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Abstract 
 
This Thesis focuses on the preparation of novel dispersants for aqueous pigments in the form 
of either diblock copolymer nanoparticles or molecularly-dissolved copolymer chains. The 
former are prepared via polymerisation-induced self-assembly, and both types of copolymer 
are synthesised using aqueous reversible addition-fragmentation chain transfer 
polymerisation.  

Firstly, the synthesis and aqueous solution behaviour of novel poly(methacrylic acid)-poly(2-
hydroxypropyl methacrylate) (PMAA-PHPMA) nanoparticles, via RAFT dispersion 
polymerisation of HPMA is reported. More specifically, PMAA50-PHPMA235 is investigated 
owing to its particularly interesting pH- and thermo-responsive behaviour. As synthesised at 
pH 5.5, relative large, polydisperse particles are obtained owing to the partially ionised nature 
of the PMAA block. At higher pH, this steric stabiliser block becomes highly anionic, leading 
to the formation of thermoresponsive nanoparticles. 1H NMR, dynamic light scattering 
(DLS), and transmission electron microscopy (TEM) studies indicate molecularly-dissolved 
chains are formed at 5 °C that aggregate to produce spheres at 10 – 35 °C and worm-like 
particles at 50 °C. The latter particles form a gel-like dispersion and shear-induced polarised 
light imaging yields a characteristic Maltese cross, as expected for anisotropic nanoparticles.  

This PMAA50-PHPMA235 diblock copolymer is evaluated as a dispersant for commercial-
grade carbon black. Its thermoresponsive behaviour leads to more effective pigment 
dispersant performance at lower temperatures. Moreover, the resulting carbon black 
dispersions exhibit greater long-term stability compared to that prepared with a commercial 
copolymer dispersant. 

A novel synthetic route to zwitterionic diblock copolymers via an atom-efficient, wholly 
aqueous one-pot protocol is reported. Depending on the nature of the anionic and cationic 
comonomers and the solution pH that is selected, this involves RAFT aqueous solution 
polymerisation, RAFT aqueous dispersion polymerisation or RAFT aqueous emulsion 
polymerisation. Some of these zwitterionic diblock copolymers exhibit macroscopic 
precipitation at their isoelectric points (IEP), which enables efficient trithiocarbonate end-
group removal using hydrazine followed by a wholly aqueous work-up.  

Zwitterionic diblock copolymers are investigated as dispersants for two commercial inorganic 
pigments. Poly((2-dimethylamino)ethyl methacrylate)-poly(methacrylic acid) (PDMA-
PMAA) is shown to be a particularly effective dispersant for transparent yellow iron oxide, 
which is known to be a typically problematic nano-sized pigment. DLS studies indicate a 
large reduction in the apparent pigment particle size compared to no dispersant, and rheology 
measurements confirm a substantial reduction in dispersion viscosity after milling using a 
high-energy mixer. Furthermore, these zwitterionic diblock copolymer dispersants require a 
lower concentration based on mass of pigment than commercially available dispersants.  

Finally, the synthesis of zwitterionic poly((2-diethylamino)ethyl methacrylate)-poly(2-
carboxyethyl acrylate) (PDEA-PCEA) diblock copolymer nanoparticles via RAFT aqueous 
dispersion polymerisation is investigated. Such copolymers can also be prepared using a 
convenient aqueous one-pot protocol and self-assemble to form either anionic micelles above 
or cationic micelles below the copolymer isoelectric point. This is the most convenient 
synthesis route yet reported for such schizophrenic diblock copolymers. Preliminary results 
for their effectiveness as nanoparticle dispersants for titanium dioxide is briefly reported; 
nanoparticle adsorption onto this white pigment appears to occur both below and above the 
IEP.  
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1.1 Polymer Science 

 
Polymers or macromolecules comprise long chains made up of individual repeat units known 

as monomers. These chains are constructed via polymerisation, whereby monomers are 

covalently bonded together. Synthetic polymers are used for an enormous range of 

applications in the modern world, e.g. in coatings, packaging, drug delivery, electrical 

insulation, home and personal care products, energy storage and protective equipment.1–5  

1.1.1 Polymer Architectures 

 
Polymer chains can either be linear or non-linear (Figure 1.1). Linear polymers include 

homopolymers, block copolymers, statistical copolymers and alternating copolymers.  Non-

linear polymers can be separated into three categories: branched polymers, graft copolymers 

and star polymers.  

 

Figure 1.1 Pictorial representation of various copolymer architectures. 
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1.1.2 Polymer Characterisation 

 
The mean number of monomer repeat units per polymer chain is known as the degree of 

polymerisation (DP). Ideally, polymers should possess a single unique molecular weight and 

hence comprise chains of identical length (or DP). However, synthetic polymers are 

invariably polydisperse and hence exhibit a molecular weight distribution (MWD). The width 

of the MWD typically depends on the method of polymerisation. The three most important 

averages used to describe the MWD curve correspond to the number-average (Mn), weight-

average (Mw) and z-average (Mz) molecular weight, see Figure 1.2 and Equations 1.1-1.3. 

The peak molecular weight (Mp) is also sometimes reported: this is the molecular weight of 

the highest peak, or the mode of the MWD.6 

 

Figure 1.2 Schematic representation of the moments of the molecular weight distribution: number-
average (Mn), weight-average (Mw) and z-average (Mz) molecular weight. 

 

 

𝑀 =  
∑ெ

∑
 (Equation 1.1) 

 

𝑀௪ =  
∑௪ெ

∑௪
=  

∑ெ
మ

∑ெ
 (Equation 1.2) 

 

𝑀௭ =  
∑ெ

య

∑ெ
మ  (Equation 1.3) 
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For equations 1.1-1.3, ni is the number of chains of molecular weight Mi, for i monomer units 

(i = 0, 1, 2, …). Mn is biased towards low molecular weight species, while Mw is biased 

towards higher molecular weight species. In practice, Mz is rarely used. By definition, Mn < 

Mw < Mz for all polymers that have an MWD of finite width. Mp is often cited for near-

monodisperse polymers, such as those used for calibration standards. 

The most convenient method for analysing polymer MWDs is gel permeation 

chromatography (GPC). A dilute polymer solution is pumped at a constant flow rate through 

a column packed with microporous gel beads exhibiting a range of porosity: shorter polymer 

chains can diffuse into a larger number of pores and hence are retained within the gel beads 

for a longer time period. This leads to fractionation of the chains according to their 

hydrodynamic volume. Instrument calibration requires the use of near-monodisperse 

standards, which are often not available for the polymer of interest. Thus, in many cases only 

relative molecular weights are reported, rather than absolute molecular weights.  

A polydispersity index (PDI), or dispersity, can be calculated for a specific molecular weight 

distribution, where PDI = Mw/Mn. The DP can also be defined according to Equation 1.4. 

𝐷𝑃 =  
ெ

ெ௨ ௪௧  
  (Equation 1.4) 

If the DP is less than 10, this corresponds to oligomers rather than polymers.7 Chemical 

methods for the determination of Mn rely on end-group analysis. Depending on the nature of 

the polymer, suitable techniques may include acid titration, UV-visible spectroscopy, Fourier 

transform infrared (FT-IR) spectroscopy and nuclear magnetic resonance (NMR) 

spectroscopy, using Equation 1.5. 

𝑀 =
௬ ௧௧

ாௗି௨ ௧௧
  (Equation 1.5) 
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1.2 Methods of Polymerisation 

 
Carothers was the first to classify polymers as either addition or condensation, with such 

assignments being based on their chemical structure.8 However, this could sometimes lead to 

discrepancies. For example, it was quickly recognised that there were certain ‘condensation’ 

polymers (e.g. polyurethanes) whose synthesis did not involve the elimination of small 

molecules as condensates. Subsequently, Flory introduced  the terms ‘step’ and ‘chain’ to 

classify polymers according to the chemical mechanism involved in their formation.9 In step 

polymerisation, all molecules present are capable of reacting with each other, including 

monomers, dimers, trimers, oligomers and polymers. In contrast, chain polymerisations 

involve repeated addition of monomer units via active centres located at the end of the 

growing chains.  

1.2.1 Free Radical Polymerisation 

Free radical polymerisation (FRP) is the most widely used form of chain polymerisation. The 

FRP mechanism involves four distinct steps (Figure 1.3).  

 

 

Figure 1.3 The three fundamental steps and chain transfer side-reactions involved in free radical 
polymerisation.  
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Firstly, in the initiation step, primary free radicals (I•) are generated by in situ decomposition 

of an initiator (I) via heat, redox chemistry, or UV irradiation. This typically involves 

homolytic fission and generates two radicals at a relatively slow rate constant kd, which is 

usually rate-limiting. Initiation occurs when a monomer unit reacts with a free radical, thus 

forming a chain-initiating radical (P•), where ki is the rate constant for initiation. Propagation 

then proceeds via rapid sequential addition of multiple monomer units at a rate constant kp. 

Termination is the final step, whereby radicals are eliminated by either combination (with 

rate constant ktc) or disproportionation (with rate constant ktd). The latter mode of termination 

is favoured for methacrylic monomers, whereas combination is much more likely for styrene 

and acrylate monomers, examples of these are given in Scheme 1.1. 

 

Scheme 1.1 Chemical structures for (meth)acrylic monomers and styrene. 

 

Combining the rate laws for initiation, propagation and termination enables derivation of an 

expression for the rate of polymerisation (Rpolym), see Equation 1.6. 

𝑅௬ = 𝑘[𝑀]ට
[ூ]


  (Equation 1.6) 

Here [M] is the monomer concentration, f is the initiator efficiency, kd is the rate constant for 

decomposition, [I] is the initiator concentration and kt is the rate of termination. Derivation of 

Equation 1.6 is based on two assumptions. First, the rate of initiation is equal to the rate of 

termination (the so-called ‘steady-state’ approximation). Second, the number of monomer 
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units consumed during initiation is negligible compared to the number consumed during 

propagation.10 Inspection of Equation 1.6 indicates that increasing [M] and [I] lead to faster 

rates of polymerisation in each case.  The dependence of Rpolym on kd is also important. This 

is because it ultimately determines the rate of initiation (Ri), which is known to be around 

three orders of magnitude slower than the rate of propagation (Rp). A slow rate of initiation 

and chain termination are the two main causes of the broad MWD that invariably 

characterises polymers prepared by FRP. This is because new radicals are continuously 

generated over the course of the reaction, which results in the production of polymer chains 

of many different lengths.  

The kinetic chain length, Dk, can be defined as Rp/Ri, the ratio of propagating species to 

initiating species. Because Ri = rate of termination (or Rt), then [P•] = (fkd[I]/kt)
0.5. These rate 

laws can be combined to give Dk, see Equation 1.7. 

𝐷 =  
[ெ]

ଶ([ூ])బ.ఱ
  (Equation 1.7) 

Hence molecular weight is proportional to [M], but also to [I]-0.5. This explains the intrinsic 

difficulty in obtaining fast rates of polymerisation when targeting high molecular weight 

polymers. The DP is related to the dominant mode of termination: DP = 2Dk for termination 

solely by combination and DP = Dk for termination solely by disproportionation. However, in 

either case chain termination means that the average lifetime of a propagating chain is 

relatively short (<< 1 second). Therefore, it is impossible to produce well-defined block 

copolymers by sequential monomer addition because the first block will be deactivated once 

all of monomer A is consumed. 

Various side reactions can also occur during FRP, which are known as chain transfer 

reactions (see Figure 1.3). For example, P• can react with initiator, I, monomer, M, polymer, 

Px, or solvent, S, to produce a dead polymer chain Pn and a new radical species R•. These 
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transfer reactions do not affect the overall polymerisation kinetics, because there is no net 

loss of radicals. Instead, R• can reinitiate and create new Pn
• species. 

 

 

Figure 1.4 Variation of number-average molecular weight, Mn, with extent of reaction, p, for free 
radical polymerisation (FRP) and for living anionic polymerisation (LAP).  

 

1.2.2 Living Anionic Polymerisation (LAP) 

Anionic polymerisation was the first type of polymerisation to exhibit so-called ‘living’ 

character. In contrast to FRP, living anionic polymerisation (LAP) has no intrinsic 

termination step since the anionic chain-ends cannot react with one another. Moreover, the 

rate of initiation is much faster than the rate of propagation. Rapid simultaneous initiation of 

all chains gives them an equal probability to grow. Szwarc et al.11 demonstrated that the 

anionic polymerisation of styrene in THF led to living polymers that showed little or no 

tendency to undergo termination. Living polymers exhibit a linear evolution of molecular 

weight with monomer conversion (Figure 1.4), and low dispersities (Mw/Mn < 1.10). Once 

the polymerisation is complete, the living character of the chains is retained, enabling the 

synthesis of well-defined block copolymers via sequential monomer addition.12 The rate of 

polymerisation, Rp, is given by Equation 1.8. 
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𝑅 =  𝑘[𝑀ି][𝑀] (Equation 1.8) 

In this equation, kp is the propagation constant, [M-] is the concentration of living anionic 

propagating centres in the system, and [M] is the monomer concentration. The detailed 

kinetics depend on the type of solvent and initiator used, as well as the chosen vinyl 

monomer. LAP is very sensitive to reaction conditions: for example, protic solvents and other 

electrophiles will react rapidly with the anionic active centre. LAP syntheses require rigorous 

purification of the monomer, solvent and glassware to remove water. Moreover, it is only 

applicable to a small sub-set of vinyl monomers that contain electron-withdrawing 

substituents to stabilise the anionic chain-ends, making its scope rather limited. 

 

1.3  Reversible Deactivation Radical Polymerisation 

 
Reversible deactivation radical polymerisation (RDRP) is a term used to describe 

polymerisations that have ‘pseudo-living’ character. It has been suggested as an alternative, 

more accurate description compared to older terms such as Living Radical Polymerisation 

(LRP) and Controlled Radical Polymerisation (CRP).13 However, the latter terms are still 

widely used in the literature. RDRP combines many of the advantages of FRP and LAP and 

eliminates some of their inherent disadvantages. RDRP does not require rigorous purification 

of the reagents or glassware and is tolerant of a range of solvents, including protic solvents 

such as water and alcohols. RDRP is much more tolerant of monomer functionality than 

anionic polymerisation, which significantly expands the monomer palette and reduces the 

need for atom-inefficient protecting group chemistry. However, RDRP usually results in a 

slightly higher polydispersity, and the pseudo-living character is typically reduced under 

monomer-starved conditions towards the end of the reaction.14 Furthermore, the required 

reagents can introduce problems such as colour, malodour or toxicity.  
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Nitroxide-mediated polymerisation (NMP),15 atom transfer radical polymerisation (ATRP),16 

and reversible addition-fragmentation chain transfer (RAFT) polymerisation17,18 are the most 

commonly used RDRP techniques. The common feature of such processes is a dynamic (and 

rapid) equilibrium between the propagating radicals and a ‘dormant’ or deactivated species 

during the polymerisation.19 Radicals are either reversibly capped in a deactivation/activation 

process (Figure 1.5), or they can undergo ‘reversible transfer’ degenerative exchange 

(Figure 1.6).   

 

Figure 1.5 Radical participation in deactivation/activation process. 

 

The first strategy is based on the persistent radical effect (PRE), which provides a self-

regulating effect in certain CRP formulations. In Figure 1.5, the propagating radical Pn
• is 

capped in a deactivation process with a rate constant kdeact by species X. As a result of this 

reaction, the dormant species Pn-X is formed. This dormant species can be subsequently 

reactivated and then participate in propagation or irreversible termination. Persistent radicals 

cannot terminate with each other and can only reversibly cross-couple with the growing 

species (kdeact). X can be a nitroxide radical, such as 2,2,6,6,-tetramethyl-1-piperidinyloxy 

(TEMPO) or a derivative thereof.20 

 

Figure 1.6 Radical participation in reversible transfer/degenerative exchange process.  
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In the reversible activation-deactivation reaction, the equilibrium favours the dormant 

species, as the rate constant for its formation is higher than that for the propagating radical 

and persistent radical. Thus, the concentration of the stable counter-radical is higher than that 

of the growing radical. This provides some degree of control over the polymerisation 

although termination is only suppressed relative to propagation, rather than being 

eliminated.21  

1.3.1 Reversible Addition-Fragmentation chain Transfer (RAFT) Polymerisation 

RAFT polymerisation was first reported in 1998 by a team of Australian scientists working at 

the Commonwealth Scientific & Industrial Research Organization (CSIRO).18,22 Since then, it 

has grown into one of the most versatile and powerful polymerisation techniques for the 

synthesis of complex copolymer architectures.23 The RAFT polymerisation mechanism is 

shown in Figure 1.7.  

 

Figure 1.7 Proposed mechanism of RAFT polymerisation according to Rizzardo et al.23 

 

Following activation (step I), radicals can react with monomer to produce a propagating 

polymer radical (step II). This enters an equilibrium between active and dormant species 

(steps III and V). This is a degenerative transfer process as it involves rapid reversible 
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transfer of the organosulfur chain ends (typically a thiocarbonylthio group) between dormant 

chains and the propagating radicals.  

The rate of addition/fragmentation should be higher than the rate of propagation, since this 

ensures that all chains should grow at a similar rate.23 A key requirement of RAFT 

polymerisation is the use of a radical initiator. This allows the rate of polymerisation to be 

tuned and influences the fraction of living chains according to the choice of polymerisation 

conditions.24 Unlike ATRP and NMP (which are based on reversible deactivation), 

bimolecular termination does not lead to the loss of ‘living’ chain ends, so the number of 

living chains can be predicted.23  The number of polymer chains corresponds to the sum of 

primary radicals (I•) and fragment radicals (R•) that have added monomer units.25 The 

theoretical Mn can be approximated using Equation 1.9.26  

𝑀 =  
[ெబ]௫ெబ

[்]
 (Equation 1.9) 

Where M0 is the molar mass of the monomer, and x is the fractional conversion. While the 

mechanism shown in Figure 1.7 is widely accepted, it only describes the ideal behaviour of a 

RAFT polymerisation. There is still some dispute over the relative rates of individual 

equilibria, as well as the precise reasons for deviations from ideal living behaviour, e.g. side 

reactions and retardation effects.17 For effective control over the MWD in a RAFT 

polymerisation, several criteria must be fulfilled. Firstly, it is necessary to initiate all the 

chains within a short period of time. Secondly, the number of monomer units added while the 

polymer chains are active should be relatively low prior to chain transfer to ensure a similar 

growth rate for all chains. Thirdly, any side reactions leading to dead chains should be 

minimised. Thus, RAFT control is strongly dependent on the chemical structure of the RAFT 

agent (i.e. its Z and R substituents) since this determines both its selectivity and efficiency for 

a given monomer class (Figure 1.8).19,25  
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Figure 1.8 General chemical structure of a RAFT agent, whereby the R and Z groups determine its 
reactivity.27,28 

 

By determining the relative rates of addition and fragmentation, the efficiency of chain 

transfer and probability of inhibition can be controlled.27 The R group must be a good radical 

leaving group and thus be capable of reinitiating the polymerisation. Steric effects are much 

more important than for ATRP. For example, the reactivity of t-butyl halides is higher than 

that of benzyl derivatives in RAFT, whereas the opposite trend is reported for ATRP.29  

The Z group is involved in stabilising the transition states in steps III and V, see Figure 1.7. 

There are also important structure-activity relationships. For example, a phenyl Z group 

stabilises styrene and methacrylate polymerisations, but retards the polymerisation of 

acrylates and inhibits vinyl ester polymerisations.19 According to the RAFT literature, 

dithioesters, dithiocarbamates, trithiocarbonates and xanthates can each be used to control 

molecular weight, MWDs and molecular architecture for a given monomer class.18,22,30  

A key feature of RAFT polymerisation is that the organosulfur end-groups are retained in the 

final polymer chains, rendering the process suitable for synthesising block copolymers.31 

However, RAFT CTAs are intrinsically coloured (e.g. dithiobenzoates are red and 

trithiocarbonates are yellow) and extremely malodorous. Removal of end groups can be 

achieved by thermolysis, oxidation, treatment with base or radical-induced transformation.32–

35 When polymerisation conditions are optimised, high conversions can be achieved and 
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RAFT is often considered the best RDRP technique for producing high molecular weight 

functional polymers with low dispersities (Mw/Mn < 1.20-1.30). It is arguably also more 

industrially applicable, as it can be conducted in a similar fashion to thermally-initiated FRP, 

thus minimising the need for major changes to current commercial processes.36 RAFT 

polymerisations can be conducted in the bulk, in solution or using several types of 

heterogeneous polymerisation (see below). 

1.4.1 Aqueous Emulsion Polymerisation 

 
In an aqueous emulsion polymerisation, both the monomer and the resulting polymer are 

insoluble in the polymerisation solvent (water). This formulation also requires a water-

soluble initiator and a surfactant or polymeric stabiliser, which can be either added at the 

beginning or generated in situ.37 When using FRP, the main locus of polymerisation is within 

the monomer-swollen micelles/latex particles which are formed at the start of the 

polymerisation. Alternatively, a seed latex can be used, as in the case of seeded emulsion 

polymerisation.38 One of the main advantages of emulsion polymerisation is that it enables 

the rapid production of high molecular weight polymers, achieving high monomer 

conversions while maintaining a low solution viscosity.39 Aqueous emulsion polymerisation 

is widely used in industry owing to its wide applicability and environmentally-friendly 

nature, especially for the multi-tonne production of waterborne paints and coatings.40  

The mechanism for conventional emulsion polymerisation in the presence of added surfactant 

is shown in Figure 1.9. There are three distinct stages: intervals I, II and III. Interval I 

involves particle formation via surfactant micelles (if the surfactant concentration is above 

the critical micelle concentration, CMC). Micrometre-sized monomer droplets are created by 

the shear forces induced via mechanical stirring.  Particle nucleation depends on several 

factors, including monomer and initiator type, their respective solubilities in water and the 
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reaction conditions (e.g. temperature, pH). However, it is generally accepted that nucleation 

takes place by either homogeneous nucleation or micellar nucleation, or both.37 

 

Figure 1.9 Schematic representation of the main events of an emulsion polymerisation and the 
accompanying rate of polymerisation during intervals I to III. The time intervals shown are not 
necessarily to scale.41 

 

The water-soluble initiator decomposes to produce radicals that enter the monomer-swollen 

micelles (10 – 50 nm diameter). Radicals preferentially enter such micelles rather than 

monomer droplets (1 – 10 μm), as the former species are far more numerous and hence 

present a much larger surface area than the latter. Therefore, polymerisation occurs almost 

exclusively within the micelles. However, radicals can also react with the relatively small 

proportion of monomer that is dissolved in the solvent. This is known as homogeneous 

nucleation, which results in the formation of oligomers. These oligomers can enter existing 

micelles while they remain water-soluble. However, once they reach a critical length, they 

undergo precipitation, and form new nano-sized particles. Once these particles reach a certain 
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critical size, monomer swelling occurs, and the particles grow at an enhanced rate owing to 

the relatively high local monomer concentration within them. Once particle nucleation has 

ceased, interval I is complete. This is usually attributed to the surfactant concentration falling 

below the CMC so that new micelles cannot be formed. In interval II, the polymerisation rate 

remains essentially constant as no new particles are formed, allowing the remaining monomer 

droplets to act as reservoirs and provide each particle with a continuous supply of monomer 

through the aqueous phase. A rate enhancement is sometimes observed owing to an increase 

in viscosity – this is known as the Trommsdorff-Norrish effect.42 As the supply of monomer 

is gradually depleted, the rate of polymerisation is reduced, which marks the start of interval 

III. During this final stage, the rate of polymerisation is gradually lowered until all monomer 

is consumed. The final product is a colloidal dispersion of latex particles, whose stability 

arises from a surface layer of adsorbed surfactant molecules or polymer chains.43 
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1.4.2 Aqueous Dispersion Polymerisation 

 
For dispersion polymerisations, the reaction solution comprises monomer, initiator and a 

polymeric stabiliser, which are all initially soluble in the chosen solvent.44 As the monomer is 

converted into insoluble polymer, macroscopic precipitation is prevented by the stabiliser, 

which adsorbs onto the growing particles to confer steric stabilisation (Figure 1.10).45,46 This 

technology has been extensively used in the manufacture of solvent-borne film-forming latex 

paints over the past six decades.14,47 The size of latex particles produced are usually in the 

range of 50 - 300 nm, however this is strongly dependent on the nature of the polymerisation 

mixture.48 If nucleation is confined to a relatively short period of time at the start of the 

reaction, then near-monodisperse latex particles can be prepared.49 FRP-mediated dispersion 

polymerisation is believed to proceed via the mechanism shown in Figure 1.10. 

  

Figure 1.10 Schematic representation of the main components of a dispersion polymerisation.50 
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Prior to polymerisation, all components are dissolved in the reaction mixture. When the 

polymerisation begins, radicals are created by decomposition of the initiator. These species 

react with the soluble monomer to form oligomers, whose solubility in the reaction mixture 

depends on their molecular weight (and various other parameters). At some critical DP, they 

begin to precipitate and coagulate to form nuclei. These nascent particles begin to aggregate, 

and the soluble stabiliser chains either physically adsorb or become chemically grafted onto 

the colloidally unstable particles. Once all particles acquire sufficient stabiliser to ensure 

colloidal stability, no new nuclei are formed, and no further particle aggregation occurs. 

Instead, the monomer-swollen particles grow by diffusive capture of oligomers and small 

nuclei precursors. This growth continues until all the monomer is consumed.51,52 

Polymerisation can occur both within the particles and also in solution. Thus, a higher 

number density of small particles can more efficiently capture growing polymer chains in 

solution, leading to higher molecular weights. Conversely, larger particles are more likely to 

capture chains that have already terminated in solution, which leads to a lower overall 

molecular weight.  

Various non-aqueous dispersion polymerisation formulations have also been developed. For 

example, Vanderhoff et al. reported the synthesis of micron-sized latex particles in 1984 via 

polymerisation of styrene in methanol using AIBN initiator and PNVP as a steric stabiliser.53 

Ober et al. also synthesised latex particles in 1985 by dispersion polymerisation of styrene in 

ethanol using non-ionic cellulosic derivatives as the steric stabiliser.54 

In the specific case of aqueous dispersion polymerisation, as the water-soluble monomer is 

converted into a water-insoluble polymer, precipitation is prevented by the water-soluble 

polymeric stabiliser, which ensures colloidal stability. However, there are relatively few 

water-soluble vinyl monomers that yield water-insoluble polymers when polymerised, due to 
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increasing hydrophobicity of long chain macromolecules.45 Some examples of such vinyl 

monomers are shown in Figure 1.11. 

 

Figure 1.11 Chemical structures of seven water-miscible vinyl monomers for which each corresponding 
homopolymer is water-insoluble.45,55,56  

  

The most widely examined monomer is 2-hydropropyl methacrylate (HPMA), which has 

been used for both FRP-mediated44 and RAFT-mediated aqueous dispersion 

polymerisation.57–66  
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1.5 Principles of Self-Assembly 

 
Self-assembly is a process by which (macro)molecules spontaneously form ordered 

aggregates.67 Self-assembly is essential for the formation of important biological structures 

such as cell membranes. Moreover, it enables the synthesis of many complex nanostructured 

materials. For amorphous materials, the main non-covalent forces that drive self-assembly are 

hydrogen bonding, hydrophobic effects, electrostatic interaction, and Van der Waals forces. 

1.5.1 Self-Assembly of Surfactants 

All surfactant molecules are amphiphilic, meaning that they possess both hydrophilic and 

hydrophobic components. In aqueous solution, the polar head group interacts with the water 

molecules while the non-polar lipophilic chains migrate to the air-water and solid-water 

interface. If the surfactant concentration exceeds the critical micelle concentration (CMC), 

once such interfaces become saturated with adsorbed surfactant monolayers, surfactant 

micelles are formed in the bulk solution.68,69  

The driving force for self-assembly originates from the hydrophobic attraction of the 

molecule to the hydrophilic-hydrophobic (water-carbon) interface.  

The size and shape of a micelle depends on both the molecular structure of the surfactant and 

the solution conditions, e.g. the surfactant concentration, temperature, pH, and ionic strength. 

Israelachvili et al.70 defined the packing parameter p to determine the micelle morphology 

adopted as a result of  lipid self-assembly (Equation 1.10). 

𝑝 =  
௩

ౙ
 (Equation 1.10) 

Here v is the volume occupied by the hydrophobic chain, ao is the optimal surface area 

occupied by the head-group at the hydrophilic-hydrophobic interface and lc is the maximum 
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effective length for the hydrophobic chain. In principle, the numerical fractional value of p 

governs the micelle morphology as shown in Figure 1.12.  

The traditional thermodynamic interpretation of surfactant micelle formation based on the 

Gibbs equation (Equation 1.11) is characterised by a small positive enthalpy, but a large 

positive entropy. Thus, micelle formation is entropy driven, which is surprising as the 

surfactants are molecules are forming ordered aggregates. This has been explained by 

accounting for the ordering of water molecules as self-assembly occurs. Water forms 

clathrates (cage structures)71 around hydrophobic solute molecules to reduce the disruption of 

hydrogen bonding interactions (the hydrophobic effect).72 This increases the structuring of 

water molecules, hence decreasing the solvent entropy. Thus, the release of water molecules 

from their confinement can act as a powerful driving force for surfactant aggregation, as it 

results in a large overall entropy gain in the system.  

 

Figure 1.12 Schematic representation of the packing of surfactant amphiphiles within a spherical 
micelle with some common fractional values for the packing parameter, p, for other micelle 
morphologies, as outlined by Israelachvili.73 

 

1.5.2 Block Copolymer Self-Assembly 

The assembly of AB diblock copolymers has been extensively researched, both in the bulk 

and in solution.74–76 In the former case, micro-phase separation is typically observed owing to 
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enthalpic incompatibility between the two blocks. The resulting copolymer morphology 

depends on three parameters: the relative volume fractions of the two blocks, the overall 

degree of polymerisation (N), and the Flory-Huggins parameter (which is a measure of the 

enthalpic incompatibility between the two blocks). Micro-phase separation can be related to 

the master equation for the thermodynamics of mixing for small molecules (Equation 1.11). 

ΔG௫  =  ΔH௫  −  TΔS௫          (Equation 1.11) 

where ΔHmix is the enthalpy of mixing and ΔSmix is the entropy of mixing at a given absolute 

temperature. Flory77 and Huggins78 independently developed a lattice model to calculate 

ΔGmix when mixing two chemically distinct polymers. This assumes that the lattice solely 

consists of polymer segments and solvent molecules, the size of the segments is the same as 

that of the solvent molecules, and that the mixing of these two components is random. This 

theory takes account of the great dissimilarity in molecular sizes to adapt the usual expression 

for Gibbs free energy of mixing. The enthalpic contribution is contained within the Flory-

Huggins interaction parameter 𝜒, which considers energy change due to different monomer 

interactions, and interaction with nearest monomer neighbours. The degree of incompatibility 

between A and B blocks is given by Equation 1.12. 

𝜒 = ቀ
௭

ಳ்
ቁ [𝜀 −

ଵ

ଶ
(𝜀 + 𝜀)]       (Equation 1.12) 

Here z is the number of nearest neighbours per polymer repeat unit, kB is the Boltzmann 

constant, kBT  is the thermal energy, and εAB, εAA and εBB are the interaction energies per repeat 

unit for A-B, A-A and B-B interactions, respectively. A positive 𝜒 indicates net repulsion 

between species A and B, a negative value indicates a free-energy drive towards mixing. 

ΔGmix can be calculated by considering the additional configurational entropy associated with 

copolymer chains, see Equation 1.13. 
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ୋೣ

ಳ்
= ቀ

ఝభఝభ

ேభ
ቁ + ቀ

ఝమ మ

ேమ
ቁ + 𝜑ଵ𝜑ଶ𝜒        (Equation 1.13) 

Where φ1 and φ2 are the volume fractions of components 1 and 2 respectively, and N1 and N2 

are the mean number of monomer units per copolymer chain. Thus, Equation 1.13 shows 

that a negative value of χ is required for the spontaneous mixing of two species, whereas a 

positive value results in demixing. For interactions between non-polar molecules, a positive 

value is usually favoured as εAB tends to be less negative than the combination of εAA and εBB 

energies. Moreover, χ varies inversely with temperature, meaning that elevated temperatures 

are often required for mixing to occur via an order-disorder transition (ODT). Furthermore, as 

N tends to infinity, the number of moles of copolymer chains tends to zero, as does the 

entropy term. For larger values of N, there is an additional reduction in the diffusional and 

configurational entropy of the copolymer chains, which also reduces A-B contacts and results 

in local ordering.79 

The product of the interaction parameter and the mean degree of polymerisation, χN, is 

important for determining the micro-phase separation behaviour for diblock copolymers. 

Thus, the ODT depends on both the composition, f, and χN. Importantly, the inability of two 

chemically different blocks to completely escape one another prevents macrophase separation 

and microphase separation occurs instead (Figure 1.13). 
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Figure 1.13 (a) Bulk morphologies obtained for an AB diblock copolymer below its ODT, dependent on 
the relative volume fraction, f, of block A. (b) Theoretical phase diagram of an AB diblock copolymer 
depending on f and xN (the product of the interaction parameter and the mean degree of polymerisation 
respectively) as predicted by self-consistent mean-field theory.80 CPS = close-packed spheres. (c) 
Experimental phase diagram constructed by Bates and co-workers81 for polyisoprene-polystyrene 
diblock copolymers where fA is the relative volume fraction of polyisoprene. Reproduced from reference 
80. 

 

There are three distinct χN regimes for an AB diblock copolymer where f = 0.5.82 These 

regimes correspond to weak (χN = 0 – 12), intermediate (χN = 12 – 100), and strong 

segregation limits (χN  > 100). These relate to the relative sharpness (or fuzziness) of the 

block junction interface and the conformation (stretching/freedom) of the individual 

copolymer chains.82 Flory defines displacement length as the distance between one end of the 

polymer chain and the other for a coiled polymer. The contour length is defined as the 

distance between one end of the polymer chain and the other when the polymer is stretched 

out (maximum displacement length). Segregation regimes (and periodicity of 

microstructures) can be related to the radius of gyration (Rg) of the polymer chains. For a 
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Gaussian coil (random walk), Rg = (Nl)½/6½, where N is the number of Kuhn segments, and l 

is the statistical segment length (which is often used to quantify polymer stiffness).  

In the weak segregation limit, the periodicity of microstructures, d, is expected to scale as 

N1/2 above the ODT as chains prefer to adopt a random coil conformation. However, this 

scaling relationship becomes d ~ N2/3 for stronger segregation. Controlling the composition 

and architecture of block copolymers provides access to a wide range of structures that are 

suitable for various applications such as elastomers, dispersants, adhesives and 

coatings.14,29,81,83  

In the presence of a solvent that is selective for one block, the block copolymer chains self-

assemble to form aggregates that resemble the micelles formed by low molecular weight 

amphiphilic surfactants in aqueous solution (Figure 1.14). For example, an AB diblock 

copolymer in a solvent that is selective for block B will form micelles consisting of a core 

region comprising A blocks and a surrounding shell composed of B blocks.75 However, block 

copolymer micelles have much slower exchange kinetics than surfactant micelles. Depending 

on the nature of the insoluble block, the former structures are often frozen whereas the latter 

are invariably in rapid dynamic equilibrium.84,85  
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Figure 1.14 Self-assembled structures formed by an AB diblock copolymer in a selective solvent. The 
packing parameter, P, for the individual block copolymer chains is defined in terms of V, the volume of 
the core-forming blue chain, a0, the optimal head-group area occupied by the red stabiliser chain, and lc, 
the length of the blue core-forming chain. The preferred copolymer morphology (i.e., spheres, worms or 
vesicles) is dictated by the numerical value of P.86 Reproduced from reference 85. 

 

Self-assembly of amphiphilic diblock copolymers to form micelles in water has been known 

for many decades.85,87 This field was substantially developed in the 1990s by Eisenberg et 

al.,88 who used the solvent displacement method to prepare a wide range of copolymer 

morphologies for a series of well-defined diblock copolymers prepared via anionic 

polymerisation. For example, the self-assembly of polystyrene-poly(acrylic acid) (PS-PAA) 

has been studied in DMF-water mixtures, as well as various other binary mixtures of good 

and bad solvents.89,90 It was found that the morphology could be controlled by varying the 

copolymer composition, copolymer concentration, nature of the water-miscible co-solvent 

and the presence of added salt. Transmission electron microscopy (TEM) images of the 

various morphologies formed by a series of PS-PAA diblock copolymers with varying block 

compositions are shown in Figure 1.15. Such micellar systems can enhance the solubility of 

hydrophobic compounds that otherwise display very low aqueous solubility.   
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Figure 1.15 Typical copolymer morphologies formed by asymmetric amphiphilic diblock 
copolymers using the solvent displacement method: (A) PS500-PAA58 spheres; (B) worm-like PS190-
PAA20 micelles; (C) PS410-PAA20 vesicles and (D) large compound micelles comprising PS200-PAA4.91 
Reproduced from reference 90.  

 

One advantage of block copolymers over surfactants is that they exhibit much lower CMCs. 

A typical CMC for a PS-PAA diblock copolymer in water is around six orders of magnitude 

lower than that of sodium dodecylsulfate.92  

1.5.3 Polymerisation-Induced Self-Assembly (PISA) 

Over the past decade or so, many academic research groups have focused on using RDRP 

techniques for the in situ synthesis of amphiphilic diblock copolymer nanoparticles via 

polymerisation-induced self-assembly (PISA).45,93 PISA does not require the presence of low 

molecular weight surfactants or block copolymers to confer colloidal stability. In addition, 

PISA does not involve time-consuming post-polymerisation processes such as solvent88 or 

pH-switching,94 or thin film rehydration,95 which are invariably conducted in dilute solution 

(< 1% w/w copolymer). Aqueous PISA syntheses can be conducted using a wide range of 
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functional monomers via either RAFT aqueous emulsion polymerisation or RAFT aqueous 

dispersion polymerisation. 

1.5.3.1 PISA via RAFT Aqueous Emulsion Polymerisation 

RAFT aqueous emulsion polymerisation has provided access to a range of block copolymer 

nanoparticles. Early research by Hawkett and co-workers focused on using water-immiscible 

monomers such as methyl methacrylate, n-butyl acrylate or styrene.38,96 However, these 

initial formulations utilised ‘seed’ micelles that were synthesised in 1,4-dioxane prior to 

chain extension in water. In contrast, the Charleux group97 used PEO-based macro-RAFT 

agents to conduct the ab initio RAFT emulsion polymerisation of styrene in a batch process. 

Spherical,98,99 worm-like,100 and vesicular particles101 have been prepared using 

methacrylic,101 acrylic,102 or PEO-based stabilisers.50,100 Other hydrophobic monomers such 

as n-butyl acrylate (BA)103, methyl methacrylate (MMA)104 and benzyl methacrylate 

(BzMA)98 have also provided suitable core-forming blocks.  

