (5  with 100 min intervals) and () continuous feeding at 9 

mg min
-1
. Dashed line: % of monomer added at the feeding rate 9 mg min

-1
. The overall end 

concentration of added ascorbic acid was 13  10
-6
 M, other conditions as for Figure 5. 

The first thing to notice in Figure 6 is that all three different profiles lead to starved-

feed conditions in the beginning, but that in all cases a limiting conversion is 

reached.  Furthermore it is clear that this limiting conversion increases in going 

from a single injection (42%) to stepwise (69%) and continuous feeding (78%). 

These results suggest that the limiting conversions in Figure 5 are (partly) due to a 

depletion of ascorbic acid and that this can be avoided by continuously feeding the 

ascorbic acid.  Similar observations were reported by Coelho et al. when studying 

the effect of different feeding profiles of ascorbic acid on polymerisation rate and 

control.
42,43 

Returning to the results of Figure 6, it is clear that although continuous feeding of 

ascorbic acid dramatically improved the efficiency of the reaction, it still did not lead 

to full conversion.  This suggests that the overall amount of ascorbic acid may not 
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have been adequate.  Since it is unlikely that the overall amount of ascorbic acid 

was too low, the limiting conversion was conceivably caused by too much 

regeneration of Cu
+
. This would lead to higher radical concentrations and 

termination, which in turn leads to a loss in Br-functional chains.  We tested this 

hypothesis by lowering the overall amount of ascorbic acid and the results of these 

studies are shown in Figure 7.  
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Figure 7. Effect of overall [ascorbic acid] : [Cu
2+

] ratio on overall conversion vs. time or encapsulation of 

Gibbsite platelets. [ascorbic acid]0 : [Cu
2+

]0 = () 10, () 1, () 0.5 and  () 0.1. [Cu
2+

]0 =  1.3  10
-6
 M, 

[TPMA]0 = 10.4  10
-6
 M. Dashed line: % of monomer added at the feeding rate 9 mg min

-1
. 5 mL of 

aqueous ascorbic acid solutions of different molarities were all added at a feeding rate of 9 mg min
-1
.  

Other conditions as in Figure 5. 

The results in Figure 7 clearly show that lowering the ascorbic acid concentration to 

an overall [ascorbic acid] : [Cu
2+

]0 ratio of 1 resulted in the desired full monomer 

conversion, but that a further reduction resulted in a decrease in final conversion.  

At an overall [ascorbic acid] : [Cu
2+

]0 ≤ 0.1 no significant conversion was observed, 

which implies that these low amounts of ascorbic acid are insufficient for reduction 

of Cu
2+

 to Cu
+
 and as a consequence no dormant species are activated.  Since 

equimolar molar amounts of Cu
2+

 and reducing agent result in the desired 

conditions of starved-feed polymerisation and full conversion, we did not further 

optimise the [ascorbic acid] : [Cu
2+

] ratio and used this ratio in further experiments. 

The evolutions of the molar mass and particle size distributions in encapsulation 

experiments under the optimal conditions are shown in Figure 8.  The molar mass 
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distributions shown in Figure 8a display a bimodal distribution with a peak at low M, 

which corresponds to the added ATRP macroinitiator, and one at high M, which 

corresponds to the formed polymer.  With increasing monomer conversion, the 

macroinitiator peak descreases and the high M peak increases and shifts to higher 

M. These observations are consistent with a mechanism in which the 

polymerisation is indeed controlled by a reversible deactivation process and that 

not all macroinitiator molecules participate in the polymerisation from the start.  As 

expected, the particle size increases with increasing overall monomer conversion 

(Figure 8b).  The observed decrease in ζ-potential is caused by an increase in 

surface area to be stabilised and, most likely, the fact that chain extension from the 

macroinitiator/stabiliser leads to burying of the stabilising moieties. 
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Figure 8. (a) Molar mass distributions (scaled to monomer conversion) with overall monomer 

conversion and (b) evolution of (▲) Dz  and () ζ  (b). Optimised polymerisation conditions: as in Figure 

6 with overall [ascorbic acid] : [Cu
2+

]0 = 1.  Over the course of the reaction, the poly value decreased 

from 0.12 to 0.07 and Np remained virtually constant at a value of (4.3 ± 0.1)  10
13

 dm
-3
 water. 

In order to study the morphology of the synthesised Gibbsite-polymer particles, 

obtained with optimised reaction conditions, samples were analysed using cryo-

TEM (Figure 9). 

Particle counting (> 100 particles) indicates that nearly all of the Gibbsite platelets 

are covered only from one side and that only a very small fraction of the resulting 

nanocomposites contains more than one platelet per particle.  In order to confirm 

the location of the Gibbsite platelet in the nanocomposite tilt series were recorded 

by cryo-TEM (Figure 10).  
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Figure 9. cryo-TEM image of final polymer-Gibbsite latex particles.  Conditions as in Figure 8. 

 

Figure 10. cryo-TEM images of tilt series recorded on final polymer-Gibbsite latex particles.  Conditions 

as in Figure 8. 

As can be seen from Figure 10 the Gibbsite platelet is located on the surface of the 

latex particle leading to a "muffin-like" morphology.
45

  

In order to explore how stable this Gibbsite – platelet configuration is and whether it 

can be affected by the used polymerisation conditions, the effects of monomer 

composition and feeding rate on morphology were studied. Previously, it was 

reported, that the monomer composition of the nanocomposites directly affects the 

resulting particle morphology.
12,15,19,46-48 

For instance, in the RAFT-based approach 

towards anisotropic polymer-Gibbsite latex particles, it was reported that platelets 
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were located on the surface of the latex particle in the case of a 100% BA feed 

composition and that they were inside the latex particles in the case of a 100% 

MMA feed composition.
19

 This difference in morphology was explained by the 

different glass transition temperatures of the resulting polymers; it was postulated 

that in the soft PBA particles the platelets were able to move towards the surface 

whereas they were trapped inside the hard PMMA particles.
19

  In order to study the 

effect of monomer composition on particle morphology in the current approach we 

also investigated a 100% MMA and a 100% BA feed, using the same 

polymerisation conditions as optimised for the MMA : BA = 10 : 1 feed.  The 

resulting morphologies are shown in Figure 11 and it is immediately clear that the 

morphologies are the same as those obtained with the 10:1 feed.   

     

Figure 11. cryo-TEM images of polymer-Gibbsite latex particles obtained using a monomer feed of        

(a) 100% BA and (b) 100% MMA.  different monomer compositions: (a) BA only and   (b) MMA only.  

Other conditions as in Figure 8.  Please note that the "small particles" in (a) are caused by some ice 

contamination. 

From the results shown in Figure 11 it seems safe to conclude that this "muffin-like" 

morphology is indeed the most favourable morphology and that this is not the result 

of migration of an initially truly encapsulated platelet to the surface of the particle. 

We then investigated whether the monomer feeding rate affects the resulting 

morphology.  The monomer feeding rate affects the polymerisation rate and with 

this the rate of polymer growth, which potentially affects the morphology.  Four 
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different feeding rates were chosen and we adjusted the ascorbic acid feeding rate 

accordingly under otherwise identical conditions as those shown in Figure 8. The 

results of this study are shown in Figure 12.  

 

Figure 12. cryo-TEM (a-c) and TEM (d) images of polymer-Gibbsite latex particles obtained using 

different monomer feed rates: (a) 4.6 mg min
-1
, (b) 9 mg min

-1
, (c) 18 mg min

-1
 and (d) 90 mg min

-1
. 

The cryo-TEM/TEM results in Figure 12 clearly show that in all four cases the same 

"muffin-like" morphology of the polymer-Gibbsite latex particles was observed.  The 

only effect that was observed was that higher feed rates result in higher amounts of 

Gibbsite-free particles (Figure 12b-d). These Gibbsite-free particles are 

conceivably caused by the fact that we used an excess of ATRP macroinitiator for 
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the stabilisation of Gibbsite platelets in the dispersion.  Unadsorbed co-oligomeric 

chains and higher amounts of monomer present in the water phase are then likely 

to result in secondary nucleation via a process similar to polymerisation-induced 

self-assembly (PISA).
49 

One conclusion that can be drawn from the results above is that the most 

favourable morphology using this ATRP technique is "muffin-like" and is different 

from that obtained using the RAFT technique, where truly encapsulated Gibbsite is 

obtained.  We cannot think of any obvious reason why the obtained morphologies 

are different; intuitively we would have expected to obtain the same morphology 

when changing from RAFT to ATRP. TEM images, taken during the reaction under 

optimised conditions, did not reveal any Gibbsite-free particles, meaning that chain 

extension of the ATRP macroinitiator takes place on the surface of a Gibbsite 

platelet. The only plausible reason that we can think of to explain our current 

results is that the physically bonded co-oligomers have sufficient mobility during the 

polymerisation to all migrate to one side of the platelet and continue growing there.  

Why this does not happen in the RAFT system still eludes us and is the subject of 

further studies.    

If the obtained morphology is indeed caused by a high mobility of adsorbed 

ATRP macroinitiator and growing chains on the surface of the platelets, then 

it is conceivable that the addition of a cross-linker would reduce this mobility. 

A similar approach was reported by Matyjaszewski and co-workers for the 

encapsulation of gold nanoparticles
50 

and organic dyes.
26 

  In what follows, 

we investigated the addition of the cross-linker ethylene glycol 

dimethacrylate (EGDMA) as a new element in the previously described 

ATRP-based approach. Cryo-TEM was used to study morphology of the 

synthesised nanocomposites. Parameters such as the amount and addition 

profile of EGDMA were investigated with a focus on the resulting particle 

morphology and colloidal stability.  
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Effect of EGDMA addition 

Encapsulation experiments, described earlier in this Chapter and reported in 

the literature,
19,51

 used a starved-feed addition of MMA/BA monomer mixture 

to the Gibbsite dispersion as a preprequisite for efficient encapsulation.  

 

Figure 13. Addition profiles of EGDMA (dashed line) and MMA/BA (solid line). Reaction 

conditions: Vwater = 30 mL, T = 70°C, 6 mg of ATRP macroinitiator and 20 mg of Gibbsite per mL, 

[ascorbic acid]0 = 2.410
-6

 M, [Cu
2+

]0 = 2.410
-6

 M, MMA : BA = 10 : 1 w/w, feeding rates of 

ascorbic acid, MMA/BA and EGDMA were 9 mg min
-1

.  

Since it was not a priori clear how and when the cross-linker has to be added 

in the process, we investigated three different addition profiles of EGDMA 

(10 wt% based on overall monomer content), while maintaining the 

previously employed MMA/BA feeding profile (Figure 13). As can be seen 

from Figure 13, in profile I the total amount of EGDMA was injected into the 

reaction mixture as a single shot and reacted for two hours. After these two 
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hours reaction of EGDMA the MMA/BA monomer addition was started. In 

profile II the same amount of EGDMA was fed over a period of about 1 h 

prior to the monomer addition. Finally, in profile III both the cross-linker and 

the monomer mixture were mixed and fed to the reactor. 

In all cases, the initial ATRP macroinitiator – Gibbsite dispersion was 

characterised to have Dz  100 nm (poly  0.14) and ζ-potential  -50 mV. 

The effect of the EGDMA addition profile on the colloidal stability of the 

nanocomposites during the reaction was studied by measuring Dz (Figure 14) 

and the ζ-potential (see Appendix A).  

 

Figure 14. (a) Evolution of the Z-average particle diameter Dz obtained using these profiles: () 

profile I, () profile II and () profile III. Other conditions as in Figure 13. 

As expected, the results presented in Figure 14 clearly show an increase in 

particle size during all three reactions.  However, the very large diameters 

(Dz ≈ 1000 nm, with poly  1) of the particles in the samples from the profile I 

suggested the formation of colloidally unstable latex particles, which was 

confirmed by TEM imaging of the final latex (Figure 15a).  Profiles II and III 

resulted in colloidally stable dispersions with Dz  240 nm (poly  0.15) and 

Dz  215 nm (poly  0.17), respectively.  TEM images of the products 

resulting from these two feeding profiles are shown in Figures 15b and 15c, 

respectively. 
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Figure 15. TEM (a,c) and cryo-TEM (b) images of polymer-Gibbsite latex particles obtained 

using different addition profiles of EGDMA: (a) profile I, (b) profile II and (c) profile III. Other 

conditions as in Figure 13. 

When gradual feeding of cross-linker prior to MMA/BA addition was used 

(profile II), the cryo-TEM image (Figure 15b) clearly shows a complete 

coverage of Gibbsite platelets with polymer. In the case of simultaneously 

feeding the cross-linker with the other monomers (profile III) two types of 

morphology (“muffin-like” and encapsulated platelets) are observed (Figure 

15c).   

In order to further quantify these observations, particle counting (>100 

particles) for the last two cases was conducted (Figure 16).  

 

Figure 16. Observed morphologies (%) for different EGDMA addition profiles. 

These results clearly demonstrate that the predominant product (> 80%) 

resulting from profile II are truly encapsulated Gibbsite platelets, with only a 
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minor amount of "muffin"-structures.  We therefore decided to use a cross-

linker feed prior to monomer feed in the remainder of our studies. 

Effect of EGDMA concentration 

It is clear from the previous section that although slow feeding of EGDMA 

prior to monomer addition dramatically improved resulting morphology with 

more than 80 % encapsulated Gibbsite platelets, a small fraction of “muffin-

like” particles was still present. We therefore used profile II and studied the 

effect of the EGDMA amount on the morphology of polymer-Gibbsite 

nanocomposites: 5, 10, 15 and 20 wt% based on overall monomer content.  

The evolutions of the Z-average particle diameter and the zeta-potential in 

encapsulation experiments were studied.  For all cross-linker contents, 

except for 20 wt%, the obtained results were very similar to those reported 

for profile II as shown in Figure 14; those for 20 wt% were similar to that 

shown for profile I in Figure 14 (for more details, see Appendix A).  

The morphology of the synthesised nanocomposites was studied using 

(cryo)TEM and the results are shown in Figure 17. The results clearly show 

the effect of cross-linker concentration on the morphology of polymer-

Gibbsite latex particles.  In the case of a low EGDMA concentration (Figure 

17a) a “muffin-like” morphology was observed, similar to what was previously 

observed for the case without cross-linker. This suggests that the used 

EGDMA concentration is not sufficient to fixate the growing chains. As was 

discussed above encapsulated particles with a small fraction of “muffin-like” 

morphology were observed in case of 10 wt% (Figure 17b). Increasing the 

amount of EGDMA led to cross-linking between the platelets and growth of 

polymer around these aggregates (Figure 17c). An even more drastic effect 

was observed at a cross-linker content of 20 wt% (Figure 17d).  The overall 

result was very similar to what was observed for profile I, i.e., all EGDMA 

added in a single shot. We can therefore conclude that the most successful 

encapsulation was achieved for an EGDMA content of 10 wt%. 
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Figure 17. cryo-TEM (a-c)/TEM (d) images of polymer-Gibbsite latex particles obtained using 

profile II at different EGDMA contents: (a) 5 wt%, (b) 10 wt%, (c) 15 wt% and (d) 20 wt%. Other 

conditions as in Figure 13. 

It is clear from the results of this work, that both addition profile and 

concentration of EGDMA affects the morphology and colloidal stability of the 

resulting polymer-Gibbsite latex particles.  

The morphology of the final hybrid particles depends on kinetic and 

thermodynamic factors,
45

 the Gibbsite normally would preferentially be in 

contact with the aqueous phase and the muffin structure obtained without 

cross-linker could thus regarded as an equilibrium morphology. Due to the 

initially low molecular weights in the (crosslinker-free) ATRP approach the 
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mobility of the growing chains is high and the equilibrium can be achieved. 

Addition of a cross-linker early in the reaction limits this mobility and another 

type of morphology is trapped (fully encapsulated Gibbsite). 

Conclusions 

In the current chapter we have presented a new ATRP-based approach to 

synthesise polymer – Gibbsite nanocomposite latex particles. In this strategy the 

initial positively charged Gibbsite platelets and the resulting nanocomposites are 

stabilised by negatively charged ATRP co-oligomers, which also act as 

macroinitiators. Thus, no additional surfactant and initiator are required for 

emulsion polymerisation. An appropriate selection of catalyst and its concentration, 

feed profile of reducing agent and its ratio to Cu
2+

 resulted in stable latex particles 

and an ATRP controlled emulsion polymerisation.  It should be noted here, that to 

the best of our knowledge this is also the first report of a successful copper-

mediated emulsion polymerisation using anionic stabilisers without any external 

additives. Cryo-TEM images revealed a “muffin-like” morphology of the polymer-

Gibbsite nanocomposites, which was not affected by monomer composition or 

monomer feeding profile. We further obtained encapsulated Gibbsite platelets 

using EGDMA as a cross-linker. The effects of the cross-linker addition profile and 

concentration on the resulting particle morphology were studied. Cryo-TEM 

characterisation revealed different types of morphologies depending on these 

studied parameters and that the best results were obtained by slowly feeding the 

cross-linker (10 wt% with respect to overall monomer content) prior to the start of 

the MMA/BA feeding. The observed difference in morphologies supports the idea 

of reducing the mobility of macroinitiator and growing chains by introducing a 

cross-linker into the system.  
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4  

Exploring the versatility of  

the ATRP-based approach:  

silica lenses 

In Chapter 4, the earlier described ATRP-based approach was utilised on silica 

lenses to study the applicability of the developed strategy on the other templates. 