 

Figure 1.16 Digital photographs, corresponding TEM images and phase diagram obtained for P(MAA-
co-PEOMA)-b-PS diblock copolymers prepared via RAFT aqueous emulsion polymerisation of styrene 
at pH 5 as reported by Zhang et al.101,105 Systematic variation of the DP of the polystyrene block and the 
mass of the hydrophilic stabiliser block has a predictable effect on the final copolymer morphology, 
with spheres worms or vesicles being obtained. Reproduced from reference 100. 

 

The use of water-soluble macro-RAFT agents for the RAFT emulsion polymerisation of 

styrene (Figure 1.16) has enabled fast polymerisations and high final conversions to be 
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achieved along with the formation of well-defined amphiphilic block copolymer nano-

objects, where the morphology can be tuned by various parameters. This method is efficient, 

does not require any organic co-solvent and produces block copolymer nanoparticles in the 

form of concentrated dispersions.101  

1.5.3.2 PISA via RAFT Aqueous Dispersion Polymerisation 

Initially, an aqueous dispersion polymerisation formulation is a homogeneous solution 

because the monomer, initiator, and steric stabiliser (macro-CTA) are all water-soluble. At a 

certain critical DP for the growing hydrophobic block, the copolymer chains self-assemble to 

form nanoparticles, which remain colloidally stable owing to steric stabilisation conferred by 

the water-soluble precursor block (Figure 1.17). 

 

Figure 1.17 Schematic representation of polymerisation-induced self-assembly (PISA) via RAFT 
aqueous dispersion polymerisation (if the monomer M is water-miscible).  

 

The first example of PISA via RAFT dispersion polymerisation was reported in 2007 by 

Houillot et al.,106 who polymerised methyl acrylate in iso-decane using a soluble poly(2-

ethylhexyl acrylate) macro-CTA. There are many examples of RAFT dispersion 

polymerisation formulations being conducted in alcohol/mixed aqueous media,107–109 

supercritical carbon dioxide110 and other organic solvents.86,111 As noted earlier, only a 

limited number of monomers are suitable for use in aqueous dispersion polymerisation.76 

Many examples concern the formation of thermosensitive particles, with hydrophobic blocks 
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such as poly(N-isopropylacrylamide) (PNIPAm), and thus possess lower critical solution 

temperature (LCST) behaviour. For example, An et al.112 described an early example of the 

RAFT aqueous dispersion polymerisation of NIPAm using a water-soluble poly(N,N’-

dimethylacrylamide) (PDAAm) macro-CTA. Introducing a suitable bisacrylamide cross-

linker into this aqueous PISA formulation produced multiresponsive nanogel particles that 

become swollen with water on cooling to ambient temperature. Yan and Tao also employed 

aqueous dispersion polymerisation conditions for nanogel syntheses using a PEO-based 

macro-CTA and poly((2-dimethylamino)ethyl methacrylate) (PDMA) as the core-forming 

block.113  

The Armes group were the first to report the RAFT aqueous dispersion polymerisation of a 

commodity monomer, 2-hydroxypropyl methacrylate (HPMA), using poly(glycerol 

monomethacrylate) as a steric stabiliser.114 This formulation could be used to produce well-

defined spheres with tunable mean diameter (Figure 1.18) and also worms and vesicles.65,115  

 

Figure 1.18 Synthesis of sterically-stabilised methacrylic nanoparticles by RAFT aqueous dispersion 
polymerisation.114  Reproduced from reference 113. 

 

It was found that the rate of polymerisation increased significantly after the onset of particle 

formation, which was attributed to compartmentalisation of monomer within the micelle 
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cores.115 Periodic sampling of the polymerising solution gave an insight into the mechanism 

of morphological evolution (Figure 1.19).115  

 

Figure 1.19 (a) HPMA polymerisation kinetics obtained using 1H NMR spectroscopy when targeting 
PGMA47-PHPMA200 at 70 °C and 10% w/w solids. According to TEM studies, the five morphological 
regimes are: molecularly-dissolved polymer chains (M), spherical micelles (S), worms (W), branched 
worms (BW), jellyfish (J) and vesicles (V). The inset shows a semi-logarithmic plot for a subset of the 
data, indicating the five-fold rate enhancement observed after micellar nucleation. (b) Spherical micelles 
at 46% HPMA conversion. (c) Worms at 62% HPMA conversion (scale bar = 100 nm). (d) Suggested 
mechanism for the worm-to-vesicle transformation during the synthesis of PGMA47-PHPMA200 vesicles 
by RAFT aqueous dispersion polymerisation.45,115 Reproduced from reference 114. 

 

The final copolymer morphology depends on the DP of both the core-forming block and the 

stabiliser block, as well as other synthesis parameters such as the copolymer concentration. 

These can be predicted by constructing a pseudo-phase diagram, as shown in Figure 1.20. In 

this case, sterically-stabilised nanoparticles can be obtained at up to 25% w/w solids.65 
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Figure 1.20 Representative TEM images and the corresponding pseudo-phase diagram for a series of 
PGMA78-PHPMAx diblock copolymer nano-objects prepared by RAFT aqueous dispersion 
polymerisation at 10 – 25% w/w solids (S = spherical micelles, W = worms and V = vesicles).65 
Reproduced from reference 65. 

 

Various other hydrophilic blocks have been utilised for the RAFT aqueous dispersion 

polymerisation of HPMA, including zwitterionic or polyelectrolytic stabilisers such as 

poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC),57,116,117 poly(2-

(trimethylammonium chloride) ethyl methacrylate) (PMETAC)118 and poly(methacrylic acid) 

(PMAA).119 PMAA has also been used for the RAFT dispersion polymerisation of other 

monomers such as MMA and BzMA in alcoholic media,120 hydroxybutyl methacrylate 

(HBMA)121 and LMA.122 MAA has also been statistically copolymerised with BzMA to 

produce so-called ‘schizophrenic’ diblock copolymers with poly(2-(diethylamino)ethyl 

methacrylate) (PDEA) being used as a steric stabiliser (Figure 1.21).123 These cationic 

PDEA-stabilised spherical nanoparticles were initially prepared in acidic solution, with 

nanoparticle inversion occurring to form PDEA-core nanoparticles on switching the solution 

pH from 2 to 10, because this led to deprotonation of the PDEA chains.  
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Figure 1.21 (a) Schematic representation of the RAFT aqueous copolymerisation of methacrylic acid 
and benzyl methacrylate using a PDEA88 macro-CTA. (b) Schizophrenic micellization behaviour 
exhibited by PDEA88-P(MAA-stat-BzMA)y diblock copolymers in aqueous solution.123 Reproduced from 
reference 122. 

 
In summary, RAFT aqueous dispersion polymerisation enables the rational design of bespoke 

block copolymer nano-objects for various potential commercial applications.45 

 

1.6 Pigment Dispersion in Aqueous Media 

 
Many industrial products such as paints,83 pesticides,124 printing inks,125 ceramics,126 and 

pharmaceutics127 require the dispersion of polymeric particles within a continuous fluid phase 

Such formulations typically require concentrated colloidal dispersions. Polymeric dispersants 

can improve wetting, control foaming and prevent film defects, as well as enable optimisation 

of the rheological properties.128 These dispersants enable the introduction of repulsive forces 

that offset the ever-present attractive van der Waals forces and hence prevent particle 

aggregation.46  
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1.6.1 Characteristics of common pigments 

A pigment is any type of solid particle – coloured, black, white or fluorescent – that alters the 

appearance of any object by the selective absorption and/or scattering of light. The pigment is 

the most important component for a water-based paint or ink formulation.129,130 The smallest 

possible form of a pigment is known as the primary particle, typically having a diameter of 

0.01 – 10 µm. These are generally clustered into aggregates or agglomerates. In aggregates, 

the primary particles are bound strongly through chemical interactions, whereas agglomerates 

are loosely packed through weak bonds. Dispersion of pigments in aqueous media requires 

wetting, dispersion and stabilisation. Using water as a solvent for pigment dispersion can 

introduce certain problems owing to its high surface tension and highly polar nature. 

Pigments must be well-dispersed to optimise important end-use properties such as gloss 

potential, colour strength, opacity and long-term storage stability. 

1.6.1.1 Inorganic Pigments 

Inorganic pigments (e.g. TiO2 and iron oxides) are generally chemically inert and insoluble. 

They also have highly polar surfaces, so they are readily wetted by water. Pigments are often 

surface treated, which can have important implications for their colloidal stability. For 

example, an ultrathin layer of alumina (or silica) is added to TiO2 to improve the 

dispersibility of this important pigment.131 Such surface layers can also reduce photocatalytic 

activity and enhance the adsorption of polymeric dispersants. The specific surface area of a 

typical untreated paint-grade titania pigment is 6-9 m2 g-1.132 However, alumina or silica 

surface coatings can double the specific surface area owing to the greater surface 

roughness.133 In some cases, surface treatments can reduce the TiO2 content by as much as 

25% by mass. 

For any combination of pigment, polymeric dispersant and water, there is usually a pH at 

which the net surface charge is zero: this is known as the isoelectric point (IEP). colloidal 
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instability is typically observed under these conditions. Above the IEP, the particles become 

anionic and below the IEP the particles acquire net cationic charge. In each case this aids 

particle redispersion.  

1.6.1.2 Organic Pigments 

Most inorganic pigments comprise transition metal compounds, which are usually highly 

coloured. However, growing concerns regarding their toxicity has led to the replacement of 

many inorganic pigments (e.g. molybdenum orange or cadmium red) with organic pigments, 

which exhibit enhanced long-term light stability and reduced toxicity.134 Moreover, organic 

pigments such as carbon black tend to be much smaller in size than inorganic pigments, 

which leads to improved colour properties. Carbon black has a structural morphology which 

is composed of multiple hierarchies of aggregates, ranging in size from 10 – 1000 nm.135 

Primary particles fuse to form mass fractal aggregates of various shapes,136 which have been 

studied primarily through small angle scattering.137,138 

1.6.2 Colloidal stabilisation mechanisms for pigment dispersions 

The effect of inter-particle interactions determines the colloidal stability of a system. Particle 

aggregates are much more difficult to break up than agglomerates. Either charge or steric 

stabilisation can be used to prevent particle aggregation. In each case, the ever-present 

attractive Van der Waals forces operating between colloidal particles are offset by 

introducing a suitable repulsive force. 

1.6.2.1 Charge Stabilisation 

Charge stabilisation occurs as a result of the accumulation of surface charge on the pigment 

particles. Surface charge can arise from ionised groups attached/adsorbed to the particle 

surface, or by the adsorption of oppositely-charged ions from solution. This leads to the 

formation of an electrical double layer (EDL) surrounding each particle, and it is the 
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energetically unfavourable overlap of such EDLs during inter-particle collisions that leads to 

the short-range inter-particle repulsive force that offsets the long-range attractive van der 

Waals forces (Figure 1.22). This mechanism is well described by the Derjaguin, Verwey, 

Landau and Overbeek (DVLO) theory.139  

 

Figure 1.22 Charge stabilisation mechanism depicting the repulsive force generated by the energetically 
unfavourable overlap of the electrical double layers that surround negatively-charged particles.140  

 

DVLO theory assumes additivity for the attractive and repulsive forces operating between 

particles to calculate the total interaction energy for a pair of particles on close approach. The 

condition for colloidal stability is that the mean kinetic energy (Emax) of the particles is 

significantly greater than kT (i.e., Emax >> kT) (Figure 1.23). Charge stabilisation can only 

produce a kinetically stable system and heating such dispersions (i.e. increasing kT) will 

favour particle aggregation. The addition of salt also induces colloidal instability because this 

causes the EDLs to shrink in size. This in turn lowers the kinetic energy barrier Emax, so the 

ever-present attractive van der Waals forces can cause flocculation. Moreover, charge 

stabilisation is restricted to polar solvents such as water or lower alcohols in which the 

particles can acquire surface charge, and becomes ineffective at relatively high particle 

concentration. 
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Figure 1.23 Potential energy curve for charge stabilisation.141 

 

Van der Waals forces dominate at low distances, as VT increases due to the occurrence of 

Born repulsive forces. These are short range and only come into play when the atoms on the 

surface come into contact. This leads to the primary minimum, which represents strong 

attractive force. At high distances, the van der Waals forces can overcome repulsive forces to 

form a secondary minimum. In practice, an energy barrier significantly higher than kT is 

required to ensure colloidal stability. The kinetic energy needed for particles to overcome this 

barrier derives from Brownian motion, which results from random bombardment of the 

particle surface by molecules in the solvent.142  

1.6.2.2 Steric Stabilisation 

Steric stabilisation relies on the adsorption of polymer chains at the particle surface. The 

solvent is a good solvent for these polymer chains, so the adsorbed layer is well-solvated and 

relatively thick. When two particles coated with adsorbed polymer layers approach each 
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other, these layers start to interpenetrate. This intermingling of the polymer chains is clearly 

entropically unfavourable because fewer conformations can be adopted by the compressed 

chains. Moreover, it is also enthalpically unfavourable because the polymer chains would 

rather interact with solvents molecules. Thus, solvent diffuses into this local region of 

overlapping polymer layers, leading to interparticle repulsion (Figure 1.24).46  

 

Figure 1.24 Mechanism of steric stabilisation according to Napper.46 

 

The resulting colloidal stability depends on the surface coverage and thickness of the 

adsorbed polymer layer, and the strength of the polymer-surface interaction. Unlike charge 

stabilisation, steric stabilisation results in thermodynamic stability, and is relatively 

insensitive to added salt and continues to be effective even at high particle concentration. 
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Figure 1.25 Potential energy curve for the steric stabilisation of colloidal particles.143 

 

As depicted in Figure 1.25, the stability of the system is governed by the repulsive potential 

(VS) and the attractive one VA. The minimum energy Vmin is always present, as the range of 

VS is smaller than VA. This minimum occurs at an inter-particle separation distance equal to 

twice the mean thickness of the adsorbed polymer layers. A thinner stabilising layer will 

decrease the magnitude of this minimum, so good solvation is required for a stable 

dispersion.144  

1.6.2.3 Electrosteric Stabilisation 

A third type of colloidal stability mechanism is electrosteric stabilisation.145 In this case, the 

adsorbed polymer has polyelectrolytic character. Polyelectrolytes, or charged polymers, tend 

to adsorb electrostatically onto oppositely charged surfaces, leading to surface charge 

reversal.146 This maintains (opposite) surface charge and confers an additional steric barrier. 

Electrosterically-stabilised particles are much more tolerant of added salt and/or changes in 

the solution pH than charge-stabilised particles because of the additional steric stabilisation 
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component. If a weak polyelectrolyte is used, then the particle surface charge is likely to vary 

with solution pH. This may lead to an isoelectric point (IEP) where there is no net surface 

charge. At this critical pH (or pH range), the particles may become aggregated, with 

redispersion being observed on adjusting the solution pH either above or below the IEP.  

1.6.2.4 Effect of added polymer on colloidal stability 

The dispersion of a pigment in a liquid involves three key steps. First, the surface of the 

pigment particles is wetted by the liquid. Second, pigment agglomerates are broken up using 

mechanical agitation to achieve full wetting of the particles. The third step involves colloidal 

stabilisation of the individual pigment particles using a polymeric dispersant. This is required 

in order to overcome the ever-present attractive van der Waals forces operating between 

colloidal particles which would otherwise cause them to flocculate.139 An adsorbed layer on 

the particle surface introduces repulsive forces through either steric and/or electrosteric 

stabilisation.130  

The colloidal stability of a dispersion can be greatly influenced by addition of a suitable 

polymer. At relatively low polymer concentrations, bridging flocculation may occur. As 

shown in Figure 1.26a, this typically occurs with high molecular weight polymers in the 

presence of relatively small particles, where the chains can adsorb onto two or more particles 

and bring them into close proximity.147 At higher polymer concentrations, steric stabilisation 

occurs as a result of repulsive forces between polymer-coated particles (Figure 1.26b). This 

mechanism requires high surface coverage and good solvency for the polymer chains, as 

discussed above.  

In the case of a relatively high concentration of a non-adsorbing polymer, the effective 

osmotic pressure, or activity of the solvent between two approaching particles is affected. 

Polymer chains are excluded from the region between neighbouring particles. The osmotic 

pressure difference in the bulk solution also excludes solvent from this region, introducing an 
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attractive force that causes particle aggregation. This phenomenon is known as depletion 

flocculation (Figure 1.26c) and was first reported by Asakura and Oosawa in 1958.148  At 

higher concentrations of non-adsorbing polymer, depletion stabilisation can occur (Figure 

1.26d). This is a kinetic stability mechanism that is solely imparted by free (rather than 

adsorbed) polymer chains.149  

 

Figure 1.26 - Schematic representation of the effect of added polymer on the colloidal stability of 
particles: (a) bridging flocculation at low polymer concentration, (b) steric stabilisation at intermediate 
polymer concentration, (c) depletion flocculation at high polymer concentration and (d) depletion 
stabilisation at even higher polymer concentration. The first two instances involve adsorbed polymer 
chains whereas the latter two instances involve non-adsorbing polymer chains. 

 

1.6.3 Pigment Dispersants 

Polymeric dispersants can be differentiated from typical inorganic dispersants or surfactants 

by virtue of their relatively high molecular weight. This enables simultaneous binding to 

multiple surface sites, forming stable adsorbed layers at the pigment surface.131,150 Polymeric 

dispersants confer (electro)steric stabilisation and may also enable cost-savings by enabling 

higher pigment loadings during grinding processes. For high solids coatings, high molecular 

weight additives are essential to ensure long-term colloidal stability.  
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1.6.3.1 Homopolymers 

The adsorption of homopolymers has been studied since 1930 owing to its importance in 

numerous applications.151 The mean-field theory developed by Scheutjens and Fleer152 

enables the distribution of tails, trains and loops to be calculated for adsorbed chains. This 

theory has also been extended to include the adsorption of block and random copolymers.153 

Various homopolymers have been studied in the context of pigment dispersion. For example, 

Hoogeveen et al. examined the behaviour of several cationic polyelectrolytes, such as poly(2-

(dimethylamino)ethyl methacrylate (PDMA) or poly(2-vinylpyridine)154,155. Variation of the 

ionic strength or solution pH influenced the rate of adsorption. At low salt concentration/pH,  

diffusion of such polyelectrolytes to the surface is slow, because the chains are highly 

expanded owing to repulsion between charged segments. This problem can be reduced by 

raising the solution pH. Boisvert et al. reported using poly(sodium acrylate) (PNaAA) for the 

stabilisation of alumina-coated TiO2.
156 Such anionic polymers are well known for their 

excellent dispersion performance; both poly(sodium methacrylate) (PNaMAA) and PNaAA 

have been evaluated for the formulation of aqueous pigment dispersions.157,158 These 

polyelectrolytes typically confer  electrosteric stabilisation by adsorbing in a loop-train-tail 

conformation.159 However, such dispersants interact strongly with the pigment surface and 

hence usually cannot prevent some degree of flocculation, even when the particles are fully 

covered. It is generally accepted that block copolymers are more effective dispersants 

because one block can be designed to adsorb at the pigment surface while the second block 

can confer steric stabilisation.160–162 However, a wide range of functional block copolymers 

have only recently become accessible as a result of the development of RAFT polymerisation 

(and similar radical-based chemistries). 
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1.6.3.2 Amphiphilic Block Copolymer Dispersants 

Amphiphilic block copolymers are of particular interest for pigment dispersion because they 

can improve both wetting and stabilisation of pigment dispersions. In contrast, random 

(statistical) copolymers are known to adsorb inefficiently at a pigment surface.125 The extent 

and rate of unimer-micelle exchange can be an important factor for the application of block 

copolymers as pigment dispersants. In the presence of pigment, molecularly-dissolved 

copolymer chains (unimers) may adsorb at the pigment surface via the more hydrophobic 

block, whereas the micelles may not adsorb at all. On the other hand, there is some evidence 

to suggest that some types of micelles may adsorb onto the surface of certain pigments, e.g. 

PDMA-PMMA micelles onto the surface of silica particles.163 Tuzar and co-workers reported 

that polystyrene-PNaMAA diblock copolymers formed highly stable micelles in water, with 

no micelle-unimer exchange being detected at all at room temperature.164 However, recent 

studies by Jones et al. showed that cationic PDMA-PBzMA diblock copolymer micelles 

could be adsorbed electrostatically onto the surface of anionic silica particles, with some 

subsequent perturbation of the micelles suggesting affinity of the core-forming block for the 

silica surface.109 

Statistical copolymers comprising NaMAA and amine-based comonomers were also assessed 

as putative pigment dispersants by Creutz and co-workers.158 However, only poor dispersion 

stability was invariably obtained. For example, a 4VP/NaMAA random copolymer exhibited 

the same dispersion performance as a homopolymer of PNaMAA. On the other hand, the 

dispersion performance of a ‘tapered’ diblock copolymer was comparable to that of a pure 

diblock copolymer. This highlights the importance of ‘blockiness’ in a copolymer dispersant, 

which suggests the need for a controlled/living polymerisation to ensure a reproducible 

comonomer distribution.161,165 
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However, it is perhaps worth emphasising that the synthetic strategy employed by Creutz and 

co-workers for the preparation of such diblock copolymer dispersants involved anionic 

polymerisation and hence required protecting group chemistry for the acidic block. In 

contrast, Auschra and co-workers reported the synthesis of diblock copolymers for pigment 

dispersion using either NMP or ATRP.162 Similarly, RAFT polymerisation has been used for 

in situ pigment encapsulation166 to create a core-shell morphology comprising pigment cores 

and thick polymer shells. This process was highly efficient and involved adsorption of a 

macro-RAFT precursor onto the pigment surface in order to prevent secondary particle 

nucleation. More recently, Jagtap et al.167 synthesised block copolymers via aqueous RAFT 

polymerisation for use in aqueous pigment dispersions as an eco-friendly approach to large 

scale manufacturing. 

1.6.4 Measuring pigment dispersion 

1.6.4.1 Adsorption isotherms 

Adsorption isotherms enable the adsorbed amount of polymer on a surface to be quantified. 

Such isotherms involve plotting the adsorbed amount of polymer (Γ) versus the equilibrium 

concentration of polymer remaining in solution after adsorption (Ceq). The point at which a 

typical adsorption isotherm reaches a plateau value depends on various parameters. The 

available substrate surface area, polymer molecular weight, solvent type and copolymer 

architecture must all be considered. If adsorption is confined to a single monolayer - which is 

generally the case for polymers - then a Langmuir isotherm model can be used. In this case, 

the adsorbed amount can be calculated using Equation 1.14. 

Γ =  
ೌ

ଵା ೌ
     (Equation 1.14) 

Here Γ is the adsorbed amount (mg m-2), qm is the monolayer capacity, Ka is the equilibrium 

constant, and Ceq is the equilibrium adsorbate concentration.168 The specific surface area of 
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the substrate must be known in order to calculate qm. Langmuir (L) isotherms typically 

exhibit a plateau region, which indicates monolayer formation. For adsorption from solution, 

Giles et al. also classified three other types of adsorption isotherms:169 S-shaped (S), high 

affinity (H), and constant partition (C), see Figure 1.28. 

 

Figure 1.28 - Four types of adsorption isotherms for adsorption from solution onto a solid substrate 
according to Giles et al.169: Langmuir (L), S-shaped (S), high affinity (H), and constant partition (C). 

 

Langmuir-type adsorption implies that it becomes increasingly difficult to adsorb more 

polymer chains as the surface coverage increases. H-type isotherms are obtained when the 

affinity for the substrate is very high even at low polymer concentrations, e.g. for the 

adsorption of poly(acrylic acid) on titania.170 

The adsorbed amount of polymer is commonly determined using an indirect approach. This 

involves determining the polymer concentration in the continuous phase before and after 

adsorption. Centrifugation can be used to separate the colloidal substrate (e.g. polymer-coated 

pigment particles) from any excess non-adsorbed polymer and the adsorbed amount can then 
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be calculated by difference. This approach is sometimes known as a supernatant assay. If 

there is a convenient spectroscopic chromophore, the polymer concentration can be 

determined via UV spectroscopy.171 Alternatively, a physical method such as densitometry or 

differential refractometry can be used. 172 In certain cases, it may be possible to determine the 

adsorbed amount more directly. For example, Growney et al. estimated the extent of 

adsorption of block copolymer micelles on carbon black particles using thermogravimetric 

analysis.173–175  

1.6.4.2 Particle size distribution 

Particle size distribution is another key parameter for assessing pigment dispersion 

performance.176 For a given pigment, maximum colour strength is achieved once that pigment 

is dispersed below a minimum size. Therefore, the opacity/transparency and the colour 

strength and shade of a pigment can give an indication of its degree of dispersion. Although 

scattering theory was originally derived for spheres, Brockes and Chromey later modified it 

to include pigments of arbitrary shape.177,178 

One useful method for sizing pigment particles is electron microscopy.179 An electron beam 

is either scanned across the sample (SEM) or passed through the sample (TEM). This 

produces high resolution images that can be analysed using software to obtain statistically 

meaningful particle size distributions. However, such measurements are conducted under 

high vacuum and can be susceptible to drying artifacts. 

In contrast, dynamic light scattering (DLS) can be used to assess particle size distributions for 

dilute pigment dispersions. The particles undergo Brownian motion, which causes the 

incident laser light to be scattered and measurement of the correlation function enables the 

mean diffusion coefficient of the particles to be determined. This parameter enables 

calculation of the mean particle diameter through the Stokes-Einstein relationship if the 
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solution viscosity and temperature are known.180 DLS reports an intensity-average (or z-

average) diameter that is strongly biased towards the presence of larger particles because the 

intensity of the scattered light scales with the sixth power of the particle radius. In principle, 

volume-average and number-average particle size distributions can also be calculated, but 

this requires an assumption to be made regarding the shape of the size distribution. 

1.6.4.3 Rheology 

Rheology can also be used to assess the degree of dispersion of pigment particles. The 

rheology of a dispersed system is sensitive to the particle size distribution: as the effective 

particle size becomes smaller, the overall pigment surface area increases, which requires 

more dispersant to be added. This normally causes the yield value, viscosity and dynamic 

elasticity of a dispersion to increase, resulting in a dispersion that is unsuitable for 

mechanical milling.181 It is commonly found that the viscosity of a pigment dispersion passes 

through a minimum value as the dispersant concentration is gradually increased. At relatively 

low dispersant concentrations, there is insufficient dispersant to fully disperse the pigment 

particles.  At relatively high dispersant concentrations, there is excess non-adsorbed 

dispersant remaining in the supernatant. However, at some intermediate dispersant 

concentration there will be just sufficient dispersant to fully coat the pigment particles, which 

leads to a minimum in the viscosity of the pigment dispersion. This dispersant concentration 

corresponds to that required for monolayer coverage of the pigment particles, or the ‘knee’ of 

the Langmuir adsorption isotherm.  

 

 



 
 

Page 57 of 268 
 

1.7 Thesis Aims and Outline 

 
In this thesis RAFT polymerisation is used to prepare several new classes of novel 

amphiphilic diblock copolymers based on (meth)acrylic monomers using RAFT aqueous 

solution polymerisation, RAFT aqueous dispersion polymerisation or RAFT aqueous 

emulsion polymerisation. The resulting copolymers were subsequently evaluated as 

dispersants for pigments in aqueous media, which is relevant to the formulation of high-

quality inkjet inks. A comparison between dispersants in the form of nanoparticles, or 

molecularly dissolved chains is attempted by various methods. 

In Chapter 2, the synthesis of a new stimulus-responsive PMAA-PHPMA diblock copolymer 

is reported. On adjusting the solution temperature and/or pH, this copolymer forms various 

types of nanoparticles in aqueous solution. In Chapter 3, these PMAA-PHPMA diblock 

copolymers are evaluated as dispersants for inkjet-grade carbon black. Its thermoresponsive 

nature means that molecularly dissolved chains and nanoparticles can be directly compared. 

In Chapter 4, a highly convenient and generic synthetic route to zwitterionic diblock 

copolymers is reported, including the direct, atom-efficient, one-pot synthesis of PDMA-

PMAA diblock copolymers in aqueous media. Other zwitterionic diblock copolymers include 

those where the cationic block can be poly(2-(dimethylamino)ethyl methacrylate) [PDMA], 

poly(2-(diethylamino)ethyl methacrylate) [PDEA], poly(2-(N-morpholino)ethyl 

methacrylate) [PMEMA] or poly(2-(methacryloyloxy)ethyl trimethylammonium chloride) 

[PMETAC], and the anionic block comprises either PMAA or poly(2-carboxyethyl acrylate) 

[PCEA]. These doubly-hydrophilic diblock copolymers have interesting aqueous solution 

behaviour. For example, depending on their precise diblock composition, they can exhibit an 

isoelectric point within a relatively narrow pH range; insolubility under such conditions 

enables facile removal of trithicarbonate-based RAFT end-groups using hydrazine utilising a 

wholly aqueous protocol. In Chapter 5, selected examples of these zwitterionic diblock 
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copolymers are evaluated for the stabilisation of colloidal dispersions of titania and yellow 

iron oxide pigments, respectively. One particularly interesting class of zwitterionic diblock 

copolymers is the PDEA-PCEA system. In this case, each block is water-insoluble in its 

neutral (uncharged) form, hence so-called ‘schizophrenic’ micellization behaviour is 

anticipated. Thus, such copolymers should form cationic PCEA-core micelles at low pH and 

anionic PDEA-core micelles at high pH. In principle, this may enable the performance of 

anionic (or cationic) nanoparticles as pigment dispersants to be compared to that of 

molecularly-dissolved PDMA-PMAA zwitterionic diblock copolymers. This possibility is 

explored in Chapter 6. 
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2.1 Introduction 
 

It is well-known that stimulus-responsive polymers are sensitive to changes in their external 

environment, such as pH,1 temperature,2 salt3 or light,4 which in turn affects their chain 

conformation and/or solubility.5–9 In principle, such stimulus-responsive polymers offer 

potential applications in stabilisation and flocculation of colloidal dispersions, e.g. for 

catalysis,10 water treatment,11 water-borne coatings,12,13 solid-liquid separation14 and drug 

delivery.15–18 One of the most studied thermoresponsive synthetic polymers is 

poly(N-isopropylacrylamide) (PNIPAM).19,20,29,21–28 This non-ionic water-soluble polymer 

undergoes a coil-to-globule transition in aqueous solution and becomes insoluble when 

heated above its lower critical solution temperature (LCST) of approximately 32°C. 

Incorporation of ionisable comonomers such as (meth)acrylic acid confers pH-responsive 

character.30,31 This approach has been used to design a range of dual-responsive copolymer 

microgels that undergo reversible swelling on varying the solution pH and temperature.32,33 

However, the incorporation of polymers that exhibit LCST behaviour as the hydrophobic 

structure-directing block for aqueous PISA formulations is not trivial. The reaction 

temperature must be judiciously chosen to ensure particle formation during the reaction while 

covalent cross-linking is typically required to retain the copolymer morphology (if desired) 

on cooling the reaction temperature below the LCST of the polymer.  

To avoid this drawback, recent research has focused on hydrophobic thermoresponsive 

polymers that possess LCST-like behaviour such as poly(2-hydroxypropyl methacrylate) 

(PHPMA).34–36 HPMA is a water-miscible monomer but the corresponding PHPMA 

homopolymer is water-insoluble over a wide range of temperature. Thus, this commodity 

monomer offers a useful model system for understanding latex syntheses via aqueous 

dispersion polymerisation.37  
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PHPMA has been used as a core-forming block for RAFT aqueous dispersion polymerisation 

synthesis utilising non-ionic steric stabilisers such as poly(glycerol monomethacrylate) or 

poly(ethylene glycol).36,38–41 For such PISA syntheses, the PHPMA block can confer 

thermoresponsive character. Unusually, this block always remains hydrophobic but a subtle 

increase in its (partial) degree of hydration on lowering the solution temperature leads to a 

change in the relative volume fractions of the stabiliser and core-forming blocks, which can 

be sufficient to induce a worm-to-sphere transition.42 Thus this can be considered to be an 

LCST-like transition. In contrast to traditional LCST behaviour, the PHPMA block never 

becomes truly water-soluble on lowering the solution temperature. Instead, the HPMA repeat 

units near the block junction point become more solvated, which leads to an effective 

increase in the volume fraction of the stabiliser block. This causes a subtle increase in the 

fractional packing parameter, which is sufficient to induce a worm-to-sphere transition. This 

phenomenon has been described as ‘surface plasticisation’ by Armes and co-workers.43–45 It 

is perhaps worth emphasising here that if ‘uniform plasticisation’ occurred, it would instead 

lead to a worm-to-vesicle transition, which is not observed. Moreover, Warren et al. recently 

reported that such LCST-like behaviour is only observed over a relatively narrow range of 

PHPMA DPs – if this block is too long it becomes sufficiently hydrophobic that 

thermoresponsive behaviour is no longer observed.36  

There are many examples of pH-responsive polymers based on either weak polyacids such as 

poly(methacrylic acid) (PMAA)46,47 and poly(acrylic acid)48 or weak polybases such as 

poly(2-vinylpyridine) (P2VP)49 or poly(2-(dimethylamino)ethyl methacrylate) (PDMA).50,51 

The former class is particularly relevant to the present study. Ionisation of carboxylic acid 

groups confers polyelectrolytic character which causes PMAA to expand at high pH; this 

results in a conformational switch from compact (hyper-coiled) to highly extended chains.52 



 
 

Page 72 of 268 
 

Such anionic PMAA chains can act as an effective electrosteric stabiliser for colloidal 

particles.53  

Both PAA and PMAA have been evaluated as polyelectrolytic stabilisers for aqueous PISA 

formulations. For example, Chaduc and co-workers reported various RAFT aqueous 

emulsion polymerisation formulations using such electrosteric stabilisers to stabilise n-butyl 

acrylate, methyl methacrylate or styrene latexes to form spherical particles at pH 3.5, and 

other morphologies at pH 5.54,55 Similarly, Cockram et al. used PMAA as a stabiliser block 

for the polymerisation of butyl methacrylate and benzyl methacrylate to form well-defined 

spheres at pH 5. 57 The increased aqueous solubility of 2-hydroxybutyl methacrylate was also 

utilised to form anisotropic particles at pH 5.58 PMAA and PAA have been also been used as 

steric stabiliser blocks for the synthesis of diblock copolymer spheres, worms and vesicles via 

RAFT alcoholic dispersion polymerisation.58–60  

In the present study, we examine a new PISA formulation based on the chain extension of a 

PMAA precursor via RAFT aqueous dispersion polymerisation of HPMA. This particular 

composition of PMAA50-PHPMA237 nanoparticles exhibits interesting pH-responsive and 

thermoresponsive behaviour in aqueous solution. This hypothesis is explored using a range of 

analytical techniques. Knowledge of the stimulus responsive behaviour of PMAAx-PHPMAy 

nanoparticles is utilised to assess its pigment dispersion ability in Chapter 3. 

 

2.2 Experimental 

Materials 

Methacrylic acid (MAA; 99%) and 4-cyanopropyl dithiobenzoate (CPDB) were purchased 

from Sigma-Aldrich (UK) and used without further purification. 4,4′-Azobis(4-cyanovaleric 

acid) (ACVA; 98%) was purchased from Alfa Aesar (UK) and used as received. HPMA was 
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donated by GEO Specialty Chemicals. CD3OD and dimethyl sulfoxide-d6 were purchased 

from Goss Scientific Ltd (Cheshire, UK). Deuterium oxide (D2O), sodium deuteroxide 

(NaOD) and deuterium chloride (DCl) were purchased from Sigma-Aldrich (Dorset, UK). All 

other solvents were purchased from Fisher Scientific (Loughborough, UK) and used as 

received. Deionised water was used for all experiments. 

Synthesis of the poly(methacrylic acid) (PMAA) steric stabiliser 

In a typical synthesis of the PMAA50 precursor, a round-bottomed flask was charged with 

MAA (10.0 g, 116 mmol), 4-cyanopropyl dithiobenzoate (CPDB) (514 mg, 2.30 mmol), 

ACVA (130 mg, 0.46 mmol; CTA/initiator molar ratio = 5.0) and ethanol (16.0 g, 40% w/w). 

The sealed reaction vessel was purged with nitrogen gas and place in a pre-heated oil bath at 

70 °C for 3 h. The resulting PMAA precursor (MAA conversion = 68%; Mn = 5 600 g mol-1, 

Mw = 7 000 g mol-1, Mw/Mn = 1.26) was purified by precipitation into a ten-fold excess of 

diethyl ether (twice) and then isolated by lyophilisation. A mean DP of 49 was estimated for 

this PMAA precursor using 1H NMR spectroscopy by end-group analysis. Similarly, a mean 

DP of 50 was determined via UV spectroscopy using the 302 nm absorption band assigned to 

the dithiobenzoate RAFT chain-end for quantification using a Beer-Lambert calibration plot. 

Synthesis of linear poly(methacrylic acid)-poly(2-hydroxypropyl methacrylate) diblock 

copolymer nanoparticles via RAFT aqueous dispersion polymerisation  

This RAFT aqueous dispersion polymerisation synthesis was conducted at 20% w/w solids 

targeting PMAA50-PHPMA200. HPMA (0.60 g, 4.1 mmol), ACVA (1.45 mg, 5.2 µmol, 

CTA/initiator molar ratio = 4.0), and PMAA50 macro-CTA (79.8 mg, 20.1 µmol) were 

dissolved in water (3.0 g). The solution pH was adjusted to 5.5 using an aqueous solution of 1 

M NaOH. The pink reaction mixture was sealed in a round-bottomed flask, purged with 

nitrogen for 30 min, and then placed in a pre-heated oil bath at 70°C for 2 h.  
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1H NMR spectroscopy  

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

CD3OD, D2O, or dimethyl sulfoxide-d6. Typically, 64 scans were averaged per spectrum. 

NMR spectra were used to determine monomer conversions and to estimate mean degrees of 

polymerisation (DP) via end-group analysis. 

UV spectroscopy  

Absorption spectra were recorded using a Shimadzu UV-1800 spectrophotometer at 25 °C. A 

linear Beer-Lambert calibration plot was constructed using a series of solutions of CPDB 

(λmax = 302 nm) dissolved in methanol at concentrations ranging between 1.59 and 14.8 g dm-

3. The PMAA50 precursor was dissolved in methanol (0.122 g dm-3) and its absorption 

maximum was recorded at 302 nm in order to calculate its mean degree of polymerisation via 

end-group analysis. The same approach was used to determine the mean DP for the PMAA50-

PHPMA237 nanoparticles, which were dried by lyophilisation and then dissolved in methanol 

(26.4 mg copolymer in 10 ml) prior to analysis. 

Variable temperature 1H NMR studies of an aqueous dispersion of PMAA50-PHPMA237 

nanoparticles  

Nanoparticles were diluted to 1.0% w/w in NaOD/D2O (pD 10). The dispersion was cooled to 

5 °C, equilibrated for 5 min and a spectrum was recorded. The temperature was then 

gradually increased to 50 °C and further spectra were recorded at 5°C intervals, with 5 min 

being allowed for thermal equilibration in each case. A final spectrum was recorded after 

returning to 25 °C. A capillary tube containing 0.1 mol dm-3 pyridine dissolved in 1,1,2,2-

tetrachloroethane-d2 (lock solvent) was used as an external standard. 
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Exhaustive methylation protocol 

PMAA50 homopolymer was modified via exhaustive methylation of its carboxylic acid 

groups to form poly(methyl methacrylate). Excess trimethylsilyldiazomethane was added 

dropwise to a solution of PMAA50 (20 mg) in THF (2.0 mL), until the yellow colour 

persisted. This reaction solution was then stirred overnight until all THF had evaporated. The 

degree of methylation was determined to be 100% by 1H NMR spectroscopy. This was 

determined by comparing the integrated backbone signal (0 – 2.5 ppm) to that of the new 

methoxy signal at 3.34 ppm. 

Gel Permeation Chromatography (GPC) 

The molecular weight distributions of the PMAA50 precursor (after exhaustive methylation) 

and PMAA50-PHPMA237 diblock copolymer (without modification) were assessed using an 

Agilent Technologies PL GPC-50 system. The mobile phase was HPLC-grade THF 

containing 4.0% v/v glacial acetic acid at a flow rate of 1.0 ml min-1. Molecular weights were 

calculated using a series of near-monodisperse poly(methyl methacrylate) calibration 

standards.  

Dynamic Light Scattering (DLS) 

0.10% w/w aqueous copolymer dispersions were analysed in glass cuvettes at 25°C using a 

Malvern Zetasizer NanoZS instrument. Scattered light was detected at 173° and the 

hydrodynamic diameters were calculated by cumulants analysis of the experimental 

correlation function, which uses the Stokes-Einstein equation. Data were averaged over three 

consecutive measurements comprising eleven runs per measurement. 

Aqueous Electrophoresis 

Measurements were performed using the same Malvern Zetasizer NanoZS instrument on a 

0.10% w/w aqueous dispersion of nanoparticles in the presence of 1 mM KCl as background 
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salt. The solution pH was adjusted using NaOH or HCl. The zeta potential was calculated 

from the electrophoretic mobility (μ) via the Henry equation using the Smoluchowsky 

approximation, which is valid for the electrophoretic determination of zeta potentials in 

aqueous media at moderate electrolyte concentrations.   

Rheology Measurements 

An AR-G2 rheometer equipped with a variable temperature Peltier plate and a 40 mm 2° 

aluminium cone was used for all experiments. An oscillatory mode was used to measure loss 

modulus (G″), and storage modulus (G′) as a function of percentage strain amplitude, angular 

frequency, and temperature to assess critical gelation temperatures and gel strengths using a 

cone and plate geometry. Temperature sweeps were conducted using the same applied strain 

amplitude and at angular frequencies of 1 rad s−1. Measurements were recorded at 1 °C 

intervals, allowing 5 min for thermal equilibration in each case.  

Shear-Induced Polarised Light Imaging (SIPLI) studies of PMAA
50

-PHPMA
237

  

The instrument design and general experimental set-up has been previously reported by 

Mykhaylyk and co-workers.61 SIPLI experiments were conducted using a mechano-optical 

rheometer (Anton Paar Physica MCR301 with SIPLI attachment). Measurements were 

performed using a plate−plate geometry composed of a 25 mm polished steel plate and a 

fused quartz plate connected to a variable temperature Peltier system. Sample illumination 

was achieved using an Edmund Optics 150 W MI-150 high-intensity fibre-optic white light 

source with a constant light intensity maintained for all measurements. The polariser and 

analyser axes were crossed at 90° to obtain polarised light images (PLIs), which were 

recorded using a colour CCD camera (Lumenera Lu165c). SIPLI experiments were 

conducted on a 20% w/w aqueous dispersion of PMAA
50

-PHPMA
237

 nano-objects at an 
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applied shear rate of 250 s-1 during temperature ramp experiments conducted at a 

heating/cooling rate of 1.0 °C min-1. 

Transmission electron microscopy (TEM)  

A 0.2 µL droplet of a 0.10 % w/w aqueous copolymer dispersion at the desired solution pH 

was deposited onto a glow discharge-treated carbon-coated copper/palladium TEM grid 

(Agar Scientific, UK) for 30 seconds. Each grid was stained with 10 µL of an aqueous uranyl 

formate solution (0.75 % w/w) for 30 seconds and then carefully dried using a vacuum hose.  

TEM images were recorded using a Philips CM100 instrument operating at 100 kV and 

equipped with a Gatan 1 k CCD camera. ImageJ software was used to manually measure 

nanoparticle diameters and hence estimate averages and standard deviations from TEM 

images (at least 100 nanoparticles were analysed per sample).  

 

2.3 Results and Discussion 

 
Initially, a PMAA homopolymer precursor was prepared at 40% w/w via RAFT solution 

polymerisation of MAA at 70 °C in ethanol using 2-cyanopropyl dithiobenzoate (CPDB) as a 

chain transfer agent (CTA). A DP of 50 was targeted and the polymerisation was terminated 

after 3 h (65% conversion) to preserve RAFT chain-end functionality. After purification to 

remove excess monomer and other low molecular weight components, end-group analysis via 

1H NMR spectroscopy suggested a mean DP of 49. A calibration plot of absorbance against 

CPDB concentration was produced using CPDB dissolved in methanol. The molar extinction 

coefficient for the absorption maximum at 302 nm, assigned to its dithiobenzoate end-group, 

was determined to be 12600 ± 200 mol-1 dm3 cm-1.62 Using this value, the mean DP of the 

PMAA homopolymer precursor was determined to be 50. The latter value was used because 

UV spectroscopy is considered to be much more sensitive than 1H NMR spectroscopy for 
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such measurements. These data indicate a RAFT agent efficiency of around 67% for CPDB. 

This PMAA50 precursor was then chain-extended via RAFT aqueous dispersion 

polymerisation of HPMA, targeting a PHPMA block DP of 200 (Figure 2.1).  

 

Figure 2.1 RAFT solution polymerisation of methacrylic acid (MAA) in ethanol using CPDB as a RAFT 
agent and 4,4’-azobis(4-cyanovaleric acid) (ACVA) as a free radical initiator to produce 
poly(methacrylic acid) (PMAA). This water-soluble precursor is then used for the RAFT aqueous 
dispersion polymerisation of 2-hydroxypropyl methacrylate (HPMA) at 70 °C to produce spherical 
PMAA50-PHPMA237 diblock copolymer nanoparticles. The optimum solution pH for this PISA synthesis 
is pH 5.5. 

 

The diblock copolymer was analysed by GPC using THF eluent containing 4% acetic acid, 

with the latter being added to the mobile phase to suppress ionisation of the methacrylic acid 

groups.56 The PMAA50 macro-CTA required exhaustive methylation of its carboxylic acid 
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groups to ensure THF solubility prior to GPC analysis. The Mn of this methylated precursor 

was determined to be 5 600 g mol-1. Given that GPC calibration involved the use of a series 

of poly(methyl methacrylate) standards, this value is close to that expected (5 000 g mol-1). 

Moreover, its Mw/Mn was determined to be 1.26, which indicates a reasonably well-controlled 

RAFT polymerisation.  This PMAA50 precursor was used to prepare PMAA50-PHPMA237 

nanoparticles directly via RAFT aqueous dispersion polymerisation of HPMA at 70 °C. 

Periodic sampling of the reaction mixture (with quenching achieved by dilution with 

concomitant cooling to 20 °C) enabled the kinetics of polymerisation to be assessed by 1H 

NMR spectroscopy. This was achieved by monitoring the disappearance of the vinyl proton 

signals at ~ 6 ppm relative to the methacrylic backbone signals at 0 – 2.5 ppm (Figure 2.2 (a-

c)). This approach indicated that the HPMA polymerisation was essentially complete within 2 

h at 70 °C (Figure 2.2d). The final DP for the PHPMA block can be calculated by comparing 

the integrated oxymethylene PHPMA signal at ~ 4 ppm to that of the methacrylic backbone 

signals at 0 – 2.5 ppm. The complex PHPMA signals owe their existence to two HPMA 

isomers, which are present in a 75:25 ratio.63  

The evolution in molecular weight over the course of the HPMA polymerisation was 

followed by THF GPC (Figure 2.3). PMAA-PHPMA diblock copolymers did not require 

methylation as the level of acetic acid was enough to stop copolymers from interacting with 

the GPC column. PMAA homopolymer could not be analysed without methylation as it was 

not soluble in the THF eluent, despite the addition of acetic acid. The molecular weight 

increased linearly with monomer conversion, as expected for a RAFT polymerisation. Mw/Mn 

values remain below 1.20 throughout the polymerisation, and all chromatograms were 

unimodal, indicating a well-controlled RAFT polymerisation. The final PMAA50-PHPMA237 

diblock copolymer obtained at full monomer conversion had an apparent Mn of 36 000 g mol-

1 and its Mw/Mn was 1.15. 
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Figure 2.2 1H NMR spectra illustrating the gradual disappearance in the vinyl monomer signals at ∼6 ppm and 
progressive appearance of methacrylic backbone signals (0–2.5 ppm). (a) Full conversion of HPMA to afford 
PMAA50-PHPMA237 after 150 min, (b) 23% HPMA conversion after 60 min, (c) original PMAA precursor, (d) 
conversion vs. time curve and corresponding semi-logarithmic plot indicating that the HPMA polymerisation is 
complete within 2 h at 70 °C.  

 

The mean degree of polymerisation for the PHPMA block was also determined using UV 

spectroscopy. This end-group analysis assumes that the λmax and molar absorption coefficient 

(ε) remain unchanged during the course of the reaction (Figure 2.4).64 The mean DP for the 

PHPMA block was calculated to be 237, whereas its target DP was 200. This suggests a 
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RAFT agent efficiency of 84% for the RAFT aqueous dispersion polymerisation step, which 

is comparable to that reported for other RAFT aqueous polymerisations.65,66   

 

 

Figure 2.3 THF GPC curves recorded for a PMAA50-PHPMA237 diblock copolymer (and its 
corresponding PMAA50 precursor, after exhaustive methylation to form PMMA50) prepared at 20% w/w 
solids via RAFT aqueous dispersion polymerisation of PHPMA at 70 °C. Mn values are expressed 
relative to a series of near-monodisperse poly(methyl methacrylate) calibration standards. Evolution of 
Mn and Mw/Mn with HPMA monomer conversion observed for this PISA synthesis.  
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Figure 2.4 (a) UV spectra recorded for CPDB dissolved in methanol for concentrations ranging from 7.2 
µmol dm−3 (light pink spectrum) to 67.0 µmol dm−3 (black spectrum). (b) Determination of the molar 
absorption coefficient for CPDB using the Beer–Lambert law. 

 

Aqueous electrophoresis measurements show that the nanoparticles become highly anionic 

above pH 6.3, exhibiting zeta potentials of approximately -45 mV owing to a high degree of 

ionisation for the PMAA stabiliser chains (Figure 2.5). According to potentiometric acid 

titration studies (Figure 2.6), this pH corresponds to the pKa for the PMAA50-PHPMA237 

block of 6.27, which is slightly higher than the pKa for the PMAA50 precursor of 5.82; these 

experimental data lie close to the literature values reported for PMAA homopolymer and for 

diblock copolymer nanoparticles comprising PMAA coronas.67,68
 Below pH 6.3, the 

nanoparticles become progressively less anionic, exhibiting an isoelectric point (IEP) at 

approximately pH 2.3. Under such conditions, the neutral PMAA chains undergo a so-called 

‘hypercoiling’ transition as a result of intramolecular hydrogen bonding interactions.69 
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Figure 2.5 (a) Dynamic light scattering (DLS) studies of a 0.10 % aqueous dispersion of PMAA50-
PHPMA237 nanoparticles at 25 °C. The large increase in hydrodynamic diameter observed below pH 6.3 
is consistent with the onset of turbidity and observation of macroscopic precipitation below pH 6.3. (b) 
Zeta potential vs. pH curve obtained for a 0.10% aqueous dispersion of PMAA50-PHPMA237 
nanoparticles. Inset digital photograph shows (left) the turbid dispersion obtained below the pKa for the 
PMAA50-PHPMA237 diblock copolymer and (right) the relatively transparent dispersion formed above 
this pKa. In both sets of experiments, the solution pH was adjusted using dilute aqueous solutions of 
either NaOH or HCl. 

 

 

 

Figure 2.6 Potentiometric acid titration studies on the PMAA50 precursor and the PMAA50-PHPMA237 
diblock copolymer to determine their pKa values. 
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DLS studies of a 0.10% w/w aqueous dispersion of these PMAA50-PHPMA237 nanoparticles 

indicate a significant increase in the scattered light intensity on lowering the solution pH 

(from ~1 000 kcps at pH 6.3 to ~ 20 000 kcps at pH 5.9). Visual inspection confirms that a 

substantial increase in turbidity occurs under such conditions, which is confirmed by 

turbidimetry studies (see Figure 2.7).  

 

Figure 2.7 Turbidimetry studies using visible absorption spectroscopy to measure the light 
transmittance at 400 nm. The large increase in turbidity at approximately pH 6 indicates the onset of 
macroscopic precipitation. 

 

As the solution pH is reduced further, the nanoparticles become colloidally unstable: the 

marked increase in apparent particle size observed at low pH indicates flocculation, because 

the nanoparticles no longer bear sufficient anionic surface charge to ensure their stabilisation. 

On the other hand, relatively transparent nanoparticle dispersions are obtained above pH 6.3. 

The degree of ionisation of the PMAA stabiliser chains exceeds 50% under such conditions, 

which is sufficient to ensure effective charge stabilisation. According to the DLS data shown 

in Figure 2.5a, somewhat smaller nanoparticles are formed at higher pH. This size reduction 

is corroborated by TEM studies, which can only reveal the hydrophobic PHPMA cores 

(Figure 2.8). For example, the mean number-average diameter is 90 ± 33 nm at pH 5.5 but 
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only 25 ± 5 nm at pH 10.5. This corresponds to a reduction in the mean aggregation number 

from 8140 to 174 (see Equations 2.1-2.3). 

 

Figure 2.8 (a) Transmission electron microscopy images of PMAA50-PHPMA237 nanoparticles dried 
from 0.10 % aqueous solution between pH 5.5 and pH 10.5. (b) Variation of the mean particle diameter 
for these PMAA50-PHPMA237 nanoparticles as a function of pH as determined by TEM and DLS, 
respectively. 

 

The volume (V) of the core-forming PHPMA block was calculated using the equation: 

𝑽𝑷𝑯𝑷𝑴𝑨 =  
𝑫𝑷.𝑴(𝑯𝑷𝑴𝑨)

𝑵𝑨.𝝆
  (Equation 2.1) 
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Where DP is the mean degree of polymerisation of the PHPMA block determined by UV 

spectroscopy, M is the molecular weight of the repeat unit (HPMA), NA is Avogadro’s 

constant, and ρ is the density of the PHPMA block. 

The mean aggregation number (Nagg) is calculated in Equation 2.2 using the volume of the 

core-forming block from Equation 2.1, as follows. 

𝑵𝒂𝒈𝒈 =  
𝟒

𝟑
.𝝅.𝒓𝟑

𝑽𝑷𝑯𝑷𝑴𝑨
 (Equation 2.2) 

 

Here r is the mean radius of the PMAA50-PHPMA237 spheres as determined from TEM 

studies. 

Equation 2.3 was used to estimate the mean aggregation number for the worm-like 

nanoparticles, using the volume of the core-forming PHPMA block from Equation 2.1.  

𝑵𝒂𝒈𝒈 =  
𝝅.𝒓𝟐.𝑳

𝑽𝑷𝑯𝑷𝑴𝑨
 (Equation 2.3) 

Here r is the mean core radius (or half of the mean worm width) and L is the mean worm 

length.  

A comparison of the reduction in nanoparticle diameter with increasing pH observed by TEM 

and DLS is shown in Figure 2.8b. The latter technique oversizes relative to the former 

because it reports the intensity-average diameter, which always exceeds the number-average 

diameter for particle size distributions of finite width. This pH-dependent particle size is 

owed to the repulsion of PMAA chains when they become charged. Previously, this has been 

reported for the ionisation of carboxylic end-groups, where the introduction of a single 

anionic charge was sufficient to change the packing parameter and induce a change in 

copolymer morphology. 70 In the present case, the introduction of multiple ionised acid 
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groups on the PMAA stabiliser chains is expected to induce a significant reduction in the 

mean aggregation number and hence particle size. 

 

Figure 2.9 (a) 1H NMR spectra recorded for PMAA50-PHPMA237 nanoparticles dispersed in NaOD/D2O 
(pD 10) between 5 °C and 30 °C using an external standard to monitor the systematic reduction in 
PHPMA signal intensity that occurs on heating (see signals e and f at 5.0 and 4.57 ppm). (b) Relative 
degree of hydration for the PHPMA block calculated from 5 °C to 50 °C. 

 

According to our previous studies, PHPMA only exhibits thermoresponsive character when 

conjugated to a suitably hydrophilic block.71 For this reason, thermosensitive behaviour is 

only observed for these sterically-stabilised nanoparticles when the PMAA stabiliser chains 

become highly ionised in alkaline solution. Thus, variable temperature 1H NMR spectroscopy 

studies were conducted at pD 10 using NaOD/D2O. These experiments confirm that the 

integrated signal for the two oxymethylene protons assigned to the core-forming PHPMA 
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block at around 5 ppm become attenuated at elevated temperature (Figure 2.9). This 

indicates that the weakly hydrophobic PHPMA block becomes progressively dehydrated on 

heating, as expected.37 Since the intensity of the methacrylic backbone signals vary with 

temperature for both blocks, an external standard (pyridine dissolved in 1,1,2,2-

tetrachloroethane-d2) was used to monitor the extent of dehydration of this oxymethylene 

signal.  The degree of hydration of the PHPMA chains is estimated to be approximately 75% 

at 5 °C.72 However, gradual dehydration to around 37% is observed on heating to 25 °C, with 

this value remaining more or less constant up to 50 °C. These observations are consistent 

with prior reports for diblock copolymer nanoparticles comprising thermoresponsive PHPMA 

core-forming chains.42,45,73  

 

Figure 2.10 Variation in (a) intensity-average diameter and count rate and (b) polydispersity index 
(PDI) with temperature as determined by DLS studies of a 0.10% w/w aqueous dispersion of PMAA50-
PHPMA237 nanoparticles at pH 10. 

 

These variable temperature 1H NMR spectroscopy experiments are consistent with DLS 

studies (Figure 2.10). A very low count rate (or scattered light intensity) is observed for this 
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aqueous copolymer dispersion at 2 °C and the apparent mean diameter is only 15 nm under 

such conditions. As the solution temperature is increased, the core-forming PHPMA block 

becomes progressively more hydrophobic. This leads to a gradual increase in nanoparticle 

size, with an intensity-average diameter of 41 nm being observed at 50 °C.  

 

Figure 2.11 (a) Transmission electron microscopy images recorded after drying 0.10% aqueous 
dispersions of PMAA50-PHPMA237 nanoparticles at pH 10 at temperatures ranging from 2 °C to 50 °C. 
(b) Effect of varying the solution temperature on mean particle diameter as determined by TEM (green 
data set) and DLS (black data set) studies. 

 

TEM studies confirm this increase in particle size (Figure 2.11). The copolymer chains are 

close to molecular dissolution at 5 °C, so no nanoparticles are observed at this temperature.74 
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The nanoparticle core diameter is 20 ± 3 nm at 10 °C and 35 ± 5 nm at 50 °C.  This indicates 

a significant increase in mean aggregation number from 89 to 1840. These number-average 

diameters are consistent with the (larger) intensity-average diameters reported by DLS. The 

TEM image obtained when drying this aqueous copolymer dispersion at 50 °C indicates the 

formation of short worms.  

 

Figure 2.12 SIPLI images obtained from a 20% w/w dispersion of PMAA50-PHPMA237 nanoparticles at 
pH 10 at 10 °C, 20 °C, 40 °C and 50 °C during a temperature ramp experiment (heating cycle). The 
featureless images recorded at 10 °C and 20 °C are consistent with the presence of isotropic spheres 
and/or dissolved copolymer chains. A characteristic Maltese cross is formed at 50 °C, owing to the 
birefringence caused by the alignment of anisotropic worm-like nanoparticles in the direction of shear 
flow. 

 

This thermally-induced sphere-to-worm transition is supported by shear-induced polar light 

imaging (SIPLI) experiments: birefringence is observed at 50 °C which indicates alignment 

of these weakly anisotropic nanoparticles at pH 10 (see Figure 2.12).57,61 Finally, 

temperature-dependent rheology measurements were performed as a function of temperature 

on the 20 % w/w aqueous copolymer dispersion, which forms a free-standing gel (G’ ~ 1 000 

Pa) above 25 °C at pH 10. The critical gelation temperature (CGT) is estimated to be 10 °C 

for this copolymer dispersion (see Figure 2.13) at 20% w/w. This is thought to be due to the 

formation of a ‘sphere gel’ due to the high anionic charge forming a network structure. The 

rheology plot suggests an increase in the gel strength (possibly a sphere-gel to worm-gel 
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transition) at approximately 25 °C. This does not correspond to the formation of worms by 

TEM at 50 °C, however it is thought that there is a large difference in the temperature 

responsive behaviour at 0.1% w/w compared to 20% w/w. Further studies would be required 

to deduce this. Complex pH and thermoresponsive behaviour exhibited by PMAA50-

PHPMA237 nanoparticles in aqueous solution is summarised in Figure 2.14.  

 

Figure 2.13 Temperature-dependent oscillatory rheology studies obtained on heating a 20% w/w 
aqueous copolymer dispersion of PMAA50-PHPMA237 nanoparticles at pH 10 from 2 °C to 50 °C. 
Measurements were conducted at an angular frequency of 1.0 rad s−1 and a strain amplitude of 1.0%, 
with an equilibration time of 5 min being allowed at each temperature. A critical gelation temperature 
was observed at around 10 °C, as judged by the cross-over point for the G’ and G” curves. 

 

The schematic representation in Figure 2.14 is presented as a summary of the pH and 

temperature responsive behaviour of this copolymer composition. These particles are not 

thermoresponsive at pH 5.5, as synthesised, but as the pH is increased to 10, the large 

polydisperse spheres become small spherical particles. These small particles dissolve to form 

chains on cooling and become larger and anisotropic at higher temperatures. 
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Figure 2.14 Schematic representation of the stimulus-responsive behaviour of PMAA50-PHPMA237 
nanoparticles in aqueous solution. Relatively large, polydisperse spheres are formed at pH 5.5, which is 
the solution pH used for the RAFT aqueous dispersion polymerisation of HPMA. At pH 10, the PMAA50 
stabiliser block becomes much more anionic, which leads to the formation of relatively small spherical 
nanoparticles at 5 °C. On increasing the solution temperature, these spheres grow in size and weakly 
anisotropic worms are formed at 50 °C, confirmed by SIPLI measurements (see Figure 2.12). 

 

 

2.4 Conclusions 
 

A new amphiphilic PMAA50-PHPMA237 diblock copolymer has been prepared by RAFT 

dispersion polymerisation of HPMA at pH 5.5. In dilute aqueous solution, the as-synthesised 

sterically-stabilised particles are relatively large and polydisperse because the mean degree of 

ionisation of the PMAA block (pKa ~ 6.3) is relatively low under such conditions.  Lowering 

the solution pH leads to macroscopic precipitation owing to loss of their anionic surface 

charge. However, in alkaline solution the PMAA chains become highly anionic, which leads 

to the formation of relatively small thermoresponsive nanoparticles. Thus, molecularly-

dissolved diblock copolymer chains are formed at 5 °C, rather than nanoparticles. At higher 

temperatures (10 - 35 °C), DLS, TEM and 1H NMR spectroscopy studies indicate that the 

weakly hydrophobic PHPMA chains become progressively more dehydrated, which drives 

the formation of relatively small nanoparticles of gradually increasing aggregation number 
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and size. At 50 °C, TEM studies indicate the formation of weakly anisotropic worm-like 

nanoparticles. At higher copolymer concentration (20% w/w), rheological studies indicate the 

formation of a free-standing transparent gel above 10 °C when the solution pH exceeds 6.3.  
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Chapter 3 
 

Is poly(methacrylic acid)-poly(2-
hydroxypropyl methacrylate) an 

effective block copolymer dispersant 
for carbon black particles? 
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3.1 Introduction 

Manufacture of printing inks is a highly specialised process and research in this field is 

essential for a wide range of technologies.1,2 The development of pigment-based inkjet 

compositions is becoming more widespread, as they result in better image permanence than 

dye-based inks. Moreover, dyes are more susceptible to blotting and spreading owing to their 

solubility.3  

Preparation of pigmented inks involves two steps. First, the pigment is milled in the presence 

of a polymeric dispersant to break up the aggregates into primary particles. Second, the 

resulting dispersion of primary particles is diluted and formulated to afford the final ink 

composition. The choice of polymeric dispersant in the milling step is important because it 

facilitates wetting, breaks up agglomerates, and ultimately determines the primary pigment 

size. The dispersant also ensures stability for the final ink composition.4 Dispersed primary 

particles are thermodynamically unstable with respect to aggregation, so repulsive forces 

must be introduced to offset the ever-present van der Waals attractive forces. This is achieved 

via steric stabilisation, which is conferred by adsorption of the polymeric dispersant at the 

pigment surface.5 Therefore, the primary function of a good dispersant is to extend shelf life 

by preventing the aggregation of pigment particles and their ensuing sedimentation. 

It is well known within the coatings industry that an effective polymeric dispersant for 

colloidal particles requires both a strong anchoring group and a highly repulsive, soluble 

component to confer steric stabilisation.1,6,7 Various copolymer architectures can be used, e.g. 

homopolymers, random or statistical copolymers, tapered/gradient copolymers, comb 

copolymers or block copolymers.8–11 It is also known that polyelectrolytes can act as suitable 

steric stabilisers.12,13 More specifically, anionic polymeric dispersants are particularly useful 

for inkjet printing owing to their strong interaction with surface-treated paper substrates.14,15 
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Amphiphilic block copolymers bearing an anionic stabiliser block can provide strong 

anchoring at the surface of various pigments.16   

Low molecular weight polymeric dispersants can be prone to desorption from the pigment 

surface at high temperatures, resulting in poor long-term stability.17,18 High molecular weight 

polymers are preferable, especially those which enable the formulation of low-viscosity 

pigment dispersions. Example here include hyperbranched structures and self-assembled 

nanoparticles.19,20 Such dispersants form relatively thick adsorbed stabiliser layers around the 

pigment particles, resulting in more effective steric stabilisation. 

Dispersant efficiency can be determined using several analytical techniques. The most useful 

technique is particle size analysis by either analytical centrifugation or dynamic light 

scattering. The particle size distribution enables the degree of dispersion of the primary 

pigment particles to be assessed. In general, the industry requirement for inkjet applications is 

that the mean particle diameter must be below 500 nm to enable the formulation to pass 

through a printer nozzle head without blocking it. Dispersant performance can also be 

assessed by viscosity measurements: a minimum in dispersion viscosity at a fixed pigment 

concentration is known as the ‘surfactant demand’ of the pigment.21 This is where the system 

is assumed to be fully dispersed. Excess dispersant can cause depletion flocculation, which 

increases the dispersion viscosity.21 This is because the dispersant is located in the continuous 

phase, as well as adsorbed at the surface of the pigment particles.22 Optical and electron 

microscopy can be used to assess the pigment morphology and determine the relative 

proportion of primary particles and aggregates.23 Other important characterisation techniques 

include evaluating colour quality by transmission, reflectivity and opacity measurements.24 

The chemistry of carbon black has been a topic of scientific interest for many years.25–29 It is 

widely used as a reinforcing agent, for semiconductive materials, for UV-resistant 

composites, as well as for coatings, inks and toner applications.30,31 It usually comprises a 
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fine powder composed mainly of elemental carbon and with a relatively high surface area per 

unit mass.32  For use in paints, coatings or inks, carbon black must be formulated as a 

colloidally stable dispersion.25  

Carbon black has a complex fractal morphology with characteristic length scales ranging 

from nanometres to microns (see Figure 3.1).33–35  

 

Figure 3.1 Schematic cartoon illustrating the three structural morphologies identified for carbon black 
and diesel soot via SAXS analysis. The rough surface fractal nature of the primary particles (and 
aggregates) is not shown in this cartoon.34 Reproduced from Reference 34. 

 

The carbon black used in this chapter was produced via the furnace process, accounting for 

98% of carbon black consumed worldwide.36 It forms carbon black by blowing petroleum oil 

as a feedstock into high temperature gases to partially combust them. This method allows for 

control over morphology.37,38    

When used as a pigment, carbon black is more effective at absorbing light than any other 

material on a weight or cost basis.32 This is determined by the size of the aggregates: a higher 

degree of dispersion leads to greater colour strength.39 Colour properties are usually treated 
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empirically, because aggregate and primary particle size of carbon black cannot be controlled 

independently.40  

Inkjet-grade carbon black is typically surface-treated using oxidising agents to introduce 

hydroxyl or carboxylic acid groups. Incorporating such hydrophilic groups aids the formation 

of aqueous carbon black dispersions and improves the degree of dispersion and flow 

characteristics in pigment vehicle systems.32 Organic pigments are generally harder to 

disperse than inorganic pigments because their finer size makes effective wetting more 

difficult to achieve.41  

The carbon black grade evaluated in this Thesis is Printex L6. This has been studied for 

various applications, including use as an electrocatalyst for oxygen reduction,30,42 and in 

water-based inkjet dispersions.43  As noted above, carbon black has a complex fractal 

morphology rather than a spherical morphology. Nevertheless, it can sometimes be useful to 

consider the sphere-equivalent diameter when calculating the amount of polymeric dispersant 

required.31  

In principle, PMAAx-PHPMAy copolymers of any composition exhibit similar pH and 

temperature responsive behaviour as shown in Chapter 2, with the exact transition values 

depending on the precise length of each block. In this Chapter, PMAAx-PHPMAy diblock 

copolymers of varying compositions are evaluated as a new dispersant for Printex L6 carbon 

black particles in aqueous media. These are compared to systems such as PMAA-stat-

PHPMA, PMAA-b-PBzMA and PMAA-stat-PBzMA, to compare anchoring blocks of 

varying hydrophobicity.  
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3.2 Experimental 

 
Materials 

Methacrylic acid (MAA; 99%) and 4-cyanopropyl dithiobenzoate (CPDB) were purchased 

from Sigma-Aldrich (UK) and used without further purification. 4,4′-Azobis(4-cyanovaleric 

acid) (ACVA; 98%) was purchased from Alfa Aesar (UK) and used as received. HPMA was 

donated by GEO Specialty Chemicals. Methanol-d4 and dimethyl sulfoxide-d6 was purchased 

from Goss Scientific Ltd (Cheshire, UK). Deuterium oxide (D2O), sodium deuteroxide 

(NaOD) and deuterium chloride (DCl) were purchased from Sigma-Aldrich (Dorset, UK). All 

other solvents were purchased from Fisher Scientific (Loughborough, UK) and used as 

received. Deionized water was used for all experiments. Inkjet-grade Printex L6 carbon black 

was kindly supplied by Lubrizol (Blackley, Manchester).  

Synthesis of the poly(methacrylic acid) (PMAA) steric stabilizer 

See Chapter 2, Section 2.2. 

Synthesis of linear poly(methacrylic acid)-poly(2-hydroxypropyl methacrylate) diblock 

copolymer nanoparticles via RAFT aqueous dispersion polymerization of HPMA 

This RAFT aqueous dispersion polymerization synthesis was conducted at 20% w/w solids 

targeting PMAA50-PHPMA100. HPMA (0.350 g, 2.4 mmol), ACVA (1.70 mg, 6.06 µmol, 

CTA/initiator molar ratio = 4.0), and a PMAA50 macro-CTA (109 mg, 24.3 µmol) were 

dissolved in water (4.15 g). The solution pH was adjusted to 5.5 using an aqueous solution of 

1 M NaOH. The pink reaction mixture was sealed in a round-bottomed flask, purged with 

nitrogen for 30 min, and then placed in a pre-heated oil bath at 70 °C for 2 h.  
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Synthesis of linear poly(methacrylic acid)-poly(benzyl methacrylate) diblock copolymer 

nanoparticles via RAFT aqueous emulsion polymerisation of BzMA 

This RAFT aqueous emulsion polymerization synthesis was conducted at 20% w/w solids 

targeting PMAA50-PBzMA100. BzMA (0.700 g, 3.97 mmol), ACVA (1.79 mg, 3.97 µmol, 

CTA/initiator molar ratio = 4), and a dithiobenzoate-functionalised PMAA50 macro-CTA 

(180 mg, 39.7 µmol) were dissolved in water (3.53 g). The solution pH was adjusted to 5.5 

using an aqueous solution of 1 M NaOH. The pink reaction mixture was sealed in a round-

bottomed flask, purged with nitrogen for 30 min, and then placed in a pre-heated oil bath at 

70 °C for 6 h.  

Synthesis of poly(methacrylic acid-stat-2-hydroxypropyl methacrylate) copolymer via 

RAFT alcoholic solution copolymerisation of MAA and HPMA 

This RAFT alcoholic solution copolymerisation synthesis was conducted at 20% w/w solids 

targeting P(MAA50-stat-HPMA100). MAA (0.500 g, 5.81 mmol), HPMA (1.67 g, 11.6 mmol), 

CPDB (25.7 mg, 116 µmol),  ACVA (6.51 mg, 0.23 µmol, CTA/initiator molar ratio = 5), 

were dissolved in anhydrous ethanol (5.14 g). The pink reaction mixture was sealed in a 

round-bottomed flask, purged with nitrogen for 30 min, and then placed in a pre-heated oil 

bath at 70 °C for 16 h. The resulting copolymer was purified by precipitation into diethyl 

ether, then isolated via lyophilisation. 

Synthesis of poly(methacrylic acid)-stat-poly(benzyl methacrylate) copolymer via RAFT 

solution polymerisation in ethanol 

This RAFT aqueous solution polymerisation synthesis was conducted at 20% w/w solids 

targeting P(MAA50-stat-BzMA100). MAA (0.500 g, 5.81 mmol), BzMA (2.04 g, 11.6 mmol), 

CPDB (25.7 g, 116 µmol) and ACVA (6.51 mg, 0.23 µmol, CTA/initiator molar ratio = 5), 

were dissolved in ethanol (6.02 g). The pink reaction mixture was sealed in a round-bottomed 
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flask, purged with nitrogen for 30 min, and then placed in a pre-heated oil bath at 70°C for 

16 h. The resulting copolymer was purified by precipitation into diethyl ether, then isolated 

via lyophilisation. 

Preparation of polymer-stabilised carbon black dispersions – Trident vial 

A typical dispersion protocol was conducted as follows: 3.50 g glass beads were added to a 

Trident vial (20 ml capacity). Dry pigment (1.00 g) was added to the vial, then varying 

amounts of copolymer were added, e.g. for 50% unit mass of copolymer per unit mass of 

pigment using a 20% w/w copolymer dispersion, 2.5 g of the copolymer dispersion was 

added. The vials were then made up to 10 g with deionised water and placed on a high energy 

mechanical shaker for 16 h prior to analysis. 

Dynamic Light Scattering (DLS) 

Carbon black dispersions were diluted to 0.1% w/w using deionised water. Hydrodynamic 

diameters were measured at 25 °C using a Malvern Zetasizer NanoZS model ZEN 3600 

instrument equipped with a 4 mW He−Ne solid-state laser operating at 633 nm. Back-

scattered light was detected at 173°, and the mean particle diameter was calculated from the 

quadratic fitting of the correlation function over ten runs of 10 seconds duration. All 

measurements were performed three times using disposable 1 cm plastic cuvettes and data 

were analysed using cumulants analysis of the experimental correlation function using 

Dispersion Technology Software version 6.20.  

Aqueous electrophoresis 

Zeta potentials were determined for dilute aqueous carbon black dispersions and copolymer 

dispersions using the same Malvern Zetasizer Nano ZS instrument described above. The 

solution pH was initially adjusted to pH 11 in the presence of 1 mM KCl background 
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electrolyte using 0.5 M NaOH. The solution pH was then manually lowered using either 0.1 

M or 0.01 M HCl as required. 

Transmission Electron Microscopy (TEM) 

Studies were conducted using a Philips CM100 microscope operating at 100 kV on unstained 

samples prepared by drying a single droplet of a ~ 0.01% w/w aqueous dispersion on a 

carbon-coated copper grid. 

1H NMR Spectroscopy 

1H NMR spectra were recorded for diblock copolymers dissolved in CD3OD using a Bruker 

400 MHz NMR spectrometer (64 scans per spectrum). Mean degrees of polymerisation were 

determined by end-group analysis.44 

Analytical Centrifugation 

The mean diameters of carbon black aggregates were determined using a LUMiSizer® 

analytical photocentrifuge (LUM GmbH, Berlin, Germany) at 25 °C. Measurements were 

conducted on 0.5% w/w carbon black dispersions in water at 3500 rpm using 2 mm 

pathlength polyamide cells. The LUMiSizer® employs STEP™ Technology (Space- and 

Time-resolved Extinction Profiles) that allows the measurement of the intensity of 

transmitted light as a function of time and position over the entire cell length simultaneously. 

The progression of these transmission profiles contains information on the rate of 

sedimentation. This sedimentation velocity is used to calculate a particle size distribution, if 

the particle density is accurately known. 

Thermogravimetric Analysis 

Analyses were conducted on polymeric dispersants, carbon black alone and dispersant-coated 

carbon black particles. Each sample was heated under air up to 800 °C at a heating rate of 10 

°C min-1 using a Q500 TGA instrument (TA Instruments). The mass loss observed between 
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300 and 500 °C was attributed to complete pyrolysis of the diblock copolymer, and mass loss 

above 700 °C was attributed to complete combustion of carbon black. 

Solution Densitometry 

Densitometry measurements were conducted at 20 °C on aqueous copolymer solutions using 

an Anton Paar DMA 5000 M density meter. A linear calibration curve was constructed using 

copolymer dispersions with concentrations ranging between 0 and 10 g dm-3. This calibration 

curve was then used to calculate the copolymer concentration in supernatant solutions 

(obtained after centrifugation of the pigment particles) after determining the corresponding 

solution density in each case.  

Viscosity Measurements 

These studies were conducted using an Ostwald viscometer immersed in a water bath at 20 

°C. Each measurement was repeated five times and the date were averaged. The solution 

viscosity was calculated from the viscosity of a known solvent i.e. water at 20 °C has a 

viscosity of 0.001 Pa.s. 

Optical Microscopy 

0.10 % w/w carbon black dispersions were placed on a microscope slide and covered with a 

coverslip. Digital images were recorded using a Motic DMBA300 digital biological 

microscope equipped with a built-in camera and Motic Images Plus 2.0 ML software. 

Helium pycnometry  

The solid-state density of the Printex L6 carbon black was measured to be 1.95 g cm-3 using a 

Micrometrics AccuPyc 1330 helium pycnometer at 20 °C.  

Specific surface area analysis 
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BET surface area measurements were performed using a Quantachrome Nova 1000e 

instrument with dinitrogen gas (mean area per molecule = 16.2 Ǻ2) as an adsorbate at 77 K. 