Cryo-TEM characterisation on the obtained polymer-silica lens nanocomposites 

revealed a “muffin-like” morphology. The same morphology was reported in 

Chapter 3 for the polymer-Gibbsite latex particles, showing successful 

extrapolation of this method to the other template.  
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Introduction 

In Chapter 3, we described a novel ATRP-based approach to synthesise polymer-

Gibbsite nanocomposites. Briefly, anionic co-oligomer, consisting of butyl acrylate 

and acrylic acid, is synthesised using ATRP polymerisation. It acts as a stabiliser 

for the initial template and a macroinitiator for ARGET ATRP emulsion 

polymerisation. When applying this strategy on Gibbsite, products with a “muffin-

like” morphology were observed. Encapsulated Gibbsite platelets were obtained 

upon addition of a cross-linker into this strategy. In this Chapter, we explore 

applicability of the developed ATRP-based approach on another template – silica 

lens (Scheme 1).  

 

Scheme 1. Schematic representation of the synthesis of polymer-silica lens nanocomposites by 

aqueous starved feed emulsion polymerisation using ATRP co-oligomers. 

In 2000, Hubert et al. reported the synthesis of a silica-coated vesicle (so-called 

silica lens).
1
 Successful deposition of silica on vesicles was achieved by hydrolysis 

of tetraethyl orthosilicate (TEOS). We focus our studies primarily on the resulting 

particle morphology and comparison with the previously reported results for 

polymer-Gibbsite nanocomposites. Considering Gibbsite platelets and silica lenses 

as a hard templates, we anticipate a similar morphology of the obtained composite 

latex particles. 
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Experimental 

Materials 

Butyl acrylate (BA, Aldrich, 99%), ethylene glycol dimethacrylate (EGDMA, 

Aldrich, 98%) and methyl methacrylate (MMA, Aldrich, 99%) were purified by 

passing them through a column filled with inhibitor removal. CuBr2 (99.999%, 

Aldrich), ascorbic acid (99%, Aldrich), tris(2-pyridylmethyl)amine (TPMA, 99%, 

Aldrich), N,N-dimethylformamide (DMF), tetraethyl orthosilicate (TEOS, 98%, 

Aldrich) were used as received. 

Characterisation 

Molar mass distributions, the number average molar mass (Mn) of the composite 

latexes were measured by using size exclusion chromatography (SEC) using a 

Water SEC equipped with a Waters model 510 pump, a model 410 differential 

refractometer and a 2487 dual λ absorbance detector (operated at λ = 254 nm). A 

set of two mixed bed columns (Mixed-C, Polymer Laboratories, 30 cm, 40°C) were 

used. Tetrahydrofuran was used as the eluent, and the system was calibrated 

using polystyrene standards (range = 580 - 7.5  10
6
 g mol

-1
). Data analysis was 

performed using the software Empower Pro version 2 from the Waters Corporation. 

The particle size distribution and zeta-potential (ζ) were determined at 23°C using a 

Malvern Zetasizer Nano ZS instrument. The ζ-potential was calculated from the 

electrophoretic mobility (µ) using the Smoluchowski relationship, ζ = ηµ/ε, with 

ka>>1 (where η is the viscosity, ε is the dielectric constant of the medium, k and a 

are the Debye-Hückel parameter and particle radius, respectively).      

Cryogenic transmission electron microscopy (cryo-TEM) measurements were 

conducted performed on FEI Titan Krios equipped with automated sample loader 

and Field Emission Gun (FEG) operating at 300kV. Images were recorded with a 

Falcon II camera (4X4) with a magnification of 29000 and pixel size of 2.873. 

Vitrification of the vesicles samples was carried out using a vitrification robot (FEI 

Vitrobot Mark IV). All samples were prepared at room temperature and 100% 
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humidity with a blotting time of 2s and a blot force of 1.  The sample (5μL) was 

applied onto a grid (Quantifoil, R2/2, Holey carbon film; freshly glow-discharged 

prior to use at 20mA for 30s) without dilution. Excess of the sample was blotted 

away with filter paper to leave a thin film on the grid before being vitrified in liquid 

ethane.  

Synthesis of DODAB vesicles 

DODAB vesicles were prepared by a membrane extrusion method.
2
 Briefly, a 10 

mM (0.63 wt%) DODAB aqueous solution was mixed with a 0.5 mM NaCl salt 

solution and heated to 65 °C in an oil bath under constant stirring for at least 18 h 

prior to extrusion. The solution was then passed through three-stacked 

polycarbonate filters (Millipore, PC filters, 400 nm) at 60 °C and an argon pressure 

of 7 bar. The extrusion was repeated 5 times till a narrow size distribution of the 

vesicles was achieved.  

Synthesis of silica lenses 

The lens shape silica nanoparticles were synthesised according to the previously 

reported procedure by Hubert et al.
1 

Briefly, 150 mL of an aqueous dispersion (0.6 

wt%) of DODAB vesicles was placed in a three neck flask with an overhead 

mechanical stirrer. 6.36 mL of tetraethyl orthosilicate was added to the reactor via a 

syringe pump 11 Elite from Harvard Apparatus (addition rate = 0.021 mL min
-1

) at 

room temperature under stirring at 400 rpm. After addition, the reaction was kept 

for another 24 hours at room temperature under stirring at 100 rpm. The solids 

content of the obtained dispersion was 1.89%.  

General procedure for synthesis of anionic random ATRP co-oligomers 

Synthesis of anionic co-oligomer was previously described in Chapter 3.  

Adsorption studies 

The adsorption procedure was performed as described by Ali et al.
3
 In different 

vials, calculated amounts of ATRP co-oligomers were transferred from a 10 mM 
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aqueous stock solution and a total volume of 10 mL was made by adding DDI 

water. Equal volumes of silica lens (1 wt%) were then added drop wise into these 

vials under constant stirring. The vials were kept stirring overnight at room 

temperature.  Particle size distributions and ζ-potentials of the products were 

measured. 

Encapsulation experiments  

Experiment without EGDMA. Polymer encapsulated silica lens nanoparticles were 

synthesised by ARGET ATRP starved feed emulsion polymerisation. Briefly, 1 mL 

of a 10 mM aqueous stock solution of ATRP co-oligomer and 30 mL of DDI water 

were transferred into a 50 mL three neck flask after which 2 mL of a silica lens 

dispersion (1 wt%) was added dropwise at a rate of 0.5 mL min
-1

 using a syringe 

pump under constant stirring at room temperature. 1 mL of copper catalyst ([Cu
2+

]0 

=          M, [CuBr2]:[TPMA]=1:8)  was added and the reaction mixture was 

purged with argon for 30 minutes after which the flask was heated to 70 °C. At this 

point ascorbic acid was added to start the reaction. Under optimised conditions this 

was done by continuous feeding of 5 mL of a 2.1     M aqueous ascorbic acid 

solution at a rate of 9 mg min
-1

 using syringe pump NE-1000 (this results in a final 

1:1 molar ratio of [CuBr2]0 to [ascorbic acid]).  At the same time, 4.5 g of a 

deoxygenated monomer mixture (MMA : BA = 10 : 1 w/w) was fed at a rate 9 mg 

min
-1

 using a syringe pump 11 Elite from Harvard Apparatus. After the completion 

of monomer and ascorbic acid addition, the flask was kept stirring at 70 °C for 

another two hours. During polymerisation samples were collected to analyze molar 

mass and particle size distributions.  

Experiment with EGDMA. Polymer encapsulated silica lens nanoparticles were 

synthesised by ARGET ATRP starved feed emulsion polymerisation. Briefly, 1 mL 

of a 10 mM aqueous stock solution of ATRP co-oligomer and 30 mL of DDI water 

were transferred into a 50 mL three neck flask after which 2 mL of silica lens 

dispersion (1 wt%) was added dropwise at a rate of 0.5 mL min
-1

 using a syringe 

pump under constant stirring at room temperature. 1 mL of copper catalyst              

([Cu
2+

]0 =          M, [CuBr2]:[TPMA]=1:8)  was added and the reaction mixture 



Exploring the versatility of the ATRP-based approach: silica lenses 

 

69 
 

was purged with argon for 30 minutes after which the flask was heated to 70 °C. At 

this point ascorbic acid was added to start the reaction. Under optimised conditions 

this was done by continuous feeding of 5 mL of a 2.1     M aqueous ascorbic 

acid solution at a rate of 9 mg min
-1

 using a syringe pump 11 Elite from Harvard 

Apparatus (this results in a final 1:1 molar ratio of [CuBr2]0 to [ascorbic acid]).  At 

the same time, 0.45 g of deoxygenated EGDMA was fed at the same rate using a 

syringe pump 11 Elite from Harvard Apparatus. After the cross-linker addition was 

finished 4.5 g of deoxygenated monomer mixture (MMA:BA=10:1 w/w) was fed at a 

rate 9 mg min
-1

 using the same syringe pump. After the completion of monomer 

and ascorbic acid addition, the flask was kept stirring at 70°C for another two 

hours.  

Results and discussion 

Adsorption studies 

Produced cationic silica lens nanoparticles were characterised to have a Z-average 

diameter (Dz) of 186 nm and a zeta-potential (ζ) of + 30 mV at pH ≈ 4. It is worth 

noting that Hubert et al. reported a negative zeta-potential (- 37 mV) for the final 

dispersion when the same procedure was applied.
1
  

The morphology of the initial DODAB vesicles and the obtained nanoparticles is 

shown in Figure 1.  

 

Figure 1. cryo-TEM images of DODAB vesicles (a) and the unmodified silica lenses (b-c). 
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Cryo-TEM images (Figure 1b-c) clearly show the formation of the flat disk shape 

nanoparticles. It was suggested, that the observed shape was due to the presence 

of ethanol, generated during hydrolysis of TEOS.
1
  

In order to determine the co-oligomer amount required for the silica lens 

stabilisation, the dependence of the ζ-potential and the Dz on the amount of ATRP 

macroinitiator was studied (Figure 2). 

 

Figure 2. Effect of ATRP macroinitiator concentration on () Dz  and () ζ of the silica lenses at pH = 7. 

Note: 1 mg of ATRP macroinitiator corresponds to 5.7  10
-6
 mol of COOH (calculated from                

Mn = 1.4  10
3
 g mol

-1
 and n(COOH) = 8.) 

Similar to the previous observations, reported in Chapter 3, a “charge inversion 

effect” occurred upon addition of positively charged silica lens to negatively 

charged co-oligomer. Colloidal instability with a dramatic increase in Dz was 

recorded at the isoelectric point (50 mg/g of silica lens, ζ=0 mV). The obtained 

colloidally stable dispersion consisting of 350 mg of ATRP macroinitiator per g of 

silica lens (pH = 7.2) was used for further encapsulation experiments. It should be 

noted that a change in pH from 4 of the original silica lens dispersion to pH = 7.2 

after adsorption was likely due to the used excess of ATRP macroinitiator. 

Preparation and characterisation of polymer-silica lens nanocomposites 

In the current work, ARGET ATRP starved feed emulsion polymerisation was 

conducted under the same conditions as previously described (Chapter 3). Earlier, 

the effect of [Cu
2+

] on the colloidal stability of Gibbsite platelets was reported. This 

effect was possibly attributed to the complexation of the Cu
2+

 with the negatively 
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charged carboxylic acid groups of acrylic acid from the ATRP 

macroinitiator/stabiliser. Since, in this work, we also used the same co-oligomer, 

the effect of [Cu
2+

] on the Dz of ATRP macroinitiator stabilised silica lens was 

studied (Figure 3). 

 

Figure 3. Effect of [Cu
2+

] on Dz of an ATRP macroinitiator-stabilised silica lens dispersion containing             

7 mg of ATRP macroinitiator (39.9  10
-6
 mol COO

-
) and 20 mg of silica lens per mL.  

The results in Figure 3 clearly show that aggregation of silica lens nanoparticles 

occurs at [Cu
2+

] > 4.2  10
-6

 M. In order to avoid colloidal instability, future 

experiments were performed at [catalyst] < 4.2  10
-6

 M.   

Encapsulation experiments were carried out by using starved-feed conditions. 

Conversion and particle size evolution were monitored during the polymerisation 

and the results are presented in Figure 4. 
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Figure 4. (a) Overall conversion vs. time and (b) evolution of (▲) Dz  and () ζ  (b). Dashed line is 

monomer feeding profile. Optimised polymerisation conditions: Vwater = 30 mL, T = 70°C, 7 mg of ATRP 

macroinitiator and 20 mg of silica lens per mL, [Cu
2+

] = [ascorbic acid] = 2.4  10
-6 

M,                              

[Cu
2+

] : [TPMA] = 1:8, 4.5 g monomer mixture (MMA : BA = 10 : 1 w/w) was fed at the feeding rate             

9 mg min
-1
.  

It can be seen from Figure 4a that the overall conversion profile follows the 

monomer feeding profile, which indicates truly starved-feed conditions. As 

expected, the particle size increases and ζ-potential becomes less negative upon 

increasing monomer conversion (Figure 4b).  The former one is connected with the 

polymer growth during the reaction; the latter one is caused by an increase in 

surface area to be stabilised and the chain extension from the macroinitiator 

leading to burying of the stabilising moieties. 

We previously reported the formation of a “muffin-like” morphology when the same 

polymerisation conditions were used on Gibbsite platelets (Chapter 3). In order to 

study the morphology of the obtained polymer-silica lens nanocomposites, cryo-

TEM analysis was used (Figure 5).  Results from Figure 5 clearly show growth of a 

latex particle from one side of the template, which points to the same morphology 

as in the case of Gibbsite platelets (Chapter 3).  

One conclusion that can be drawn from the results of this Chapter and Chapter 3 is 

that the most favourable morphology using developed ATRP technique on a hard 

template is a “muffin-like” morphology. This shows the versatility of the used 

synthetic strategy. 
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Figure 5. cryo-TEM images of final polymer-silica lens latex particles.  Conditions as in Figure 4. 

Effect of a cross-linker  

In Chapter 3, we also demonstrated the effect of EGDMA on the morphology 

of the polymer-Gibbsite nanocomposites. It was clearly demonstrated that 

under optimised reaction conditions, successful encapsulation of Gibbsite 

platelets was possible. In this work, the same strategy was applied on silica 

lenses. The cryo-TEM results for the obtained polymer-silica lenses 

nanocomposites are presented in Figure 6.  

When looking at cryo-TEM images (Figure 6), one can observe sharp-edged 

structures. It seems that fragments of silica lenses are located on the outside 

of a latex particle, which is similar to “armored-like” morphology. However, 

the exact location of silica lenses is debatable and is not entirely clear from 

the cryo-TEM results. Nevertheless, difference in morphology between 

polymer-Gibbsite and polymer-silica lens nanocomposites is clearly observed 

in this particular situation.  

In our opinion, the possible reason for the difference between the obtained 

morphologies, when using a cross-linker, is the difference between the 

nature of the templates. Gibbsite platelets are solid inorganic platelets which 
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represent a hard template. Meanwhile, a silica lens is a vesicle coated with 

silica and can therefore be considered as a semi-hard template. We can, 

then, assume that such a difference is more pronounced with an inclusion of 

a cross-linker than without. Another assumption is that due to the possible 

diffusion of the ATRP macroinitiator through porous silica inside the vesicle, 

polymer grows inside the lens and at some point raptures the silica lens. 

However, further studies to prove these hypothesise are required.   

 

Figure 6. cryo-TEM images of final polymer-silica lens latex particles.  Reaction conditions:                   

Vwater = 30 mL, T = 70°C, 7 mg of ATRP macroinitiator and 20 mg of silica lens per mL,                          

[Cu
2+

] = [ascorbic acid] = 2.4  10
-6
M, [Cu

2+
] : [TPMA] = 1:8, MMA : BA = 10 : 1 w/w, feeding rates of 

ascorbic acid, MMA/BA and EGDMA were 9 mg min
-1
.  