Samples were degassed under vacuum at 100 °C for at least 16 h prior to analysis. The 

particle diameter, d, was calculated using the formula d = 6/(ρ.As), where As is the BET 

specific surface area in m2 g-1 and ρ is the carbon black density in g m-3 obtained from helium 

pycnometry.  

Surface tension 

Surface tension was determined by the platinum ring method using a Lauda Tensiometer TDI 

(Lauda-Konigshofen, Germany) at 25.0 ± 0.5 °C. Ten measurements were taken at each 

concentration and averaged for CMC measurements. 

 

3.3 Results and Discussion 

3.3.1 Dispersion Characterisation 

The inkjet-grade Printex L6 carbon black was characterised by aqueous electrophoresis, 

optical microscopy, BET surface area analysis, helium pycnometry, and dynamic light 

scattering (Figures 3.1 and 3.2). Firstly, the zeta potential vs. pH curve obtained by aqueous 

electrophoresis analysis shows that the carbon black aggregates are cationic below pH 9, 

which corresponds to the pH range that is relevant to pigment dispersion applications. This 

was not unexpected because this carbon black is known to have alkaline character. This 

should make it well suited to an anionic dispersant.  
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Figure 3.1 Zeta potential vs. pH curve obtained for Printex L6 carbon black aggregates (0.1% w/w in 
1mM KCl), indicating cationic character below pH 9. 

 

 

Figure 3.2 Optical microscopy image recorded for micron-sized carbon black aggregates dispersed in 
water in the absence of any dispersant.  

 

If dispersion in deionised water is attempted with no additives, these carbon black particles 

are poorly dispersed, with optical microscopy analysis indicating the formation of relatively 

large, micron-sized aggregates (Figure 3.2). DLS measurements suggested that the 

hydrodynamic diameter of these ‘primary aggregates’ was approximately 166 nm. This is in 

agreement with the accepted hierarchical structural model for carbon black. However, 

substantial sedimentation was observed in the cuvette during such experiments, so the 

reported value substantially underestimates the true aggregate size.  

The specific surface area of this carbon black indicated by BET measurements using N2 at 77 

K is 226 m2 g-1. Its density was determined to be 1.95 g cm-3 using helium pycnometry 
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(averaged over ten measurements). These two values can be used to calculate the primary 

grain size using Equation 3.1.45 

𝐴௦ =
ଷ

ఘ.ோ
 (3.1) 

Here As is the specific surface area, ρ is the solid-state density, and R is the primary grain 

radius. This results in a primary grain diameter of approximately 14 nm. This is in very good 

agreement with SAXS measurements of carbon black primary particles.46  

3.3.2 Initial Dispersant Screening Studies 

Initial screening experiments were undertaken to identify an effective copolymer dispersant 

for this carbon black. These preliminary studies involved a 1.0% w/w aqueous dispersion of 

carbon black particles prepared using 1.0% w/w copolymer. Two block copolymers were 

prepared containing PMAA as the steric stabiliser component because anionic 

polyelectrolytes are often effective in this context.46–48 PBzMA and PHPMA were compared 

as adsorbing anchor blocks, with the former block known to be significantly more 

hydrophobic than the latter. The corresponding statistical copolymers were also investigated 

(Scheme 3.1). These four putative copolymer dispersants are summarised in Table 3.1.  

 

Scheme 3.1 Schematic representation of dispersion of a carbon black aggregate with nanoparticles (left) 
where PBzMA or PHPMA form the red core-forming block, versus a statistical copolymer dispersant 
(right). 
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Table 3.1 Summary of initial polymer compositions and structures screened for their effectiveness as 
dispersants for Printex L6. 

Sample Composition Copolymer Structure 

A PMAA50-b-PHPMA100 Block 

B PMAA50-b-PBzMA100 Block 

C PMAA50-stat-PBzMA100 Statistical 

D PMAA50-stat-PHPMA100 Statistical 

 

These copolymer-stabilised carbon black dispersions were allowed to stand in sample vials at 

20 °C over the course of one month. Sample C sedimented after just 10 min, but the other 

three dispersions remained colloidally stable (no visible sedimentation) after 30 days. These 

dispersions were then evaluated by analytical centrifugation using a LUMiSizer instrument 

(Figure 3.3). Sedimentation velocity is a raw measurement from the LUMiSizer, which 

enables a particle size distribution to be calculated with knowledge of particle density. The 

cumulative sedimentation velocity can be used to determine the timescale on which a 

dispersion will sediment due to colloidal instability.  

As expected, the PMAA50-stat-PBzMA100 stabilised carbon black particles sedimented much 

faster than the other dispersions, which have similar sedimentation profiles. However, it 

appears that carbon black dispersions prepared using the two diblock copolymer dispersants 

have slightly slower sedimentation velocities, indicating greater colloidal stability and/or 

smaller aggregates. This confirms the importance of having a well-defined anchoring block, 

rather than anchoring groups randomly distributed along the copolymer chains. The PMAA50-

b-PHPMA100 diblock copolymer is the most effective dispersant in this case, as it has the 

smallest sedimentation velocity. PHPMA is less hydrophobic than PBzMA, which could 

affect its extent of adsorption at the surface of the pigment particles. 
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Figure 3.3 Sedimentation velocity profiles obtained using analytical centrifugation (LUMiSizer 
instrument) for aqueous carbon black dispersions prepared using PMAA50-s-PBzMA100 (pink trace), 
PMAA50-b-PBzMA100 (blue trace), PMAA50-s-PHPMA100 (red trace), PMAA50-b-PHPMA100 (green 
trace).  

 

 

Figure 3.4 TEM images recorded for (a) carbon black particles dispersed using PMAA50-b-PHPMA100 
and (b) carbon black particles dispersed with PMAA50-b-PBzMA100. The former appear to be somewhat 
less flocculated than the latter. 

 

The TEM images shown in Figure 3.4 suggest a difference in the degree of dispersion of the 

carbon black particles depending on the type of copolymer dispersant. More specifically, a 

somewhat higher degree of dispersion seems to be achieved when using PMAA50-b-
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PHPMA100 compared to PMAA50-b-PBzMA100. This is consistent with the significant 

difference in colloidal stability indicated by the corresponding analytical centrifugation 

experiments.  However, in both cases the aggregates are much larger than the primary grain 

size indicated by BET measurements. 

Some pigment dispersions were then prepared on a larger scale to investigate their 

effectiveness at higher solids. These formulations utilised 10% w/w carbon black and 20% 

w/w copolymer dispersant. Particle size distributions were again assessed using dynamic light 

scattering. In Table 3.2 the block structures of PMAA50-PBzMA100 and PMAA50-PHPMA100 

are compared to a non-ionic commercial dispersant used for carbon black by Lubrizol.  

According to Lubrizol scientists, the minimum acceptable particle size for this type of test is 

400 nm. Therefore, all three dispersants pass this initial requirement. Interestingly, the 

PMAA50-PHPMA100 copolymer outperforms the non-ionic commercial dispersant in the 

longer-term stability test, which involved placing each dispersion in a 70 °C oven for 7 days 

(Table 3.2).  

Table 3.2 Summary of hydrodynamic diameters obtained for dilute aqueous dispersions of carbon black 
aggregates prepared using three different dispersants. Intensity-average particle diameters were 
determined for initial dispersions (24 h after their preparation) and again after storage of these 
dispersions in a 70°C oven for 7 days. 

Dispersant 
Average Particle Diameter 

after 24 h (nm) 

Average Particle Diameter after 7 days 

at 70 °C (nm) 

PMAA50-b-PBzMA100 398 2000 

PMAA50-b-PHPMA100 189 182 

Non-ionic Commercial Dispersant 156 218 

 

In view of this promising finding, several stimulus-responsive compositions of PMAAx-

PHPMAy diblock copolymers were identified based on the findings presented in Chapter 2 

were compared to assess their dispersant performance for carbon black. The sedimentation 
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velocities obtained for PMAA43-PHPMA235, PMAA43-PHPMA250 and PMAA43-PHPMA275 

are compared in Figure 3.5. These copolymers were chosen from a small-scale screening 

experiment which indicated better dispersant performance than that achieved with PMAA50-

PHPMA100. DLS studies show that these copolymer compositions are thermoresponsive, they 

form molecularly dissolved chains on cooling, however they do not form higher order 

morphologies on heating. 

 

Figure 3.5 Sedimentation velocity profiles recorded for aqueous dispersions of carbon black particles 
prepared with three PMAA43-PHPMAy diblock copolymer dispersants, where y = 235 (green), 250 (red) 
or 275 (blue). PMAA43-PHPMA235 provides the smallest sedimentation velocity, indicating the most 
effective colloidal stability. These are compared to the sedimentation profile of PMAA50-PHPMA100, 
indicating a clear increase in stability with these longer PHPMA blocks.  

 

Figure 3.5 confirms that PMAA43-PHPMA235 is the most effective copolymer dispersant as 

the corresponding carbon black dispersion has the greatest colloidal stability (i.e., is least 

prone to sedimentation). According to Warren et al., shorter PHPMA blocks are somewhat 

less hydrophobic than longer PHPMA blocks.49 This means that the PMAA43-PHPMA235 

nanoparticles are least likely to be kinetically frozen, which means that a higher proportion of 

free copolymer chains should be available for adsorption onto the surface of the pigment 

particles. 
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3.3.3 Evaluating the Dispersant Performance of PMAA43-PHPMA235 for Carbon Black 

The chemical structure of the preferred dispersant is shown in Figure 3.6a. THF GPC was 

used to assess the molecular weight distributions of these diblock copolymer chains, see 

Figure 3.6b. This analysis could only be conducted after exhaustive methylation of the 

carboxylic acid groups on the PMAA block using trimethylsilyldiazomethane to ensure 

sufficient solubility to avoid column adsorption. After methylation, a relatively high blocking 

efficiency was confirmed for this diblock copolymer as there is little or no evidence for any 

PMAA precursor. The high molecular weight component in the diblock copolymer is likely 

due to crosslinking that occurred during the methylation process.  Nonetheless, its Mn was 27 

800 g mol-1 and its Mw/Mn was 1.37, suggesting that reasonably good RAFT control was 

achieved.  

 

Figure 3.6 (a) Chemical structure for PMAA43-PHPMA235 and (b) THF GPC traces recorded for the 
PMAA43 macro-CTA (black) and corresponding PMAA43-PHPMA235 diblock copolymer (after 
exhaustive methylation of their carboxylic acid residues) and their respective Mn, Mw and Mw/Mn data 
(expressed relative to a series of PMMA calibration standards). 
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This composition forms pH-responsive nanoparticles during HPMA polymerisation via PISA 

(Figure 3.7). Well-defined spheres are formed with a number-average diameter of 18 nm 

(calculated by TEM analysis of approximately 100 particles). This is consistent with the 

hydrodynamic z-average diameter of 24 nm reported by DLS at pH 7 (see Figure 3.7b). The 

apparent particle size increases significantly below approximately pH 6.3  (see Chapter 2, 

Figure 2.5). This is because the PMAA block becomes protonated so it can no longer provide 

steric stabilisation, which leads to the formation of micron-sized aggregates. This reduction in 

colloidal stability coincides with the pKa of the PMAA chains (i.e. the point at which 50% of 

the MAA units are ionised). This acid-induced flocculation is fully reversible: on returning to 

neutral pH the aggregates break up to form the original individual nanoparticles.  

 

Figure 3.7 Particle size data obtained for PMAA43-PHPMA235 nanoparticles: (a) TEM image of 0.1% 
w/w solution of nanoparticles with number-average diameter = 18 nm (based on the analysis of 100 
particles); (b) DLS particle size distribution of 0.1% w/w PMAA43-PHPMA235 diblock copolymer 
nanoparticles with an average hydrodynamic z-average diameter of 24 nm (PDI = 0.13) at pH 7. 

 

The optimum copolymer concentration was identified for PMAA43-PHPMA235 by 

determining the dispersion viscosity and mean pigment diameter at a fixed pigment 

concentration (10 % w/w). It is well-known that the minimum viscosity and particle size 

correspond to monolayer coverage of the pigment particles.50,51 This is because addition of 

too little copolymer to the pigment particles leads to submonolayer coverage and hence 
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bridging flocculation,50 whereas too much copolymer leads to excess non-adsorbed chains 

that increase the dispersion viscosity and can lead to depletion flocculation.52  

 

Figure 3.8 Dosage ladder determined for PMAA43-PHPMA235-stabilised carbon black particles by 
systematically varying the copolymer concentration at a fixed pigment concentration of 10% w/w. (a) 
The concentration dependence of the dispersion viscosity indicates that 50% dispersant mass based on 
pigment corresponds to monolayer coverage. (b) Similarly, DLS analysis of 0.1% pigment dispersions 
indicate a minimum in apparent particle size under the same conditions. 

 

The results obtained for the so-called ‘dosage ladder’ experiment to determine optimal 

copolymer concentration for a given amount of pigment are shown in Figure 3.8. The 

minimum dispersion viscosity and particle size both occur at 50% copolymer dispersant 

based on the mass of pigment (5% w/w of total dispersion), indicating that this is the 

condition required for the highest degree of dispersion. This corresponds to an adsorbed 

amount of 0.18 mg m-2 for the copolymer dispersant chains at the surface of the pigment 

particles. According to Lubrizol scientists, a similar adsorbed amount is typically required 

when using the non-ionic commercial dispersant for commercial pigment dispersions.  

Another important parameter that can affect dispersant performance is the aqueous surface 

tension. A lower surface tension enables the liquid to adhere to the pigment particles, in the 

first step of the dispersion process: the wetting stage.53 A parameter known as the adhesion 

tension, calculated from the surface tension, gives a direct measure of the degree of 
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wettability of a solid by a liquid.54 Flocculation and sedimentation can be caused by an 

undesirable interfacial tension relationship.54 

 

Figure 3.9 Schematic representation showing the how critical micelle concentration (CMC) can be 
identified from surface tension measurements at varying concentration.  

 

 

Figure 3.10 Surface tension vs. copolymer concentration plots for aqueous copolymer solutions at pH 7. 
The PMAA43-PHPMA235 copolymer dispersant (blue data set) has a CMC of 0.03 g gm-3 and the non-
ionic commercial dispersant (red data set) has a CMC of 1.18 g dm-3. 

 

 

The CMC determined for the PMAA43-PHPMA235 copolymer dispersant is approximately 

0.03 g dm-3 while the CMC for the non-ionic commercial dispersant is 1.18 g dm-3 (Figure 

3.10). This corresponds to the point at which the copolymer concentration exceeds monolayer 

coverage at the interface. At higher copolymer concentration, micelles are formed in the bulk 

aqueous solution.55 The lower CMC for PMAA43-PHPMA235 indicates that it is significantly 
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more effective at lowering the surface tension of the aqueous continuous phase, leading to 

more efficient wetting of the dry pigment particles. Generally, the minimal amount of wetting 

agent (typically a small molecule surfactant) should be used when formulating pigment 

dispersions to avoid interference with the dispersant.1 Given its relatively high CMC, an 

additional wetting agent may be required for the non-ionic commercial dispersant. In 

contrast, the PMAA43-PHPMA235 copolymer can act as both a wetting agent and a dispersant, 

which reduces the complexity of the formulation. 

 

 

Figure 3.11 Zeta potential vs. pH curves determined in the presence of 1mM KCl for aqueous carbon 
black (Printex L6) particles alone (black data set), PMAA43-PHPMA235 nanoparticles (blue data set), and 
PMAA43-PHPMA235-stabilised carbon black particles (red data set). The similarity of the data sets for 
the latter two samples suggests that the carbon black particles are coated with PMAA43-PHPMA235, 
which confers steric stabilisation. 

 
As shown in Figure 3.11, the carbon black particles (Printex L6) exhibit significant cationic 

character below pH 7 (black data; IEP ~ 8.7), whereas the PMAA43-PHPMA235 copolymer 

particles have strongly anionic character above pH 5 (blue data; IEP ~ 3.5). The zeta potential 

vs. pH curve recorded for PMAA43-PHPMA235-stabilised carbon black particles (red data) is 

strikingly similar to that obtained for the PMAA43-PHPMA235  nanoparticles alone over a 

wide pH range. This suggests essentially full coverage of the cationic pigment particles by 

the anionic nanoparticles. Maximum electrostatic attraction corresponds to around pH 5-6 
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because the carbon black pigment particles are highly cationic and the PMAA43-PHPMA235  

nanoparticles are highly anionic under such conditions. 

 

Figure 3.12 Zeta potential vs. pH curves determined in the presence of 1mM KCl for aqueous carbon 
black (Printex L6) particles alone (black data set), the non-ionic commercial dispersant (green data set), 
and the non-ionic commercial dispersant -stabilised carbon black particles (orange data set). 

 

The non-ionic commercial dispersant is a neutral molecule, so its weakly anionic character 

may indicate adsorption of hydroxide ions.56–58 Again, the cationic character of the carbon 

black particles is masked by surface adsorption of the non-ionic commercial dispersant, 

which confers weakly anionic character (Figure 3.12). Thus, these electrophoretic data are 

consistent with monolayer coverage of the pigment particles by the non-ionic commercial 

dispersant.  

The effect of pH on the colloidal stability of both sterically-stabilised carbon black 

dispersions was studied in more detail (Figure 3.13). As discussed above, lower 

sedimentation velocities indicate a higher degree of dispersion for the pigment particles. In 

each case, the lowest sedimentation velocity of occurs at pH 7. For the PMAA43-PHPMA235-

stabilised carbon black particles, there is a well-defined minimum sedimentation velocity at 

around ~ 3.8 µm s-1, whereas there is much less scatter in the data obtained for the the non-

ionic commercial dispersant -stabilised carbon black particles (note the log vs. linear scales). 
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However, the latter dispersion is much less sensitive to the precise dispersion pH, with 

sedimentation velocities remaining below 8.5 µm s-1 from pH 3.2 to pH 7.8. In contrast, 

relatively unstable dispersions are obtained when using the PMAA43-PHPMA235 

nanoparticles below pH 4, with sedimentation velocities exceeding 100 µm s-1 under such 

conditions. However, sedimentation velocities remain at or below 9 µm s-1 from pH 7 to pH 

10 (Figure 3.13). This pH-sensitivity can be explained by protonation of the PMAA block. 

At low pH (below the pKa of PMAA) these chains are protonated, have little or no anionic 

character and perform poorly as a steric stabiliser block. 

 

Figure 3.13 Sedimentation velocities obtained using a LUMiSizer instrument for (a) Non-ionic 
commercial dispersant-stabilised carbon black (Printex L6) particles and (b) PMAA43-PHPMA235-
stabilised carbon black as a function of dispersion pH. In both cases, the smallest sedimentation velocity 
is observed at pH 7, which corresponds to the highest degree of dispersion for the pigment particles. 

 

However, at higher pH (i.e. above the PMAA pKa of 6.3) this block acquires substantial 

anionic charge and confers electrosteric stabilisation to the pigment particles. Optimal 

colloidal stability is observed at pH 7, which corresponds to maximum electrostatic attraction 

between the anionic PMAA43-PHPMA235 nanoparticles and the cationic pigment particles 

(see Figure 3.12).  
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To measure the extent of polymer adsorption onto the carbon black pigment particles, an 

adsorption isotherm was constructed for both dispersants. In principle, thermogravimetric 

analysis can be used to measure adsorption directly,31,34 while solution densitometry should 

be sufficiently sensitive to determine adsorbed amounts indirectly by supernatant assay. 

Adsorbed amounts were determined for pigment dispersions prepared using either the non-

ionic commercial dispersant or PMAA43-PHPMA235 via centrifugation at 10,000 rpm for 30 

min. Adsorption isotherms were constructed from the thermogravimetric curves shown in 

Figures 3.14 and 3.15. Carbon black undergoes complete combustion when heated up to 700 

°C in air. However, both PMAA43-PHPMA235 and the non-ionic commercial dispersant 

undergo complete pyrolysis at 500 °C (see insets for Figures 3.14 and 3.15, respectively). In 

principle, this should enable the adsorbed amounts of copolymer to be determined. As 

expected, higher mass losses are observed at 500 °C in each case as the initial copolymer 

concentration is gradually increased.  

 

Figure 3.14 Thermogravimetric curves recorded for PMAA43-PHPMA235 nanoparticles adsorbed onto 
carbon black (Printex L6) particles at 10% w/w, pH 7. Analyses were performed in air at a heating rate 
of 10 °C per min. Under these conditions, the diblock copolymer (see inset) is completely pyrolysed at 
500 °C. In contrast, carbon black does not undergo complete combustion until 700 °C. Arrows indicate 
successive mass loss at increasing copolymer concentrations. 
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Figure 3.15 Thermogravimetric curves recorded for the non-ionic commercial dispersant adsorbed onto 
carbon black (Printex L6) pigment particles at 10% w/w pH 7. These analyses were performed in air at a 
heating rate of 10 °C per min. Under such conditions, the non-ionic commercial dispersant is completely 
pyrolysed at 500 °C (see inset). In contrast, carbon black does not undergo complete combustion until 
700 °C. Arrows indicate successive mass loss at increasing copolymer concentrations. 

 

For solution densitometry experiments, a calibration curve was constructed for each 

dispersant (Figure 3.16) to determine its concentration within a series of supernatants after 

centrifugation of the pigment particles. 

 

Figure 3.16 Linear calibration plots constructed at 25 °C using solution densitometry for (a) PMAA43-
PHPMA235 and (b) the non-ionic commercial dispersant in aqueous solution at pH 7 between 0 and 10 g 
dm-3.  
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The concentration of carbon black particles was fixed at 10 g dm-3 for all adsorption 

measurements. The adsorption behaviour of the non-ionic commercial dispersant follows a 

typical Langmuir isotherm (Figure 3.17a), with a well-defined plateau at an adsorbed amount 

of approximately 0.13 mg m-2 (measured by densitometry). This corresponds to monolayer 

coverage and is achieved at an equilibrium polymer concentration of approximately 4 g dm-3. 

However, such supernatant assays can sometimes underestimate the adsorbed amount if 

centrifugation of the pigment particles also causes partial sedimentation of the excess non-

adsorbed dispersant.34 Centrifugation had to be conducted at 10 000 rpm for 30 min to 

achieve full sedimentation of the well-dispersed carbon black pigment particles. Even under 

such relatively harsh conditions, trace amounts of highly absorbing carbon black particles 

remained in the supernatant. Unfortunately, this was sufficient to prevent determination of the 

concentration of excess dispersant by UV-visible absorption spectroscopy. Thus, the 

concentration of non-adsorbed copolymer dispersant was instead determined by solution 

densitometry.34,59,60  

 

Figure 3.17 Adsorption isotherms constructed at pH 7 for (a) Non-ionic commercial dispersant adsorbed 
onto carbon black (Printex L6) particles and (b) PMAA43-PHPMA235 nanoparticles adsorbed onto the 
same carbon black particles, as determined directly via TGA (black), and indirectly using a supernatant 
depletion assay based on solution densitometry. The two isotherms shown in (a) are physically 
reasonable, whereas the two isotherms shown in (b) not, which suggests an invalid experimental 
protocol (see main text for further details). 
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According to TGA studies, the adsorbed amount of the non-ionic commercial dispersant is 

determined to be 0.11 mg m-2 (Figure 3.17a). This is in reasonably close agreement with the 

adsorbed amount of 0.13 mg m-2 determined by solution densitometry. Moreover, this 

corresponds to an equilibrium polymer concentration of 5 g dm-3, which is consistent with the 

optimum concentration indicated by dispersion viscosity measurements. Both techniques 

indicate a Langmuir-type adsorption isotherm, as expected for the physical adsorption of a 

monolayer of steric stabiliser chains at the surface of the pigment particles.31,34  

For the PMAA43-PHPMA235 copolymer dispersant (Figure 3.17b), TGA analysis indicated 

an apparent adsorbed amount of 0.42 mg m-2. However, this is almost double that indicated 

by dispersion viscosity measurements (0.18 mg m-2) when using 50% polymer per unit mass 

of carbon black. Moreover, the adsorption isotherms constructed for the adsorption of 

PMAA43-PHPMA235 using either solution densitometry or TGA did not exhibit the expected 

plateau region corresponding to monolayer coverage, therefore an adsorbed amount could not 

be determined.  

The apparent optimal dispersant concentrations observed for a 10 g dm-3 aqueous dispersion 

of carbon black pigment are summarised in Table 3.3.  

Table 3.3 Apparent optimum dispersant concentration based on a 10 g dm-3 aqueous dispersion of 
Printex L6 carbon black particles at pH 7 as calculated by: (i) dispersion viscosity measurements, (ii) 
supernatant assays using solution densitometry (following centrifugation of the pigment particles) and 
(iii) directly via TGA (following centrifugation of the pigment particles). 

 

For the non-ionic commercial dispersant, which requires an optimal concentration of 50% 

polymer per unit mass of pigment (which is equivalent to 5 g dm-3 under the stated 
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conditions, there is reasonably good agreement between the TGA and viscosity 

measurements. Solution densitometry gives a somewhat lower value, perhaps due to the 

slightly lower adsorbed amount calculated in the adsorption isotherm. In view of the 

anomalous adsorption isotherm data obtained for PMAA43-PHPMA235 particles, it was 

decided to conduct some control experiments. Thus an aqueous dispersion of PMAA43-

PHPMA235 particles was centrifuged using the same conditions required to achieve full 

sedimentation of the pigment particles when constructing the adsorption isotherms. These 

studies revealed that the PMAA43-PHPMA235 particles also undergo significant sedimentation 

under these conditions, as judged by the reduction in the solution density observed for the 

‘supernatant’ solution (Figure 3.18).  

 

Figure 3.18 Solution densities determined at 25 °C for PMAA43-PHPMA235 and the non-ionic 
commercial dispersant at 10 g dm-3 before and after centrifugation to determine their extent of 
sedimentation during adsorption isotherm measurements. Unlike the non-ionic commercial dispersant, 
the PMAA43-PHPMA235 nanoparticles unexpectedly undergo significant sedimentation under the 
centrifugation conditions used to sediment the pigment particles. 

 

However, the non-ionic commercial dispersant micelles, which are somewhat smaller than 

the PMAA43-PHPMA235 particles (5 nm vs. 24 nm diameter respectively as judged by DLS) 
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did not undergo any detectable sedimentation when subjected to the same centrifugal field. 

These unexpected observations explain the anomalous adsorption isotherms obtained for the 

PMAA43-PHPMA235 particles when using TGA and solution densitometry. The former 

technique is rendered unreliable by the presence of excess, non-adsorbed PMAA43-

PHPMA235 particles within the pigment sediment, which leads to a substantial overestimate 

of the actual adsorbed amount. Similarly, the solution densitometry is inaccurate because the 

concentration of PMAA43-PHPMA235 particles remaining in the supernatant solution is much 

lower than it should be owing to their partial sedimentation. On the other hand, the adsorption 

isotherm data obtained for the non-sedimenting the non-ionic commercial dispersant is 

considered to be reliable. 

Based on these results, the most reliable technique for determining the optimum copolymer 

concentration that corresponds to monolayer coverage appears to be the dispersion viscosity 

measurements. This is because this technique does not require separation of the pigment 

particles from the excess non-adsorbed copolymer dispersant, which is clearly problematic 

for this particular system. 

3.3.4 Long-term Stability of Pigment Dispersions at Elevated Temperature 

When ageing these aqueous carbon black dispersions at 70 °C for 7 days, preliminary studies 

suggested that the PMAA43-PHPMA235 nanoparticles were a more effective dispersant than 

the non-ionic commercial dispersant. This finding was further investigated using analytical 

centrifugation (see Figure 3.19). The cumulative velocity distribution profiles are quite 

similar for each dispersant. However, the median sedimentation velocity for the non-ionic 

commercial dispersant is 7.63 µm s-1, whereas that for the diblock copolymer is slightly 

slower at 7.35 µm s-1. Although this is a relatively small difference, it does suggest that the 

former dispersant is marginally more effective than the commercial dispersant. 



 
 

Page 128 of 268 
 

 

Figure 3.19 Cumulative velocity distributions recorded using a LUMiSizer instrument for the non-ionic 
commercial dispersant-stabilised carbon black particles (blue curve) and PMAA43-PHPMA235-stabilised 
carbon black particles (red) after storage in a 70 °C oven for 7 days (a standard accelerated ageing 
industry test for assessing long-term colloidal stability of aqueous pigment dispersions). 

 

3.3.5 Stability of Pigment Dispersions at Varying Temperature 

As discussed in Chapter 2, PMAA-PHPMA diblock copolymers exhibit both 

thermoresponsive and pH-responsive properties. The latter is conferred by the PMAA block 

and has already been discussed. The temperature-dependent behaviour conferred by the 

PHPMA block can be used to explain some observations made when employing this pigment 

dispersant.  

Figure 3.20 shows LUMiSizer sedimentation velocities determined at various temperatures. 

Reduced colloidal stability is observed at 50 °C . This is because the PHPMA block becomes 

more hydrophobic (i.e. less hydrated) under such conditions.61 This reduces the copolymer 

chain mobility, which favours kinetically-frozen micelles rather than micelles that are in 

equilibrium with individual copolymer chains.62 (red inset graphic, Figure 3.20). However, 

a larger fraction of copolymer chains are expected to be molecularly dissolved at 5 °C, 

allowing better access  for the PHPMA anchor block (depicted in red in Figure 3.20) to the 



 
 

Page 129 of 268 
 

carbon black surface. It is not thought that higher order morphologies occur at higher 

temperatures for this composition. Thus it seems that, in this case, individual amphiphilic 

copolymer chains are more effective pigment dispersants than sterically-stabilised 

nanoparticles (micelles).  

 

Figure 3.20 Cumulative sedimentation velocity distribution (3500 rpm, 166 min) recorded for PMAA43-
PHPMA235 diblock copolymer-dispersed carbon black particles dispersed at pH 7, as determined by 
analytical centrifugation (LUMiSizer instrument) at 5 °C (blue curve), 25 °C (green curve), and 50 °C 
(red curve). The two inset cartoons depict either sterically-stabilised nanoparticles or a mixture of such 
nanoparticles with molecularly-dissolved copolymer chains adsorbed at the surface of the carbon black 
pigment particles.  

 

 

3.4 Conclusions 
 

PMAAx-PHPMAy has been identified as an effective diblock copolymer system for the 

preparation of aqueous dispersions of carbon black particles. More specifically, PMAA43-

PHPMA235 has been identified as a good dispersant for Printex L6, with the weakly 

hydrophobic PHPMA block acting as the anchor and the anionic PMAA block as the steric 

stabiliser. This diblock copolymer exhibits interesting pH-responsive behaviour, showing 

optimal dispersion stability at around pH 7. Here the PMAA is above its pKa and hence has 
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anionic character, conferring colloidal stability by an electrosteric mechanism. At pH 7, 

solution viscosity measurements confirmed that the optimum concentration for PMAA43-

PHPMA235 as a dispersant is at 50% based on unit mass of pigment. However, it proved 

impossible to construct an adsorption isotherm for this system using either thermogravimetry 

(direct method) or supernatant analysis (indirect method) because appreciable sedimentation 

of the nanoparticles occurred when centrifuging the pigment particles. The weakly 

hydrophobic PHPMA block is also thermoresponsive: as it becomes more hydrated at lower 

temperatures, the copolymer chains are less likely to form kinetically-frozen micelles. Hence, 

they can adsorb more effectively onto pigment particles, leading to a more efficient 

dispersant under such conditions. However, mechanical milling of pigments usually involves 

localised heating, so it remains to be seen whether such diblock copolymer dispersants are 

sufficiently effective when operating above ambient temperature. 
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Chapter 4  
 

Direct Synthesis of Well-defined 
Zwitterionic Diblock Copolymers  

in Aqueous Media without Protecting 
Group Chemistry 



 
 

Page 135 of 268 
 

4.1 Introduction 
 

Zwitterionic polymers, also known as polyampholytes, contain both cationic and anionic 

monomer repeat units.1–7 Thus they differ from polybetaines, which possess anionic and 

cationic groups on the same monomer unit.8–11 Unlike polybetaines - and indeed zwitterionic 

statistical copolymers12 – many zwitterionic diblock copolymers exhibit an isoelectric point 

(IEP) in aqueous solution owing to charge compensation. Such copolymers are soluble in 

their cationic form below this IEP, become insoluble in their neutral form at around the IEP 

and redissolve (or redisperse) in their anionic form above the IEP. According to the literature, 

zwitterionic diblock copolymers offer potential applications in protein purification,13 ion 

exchange,14,15 trace metal chelation,16 and sewage treatment.17  

Zwitterionic diblock copolymers comprising poly(methacrylic acid) (PMAA) and poly(2-

(dimethylamino)ethyl methacrylate) (PDMA) have been claimed to act as ‘universal’ pigment 

dispersants for aqueous pigment dispersions owing to their ability to confer colloidal stability 

via electrosteric stabilization.6,18,19 More specifically, Creutz and co-workers prepared 

zwitterionic PMAA-PDMA diblock, random and tapered copolymers via sequential anionic 

polymerisation at -78 °C. These three copolymers were subsequently evaluated as putative 

dispersants for multiple pigments; this aspect is discussed further in Chapter 5.19  

Unfortunately, the traditional synthesis of well-defined zwitterionic diblock copolymers is 

synthetically demanding and typically requires protecting group chemistry for the anionic 

block.20 Indeed, Creutz and co-workers employed protecting group chemistry to prepare their 

PMAA-PDMA diblock copolymers: t-butyl methacrylate was used to prepare the polyacid 

block, with this ester group being subsequently removed via selective acid hydrolysis. 

Similarly, Kamachi et al. copolymerised 2-vinylpyridine with either trimethylsilyl 

methacrylate or t-butyl acrylate via sequential monomer addition using living anionic 
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polymerisation21,22 while Lowe and co-workers prepared PDMA-PMAA diblock copolymers 

via group transfer polymerisation, with 2-tetrahydropyranyl methacrylate being used to 

produce the polyacid block.23 In related work, Liu et al. used ATRP to prepare poly(4-

vinylbenzoic acid)-poly(2-(diethylamino)ethyl methacrylate) diblock copolymers using 

protecting group chemistry for the polyacid block.5 Such weak polyacid/weak polybase 

copolymers exhibit so-called ‘schizophrenic’ behaviour: they can form either cationic or 

anionic micelles in aqueous solution via micelle inversion on switching the solution pH from 

2 to 10. Aside from the prohibitive cost of such multi-step syntheses, removal of protecting 

ester groups to generate the acidic block can lead to molecular weight distribution broadening 

via formation of intermolecular cross-links, yielding ill-defined branched architectures.23 A 

more atom-efficient approach was reported by Bories-Azeau and co-workers,24 who 

synthesised a series of poly(tertiary amine methacrylate)-poly(2-hydroxyethyl methacrylate) 

diblock copolymers using atom transfer radical polymerisation (ATRP). The hydroxyl groups 

on these precursors were subsequently reacted with succinic anhydride under mild conditions 

to introduce the desired acid functionality. Nevertheless, two steps, several organic solvents 

and relatively long reaction times were required for such syntheses. 

In principle, controlled radical polymerisation techniques such as ATRP,25,26 NMP27,28 and 

RAFT polymerisation29,30 should enable the direct synthesis of zwitterionic diblock 

copolymers without requiring any protecting group chemistry. An early example of such an 

approach was reported by Gabaston et al.,31 who utilised NMP to prepare block copolymers 

of poly(sodium 4-styrenesulfonate) and poly(4-(dimethylamino)methylstyrene) in a 3:1 

ethylene glycol-water mixture at 120 °C. Xin et al. also used RAFT polymerisation to prepare 

poly(2-(dimethylamino)ethyl methacrylate)-poly(sodium acrylate) via a two-step protocol, 

with the polybase precursor being synthesised in anisole in 84-86% yield and the zwitterionic 

diblock copolymers being obtained directly in a 4:3 v/v methanol-water mixture.1 As 
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expected, such copolymers precipitated from aqueous solution within a relatively narrow 

range of solution pH either side of the IEP. 

Herein we report the first wholly aqueous, one-pot synthesis of zwitterionic diblock 

copolymers using RAFT polymerisation. This convenient and highly atom-efficient synthetic 

route is exemplified for various classes of zwitterionic diblock copolymers. In each case, the 

cationic block can be poly(2-(dimethylamino)ethyl methacrylate) [PDMA], poly(2-

(diethylamino)ethyl methacrylate) [PDEA], poly(2-(diisopropylamino)ethyl methacrylate) 

[PDPA], poly(2-(N-morpholino)ethyl methacrylate) [PMEMA] or poly(2-

(methacryloyloxy)ethyl trimethylammonium chloride) [PMETAC], while the anionic block 

comprises either poly(methacrylic acid) or poly(2-carboxyethyl acrylate). The resulting 

zwitterionic diblock copolymers are characterised by GPC and 1H NMR spectroscopy, and 

their aqueous solution properties are examined using DLS, TEM and aqueous 

electrophoresis. A highly convenient wholly aqueous protocol for removal of the 

trithiocarbonate end-groups is also reported that takes advantage of the insolubility exhibited 

by such zwitterionic diblock copolymers at around their IEP. 

 

4.2 Experimental 

Materials 

4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid) (PETTC) was 

synthesised as previously reported.32 2-(Dimethylamino)ethyl methacrylate (DMA), 2-

(diethylamino)ethyl methacrylate (DEA), 2-(diisopropylamino)ethyl-methacrylate (DPA), [2-

(methacryloyloxy)ethyl] trimethylammonium chloride (METAC), 2-2-(N-morpholino)ethyl 

methacrylate (MEMA), 2-carboxyethyl acrylate (CEA), trimethylsilyldiazomethane (supplied 

as a 2.0 M solution in diethyl ether), 2,2′-Azobis(2-methylpropionitrile) (AIBN) 
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 and hydrazine hydrate (reagent grade, 50-60% w/w aqueous solution) were purchased from 

Sigma-Aldrich (Dorset, UK) and were used as received. Methacrylic acid (MAA) was 

purchased from Merck (Germany) and was used as received. 2,2’-Azobis(2-(2-imidazolin-2-

yl)propane) dihydrochloride (VA-044) was purchased from Wako Pure Chemical Industries 

(Japan). 4,4′-Azobis(4-cyanovaleric acid) (ACVA; 98%) and 2,2,3,3-d(4)-3-

(Trimethylsilyl)propionic acid sodium salt was purchased from Alfa Aesar (Heysham, UK) 

and was used as received. CD3OD and CD2Cl2 were purchased from Goss Scientific 

Instruments Ltd (Cheshire, UK). CDCl3, D2O, sodium deuteroxide (NaOD) and deuterium 

chloride (DCl) were purchased from Sigma-Aldrich (Dorset, UK). All other solvents were 

purchased from Fisher Scientific (Loughborough, UK) and were used as received. Deionised 

water was used for all experiments and the solution pH was adjusted using either HCl or 

NaOH. 