Conclusions 

In this chapter, we have reported a study on the applicability of the developed 

ATRP-based method on another template – silica lens. Morphology of the obtained 

polymer-silica lens nanocomposites was similar to the one in the case of polymer-

Gibbsite nanocomposites. In both examples, cryo-TEM characterisation revealed a 

polymer growth from one side of a template, demonstrating successful 

extrapolation of the ATRP-based strategy from Gibbsite to silica lens. Having said 

this, further application of the ATRP-based approach with a cross-linker led to the 
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different results, where the morphology of the obtained composite latex particles 

varied between two templates.  
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5  

Exploring the versatility of  

the ATRP-based approach:  

DODAB vesicles 

Synthesis of polymer-vesicle latex particles by using extruded vesicles of 

dimethyldioctadecyl ammonium bromide (DODAB) via the ATRP-based approach 

is presented in Chapter 5. Cryo-TEM characterisation revealed growth of polymer 

from one side of the vesicle, which is in line with previously observed morphologies 

(Gibbsite and silica lens). Unlike before, the morphology of the resulting composite 

latex particles was affected by the monomer feed composition. Protrusions or 

nanocapsules were synthesised when MMA:BA:EGDMA or MMA were used, 

respectively. Investigation of the co-oligomer composition and its chain length on 

the morphology of the composite latex particles showed the effect on the initial 

vesicle structures during the adsorption, leading to different morphologies in the 

resulting composite latex particles.  
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Introduction 

Vesicles have attracted increasing interest due to their potential application as a 

carrier for active ingredients and as a controlled release system.
1-5 

In water, vesicle 

structures result from self-assembly of amphiphilic molecules above the gel-to-

liquid crystalline phase transition temperature.
6
 As a result, a closed spherical 

bilayer is produced which has a water containing compartment inside.
 
Nowadays, 

the class of double-tailed quaternary ammonium salts is being widely used to form 

vesicles due their commercial availability.
7-10

  

Vesicle-templating polymerisation can be conducted via polymerisation at the 

outside surface of the vesicle
2,7

 or via a layer-by-layer approach.
1,11 

The latter has 

been extensively used to produce polymeric nanocapsules for biomedical 

applications.
12-13

 A drawback of this technique is that in order to obtain the 

necessary shell thickness, several layers should be deposited, resulting in a 

tedious procedure. Moreover, the polyelectrolytes are adsorbed via electrostatic 

interactions, and, therefore, addition of a cross-linker is often required to make a 

robust structure.
14 

Successful synthesis of polymeric nanocapsules was reported by Ali et al. using 

RAFT-mediated starved-feed emulsion polymerisation.
7-8

 This method was based 

on the previously applied strategy to encapsulate Gibbsite platelets by the same 

author
15

 and other inorganic particles by Hawkett et al.
16-19

 Briefly, a small 

polyelectrolyte (BA6-co-AA9) is synthesised through RAFT polymerisation and 

adsorbed on the surface of the vesicles. RAFT moieties of the polyelectrolyte allow 

further chain extension upon injection of initiator (V-501), and addition of a 

monomer mixture (MMA/BA) under starved feed conditions. Ali et al. also extended 

this approach towards synthesis of pH-responsive nanocapsules,
8,20

 and studies of 

their potential application as a drug delivery system were conducted.
20

  

In this work, we explore the application of the earlier developed ATRP-based 

approach on the vesicle polymerisation, as a representative of a soft template. For 

this purpose, we have chosen dimethyldioctadecyl ammonium bromide (DODAB) 
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vesicles, since they were previously used in RAFT-based method.
7-8

 Following the 

same approach as for synthesis of polymer-Gibbsite nanocomposites (Chapter 3), 

an anionic co-oligomer BAn-co-AAm was synthesised by ATRP. It acted as 

stabiliser for the initial template and macroinitiator in ARGET ATRP starved-feed 

emulsion polymerisation (Scheme 1).  

 

Scheme 1. Schematic representation of the synthesis of polymer-vesicle latex particles by aqueous 

starved feed emulsion polymerisation using co-oligomers prepared by ATRP. 

As will be demonstrated in this chapter, cryo-TEM characterisation of the obtained 

composite latex particles showed similar morphology as reported for Gibbsite 

platelets and silica lenses. Unlike before, an effect of the monomer feed 

composition on the morphology of the final polymer-vesicle particles was recorded. 

Furthermore, co-oligomer composition and chain length affected the morphology of 

the composite latex particles before and after polymerisation.   

Experimental 

Materials 

Butyl acrylate (BA, Aldrich, 99%), ethylene glycol dimethacrylate (EGDMA, 

Aldrich, 98%) and methyl methacrylate (MMA, Aldrich, 99%) were purified by 

passing them through a column filled with an inhibitor removal. CuBr2 (99.999%, 

Aldrich), ascorbic acid (99%, Aldrich), tris(2-pyridylmethyl)amine (TPMA, 99%, 
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Aldrich), N,N-dimethylformamide (DMF) and NaCl (99%, Merck) were used as 

received. 

Characterisation 

Molar mass distributions, the number average molar mass (Mn) and polydispersity 

index (Ɖ) of the anionic co-oligomer and the composite latexes were measured by 

size exclusion chromatography (SEC) using a Waters SEC set-up equipped with a 

Waters model 510 pump, a model 410 differential refractometer and a 2487 dual λ 

absorbance detector (operated at λ = 254 nm). A set of two mixed bed columns 

(Mixed-C, Polymer Laboratories, 30 cm, 40 °C) was used. Tetrahydrofuran was 

used as the eluent, and the system was calibrated using polystyrene standards 

(range = 580 - 7.5  10
6
 g mol

-1
). Data analysis was performed using the software 

Empower Pro version 2 from the Waters Corporation.  

1
H NMR spectra were recorded on a Varian 400 MHz spectrometer using 

chloroform-d and water-d2 as solvents. Analysis of the spectra was done using the 

software MestReNova 9.0.0-12821 from Mestrelab Research S.L. 

The particle size distribution and zeta-potential (ζ) were determined at 23°C using a 

Malvern Zetasizer Nano ZS instrument. The ζ-potential was calculated from the 

electrophoretic mobility (µ) using the Smoluchowski relationship, ζ = ηµ/ε, with 

ka>>1 (where η is the viscosity, ε is the dielectric constant of the medium, k and a 

are the Debye-Hückel parameter and particle radius, respectively).      

Cryogenic transmission electron microscopy (cryo-TEM) measurements were 

conducted performed on FEI Titan Krios equipped with automated sample loader 

and Field Emission Gun (FEG) operating at 300kV. Images were recorded with a 

Falcon II camera (4X4) with magnification of 29000 and pixel size of 2.873. 

Vitrification of the vesicles samples was carried out using a vitrification robot (FEI 

Vitrobot Mark IV). All samples were prepared at room temperature and 100% 

humidity with a blotting time of 2s and a blot force of 1.  The sample (5μL) was 

applied onto a grid (Quantifoil, R2/2, Holey carbon film; freshly glow-discharged 

prior to use at 20mA for 30s) without dilution. Excess of sample was blotted away 
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with filter paper to leave a thin film on the grid before being vitrified in liquid ethane. 

Synthesis of DODAB vesicles 

DODAB vesicles were prepared by a membrane extrusion method.
7
 Briefly, a 10 

mM (0.63 wt%) DODAB aqueous solution was mixed with a 0.5 mM NaCl salt 

solution and heated to 65 °C in an oil bath under constant stirring for at least 18 h 

prior to extrusion. The solution was then passed through three-stacked 

polycarbonate filters (Millipore, PC filters, 400 nm) at 60 °C and an argon pressure 

of 7 bar. The extrusion was repeated 5 times till a narrow size distribution of the 

vesicles was achieved.  

General procedure for synthesis of anionic random ATRP co-oligomers 

Synthesis of anionic co-oligomer was previously described in Chapter 3.  

Adsorption studies 

The adsorption procedure was performed as described by Ali et al.
7
 In different 

vials, calculated amounts of ATRP co-oligomers were transferred from a 10 mM 

aqueous stock solution and a total volume of 10 mL was made by adding DDI 

water. Equal volumes of DODAB vesicles (10 mM, 0.63 wt%) were then added 

dropwise to these vials under constant stirring. The vials were kept stirring 

overnight at room temperature.  Particle size distributions and ζ-potentials of the 

products were measured. 

Encapsulation experiments  

Vesicle templated polymerisation was performed using ARGET ATRP starved feed 

emulsion polymerisation. Briefly, 3 mL of a 10 mM aqueous stock solution of ATRP 

co-oligomer and 7 mL of DDI water were transferred into a 50 mL three neck flask 

after which 10 mL of vesicle dispersion (10 mM, 0.63 wt%) was added dropwise at 

a rate of 0.5 mL min
-1

 using syringe pump 11 Elite from Harvard Apparatus under 

constant stirring at room temperature. 1.6 mL of copper catalyst                           

([Cu
2+

]0 =          M, [CuBr2]:[TPMA]=1:8)  was added and the reaction mixture 

was purged with argon for 30 minutes after which the flask was heated to 70 °C. At 
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this point ascorbic acid was added to start the reaction. Under optimised conditions 

this was done by continuous feeding of 0.3 mL of a 7.410
-5

 M aqueous ascorbic 

acid solution at a rate of 0.002 mL min
-1

 using syringe pump NE-1000 (this results 

in a final 1:1 molar ratio of [CuBr2]0 to [ascorbic acid]).  At the same time 0.3 mL of 

a deoxygenated monomer MMA:BA = 10:1 w/w was fed at a rate 0.002 mL min
-1

 

using syringe pump 11 Elite from Harvard Apparatus. After the completion of 

monomer and ascorbic acid addition, the flask was kept stirring at 70 °C for 

another two hours. During polymerisation samples were collected to analyse molar 

mass and particle size distributions.  

Results and discussion 

Adsorption studies 

Vesicles were prepared using a cationic surfactant DODAB, which belongs to a 

class of synthetic surfactants called “dioctadecyldimethylammonium salts”. In order 

to confirm the formation of vesicles after extrusion, cryo-TEM was used (Figure 1). 

 

Figure 1. cryo-TEM image of extruded DODAB vesicles. 

As can be seen from Figure 1 unilamellar vesicles were produced with a Z-average 

diameter (Dz) of 160 nm. The zeta-potential (ζ) was +39 mV and the pH of the 

dispersion was ≈7.  
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Anionic co-oligomers with different combinations of acrylic acid and butyl acrylate 

units were synthesised using ATRP (Table 1). 

Table 1. Characterisation of the anionic BAn-co-AAm co-oligomers 

 Mn
a 
(g mol

-1
) Ɖ

a
 n

b
 m

b
 Xn 

c
 iep

d
 (ξ) 

BA4-co-AA8 1.4  10
3
 1.15 4.0 8.3 12.3 0.35 

BA16-co-AA32 4.5  10
3
 1.28 16.2 32.3 48.5 1.35 

BA5-co-AA5 1.2  10
3
 1.17 5.1 5.3 10.4 0.25 

BA20-co-AA20 4.2  10
3
 1.30 20.0 20.2 40.2 1.20 

a
Determined by SEC against PS standards; 

b
Determined by 

1
H NMR; 

c
Number-average degree of 

polymerisation, Xn = n + m; 
d
Determined by ζ-potential measurements 

In this work, we studied adsorption of these co-oligomers. The stoichiometric 

charge ratio parameter (ξ) was used to express composition of the mixture 

(Equation 1): 

  
            

       
 

(1) 

where Nacid is the total number of acrylic acid units in ATRP macroinitiator, [ATRP] 

and [DODAB] are the molar concentrations of the macroinitiator and DODAB 

molecules, respectively. It was previously stated that only DODAB molecules in the 

outer layer of the bilayer interacts with ATRP macroinitiator.
7
 This interaction was 

analysed by the measurement of the ζ-potential and the Dz after adsorption (Figure 

2).  

Similar to what was reported in Chapters 3 and 4, the addition of positively charged 

DODAB vesicles to negatively charged co-oligomer results in a charge inversion 

effect. As shown in Figure 2a with an increasing charge ratio the Dz of the vesicles 

increases until aggregation occurs at the isoelectric point (ζ = 0 mV), where the 

positive charge of the vesicles is totally neutralised by adsorbed ATRP 

macroinitiator. Further increase in the charge ratio parameter leads to a decrease 

in particle diameter and plateau is reached (ξ>1).  
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Figure 2. Dz (a) and ζ (b) of DODAB vesicles as a function of stoichiometric charge ratio (ξ) for ATRP 

macroinitiator at pH = 7. Used co-oligomers: () BA4-co-AA8 () BA16-co-AA32, () BA5-co-AA5 and  

() BA20-co-AA20.  

As before, the ζ-potential decreases with increasing charge ratio and becomes 

negative. The isoelectric points (ieps) of the different co-oligomers were 

determined from these ζ-potential measurements (Table 1). When comparing the 

obtained values for different co-oligomers it was noticed that charge ratio at the 

isoelectric point increased with increasing average number of acrylic acid units 

(Figure 3).  

 

Figure 3. Isoelectric point (iep) as a function of average number of acrylic acid units per oligomer chain 

at pH = 7. Used co-oligomers: () BA4-co-AA8 () BA16-co-AA32, () BA5-co-AA5 and () BA20-co-AA20.  
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The observed results can be explained by the affinity of longer hydrophilic chains to 

form more loop and tail structures on the surface of vesicles.
21-23

 As a 

consequence, a higher concentration of long chain co-oligomers is required to 

reach the iep.   

Returning to the results in Figure 2a, we noticed that a plateau was not reached in 

the cases of co-oligomers with an equal BA/AA ratio. Furthermore, from the Dz 

measurements an increase in the poly value of the dispersions after adsorption 

was recorded (See Table 2 and Appendix B). Since a DODAB vesicles are soft 

templates, adsorption of the ATRP macroinitiator may also provoke changes in the 

morphology of the initial vesicles. We therefore analysed the effect of the co-

oligomer composition on the morphology using cryo-TEM (Figure 4). 

As can be seen from Figure 4a-b, utilisation of co-oligomers with a higher number 

of acrylic acid units than butyl acrylate units did not affect the initial morphology of 

the vesicles. However, in the situations with an equal molar ratio of BA/AA (Figure 

4c-d), different morphologies were observed. From these results, it seems that in 

order to maintain the initial morphology of the vesicles, access of acrylic acid units 

is required. The same observation was reported by Moradi et al.
23   

Moreover, when 

using co-oligomers with a higher number of AA units (Figure 4a-b), no effect of the 

co-oligomer chain length was recorded. Therefore, we may assume that the co-

oligomer composition is more important than its chain length. For further 

experiments, based on the previously reported studies,
7-8

 BA4-co-AA8 was chosen 

and the polymerisation was conducted at ξ = 2.  
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Figure 4. cryo-TEM images of ATRP macroinitiator stabilised DODAB vesicles before polymerisation. 

Used co-oligomers: (a) BA4-co-AA8 (b) BA16-co-AA32, (c) BA5-co-AA5 and (d) BA20-co-AA20. Adsorption 

was conducted at the following charge ratios: (a) 2, (b) 3, (c) 2 and (d) 3. 

Preparation and characterisation of polymer-vesicle hybrid particles 

In the current work, the same ATRP-mediated strategy as described in the 

previous chapters was used for the vesicle-templated polymerisation. Previously, 

the influence of the catalyst on the colloidal stability of Gibbsite platelets and silica 

lenses was observed. We therefore conducted the same experiment on the ATRP-

macroinitiator stabilised vesicle dispersions (Figure 5). 
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Figure 5. Effect of [Cu
2+

] on Dz of an ATRP macroinitiator-stabilised vesicles dispersion at ξ = 2. Used 

co-oligomer: BA4-co-AA8. 

As expected, the results from Figure 5 clearly demonstrate the effect of the copper 

concentration on colloidal stability. Aggregation of vesicles occurs at [Cu
2+

] > 1.2  

10
-6

 M and we therefore conducted future experiments below this Cu
2+ 

concentration.   

Encapsulation experiments were carried out using starved-feed conditions. Figure 

6 shows the conversion and particle size evolution as a function of the added 

monomer amount during the polymerisation.  

   

Figure 6.  (a) Overall conversion vs. time and (b) evolution of (▲) Dz and () ζ (b). Dashed line is 

monomer feeding profile. Optimised polymerisation conditions: V = 22.2 mL, T = 70°C, ξ = 2,                   

[Cu
2+

] = [ascorbic acid] = 1 10
-6 

M, [Cu
2+

] : [TPMA] = 1:8; 0.3 mL monomer mixture                                   

(MMA : BA = 10 : 1 w/w) was fed at the feeding rate 0.002 mL min
-1
. Used co-oligomer: BA4-co-AA8. 
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Figure 6a clearly demonstrates overlap of the overall conversion profile with 

monomer feeding profile, indicating truly starved-feed conditions. From the size 

measurements, an increase of around 30 nm was observed over the 

polymerisation time (Figure 6b).  Decrease in the ζ- potential is attributed to the 

chain extension from the macroinitiator and to an increase of the surface area to be 

stabilised.   

Previously, a so-called “muffin-like” morphology was observed when Gibbsite 

platelets and silica lenses were used. Therefore, we also characterised the 

morphology of the obtained polymer-vesicle latex particles using cryo-TEM (Figure 

7). It should be noted, that for the vesicle-templated ATRP-mediated 

polymerisation a 15 times smaller monomer amount was used as compared to the 

earlier examples (Chapters 3-4). This was due to the results of the previous studies 

reported by Ali et al.
7-8,20

 and the recent results reported by Moradi et al.
23

 where 

transformation from capsule structures to solid particles was observed depending 

on the overall monomer amount.  