Synthesis of poly(methacrylic acid) (PMAA) precursor 

In a typical synthesis, a round-bottomed flask was charged with MAA (20.0 g, 232 mmol), 

PETTC (1.21 g, 3.57 mmol), ACVA (200 mg, 0.72 mmol; CTA/initiator molar ratio = 5.0) 

and ethanol (32.1 g, 40% w/w). This ethanolic solution was purged with nitrogen gas for 30 

min and the sealed reaction vessel was placed in a pre-heated oil bath at 70 °C for 3 h. The 

resulting PMAA precursor (MAA conversion = 80%; Mn = 6 800 g mol−1, Mw/Mn = 1.28 after 

exhaustive methylation using trimethylsilyldiazomethane) was purified by precipitation into a 

ten-fold excess of diethyl ether (twice) and then isolated by lyophilisation to yield a pale 

yellow powder. End-group analysis using 1H NMR spectroscopy indicated a mean DP of 56 

for this PMAA precursor.  
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Synthesis of poly(2-(dimethylamino)ethyl methacrylate) (PDMA) precursor 

In a typical synthesis, a round-bottomed flask was charged with DMA (10.0 g, 63 mmol), 

PETTC (0.33 g, 0.979 mmol), AIBN (32.1 mg, 0.196 mmol; CTA/initiator molar ratio = 5.0) 

and THF (15.5 g, 40 w/w). The sealed reaction vessel was purged with nitrogen gas for 30 

min and placed in a pre-heated oil bath at 66 °C for 8 h. The resulting PDMA precursor 

(DMA conversion = 70%; Mn = 5 700 g mol−1, Mw/Mn = 1.24) was purified by precipitation 

into a ten-fold excess of petroleum ether (twice) to remove unreacted DMA monomer. The 

resulting yellow homopolymer was then dried under vacuum to afford a PDMA macro-CTA 

with a mean DP of 43, as determined by end-group analysis using 1H NMR spectroscopy.  

Synthesis of poly[(2-diethylamino)ethyl methacrylate) (PDEA) precursor 

In a typical synthesis, a round-bottomed flask was charged with DEA (10.0 g, 53.9 mmol), 

PETTC (0.23 g, 0.67 mmol), ACVA (37.8 mg, 0.14 mmol; CTA/initiator molar ratio = 3.0) 

and THF (6.84 g, 60% w/w). The sealed reaction vessel was purged with nitrogen gas for 30 

min and placed in a pre-heated oil bath at 66 °C for 5 h. The resulting PDEA precursor (DEA 

conversion = 67%; Mn = 8 100 g mol−1, Mw/Mn = 1.17) was purified by precipitation into a 

ten-fold excess of mildly alkaline aqueous solution (pH 10). The neutral PDEA homopolymer 

was then dried under vacuum before being protonated using 2.0 M HCl. The fully protonated 

PDEA homopolymer was isolated in its HCl salt form by precipitation into a ten-fold excess 

of acetone.33 This pale yellow homopolymer was then dried under vacuum to afford a PDEA 

macro-CTA with a mean DP of 67, as determined by end-group analysis using 1H NMR 

spectroscopy.  

Synthesis of poly[2-(diisopropylamino)ethyl methacrylate] (PDPA) precursor 

In a typical synthesis, a round-bottomed flask was charged with DPA (10.0 g, 46.8 mmol), 

PETTC (0.32 g, 0.96 mmol), AIBN (41.1 mg, 0.15 mmol; CTA/initiator molar ratio = 4.0) 
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and 1,4-dioxane (6.83 g, 60% w/w). The sealed reaction vessel was purged with nitrogen gas 

for 30 min and placed in a pre-heated oil bath at 70 °C for 4 h. The resulting PDPA precursor 

(DPA conversion = 79%; Mn = 11 700 g mol−1, Mw/Mn = 1.11) was purified by precipitation 

into a ten-fold excess of methanol (twice). This pale yellow homopolymer was then dried 

under vacuum to afford a PDPA macro-CTA with a mean DP of 75, as determined by end-

group analysis using 1H NMR spectroscopy. This sample was used to determine the pKa of 

PDPA. 

Synthesis of PMAA-PDEA diblock copolymer via aqueous RAFT emulsion 

polymerisation 

The protocol used for the synthesis of a PMAA56-PDEA114 zwitterionic diblock copolymer is 

representative. PMAA56 macro-CTA (0.17 g, 33.1 μmol), DEA (0.70 g, 3.78 mmol) VA-044 

(2.68 mg, 8.29 μmol, PMAA56 macro-CTA/ACVA molar ratio = 4.0), and deionised water 

(3.50 g) were added to a sample vial and the solution pH was adjusted to 8.5. This vial was 

sealed and the aqueous solution was degassed for 20 min using a nitrogen stream. Then the 

vial was placed in a pre-heated oil bath at 44 °C for 16 h, yielding a viscous yellow 

dispersion. A final DEA conversion of 96% was indicated by 1H NMR spectroscopy.  

Synthesis of PMAA-PDPA diblock copolymer via aqueous RAFT emulsion 

polymerisation 

The protocol used for the synthesis of a PMAA56-PDPA114 zwitterionic diblock copolymer is 

representative. PMAA56 macro-CTA (0.13 g, 24.7 μmol), DPA (0.60 g, 2.81 mmol) ACVA 

(1.72 mg, 6.17 μmol, PMAA56 macro-CTA/ACVA molar ratio = 4.0), and deionised water 

(2.92 g) were added to a sample vial and the solution pH was adjusted to 8.5. This vial was 

sealed and the aqueous solution was degassed for 20 min using a nitrogen stream. Then the 
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vial was placed in a pre-heated oil bath at 70 °C for 16 h, yielding a viscous yellow 

dispersion. A final DPA conversion of 98% was indicated by 1H NMR spectroscopy.  

Synthesis of PMAA-PMEMA diblock copolymer via RAFT aqueous solution 

polymerisation 

A typical protocol for the synthesis of a PMAA56-PMEMA56 zwitterionic diblock copolymer 

was conducted as follows: PMAA56 macro-CTA (0.28 g, 53.8 μmol), MEMA (0.60 g, 3.01 

mmol) VA-044 (4.3 mg, 13.4 μmol, PMAA56 macro-CTA/ACVA molar ratio = 4.0), and 

deionised water (3.53 g) were added to a sample vial and the solution pH was adjusted to 6.5.  

This vial was sealed and the aqueous solution was degassed for 20 min using a nitrogen 

stream. The vial was then placed in a pre-heated oil bath at 44 °C for 16 h, yielding a turbid, 

pale yellow solution. A final MEMA conversion of more than 99% was indicated by 1H 

NMR spectroscopy.   

Synthesis of PDMA-PCEA diblock copolymer via aqueous RAFT dispersion 

polymerisation 

A typical protocol for the synthesis of a PDMA43-PCEA43 zwitterionic diblock copolymer is 

as follows. PDMA43 macro-CTA (0.46 g, 6.45 μmol), CEA (0.40 g, 2.8 mmol) VA-044 (5.2 

mg, 16.1 μmol; PDMA43 macro-CTA/ACVA molar ratio = 4.0) and deionised water (3.45 g) 

were added to a sample vial. The solution pH was adjusted to 1.5. The vial was then sealed 

and degassed for 20 min using a nitrogen stream before being placed in a pre-heated oil bath 

at 44 °C for 16 h, yielding a yellow dispersion. A final CEA conversion of 99% was indicated 

by 1H NMR spectroscopy.  
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Synthesis of PDEA-PMAA diblock copolymer via aqueous RAFT solution 

polymerisation 

A typical protocol for the synthesis of a PDEA67-PMAA134 zwitterionic diblock copolymer is 

as follows. PDEA67 macro-CTA (0.22 g, 17.3 μmol), MAA (0.20 g, 2.3 mmol) ACVA (1.21 

mg, 4.33 μmol; PDEA67 macro-CTA/ACVA molar ratio = 4.0) and deionised water (1.69 g) 

were added to a sample vial. The solution pH was adjusted to 1.5. The vial was then sealed 

and degassed for 20 min using a nitrogen stream before being placed in a pre-heated oil bath 

at 70 °C for 16 h. A final MAA conversion of 99% was achieved as determined by 1H NMR 

spectroscopy, yielding a yellow dispersion.  

Synthesis of PDEA-PCEA diblock copolymer via aqueous RAFT dispersion 

polymerisation 

A typical protocol for the synthesis of a PDEA67-PCEA134 zwitterionic diblock copolymer is 

as follows. PDEA67 macro-CTA (0.17 g, 12.9 μmol), CEA (0.25 g, 1.73 mmol) ACVA (0.91 

mg, 3.24 μmol; PDEA67 macro-CTA/ACVA molar ratio = 4.0) and deionised water (1.66 g) 

were added to a sample vial. The solution pH was adjusted to 1.5. The vial was then sealed 

and degassed for 20 min using a nitrogen stream before being placed in a pre-heated oil bath 

at 70 °C for 16 h. A final MAA conversion of 99% was achieved as determined by 1H NMR 

spectroscopy, yielding a yellow dispersion.  

Synthesis of PDPA-PMAA diblock copolymer via aqueous RAFT solution 

polymerisation 

A typical protocol for the synthesis of a PDPA75-PMAA75 zwitterionic diblock copolymer is 

as follows. PDPA75 macro-CTA (0.40 g, 23.2 μmol), MAA (0.15 g, 1.7 mmol) ACVA (1.63 

mg, 5.81 μmol; PDPA75 macro-CTA/ACVA molar ratio = 4.0) and deionised water (2.15 g) 

were added to a sample vial and the solution pH was adjusted to 1.5. The vial was then sealed 
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and degassed for 20 min using a nitrogen stream before being placed in a pre-heated oil bath 

set at 70 °C for 16 h. A final MAA conversion of 99% was achieved as determined by 1H 

NMR spectroscopy, yielding a yellow dispersion.  

Synthesis of PDPA-PCEA diblock copolymer via aqueous RAFT dispersion 

polymerisation 

A typical protocol for the synthesis of a PDPA75-PCEA75 zwitterionic diblock copolymer is 

as follows. PDPA75 macro-CTA (0.30 g, 18.5 μmol), CEA (0.20 g, 2.32 mmol) ACVA (1.30 

mg, 4.63 μmol; PDPA75 macro-CTA/ACVA molar ratio = 4.0) and deionised water (2.00 g) 

were added to a sample vial and the solution pH was adjusted to 1.5. The vial was then sealed 

and degassed for 20 min using a nitrogen stream before being placed in a pre-heated oil bath 

set at 70 °C for 16 h. A final CEA conversion of 99% was achieved as determined by 1H 

NMR spectroscopy, yielding a yellow dispersion.  

One-pot synthesis of poly(2-(dimethylamino)ethyl methacrylate)-poly(methacrylic acid) 

(PDMA-PMAA) diblock copolymer 

A typical protocol for the synthesis of a PDMA50-PMAA50 zwitterionic diblock copolymer 

was conducted as follows: DMA (4.0 g, 25.4 mmol), PETTC (0.17 g, 0.51 mmol), VA-044 

(32.9 mg, 0.10 mmol), and deionized water (9.81 g) were added to a 100 ml two-necked 

round-bottomed flask. 36% HCl (2.18 g, 25.4 mmol) was added to protonate the DMA 

monomer. This aqueous reaction mixture was then purged for 30 min with nitrogen and 

heated to 44 °C. In a separate vial, MAA (2.19 g, 25 mmol), VA-044 (55 mg, 0.51 mmol) and 

water (15.9 g) were purged with nitrogen for 30 min. The DMA polymerisation had reached 

approximately full conversion after 3 h, as determined by 1H NMR spectroscopy (by 

sampling under nitrogen). Then the degassed aqueous solution containing MAA monomer 

and VA-044 initiator was added under a nitrogen atmosphere. The MAA polymerisation was 
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allowed to proceed for 5 h at 44 °C. A final MAA conversion of more than 99% was achieved 

as determined by 1H NMR, yielding a  low-viscosity yellow solution at pH 2.0. The amounts 

of DMA and/or MAA, and the PETTC concentration were adjusted accordingly when 

targeting other copolymer compositions. Depending on the target diblock composition, 

relatively viscous transparent yellow solutions can be obtained. 

One-pot synthesis of poly(methacrylic acid)-poly(2-(dimethylamino)ethyl methacrylate) 

(PMAA-PDMA) diblock copolymer 

A typical protocol for the synthesis of a PMAA50-PDMA50 (target DP) zwitterionic diblock 

copolymer was conducted as follows: MAA (1.0 g, 11.6 mmol), PETTC (78.9 mg, 0.23 

mmol), ACVA (13 mg, 46.4 μmol) and deionized water (6.19 g) were added to a 50 mL two-

necked round-bottomed flask. This aqueous reaction mixture was then purged for 30 min 

with nitrogen and heated to 70 °C. In a separate vial, DMA (1.83 g, 11.6 mmol), ACVA (25 

mg, 77.4 μmol), NaOH (0.46 g, 11.6 mmol) and water (5.53 g) were purged with nitrogen for 

30 min. The MAA polymerisation had reached approximately full conversion after 3 h, as 

determined by 1H NMR spectroscopy. Then the degassed aqueous solution containing DMA 

monomer and ACVA initiator was added under a nitrogen atmosphere. The DMA 

polymerisation was allowed to proceed for 9 h at 70 °C (final solution pH = 8.5). A final 

DMA conversion of 95% was reached as determined by 1H NMR, yielding a viscous yellow 

dispersion. The amounts of DMA and/or MAA, and the PETTC or CPDB concentration were 

adjusted accordingly when targeting other copolymer compositions. 

One-pot synthesis of poly(methacrylic acid)-poly(2-(methacryloyloxy)ethyl 

trimethylammonium chloride) (PMAA-PMETAC) diblock copolymer 

A typical protocol for the one-pot wholly aqueous synthesis of a PMAA-PMETAC 

zwitterionic diblock copolymer is as follows. MAA (2.60 g, 30.2 mmol) and CPDB (0.11 g, 
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0.50 mmol), were stirred thoroughly to ensure solvation of CPDB at 60% w/w solids content. 

ACVA (28 mg, 0.10 mmol) and deionised water (1.80 g) were added to a 100 ml two-necked 

round-bottomed flask. This aqueous solution was then purged for 30 min with nitrogen and 

heated up to 70 °C. In a second vial, deionised water (17.0 g) was degassed and then added to 

the reaction solution after 45 min to offset the increasing viscosity of the polymerising 

solution. After 3 h, the MAA polymerisation had reached more than 99% conversion as 

determined by 1H NMR spectroscopy. In a separate vial, METAC (6.27 g, 30.2 mmol), 

ACVA (54 mg, 0.17 mmol) and deionised water (17.0 g, target solids concentration = 20% 

w/w) were purged with nitrogen for 30 min. This degassed aqueous solution was added under 

a nitrogen atmosphere and the second-stage polymerisation was allowed to continue for 6 h at 

70 °C. A final METAC conversion of 96% was achieved as determined by 1H NMR 

spectroscopy, yielding a viscous reddish-pink solution. PMAA-PMETAC diblock 

copolymers were modified for GPC analysis as follows: 1.0 g of a 20% w/w aqueous 

copolymer dispersion was diluted with 1.0 g ethylene glycol (2.1 g total volume, 10% 

copolymer solids) containing 0.18 g KOH (3 M). This reaction solution was then heated to 

120 °C for 6 h to convert this PMAA-PMETAC precursor into PMAA homopolymer via 

forced ester hydrolysis. The resulting dark brown liquid was acidified using 2 M HCl (2.5 

mL) and purified by precipitation (twice) into excess diethyl ether. After filtration, this 

PMAA homopolymer was methylated with excess trimethylsilyldiazomethane to afford off-

white poly(methyl methacrylate) (PMMA), which was analysed by THF GPC. 

Exhaustive methylation protocol 

PMAAx-based and PCEA-based diblock copolymers were modified via exhaustive 

methylation of their carboxylic acid groups. In a typical methylation protocol, excess 

trimethylsilyldiazomethane was added dropwise to PMAAx-PDMAy (20 mg) dissolved in 3:2 

toluene/methanol (10.0 mL) until the yellow colour persisted. This reaction solution was then 
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stirred at 20 °C for 72 h at the back of a fume cupboard until all the solvent had evaporated. 

The degree of methylation was determined by 1H NMR spectroscopy by comparing the 

integrated oxymethylene ester protons for the PDMA block at 3.86 ppm to the integral of the 

new signal at 3.61 ppm assigned to the methoxy groups in the methylated block. Typically, 

100% methylation was achieved under the stated conditions as judged by 1H NMR 

spectroscopy. 

DMF Gel Permeation Chromatography (GPC) 

The DMF GPC instrument comprised two Agilent PL gel 5 μm Mixed-C columns and a 

guard column connected in series to an Agilent 1260 Infinity GPC system operating at 60 °C. 

The GPC eluent was HPLC-grade DMF containing 10 mM LiBr at a flow rate of 1.0 mL 

min−1 and dimethylsulfoxide was used as a flow rate marker. Calibration was achieved using 

a series of ten near-monodisperse poly(methyl methacrylate) standards (ranging in Mp from 

625 to 618 000 g mol−1).  

THF Gel Permeation Chromatography (GPC) 

The THF GPC set-up comprised two 5 μm (30 cm) Mixed C columns and a WellChrom K-

2301 refractive index detector operating at a wavelength of 950 ± 30 nm. The mobile phase 

contained 2.0% v/v triethylamine and 0.05% w/v butylhydroxytoluene and the flow rate was 

1.0 mL min-1. A series of ten near-monodisperse poly(methyl methacrylate) standards (Mp 

values ranging from 645 to 2 480 000 g mol-1) were used for calibration. Chromatograms 

were analysed using Agilent GPC/SEC software. 

Aqueous Gel Permeation Chromatography (GPC) 

Molecular weight distributions of diblock copolymers or homopolymers were analysed in a 

basic aqueous buffer (pH 10) containing 1 M NaNO3 solution (adjusted to pH 10 with 

concentrated NaOH) at a flow rate of 1.0 mL min-1. The GPC set-up comprised an Agilent 
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1260 Infinity series degasser and pump, an Agilent PL Aquagel-OH 30 8 μm column and an 

Agilent PL Aquagel-OH 40 8 μm column. Calibration was conducted using a series of near-

monodisperse PEO standards ranging from 600 g mol-1 to 969, 000 g mol-1. Chromatograms 

were analysed using Agilent GPC/SEC software. 

Dynamic Light Scattering 

Dilute (0.10% w/w) aqueous copolymer dispersions were analysed at 25 °C using a Malvern 

NanoZS instrument. Scattered light was detected at 173° and hydrodynamic diameters were 

calculated using the Stokes-Einstein equation, which assumes dilute non-interacting spheres. 

Data were averaged over three consecutive measurements comprising eleven runs per 

measurement. 

Aqueous Electrophoresis 

Zeta potentials were calculated from electrophoretic mobilities using a Malvern NanoZS 

instrument. Measurements were performed as a function of pH on dilute aqueous dispersions 

(0.05-0.10% w/w) in the presence of 1 mM KCl as background salt and averaged over 20 

runs. In each case the solution pH was first increased by addition of 1.0 M NaOH and then 

gradually lowered by adding 0.1 M HCl. 

1H NMR spectroscopy  

All 1H NMR spectra were recorded using a 400 MHz Bruker Avance-400 spectrometer. The 

NMR solvent was CD3OD, D2O, CDCl3 or CD2Cl2 and typically 64 scans were averaged per 

spectrum.  

For in situ NMR studies during the synthesis of PDMA50 homopolymer at 40% w/w, the 

reaction mixture was prepared as described above (albeit with D2O being used as a solvent 

rather than H2O) and a 0.75 mL aliquot was placed into an NMR tube equipped with a J-

Young tap. The D2O in the reaction mixture was used as the lock solvent. This NMR tube 
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assembly was inserted in a Bruker AVANCE III HD spectrometer operating at 500.13 MHz 

(1H frequency) and a reference spectrum was recorded at 25 °C (no polymerization) prior to 

heating up to 44 °C. Spectra were recorded every 5 min for 4 h. All spectra were phase-

adjusted and baseline-corrected using Bruker TopSpin 3.1 software. DMA conversions were 

determined by comparing integrated monomer and polymer signals relative to the aromatic 

signals from the PETTC RAFT agent. 2,2,3,3-d(4)-3-(Trimethylsilyl)propionic acid sodium 

salt (15 mg) was used as a reference signal at 0.0 ppm. 

UV Spectroscopy 

Absorption spectra were recorded between 200 and 800 nm at 25 °C using a PC-controlled 

Shimadzu UV-1800 spectrophotometer equipped with a 1 cm path length quartz cell. End-

group removal was recorded at a copolymer concentration of 0.20% w/w, recording spectra at 

regular intervals over 3.5 h.   

Removal of trithiocarbonate end-groups 

Hydrazine hydrate (1.02 mL of a 50% w/w aqueous solution; 0.0159 mmol) was added to a 

0.50% w/w aqueous solution of PDMA50-PMAA50 copolymer (40.0 mg, 0.0159 mmol; 

hydrazine/trithiocarbonate molar ratio = 1.0) in deionised water at pH 9 and 20 °C. The 

solution pH was then adjusted to the IEP (approximately pH 6.0) to induce precipitation. The 

aqueous supernatant was removed by careful decantation and the crude precipitate was then 

washed three times with deionised water (pH 6) to remove small molecule contaminants 

generated during the chemical degradation of the organosulfur-based chain-ends.  

Transmission electron microscopy 

Copper/palladium grids were surface-coated in-house to produce a thin film of amorphous 

carbon before being plasma glow-discharged for 40 seconds to produce a hydrophilic surface. 

A 1 µL droplet of a  0.1% w/w aqueous copolymer dispersion (solution pH adjusted using 
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either 0.1 M HCl or 0.1 M NaOH) was placed onto a grid for 45 seconds, then stained using a 

0.75% w/v aqueous solution of uranyl formate or phosphotungstic acid for 45 seconds. 

Excess stain was removed by careful blotting and the grid was then dried using a vacuum 

hose. TEM images were recorded using a Philips CM100 instrument operating at 100 kV and 

equipped with a Gatan 1k CCCD camera. ImageJ software was used to calculate mean 

diameters and standard deviations from TEM images (at least 100 nanoparticles were 

analysed per sample). 

 

4.3 Results and Discussion 

 
In principle, the synthesis of zwitterionic diblock copolymers in aqueous solution can 

proceed via either solution, dispersion or emulsion polymerisation, with the precise physical 

nature of the polymerisation depending on the water solubility of the second monomer and its 

corresponding homopolymer. In this study, we explore such formulations and develop robust 

model one-pot aqueous formulations.  

4.3.1 RAFT Aqueous Dispersion Polymerisation 

The synthesis of zwitterionic diblock copolymers via RAFT aqueous dispersion 

polymerisation was investigated. Such formulations involve the polymerisation of CEA at pH 

1.5: this monomer is soluble under such conditions but the corresponding polymer chains 

become insoluble as they grow. To synthesise the first block in these examples, the RAFT 

solution polymerisation of DMA, DEA or DPA was conducted in either THF or 1,4-dioxan 

using ACVA at 70 °C for 5 h. The resulting PDMA, PDEA or PDPA precursor was then 

purified, characterised, and redissolved in acidic aqueous solution for chain extension in its 

protonated form using CEA to form the acidic block (Scheme 4.1). In each case, high 

conversions (typically around 99%) and relatively low dispersities were obtained. On the 
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other hand, if the first block was synthesised in aqueous solution (as part of a wholly aqueous 

one-pot protocol), then the solution pH was selected to be pH 1.5 to ensure solubility of the 

PDEA or PDPA precursors, which are each only soluble in their protonated form. This low 

solution pH was maintained for the synthesis of the second block.  

 

Scheme 4.1 RAFT solution polymerisation of DMA, DEA or DPA was conducted in either THF or 1,4-
dioxan using PETTC with either AIBN or ACVA initiator. The resulting PDMA, PDEA or PDPA 
precursor was then purified, characterised and redissolved in acidic aqueous solution (pH 1.5) for 
subsequent chain extension using CEA to form the acidic block by aqueous dispersion polymerisation. 

 

For PCEA syntheses, the CEA monomer is water-soluble, while PCEA homopolymer also 

becomes water-insoluble at low pH. Moreover, PCEA-core nanoparticles can be observed by 
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TEM when drying PCEA-based diblock copolymer dispersions at low pH. This indicates that 

such syntheses do indeed proceed via RAFT aqueous dispersion polymerisation, rather than 

RAFT aqueous solution polymerisation. A summary of the characterisation data is provided 

in Table 4.1. 

Table 4.1 Summary of the characterisation data obtained for zwitterionic diblock copolymers prepared by 
RAFT aqueous dispersion polymerisation, for which PDMA, PDEA or PDPA is the first block and the second 
block comprises PCEA (with the second-stage polymerisation being conducted at pH 1.5). These PISA 
syntheses were conducted according to either Scheme 4.1. 

Synthetic 

method 

Diblock copolymer 

composition 

1H NMR 

conversion (%) 

Theoretical Mn 

(g mol-1) 

GPC (g mol-1) 

IEP 

Mn Mw/Mn 

Two-pot PDMA43-PCEA100 > 99% 21 500 18 300a 1.16a 3.8 

Two-pot PDMA43-PCEA43 99 13 300 25 600b 1.37b 6.0 

Two-pot PDMA87-PCEA43 96 20 200 15 000b 1.32b 8.7 

Two-pot PDEA67-PCEA67 98 22 400 17 700b 1.07b 4.9 

Two-pot PDPA75-PCEA75 99 27 150 5 900a 1.39a 5.3 

 

a. GPC analysis using DMF eluent vs. PMMA standards.  

b. GPC analysis using THF eluent vs. PMMA standards. 

 

 

Figure 4.1 Example TEM images showing presence of nanoparticles at synthesis pH (1.5), confirming 
these syntheses proceed via RAFT aqueous dispersion polymerisation. 

 



 
 

Page 152 of 268 
 

Zwitterionic diblock copolymers comprising a weak polyacid and a weak polybase usually 

exhibit an IEP. At the IEP, the mean number of cationic and anionic charges per copolymer 

chain are equal. Thus, the copolymer exhibits no net overall charge and is typically water-

insoluble under such conditions.4,23 The IEP can be determined from aqueous electrophoresis 

studies while DLS can be used to assess the colloid instability window, as illustrated for three 

examples of PDMA-PCEA copolymers in Figure 4.2). An increase in the IEP is observed as 

the proportion of DMA within the diblock copolymer is increased. 

 

Figure 4.2 Variation in zeta potential and DLS diameter as a function of pH to determine isoelectric 
points and regions of colloidal instability for (a) PDMA43-PCEA100, (b) PDMA43-PCEA43 and (c) 
PDMA87-PCEA43 in the presence of 1 mM KCl as background salt. [N.B. Higher IEPs are obtained on 
increasing the DMA mol% in the zwitterionic diblock copolymer]. 

 

4.3.2 RAFT Aqueous Emulsion Polymerisation 

The synthesis of zwitterionic diblock copolymers via RAFT aqueous emulsion 

polymerisation was also investigated. Such formulations involve polymerisation of a water-

immiscible monomer and the growing second block is also insoluble (Scheme 4.2). Both 

DEA and DPA monomers are water-insoluble at or above pH 8.5. Following solution 

polymerisation of MAA in the first step, this soluble PMAA precursor will provide 

stabilisation to insoluble PDEA or PDPA cores. This solution pH represents an effective 
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upper limit for RAFT polymerisation in aqueous solution because premature hydrolysis of the 

organosulfur RAFT chain-ends occurs in more alkaline media.34–36  

 

Scheme 4.2 RAFT solution polymerisation of MAA in ethanol using PETTC with ACVA initiator 
produced a PMAA precursor within 3 h at 70 °C, which was subsequently chain-extended via RAFT 
polymerisation of DEA or DPA in aqueous media at pH 8.5 using VA-044 initiator at 44 °C. 

 

In fact, pH 8.5 proved to be the optimal solution pH for these polymerisations because phase 

separation of the polyacid precursor occurred prior to polymerisation when attempting to use 

formulations prepared below pH 8.5. At this pH, PDEA and PDPA become insoluble core-

forming blocks, leading to the formation of nanoparticles, as shown by DLS (Figure 4.3). 
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Figure 4.3 Example DLS particle size distributions showing presence of nanoparticles at synthesis pH 
(8.5), confirming these syntheses proceed via RAFT aqueous emulsion polymerisation. 

 

Table 4.2 Summary of the characterisation data obtained for various types of zwitterionic diblock 
copolymers for which PMAA is the first block and the second block comprises PDEA or PDPA (with the 
second-stage polymerisation being conducted at the stated solution pH). Syntheses were conducted via a 
two-pot synthesis where the first step involved the RAFT solution polymerisation of MAA in ethanol 
and the second step was conducted via RAFT aqueous emulsion polymerisation at pH 8.5 (Scheme 4.2). 

Synthetic 
method 

Diblock copolymer 
composition 

Reaction 
pH 

1H NMR 
conversion 

(%) 

Theoretical 
Mn 

(g mol-1) 

GPC (g mol-1) 
IEP 

Mn Mw/Mn 

Two-pot PMAA56-PDEA108 8.5 97 23 400 11 400b 1.49b 8.1 

Two-pot PMAA56-PDEA56 8.5 97 14 100 12 000a 1.20a 6.5 

Two-pot PMAA56-PDEA28 8.5 99 8 700 7 400a 1.18a 5.1 

Two-pot PMAA56-PDPA114 8.5 > 99 29 600 21 200b 1.54b 8.5 

Two-pot PMAA56-PDPA56 8.5 95 17 100 36 200b 1.66b 5.6 

a. GPC analysis using DMF eluent vs. PMMA standards.  
b. GPC analysis using THF eluent vs. PMMA standards. 

 

During these polymerisations, it is apparent that the Mw/Mn values become broader as longer 

PDEA blocks are targeted. This indicates a loss of RAFT control as higher molecular weights 

are targeted, a phenomenon which has been described previously in the literature.37 The 

broader Mw/Mn values reported for PDPA-based copolymers compared to PDEA-based 

copolymers, could result from increased chain transfer to polymer, as the extra methyl group 

present in the tertiary amine methacrylate is more susceptible to radical abstraction.  
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IEP data were also determined for the three PMAA56-PDEAx zwitterionic diblock 

copolymers (see Table 4.2) and are shown in Figure 4.4. 

 

Figure 4.4 Variation in zeta potential and DLS diameter with solution pH to determine isoelectric points 
and regions of colloidal instability for (a) PMAA134-PDEA67, (b) PMAA57-PDEA57 and (c) PMAA57-
PDEA108 in the presence of 1 mM KCl as background salt. N.B. Higher IEP values are observed on 
increasing the PDEA mol% in such zwitterionic diblock copolymers. 
 

1H NMR spectroscopy was employed to assess changes in the degree of solvation of each 

block for a PMAA56-PDEA56 zwitterionic diblock copolymer, see Figure 4.5. At pH 2 (0.01 

M DCl in D2O), signals a, b, c, and d for the protonated PDEA block are observed at 1.3, 3.2, 

4.3 and 3.5 ppm, respectively. In addition, methacrylic backbone protons e and f are visible at 

δ 1.0 and 1.9 ppm. However, all these NMR signals disappear at pH 9 (NaOD/D2O) as the 

PDEA block becomes deprotonated and hence insoluble under such conditions. As expected, 

methacrylic backbone signals g and h for the ionised PMAA block appear at 0.8 and 1.5 ppm, 

respectively. At the isoelectric point (pH 6), no NMR signals are observed in the absence of 

added salt because the charge-compensated zwitterionic diblock copolymer chains are water-

insoluble under such conditions. However, addition of 4 M KCl provides sufficient charge 

screening to eliminate the electrostatic attractive forces and hence confer water solubility on 

the copolymer chains. Thus, NMR signals for both blocks can be observed under such 

conditions, with PDEA signals a, b, c and d being shifted to slightly higher δ values (1.4, 3.3, 
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3.6 and 4.4 ppm, respectively). 

 

Figure 4.5 1H NMR spectra recorded for (i) a zwitterionic PDEA67-PMAA67 diblock copolymer in 
DCl/D2O at pH 2 (where both blocks are fully protonated), (ii) at pH 6 in the presence of 4 M KCl 
(which suppresses macroscopic precipitation at this IEP), (iii) at the same pH in the absence of salt, and 
(iv) at pH 9 (where the PMAA block is ionised and the PDEA block is in its neutral hydrophobic form). 

 

Provided that one of the blocks becomes sufficiently hydrophobic at a given pH, TEM studies 

confirm that these zwitterionic diblock copolymers can form sterically-stabilised 

nanoparticles. In all cases, the number-average diameter indicated by TEM is significantly 

smaller than the intensity-average diameter reported by DLS. For example, poly(tertiary 

amine methacrylate)-core nanoparticles are formed by PMAA56-PDEA108 diblock copolymers 

at pH 9, with micelle inversion to produce polyacid cores occurring at pH 2-3, see Figure 

4.6.3,5 The micelles produced at pH 2.0 are difficult to visualise, presumably owing to the 

weakly hydrophobic nature of the PMAA block under such conditions.  
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Figure 4.6 Transmission electron microscopy images recorded for a PMAA56-PDEA108 diblock 
copolymer nanoparticles at pH 9.0 and pH 2.0, respectively. In each case spherical nanoparticles can be 
observed. 

 

4.3.3 Aqueous Solution Polymerisation 

Finally, diblock copolymer syntheses in which both blocks remain fully solvated for the 

duration of the polymerisation are investigated. Such formulations include PMAA-PMEMA, 

PMAA-PMETAC, PMAA-PDMA and PDMA-PMAA (see Schemes 4.3-4.6).  

The RAFT solution polymerisation of MAA in ethanol was followed by RAFT 

polymerisation of MEMA in aqueous media at pH 6.5 (Scheme 4.3). MEMA is miscible in 

all proportions with water, thus its RAFT polymerisation can proceed at pH 6.5, which 

enables significantly higher comonomer conversions and relatively narrow molecular weight 

distributions to be achieved than at higher solution pH, where premature hydrolysis of the 

RAFT chain-ends can occur (Table 4.2). This is owing to the relatively low pKa for the 

corresponding weakly basic PMEMA homopolymer (see Table 4.3). This means that 

PMEMA has a significantly lower degree of protonation than PDMA at pH 6.5. The subtle 

shift in IEP observed for various PMAA57-PMEMAy copolymer compositions is shown in 

Figure 4.7. 
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Table 4.3 Summary of pKa values for the conjugate acid (protonated) forms of PMEMA, PDEA, PDPA, 
PDMA, PMAA and PCEA homopolymers taken from the literature38–42 and those determined by acid titration.  

Homopolymer Literature pKa Measured pKa 

PMEMA 4.9 5.3 

PDEA 7.3 7.2 

PDPA 6.0 6.0 

PDMA 7.0 6.8 

PCEA 5.0 5.3 

PMAA 5.6 5.8 

 

Scheme 4.3 RAFT solution polymerisation of MAA in ethanol using PETTC with ACVA initiator produced 
PMAA within 3 h at 70 °C. This precursor was then chain-extended via RAFT polymerisation MEMA in 
aqueous media using VA-044 initiator at 44 °C. See Table 4.4 for a summary of the reaction pH in each 
case. 
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Figure 4.7 Zeta potential vs. pH curves obtained by aqueous electrophoresis studies indicate isoelectric 
points and regions of colloidal instability for (a) PMAA57-PMEMA114, (b) PMAA57-PMEMA57 and (c) 
PMAA57-PMEMA28 in the presence of 1 mM KCl as background salt. [N.B. A higher IEP is obtained on 
increasing the MEMA mol% of the zwitterionic diblock copolymer]. 

 

A wholly aqueous one-pot synthetic protocol (Scheme 4.4) can also be used to prepare 

PMAA-PMETAC diblock copolymers. Thus, a PMAA67 precursor was synthesised in acidic 

aqueous solution at pH 2 using an ACVA initiator and CPDB RAFT agent (CPDB/ACVA 

molar ratio = 4.0). In this case, further degassed deionised water was added as the 

polymerisation progressed to ensure that the reaction mixture did not become too viscous. 

The second block can then be grown without further pH adjustment to produce a PMAA67-

PMETAC116 diblock copolymer via RAFT aqueous solution polymerisation of METAC (99% 

METAC conversion; Mn = 15 000 g mol-1 Mw/Mn = 1.20). 1H NMR conversion and GPC 
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molecular weight results for the polymerisations depicted in Schemes 4.3 and 4.4 are 

summarised in Table 4.4. 

 

Scheme 4.4 Wholly aqueous one-pot synthesis of a zwitterionic diblock copolymer via RAFT solution 
polymerisation, where the first block comprises PMAA and the second block is PMETAC.  

 

Table 4.4 Summary of the characterisation data obtained for a series of zwitterionic diblock copolymers 
synthesised via RAFT aqueous solution polymerisation, for which PMAA is the first block and the 
second block comprises PMEMA or PMETAC with the second-stage polymerisation being conducted at 
the stated reaction pH). These syntheses were conducted protocols described in Scheme 4.3 and 4.4. 

Synthetic 
method 

Diblock copolymer 
composition 

Reaction 
pH 

1H NMR 
conversion 

(%) 

Theoretical 
Mn 

(g mol-1) 

GPC (g mol-1) 

IEP 
Mn Mw/Mn 

Two-pot PMAA56-PMEMA114 6.5 98 26 200 31 600a 1.37a 6.1 

Two-pot PMAA56-PMEMA56 6.5 > 99 16 300 15 600a 1.28a 5.7 

Two-pot PMAA56-PMEMA28 6.5 > 99 10 700 11 000a 1.22a 5.1 

One-pot PMAA67-PMETAC116 3.0 > 99 16 600 15 000a 1.20a No IEP 

One-pot PMAA91-PMETAC22 3.0 98 12 600 10 600a 1.26a 5.1 

One-pot PMAA126-PMETAC126 3.0 98 37 200 29 000b 1.15b No IEP 

a. GPC analysis using THF eluent vs. PMMA standards.  

b. GPC analysis using DMF eluent vs. PMMA standards. 
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It is perhaps worth emphasising that certain types of zwitterionic diblock copolymers cannot 

exhibit an IEP. For example, PMETAC-rich copolymers for which the second block is 

PMAA should remain water-soluble regardless of the solution pH, because the number of 

anionic charges on the PMAA block can never equal the number of permanently cationic 

charges on the longer PMETAC block. Although the PMAA becomes more insoluble at 

lower pH values, it does not become sufficiently hydrophobic to form particles. On the other 

hand, if the number of MAA (or CEA) repeat units was equal to (or greater than) the number 

of METAC repeat units, then such zwitterionic diblock copolymers should exhibit an IEP. 

Figure 4.8 demonstrates this phenomenon.  

 

Figure 4.8 Zeta potential vs. pH curves determined by aqueous electrophoresis studies indicate 
isoelectric points and regions of colloidal instability for (a) PMAA67-PMETAC120, (b) PMAA126-
PMETAC126 and (c) PMAA91-PMETAC22 in the presence of 1 mM KCl as background salt. Highlighted 
regions indicate regions of macroscopic precipitation. 
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As expected, PMAA126-PMETAC126 forms a macroscopic precipitate above pH 6. Normally, 

such behaviour is only observed at around the IEP. However, in this case the zeta potential 

actually remains positive over the entire solution pH range, so this particular zwitterionic 

copolymer exhibits no IEP (Figure 4.8b). Currently, we have no satisfactory explanation for 

this unexpected observation. The same analysis was performed on a PMAA67-PMETAC67 

diblock copolymer, which yielded the same results, presenting a positive zeta potential 

between pH 2-11.  

The feasibility of conducting the wholly aqueous synthesis of zwitterionic PDMA-PMAA 

diblock copolymers was also investigated (Scheme 4.5). A one-pot protocol utilising PDMA 

as the first block was optimised as follows. Firstly, a PDMA50 precursor was prepared at 44 

°C by RAFT aqueous solution polymerisation of DMA using PETTC and ACVA initiator 

(CTA/ACVA molar ratio = 4.0), at 40% w/w solids. Then the initial solution pH was lowered 

from 9.5 to 7.0 prior to polymerisation by addition of 35% HCl; this adjustment is required to 

suppress hydrolysis of the DMA monomer, which would otherwise afford 2-

(dimethylamino)ethanol and MAA.43 Even so, 1H NMR studies indicated that this side 

reaction produced up to 1.5% MAA residues within the PDMA chains under these 

conditions, which is significantly lower than that reported by Carlsson et al.43 who observed 

more than 7% hydrolysis within 2 h at 70 °C. Then MAA was added to the reaction mixture 

and the ensuing polymerisation proceeded to approximately 99% conversion to produce a 

well-defined PDMA50-PMAA50 diblock copolymer with a relatively narrow molecular weight 

distribution (Mn = 11 000 g mol-1, Mw/Mn = 1.23).  The conversion vs. time curves obtained 

from in situ NMR studies (see Figures 4.9 and 4.10) confirm that high conversions can be 

obtained for each block within 8 h at 44 °C. Similarly, in situ NMR studies conducted during 

the synthesis of PDMA100 and PDMA200 precursor blocks at 40% w/w solids indicated that 
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essentially full monomer conversion is achieved within 3.5 h and 4 h, respectively (Figure 

4.11).  

 

Scheme 4.5 Wholly aqueous one-pot synthetic route to zwitterionic diblock copolymers via RAFT 
aqueous solution polymerisation of MAA at 44 °C using a fully protonated PDMA precursor. 

 

Aqueous GPC studies on unmodified zwitterionic diblock copolymers indicate that 

reasonably high blocking efficiencies (i.e. minimal contamination by the homopolymer 

precursor) can be achieved during their RAFT synthesis (Table 4.5).  The PDMA precursor 

was necessarily analysed using THF eluent because the PDMA block is not soluble in the 

aqueous eluent (1.0 M NaNO3, pH 10). The reported molecular weight values are based on 

PEO standards, and entirely dependent on how the molecules coil in the eluent, so these 

values are unlikely to be accurate.  
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Table 4.5 Summary of the characterisation data obtained for zwitterionic diblock copolymers 
synthesised via RAFT aqueous solution polymerisation, for which PDMA is the first block and the 
second block comprises PMAA with the second-stage polymerisation being conducted at pH 2. These 
syntheses were conducted according to protocols described in Scheme 4.5. 

Diblock copolymer 

composition 

PDMA 1H 

NMR 

conversion 

(%) 

PMAA 1H 

NMR 

conversion 

(%) 

THF GPC (PDMA) 

Aqueous  GPC 

(PDMA-PMAA) 
IEP 

Mn (g mol-1) Mw/Mn Mn (g mol-1) Mw/Mn 

PDMA200-PMAA200 >99 >99 45 900 1.29 41 800 1.25 6.6 

PDMA50-PMAA50 99 >99 15 700 1.29 11 000 1.23 6.7 

PDMA50-PMAA100 >99 >99 15 700 1.29 25 500 1.12 5.4 

PDMA100-PMAA50 99 >99 12 400 1.12 18 700 1.32 8.6 

 

 

Figure 4.9 Conversion vs. time curves obtained from in situ 1H NMR spectroscopy studies conducted in 
D2O for the wholly aqueous one-pot synthesis of a PDMA50-PMAA50 zwitterionic diblock copolymer. 
Essentially full DMA conversion is achieved within 3 h at 44 °C for the first block, while the subsequent 
MAA polymerisation required 4.5 h at the same temperature. 
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Figure 4.10 Selected 1H NMR spectra recorded in D2O at the start (blue) and end (green) of the RAFT 
aqueous solution polymerization of DMA and also at the start (red) and end (pink) of the subsequent 
MAA polymerisation. Note the absence of any residual monomer vinyl signals in each case. Sodium 
2,2,3,3-d(4)-3-(trimethylsilyl)propionate (labelled as ‘TMS’) is used as a water-soluble reference 
compound and gives rise to a characteristic signal at 0 ppm. 

 

 

Figure 4.11 Conversion vs. time curves obtained from in situ 1H NMR spectroscopy studies conducted 
in D2O for the wholly aqueous synthesis of (a) a PDMA100 precursor, where essentially full DMA 
conversion is achieved within 3.5 h at 44 °C and (b) a PDMA200 precursor, where greater than 96% DMA 
conversion is achieved within 4 h at 44 °C.  

 

A one-pot protocol was also developed for these PMAA-first syntheses (Scheme 4.6). 

However, polymerising MAA first leads to somewhat lower comonomer conversions and 

broader molecular weight distributions than those achieved when preparing the equivalent 
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zwitterionic diblock copolymers by polymerising DMA first (see Table 4.6 for examples of 

MAA-first polymerisations). For the MAA-first syntheses, premature hydrolysis of the 

RAFT end-groups may occur in the mildly alkaline solution conditions preferred for the 

second-stage polymerisation of DMA.35,44 

 

Scheme 4.6 Wholly aqueous one-pot synthetic route to zwitterionic diblock copolymers via RAFT 
aqueous solution polymerisation of DMA at 70 °C using a fully deprotonated PMAA precursor. 
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Table 4.6 Summary of the characterisation data obtained for zwitterionic diblock copolymers 
synthesised via RAFT aqueous solution polymerisation, for which PMAA is the first block and the 
second block comprises PDMA with the second-stage polymerisation being conducted at pH 8.5. These 
syntheses were conducted via the protocol described in Scheme 4.6. 

Diblock copolymer 
composition 

CTA 

PMAA 1H 
NMR 

conversion 
(%) 

PDMA 1H 
NMR 

conversion 
(%) 

Aqueous GPC (PMAA)  

(g mol-1) 

Aqueous  GPC (diblock)  

 (g mol-1) 

Mn  Mw/Mn Mn Mw/Mn 

PMAA45-PDMA48 PETTC 89 95 8 900 1.21 13 800 1.35 

PMAA47-PDMA48 CPDB 93 96 7 100 1.28 14 400 1.19 

PMAA50-PDMA95 PETTC 99 95 4 200 1.66 14 700 1.47 

PMAA40-PDMA96 CPDB 80 96 6 100 1.30 19 700 1.21 

PMAA97-PDMA49 PETTC 97 97 10 700 1.16 17 700 1.23 

PMAA84-PDMA42 CPDB 84 83 14 300 1.13 17 500 1.20 

 

IEP data for these PMAA-first syntheses is not shown, as incomplete conversion and 

hydrolysis led to much lower IEPs then expected.  

 

Figure 4.12 Conversion vs. time curves obtained from in situ 1H NMR spectroscopy studies conducted 
in D2O for the wholly aqueous one-pot synthesis of a PMAA50-PDMA50 zwitterionic diblock copolymer. 
Essentially full MAA conversion is achieved within 3 h at 44 °C for the synthesis of the first block at 
pH 3.5, while the subsequent DMA polymerization at pH 8.5 requires 9 h at the same temperature. 
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The IEP is determined for three examples of PDMAx-PMAAy copolymers in Figure 4.13. 

The IEP exhibited by such zwitterionic diblock copolymers can be tuned from pH 5.4 to 8.6 

by systematic variation of the relative proportions of the anionic and cationic comonomers. 

More specifically, increasing the DMA mol% of such copolymers leads to higher IEPs. 

 

Figure 4.13 Variation in zeta potential and DLS diameter with solution pH to determine isoelectric 
points and regions of colloidal instability for (a) PDMA49-PMAA100, (b) PDMA50-PMAA50 and (c) 
PDMA100-PMAA50 in the presence of 1 mM KCl as background salt. [N.B. Higher IEPs are obtained on 
increasing the DMA mol% in the zwitterionic diblock copolymer]. 
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1H NMR spectroscopy can be used to assess changes in the degree of solvation of each block 

for a PDMA50-PMAA50 zwitterionic diblock copolymer, see Figure 4.14. At pH 6, almost no 

NMR signals can be observed for this copolymer owing to macroscopic precipitation at its 

IEP. However, addition of sufficient background salt at this pH enables screening of the 

electrostatic attractions between the cationic and anionic blocks, which in turn confers water 

solubility. Under such conditions, NMR signals assigned to the protonated PDMA block (see 

a, b and c) are observed. In contrast, the ionised anionic PMAA exhibits almost no unique 

NMR signals because its methacrylic backbone signals simply overlap with those of the 

PDMA block. However, there is some evidence for a weak broad signal e at around 1.7 ppm 

that is assigned to the two CH2 backbone protons associated with the anionic carboxylate 

form of the MAA repeat units. 

At pH 2 (0.01 M DCl in D2O), the PDMA block is fully protonated. Hence signals a, b and c 

are observed 2.9, 3.5 and 4.3 ppm, respectively, whereas ionisation of the PMAA block is 

suppressed. The methacrylic backbone signals f and g assigned to the former block are also 

prominent at 1.0 and 1.9 ppm, respectively. However, the methacrylic backbone signals (e 

and d; 0 - 2.5 ppm) for the neutral PMAA block are suppressed. At pH 9 (NaOD/D2O), the 

PMAA block becomes highly ionised and acquires highly anionic character, whereas the 

PDMA block becomes deprotonated (but remains at least partially solvated). As expected, 

some of the NMR signals assigned to the PDMA block are shifted to lower δ values: a, b, and 

c now appear at 2.0, 2.6 and 4.0 ppm. The methacrylic backbone protons d and e assigned to 

the anionic PMAA block are now fully solvated and appear at 0.9 and 1.6 ppm, respectively. 

The PDMA signals f and g remain unchanged at δ 1.0 and 1.9 ppm. The NMR shifts for these 

methacrylic backbone signals are less sensitive to the degree of protonation of the PDMA 

block than the 2-(dimethyl)amino, azamethylene and oxymethylene proton signals associated 
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with the pendent 2-(dimethylamino)ethyl groups (see signals a, b and c respectively in the 

purple spectrum shown in Figure 4.14).  

 

Figure 4.14 1H NMR spectra recorded for (i) a PDMA50-PMAA50 zwitterionic diblock copolymer in 
DCl/D2O at pH 2 (where both blocks are fully protonated), (ii) at pH 6 in the presence of 4 M KCl (to 
suppress macroscopic precipitation at this IEP), (iii) at the same pH in the absence of salt, and (iv) in 
NaOD/D2O at pH 9 (where the PMAA block is fully ionised and the PDMA block is in its near-neutral, 
weakly hydrophilic form). 

 

4.3.4 Modification of zwitterionic diblock copolymers for GPC analysis 

GPC analysis of some zwitterionic diblock copolymers typically requires chemical 

modification to ensure solubility in a suitable eluent. For PMAA-PMETAC diblock 

copolymers, this was achieved by forced hydrolysis of the ester groups in the PMETAC 

block to produce a PMAA homopolymer. This precursor was then exhaustively methylated 

using excess trimethylsilyldiazomethane to afford poly(methyl methacrylate) [PMMA], 

which is amenable to GPC analysis using THF eluent (more details for this protocol can be 

found in Chapter 5, see Figure 5.2).  

For zwitterionic diblock copolymers comprising poly(tertiary amine methacrylate) blocks, it 

is important to demonstrate that methylation of the carboxylic acid groups in the PCEA block 
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occurs with essentially no quaternisation of the tertiary amine groups. Such selectivity can be 

achieved using a 3:2 toluene/methanol solvent mixture.45,46 This was confirmed by 

conducting a control experiment in which a PDMA50 homopolymer was exposed to the same 

methylation conditions. Compared to the other three poly(tertiary amine methacrylate) blocks 

examined in this study, PDMA is the least sterically-hindered and hence the most reactive 

towards quaternisation.47 Thus if no quaternisation is observed when PDMA homopolymer is 

exposed to a ten-fold excess of trimethylsilyldiazomethane, then this potential side reaction is 

extremely unlikely to occur for PDEA, PDPA or PMEMA. 1H NMR spectroscopy studies of 

a PDMA50 homopolymer confirmed that essentially no spectral changes occurred after its 

exposure to typical methylation conditions (see Figure 4.15). Furthermore, GPC studies 

confirmed no significant change in its molecular weight distribution. Accordingly, selective 

methylation of various zwitterionic diblock copolymers was conducted using a ten-fold 

excess of trimethylsilyldiazomethane based on the molar concentration of tertiary amine 

methacrylate repeat units. However, these derivatisations were conducted in dilute solution 

(2.0% w/w copolymer) at 20 °C and hence required a long reaction time (72 h) to ensure the 

highest possible extent of reaction. In each case, the degree of methylation was determined by 

1H NMR spectroscopy by comparing the integral of the new methoxy proton signal at 

approximately 3.6 ppm to that of the methacrylic backbone signals for both blocks at 0 to 2.2 

ppm. An example of the selective methylation of the MAA residues in a PDPA67-PMAA67 

diblock copolymer to afford PDPA67-PMMA67 chains that are amenable to GPC analysis is 

shown in Figure 4.16.  
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Figure 4.15 (a) 1H NMR spectra recorded for a PDMA50 homopolymer before (lower spectrum) and 
after (upper spectrum) exposure to a ten-fold excess of trimethylsilyldiazomethane for 72 h at 20 °C. (b) 
GPC curve recorded for PDMA50 before (green) and after (blue) exposure to methylation conditions. 
This control experiment confirms no detectable quaternisation of the tertiary amine groups, thus 
selective methylation of the PMAA (or PCEA) blocks in zwitterionic diblock copolymers is anticipated 
under such conditions. 

 

 

Figure 4.16 1H NMR spectra recorded for a PDPA67-PMAA67 diblock copolymer before (blue spectrum) 
and after (red spectrum) exhaustive methylation using excess trimethylsilyldiazomethane. A new signal 
a at approximately 3.6 ppm is assigned to methoxy protons, indicating successful formation of a PDPA-
PMMA diblock copolymer. Such selective derivatisation is essential for reliable GPC analysis of 
zwitterionic diblock copolymers. 
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GPC analysis of methylated PDMA-PCEA diblock copolymers or PMAA homopolymer was 

conducted using DMF eluent. However, THF eluent was preferred for PDEA-, PMEMA- and 

PDPA-based diblock copolymers.  

4.3.4 Aqueous end-group removal of zwitterionic diblock copolymers 

Removal of the trithiocarbonate end-groups was examined using a weakly basic aqueous 

solution of hydrazine hydrate (pH 9) at a hydrazine/trithiocarbonate molar ratio of 2.0 at 20 

°C for 3.5 h. UV spectroscopy was used to monitor the disappearance of the trithiocarbonate 

signal at 314 nm over 3.5 h at 20 °C. The progressive reduction in absorbance at this 

wavelength over time is shown in Figure 4.17a. However, the original band never reaches 

the baseline. At first sight, this suggests that end-group removal remains incomplete under 

such conditions. However, this is simply an artefact caused by the appearance of a new band 

at approximately 304 nm, which is assigned to unknown UV-active small-molecule by-

products generated during chain-end removal. Similar observations have been reported by 

Jesson et al. when using UV spectroscopy to monitor the removal of dithiobenzoate end-

groups using excess H2O2.
48 Fortunately, this technical problem can be circumvented by 

using UV GPC (DMF eluent; λ = 314 nm; after exhaustive methylation of the PMAA block) 

to monitor the extent of end-group removal, because this technique leads to fractionation of 

the copolymer chains from the small-molecule by-products prior to their detection. 

Comparison of the UV signals for the diblock copolymer chains before and after end-group 

removal indicates substantial loss (approximately 98%) of the original trithiocarbonate end-

groups (Figure 4.17b). Moreover, the insolubility of such zwitterionic diblock copolymers at 

around their IEP enables their purification after hydrazine derivatisation using a wholly 

aqueous work-up. Thus, after hydrazine treatment of an initially yellow PDMA50-PMAA50 

copolymer at pH 9 to remove its end-groups, the solution pH was lowered to the isoelectric 

point of the zwitterionic diblock copolymer using 0.25 M HCl to induce its macroscopic 
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precipitation. The insoluble crude copolymer was then washed four times using deionised 

water (at its IEP of pH 6) to remove the small-molecule by-products. The resulting purified 

white polymer was then analysed by 1H NMR spectroscopy in CD3OD to confirm 

disappearance of the aromatic signals at 7-8 ppm (data not shown).  

In principle, this end-group removal method should be well-suited for industrial scale-up 

since it avoids the use of any organic solvents. However, it is perhaps worth emphasising that 

this protocol is only feasible for diblock copolymers that exhibit an IEP, For example, it is 

not suitable for PMETAC-rich PMAA-PMETAC diblock copolymers for which there is 

insufficient anionic charge to induce macroscopic precipitation even at high pH.  

 

 

Figure 4.17 Removal of trithiocarbonate end-groups from a PDMA51-PMAA50 zwitterionic diblock 
copolymer using an aqueous solution of hydrazine at pH 9 (hydrazine/trithiocarbonate molar ratio = 
1.0). (a) UV spectra showing the progressive reduction in absorbance at λ = 314 nm over 3.5 h at 20 °C. 
(b) After exhaustive selective methylation of the MAA residues in this PDMA50-PMAA50 copolymer, 
DMF UV GPC curves recorded at λ = 314 nm indicate a 98% reduction in the original UV signal 
associated with the trithiocarbonate end-groups. 
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4.4 Conclusions 
 

In summary, we report a new, highly convenient and atom-efficient synthetic route to a range 

of well-defined zwitterionic diblock copolymers, whereby the anionic block is either 

poly(methacrylic acid) or poly(2-carboxyethyl acrylate), while the cationic block can be 

poly(2-(dimethylamino)ethyl methacrylate), poly(2-(diethylamino)ethyl methacrylate), 

poly(2-(N-morpholino)ethyl methacrylate) or poly(2-(methacryloyloxy)ethyl 

trimethylammonium chloride). Such wholly aqueous formulations do not require protecting 

group chemistry and either the cationic or the anionic monomer can be polymerised first. 

Varying the copolymer composition and/or the type of cationic monomer enables the 

isoelectric point exhibited by such zwitterionic diblock copolymers to be readily tuned and 

one-pot syntheses are also feasible. Treatment with hydrazine enables the trithiocarbonate 

RAFT end-groups to be removed and macroscopic precipitation at the isoelectric point 

facilitates wholly aqueous work-up after this derivatisation. According to the literature, such 

zwitterionic diblock copolymers should be useful pigment dispersants for aqueous 

formulations; this hypothesis is evaluated for two inorganic pigments in Chapter 5. 
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Zwitterionic diblock copolymers as 
aqueous pigment dispersants for 

inorganic pigments 
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5.1 Introduction 
 

Aqueous formulations are becoming more widespread owing to environmental considerations 

and the burgeoning sustainability agenda.1 In the context of aqueous inkjet ink formulations it 

is important to use appropriate polymeric dispersants, otherwise aqueous pigment dispersions 

can be inferior to solvent-borne dispersions in terms of gloss and colour characteristics.2 

Zwitterionic diblock copolymers, also known as polyampholytes, have been suggested to be 

‘universal’ pigment dispersants.3–6 This is because they possess both cationic/basic and 

anionic/acidic blocks, so in principle they can be used for a wide range of pigment surface 

chemistries.7 When two pigment particles approach one another, the solvated adsorbed 

stabiliser layers interpenetrate and become compressed. In a good solvent environment, such 

interpenetration is unfavourable both entropically and enthalpically. This generates a strong 

steric repulsive interaction between particles on close approach, which ensures long-term 

colloidal stability. If the stabiliser chains are polyelectrolytes, this is known as electrosteric 

stabilisation (as opposed to merely steric stabilisation for neutral stabiliser chains).8 

Electrosteric stabilisation can tolerate much higher ionic strength than charge stabilisation, 

since the steric layer can compensate for any reduction in the thickness of the electrical 

double layer.  

The solution pH can also influence colloidal stabilisation. This is because this dictates the 

overall surface charge on the pigment particles. In principle, this could lead to desorption of 

the polyelectrolyte stabiliser chains from the pigment surface but it is perhaps more likely 

that the pigment particles simply become unstable at their isoelectric point (IEP). The IEP is 

where the number of anionic surface groups match the number of cationic surface groups, 

leading to no net overall charge. It is well-known that various types of colloidal dispersions 

become unstable at their IEP, including globular proteins,9,10 charge-stabilised latexes,11,12 

metal sols13,14 and zwitterionic diblock copolymer nanoparticles.15,16  
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The potential use of zwitterionic diblock copolymers as pigment dispersants was first 

examined in detail by Creutz and co-workers.3,4  This Belgian team employed poly(2-

(dimethyamino)ethyl methacrylate) [PDMA] as an anchor block and an ammonium salt of 

poly(methacrylic acid) as a stabiliser block for the dispersion of an iron oxide inorganic 

pigment, a red organic pigment (diketopyrrolopyrrole), and a blue organic pigment (Cu-

phthalocyanine). Many components in commercial paint formulations are anionic, so an 

anionic stabiliser block is used to ensure compatibility. Creutz and co-workers compared the 

dispersant performance of a block copolymer, a tapered (gradient) copolymer and a random 

copolymer to that of a commercial dispersant for each of the above three pigments. The block 

copolymer (and the tapered copolymer) proved to be superior to the random copolymer for all 

three pigments. This study also suggested that an effective dispersant should comprise a 

relatively long anionic/acidic block and a relatively short cationic/amine block.3 Moreover, 

such zwitterionic diblock copolymer dispersants do not require organic cosolvents and can 

tolerate relatively high pigment loadings. 

In 2000, the same Belgian team evaluated zwitterionic diblock copolymers for the 

preparation of concentrated aqueous dispersions of alumina-coated titanium dioxide 

particles.5 Various AB diblock copolymers consisting of a PDMA anchor block and a 

poly(sodium methacrylate) [PNaMAA] stabiliser block and also the corresponding ABA and 

BAB triblock copolymers were evaluated alongside the corresponding tapered and random 

copolymers. The copolymer concentration always remained well above the CMC. Thus, the 

diblock copolymer micelles (a.k.a. nanoparticles) acted as reservoirs for the individual 

copolymer chains (unimers) that adsorb onto the pigment surface. Diblock copolymers 

proved to be superior to triblock copolymers, and efficient stabilisation was achieved when 

using just 0.3% dispersant per unit mass of pigment. Perhaps not surprisingly, triblocks 

containing outer anchor blocks promoted bridging flocculation, which compromised 
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dispersion stability. These prior studies indicate that ‘blockiness’ is an important criterion 

when designing zwitterionic copolymer dispersants, not least because this enables higher 

colour strength and lower viscosity to be achieved compared to a reference commercial 

formulation.  

Two different inorganic pigments will be studied in this Chapter. The first is titanium dioxide 

(titania); this important pigment is well-known for its dispersibility in aqueous solution owing 

to the presence of surface hydroxyl groups. Furthermore, titania particles are often surface-

treated with other metal oxides to improve their dispersibility. This means that typical 

dispersant concentrations are relatively low per unit mass of pigment (as low as 2% for some 

commercial dispersants). The second pigment is a transparent yellow iron oxide, which is 

regarded by Lubrizol as one of the most difficult pigments to disperse efficiently in aqueous 

solution. Such particles have a needle-like morphology, relatively high density, and exhibit 

hydrophobic character between pH 5 and pH 8. They are rarely surface-treated and the 

current standard industrial formulation requires 25% dispersant per unit mass of pigment.17  

Titania is the most important white pigment used in paints and coatings: its annual global 

production was 9 million tonnes in 2014, which accounted for two-thirds of all pigment 

manufacture worldwide.18  During its manufacture, partially soluble components accumulate 

at the surface of titania particles.19  These components are either impurities from the ore, or 

additives used to control crystal structure and growth, as well as regulate agglomeration. For 

example, the introduction of a surface layer of alumina reduces the Hamaker constant of 

titania particles from 6.0 x 10-20 J to 2.75 x 10-20 J, leading to a significant reduction in the 

ever-present van der Waals attractive forces.20 Although such inorganic surface treatments 

certainly improve pigment dispersibility, this is not always sufficient to stabilise pigment 

particles for practical applications. 
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Yellow iron oxide has long been used as a pigment but its needle-like morphology makes it 

rather prone to aggregation.21,22 This particle anisotropy also leads to shear-thickening 

rheological behaviour, which can make effective dispersant dosing somewhat problematic 

prior to mechanical milling processes.23 Dispersions must be formulated with maximum 

pigment loading and minimal binder; the pigment concentrate must also be compatible with 

further additives used to produce the final ink formulation.  

Ultimately, pigments must be well-dispersed and fully coated with a relatively thick layer of 

strongly adsorbed copolymer stabiliser chains to achieve good long-term colloidal stability.24 

Given that such particles can become unstable at their IEP, the dispersion pH is an important 

parameter to consider during formulation; this aspect will be studied in detail in this Chapter. 

The compositions have been chosen based on preliminary small-scale studies, indicating a 

good affinity to the inorganic pigments. 

 

5.2 Experimental 

 

Materials 
 
4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid) (PETTC) was 

synthesised as previously reported.25 2-(Dimethylamino)ethyl methacrylate (DMA), [2-

(methacryloyloxy)ethyl] trimethylammonium chloride (METAC), and 

trimethylsilyldiazomethane (supplied as a 2.0 M solution in diethyl ether) were purchased 

from Sigma-Aldrich (Dorset, UK) and were used as received. Methacrylic acid (MAA) was 

purchased from Merck (Germany) and was used as received. 2,2’-Azobis(2- (2-imidazolin-2-

yl)propane) dihydrochloride (VA-044) was purchased from Wako Pure Chemical Industries 

(Japan). 4,4′-Azobis(4-cyanovaleric acid) (ACVA; 98%) was purchased from Alfa Aesar 

(Heysham, UK) and was used as received. CD3OD and CD2Cl2 were purchased from Goss 
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Scientific Instruments Ltd (Cheshire, UK). CDCl3, D2O, NaOD and DCl were purchased 

from Sigma-Aldrich (Dorset, UK). All other solvents were purchased from Fisher Scientific 

(Loughborough, UK) and were used as received. Deionised water was used for all 

experiments and the solution pH was adjusted using either HCl or NaOH. Samples of 

titanium dioxide R-960 and transparent yellow iron oxide Lanox 8916 pigments and a 

proprietary commercial dispersant was provided by The Lubrizol Corporation (Blackley, 

Manchester, UK). 

Synthesis of PETTC RAFT Agent 

A 1 L conical flask was charged with a magnetic stirrer bar, sodium hydride (60% in oil, 7.0 

g, 175 mmol) and diethyl ether (400 mL). 2-Phenylethanethiol (21.6 g, 156 mmol) was added 

dropwise to the stirred grey suspension, which turned white after 2 h. Carbon disulfide (13.5 

g, 177 mmol) was added dropwise and a yellow precipitate of 2-phenylethanetrithiocarbonate 

was formed over 2 h, collected via vacuum filtration and dried overnight in a vacuum oven 

set at 30 °C.  Solid iodine (23.0 g, 90.6 mmol) was added to the suspension of the 2-

phenylethanetrithiocarbonate (35.7 g, 151 mmol) in 400 mL diethyl ether. After 1.5 h stirring 

at room temperature the resulting white precipitate of sodium iodide was removed via 

filtration. The brown filtrate was washed with saturated sodium thiosulfate solution (4 x 150 

mL), dried over magnesium sulfate and the solvent was removed under reduced pressure to 

afford bis-(2-phenyl ethane sulfanylthiocarbonyl)disulphide (21.0 g, 49 mmol). A 1 L two-

neck round-bottom flask equipped with magnetic stirrer was charged with bis-(2-phenyl 

ethane sulfanylthiocarbonyl)disulphide (21.0 g, 49 mmol), ACVA (21.0 g, 103 mmol) and 

ethyl acetate (500 mL). This mixture was purged with nitrogen for 45 min, then refluxed 

under a nitrogen atmosphere overnight. The resulting orange solution was washed with water 

(4 x 200 mL), dried over magnesium sulfate and all volatiles were removed under reduced 

pressure. The crude product was purified by column chromatography using silica gel as the 
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stationary phase and a mobile phase comprising initially pure dichloromethane, switching to 

95:5 v/v dichloromethane/ethanol after the first fraction had been removed to afford an 

orange oil. This oil was then recrystallized from 4 : 1 v/v ethyl acetate/hexane to yield 4-

cyano4-(2-phenylethane sulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) as a yellow 

solid (57% yield). 1H NMR (400 MHz, CD2Cl2, 25 °C): δ 1.91 (s, 3H, –(CN)CH3), 2.40–2.62 

(m, 2H, –(CH3)(CN)-CH2CH2C(=O)OH), 2.64-2.87 m, 2H, –(CH3)(CN)-CH2CH2C(=O)OH), 

3.02–3.06 (t, 2H, –PhCH2CH2S(C=S)S), 3.60–3.66 (t, 2H, –PhCH2CH2S(C=S)S), 7.25–7.40 

(m, 5H, –PhCH2CH2S(C=S)S). 13C NMR (400 MHz, CDCl3, 25 °C): δ 24.9 (CH3), 29.5 

(CH2CH2C(=O)OH), 33.5 (PhCH2CH2S), 34.0 (CH2CH2C(=O)OH), 38.0 (PhCH2CH2S), 46.3 

(SC(CH3)(CN)CH2), 118.9 (SC(CH3)(CN)CH2), 126.9-128.6, 139.2 (PhCH2), 177.1 (C=O), 

216.4 (C=S). MS (ES+) m/z calcd: 339.49 Found: 339.0  

Large scale one-pot synthesis of poly(2-(dimethylamino)ethyl methacrylate)-

poly(methacrylic acid) (PDMA-PMAA) diblock copolymer  

The large-scale protocol for the synthesis of a PDMA50-PMAA100 zwitterionic diblock 

copolymer was conducted as follows: DMA (18.0 g, 114 mmol), PETTC (0.777 g, 2.29 

mmol), VA-044 (148 mg, 0.458 mmol) and deionised water (28.4 g) were added to a 500 mL 

two-necked round-bottomed flask. 36% HCl (9.83 g, 0.114 mol) was added to adjust the 

solution pH to pH 7. This aqueous reaction mixture was then purged for 30 min with nitrogen 

and heated to 44 °C. In a separate vial, MAA (19.7 g, 229 mmol), VA-044 (246 mg, 0.763 

mmol) and water (127 g) were purged with nitrogen for 30 min. The DMA polymerisation 

had reached approximately full conversion after 3.5 h, as determined by 1H NMR 

spectroscopy. Then the degassed aqueous solution containing MAA monomer and VA-044 

initiator was added under a nitrogen atmosphere. The ensuing MAA polymerization was 

allowed to proceed for 2.5 h at 44 °C (final reaction solution was pH 2.0). A final MAA 
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conversion of more than 99% was achieved as determined by 1H NMR spectroscopy studies, 

yielding a yellow dispersion. 

Large scale one-pot synthesis of poly(methacrylic acid)-poly(2-(methacryloyloxy)ethyl 

trimethylammonium chloride) (PMAA-PMETAC) diblock copolymer 

The large-scale protocol for the synthesis of a PMAA67-PMETAC120 zwitterionic diblock 

copolymer was conducted as follows. MAA (6.00 g, 69.6 mmol) and CPDB (257 mg, 1.16 

mmol) were stirred thoroughly to ensure solvation of CPDB at 60% w/w solids. ACVA (65.1 

mg, 232 mmol) and deionised water (4.2 g) were added to a 100 ml two-necked round-

bottomed flask. This aqueous solution was then purged for 30 min with nitrogen and heated 

up to 70 °C. In a second vial, deionised water (31.6 g) was degassed and then added to the 

reaction solution after 45 min to reduce the increasing viscosity of the polymerizing solution 

(targeting 15% w/w solids). After 3 h, the MAA polymerisation had reached more than 99% 

conversion (as determined by 1H NMR spectroscopy). In a separate vial, METAC (14.4 g, 

69.7 mmol), ACVA (125 mg, 0.387 mmol) and deionised water (79.0 g, targeting 20% w/w 

solids) were purged with nitrogen for 30 min. This degassed aqueous solution was added 

under a nitrogen atmosphere and the second-stage polymerisation was allowed to continue for 

6 h at 70 °C. A final METAC conversion of 99% was achieved as determined by 1H NMR 

spectroscopy, yielding a viscous reddish-pink solution. Derivatisation of these copolymers is 

described in Chapter 4, see Section 4.2. 

Synthesis of poly(2-(dimethylamino)ethyl methacrylate) (PDMA) macro-CTA 

The synthesis details for this macro-CTA are described in Chapter 4, see Section 4.2. 
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Large scale synthesis of poly(2-(dimethylamino)ethyl methacrylate)-poly(methacrylic 

acid)- stat-(benzyl methacrylate) (PDMA-P(MAA-stat-BzMA) copolymer 

The 100 g scale protocol for the synthesis of the PDMA50−P(MAA0.8- stat-BzMA0.2)100 

diblock copolymer was as follows: PDMA50 macro-CTA (6.98 g, 0.851 mmol), MAA 

monomer (5.86 g, 0.068 mol), BzMA (3.00 g, 0.251 mmol), ACVA (59.6 mg, 0.213 mmol; 

CTA/initiator molar ratio = 4.0), and deionised water (90.36 g, 10% w/w) were weighed into 

a 25 mL round-bottom flask and the pH of the reaction solution was adjusted to pH 2.5. The 

reaction solution was then purged with nitrogen for 30 min and subsequently placed in a 70 

°C oil bath for 16 h. A final conversion of more than 99% was achieved as determined by 1H 

NMR spectroscopy. 

Exhaustive methylation protocol 

This derivatisation protocol is described in Chapter 4, see Section 4.2. 

Gel Permeation Chromatography (GPC) 

This analytical protocol is described in Chapter 4, see Section 4.2. 

Preparation of trident vial dispersions 

A typical trident vial dispersion was made up as follows. The desired pigment (1.00 g) was 

added to an empty 14 mm trident vial. To obtain a copolymer concentration of 20% based on 

pigment mass when using a polymer dispersion synthesised at 20% solids, quantities used 

were as follows. Copolymer dispersion (1.00 g) and water (8.00 g) along with glass beads 

(3.50 g) were added in that order. The resulting vials were hand-shaken, then fastened to a 

mechanical shaker to be shook more vigorously for 16 h at 20 °C prior to analysis by 

LUMiSizer, rheometer, dynamic light scattering, aqueous electrophoresis and/or TEM. 
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Dynamic Light Scattering 

Dilute (0.10% w/w) aqueous copolymer dispersions were analysed at 25 °C using a Malvern 

NanoZS instrument. Scattered light was detected at 173° and hydrodynamic diameters were 

calculated using the Stokes-Einstein equation, which assumes dilute non-interacting spheres. 

Data were averaged over three consecutive measurements comprising eleven runs per 

measurement. 

Aqueous Electrophoresis 

Zeta potentials were calculated from electrophoretic mobilities using a Malvern NanoZS 

instrument. Measurements (averaged over 20 runs) were made as a function of pH on dilute 

dispersions (0.05-0.10% w/w) in deionised water in the presence of 1 mM KCl background 

salt. In each case, the solution pH was gradually lowered by adding 0.1 M HCl. 

Transmission electron microscopy 

Copper/palladium grids were surface-coated in-house to produce a thin film of amorphous 

carbon before being plasma glow-discharged for 40 seconds to produce a hydrophilic surface. 

A 1 µL droplet of a  0.1% w/w aqueous copolymer dispersion (solution pH adjusted using 

either 0.1 M HCl or 0.1 M NaOH) was placed onto a grid for 45 seconds, then stained using a 

0.75% w/v aqueous solution of uranyl formate for 45 seconds. Excess stain was removed by 

careful blotting and the grid was then dried using a vacuum hose. TEM images were recorded 

using a Philips CM100 instrument operating at 100 kV and equipped with a Gatan 1k CCCD 

camera. ImageJ software was used to calculate mean diameters and standard deviations from 

TEM images (at least 100 nanoparticles were analysed per sample). 

Analytical Centrifugation using the LUMiSizer instrument 

Copolymer-dispersed pigment dispersions were assessed using a LUMiSizer® analytical 

photocentrifuge (LUM GmbH, Berlin, Germany) at 25 °C. Measurements were conducted on 
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aqueous pigment dispersions directly from trident vials at 4,000 rpm using 2 mm path length 

polyamide cells. The LUMiSizer® employs STEP™ Technology (Space- and Time-resolved 

Extinction Profiles) to measure the intensity of transmitted light as a function of time and 

position over the entire cell length simultaneously. The progression of these transmission 

profiles contains information on the rate of sedimentation. Given knowledge of the particle 

density, this enables assessment of the particle size distribution and hence the degree of 

dispersion. 

Viscosity measurements 

An AR-G2 rheometer equipped with a variable temperature Peltier plate and a 40 mm 2° steel 

cone was used for all experiments. Viscosity was measured as a function of shear rate 

between 0.1 and 1000 s-1. Angular frequency sweeps were conducted at 25 °C using a 

constant percentage strain of 1.0%.  

5.3 Results and Discussion 

 
5.3.1 Characterisation of Zwitterionic Pigment Dispersants 

 

Figure 5.1 Representative molecular structures of the three copolymer dispersants used in this Chapter. 
(a) poly(2-(methacryloyloxy)ethyl trimethylammonium chloride)-poly(methacrylic acid) [PMETAC67-
PMAA120], (b) poly(2-dimethylaminoethyl methacrylate)-poly(methacrylic acid) [PDMA50-PMAA100], 
(c) poly(2-dimethylaminoethyl methacrylate)-poly((methacrylic acid)-stat-(benzyl methacrylate)) 
[PDMA50-(PMAA0.8-stat-PBzMA0.2)100] 
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As discussed in Chapter 4, zwitterionic diblock copolymers can be readily synthesised in high 

yield using either RAFT aqueous solution polymerisation or RAFT aqueous dispersion 

polymerisation, depending on the aqueous (in)solubility of the second block. The three 

zwitterionic diblock copolymer structures shown in Figure 5.1 represent the dispersants 

studied in this Chapter. These dispersants were chosen because there is literature precedent 

for their effectiveness as pigment dispersants. Small-scale screening tests indicated some 

degree of efficacy for these specific block compositions. The first dispersant is poly(2-

(methacryloyloxy)ethyl trimethylammonium chloride)-poly(methacrylic acid) [PMAA67-

PMETAC120] (Figure 5.1a), which can be synthesised via an aqueous one-pot RAFT 

protocol, as discussed in Chapter 4. This zwitterionic diblock copolymer comprises an acidic 

anionic block, which is highly hydrophilic in its anionic deprotonated form above pH 6 but 

becomes weakly hydrophobic and water-insoluble when fully protonated at low pH. On the 

other hand, the cationic block PMETAC possesses quaternary ammonium groups that remain 

cationic across the entire pH range. 