 

Figure 7. cryo-TEM images of final polymer-vesicle latex particles.  Conditions as in Figure 6. 

Cryo-TEM characterisation of the obtained composite latex particles showed 

growth of polymer from one side of the vesicle, a so-called “parachute” structure. In 

the majority of cases (92%), one small polymer bead was confined to the vesicle 
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and only a small fraction of the obtained composite particles consisted of 2-4 beads 

per vesicle. The same type of morphology was obtained using the ATRP-based 

approach on Gibbsite platelets and silica lenses. We can therefore conclude a 

successful utilisation of this strategy on a vesicle, as an example of a soft template.  

Effect of monomer composition 

Previously, the influence of monomer composition (100% MMA and MMA:BA=7:3 

w/w) on polymer-vesicle particle morphology was reported Ali et al.
7
 In both cases 

nanocapsules were formed; however, using higher BA containing feed resulted in 

more spherical nanocapsules with a smother surface. The observed effect by Ali et 

al. was attributed to the glass transition temperature of the monomer composition. 

We therefore also studied the influence of the monomer feed composition (100% 

MMA and MMA:BA:EGDMA = 10:1:1 w/w) on the polymer-vesicle hybrid particle 

morphology using cryo-TEM (Figure 8). 

Figure 8a clearly shows that a thick polymer layer is formed over the vesicle 

surface, resulting in the formation of a hollow spherical capsule. Meanwhile, 

feeding another monomer composition (Figure 8b) resulted in accumulation of 

polymer in two locations of the vesicle: as one polymer particle on one side of the 

vesicle and as a polymer layer over the whole vesicle surface. Observed capsule 

and protrusion structures clearly demonstrate the effect of the monomer feed 

composition on the hybrid particle morphology.  

Interestingly, in our studies with Gibbsite (Chapter 3), we did not observe any effect 

of monomer composition (100% MMA and 100% BA) on the composite particles 

morphology. Only with the inclusion of a cross-linker (MMA:BA:EGDMA = 10:1:1 

w/w) the difference was recorded. The possible reason of the observed difference 

between Gibbsite and vesicles in the same approach is the nature of a template 

and as a consequence partitioning of the reactants. Jung et al. reported the 

formation of a parachute-like morphology when vesicle-templated 

photopolymerisation of styrene was carried out.
9
 Formation of a parachute-like 

morphology was attributed to the probable polymerisation in the vesicle bilayer, 
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due to the photoinitiator partitioning into bilayer. In our situation, more thorough 

studies should be conducted on the possible partitioning of the copper (II) catalyst 

and the ATRP macroinitiator in the vesicle bilayer.   

 

Figure 8. cryo-TEM image of final polymer-vesicle latex particles obtained using a monomer feed of (a) 

100% MMA and (b) MMA:BA:EGDMA = 10:1:1 w/w. Other conditions as in Figure 6. 

Effect of co-oligomer composition 

As shown above, co-oligomer composition and chain length affected adsorption 

and the resulting morphology of ATRP macroinitiator stabilised vesicle dispersion 

(Figure 4). This could potentially affect the polymerisation process and the final 

morphology. For that reason, we studied effect of co-oligomer composition and 

chain length on the morphology of the resulting composite latex particle. 

Characterisation results of the latexes before and after polymerisation are 

presented in Table 2. 
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Table 2.  Characterisation of the composite latexes.
a 

 adsorption polymerisation 

 Dz  (nm) poly value ζ (mV) Dz  (nm) poly value ζ (mV) 

BA4-co-AA8 167 0.12 - 57 180 0.07 - 42 

BA16-co-AA32 184 0.08 - 63 207 0.07 - 46 

BA5-co-AA5 177 0.20 - 59 208 0.26 - 43 

BA20-co-AA20 140 0.21 - 60 153 0.11 - 47 

a
Used monomer feed composition: 100% MMA. Initial DODAB vesicles dispersion: Dz = 150 nm, 

poly value = 0.18 and ζ = +39 mV. Other conditions as in Figure 6. 

As can be seen from the data collected in Table 2, the obtained polymer-vesicle 

latexes showed similar properties as those before (increase in Dz and decrease in 

ζ-potential). The morphology of the obtained composite latex particles was 

analysed using cryo-TEM (Figure 9). 

The Figure 9a-b show that polymeric nanocapsules were successfully obtained and 

the morphology did not depend on the chain length of the used co-oligomer. When 

co-oligomers with different BA/AA ratio were utilised (Figure 9c-d), the same 

morphology as that after adsorption was observed in the final latex particles (Figure 

4c-d). These results suggest that morphology after polymerisation is directly 

influenced by the morphology after adsorption.  
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Figure 9. cryo-TEM images of final polymer-vesicle latex particles obtained using a monomer feed of 

100% MMA and different ATRP macroinitiators. Used co-oligomers: (a) BA4-co-AA8 (b) BA16-co-AA32, (c) 

BA5-co-AA5 and (d) BA20-co-AA20.  Other conditions as in Figure 6.      

Conclusions 

In this work, we have studied the synthesis of polymer – vesicle hybrid particles 

using an earlier developed ATRP-based method for encapsulation of Gibbsite. 

Morphology of the obtained composite particles was similar to that in the case of 

polymer-Gibbsite nanocomposites. In both examples, cryo-TEM characterisation 

revealed a polymer growth from one side of a template. This shows successful 
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extrapolation of the ATRP-based strategy from Gibbsite to DODAB vesicles. Unlike 

before, the morphology of the resulting composite latex particles was affected by 

the monomer feed composition. Structures like nanocapsules and protrusions were 

obtained depending on the used monomer composition. Moreover, studies in the 

influence of the co-oligomer composition and chain length on the vesicle/co-

oligomer morphology pointed to the significant effect of these parameters on the 

morphology of product after adsorption. This influence directly affected morphology 

of the resulting composite latex particles after polymerisation.  
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6  

Polymer-Gibbsite 

nanocomposites via 

conventional emulsion 

polymerisation 

In Chapter 6, a novel route towards polymer-Gibbsite nanocomposites synthesis is 

presented. Gibbsite platelets were successfully encapsulated via starved-feed 

conventional emulsion polymerisation using anionic co-oligomers without the need 

for any chemical surface modification of the platelets. The charged co-oligomers, 

described in Chapters 3-5, were used as stabilisers for the initial Gibbsite platelets 

and the formed latex particles. Optimisation of co-oligomer concentration resulted 

in efficient encapsulation where every latex particle contained a Gibbsite platelet. A 

mathematical model was then developed to establish necessary reaction 

conditions to synthesise highly-filled polymer-Gibbsite nanocomposites. The 

obtained nanocomposites with different Gibbsite content were then used to prepare 

films, and effect of the filler content on various properties was studied.  

Parts of this chapter have been published as:  

O.P. Loiko, A.B. Spoelstra, A.M. van Herk, J. Meuldijk and J.P.A. Heuts. Macromol. React. Eng., 

2017, mren.201700051 (accepted). 

O. P. Loiko, A. B. Spoelstra, A. M. van Herk, J. Meuldijk and J.P.A. Heuts, RSC Adv., 2016, 6, 

80748 – 80755. 
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Introduction 

Encapsulation of inorganic particles, in particular various types of clay, has been 

widely studied over the past decades because of the improvement of various 

properties of the final product.
1-3

 Polymer encapsulation of clay via (mini)emulsion 

polymerisation usually requires modification of the surface via a so-called 

hydrophobization process to make it more compatible with polymer.
4-7

 This is 

usually done using a relatively complicated and time-consuming chemical surface 

modification.
8-10

 

Most of the attempts to encapsulate covalently modified clay via (mini)emulsion 

polymerisation led to armored,
7,11-14

 dumbbell or peanut-shaped
15-16

 latex particles. 

Several studies with unmodified synthetic Laponite RD and natural sodium 

montmorillonite using (mini)emulsion polymerisation resulted either in armored 

latex particles
17-18

 or led to (partial) coagulation.
13

 Therefore, it is still remains 

challenging to encapsulate every single clay platelet.  

In previous work,
19

 successful encapsulation of unmodified natural sodium 

montmorillonite was achieved via conventional emulsion polymerisation, but a fairly 

"exotic" mixed surfactant system (Triton X-100 : sodium dodecylbenzene sulfonate 

(SDBS) = 6 : 1 w/w, at half its critical micelle concentration (cmc)) was required.  

For the current work, we tried first to encapsulate unmodified Gibbsite platelets 

using SDBS, but this strategy resulted in a very low encapsulation efficiency (See 

Appendix C) and was therefore abandoned.  

Previously, Ali et al. also reported the successful encapsulation of unmodified 

synthetic Gibbsite platelets using charged co-oligomers containing a 

trithiocarbonate group, which were chain extended using a starved feed emulsion 

polymerisation.
9
 This strategy was originally developed by Hawkett and co-workers 

and was successfully applied to encapsulate titanium dioxide,
20

 pigments,
21

 

graphene oxide
22

 and multi-walled carbon nanotubes.
23

  In Chapter 3, we 

presented a similar approach, but now using atom transfer radical polymerisation 

(ATRP) instead of the earlier reported reversible addition fragmentation chain 
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transfer (RAFT) for the chain extension. Instead of encapsulated Gibbsite platelets, 

this approach resulted in a “muffin-like” morphology, where the polymer seems to 

have grown from only a single side of the Gibbsite platelet.   

Scheme 1. Schematic representation of the synthesis of polymer-Gibbsite nanocomposites by aqueous 

starved feed conventional emulsion polymerisation using charged co-oligomers as stabilisers. 

Reviewing the above mentioned studies we came to the conclusion that synthetic 

short charged co-oligomers act as usual surfactants for both the platelets and the 

polymer particles in addition to providing hydrophobic regions around hydrophilic 

platelets.  Since this combination of properties is what is required for encapsulation 

we focus in this work on the use of charged co-oligomers in a conventional starved-

feed emulsion polymerisation for the encapsulation of unmodified Gibbsite platelets 

(Scheme 1). Briefly, anionic co-oligomers, consisting of butyl acrylate and acrylic 

acid units, were synthesised via ATRP to obtain relatively narrow molar mass 

distributions. They were then adsorbed on the surface of the positively charged 

Gibbsite platelets and acted as stabilisers. Polymer encapsulation of platelets was 

conducted under starved-feed conventional emulsion polymerisation conditions by 

feeding monomer mixture, consisting of MMA and BA. The resulting morphology 

was analysed with cryo-TEM. Several parameters, such as co-oligomer 

concentration, composition and chain length were investigated with a focus on the 

resulting particle colloidal stability and morhology. 

This approach is industrially attractive due to a very simple polymerisation process, 

which is based on the use of conventional emulsion polymerisation and no 

complicated or time-consuming surface modification procedures of the initial 

Gibbsite platelets is required. 
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Experimental 

Materials 

The monomers butyl acrylate (BA, Aldrich, 99%), methyl methacrylate (MMA, 

Aldrich, 99%) and tert-butyl acrylate (tBA, Aldrich, 99%) were purified by passing 

them through a column of inhibitor removal agent. CuBr (99.999%, Aldrich), 

N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich), 

trifluoroacetic acid (TFA, 99%, Aldrich), hydrochloric acid (32%, Merck), 

dichloromethane (DCM), dimethylformamide (DMF), methanol, tetrahydrofuran 

(THF), aluminum isopropoxide (98%, Acros), aluminum sec-butoxide (95%, Fluka), 

and 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] (VA-086, Wako 

Chemicals GmbH) were used as received. 

Characterisation 

Molar mass distributions, the number average molar mass (Mn) and polydispersity 

index (Ɖ) of the anionic co-oligomer and the composite latexes were measured by 

size exclusion chromatography (SEC) using a Waters SEC set-up equipped with a 

Waters model 510 pump, a model 410 differential refractometer and a 2487 dual λ 

absorbance detector (operated at λ = 254 nm). A set of two mixed bed columns 

(Mixed-C, Polymer Laboratories, 30 cm, 40 °C) was used. Tetrahydrofuran was 

used as the eluent, and the system was calibrated using polystyrene standards 

(range = 580 - 7.5  10
6
 g mol

-1
). Data analysis was performed using the software 

Empower Pro version 2 from the Waters Corporation.  

1
H NMR spectra were recorded on a Varian 400 MHz spectrometer using 

chloroform-d and water-d2 as solvents. Analysis of the spectra was done using the 

software MestReNova 9.0.0-12821 from Mestrelab Research S.L. 

The particle size distribution and zeta-potential (ζ) were determined at 23°C using a 

Malvern Zetasizer Nano ZS instrument. The ζ-potential was calculated from the 

electrophoretic mobility (µ) using the Smoluchowski relationship, ζ = ηµ/ε, with 
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ka>>1 (where η is the viscosity, ε is the dielectric constant of the medium, k and a 

are the Debye-Hückel parameter and particle radius, respectively).      

Critical micelle concentrations of the co-oligomers were determined from light 

scattering intensity measurements performed on a Malvern 4700 light scattering 

instrument (λ = 488 nm) equipped with a Malvern Multi-8 7032 correlator at a 

scattering angle of 90° at 25°C.
24

     

Transmission electron microscopy (TEM) measurements were conducted on a FEI 

Tecnai 20, type Sphera TEM instrument (with a LaB6 filament, operating voltage = 

200 kV). 200 mesh copper grids with continuous carbon support layer were used.  

Cryogenic transmission electron microscopy (cryo-TEM) measurements were 

conducted on FEI CryoTitan electron microscope operated at 300 kV, equipped 

with a field emission gun (FEG), a postcolumn Gatan energy filter (GIF) and a post-

GIF 2k x 2k Gatan CCD camera. 200 mesh copper grids with lacey carbon layer 

were used for analysis. The sample vitrification procedure was performed using an 

automated vitrification robot (FEI Vitrobot Mark III). A 3 µl sample was applied to a 

Quantifoil grid (R 2/2, Quantifoil Micro Tools GmbH; freshly glow discharged for 40 

seconds just prior to use) within the environmental chamber of the Vitrobot and the 

excess liquid was blotted away. The thin film thus formed was shot into melting 

ethane. The grid containing vitrified film was immediately transferred to a 

cryoholder (Gatan 626) and observed under low dose conditions at -170°C.  

Water vapor transmission rate (WVTR) was measured using TQC permeability 

cups VF 2200 and VF2201. A test assembly consisting of a self-supporting coating, 

sealed to the rim of a cup, was placed in a test enclosure. It was kept at 23 °C and 

relative humidity of 50 %. A saturated ammonium dihydrogen phosphate was used 

to maintain humidity inside the cup. Detailed calculations are described in 

Appendix C. 

Differential Scanning Calorimetry (DSC) was performed on a DSC Q1000 from TA 

Instruments at a temperature ramp of 10 °C min
-1

. Temperature profiles were 

measured from -50 °C to 150 °C and consisted of two heating and cooling runs. TA 

Universal Analysis software was used for data acquisition.  
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Thermogravimetric analysis (TGA) was performed on a TGA Q500 from TA 

Instruments under a nitrogen flow of 25 mL min
-1

. Temperature profiles were 

measured from 25 °C to 800 °C at a temperature ramp of 20 °C min
-1

. TA Universal 

Analysis software was used for data acquisition.  

Free-standing films were produced from the dried final reaction products, that were 

compression molded at 160 °C and 100 kN for 15 minutes and subsequently 

cooled with water at 30 °C for 7 minutes. Used molds were rectangular with 39.9 

mm length, 19.6 mm width and 0.37 mm thickness.  

The thermo-mechanical response of compression-molded samples were measured 

on a DMA Q800 (TA Instruments) with a film tension setup. A temperature sweep 

from 25 to 140 °C was performed with a heating rate of 3 °C/min at a frequency of 

1 Hz. A preload force of 0.01 N, an amplitude of 10 µm and a force track of 125 % 

were used. Samples were typically 15 – 20 mm long, 5 mm wide and 0.37 mm 

thick.  

The pencil hardness test was conducted using an Erichsen Koh-I-Noor 1500 

pencils. The degree of gloss at an angle of 60 °C was measured using a BYK 

Gardner-GmbH micro-TRI gloss meter, Germany. The contact angle 

measurements were conducted on the standing films using an OCA 20 goniometer 

(DataPhysics Instruments GmbH) in air at room temperature. Triply distilled water 

was used and the volume of the drop was maintained as 5 μl in all cases using a 

microsyringe. The pendulum hardness test was carried out on Erichsen GmbH 

König hardness meter (model 299/300). 

Synthesis of Gibbsite 

Synthesis of Gibbsite was previously described in Chapter 3.  

General procedure for the synthesis of anionic co-oligomers via ATRP 

Synthesis of anionic co-oligomer was previously described in Chapter 3.  
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Adsorption studies 

The adsorption procedure was previously described in Chapter 3. 