 

Figure 5.2 (a) Zeta potential vs. pH curve recorded for a PMAA67-PMETAC120 diblock copolymer in 1 
mM aqueous KCl, confirming its cationic character across the whole pH range. (b) THF GPC showing 
molecular weight data obtained for the derivatised PMAA67-PMETAC120 diblock copolymer following 
its forced ester hydrolysis and exhaustive methylation to produce PMMA187.  

 

Figure 5.2a shows its zeta potential vs pH curve, which confirms that this diblock remains 

cationic between pH 2 and pH 11, as discussed in Chapter 4. Chemical derivatisation was 
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required to dissolve this copolymer in a suitable solvent for GPC analysis. Firstly, the 

PMETAC chains were subjected to forced ester hydrolysis at 120 °C for 6 h in ethylene 

glycol in the presence of 3 M KOH. 1H NMR studies confirmed that all the methacrylic ester 

bonds had been cleaved, thus converting the PMAA67-PMETAC120 diblock copolymer chains 

into PMAA187 homopolymer (Figure 5.3). This intermediate was then subjected to 

exhaustive methylation using trimethylsilyldiazomethane to produce PMMA187 

homopolymer, which was amenable to GPC analysis using THF eluent. The GPC data 

indicated an Mn of 17,000 and a dispersity of 1.20 (Figure 5.2b), suggesting that the original 

PMAA67-PMETAC120 diblock copolymer had a narrow MWD. 

 

Figure 5.3 1H NMR spectrum recorded for a PMAA67-PMETAC120 diblock copolymer as synthesised in 
D2O (red spectrum), the same sample following forced hydrolysis of its ester groups using 3 M NaOH 
at 120 °C to afford PMAA187 homopolymer (green spectrum) and the final PMMA187 homopolymer in 
CDCl3 following exhaustive methylation of PMAA187 using excess trimethylsilyldiazomethane (blue 
spectrum).  
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Figure 5.4 (a) Zeta potential vs. pH curve recorded for a PDMA50-PMAA100 diblock copolymer in 1 mM 
aqueous KCl illustrating its zwitterionic character (IEP at pH ~ 5.1). (b) DMF GPC data for PDMA50-
PMAA100 diblock copolymer following its exhaustive methylation to afford PDMA50-PMMA100.  

 

The second zwitterionic diblock copolymer studied in this Chapter is poly(2-

(dimethylamino)ethyl methacrylate)-poly(methacrylic acid) [PDMA50-PMAA100] (Figure 

5.1b). This putative dispersant is characterised by aqueous electrophoresis and GPC analysis, 

see Figure 5.4. It has an IEP at approximately pH 5.1, around which it forms a macroscopic 

precipitation. At this pH, the tertiary amine groups on the PDMA block are partially 

protonated while the methacrylic acid groups on the PMAA block are partially ionised, which 

leads to electrical neutrality for this particular diblock composition. This diblock copolymer 

was also prepared in high yield using a wholly aqueous one-pot protocol. Exhaustive 

methylation of the PMAA block afforded a PDMA50-PMMA100 diblock copolymer, which 

enabled GPC analysis using DMF eluent. This selective derivatisation approach indicated a 

relatively narrow dispersity of 1.12, indicating that good control over the copolymer MWD 

was achieved during the original RAFT synthesis. 
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Figure 5.5 (a) Zeta potential vs. pH curve recorded for a zwitterionic PDMA50-(PMAA0.8-stat-
PBzMA0.2)100 diblock copolymer in 1 mM aqueous KCl (IEP is pH ~ 5.7); (b) representative TEM image 
obtained for a 0.1% w/w aqueous dispersion of PDMA50-(PMAA0.8-stat-PBzMA0.2)100, which indicates 

the presence of  well-defined spherical nanoparticles when dried at pH 3; (c) THF GPC trace recorded for 
PDMA50-(PMMA0.8-stat-PBzMA0.2)100 following exhaustive selective methylation of the MAA residues 
in PDMA50-(PMAA0.8-stat-PBzMA0.2)100. 

 

The third dispersant studied herein is poly(2-(dimethylamino)ethyl methacrylate)-

poly(methacrylic acid-stat-benzyl methacrylate) or PDMA50-(PMAA0.8-stat-PBzMA0.2)100 

(Figure 5.1c). Following the approach reported by Canning et al.,15 20 mol% of BzMA was 

statistically polymerised with MAA to confer additional hydrophobic character on the second 

block. Although initial screening studies suggested that introducing BzMA comonomer 

reduced dispersant efficacy in organic pigments (as briefly discussed in Chapter 3), it was 

hypothesised that such hydrophobic aromatic groups might enable stronger adsorption to the 

surface of the pigment particles to be achieved at an optimum solution pH for inorganic 

pigments. The aqueous electrophoresis data obtained for this zwitterionic diblock copolymer 

are shown in Figure 5.5a. As expected, cationic nanoparticles with poly(methacrylic acid-

stat-benzyl methacrylate) cores are formed at low pH and anionic PDMA-core nanoparticles 

are produced at high pH, with an IEP at approximately 5.7. This is slightly higher than that 

observed for PDMA50-PMAA100 owing to the subtle difference in diblock copolymer 

composition (i.e. replacement of 20% of the ionisable MAA residues by non-ionic BzMA 

residues).  
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The BzMA comonomer should aid the formation of well-defined spherical nanoparticles at 

low pH, where the MAA residues are fully protonated. In contrast, the BzMA groups are 

expected to be located within the highly anionic coronal stabiliser block at high pH, as 

confirmed by 1H NMR in D2O (Figure 5.6).15  

 

Figure 5.6 1H NMR spectroscopy of PDMA50-(PMAA0.8-stat-PBzMA0.2)100 copolymer in D2O at pH 
(pD) 2 (orange/top) and 10 (blue/bottom). 

 

5.3.2 Dispersion of Titania (R-960) Pigment Particles 

The first inorganic pigment to be discussed is Titania R-960, used as supplied by Lubrizol. 

This pigment is well-known to be readily dispersed in water. Commercial titania formulations 

only require using 2% of Lubrizol’s proprietary dispersant per unit mass of pigment.  
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Figure 5.7 (a) Zeta potential vs. pH curve recorded for a 0.1% w/w aqueous dispersion of titania 
particles in the presence of 1mM KCl indicating an IEP at approximately pH 7.0. (b) Representative 
TEM image recorded after drying the same aqueous titania dispersion.  

 

The aqueous electrophoresis data (Figure 5.7a) indicate that this pigment has an isoelectric 

point at approximately pH 7.0. Nevertheless, the titania particles appeared to be colloidally 

stable at all solution pH values. This is most likely owing to the surface modification of this 

pigment: alumina and amorphous silica make up 3.3% and 5.5% of the total mass of titania 

R-960, respectively.26 The TEM image (Figure 5.7b) was recorded after drying a 0.1% w/w 

aqueous dispersion of titania particles. This pigment appears to have a relatively broad 

particle size distribution. The specific surface area, as determined by BET measurements, is 

16.3 m2 g-1, which is comparable to that for other surface-treated titania pigments.27 Given a 

pigment density of 4.09 g cm-3 (as measured by helium pycnometry), and assuming zero 

porosity, this suggests a primary grain diameter of approximately 90 nm (as calculated using 

Equation 3.1). However, a number-average particle diameter of 242 ± 54 nm is observed by 

TEM. Therefore, this suggests that the titania pigment is present in the form of aggregates 

consisting of 2-3 primary particles. Analytical centrifugation studies using the LUMiSizer 

instrument indicates a weight-average diameter of 212 ± 72 nm, while DLS reports a z-

average diameter of 360 nm (polydispersity = 0.20). The latter particle size data suggest that 

these particles have a reasonably high degree of dispersion in aqueous media even in the 
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absence of any copolymer dispersant. Although the number-average TEM diameter is closer 

to the intensity-average DLS diameter than the weight-average LUMiSizer diameter, the 

LUMiSizer value is more likely to be closer to the true value, as it is taking an average of the 

largest number of particles. Although over 100 pigment particles were counted, due to their 

relatively large size compared to the TEM grid, a representative sample is difficult to obtain.  

In initial screening experiments, an arbitrary copolymer concentration was used for a 10% 

pigment dispersion. PDMA50-PMAA100 produced the highest degree of pigment dispersion, 

with the DLS diameter being reduced to 320 nm prior to any optimisation of dispersant 

concentration or solution pH. PMAA67-PMETAC120 diblock copolymer resulted in a similar 

DLS diameter of 364 nm. In contrast, other dispersants exhibiting no zwitterionic character 

(such as PMAA50-PHPMA100) led to DLS diameters of more than 400 nm. 

 

Scheme 5.1 Schematic representation of PDMA50-PMAA100 dispersing titania (i) below its IEP, where 
the red PMAA block is neutral and anchored to the particle surface, with charged, soluble blue PDMA 
providing stabilisation, and (ii) the same copolymer dispersing titania above its IEP where the blue 
PDMA block is neutral and anchoring to the surface, while the red anionic PMAA is charged and 
providing stabilisation.   

 

PDMA50-PMAA100 was further evaluated to identify its optimum dosage when preparing a 

10% w/w aqueous titania dispersion (Figure 5.8). The z-average diameter of these pigment 

particles was determined by DLS for a range of dispersant concentrations. A minimum was 
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observed at a copolymer concentration of 20% per unit mass of pigment, corresponding to 

0.20 g copolymer per gram of pigment.  

 

Figure 5.8 Dosage ladder constructed for a series of aqueous titania dispersions prepared using 
PDMA50-PMAA100 by determining the DLS diameter against copolymer dispersant concentration 
(expressed per unit mass of pigment). The minimum diameter observed at 20% corresponds to the 
optimal copolymer loading.  

 

Figure 5.9 Dosage ladder constructed for a series of aqueous titania dispersions prepared using 
PDMA50-PMAA100 by determining the dispersion viscosity against copolymer dispersant concentration 
(expressed per unit mass of pigment). A minimum in dispersion viscosity at 37 s-1 is observed at 20-25% 
copolymer, which corresponds to the optimal concentration. 

 

Dispersant performance can also be assessed by viscosity measurements: a minimum in 

dispersion viscosity at a fixed pigment concentration is known as the ‘surfactant demand’ of 

the pigment.28 This is where the particles are assumed to be fully dispersed. Excess surfactant 

– or, in this case, copolymer dispersant - can cause depletion flocculation, which increases 

the dispersion viscosity.28 This is because the dispersant is located in the continuous phase, as 



 
 

Page 198 of 268 
 

well as adsorbed at the surface of the pigment particles.29 On the other hand, adding too little 

dispersant leads to bridging flocculation because the particles are not sufficiently coated 

(submonolayer coverage). Figure 5.9 shows that there is a minimum in dispersion viscosity 

at 20-25% copolymer per unit mass of pigment. These observations are consistent with the 

DLS data. In subsequent experiments, 20% copolymer dispersant per unit mass of pigment 

was selected.  

The next step was to study the effect of varying the dispersion pH on the degree of pigment 

dispersion. Aqueous electrophoresis data were obtained for titania alone, the copolymer alone 

and the copolymer-dispersed titania particles (Figure 5.10). The electrophoretic footprint for 

the latter system more closely resembles that of the copolymer alone than that of the naked 

titania particles. This is consistent with the copolymer forming an adsorbed monolayer at the 

surface of the titania particles, thus conferring electrosteric stabilisation.  

 

Figure 5.10 Zeta potential vs. pH curve constructed for a 0.1 w/w aqueous dispersion of titania alone 
(black circles), the zwitterionic PDMA50-PMAA100 diblock copolymer alone (red triangles) and titania 
particles dispersed using the PDMA50-PMAA100 copolymer (blue squares). 

 

According to Lubrizol,17 the minimum acceptable DLS diameter for this type of dispersant 

test should be less than 400 nm. This assumes that grinding does not reduce the mean grain 

size of the pigment. 
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Figure 5.11 (a) pH dependence for the DLS diameter of a titania dispersion prepared using a 
zwitterionic PDMA50-PMAA100 diblock copolymer dispersant. The dashed line indicates the minimum 
acceptable z-average diameter for this type of test, with only those dispersions prepared above pH 6 
falling below this line. (b) Representative TEM images recorded for dilute titania dispersions dried at 
pH 3.0 (relatively low degree of dispersion) and pH 8.3 (relatively high degree of dispersion).  

 

The effect of varying the dispersion pH on the z-average particle diameter is shown in Figure 

5.11. The apparent particle size below pH 6 is relatively large, which suggests flocculation. 

This is consistent with the TEM image recorded for a dilute dispersion dried at pH 4.2, which 

reveals aggregates of particles (Figure 5.11b). In contrast, the titania particles are relatively 

well-dispersed above pH 6, with TEM studies of a dilute dispersion dried at pH 9.3 indicating 

the presence of mainly primary particles, rather than aggregates. However, it is emphasised 

that such studies may be prone to drying artefacts. Nonetheless, LUMiSizer studies confirm 

that the smallest particle size distribution can be obtained at pH 9.3. 

These findings suggest that the PDMA block is a more effective anchor block for titania, with 

the anionic PMAA chains acting as a stabiliser block. This is not unexpected: there is good 

literature precedent to suggest that polyamines adsorb onto titania.3,30,31 Below pH 6, the 

PDMA chains have a relatively high degree of protonation and hence are more 

hydrophilic/cationic; under such conditions they adsorb more weakly onto titania particles.32  
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Moreover, the degree of ionisation of the PMAA chains is reduced at low pH, so such blocks 

have less anionic character to stabilise the pigment dispersion. At pH 8.3, the PDMA block is 

weakly hydrophobic33 and thus adsorbs more strongly onto the surface of titania particles.32  

The second dispersant examined for the titania particles was PDMA50-(PMAA0.8-stat-

PBzMA0.2)100. A dosage ladder was constructed at pH 8 to establish the relationship between 

dispersion viscosity and copolymer concentration (Figure 5.12). This indicated that a 

minimum dispersion viscosity is obtained when using 20% copolymer per unit mass of 

pigment. The expected stabilisation mechanism is depicted in Scheme 5.2. 

 

Scheme 5.2 Schematic representation of PDMA50-(PMAA0.8-stat-PBzMA0.2)100 nanoparticles dispersing 
titania (i) below its IEP, where the red PMAA-stat-PBzMA block forms the hydrophobic core of the 
copolymer nanoparticle and soluble blue PDMA is providing stabilisation, and (ii) the same copolymer 
nanoparticles dispersing titania above its IEP where the blue PDMA block forms the core of the 
nanoparticles, while the red anionic PMAA-stat-PBzMA is charged and in solution.   

 

Figure 5.12 Dosage ladder constructed at pH 8 for a series of titania dispersions stabilised using various 
concentrations of PDMA50-(PMAA0.8-stat-PBzMA0.2)100 to determine the minimum dispersion viscosity. 
A viscosity minimum is obtained when using 20% copolymer per unit mass of pigment, which 
corresponds to the optimal concentration.  
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Owing to the particulate nature of these zwitterionic diblock copolymer nanoparticles, DLS 

analysis indicated bimodal particle size distributions (Figure 5.13). This was not ideal, as this 

led to average results which were not representative of the real particle size distribution 

(Figure 5.13b). 

 

Figure 5.13 (a) DLS diameter vs. dispersion pH obtained for dilute titania dispersions prepared using 
the PDMA50-P(MAA0.8-stat-BzMA0.2)100 dispersant; (b) DLS true particle size distribution of selected 
dispersion at pH 1.6 illustrating bimodal nature (c) DLS true particle size distribution of selected 
dispersion at pH 7.0 illustrating unimodal nature. 

 

The DLS particle size distribution observed at pH 1.6 shown in Figure 5.13b is dominated by 

a large population of particles of less than 100 nm. This population most likely corresponds 

to diblock copolymer nanoparticles comprising P(MAA-stat-BzMA) cores. These particles 

exhibit a z-average diameter of approximately 70 nm when diluted in deionised water. The 

second population at approximately 900 nm suggests the formation of colloidal aggregates of 

titania particles. The unimodal peak in Figure 5.13c also appears to be too small to 

correspond to titania particles, however it could be DLS reporting an average of well-

stabilised titania and excess copolymer nanoparticles, since there does not seem to be a 

population of large, aggregated species.  Zeta potential vs pH curves were obtained for the 

titania particles alone, the zwitterionic diblock copolymer nanoparticles alone and the titania 
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particles dispersed with the aid of the copolymer (Figure 5.14). Although these three curves 

are quite similar, it is clear that the curve obtained for the nanoparticles alone more closely 

resembles that for the titania particles prepared in the presence of this copolymer. In 

particular, the IEP observed for the titania particles alone is at approximately pH 7, whereas 

the IEP for the other two samples is shifted to below pH 6. Moreover, the latter two samples 

exhibit significantly higher cationic zeta potentials at pH 2-3. These findings are consistent 

with adsorption of the copolymer nanoparticles at the surface of the titania particles.   

 

Figure 5.14 Zeta potential vs. pH curves obtained for 0.1% w/w aqueous dispersions of titania alone 
(black circles), PDMA50-P(MAA0.8-stat-BzMA0.2)100 copolymer alone (red triangles) and titania 
dispersed using the PDMA50-P(MAA0.8-stat-BzMA0.2)100 copolymer  (blue squares). 

 

TEM studies confirm the presence of many non-adsorbed copolymer nanoparticles in the 

background of dilute titania dispersions after drying at pH 3.0 (Figure 5.15a). This 

zwitterionic diblock copolymer forms stable spherical nanoparticles at this pH with the 

neutral hydrophobic P(MAA-stat-BzMA) chains being located within the nanoparticle cores. 

Although the titania particles seem to be coated with the copolymer nanoparticles, TEM 

analysis suggests that floccs are nevertheless formed, indicating that this particular dispersant 

does not perform effectively in acidic solution.   
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Figure 5.15 TEM images recorded for titania dispersions prepared using the PDMA50-P(MAA0.8-stat-
BzMA0.2)100 copolymer nanoparticles as a dispersant at (a) pH 1.6, (b) pH 5.0 and (c) pH 8.0. 

 

The zwitterionic nanoparticles undergo macroscopic precipitation as they approach their 

isoelectric point at approximately pH 5.0. Thus, it is not surprising that TEM analysis 

indicates strong aggregation of the titania particles under these conditions (Figure 5.15b). 

Curiously, the corresponding apparent DLS particle diameter is relatively low (Figure 

5.13a). However, this must be an artefact because visual inspection of this dispersion 

confirms its colloidal instability. Given the relatively high density of the titania particles, it 

seems likely that the relatively large aggregates undergo sedimentation on the timescale of 

the DLS measurements, which would make this technique insensitive to their presence. At 

pH 8.0, the titania particles appear to be both coated and stabilised by the copolymer 

nanoparticles as judged by TEM analysis (Figure 5.15c). This interpretation is consistent 

with the aqueous electrophoresis data, and this enhanced colloidal stability at pH 8.0 is 

supported by the DLS data (Figure 5.13a).  

Above pH 7, the anionic P(MAA0.80-stat-BzMA0.20) block acts as an electrosteric stabiliser 

while the weakly hydrophobic neutral PDMA acts as an anchor block. Perhaps not 

surprisingly, the copolymerised hydrophobic BzMA units do not offer any useful 

performance advantage under such conditions. The particle size distribution of the titania 

dispersion becomes slightly narrower at lower pH. Here the copolymer dispersant offers no 
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performance advantage because it has no affinity for the titania surface: the surface-treated 

pigment particles are simply self-stabilised under such conditions.  

5.3.3 Dispersion of Transparent Yellow Iron Oxide (Lanox 8916) 

The second pigment investigated in this Chapter is a transparent yellow iron oxide, Lanox 

8916. This pigment has a characteristic anisotropic ‘needle-like’ or ‘rice grain’ morphology 

as a result of its α-FeOOH goethite structure (Figure 5.16b).21 According to the pigment 

manufacturer, the BET specific surface area is 108-120 m2 g-1. The density was measured to 

be 4.21 g cm-3 by helium pycnometry. Assuming these particles are non-porous, this indicates 

a primary grain diameter of around 12-13 nm. TEM studies confirm that this pigment has a 

distinctive ‘rice grain’ morphology. This should be borne in mind when interpreting DLS 

data because this particle sizing technique reports a sphere-equivalent hydrodynamic 

diameter. 

 

Figure 5.16 (a) Zeta potential vs. pH curve obtained for a  0.1% w/w aqueous dispersion of transparent 
yellow iron oxide (Lanox 8916) nanoparticles in the presence of 1 mM KCl, showing an IEP at 
approximately pH 7.0; (b) representative TEM image recorded for a dried 0.1% w/w aqueous dispersion 
of transparent yellow iron oxide nanoparticles. 
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As expected, this pigment is unstable with respect to aggregation at around its IEP. However, 

it can be dispersed in the form of micron-sized aggregates below pH 5 and above pH 9, 

exhibiting maximum zeta potentials of approximately +25 mV and -28 mV respectively. DLS 

measures a hydrodynamic diameter of 921 nm at pH 9.5, and 2.11 μm at pH 3.6.  

The first dispersant examined for dispersion of this pigment was PMAA67-PMETAC120 

(Figure 5.1a), which gave promising results in initial small-scale screening experiments. 

Initially, a dosage ladder was conducted using DLS to determine the optimum copolymer 

concentration required for this pigment (Figure 5.17). Surprisingly, no minimum size was 

observed for this system: the apparent particle z-average particle diameter remained more or 

less constant at around 200 nm above a copolymer concentration of 20% per unit mass of 

pigment. In contrast, a well-defined local minimum in dispersion viscosity was observed at a 

copolymer concentration of 20% per unit mass of pigment (Figure 5.18). Nevertheless, these 

two techniques indicate essentially the same optimum copolymer concentration per unit mass 

of pigment is required for this transparent yellow iron oxide pigment. 

 

Figure 5.17 Dosage ladder obtained by DLS studies of dilute aqueous dispersions of yellow iron oxide 
particles prepared using various concentrations of PMAA67-PMETAC120 dispersant. 
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Figure 5.18 Dosage ladder obtained by dispersion viscosity measurements for an aqueous dispersion of 
transparent yellow iron oxide nanoparticles prepared using the PMAA67-PMETAC120 dispersant.  

 

The aqueous electrophoresis data obtained for the copolymer alone and the naked pigment 

particles are very different. Thus, zeta potential measurements should provide a good 

indication of the pH-dependent affinity of the dispersant for the pigment particles. According 

to Figure 5.19, the copolymer-coated particles exhibit higher zeta potentials between pH 2 

and pH 7 than either the pigment particles alone or the cationic copolymer. This suggests that 

the weakly hydrophobic (pH 2) or weakly anionic (pH 3-7) PMAA block could be acting as 

the anchor block while the permanently cationic PMETAC block acts as a stabiliser block 

under these conditions. The zeta potential for these coated pigment particles is higher than 

that for the copolymer nanoparticles alone because the anionic PMAA chains partially offset 

the cationic character of the PMETAC block in the latter case, whereas the PMAA chains 

interact with the cationic pigment surface in the former case. However, the pigment particles 

acquire anionic character above pH 9, suggesting that in situ desorption of the copolymer 

nanoparticles occurs under such conditions. This is not particularly surprising, because 

mutual electrostatic repulsion between the highly anionic PMAA block and the anionic 

pigment surface is expected to occur in alkaline solution. This is depicted in Scheme 5.3. 
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Figure 5.19 Zeta potential vs. pH curves obtained for 0.1% w/w dispersions of transparent yellow iron 
oxide nanoparticles alone (orange circles), the PMAA67-PMETAC120 copolymer alone (green triangles) 
and the transparent yellow iron oxide nanoparticles dispersed in the presence of PMAA67-PMETAC120 
(using 20% copolymer per unit mass of pigment) (purple squares). 

 

 

Scheme 5.3 Schematic representation of PMAA67-PMETAC120 dispersing transparent yellow iron oxide 
(i) below the pKa of PMAA. where the red PMAA block is neutral and anchored to the particle surface, 
with charged, soluble green PMETAC providing stabilisation, and (ii) the same copolymer with 
transparent yellow iron oxide where the red PMAA block is now charged and anionic, so neither block 
can provide stabilisation, leading to pigment flocculation.   

 

This system was further investigated by analytical centrifugation (Figure 5.20a). The weight-

average particle diameter was determined between pH 2.5 and pH 11.6. According to 

Lubrizol, the minimum acceptable particle diameter for this particular inorganic pigment is 
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approximately 400 nm (as indicated by the horizontal dashed line shown in Figure 5.20a), so 

the optimal pH range for the PMAA67-PMETAC120 dispersant appears to lie between pH 2.5 

and pH 4.0. This can be explained by the zwitterionic character of this copolymer: the 

PMETAC block remains cationic across the entire pH range; in principle, it can always act as 

the stabiliser block. However, the PMAA block is only weakly hydrophobic in its neutral 

form at low pH. It can act as an effective anchor block under such conditions, enabling a 

relatively high degree of dispersion to be achieved for this pigment. However, as the PMAA 

becomes ionised and acquires anionic character above pH 4, it can no longer act as an 

effective anchor block and the copolymer chains begin to desorb from the pigment surface. 

This leads to flocculated pigment dispersions with an apparent particle size approaching ~ 1 

µm (Figure 5.20a).  

 

Figure 5.20 (a) LUMiSizer diameter vs. pH measurements of transparent yellow iron oxide dispersed 
with PMAA67-PMETAC120 between pH 2 and 12; (b) representative TEM image of yellow iron oxide 
particles well dispersed at pH 2.5; (c) representative TEM image of poorly dispersed (aggregated) 
yellow iron oxide particles at pH 5.9.  
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This interpretation is consistent with TEM studies of such pigment dispersions (Figure 

5.20b). At pH 2.5, the copolymer-coated pigment particles are well-dispersed, which is 

consistent with good colloidal stability and a relatively small apparent particle size. In 

contrast, highly flocculated pigment particles are observed at pH 5.9 (Figure 5.20c), which is 

consistent with the much higher apparent particle diameter indicated by analytical 

centrifugation under such conditions.  

This zwitterionic diblock copolymer was then used at its optimum concentration and 

dispersion pH for direct comparison against three alternative dispersants. These are a 

proprietary commercial dispersant used by Lubrizol for this pigment (employed at 25% 

copolymer per unit mass of pigment), and PDMA50-PMAA100 (employed at 20% copolymer 

per unit mass of pigment, as determined by viscosity measurements in Figure 5.21). A 

control experiment was also performed using an aqueous dispersion of flocculated 

transparent yellow iron oxide particles prepared in the absence of any copolymer dispersant, 

which exhibited an apparent particle diameter of 1.23 μm. The smallest apparent z-average 

particle diameter of 125 nm was obtained when using the commercial dispersant (Figure 

5.21; pink curve). This is well below the minimum acceptable particle diameter of 400 nm 

required for such pigment dispersions. However, close inspection of this particle size 

distribution revealed the presence of relatively large micron-sized aggregates.  The PMAA67-

PMETAC120 –stabilised pigment particles exhibit a narrower particle size distribution but the 

apparent z-average particle diameter is somewhat higher at 205 nm, indicating a lower degree 

of dispersion. Interestingly, this dispersion also contained a minor population of micron-sized 

aggregates.  In contrast, the particle size distribution recorded for the pigment dispersion 

prepared using the PDMA50-PMAA100 copolymer contained no evidence for any micron-

sized aggregates. In this case, the apparent z-average particle diameter was 180 nm. Given 

that this zwitterionic diblock copolymer is employed at a significantly lower copolymer 
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concentration per unit mass of pigment, it seems that its dispersant performance in this 

particular case is at least comparable to that of Lubrizol’s proprietary commercial dispersant. 

 

Figure 5.21 DLS intensity-average particle size distributions and corresponding z-average diameters 
obtained for dilute aqueous dispersions of transparent yellow iron oxide nanoparticles prepared using the 
following copolymers: the current best-performing commercial dispersant for this pigment employed at 
25% copolymer per unit mass of pigment and pH 3(pink curve), PDMA57-PMAA132 employed at 20% 
copolymer per unit mass of pigment and pH 3 (red curve), PMAA67-PMETAC120 employed at 20% 
copolymer per unit mass of pigment and pH 3 (green curve) and a control experiment performed in the 
absence of any dispersant (blue curve).  

 

Given the success of the PDMA50-PMAA100 diblock copolymer as a dispersant for 

transparent yellow iron oxide, this and two other zwitterionic diblock copolymers (PDMA50-

PMAA50 and PDMA100-PMAA50) were also examined to assess the effect of varying the 

block composition on the degree of dispersion. Details of their syntheses can be found in 

Chapter 4. Each of these three copolymers were evaluated above and below their individual 

IEPs., and provide stabilisation as depicted in Scheme 5.4. 
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Scheme 5.4 Schematic representation of PDMAx-PMAAy dispersing transparent yellow iron oxide (i) 
below its IEP, where the red PMAA block is neutral and anchored to the particle surface, with charged, 
soluble blue PDMA providing stabilisation, and (ii) the same copolymer dispersing titania above its IEP 
where the blue PDMA block is neutral and anchoring to the surface, while the red anionic PMAA is 
charged and providing stabilisation.   

 

Figure 5.22 Zeta potential vs. pH curve obtained for 0.1% w/w aqueous dispersions of PDMA50-
PMAA50 copolymer alone (blue triangles), transparent yellow iron oxide particles alone (black circles), 
and the same pigment particles dispersed in the presence of PDMA50-PMAA50 (red squares). 

 

Firstly, the PDMA50-PMAA50 diblock copolymer was assessed. Aqueous electrophoresis data 

are shown in Figure 5.22 for the PDMA50-PMAA50 copolymer alone (blue triangles), 

transparent yellow iron oxide particles alone (black circles), and the same pigment particles 

dispersed in the presence of PDMA50-PMAA50 (red squares). These results suggest that the 

pigment particles remain coated with copolymer over a wide pH range, because this zeta 

potential vs. pH curve is very similar to that of the copolymer alone. 
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PDMA50-PMAA50 was used as a dispersant at pH 8.5 and pH 4.0, which correspond to either 

side of its IEP (around pH 6.7). At a solution pH of 8.5, the PDMA block is deprotonated and 

hence has neutral character, while the PMAA block is ionised and so acquires anionic 

character. In principle, the latter block should act as a steric stabiliser, while the neutral 

PDMA chains adsorb onto the surface of the pigment particles.  

DLS studies of the aqueous copolymer/pigment dispersions suggest that this copolymer acts 

as a good dispersant at pH 8.5, with an optimum loading of approximately 25% copolymer 

with respect to mass of pigment being observed (Figure 5.23).  Moreover, the sphere-

equivalent diameter of 118 nm for the pigment particles is well below the minimum threshold 

of 400 nm, indicating a sufficiently high degree of dispersion. Using these data, an upper 

limit adsorbed amount of approximately 2.9 mg m-2 can be calculated for the copolymer 

chains on the pigment particles, which is a physically realistic value. 

 

Figure 5.23 (a) DLS studies of 0.1% w/w aqueous dispersions of transparent yellow iron oxide pigment 
particles prepared using various amounts of PDMA50-PMAA50 diblock copolymer relative to the mass of 
pigment at pH 8.5. (b) Corresponding viscosity data obtained for the same aqueous pigment dispersions. 
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The sphere-equivalent DLS diameter is 206 nm when using 10% copolymer based on the 

mass of pigment, which is still well below the minimum acceptable diameter. However, this 

dispersion is relatively viscous (Figure 5.23b), which indicates an unstable dispersion. This 

is confirmed by TEM studies, which indicate the presence of large flocs (see Figure 5.24a). 

This suggests bridging flocculation owing to insufficient dispersant. In contrast, the pigment 

particles are well dispersed when the mass of copolymer relative to pigment is increased to 

25% (see Figure 5.24b), with both DLS and viscosity data suggesting an optimum degree of 

dispersion under such conditions. However, using 50% copolymer based on pigment leads to 

the formation of relatively large aggregates (see Figure 5.24c). In this case, it is likely that 

free, non-adsorbed copolymer chains lead to a depletion flocculation mechanism. 34,35 This is 

consistent with the relatively large apparent particle diameter reported by DLS and a 

correspondingly high dispersion viscosity (45 mPa.s).   

 

Figure 5.24 Representative TEM images recorded for dried 0.1% w/w aqueous dispersions of ‘rice 
grain’ shaped transparent yellow iron oxide particles at pH 8.5 using varying amounts of PDMA50-
PMAA50 with respect to pigment mass: (a) 10% copolymer, (b) 25% copolymer (which corresponds to 
the optimum concentration for a high degree of dispersion), (c) 50% copolymer. 

 

Similar pigment dispersion experiments were also performed at pH 4.0, which is below the 

copolymer IEP. Under these conditions, the PMAA block is in its neutral form, whereas the 

PDMA block is protonated and hence acquires cationic character. In this case, the cationic 
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block most likely acts as the steric stabiliser, while the PMAA block adsorbs at the surface of 

the pigment particles.  

DLS and viscosity measurements suggest that this dispersant is effective over a wider range 

of copolymer concentration at pH 4.0, with any copolymer concentration above 15% based 

on the mass of pigment resulting in a stable dispersion (Figure 5.25). The minimum 

dispersion viscosity is 3.3 mPa.s, which is comparable to the minimum value of 3.2 mPa.s 

observed at pH 8.5. However, DLS studies indicate an apparent minimum diameter of 165 

nm, which is somewhat larger than that achieved at pH 8.5. 

 

Figure 5.25 (a) DLS studies of 0.1% w/w aqueous dispersions of transparent yellow iron oxide pigment 
particles prepared using various amounts of PDMA50-PMAA50 diblock copolymer relative to the mass of 
pigment at pH 4.0. (b) Corresponding viscosity data obtained for the same aqueous pigment dispersions. 

 

TEM studies confirm the presence of flocs when using 10% copolymer at pH 4.0, suggesting 

a bridging flocculation mechanism (Figure 5.26a). However, TEM images recorded when 
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using either 15% or 25% copolymer relative to pigment mass (Figures 5.26b and 5.26c) 

suggest that a high degree of dispersion is achieved under these conditions. 

 

 

Figure 5.26 Representative TEM images recorded for dried 0.1% w/w aqueous dispersions of ‘rice 
grain’ shaped transparent yellow iron oxide particles at pH 4.0 using varying amounts of PDMA50-
PMAA50 with respect to pigment mass: (a) 10% copolymer, (b) 15% copolymer, which corresponds to 
the optimum concentration for a high degree of dispersion and (c) 25% copolymer. 

 

Two other zwitterionic diblock copolymers were also assessed as putative dispersants for the 

transparent yellow iron oxide pigment. Again, the dispersion pH was selected to be either 

above or below the IEP of the copolymer in question (see Table 5.1).  

The minimum particle size that could be reached for a PDMA50-PMAA100 dispersant above 

the copolymer IEP at pH 7.5 was 369 nm at 25% copolymer (Figure 5.27), which is only just 

below the minimum acceptable diameter. TEM confirms a relatively coarse dispersion (see 

Figure 5.27c). However, this copolymer can act as an effective copolymer dispersant below 

its IEP, with a relatively low apparent pigment particle diameter of 201 nm being achieved 

under these conditions (Figure 5.28). This suggests that the neutral PMAA100 block acts as a 

good anchor. The TEM image in Figure 5.28c confirms that a relatively high degree of 

dispersion can be achieved in this case. 
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Figure 5.27 Dispersion of transparent yellow iron oxide pigment particles using PDMA50-PMAA100 at pH 7.5, 
above its IEP: (a) variation in DLS diameter with copolymer concentration, (b) variation in dispersion viscosity 
with copolymer concentration, (c) TEM images recorded at 25% and 50% copolymer with respect to pigment 
mass.  

 

Figure 5.28 Dispersion of transparent yellow iron oxide with PDMA50-PMAA100 at pH 3.5, below its IEP: (a) 
variation in DLS diameter with copolymer concentration, (b) variation in dispersion viscosity with copolymer 
concentration, (c) TEM images recorded at 25% and 15% copolymer with respect to pigment mass. 
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Similarly, using a PDMA100-PMAA50 copolymer produced a reasonably high degree of 

dispersion at pH 10.5 (Figure 5.29), with a minimum pigment size of 305 nm obtained at 

20% copolymer based on the mass of pigment.  

 

Figure 5.29 Dispersion of transparent yellow iron oxide pigment particles using PDMA100-PMAA50 at pH 10.5, 
above its IEP: (a) variation in DLS diameter with copolymer concentration, (b) variation in dispersion viscosity 
with copolymer concentration, (c) TEM images recorded at 20% and 35% copolymer with respect to pigment 
mass. 

 

Only a very poor degree of dispersion could be achieved at pH 5.0 (Figure 5.30), where the 

apparent particle size exceeds the minimum requirement of 400 nm.  
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Figure 5.30 Dispersion of transparent yellow iron oxide pigment particles using PDMA100-PMAA50 at pH 5.0, 
which is below its IEP: (a) variation in DLS diameter with copolymer concentration, (b) variation in dispersion 
viscosity with copolymer concentration, (c) TEM image recorded at 30% copolymer with respect to pigment. 

 

A comparison between these three PDMAx-PMAAy diblock copolymers as dispersants for 

the transparent yellow iron oxide pigment is made in Table 5.1. 

Table 5.1 Summary of the optimal concentration, minimum apparent pigment diameter and dispersion 
viscosity of aqueous dispersions of transparent yellow iron oxide particles prepared using three different 
PDMAx-PMAAy diblock copolymers at a solution pH either above or below their IEP.  

 

 

 

These results highlight the importance of optimizing both the zwitterionic diblock copolymer 

composition and also the dispersion pH to achieve the highest possible degree of pigment 

dispersion. In particular, the PDMA50-PMAA50 copolymer seems to be a particularly 
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promising dispersant for transparent yellow iron oxide particles, since it led to the smallest 

apparent particle diameter and lowest dispersion viscosity. Moreover, a high pH is normally 

required for pigment dispersion when formulating aqueous inkjet inks, making this 

copolymer well-suited for potential industrial use. Further studies would be necessary to 

deduce why these smaller, symmetrical blocks work so well as dispersants, and if time 

allowed would also be tested with titania. 

 

The PDMA50-P(MAA0.80-stat-BzMA0.20)100 copolymer was also evaluated as a dispersant for 

transparent yellow iron oxide (Figure 5.1c). Again, a dosage ladder was constructed to 

identify an optimum copolymer concentration of 20% per unit mass of pigment via dispersion 

viscosity measurements (Figure 5.31).  

 

Figure 5.31 Dosage ladder constructed via dispersion viscosity measurements for transparent yellow 
iron oxide dispersions prepared using PDMA50-P(MAA0.80-stat-BzMA0.20)100. A minimum in dispersion 
viscosity is observed at 20% copolymer per unit mass of pigment. 
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Figure 5.32 Zeta potential vs. pH curves obtained for 0.1% w/w aqueous dispersions of transparent 
yellow iron oxide particles alone (yellow circles), PDMA50-P(MAA0.80-stat-BzMA0.20)100 copolymer 
alone (blue triangles) and transparent yellow iron oxide particles dispersed with the aid of PDMA50-
P(MAA0.80-stat-BzMA0.20)100 copolymer (red squares).  