Encapsulation experiments 

Polymer encapsulated Gibbsite nanoparticles were synthesised by conventional 

starved feed emulsion polymerisation. Briefly, 0.5 mL of a 10 mM aqueous stock 

solution of anionic co-oligomer and 25 mL of DDI water were transferred into a 50 

mL three neck flask after which 2 mL of Gibbsite dispersion (1 wt%) was added 

drop wise at a rate of 1 mL min
-1

 using syringe pump NE-1000 under constant 

stirring at room temperature. The resulting dispersion was then sonicated for 1.5 

min using Vibracell tip sonicator at 30% amplitude. 0.09 g of VA-086 initiator (2 

wt% based on monomer weight) was added and the reaction mixture was purged 

with argon for 1 hour after which the flask was heated to 80°C. Then, 4.5 g of 

deoxygenated monomer mixture (MMA : BA = 10 : 1 w/w) was fed using a syringe 

pump NE-1000 at a rate of 9 mg min
-1

. After the completion of monomer addition, 

the flask was kept stirring at 80°C for another two hours. During polymerisation 

samples were collected to analyse molar mass and particle size distributions. 

Results and discussion 

Synthesis and characterisation of anionic co-oligomers 

Anionic co-oligomers with different combinations of acrylic acid and butyl acrylate 

units were synthesised using ATRP (Table 1). Estimates for the (effective) critical 

micelle concentrations of the obtained co-oligomers were determined by measuring 

the scattering light intensity as a function of co-oligomer concentration.  Solutions 

of different co-oligomer concentrations were prepared by dilution of the most 

concentrated one.  The co-oligomer concentration at which the slope of the 

scattering intensity vs. concentration changes was used to estimate the cmc 

(Figure 1).  It should be noted here that due to the molar mass and chemical 

composition distributions of the prepared co-oligomer we are studying mixed 

micelles and that the obtained values for the cmc are only rough estimates. 
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Table 1. Characterisation of the anionic BAn-co-AAm co-oligomers 

 Mn
a 
(g mol

-1
) Ɖ

a
 n

b
 m

b
 Xn 

c
 cmc

d 
(mM) iep

e
 (mM) 

BA4-co-AA8 1.4  10
3
 1.15 4.0 8.3 12.3 0.067 0.007 

BA8-co-AA16 2.3  10
3
 1.13 8.0 16.0 24.0 0.081 0.008 

BA16-co-AA32 4.5  10
3
 1.28 16.2 32.3 48.5 0.100 0.013 

BA5-co-AA5 1.2  10
3
 1.17 5.1 5.3 10.4 0.043 0.005 

BA20-co-AA20 4.2  10
3
 1.30 20.0 20.2 40.2 0.078 0.011 

a
Determined by SEC against PS standards; 

b
Determined by 

1
H NMR; 

c
Number-average degree of 

polymerisation, Xn = n + m; 
d
Determined using scattering intensity from DLS measurements; 

e
Determined by ζ-potential measurements. 
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Figure 1. Scattering intensity from DLS measurement as a function of anionic co-oligomer 

concentration. Used anionic co-oligomers: () BA4-co-AA8 () BA8-co-AA16, () BA16-co-AA32,             

() BA5-co-AA5 and () BA20-co-AA20. 

Values in the range of 0.04 to 0.1 mM (depending on average co-oligomer 

composition and chain length) were found and are listed in Table 1.  In general it 

can be concluded that the cmc increases with increasing m/n and with increasing n 

+ m at constant m/n, as expected.
25-26

 

Adsorption of these anionic co-oligomers and subsequent encapsulation 

experiments were carried out at pH = 7, because Gibbsite platelets are completely 

cationic
27

 and complete deprotonation of the carboxylic groups in the anionic co-

oligomer takes place at pH ≈ 7.
28

 

In order to establish the co-oligomer amount required for the Gibbsite platelets 

stabilisation, the dependence of the ζ-potential and the Z-average diameter on the 
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amount of anionic co-oligomer was studied (Figure 2).  Similar to what was 

observed in previous studies,
9,20-23,29

 the addition of positively charged Gibbsite 

platelets to negatively charged co-oligomer results in a decrease in ζ-potential 

(which levels out at higher co-oligomer concentrations) and colloidal instability at 

the isoelectric point (iep, ζ = 0 mV) as evidenced by a dramatic increase in Dz. 
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Figure 2.  Effect of anionic co-oligomer concentration on (a) Dz and (b) ζ of the Gibbsite platelets at              

pH = 7. Used anionic co-oligomers: () BA4-co-AA8 () BA8-co-AA16, () BA16-co-AA32, () BA5-co-AA5 

and () BA20-co-AA20. Note: 1 mg of anionic co-oligomer BA4-co-AA8 corresponds to 5.7  10
-6
 mol of 

COOH (calculated from Mn = 1.4  10
3
 g mol

-1
 and n(COOH) = 8). 

From these ζ-potential measurements the ieps of the different anionic co-oligomers 

were determined and the obtained values are listed in Table 1.  When comparing 

these values for the different co-oligomers it was noticed that the co-oligomer 

concentration at the isoelectric point (ζ = 0 mV) increased with increasing average 

number of acrylic acid units (Figure 3).  

This observation can be explained by the fact that longer hydrophilic chains will 

lead to more loop and tail structures on the Gibbsite surface.
30-31

 Therefore, a 

higher concentration of long chain co-oligomers is required to reach the isoelectric 

point. 

As in previous studies excellent results in the encapsulation experiments were 

obtained using a large excess of anionic co-oligomer,
9 
 we took the same approach 

in the current work and used 300 mg of co-oligomer per g of Gibbsite. 
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Figure 3. Isoelectric point as a function of average number of acrylic acid units at pH = 7. Used co-

oligomers: () BA4-co-AA8 () BA8-co-AA16, () BA16-co-AA32, () BA5-co-AA5 and () BA20-co-AA20.  

Preparation and characterisation of polymer-Gibbsite nanocomposites 

Encapsulation experiments were carried out by slowly feeding monomer to the 

Gibbsite dispersion. Conversion and molar mass distributions were monitored 

during the polymerisation and the results are shown in Figure 4.  
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Figure 4. (a) Overall conversion vs time plot (dotted line is monomer feeding profile) and (b) molar 

mass distributions (scaled to monomer conversion) with overall monomer conversion. Optimised 

polymerisation conditions: Vtotal = 25 mL, T = 80 °C, mGibbsite = 0.02 g, [BA4-co-AA8] = 0.05 mM,                 

VA-086 = 2 wt% based on monomer weight, 4.5 g of monomer mixture was fed at a rate of 9 mg min
-1
. 

From Figure 4a it is clear that since the overall conversion is the same as monomer 

feeding profile, we have an instantaneous conversion of 100% and truly starved-

feed conditions, which is a prerequisite for efficient encapsulation.
32

  The molar 

mass distributions shown in Figure 4b are typical for a conventional emulsion 

polymerisation. At low M a small peak is observed which corresponds to the 
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anionic co-oligomer.  As expected, this peak remains unchanged during the 

polymerisation (even although these co-oligomers were prepared via ATRP, 

without a catalyst these chains are inactive and will not be chain extended).  

Overall, the results in Figure 4 are fully consistent with a conventional starved-feed 

emulsion polymerisation in which the anionic co-oligomers act as efficient 

stabilisers during the polymerisation. 

The evolution of the particle morphology during the polymerisation was studied 

using TEM and the results are shown in Figure 5. 

 

Figure 5. TEM images of polymer-Gibbsite latex particles for increasing conversion.  Conditions as in 

Figure 4. 
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It is clear from these images that the Gibbsite platelets are completely covered by a 

polymer layer during the course of the polymerisation.  It should be noted here that 

platelets with an orientation perpendicular to the electron beam are hard to see 

because of a reduced diffraction contrast.
8 

Careful particle counting (> 100 

particles) showed that all Gibbsite platelets were encapsulated. Only for a very 

small fraction of particles we could not clearly determine the presence/absence of 

Gibbsite platelets. 

Having established the stabilising role of the anionic co-oligomer, we studied its 

effect on Dz and ζ-potential.  In Figure 6 we show the results for Dz and ζ-potential 

as a function of monomer conversion, expressed here as the overall amount of 

polymer per g of Gibbsite, for two different co-oligomer concentrations.  It is clear 

from the data in this figure that the particle size is not affected by the co-oligomer 

amount, but that the ζ-potential is; the lower the amount of co-oligomer, the lower 

the ζ-potential (in an absolute sense). 
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Figure 6. Evolution of (filled symbol) Dz and (empty symbol) ζ-potential at different anionic co-oligomer 

concentrations: () 0.02 mM and () 0.05 mM.  Used co-oligomer: BA4-co-AA8. Other conditions as in 

Figure 4.  

As expected, the particle size increases with increasing polymer content and the 

fact that there is no effect of the co-oligomer concentration on the size means that 

there are equal numbers of particles in both systems; this is indeed what is 

expected if all Gibbsite platelets act as seed for the polymerisation and there is no 
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secondary nucleation.  This, in turn, explains the observed trend in the ζ-potential.  

The observed decrease in (absolute) ζ-potential is caused by an increase in 

surface area to be stabilised and, most likely, the fact that the stabilising moieties 

are being buried under the forming polymer chains;
9
 obviously in the case of the 

higher co-oligomer concentration higher (absolute) ζ-potentials are obtained as 

there are more anionic stabilisers available for the stabilisation of the same surface 

area. 

The observed reduction in (absolute) ζ-potential also implies that for a given co-

oligomer concentration there exists a maximum amount of polymer per platelet that 

can be stabilised in a fully batch process before colloidal instability occurs.  This is 

indeed what we observed when we continued feeding the monomer mixture, the 

latex coagulated.  We therefore increased the co-oligomer concentration further 

from those used in the experiments shown in Figure 6 (and above the cmc).  We 

did, however, not observe an increase in the amount of polymer per Gibbsite 

platelet, but the formation of empty latex particles (Figure 7); the amount of empty 

particles increases with increasing co-oligomer amount as is shown in Figure 7.  
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Figure 7. Effect of anionic co-oligomer concentration on fraction of empty particles (%), as determined 

by particle counting (> 100 particles) Used co-oligomer: BA4-co-AA8. Conditions: Vtotal = 25 mL,               

T = 80 °C, mGibbsite = 0.02 g, VA-086 = 2 wt% based on monomer weight, 4.5 g of monomer mixture was 

fed at a rate of 9 mg min
-1
.  

This result was not completely unexpected as it is known that in more conventional 

approaches, efficient encapsulation requires using conditions at free surfactant 
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concentration < cmc to avoid secondary nucleation.
32

  This is exactly what we 

observe in our current studies. 

Overall we can conclude that encapsulation experiments should be carried out 

using co-oligomer concentrations larger than the minimum co-oligomer 

concentration required to maintain colloidal stability of the initial Gibbsite platelets 

(~ 0.01 mM under the current conditions) while maintaining the free surfactant 

concentration below cmc (0.067 mM, so overall ~ 0.08 mM under the current 

conditions).  Increasing polymer contents can potentially be obtained by using a co-

oligomer feed strategy which ensures that the free co-oligomer concentration 

remains below cmc.   

Effect of chain length and composition of the anionic co-oligomers  

As shown above, the chain length of anionic co-oligomer affects adsorption of the 

co-oligomer onto the Gibbsite platelets (Figure 3) and this in turn could potentially 

affect the encapsulation process.  We therefore studied the effect of chain length 

and ratio of BA to AA units in the co-oligomer on the resulting composite latex 

morphology.  Encapsulation experiments were carried out using the same 

conditions as before and the obtained latexes had very similar properties as those 

before (See Table 2 for Dz and ζ-potential). 

Table 2. Characterisation of the composite latexes.
a 

 Dz  (nm) poly value ζ (mV) 

Gibbsite 100 0.14 + 40 

BA4-co-AA8 275 0.11 - 23 

BA8-co-AA16 280 0.12 - 19 

BA16-co-AA32 283 0.10 - 21 

BA5-co-AA5 250 0.14 - 20 

BA20-co-AA20 278 0.11 - 15 

a
Polymerisation conditions as in Figure 4. 
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In all cases, full encapsulation of the Gibbsite platelets occurred as is clearly shown 

by the TEM images in Figure 8.  

It is clear from the results in Figure 8 and Table 2 that successful encapsulation of 

Gibbsite is possible for all investigated co-oligomers (with differing AA/BA ratios 

and overall chain lengths) and that composite latexes are obtained with very similar 

properties.  This also suggests that the possible effects of the chemical 

composition and molar mass distributions of the prepared co-oligomers are of 

minor (if any) importance and may even imply that the co-oligomers need not be 

synthesised by ATRP, but that conventional free-radical polymerisation may be 

sufficient.                

 

Figure 8. cryo-TEM images of final polymer-Gibbsite latex particles obtained by using different anionic 

co-oligomers.  Used co-oligomers: (a) BA4-co-AA8, (b) BA8-co-AA16, (c) BA16-co-AA32, (d) BA5-co-AA5 

and (e) BA20-co-AA20. Conditions as in Figure 4. Please note that the "small particles" in (a-e) are 

caused by some ice contamination. 
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Design and preparation of highly filled water-borne polymer-Gibbsite 

nanocomposites 

A clear effect of co-oligomer concentration on the colloidal stability was observed 

and, as expected, only a limiting amount of polymer per Gibbsite platelet could be 

stabilised before colloidal instability occurred. The obtained solids content (ϕS) in 

these studies was therefore rather low (i.e. ϕS = 17 wt%) and had a very low filler 

content (ϕf) of 0.4 wt% (See Appendix C for the definitions of ϕS and ϕf). Higher 

solids and filler contents, however, would be desirable for practical applications. 

Polymer-clay nanocomposites with a solids content as high as 50 wt% have been 

reported in the literature, but most of them were obtained with a relatively low filler 

content ( 3 wt%);
7,33 

only a limited number of publications were dedicated to the 

preparation of highly filled polymer-clay particles.
33,34-35 

These studies indicated that 

the compounds used for hydrophobization of clay
33-34

 and the size of the clay 

platelets
35

 can affect its maximum filler content and that use of larger amounts of 

clay platelets may result in less colloidal stability because of an increase in ionic 

strength of the water phase.
36 

It has also been observed that the morphology of the 

resulting nanocomposites was affected by the filler amount.
34 

Overall, it can safely 

be concluded that the  synthesis of highly filled polymer-clay nanocomposites with 

a controlled morphology still remains a challenge.   

In the current work, we focus on the synthesis of water-borne spherical polymer-

Gibbsite nanocomposites with high solids and filler contents. Using the strategy 

shown in Scheme 1 we aim at increasing both ϕS and ϕf in the final product.  With 

the aid of a simple mathematical model we develop an efficient feed strategy with 

the ultimate aim of increasing ϕS from 17 wt% to 40 wt%. and ϕf from 0.4 wt% to 35 

wt%, while maintaining colloidal stability.  

Method development  

In order to increase the ϕS and ϕf using our encapsulation strategy, it is important to 

realize what limits these parameters in the approach followed thus far. All 

polymerisations have been carried out using a starved monomer feed to an 
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aqueous dispersion of Gibbsite (G) containing initiator and a fixed amount of 

anionic co-oligomer (S), which was higher than that roughly corresponding to two 

times the isoelectric concentration (required for a stable Gibbsite dispersion) and 

lower than that corresponding to the critical micelle concentration (cmc), to avoid 

secondary nucleation (Chapter 3). Within this concentration range of S, it was 

found that particle growth proceeded in a similar way irrespective of the 

concentration of S ([S]), but that colloidal instability occurred sooner at lower [S].  

Hence, a logical conclusion from this observation is that in order to reach higher 

polymer contents (per Gibbsite platelet) one needs to feed additional S in such a 

way that the cmc is not exceeded and the simplest way of doing this is by starting 

the feed of S just before the colloidal instability occurs.  In order to estimate the 

conditions and time at which feeding of S is required we now derive a simple 

mathematical model and start by writing the overall mass balance for the co-

oligomer S.  The co-oligomer is first used to stabilise the Gibbsite dispersion and 

provides hydrophobic domains on the platelets that convert the platelets into seed 

particles (i.e., the number of particles = Np = initial number of Gibbsite platelets).  

The amount of S used to stabilise the initial Gibbsite platelets is nS,G and upon 

particle growth an additional amount of nS,P is required for particle stabilisation. We 

can therefore express total molar co-oligomer amount, nS,T as: 

 
(1) 

Assuming that the molar amount of co-oligomer adsorbed per gram of Gibbsite 

(mG) is φ, then nS,G = mG  φ.  The initially non-adsorbed amount of S, nS,P, is used to 

stabilise the formed polymer particle surface and is given by: 

         
  

  

 (2) 

where Np = the number of particles (= number of platelets  mG), Ap = the particle 

surface area and aS = the specific area stabilised by one mole of surfactant, i.e. the 

co-oligomer.  It should be noted here that the amount of polymer per Gibbsite 

n
S,T

= n
S,G

+n
S,P
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particle and the overall solids contents are implicitly given by Ap and Np  Ap, 

respectively.  Equation 1 may now be re-written as:  

             
  

  

 (3) 

From equation (3), a relatively simple expression for the amount of polymer per 

gram of Gibbsite for a given co-oligomer concentration can now be derived making 

the following assumptions: 

(a) the total number of particles = number of Gibbsite platelets 

(b) platelet and particle size distributions are monodisperse 

(c) the contribution of the Gibbsite platelet to the resulting polymer-Gibbsite 

nanocomposite particle negligible; the particle is treated as a polymer 

particle. 

(d) the amount of surfactant required to stabilise 1 g of platelets is constant 

and equal to φ. 

(e) no particle-particle interactions are taken into account; 

(f) cmc and aS are assumed to be independent of the ionic strength. 

As can be seen in Appendix C, some straightforward algebra now leads to the 

following simple equation that relates the amount of polymer per gram of Gibbsite 

platelet (mpol/mG) to the used total amount of co-oligomer and Gibbsite: 

    

  

    
    

  

       (4) 

where the parameter C is a constant for a given polymer-Gibbsite combination and 

that contains the polymer density (ρpol), the number average molar mass of 

Gibbsite platelets (MG) and the specific surface stabilised by one mole of the 

surfactant (aS): 

  
       

      
   

      
 (5) 
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Hence, knowledge of the two constants C and φ allows for the determination of the 

maximum amount of monomer per gram of Gibbsite for given total amounts of co-

oligomer and Gibbsite via Equation 4. Here, we estimated these constants from the 

experiments using above described reaction conditions, in which we varied nS,T 

(below the cmc) and monitored the added monomer amount vs. time until the 

coagulation points, i.e. the moment at which coagulation starts (Table 3, Figure 9). 

Table 3. Recipes and results used for the encapsulation experiments to determine C and φ. 

 Gibbsite (g) nS,T (mol) Polymer
b
 (g) Dz (nm) poly value ζ (mV) 

G-1
a
 0.20 50.010

-6
 85.0 327 0.13 -24 

G-2
a
 0.20 35.810

-6
 50.0 282 0.11 -20 

G-3
a
 0.20 21.410

-6
 16.0 183 0.14 -25 

a
Reaction condtions: Vtotal = 0.2 L; MMA:BA = 10:1 w/w; monomer feeding rate = 18 mig min

-1
;                

VA-086 = 2 wt% based on monomer; T = 80C; 
b
Amount of polymer just before coagulation starts. 

                         

Figure 9. Amount of polymer per Gibbsite platelets as a function of time with recorded coagulation 

points for constant Gibbsite content (mG = 0.20 g) and a range of different overall co-oligomer amounts: 

() G-1: nS,T = 50.010
-6
 mol, () G-2: nS,T = 35.810

-6
 mol and () G-3: nS,T = 21.410

-6
 mol. 

Reaction conditions as in Table 3. 

As expected from our previous studies and as discussed at the beginning of this 

section (see above), it is clear from Figure 9 that all data points lie on the same 

straight line, i.e., larger amounts of co-oligomer lead to larger amounts of polymer 

per platelet. Now plotting the results from Table 3 and Figure 9 as                              
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mpol/mG vs. nS,T /mG  results in Figure 10 and non-linear fitting of these data to 

Equation 2 yields the following values for the required constants:                                   

C = 9.210
9  

(mol g
-1

)
-3/2 

and φ = 4.0710
-5 

mol g
-1

. 

 

Figure 10. Relation between (mpol/mG) and (nS,T /mG): (symbols) experimental data and (solid line) 

nonlinear curve fit using Equation 4. Reaction conditions as in Table 3. 

At this point it is thus possible to determine the total amount of co-oligomer 

required to stabilise a certain amount of polymer for a given amount of Gibbsite 

and to determine what the maximum achievable amount of polymer is for a given 

co-oligomer concentration; the relationships for converting absolute masses of 

polymer (mpol) and Gibbsite (mG) into solids (ϕS) and filler (ϕf) contents and vice 

versa are given in Appendix C. 

Since the aim of this work is to synthesise polymer-Gibbsite nanocomposites with 

ϕS = 40 wt% and ϕf ≤ 35 wt%, we used Equation 4 to calculate the nS,T and from this 

the nS,P that is required for four different ϕf at various ϕS (Figure 11). 
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Figure 11. Required nS,P as a function of solid content (ϕS) for different filler contents (ϕf). Vw = 0.1L,             

cmc = 0.067 mM. 

In Figure 11 the maximum allowed amount of free co-oligomer (to avoid secondary 

nucleation) is indicated by a dashed line and only those combinations of ϕS and ϕf 

that lie below this line can be achieved without the need for a feed strategy of the 

co-oligomer. For example for ϕS = 40 wt% only maximum filler contents of about 5 

wt% are possible without feeding of co-oligomer or, vice versa, if ϕf = 40 wt% is 

desired, the maximum solids content would be about 25 wt%. If higher solids 

contents were desired in the latter example, one would need to start feeding 

additional co-oligomer when the amount of monomer added in the semi-batch 

polymerisation corresponds to a solids content of about 25 wt%. 

Scheme 2 schematically shows the overall strategy for estimating the time at which 

co-oligomer needs to be fed (tadd). 
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Scheme 2. Sequence of steps towards establishing necessary reactions conditions. 

For a given volume of water, Vw, the desired solids (ϕS) and filler (ϕf) contents are 

trivially converted into absolute masses of polymer (mpol) and Gibbsite (mG) via the 

equations shown in Appendix C. Substitution of these values into Equation 4 now 

leads to the required overall amount of co-oligomers (nS,T), which is needed to 

stabilise the initial Gibbsite dispersion and the subsequently formed particles. It is 

possible that the total amount of co-oligomer that is required for particle 

stabilisation (nS,P) cannot be added directly at the start of the polymerisation as the 

concentration of free co-oligomer needs to remain below cmc to avoid secondary 

nucleation. Hence the initial amount of co-oligomer, nS,Pinitial, may not exceed a 

value of cmc Vw and the remainder (nS,Pfeed = nS,P - cmc Vw) needs to added at a 

later stage (tadd) before colloidal instability occurs, i.e., the conditions at which 

Equation 4 in combination with nS,T = mG  φ + cmc Vw, C = 9.210
9 

(mol g
-1

)
-3/2 

and φ = 4.0710
-5 

mol g
-1

 apply. Equation 4 now leads to the maximum mpol/mG that 

can be obtained with this initial charge of co-oligomer and the time at which this 

point is reached (and new co-oligomer needs to be added), tadd, is now easily 

determined from the feed rate of the monomer. In principle, one should make sure 

at this point that the additional amount of co-oligomer does not result in a 
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concentration higher than the cmc, otherwise one or more additional addition 

points will be required. 

Analogously, but more graphically depicted, the estimation of tadd is also possible 

by addition of a time axis to Figure 11, which indicated the time that a certain solids 

content is obtained; this time is determined by the monomer feed rate and taking 

into account that the filler contributes to the overall solids content. The results for 

the four different situations in Figure 11 are shown in Figure 12, and in all four 

cases tadd is easily identified. For instance, to obtain polymer-Gibbsite 

nanocomposites with ϕf = 40 wt% and ϕS = 40 wt%, we need to start feeding the 

remaining co-oligomer amount just before t = 19h during the reaction (Figure 12d).  

 

 

Figure 12. Required feeding time as a function of solid content (ϕS) for different filler content (ϕf):               

(a) 5 wt%, (b) 10 wt%, (c) 20 wt% and (d) 40 wt%. Monomer feeding rate = 18 mig min
-1
. Other 

conditions as in Figure 11. 

Case studies 

Having established a clear experimental strategy, we now use Scheme 2 for 

designing the experimental conditions for a range of different case studies in we do 
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not need a co-oligomer feed (G-4 and G-5) and in which we do (G-6, G-7 and G-8), 

depending on the targeted ϕS and ϕf (Table 4). In all cases we have targeted                    

ϕS = 40 wt% and varied ϕf from 3 wt% to 35 wt%. 

All encapsulation experiments were carried out using the experimental conditions 

as described in Table 4 and for all these entries the molecular weight distributions 

and conversion vs. time were monitored during the polymerisation. The particle 

size distributions and ζ-potential were measured for the initial and final dispersions.  

In none of the reactions loss of colloidal instability was observed and the targeted 

S and f were obtained.  As an example, only the results of the case with S = 40 

wt% and ϕf = 20 wt% (entry G-7) will be discussed in more detail (Figure 13); 

similar data of the other experiments are presented in Appendix C.   

Table 4. Experimental design for polymer-Gibbsite nanocomposites synthesis
a 

 no co-oligomer feed with co-oligomer feed 

 G-4 G-5 G-6 G-7 G-8 

ϕS [wt%] 40 40 40 40 40 

ϕf [wt%] 3 7 10 20 35 

mpol [g] 35.6 37 39 45 48 

mG [g] 1.1 2.8 4.3 11 26 

Vw [mL] 55 60 65 85 110 

mpol/mG 32.3 13.3 9.0 4.0 1.8 

nS,T [mol]
b 

4.710
-5
 11.710

-5
 18.010

-5
 46.710

-5
 105.010

-5
 

nS,P [mol]
c 

2.510
-6
 3.510

-6
 9.210

-6
 12.810

-6
 14.310

-6
 

cmcVw [mol]
d 

3.710
-6
 4.010

-6
 4.310

-6
 5.710

-6
 7.410

-6
 

tadd [h]
e 

– – 33 34 37 

a
Overall reaction conditions: MMA:BA = 10:1 w/w, VA-086 = 2 wt% based on monomer, T = 80°C, 

monomer feeding rate = 18 mg min
-1
; 

b
Overall required amount of co-oligomer determined via    

Equation 4; 
c
Total amount of co-oligomer required for particle stabilisation determined via Equation 3;  

d)
Maximum value for nS,Pinitial = cmcVw, where cmc = 0.067 mM; 

e
Start of the co-oligomer feed 

determined via procedures shown in Scheme 2, feeding rate = 0.04 mL min
-1
, [S]0 = 10 mM. 
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Figure 13. Polymerisation characteristics of entry G-7 (Table 4), ϕf = 20 wt% and S = 40 wt%, using the 

conditions as defined in Table 4. (a) Overall monomer conversion expressed as mpol/mG vs time, (b) 

molar mass distributions and (c) size distribution of polymer-Gibbsite nanocomposites determined via 

dynamic light scattering. 

The results in Figure 13a clearly demonstrate that the overall monomer conversion 

follows the monomer feeding rate, indicating truly starved-feed conditions with an 

instantaneous conversion of 100%.  The development of the molar mass 

distribution during the reaction was followed using size exclusion chromatography 

(Figure 13b). Bimodal molecular weight distributions, in which the co-oligomer peak 

remains constant and a high molar mass peak gradually increases, were observed, 

which is in accordance with our above described work. These observations are 

consistent with a conventional emulsion polymerisation and a mechanism in which 

the co-oligomer stabilises the initial Gibbsite platelets and the formed polymer 

particles.  An expected increase in particle size was observed due to polymer 

formation around the Gibbsite platelets (Figure 13c).  

Table 5 gives a summary of the characteristics of the final polymer-Gibbsite 

nanocomposite dispersions is given.  Number-average molecular weights (Mn) of 

the obtained materials range from about 10010
3 

to 16010
3 

g mol
-1

 with 

dispersities (Ɖ) ranging from 2 to 3. These values of Mn and Ɖ are consistent with a 

conventional emulsion polymerisation.  The Z-average diameters (Dz) of the final 

particles determined by dynamic light scattering ranged from about 160 to 260 nm, 

with relatively low poly values between 0.10 and 0.20.  In all cases, the ζ-potential 

increased from -48 mV to around - 20 mV during the process because of an 

increase in the surface area to be stabilised.  These values are in the same range 

as those of the samples used to determine the parameters C and  in Equation 4 

(i.e., G-1 to G-3, see Table 2), further validating our chosen approach. 
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Table 5. Characterisation of polymer-Gibbsite nanocomposites 

 no co-oligomer feed with co-oligomer feed 

 G-4 G-5 G-6 G-7 G-8 

Mn
a 
[gmol

-1
] 12710

3
 14310

3
 15210

3
 12310

3
 10410

3
 

Ɖ
a 

2.9 2.7 2.3 3.0 2.1 

Dz
b 
[nm] 198 210 172 260 161 

poly
b 0.12 0.13 0.11 0.18 0.16 

ζ
b
 [mV] -21 -24 -22 -25 -20 

a
Determined by SEC against PS standards in THF; 

b
The initial Gibbsite dispersion had Dz = 100 nm, 

poly = 0.10 and ζ = + 40 mV (before co-oligomer adsorption) and ζ = - 48 mV (after co-oligomer 

adsorption).  

The morphology of the final polymer-Gibbsite nanocomposites was studied using 

cryo-TEM. Representative images of all samples are shown in Figure 14. It is clear 

from these images that in experiments with low filler contents up to 10 wt% (Figure 

14a-c) every single Gibbsite platelet is completely covered with a polymer layer; 

the same morphology was reported in the first part of this Chapter. When 

increasing the Gibbsite amount (ϕf = 20 wt% and 35 wt%), however, encapsulated 

particles with more than one platelet were observed.  Since it is clearly seen from 

Figure 14d-e that platelets are not stacked, these particles are most likely due to 

coalesced particles already containing a single platelet.  Finally, sample G-8, with 

ϕf = 35 wt%, was the only sample in which two types of morphology were observed 

(Figure 14e), i.e., the desired particles with the Gibbsite fully encapsulated and the 

so-called "muffin-like" morphology, which we previously observed in ATRP-

mediated nanocomposite formation (Chapter 3). Particle counting (> 100 particles) 

showed that about 70 % of the particles had the former morphology and about 30 

% the latter.  At this point we cannot think of any obvious reason for the origin of 

these "muffin-like" structures. 

To summarize we can conclude that with the aid of a simple, but physically sound, 

mathematical model we were able to design the experimental conditions to 

successfully obtain stable polymer-Gibbsite nanocomposites with solids contents of 

40 wt% and ϕf up to 35 wt%. 
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Figure 14. Cryo-TEM images of the final polymer-Gibbsite nanocomposites with different ϕf: (a) 3wt%, 

(b) 7 wt%, (c) 10 wt%, (d) 20 wt% and (e) 35 wt%. Polymerisation conditions: as in Table 3. 

Film formation and properties 

As discussed in the introduction, incorporation of inorganic particles into a polymer 

material should lead to the improvement of various properties. We therefore tested 

several properties as a function of Gibbsite loading.  

Because of high Tg (> 90°C) of the obtained nanocomposites, free-standing films 

were prepared using compression moulding at a temperature of 160 °C (Figure 

15). 

As can be seen from Figure 15 all films were transparent. Only at high Gibbsite 

content a slight opacity was observed.  
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Figure 15. Photographs of the produced films with different ϕf: (a) 0 wt%, (b) 3wt%, (c) 7 wt%,                 

(d) 10 wt%, (e) 20 wt% and (f) 35 wt%. 

In order to study the orientation of the platelets in the final films, TEM analysis of 

the four cross-sectioned films with different Gibbsite amount was conducted 

(Figure 16).  

As can be seen from Figure 16 no cellular structured morphology was observed as 

it would be in case of armoured-like particles.
37-38 

For low Gibbsite content (Figure 

16a) separate platelets were seen in TEM micrograph, originating from the single 

encapsulated platelets.
34 

The films with the higher amounts of Gibbsite (Figure 

16b-d) showed also some “stacked” platelets-like structures. Interestingly, we did 

not observe a major difference in the case of 35 wt% Gibbsite (Figure 16d) where 

previously two types of morphology were recorded (Figure 14e). Comparison of the 

platelets alignment distributions did not reveal pronounced difference depending on 

the Gibbsite amount. It should be noted that since compression moulding was used 

to prepare these films, platelets orientation was mostly affected by the sample 

preparation rather than its original natural alignment in the latex.  
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Figure 16. TEM images of microtomed polymer-Gibbsite nanocomposites films with different ϕf and the 

corresponding histogram of particle alignment angles. (a) 3wt%, (b) 10 wt%, (c) 20 wt% and (d) 35 wt%. 

The green line shown in drawn parallel to the film surface. 
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Water vapor permeability 

Numerous works reported that incorporation of clay platelets into a polymer matrix 

leads to the improvements in the barrier properties as explained by so called 

“tortuous path” model.
39-40 

This model states that the diffusion path can be altered 

by the addition of impermeable lamellar fillers.
41 

Water vapor transmission rate 

(WVTR) was measured for the obtained films and the results are given in Figure 17 

(See Appendix C for the detailed calculations).  

 

Figure 17. WVTR of polymer/Gibbsite nanocomposites with different Gibbsite content.  

The results from Figure 17 show an initial decrease in WVTR with Gibbsite loading 

compared to the neat polymer. At loadings above 7% the WVTR increases again 

and then drops again at 35% loading. The error bars represent the variation in 

WVTR when using different samples. It should be noted that the recorded values 

cannot be only attributed to the Gibbsite amount, but also to the sample 

preparation and the occurrence of film defect (several platelets actually creating a 

channel in the film to let water through). Overall, no clear conclusion can be drawn 

from these measurements and the results should be compared to other trends in 

properties of these films. 
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Thermal behavior 

DSA and TGA were recorded for the obtained films to monitor the effect of Gibbsite 

content on the thermal properties (Figure 18). 

0 100 200 300 400 500 600

0

25

50

75

100

W
e
ig

h
t 
(%

)

Temperature (C)

 35 wt%

 20 wt%

 10 wt%

  7  wt%

  3  wt%

  0  wt%

 Gibbsite

(a)

    

Figure 18. TGA (a) and DSC (b) thermograms of polymer/Gibbsite nanocomposites with different 

Gibbsite content.  

The thermal decomposition behavior of the studied samples showed increase in 

the degradation temperature depending on the Gibbsite amount (Figure 18a). 

Td,onset increased between +2 to +23°C. We did not observe a direct correlation 

between increase in the degradation temperature and the platelets amount. The 

maximum increase in Td,onset with +23 °C was recorded with 20 wt% Gibbsite. 

Whereas, in case of 35 wt% Gibbsite, the temperature increase was only on +2 °C. 

Clay platelets affect thermal stability in the following ways: they can, firstly, act as a 

mass transport barrier and insulator between polymer and the decomposing zone; 

secondly, they create a “tortuous” path and restrict diffusion of the gaseous 

products of the decomposition.
34 

The DSC measurements revealed an increase in Tg from +3 to +10 °C depending 

on the Gibbsite amount (Figure 18b). Similar to TGA results, such increase was not 

directly related to the platelets amount. The maximum with +10 °C was observed in 

case of 10 wt% Gibbsite. Whereas the sample with 35 wt% Gibbsite showed only a 

difference of +3 °C. Even though there are numerous studies into the effect of clay 

on thermal properties, the reported results are not consistent: increases
7,42 
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decreases
43-44

 and no difference 
45-46

 in Tg were observed. Agag et al.
47 

recorded 

an increase in the thermal stability with incorporation of clay; however, this effect 

was constant above 4% loading. This was attributed to the possible aggregation of 

the clay platelets. Xu et al.
48

 reported increase in Tg with clay loading up to 10 %, 

but at 20% decrease was observed.    

In general the presence of nanosurfaces in polymers can lead to an increase in Tg 

due to immobilization of polymer chains at the surface of nanoparticles but also a 

decrease can occur due to creation of more free volume in the system. Very often 

a maximum in Tg is observed followed by a decrease, due to creation of free 

volume at higher loading of the nanoparticles.  

Rheological properties 

Figure 19 shows loss modulus (G˝), storage modulus (G’) and tan δ of the 

produced films as measured by DMTA. As can be seen from Figure 19a, an 

improvement in storage modulus with Gibbsite loading was observed. However, 

above 20 wt% loading, G’ decreased compared to the neat polymer. The 

enhancement in storage modulus is attributed to the interaction between the 

inorganic platelets and the polymer chains.
34 

Therefore, we can possibly associate 

the decrease in G’ at 35 wt% loading to the poor interaction between the Gibbsite 

platelets and polymer chains, this similar to the Tg effect reported in the previous 

paragraphs. This poor interaction is probably due to the high Gibbsite loading and 

mixed composite morphology, which was observed in the used dispersion to 

prepare this film (Figure 14e). Figure 19c shows the tan (δ) plots of the neat 

polymer and nanocomposites with different Gibbsite content. On average the 

temperature at tan (δ) peak maximum increased between +3 to + 10 ˚C. Again the 

highest increase was observed in case of 10 wt% Gibbsite and the lowest with              

35 wt% Gibbsite loading. These findings were in accordance with the earlier 

described DSC/TGA results. The poor interaction between the platelets and 

polymer in the sample with 35 wt% Gibbsite loading is probably due to the high 

Gibbsite content and mixed composite morphology, which was observed in the 

used dispersion to prepare this film (Figure 14e). 
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Figure 19. (a) Storage modulus, (b) Loss modulus and (c) tan (δ) of the final polymer-Gibbsite 

nanocomposites with different Gibbsite amount. 

Performance of the films 

Several tests have been performed on the obtained films and the results are 

presented in Table 6. As can be seen from the Table 6, an increase in Gibbsite 

amount led to the increase in hardness of the films. These observations are in 

accordance with the above described results. An effect of Gibbsite loading on 

contact angle was only observed at 35 wt%. This can be potentially attributed to 

the presence of high content of hydrophilic Gibbsite platelets directly exposes to 

the surface. The gloss value of the nanocomposites increased with Gibbsite 

loading. One of the possible reasons is the smoother surface of the 

nanocomposites films compared to the neat polymer.
49

 Overall, enhancement of 

various properties was observed with the Gibbsite loading.  
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Table 6. Summary of test results of various polymer-Gibbsite standing films  

Sample ϕf [wt%] Ɵ (°) Pencil 

hardness  

Pendulum 

hardness 

Gloss at 60° 

blank 0 69 2H 61 22 

G-4 3 70 3H 78 51 

G-5 7 71 4H 79 56 

G-6 10 65 6H 78 56 

G-7 20 67 6H 71 41 

G-8 35 44 5H 72 58 

 

Conclusions 

In this work we have presented for the first time a simple procedure for the 

encapsulation of the Gibbsite platelets, based on conventional emulsion 

polymerisation, without the need for chemically modifying the Gibbsite platelets. In 

this strategy anionic co-oligomers were used to stabilise the initial positively 

charged Gibbsite platelets and the resulting nanocomposite latex particles.  The 

main advantage of the developed approach is that it eliminated the necessity of 

relatively complicated and time-consuming surface modifications, which is 

commonly required.  Using co-oligomer concentrations below cmc, but higher than 

those required to stabilise the Gibbsite platelets, leads to efficient encapsulation 

where every latex particle contains a single Gibbsite platelet, independent of the 

investigated anionic co-oligomer composition or chain length. 

We have then shown a successful operational strategy for the synthesis of highly-

filled water-borne anisotropic polymer-Gibbsite nanocomposites using a simple 

mathematical model.  The model is based on the amounts of co-oligomer that are 

required for the stabilisation of the initial Gibbsite dispersion and for the particles 

during their subsequent growth by starved feed emulsion polymerisation of 

MMA/BA.  Experimental design using this approach resulted in the desired 

products with solids contents of 40 wt% and filler contents up to 35 wt %.                    
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Cryo-TEM images revealed successful encapsulation of the Gibbsite platelets in 

the studied cases.  However, only in the case of the highest Gibbsite amount of 35 

wt% two types of morphology were: encapsulated (70 %) and “muffin-like” (30 %) 

hybrid particles.  

Several properties were tested as a function of Gibbsite loading. In general a trend 

was observed up to loadings of 10-20 wt% Gibbsite. The 35 wt% Gibbsite loaded 

samples showed deviating behavior, possibly due to film imperfections, on average 

more stacking of the Gibbsite platelets and mixed morphology of the used 

dispersion. An explanation where interactions between the Gibbsite surface and 

the polymer chains, in combination with creating more free volume in the system, 

act as two opposing factors in influencing the properties seems to emerge.  
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Conclusions 

In the field of nanocomposites, numerous studies have been dedicated to the 

control of particle morphology. Often, a targeted morphology cannot be achieved 

due to kinetic and/or thermodynamic peculiarities of the system. Therefore, only 

mechanistic insight into the key factors governing the formation of a particular 

morphology can lead to a smooth production of the targeted morphology with few 

or no side products.  

Incorporation of inorganic nanoparticles into a polymer matrix is a commonly used 

technique to alter the properties of a polymer material. If there is a proper 

compatibility between the polymer and the filler, the final properties are expected to 

be different from those of the sum of the individual components. However, in order 

to achieve this, control over the nanoparticle distribution and arrangement within 

the polymer matrix is a prerequisite. One of the most efficient procedures to 

achieve this is by surrounding every single nanoparticle (e.g. a platelet) with a 

polymer layer. Often polymer encapsulation of nanoparticles through emulsion 

polymerisation requires surface modification, which is often realized using a 

relatively complicated and time-consuming chemical surface modification. And 

even then, this surface modification will not guarantee successful encapsulation of 

every single nanoparticle. Therefore, numerous studies are being conducted in the 

field of encapsulation to resolve this challenge.  

In this PhD work, we explored novel encapsulation strategies based on the 

application of anionic co-oligomers as physical modifiers. The focus of our work 

was to understand the mechanisms governing the formation of different 

morphologies. Several conclusions and observations, resulting from the 

experimental work, are described below. 

Development of a novel synthetic method to encapsulate unmodified Gibbsite 

platelets was a starting point in our work (Chapter 3). This method was based on 

the previously reported RAFT-mediated encapsulation of Gibbsite platelets by Ali et 

al.
1 

and extended to ATRP.  Briefly, anionic co-oligomers, consisted of butyl 
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acrylate and acrylic acid, were synthesised using ATRP polymerisation. These co-

oligomers acted as stabilisers for the initial platelets and as macroinitiators for 

copper-mediated starved feed emulsion polymerisation.  Reaction conditions were 

optimised and ATRP control was achieved. Comparison of the resulting 

morphology of the polymer-Gibbsite nanocomposites obtained by RAFT and ATRP 

pointed to a remarkable difference. In the ATRP-based approach, only one side of 

the platelet was covered with polymer, whereas in the RAFT-mediated emulsion 

polymerisation the platelets were fully encapsulated. Studying the mechanism 

governing the resulting morphology under ATRP-mediated conditions, we came to 

the conclusion that the mobility of the growing chains was one of the key reasons 

for the apparent “phase separation”. Subsequently, this reason was proved by 

addition of a cross-linker which limited the mobility of these chains, and polymer 

encapsulated Gibbsite platelets were successfully obtained.  

We further explored the applicability of the ATRP-based approach on other 

templates: silica lenses and DODAB vesicles (Chapters 4-5). In both cases, growth 

of a polymer particle from one side of the template was observed. Based on these 

results, we assume that such morphology is an equilibrium one when working 

under the developed ARGET ATRP conditions. However, a difference in 

morphologies was observed when a cross-linker-based ATRP polymerisation was 

utilised on silica lenses (Chapter 4). Unlike Gibbsite platelets, we did not obtain 

encapsulated silica lens nanoparticles. Furthermore, an effect of monomer and co-

oligomer composition on the morphology was noted when working with DODAB 

vesicles (Chapter 5).  In both cases, we attributed the observed differences to the 

nature of the template. 

While working on the parts of the project described in Chapter 3, we noticed that 

the anionic co-oligomers act as the stabilisers and do have a cmc (Chapter 6). We 

therefore decided to explore their possible application in a conventional starved 

feed emulsion polymerisation towards encapsulation of Gibbsite. In this strategy, 

charged co-oligomers stabilised the initial platelets and the formed latex particles, 

bypassing the use of additional surfactant. A morphological comparison of the 

obtained nanocomposites through ATRP and FRP showed also a pronounced 
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difference. We observed a so-called “muffin-like” morphology when using ARGET 

ATRP, and in the conventional free radical emulsion polymerisation-based strategy 

the platelets were fully encapsulated. The difference in morphologies was 

attributed not only to the mobility of the growing chains but also to the reaction 

kinetics and the evolution of molecular weight during the reaction.  

Encouraged by the successful encapsulation of Gibbsite platelets, we decided to 

apply this strategy to increase the Gibbsite amount together with the overall solids 

contents (Chapter 6). As anticipated, there is a maximum amount of polymer per 

platelet, which can be stabilised for a given co-oligomer concentration before loss 

of colloidal stability occurs. Therefore, a mathematical model has been developed 

to establish necessary operational conditions to maintain colloidal stability upon 

increasing the solids content and the Gibbsite weight fraction. This model was 

based on the relation between the available co-oligomer amount and stabilised 

amount of polymer per platelet. Theoretical predictions were consistent with 

experimental data, and nanocomposites with filler amounts as high as 35 wt% were 

synthesised. Cryo-TEM images revealed successful encapsulation of the Gibbsite 

platelets in most of the studied cases. It was noticed, however, that increasing the 

Gibbsite amounts to 35 wt% led to two types of morphology: encapsulated (70 %) 

and “muffin-like” (30 %) hybrid particles. We then used the obtained dispersions 

with different Gibbsite content to prepare films and the effect of the filler content on 

the various properties was studied. In general a trend was observed up to loadings 

of 10-20 wt% Gibbsite. The 35 wt% Gibbsite loaded samples showed deviating 

behavior, possibly due to film imperfections, on average more stacking of the 

Gibbsite platelets and mixed morphology. 

Outlook 

Realising that the synthetic short charged co-oligomers act as usual surfactants for 

both platelets and the polymer particles in addition to providing hydrophobic 

regions around hydrophilic platelets, we then utilised them as unreactive 

surfactants in the conventional starved-feed emulsion polymerisation. This strategy 

led to the successful encapsulation of Gibbsite platelets. Advantages of the 
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developed method were not only elimination of time-consuming and relatively 

complicated chemical surface modification of the initial platelets, but also utilisation 

of a very simple polymerisation process.  

When discussing encapsulation on a large scale, one would like to use free radical 

emulsion polymerisation because it is easier, cheaper and eliminates time-

consuming purification procedures compared to the controlled/living radical 

polymerisation. Since we already showed successful replacement of RDRP by 

FRP, the remaining question was: “is it really necessary to use RDRP for the 

synthesis of the anionic co-oligomers?” To answer this, we synthesised co-

oligomers using FRP together with dodecanethiol as chain transfer agent, and 

applied them in the conventional FRP–based strategy (Schemes 1 and 2, Table 1). 

 

Scheme 1. Schematic representation of the synthesis of polymer-Gibbsite nanocomposites by aqueous 

starved feed conventional emulsion polymerisation using charged co-oligomers as stabilisers. 

 

Scheme 2. Schematic representation of the synthetic strategy to anionic co-oligomer from butyl acrylate 

and acrylic acid. 
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Table 1. Characterisation of the anionic co-oligomers. 

 [DDT]:[M]
a 

Mn
b 

(g mol
-1
) Ð

b
 

conversion
c
 (%) 

BA AA 

BA17-co-AA38 0.007 5174 2.25 87 87 

BA9-co-AA19 0.02 2769 1.92 76 79 

BA4-co-AA8 0.07 1241 1.74 88 88 

BA3-co-AA6
 

0.1 1028 1.58 84 87 

a
[AIBN] = 5.210

-3 
mol/L . 

b
Determined by SEC against PS standards. 

c
Determined by 

1
H NMR. 

The obtained co-oligomers were then adsorbed on the surface of Gibbsite 

platelets. A successful charge inversion effect was observed from zeta-potential 

measurements, but a broad size distribution was recorded for all used co-

oligomers. The dependence of Dz on the amount of co-oligomer and size 

distribution of two selected amounts of anionic co-oligomer are presented in Figure 

1. 

    

Figure 1. (a) Effect of anionic co-oligomer (BA17-co-AA38) concentration on Dz and (b) size distribution 

determined via dynamic light scattering. 

Comparing the results from Figure 1 with the previously described data, one 

pronounced difference was noticed: when analysing the size distribution of the 

Gibbsite dispersions after adsorption, multimodal distributions were observed in all 

cases regardless of co-oligomer concentration (e.g. Figure 1b). Due to the broad 
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molar mass distribution of the synthesised co-oligomers, various interactions 

between hydrophilic/hydrophobic units of the co-oligomer and water and Gibbsite 

surface may potentially be a reason for the corresponding broad size distribution.  

For the encapsulation experiments we used excess of anionic co-oligomer, and the 

obtained morphology was analysed using cryo-TEM (Figure 2).  

 

Figure 2. cryo-TEM images of the final polymer-Gibbsite nanocomposites. Used co-oligomers:                    

(a) BA17-co-AA38, (b) BA9-co-AA19, (c) BA4-co-AA8 and (d) BA3-co-AA6. Reaction conditions: T = 80 °C,                 

mGibbsite = 0.02 g, VA-086 = 2 wt% based on monomer weight, 4.5 g of monomer mixture was fed at a 

rate of 9 mg min
-1
.  
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As can be seen from Figure 2, Gibbsite platelets were successfully encapsulated 

using all co-oligomers. Formation of empty or Gibbsite-free particles can be 

attributed to the presence of the free co-oligomer in water. The obtained results 

clearly demonstrate the possibility of using oligomers with a broad distribution in 

the conventional starved-feed emulsion polymerisation for the encapsulation of 

filler materials. Even though secondary particles were created, upon further 

optimization we believe that it is possible to eliminate these.  

Reviewing the results of this PhD work and focusing on the role and nature of the 

applied co-oligomers, we came to the conclusion that for a successful 

encapsulation co-oligomers should be relatively short, charged and provide 

hydrophobic regions around a hydrophilic template. Although, the molar mass 

distribution of the prepared co-oligomers by FRP affected the adsorption, 

encapsulation of Gibbsite platelets was still successful; and therefore, it is safe to 

assume that conventional free-radical polymerisation is sufficient for the co-

oligomers synthesis. 

Another question which was raised in the last stage of this PhD project was a 

possibility to synthesise nanocapsules using ATRP co-oligomer together with 

conventional starved-feed emulsion polymerization strategy (Scheme 3). 

Previously, when we applied the same strategy on Gibbsite, successful 

encapsulation was achieved (Chapter 6). 

The morphology of the produced composite particles was studied using cryo-TEM 

(Figure 3). 
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Scheme 3. Schematic representation of the synthesis of polymer-vesicle latex particles by aqueous 

starved feed conventional emulsion polymerisation using charged co-oligomers as stabilisers. 

Figure 3. cryo-TEM images of the final polymer- vesicle latex particles. Reaction conditions:                         

V = 20 mL, T = 70°C, ξ = 2, VA-086 = 2 wt% based on monomer weight, 0.3 mL monomer mixture                

(MMA : BA = 10 : 1 w/w) was fed at the feeding rate 0.001 mL min
-1
. 

It is clear from these images that polymeric nanocapsules were successfully 

produced using conventional starved-feed emulsion polymerisation strategy.  

Following the same narrative as for the Gibbsite platelets work, it would be 

interesting to study the application of co-oligomers, synthesised via FRP, in the 

conventional starved-feed emulsion polymerisation approach on DODAB vesicles. 

The results of this PhD work provided mechanistic understanding into the 

encapsulation of hard and soft templates through the use of anionic co-oligomers. 
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Since encapsulation of nanoparticles is increasingly important, this work 

significantly contributes to the available encapsulation “tool box”.  
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Appendices 

Appendix A (Chapter 3) 

Synthesis and characterisation of anionic random ATRP co-oligomer 

During the polymerisation, samples were taken at regular intervals to measure 

monomer conversion using gas chromatography and molar mass distributions 

using SEC (Figure A1-A2). 
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Figure A1. Plot of Mn and PDI vs monomer conversion for BA-co-tBA at [monomer]:[2-bromo-2-

methylpropionic acid phenyl ester]= 200:1 in the presence of 10 vol% DMF at 70 °C. 
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Figure A2. UV and DRI SEC chromatograms of ATRP macroinitiator before hydrolysis 
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Effect of EGDMA addition 

Effect of EGDMA addition profile on colloidal stability was analysed by measuring 

zeta-potential during the reaction (Figure A3). 

  

Figure A3. Evolution of the ζ-potential obtained using different addition profiles of EGDMA: () profile I, 

() profile II and () profile III. Reaction conditions: Vwater = 30 mL, T = 70°C, 6 mg of ATRP 

macroinitiator and 20 mg of Gibbsite per mL, [ascorbic acid]0 = 2.610
-6
 M,                               

[Cu
2+

]0 = 2.610
-6

 M, MMA : BA = 10 : 1 w/w, feeding rates of ascorbic acid, MMA/BA and 

EGDMA were 9 mg min
-1

. The final product consists of 247.5 g polymer per g Gibbsite. 

Effect of EGDMA concentration 

Evolution of the Z-average diameter and the zeta-potential during the reaction at 

different EGDMA content is presented on Figure A4.  

   

Figure A4. Evolution of the Z-average particle diameter Dz (a) and the ζ-potential (b) obtained using 

profile II at different EGDMA contents: () 5 wt%, () 10 wt%, () 15 wt% and ()   20 wt%. Other 

conditions as in Figure A3. 
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Appendix B (Chapter 5) 

Adsorption studies 

During adsorption studies, increase in poly value was observed from Dz 

measurements (Figure B1).  

    

    

Figure B1. Size distribution of ATRP macroinitiator stabilised DODAB vesicles before polymerisation. 

Used co-oligomers: (a) BA4-co-AA8 (b) BA16-co-AA32, (c) BA5-co-AA5 and (d) BA20-co-AA20. Adsorption 

was conducted at the following charge ratios: (a) 2, (b) 3, (c) 2 and (d) 3. 
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Appendix C (Chapter 6) 

Encapsulation experiments using SDBS as stabiliser 

In order to encapsulate the unmodified Gibbsite platelets we tried to use a 

commercially available surfactant, sodium dodecylbenzene sulfonate (SDBS), as 

stabiliser in conventional starved-feed emulsion polymerisation. To estimate the 

required amount of SDBS for the initial Gibbsite platelet stabilisation, we conducted 

adsorption studies. It was observed that much larger amounts of SDBS are 

required to stabilise the initial Gibbsite platelets as compared to anionic co-

oligomer, e.g. BA4-co-AA8. For example, in case of anionic co-oligomer colloidally 

stable platelets are obtained at around 100 mg/g of Gibbsite, whereas in SDBS 

case 3000 mg/g of Gibbsite is required to reach the same stability.  

Adsorption is governed by electrostatic interaction, where surface functional 

groups, charge density, molecular weight and hydrophobicity can strongly affect 

the adsorption process.
1
  We therefore compared the amount of negative charges 

necessary for stabilisation in both cases (Figure C1).   
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Figure C1. Effect of n(SO3
-
) of SDBS (a) and (COO

-
) of BA4-co-AA8 (b) on Dz and ζ of the Gibbsite 

platelets at pH = 7. Note: in case of anionic co-oligomer overall amount of negative charges was used.  

As can be seen from Figure C1 much higher amounts of negative charges are 

required to stabilise the initial Gibbsite platelets when using SDBS. Consequently a 

high fraction of unadsorbed SDBS amount can be present in the reaction mixture, 

leading to possible self-assembly and formation of Gibbsite-free latex particles.  
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TEM analysis was used to examine particle morphology of the resulted 

nanocomposites (Figure C2). 

 

Figure C2. TEM images of the final polymer-Gibbsite nanocomposites using SDBS as stabiliser. 

Conditions:  V = 25 mL, T = 80C,  mGibbsite = 0.02 g, VA-086 = 2 wt% based on monomer weight, 4.5 g 

of monomer mixture was fed at a rate 9 mg min
-1
. 

TEM images clearly showed a very low encapsulation efficiency, where most of the 

platelets were not encapsulated and only a small fraction of the resulting latex 

particles contained a Gibbsite platelet.  
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Synthesis and characterisation of anionic co-oligomers 

The molar mass distributions of the resulting copolymers are shown in Figure C3. 
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Figure C3. Molecular weight distribution of different anionic co-oligomers. SEC chromatograms were 

recorded against PS standards in THF. 

Derivation of Equation 4 

We start with the mass balance for the total required molar amount of co-oligomer 

S (nS,T) which is required for stabilising the initial Gibbsite dispersion (nS,G) and the 

formed particles (nS,P):  

 
(C1) 

Defining the number of moles of co-oligomer adsorbed per gram of Gibbsite as ϕ, 

the first term on the RHS of Equation (C1) can be written as 

 
(C2) 

where mG is the total mass of Gibbsite particles present. 

PS,GS,TS, nnn 

 GGS, mn
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The second term on the RHS of Equation (C1), nS,P, is the amount of co-oligomer 

that is used for stabilising the formed nanocomposite particles and if the total 

number of particles is Np (which is equal to the initial number of Gibbsite platelets), 

the number of moles of S available per particle, nS,p, is given by 

 
(C3) 

The particle surface area (Ap) that can be stabilised by this amount of S is now 

determined by the specific area that can be stabilised by one mole of S (aS) and is 

given by 

 
(C4) 

Since the (final) polymer/Gibbsite nanocomposites are spherical, 

 
(C5) 

which results in: 

 

(C6) 

for the average particle diameter, D, and 

 

(C7) 

for the particle volume, Vp. 

Ignoring now any contributions of the Gibbsite platelet to the particle volume and 

mass (which is clearly not the case for very high filler contents!), we can now 
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determine the mass of one particle, mpol,p (stabilised by nS,p moles of co-oligomer), 

from the particle volume and the density of the polymer, ρpol: 

 

(C8) 

This equation can now be converted into expressions for the experimentally 

accessible quantities (mpol/mG) and (nS,P/mG).  Here mpol is the total amount of 

polymer in the system, thus mpol = mpol,pNp.  Defining MG as the number average 

molar mass of one Gibbsite platelet (MG  mG/Np), we can express mpol/mG by: 

    

  

 
      

  

 
(C9) 

The amount of S required to stabilise one particle, can now also be expressed in 

terms of MG: 

 

(C10) 

Substitutions of Equations (C8) and (C10) into (C9) now results in: 

    

  

 
    

  

 
 

 
  

          

    
 
   

  
       

      
   

      
   

    

  

 
   

 
(C11) 

In a given system, the parameters ρpol, MG and aS are constants and Equation (C11) 

can be simplified to Equation (C12) with a system specific constant C: 

 

(C12) 

Since the total amount of S, nS,T, is experimentally a more useful parameter than 

nS,P, we use Equation (C1) and (C2) to arrive at 
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(C13) 

which, substituted into Equation (C12) results in a simple relationship between 

(mpol/mG) and (nS,T/mG): 

 

(C14) 

Derivation of mpol and mG  

The overall solids content in a mixture containing a given mass of water, mw, is 

defined as  

    
         

          

 
(C15) 

and the filler content (ϕf) as: 

 
(C16) 

From Equation (C16) follows: 

 
(C17) 

which finally results in the following equation:  

 
(C18) 
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Encapsulation experiments 

Experiments without co-oligomer feeding.  Representative example G-4.  Briefly, 

3.3 mL of a 10 mM aqueous stock solution of anionic co-oligomer and 39.7 mL of 

DDI water were transferred into a 250 mL three neck flask after which 12 mL of 

Gibbsite dispersion (10 wt%) was added drop wise at a rate of 1 mL min
-1

 using a 

syringe pump NE-1000 under constant stirring at room temperature. The resulting 

dispersion was then sonicated for 3 min using a Vibracell tip sonicator at 30% 

amplitude. 0.68 g of VA-086 initiator (2 wt% based on monomer weight) was added 

and the reaction mixture was purged with argon for 1 hour after which the flask was 

heated to 80°C.  Finally, 34 g of deoxygenated monomer mixture (MMA : BA=10:1 

w/w) was fed at a feed rate of 18 mgmin
-1

 using a syringe pump NE-1000. After 

the completion of the monomer addition, the flask was kept stirring at 80°C for 

another two hours. During the polymerisation samples were collected to analyse 

molecular weight and particle size distributions. 

Experiments with co-oligomer feeding.  Representative example G-7.  Briefly, 5.3 

mL of a 10 mM aqueous stock solution of anionic co-oligomer and 24 mL of DDI 

water were transferred into a 250 mL three neck flask after which 55 mL of Gibbsite 

dispersion (20 wt%) was added dropwise at a rate of 1 mLmin
-1

 using a syringe 

pump NE-1000 under constant stirring at room temperature. The resulting 

dispersion was then sonicated for 3 min using a Vibracell tip sonicator at 30% 

amplitude. 0.9 g of VA-086 initiator (2 wt% based on monomer weight) was added 

and the reaction mixture was purged with argon for 1 hour after which the flask was 

heated to 80°C.  Then, 45 g of deoxygenated monomer mixture (MMA : BA=10:1 

w/w) at a feed rate of 18 mgmin
-1

 was fed using a syringe pump NE-1000. After 34 

h a fresh amount of co-oligomer (0.7 mL of a 10 mM aqueous stock solution) was 

fed using a syringe pump NE-1000 at a feed rate of 0.04 mLmin
-1

. After the 

completion of monomer addition, the flask was kept stirring at 80°C for another two 

hours. During the polymerisation samples were collected to analyse molecular 

weight and particle size distributions. 
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Figure C4. Conversion vs. time with overall monomer conversion (a), molar mass distributions (scaled 

to monomer conversion) (b) and size distribution of polymer-Gibbsite nanocomposites: initial and final 

(c). ϕf = 3 wt% and S = 40 wt%. Polymerisation conditions: as in Table 2, G-4. 

  

Figure C5. Conversion vs. time with overall monomer conversion (a), molar mass distributions (scaled 

to monomer conversion) (b) and size distribution of polymer-Gibbsite nanocomposites: initial and final 

(c). ϕf = 7 wt% and S = 40 wt%. Polymerisation conditions: as in Table 2, G-5. 

  

Figure C6. Conversion vs. time with overall monomer conversion (a), molar mass distributions (scaled 

to monomer conversion) (b) and size distribution of polymer-Gibbsite nanocomposites: initial and final 

(c). S = 10 wt% and S = 40 wt%. Polymerisation conditions: as in Table 2, G-6. 
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Figure C7. Conversion vs. time with overall monomer conversion (a), molar mass distributions (scaled 

to monomer conversion) (b) and size distribution of polymer-Gibbsite nanocomposites: initial and final 

(c). ϕf = 35 wt% and S = 40 wt%. Polymerisation conditions: as in Table 2, G-8. 

Water vapor transmission rate calculations 

Equation C20 was used to calculate WVTR.
3 

     
 

  

 
 

 
 (C20) 

where G is a flow rate of water vapour through the sample and determined from the 

graph as slope of the best fit (Figure C8, Table C1); A is area of the sample; the 

factor 24 converts G from g/h to g/day; p is atmospheric pressure at the place of 

measurement and is calculated as       
 

   
). h represents the height of 

laboratory above sea level.  

 

Figure C8. Results of the weight change over time for the polymer-Gibbsite nanocomposites using the 

permeation cup.  
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Table C1. Results of the linear fitting and WVTR for the polymer-Gibbsite nanocomposites.  

Sample ϕf [wt%] Linear fitting WVTR (g/day·m
2
) 

blank 0 y = -0.0129x + 116.86 1.238 

G-4 3 y = -0.0126x + 115.68 1.209 

G-5 7 y = -0.0025x + 78.133 0.599 

G-6 10 y = -0.0038x + 78.43 0.912 

G-7 20 y = -0.0127x + 117.57 1.219 

G-8 35 y = -0.0022x + 76.941 0.528 
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Glossary  

List of abbreviation  

BA butyl acrylate tBA tert-butyl acrylate 

MMA methyl methacrylate EGDMA ethylene glycol dimethacrylate 

S styrene TEOS tetraethyl orthosilicate 

AIBI 
2,2'-azobis[2-(2-imidazolin-       
2-yl)propane] dihydrochloride 

SDS sodium dodecyl sulfate 

VA-086 
2,2’-azobis[2-methyl-N-(2-
hydroxyethyl) propionamide] 

PMDETA 
N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine 

SDBS 
sodium dodecylbenzene 
sulfonate 

DODAB 
dimethyldioctadecyl 
ammonium bromide 

TPMA tris(2-pyridilmethyl)amine PEGMA 
poly(ethylene glycol) 
methacrylate 

AA acrylic acid DMF N,N-dimethylformamide 

cmc critical micelle concentration DLS dynamic light scattering 

cryo-
TEM 

cryogenic transmission electron 
microscopy 

SEC size exclusion chromatography 

NMR nuclear magnetic resonance TGA thermogravimetric analysis 

DSC differential scanning calorimetry WVTR water vapor transmission rate 

ATRP 
atom transfer radical 
polymerisation 

ARGET 
ATRP 

activator regenerated by 
electron transfer ATRP 

RAFT 
reversible addition-fragmentation 
chain transfer polymerisation 

RDRP reversible deactivation radical 
polymerisation 

FRP free radical polymerisation 
Brij 98 polyoxyethylene(20) oleyl 

ether 

MPTMS 
3-mercaptopropyltrimethoxy 
silane 

Me6TREN tris[2-(dimethylamino) 
ethyl]amine 

List of symbols   

Mn number average molar mass iep isoelectric point 

Ð polydispersity index T temperature 

http://www.sigmaaldrich.com/catalog/product/aldrich/409529
http://www.sigmaaldrich.com/catalog/product/aldrich/409529
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ζ zeta-potential Tg glass transition temperature 

ξ charge ratio Td degradation temperature 

Dz Z-average diameter Ɵ contact angle 

Np particle number G˝ loss modulus 

poly poly value G’ storage modulus 

Xn 
number-average degree of 
polymerisation 

MG number average molar mass 
of Gibbsite platelets  

ϕf filler content  mpol mass of polymer  

S solids content  mw mass of water  

mG mass of Gibbsite  S anionic co-oligomer 

nS,T total amount of co-oligomer  nS,Pinitial initial free amount of co-
oligomer  

nS,G adsorbed amount of co-oligomer  nS,Pfeed free amount of co-oligomer to 
be fed  

nS,P free amount of co-oligomer  mpol,p mass of one polymer particle  

aS specific area stabilised by one 
mole of co-oligomer  

nS,p available co-oligomer amount 
per particle  

Vp particle volume Ap particle surface area  

Vw volume of water  ρpol polymer density  

C, φ constants tadd time of co-oligomer addition  
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