 

Accordingly, PDMA50-P(MAA0.80-stat-BzMA0.20)100 was evaluated as a dispersant at this 

copolymer concentration. Zeta potential vs. pH curves were determined for 0.1% w/w 

aqueous dispersions of PDMA50-P(MAA0.80-stat-BzMA0.20)100 copolymer alone, transparent 

yellow iron oxide particles alone, and the same pigment particles dispersed with the aid of 

PDMA50-P(MAA0.80-stat-BzMA0.20)100 copolymer (Figure 5.32). Below the IEP (i.e., pH 2-

5), the copolymer-coated pigment particles exhibited comparable cationic character to that of 

the copolymer alone. However, above the IEP (i.e., pH 7-11), the copolymer nanoparticles 

proved to be more anionic than the copolymer-coated pigment particles (Figure 5.32).  
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Figure 5.33 (a) Effect of varying the dispersion pH on the apparent z-average particle diameter reported 
by DLS for transparent yellow iron oxide particles dispersed using PDMA50-P(MAA0.80-stat-
BzMA0.20)100 copolymer between pH 2 and pH 9. Representative TEM images recorded for: (b) poorly-
dispersed yellow iron oxide particles at pH 2.3; (c) poorly-dispersed yellow iron oxide particles at pH 
6.2; (d) fairly well-dispersed yellow iron oxide particles at pH 9.0. 

 

For the titania pigment discussed earlier, the PDMA50-P(MAA0.80-stat-BzMA0.20)100 

copolymer exhibited poor dispersant performance at low pH but functioned better at high pH, 

where the DMA block is present in its weakly hydrophobic neutral form. This also appears to 

be the case for the transparent yellow iron oxide pigment. When formulated at low pH, such 

dispersions are poorly dispersed with relatively large apparent particle diameters indicated by 

DLS studies (Figure 5.33a). This interpretation is consistent with the TEM image shown in 

Figure 5.33b, which reveals a large number of non-adsorbed nanoparticles in the 

background. Given that this dispersion was prepared at the optimum copolymer 

concentration, this suggests that the copolymer is not strongly adsorbed at the pigment 

surface. As expected, macroscopic precipitation is observed at the IEP (Figure 5.33c). There 

are no nanoparticles visible in the background, suggesting that heteroflocculation of the 
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copolymer and pigment particles occurs under such conditions. The minimum acceptable 

diameter of 400 nm cannot be achieved for the yellow iron oxide pigment until the dispersion 

pH exceeds pH 8 (Figure 5.33a). The TEM image shown in Figure 5.33d was recorded for a 

dispersion dried at pH 9. Under such conditions, the weakly hydrophobic PDMA block can 

adsorb at the pigment surface, with the anionic P(MAA0.80-stat-BzMA0.20)100 chains acting as 

the steric stabiliser block.  

 

5.4 Conclusions 
 

Zwitterionic diblock copolymers (readily synthesised via RAFT aqueous solution 

polymerisation as discussed in Chapter 4) can be effective dispersants for both titanium 

dioxide and transparent yellow iron oxide pigments. At high pH, the weakly hydrophobic 

PDMA chains appear to be a good anchor block adsorption onto both titania and iron oxide 

particles. At low pH (approximately below pH 4), neutral PMAA chains can also serve as an 

effective anchor block for the same two pigments. Perhaps surprisingly, this does not appear 

to be the case if 20 mol% BzMA is statistically copolymerised with MAA. Similarly, PMAA-

PMETAC diblock copolymers proved to be ineffective dispersants when examined over a 

wide range of dispersion pH, most likely owing to in situ desorption of the copolymer chains 

from the surface of the pigment particles.  

In the case of the titania pigment, the dispersant dosage required for good colloidal stability 

(20% per unit mass of pigment) is much higher than that for commercial dispersants (2% per 

unit mass of pigment). Thus, zwitterionic diblock copolymers are highly unlikely to be 

commercially viable for this pigment. Nevertheless, the experimental data still provide 

valuable insights regarding the mechanism of pigment dispersion for these dispersants.  
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In the case of the transparent yellow iron oxide pigment, zwitterionic diblock copolymers 

appear to offer genuine application potential. Very promising results were obtained in terms 

of both the relatively high degree of dispersion (minimum apparent particle size) and 

viscosity reduction. Moreover, a dispersant concentration of only 20% was required, as 

opposed to 25% for the current best commercial dispersant. Given the wholly aqueous, atom-

efficient one-pot synthetic protocol developed in this Thesis, zwitterionic PDMA-PMAA 

diblock copolymers may prove to be commercially attractive new dispersants for transparent 

yellow iron oxide.  
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Chapter 6  
 

PISA synthesis and aqueous solution 
properties of schizophrenic PDEA-

PCEA diblock copolymer 
nanoparticles and their use as aqueous 

dispersants for titania 
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6.1 Introduction 
 

The micellar self-assembly of block copolymers in solution has been studied for more than 

fifty years.1,2 In 1998, the first example of an AB diblock copolymer that could form either 

A-core or B-core micelles in aqueous media was reported by Bütün et al.3,4 for PMEMA-

PDEA diblock copolymers synthesised via group transfer polymerisation (GTP), which is a 

type of anionic polymerisation developed for (meth)acrylic monomers (Scheme 6.1).  

 

Scheme 6.1 Schematic representation of the formation of micelles and so-called ‘reverse micelles’ for a 
PMEMA-PDEA diblock copolymer in aqueous solution at 20 °C. Reproduced from Ref. 4.  

 

In 2001, Armes and co-workers reported that PPO-PDEA diblock copolymers could form 

two types of micelles by adjusting the solution pH and temperature but neither micellar state 

was stable at ambient temperature.5 The phrase ‘schizophrenic’ was coined to describe this 

new class of diblock copolymers.6 In 2002, Laschewsky et al.7 prepared the first 

(meth)acrylamide example of a doubly-thermoresponsive schizophrenic diblock copolymer 

via RAFT solution polymerisation. However, such copolymers had relatively broad MWDs 

and were contaminated with homopolymer. Also in 2002, Weaver et al.8 reported a doubly- 

thermoresponsive schizophrenic methacrylate-based diblock copolymer with a relatively 

narrow MWD by GTP. Of particular relevance to this Thesis Chapter, Liu et al.9 designed a 

zwitterionic poly(4-vinyl benzoic acid)-poly(2-(diethylamino)ethyl methacrylate) (PVBA-

PDEA) diblock copolymer that underwent spontaneous self-assembly in aqueous solution 
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simply by adjusting the solution pH at room temperature (Scheme 6.2). 

 

Scheme 6.2 Schematic representation of a poly(4-vinyl benzoic acid)-poly(2-(diethylamino)ethyl 
methacrylate) (PVBA-PDEA) diblock copolymer and its pH-responsive ‘schizophrenic’ micellization 
behaviour in aqueous solution. Reproduced from ref. 9.  

 

Unlike the previously reported PDMA-PMAA zwitterionic diblock copolymers,10–13 both the 

weakly acidic PVBA block and the weakly basic PDEA block were sufficiently hydrophobic 

in their neutral forms to produce well-defined PVBA-core or PDEA-core micelles at either 

low pH or high pH, respectively.9  

Over the past decade or so, PISA has become widely recognised as a powerful technique for 

the synthesis of a wide range of functional block copolymer nano-objects.14–16 Most 

pertinently, Canning et al. reported the aqueous PISA synthesis of zwitterionic diblock 

copolymers directly in the form of sterically-stabilised nanoparticles (Figure 6.1).17  
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Figure 6.1 (a) Schematic representation of the RAFT aqueous emulsion copolymerisation of methacrylic 
acid and benzyl methacrylate using a protonated PDEA88 precursor. (b) Schizophrenic micellization 
behaviour exhibited by PDEA88-P(MAA-stat-BzMA)y diblock copolymers in aqueous solution. 
Reproduced from reference 17. 

 

Various experimental techniques were employed to verify the schizophrenic behaviour of this 

new zwitterionic diblock copolymer system. 1H NMR spectroscopy studies confirmed that 

the polyacid block became desolvated at low pH, while the polybase block became 

desolvated at high pH. These observations were consistent with TEM, DLS and aqueous 

electrophoresis observations, which indicated the formation of cationic and anionic spherical 

nanoparticles, respectively.18 Interestingly, suitable rhodamine- and fluorescein-based 

comonomers were statistically copolymerised into the polybase and polyacid blocks 

respectively in order to produce ‘self-reporting’ pH-responsive nanoparticles.18 However, 

Canning et al. always prepared their PDEA precursor using an organic solvent (THF)18 and 

the feasibility of developing a wholly aqueous one-pot formulation was not explored. 

More recently, schizophrenic diblock copolymer nanoparticles have been evaluated as 

stimulus-responsive Pickering emulsifiers. For example, Ranka et al.19 utilised a doubly- 
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thermoresponsive schizophrenic diblock copolymer to form stable emulsions at elevated 

temperature, with macroscopic phase separation occurring on cooling to ambient temperature. 

In principle, such schizophrenic nanoparticles may find applications in diverse fields such as 

enhanced oil recovery,20,21 catalysis, or possibly in the field of pigment dispersion.  

In this Chapter, the synthesis of doubly pH-responsive PDEA-PCEA diblock copolymers 

directly in the form of sterically-stabilised nanoparticles is achieved using an aqueous PISA 

formulation. The schizophrenic behaviour of such nanoparticles is characterised and their 

potential use as a putative universal dispersant for aqueous titania dispersions is briefly 

assessed.  

 

6.2 Experimental 

Materials 

4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid) (PETTC) was 

synthesised as previously reported.22 2-(Diethylamino)ethyl methacrylate (DEA), 2-

carboxyethyl acrylate (CEA) and trimethylsilyldiazomethane (supplied as a 2.0 M solution in 

diethyl ether) were purchased from Sigma-Aldrich (Dorset, UK) and were used as received. 

2,2’-Azobis(2-(2-imidazolin-2-yl)propane) dihydrochloride (VA-044) was purchased from 

Wako Pure Chemical Industries (Japan). 4,4′-Azobis(4-cyanovaleric acid) (ACVA; 98%) was 

purchased from Alfa Aesar (Heysham, UK) and was used as received. CD3OD and CD2Cl2 

were purchased from Goss Scientific Instruments Ltd (Cheshire, UK). CDCl3, D2O, sodium 

deuteroxide (NaOD) and deuterium chloride (DCl) were purchased from Sigma-Aldrich 

(Dorset, UK). All other solvents were purchased from Fisher Scientific (Loughborough, UK) 

and were used as received. Deionised water was used for all experiments and the solution pH 
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was adjusted using either HCl or NaOH. Inkjet-grade Titania R-960 pigment particles were 

kindly supplied by Lubrizol (Blackley, Manchester).  

One pot synthesis of poly[(2-diethylamino)ethyl methacrylate)-poly(2-carboxyethyl 

acrylate) (PDEA-PCEA) diblock copolymer 

A typical protocol for the one-pot wholly aqueous synthesis of a PDEA-PCEA zwitterionic 

diblock copolymer was conducted as follows. DEA (2.00 g, 10.8 mmol), PETTC (0.0547 g, 

0.161 mmol; target DP = 67), VA-044 (17.2 mg, 0.053 mmol; PETTC/VA-044 molar ratio = 

3) and deionised water (3.11 g) were added to a 100 ml two-necked round-bottomed flask and 

the mixture was stirred thoroughly to afford an aqueous solution. 36% HCl (0.92 g, 10.8 

mmol) was used to deprotonate the DEA. This 40% w/w aqueous solution was then purged 

for 30 min with nitrogen and heated up to 44 °C. After 4 h, the DEA polymerisation had 

reached more than 99% conversion as determined by 1H NMR spectroscopy. In a separate 

vial, CEA (3.11 g, 21.6 mmol; target DP = 134), VA-044 (17.3 mg, 0.054 mmol; 

PETTC/VA-044 molar ratio = 3) and deionised water (17.6 g, target solids concentration = 

20% w/w) were purged with nitrogen for 30 min. This degassed aqueous solution was added 

under a nitrogen atmosphere and the second-stage polymerisation was allowed to continue for 

16 h at 44 °C. This one-pot protocol yielded a yellow dispersion of PCEA-core diblock 

copolymer nanoparticles, with a final CEA conversion of 99% being indicated by 1H NMR 

spectroscopy.  

Dynamic light scattering 

Dilute (0.10% w/w) aqueous copolymer dispersions were analysed at 25 °C using a Malvern 

NanoZS instrument. Scattered light was detected at 173° and hydrodynamic diameters were 

calculated using the Stokes-Einstein equation, which assumes dilute non-interacting spheres. 
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Data were averaged over three consecutive measurements comprising eleven runs per 

measurement. 

Aqueous electrophoresis 

Zeta potentials were calculated from electrophoretic mobilities using a Malvern NanoZS 

instrument. Measurements (averaged over 20 runs) were made as a function of pH on dilute 

dispersions (0.05-0.10% w/w) in deionised water in the presence of 1 mM KCl background 

salt. In each case, the solution pH was gradually lowered by adding 0.1 M HCl. 

Transmission electron microscopy 

Copper/palladium grids were surface-coated in-house to produce a thin film of amorphous 

carbon before being plasma glow-discharged for 40 seconds to produce a hydrophilic surface. 

Typically, a 1 µL droplet of a 0.1% w/w aqueous copolymer dispersion (solution pH adjusted 

using either 0.1 M HCl or 0.1 M NaOH) was placed onto a TEM grid for 45 seconds, then 

stained using a 0.75% w/v aqueous solution of either phosphotungstic acid or uranyl formate 

for 45 seconds. Excess stain was removed by careful blotting and each grid was then dried 

using a vacuum hose. TEM images were recorded using a Philips CM100 instrument 

operating at 100 kV and equipped with a Gatan 1k CCCD camera. ImageJ software was used 

to calculate mean diameters and standard deviations from TEM images (at least 100 

nanoparticles were analysed per sample).  

Methylation protocol for GPC analysis 

Prior to GPC analysis, PDEA-PCEA diblock copolymers were derivatised by selective 

methylation of the carboxylic acid groups in the PCEA block. Accordingly, excess 

trimethylsilyldiazomethane was added dropwise to a solution of copolymer (40 mg) in 3:2 

toluene/methanol solution (10 mL), until the yellow colour persisted. This reaction solution 

was stirred for up to 72 h at room temperature until all solvent had evaporated. The mean 
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degree of methylation was determined by 1H NMR spectroscopy by comparing the integrated 

methoxy proton signal of the methylated PCEA block at 3.7 ppm to that of the oxymethylene 

protons of the PCEA block at 4.3 ppm.  

Gel permeation chromatography (GPC)  

THF GPC was used to assess copolymer molecular weight distributions. The GPC set-up 

consisted of an Agilent 1260 Infinity II GPC/SEC system operating at 30 °C equipped with 

an autosampler and two 5 μM Mixed-C columns connected to a refractive index detector. The 

mobile phase was HPLC-grade THF at a flow rate of 1.0 mL min-1. Molecular weights were 

calculated using a series of near-monodisperse PMMA calibration standards. All copolymers 

were modified by selective methylation prior to GPC analysis to ensure their solubility in 

THF.  

Preparation of Titania dispersions 

Titania R960 pigment (0.40 g) was added to a 5 mL vial. To prepare a dispersion at 15% 

copolymer based on mass of pigment, 0.30 g of a 20 w/w% copolymer dispersion was added, 

and the dispersion volume was made up to 4 mL using deionised water. The pH was adjusted 

using 0.1 M HCl or 0.1 M NaOH and the resulting dispersions were placed on a roller mixer 

operating at 120 rpm for at least 24 h prior to analysis.  

Analytical Centrifugation  

Weight-average diameters were determined for copolymer-stabilised pigment dispersions 

using a LUMiSizer® analytical photocentrifuge (LUM GmbH, Berlin, Germany) at 25 °C. 

Measurements were conducted on 0.5% w/w aqueous pigment dispersions at 1350 rpm using 

2.0 mm pathlength polyamide cells. The LUMiSizer® employs STEP™ Technology (Space- 

and Time-resolved Extinction Profiles) that enables the intensity of transmitted light to be 

measured as a function of time and position simultaneously over the entire cell length. The 
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progression of these transmission profiles contains information on the rate of sedimentation 

and, given knowledge of the pigment particle density (4.09 g cm-3), enables assessment of the 

particle size distribution.  

Viscosity measurements  

An AR-G2 rheometer equipped with a variable temperature Peltier plate and a 40 mm 2° steel 

cone was used for all experiments. Titania dispersions had a pigment concentration of 10% 

w/w in all cases, with varying copolymer dispersant concentration. After equilibration at 25 

°C, the dispersion viscosity was measured as a function of shear rate between 0.1 and 1000 s-

1. Angular frequency sweeps were conducted at 25 °C using a constant strain amplitude of 

1.0%. Viscosity values are calculated from the measured shear stress at a shear rate of 37 s-1. 

 

6.3 Results and Discussion 

 

6.3.1 Synthesis and characterisation of PDEA-PCEA diblock copolymer 
nanoparticles 

 
The synthesis of PDEAx-PCEAy diblock copolymers was initially explored using a two-stage 

protocol. More specifically, the RAFT solution polymerisation of DEA was conducted in 

THF, followed by the RAFT polymerisation of CEA in aqueous solution. Subsequently, a 

wholly aqueous, one-pot protocol was developed (see Scheme 6.3). This involved conducting 

the initial DEA polymerisation at pH 2, whereby the PETTC is solubilised in DEA monomer 

prior to addition of water (and the resulting PDEA chains are molecularly dissolved in their 

fully protonated form) and the subsequent CEA polymerisation is performed at the same pH. 

Given that the CEA monomer is fully soluble in the acidic reaction solution and the growing 

PCEA chains become insoluble under such conditions, this PISA formulation is an interesting 

new example of a RAFT aqueous dispersion polymerisation.23  
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It is emphasised that the aqueous PISA synthesis of such PDEA-PCEA diblock copolymers 

must be performed by polymerising the methacrylic DEA monomer first. If the acrylic CEA 

monomer were to be polymerised first instead, only very poor blocking efficiencies would be 

achieved owing to the inefficient cross-over when switching from acrylic to methacrylic 

monomers.24  

 

Scheme 6.3 Wholly aqueous one-pot synthesis of PDEA-PCEA diblock copolymer nanoparticles via (i) 
RAFT aqueous solution polymerisation of DEA at low pH followed by (ii) the RAFT aqueous dispersion 
polymerisation of CEA to form cationic PCEA-core nanoparticles at low pH via PISA. 

 

 

Scheme 6.4 Schematic cartoon depicting the schizophrenic behaviour exhibited by PDEA-PCEA diblock 
copolymers, which can form cationic PCEA-core micelles at low pH and anionic PDEA-core micelles at 
high pH. At intermediate solution pH, macroscopic precipitation at the isoelectric point is observed. 
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1H NMR spectroscopy studies confirmed that high monomer conversions were achieved for 

each block (the CEA monomer was only added after achieving at least 99% DEA 

conversion). Exhaustive selective methylation of the carboxylic acid residues in the PCEA 

block was required prior to THF GPC analysis (Figure 6.2).  

 

Figure 6.2 Representative 1H NMR spectra recorded for a PDEA50-PCEA50 diblock copolymer before 
(green spectrum recorded in CD3OD) and after (black spectrum recorded in CDCl3) exhaustive 
methylation of its pendent carboxylic acid groups to afford the corresponding methyl ester. Spectra for 
PDEA and PCEA homopolymers are also included to aid spectral assignments. 

 

This technique indicated a systematic increase in Mn and relatively low dispersities (Mw/Mn < 

1.33) when targeting higher PCEA DPs using a PDEA precursor with a fixed DP of 67, 

which suggests reasonably good RAFT control. These NMR and GPC data are summarised in 

Table 6.1. 
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Table 6.1 Summary of comonomer conversions by 1H NMR spectroscopy and molecular weight data by 
THF GPC for a series of PDEAx-PCEAy diblock copolymers prepared using a wholly aqueous one-pot 
protocol based on the RAFT aqueous solution polymerisation of DEA followed by the RAFT aqueous 
dispersion polymerisation of CEA (after exhaustive selective methylation of the carboxylic acid residues 
in the PCEA block).  

Diblock copolymer 

composition 

1H NMR 

conversion (%) 

THF GPC (following exhaustive methylation) 

Mn (g mol-1) Mw (g mol-1) Mw/Mn 

PDEA67-PCEA30 98 10 200 13 600 1.33 

PDEA67-PCEA67 98 15 300 19 100 1.25 

PDEA67-PCEA100 96 24 000 27 100 1.13 

PDEA67-PCEA134 99 29 200 34 000 1.17 

PDEA67-PCEA160 99 35 000 39 000 1.12 

PDEA67-PCEA200 99 42 100 48 200 1.14 

PDEA
100

-PCEA
50

 99 15 500 20 000 1.29 

PDEA
50

-PCEA
50

 99 12 400 15 800 1.27 
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According to Figure 6.3, blocking efficiencies were reasonably high, particularly given that 

the structure of the trithiocarbonate RAFT agent is optimised for the polymerisation of 

methacrylic monomers, rather than acrylic monomers. Although some contamination by the 

PDEA precursor is evident, this problem is minimised by using the wholly aqueous one-pot 

protocol and is estimated to be no more than 13% in the worst-case scenario (see red trace for 

PDEA67-PCEA134 shown in Figure 6.3). 

 

Figure 6.3 THF GPC curves recorded for three PDEA67-PCEAx diblock copolymers and the 
corresponding PDEA67 precursor following exhaustive methylation using trimethylsilyldiazomethane. 
These data indicate that relatively high blocking efficiencies can be obtained using a convenient wholly 
aqueous one-pot formulation. 

 

The ‘schizophrenic nature’ of this type of pH-responsive diblock copolymer means that 

PDEA-core micelles are expected at high pH and PCEA-core micelles should be formed at 

low pH. Accordingly, 1H NMR spectroscopy studies were conducted to provide evidence for 

these two types of micelles. Thus PDEA67-PCEA67 was dispersed in D2O at 1.0% w/w 

(Figure 6.4). The pH (strictly, pD) was then adjusted as required using either NaOD or DCl. 

At pH 9, the ionised PCEA block is highly anionic and acts as the steric stabiliser, while the 

neutral PDEA block is hydrophobic and therefore water-insoluble, so it forms the micelle 

cores. Thus, only the proton signals at positions f, e, j and i assigned to the PCEA block can 
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be observed by 1H NMR spectroscopy (purple spectrum). In contrast, the PCEA block is 

present in its neutral, hydrophobic form at pH 2, while the PDEA block is highly cationic 

under such conditions owing to protonation of its pendent tertiary amine groups. Thus 

cationic PCEA-core micelles are formed under such conditions. In this case, we can observe 

1H NMR signals assigned to the PDEA block (d, c, b, a, h and g; see red spectrum). However, 

there is also an unexpected signal at 2.75 ppm, which is attributed to the e protons on the 

PCEA block. For this particular diblock copolymer composition, an IEP is observed at pH 5 

and the copolymer forms a macroscopic precipitate at this pH. Thus, barely any copolymer 

signals are detected under such conditions (green spectrum).  

 

Figure 6.4 1H NMR spectra recorded for a 1.0% w/w dispersion of PDEA67-PCEA67 diblock copolymer 
in D2O/NaOD at pH 9 (purple spectrum), in D2O at pH 5, which corresponds to the isoelectric point of 
the polymer (green spectrum), in D2O at pH 5 in the presence of 5 M KCl, which is added to suppress 
the IEP (blue spectrum), and in D2O/DCl at pH 2 (red spectrum). The chemical structure that is shown 
depicts this diblock copolymer in its neutral state; in practice, the PDEA block becomes protonated at 
low pH while the PCEA block becomes ionised at high pH. 

 

However, as discussed in Chapter 4, the macroscopic precipitation of zwitterionic diblock 

copolymers at their IEP can be suppressed by addition of sufficient salt because this screens 

the electrostatic attractive forces between the anionic and cationic blocks. Thus, addition of 5 
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M KCl to D2O enabled all the proton signals expected for each block to be observed (blue 

trace). However, the presence of this salt causes a subtle shift in the position of each proton 

signal.  

Figure 6.5 shows the zeta potential vs. pH curves recorded for four PDEA67-PCEAx diblock 

copolymers, where x ranges from 30 (Figure 6.5a) to 200 (Figure 6.5d). As expected, 

adjusting the DP of the PCEA block leads to a systematic shift in the IEP from pH 8.1 for 

PDEA67-PCEA30 to pH 3.6 for either PDEA67-PCEA134 or PDEA67-PCEA200.  

 

Figure 6.5 Zeta potential vs. pH curves obtained for four PDEA67-PCEAx zwitterionic diblock 
copolymers where (a) x = 30, (b) x = 67, (c) x = 134 or (d) x = 200. Clearly, the isoelectric point (IEP) 
observed for each copolymer can be systematically reduced from 8.1 to 3.6 on increasing the DP of the 
PCEA block.  
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The RAFT aqueous dispersion polymerisation of CEA results in the direct formation of 

cationic PCEA-core nanoparticles at low pH, as judged by DLS and TEM studies (see, for 

example, the PDEA67-PCEA134 nanoparticles formed at pH 2 in Figure 6.6). The number-

average diameter of the nanoparticle cores estimated by digital image analysis of such TEM 

images is 24 ± 5 nm. The hydrodynamic diameter for these spherical nanoparticles recorded 

at the same pH is 28 nm. Given that DLS reports a z-average diameter, this technique 

inevitably oversizes relative to TEM for any size distribution of finite width. Moreover, TEM 

only reveals the nanoparticle cores and is insensitive to the steric stabiliser layer. Thus such 

data constitute reasonably good agreement. At pH 10, the spheres appear to be somewhat less 

well-defined but can be nevertheless visualised with the aid of a phosphotungstic acid stain. 

In this case, the number-average TEM diameter is 26 ± 5 nm. Again, DLS studies indicate a 

slightly higher hydrodynamic diameter of 32 nm.   

 

Figure 6.6 Representative TEM and DLS data obtained for PDEA67-PCEA134 nanoparticles at pH 2 
(synthesis pH) and at pH 10, confirming the presence of cationic PCEA-core micelles and anionic 
PDEA-core micelles respectively. 
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The two types of nanoparticles formed by PDEA67-PCEA200 above and below its IEP were 

also investigated (Figure 6.7). Relatively large, polydisperse spheres are formed at pH 2 with 

TEM studies indicating a number-average diameter of 97 ± 51 nm. This is consistent with the 

z-average diameter of 117 nm (polydispersity = 0.09) reported by DLS. Further studies would  

be required to examine whether this diblock copolymer can form higher-order morphologies 

such as vesicles. At pH 10, the number-average diameter estimated by TEM is 15 ± 4 nm 

while the corresponding DLS diameter is 30 nm. Given the asymmetry of this diblock 

copolymer and bearing in mind well-established theories of block copolymer self-assembly,25 

it is reasonable to expect that the PCEA-core nanoparticles should be significantly larger than 

the PDEA-core nanoparticles. However, this was not the case for the PDEA67-PCEA134 

nanoparticles. It is possible that the precise reaction pH has a large effect on the nanoparticles 

synthesised, further studies into this are needed.  

 

Figure 6.7 Representative TEM and DLS data obtained for PDEA67-PCEA200 nanoparticles at pH 2 
(synthesis pH) and at pH 10, confirming the presence of cationic PCEA-core micelles and anionic 
PDEA-core micelles respectively.  

 

The next two diblock copolymer compositions are characterised prior to their evaluation as 

pigment dispersants for Titania R-960, which is a pigment that was discussed in Chapter 5. 
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The first copolymer is PDEA100-PCEA50 (Figure 6.8). At pH 2, this copolymer forms PCEA-

core nanoparticles with a number-average diameter of 50 ± 22 nm as estimated by TEM, 

though a DP of 50 for the PCEA resulted in less well-defined spherical particles, making this 

estimation difficult. The corresponding z-average diameter determined by DLS is 70 nm, 

albeit with a very high polydispersity index, suggesting the presence of different size 

populations.  At pH 10, TEM studies indicate the presence of relatively uniform PDEA-core 

nanoparticles with a number-average diameter of 25 ± 6 nm, and a corresponding z-average 

diameter of 53 nm reported by DLS.  

 

Figure 6.8 Representative TEM and DLS data obtained for the PDEA100-PCEA50 diblock copolymer at 
pH 2 (synthesis pH) and at pH 10, confirming the presence of cationic PCEA-core micelles and anionic 
PDEA-core nanoparticles, respectively. 

 

In the case of the PDEA50-PCEA50 diblock copolymer at pH 2, TEM reveals the presence of 

nanoparticles with a number-average diameter of 24 ± 6 nm, which appear to be aggregated 

and not particularly spherical. DLS studies indicate a z-average diameter of 27 nm. In 

contrast, relatively well-defined (albeit polydisperse) anionic PDEA-core spheres with a 

number-average diameter of 23 ± 9 nm are indicated by TEM studies conducted after drying 
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at pH 10, with DLS studies indicating a corresponding z-average diameter of 26 nm (Figure 

6.9).    

 

Figure 6.9 Representative TEM and DLS data obtained for the PDEA50-PCEA50 diblock copolymer at 
pH 2 (synthesis pH) and at pH 10, confirming the presence of cationic PCEA-core micelles and anionic 
PDEA-core nanoparticles, respectively. 

 

6.3.2 Dispersion of Titania R-960 pigment particles using PDEAx-PCEAy 
diblock copolymer nanoparticles 

 
To assess the efficacy of these diblock copolymer nanoparticles as putative dispersants, they 

were evaluated for the dispersion of Titania R-960 pigment particles in aqueous solution. As 

discussed in Chapter 5, this pigment has a specific surface area of 16.3 m2 g-1 and a solid-

state density of 4.09 g cm-3, enabling an apparent primary grain diameter of 90 nm to be 

calculated. However, a number-average particle diameter of 242 ± 54 nm is indicated by 

TEM, which is close to the mean reported particle diameter of 300 nm.26 Analytical 

centrifugation studies indicate a weight-average diameter of 212 ± 72 nm, while DLS reports 

a z-average diameter of 360 nm (polydispersity = 0.20). These pigment particles have been 

surface-modified to improve their dispersibility in aqueous media: alumina and amorphous 
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silica make up 3.3% and 5.5% of the total pigment mass, respectively.27 Evidence for the 

presence of this surface layer can be obtained by TEM (Figure 6.10).  

 

Figure 6.10 Representative TEM images for bare titania pigment particles recorded at low (left) and 
high (right) magnification. A surface layer of alumina is clearly visible for such particles, which makes 
the subsequent detection of adsorbed copolymer nanoparticles somewhat problematic. 

 

 

Scheme 6.5 Cartoon representation of mechanism of aqueous dispersion using PDEAx-PCEAy as 
stabilisers for titania pigment. PDEA-core particles will be formed in dispersion below the IEP, and 
PCEA-core micelles will form above it. In each case the neutral (core-forming) block is likely to anchor 
to the pigment surface and may involve micelle deformation. 
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Two diblock copolymers were investigated: PDEA100-PCEA50 and PDEA50-PCEA50. This 

pair enabled the effect of varying the PDEA block DP and the nanoparticle diameter to be 

examined. Based on previous experiments, it was anticipated that varying the PDEA block 

DP should influence the degree of pigment dispersion because the titania particles are 

expected to have greater affinity for the cationic PDEA block than the anionic PCEA block.28  

Firstly, aqueous electrophoresis measurements were performed on titania particles alone, 

PDEA100-PCEA50 diblock copolymer nanoparticles and titania dispersions prepared using the 

same copolymer (Figure 6.10).  

 

 

Figure 6.10 Zeta potential vs. pH curves recorded for 0.1% w/w aqueous dispersions of PDEA100-
PCEA50 diblock copolymer nanoparticles alone (blue), titania particles alone (black), and the same 
pigment particles dispersed in the presence of PDEA100-PCEA50 nanoparticles (red). 
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Figure 6.11 DLS hydrodynamic diameter vs pH data recorded for aqueous dispersions of PDEA100-
PCEA50 diblock copolymer nanoparticles alone (top, blue) and titania pigment particles dispersed in the 
presence of these nanoparticles (bottom, red). The highlighted regions indicate the pH window 
corresponding to macroscopic precipitation for each system. These data suggest that the titania particles 
are coated with an adsorbed layer of the nanoparticles.  

 

The copolymer-coated titania particles exhibit a similar IEP (pH 7.9) to that of the diblock 

copolymer nanoparticles alone (pH 8.2). In contrast, the titania particles have an IEP at 

approximately pH 7.0.  This suggests that the copolymer nanoparticles adsorb onto the 

surface of the titania particles and hence modify their electrophoretic footprint.29 The effect 

of varying the dispersion pH was also investigated (Figure 6.11). In the absence of any 

dispersant, titania particles have a constant particle diameter (approx. 360 nm) with varying 

solution pH, due to the polar groups on the pigment surface maintaining their colloidal 

stability, even around the pigment IEP. As discussed previously, PDEAx-PCEAy diblock 

copolymers undergo macroscopic precipitation at around their IEP. A similar colloidal 

instability region is also observed for the pigment dispersion: the apparent size of both the 
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copolymer nanoparticles and the copolymer-dispersed pigment increases significantly within 

this pH range, with the latter particles sedimenting rapidly under such conditions. Thus, such 

titania dispersions are only colloidally stable either below approximately pH 5 or above pH 9.  

The effect of varying the copolymer concentration during the preparation of such titania 

dispersions was assessed using four techniques: DLS, TEM, analytical centrifugation 

(LUMiSizer instrument) and dispersion viscosity (Figures 6.12 and 6.13). At pH 10, the 

PDEA100 block forms the hydrophobic core, and the PCEA50 block acts as an anionic 

stabiliser. The hydrodynamic z-average diameter reported by DLS for such nanoparticles at 

this pH is 53 nm while bare titania particles exhibit a z-average diameter of 360 nm. The 

minimum z-average diameter obtained for the nanoparticle-coated titania particles at pH 10 is 

433 nm (Figure 6.12a). Allowing for some deformation of the sterically-stabilised 

nanoparticles during their adsorption at the pigment surface,30 this particle size seems to be 

physically reasonable.  

The optimum copolymer concentration required for the minimum LUMiSizer diameter 

(Figure 6.12b) is consistent with that indicated by DLS. The former technique reports a 

much smaller apparent minimum diameter of 111 nm, which is physically unrealistic. 

However, this value assumes that the effective particle density is equal to that of the pure 

titania particles (4.09 g cm-3) and it is well-documented that analytical centrifugation can be 

rather sensitive to this input parameter.31 Clearly, nanoparticle-coated titania particles will 

exhibit a lower effective density than that of the titania particles alone.30 Although the actual 

effective density is unknown, this does not prevent the use of analytical centrifugation as a 

relative technique to assess the optimum copolymer concentration required to achieve 

monolayer coverage of the titania particles by the nanoparticles. Finally, the dispersion 

viscosity data set (Figure 6.12c) indicates that the optimum copolymer concentration per unit 

mass of pigment is approximately 15%, which is consistent with that suggested by the two 
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particle sizing techniques. The viscosity is a measurement of the shear stress at a shear rate of 

37 s-1, an industry standard parameter relevant to inkjet applications. 

 

Figure 6.12 Effect of varying the copolymer concentration on the degree of dispersion of titania R-960 
pigment particles in the presence of anionic PDEA100-PCEA50 nanoparticles at pH 10: (a) DLS z-average 
diameter determined for 10% w/w titania dispersions diluted to 0.10% w/w, (b) LUMiSizer mean 
diameter determined for 10% w/w titania dispersions diluted to 0.50% w/w, and (c) dispersion viscosity 
determined for 10 % w/w titania dispersions at a shear rate of 37 s-1. These data suggest an optimum 
concentration of around 10-15% copolymer per unit mass of pigment. 

 

TEM studies were also performed on each dispersion. For PDEA100-PCEA50-coated titania 

dispersions prepared at pH 10, TEM studies were conducted at 5, 10 and 15% copolymer per 

unit mass of pigment (Figure 6.13). At 15% copolymer, well-dispersed particles are observed 

but there seems to be a large excess of non-adsorbed copolymer nanoparticles. Although this 

copolymer concentration produces the smallest apparent particle size and minimum viscosity, 
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further optimisation is required to identify the optimum copolymer concentration that 

corresponds to monolayer coverage (i.e. no excess non-adsorbed nanoparticles).  

 

Figure 6.13 Representative TEM images recorded for titania dispersions prepared in the presence of 
either (a) 15%, (b) 10% or (c) 5% PDEA100-PCEA50 nanoparticles at pH 10 (i.e. above the copolymer 
IEP) after dilution to 0.1% w/w prior to drying on a carbon-coated grid. 

 

At 10% copolymer, less copolymer was expected to be present in the aqueous continuous 

phase (Figure 6.13b). However, there still appears to be a significant proportion of 

copolymer nanoparticles that are not adsorbed at the pigment surface. At 5% copolymer, the 

titania particles are weakly flocculated. Far fewer copolymer nanoparticles are visible in the 

background under these conditions. However, close inspection provides no evidence for 

nanoparticle adsorption at the surface of the titania pigment particles. This suggests that the 
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copolymer nanoparticles may provide a colloid stability mechanism that does not involve 

their adsorption. It is also possible that this excess background copolymer is just an artefact 

of the dilution or drying process, observed by TEM. The neat dispersion could involve 

adsorption of copolymer nanoparticles onto the titania surface. 

The same copolymer was used to disperse titania particles at pH 3. Thus the PCEA50 block is 

now in its neutral hydrophobic form and hence forms the nanoparticle core, whereas the 

protonated cationic PDEA100 acts as the steric stabiliser. Such nanoparticles have a 

hydrodynamic z-average diameter of approximately 70 nm as judged by DLS. 

 
Figure 6.14 Effect of varying the copolymer concentration on the degree of dispersion of titania R-960 
pigment particles in the presence of anionic PDEA100-PCEA50 nanoparticles at pH 3: (a) DLS z-average 
diameter determined for 10% w/w titania dispersions diluted to 0.10% w/w, (b) LUMiSizer mean 
diameter determined for 10% w/w titania dispersions diluted to 0.50% w/w, and (c) dispersion viscosity 
determined for 10 % w/w titania dispersions. These data suggest an optimum concentration of around 
10-15% copolymer per unit mass of pigment. 
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DLS reports that a minimum particle size of 365 nm could be obtained at 15% copolymer 

(Figure 6.14a), which could indicate that some particle size reduction has taken place. It 

could also suggest that the dispersion is unstable to dilution, as this is very similar to the 

primary size of these titania particles alone. However, a lower minimum viscosity is obtained 

(2.85 mPa.s at pH 3, and 3.25 mPa.s at pH 10), indicating that the copolymer is acting as an 

effective dispersant at this concentration (Figure 6.14b). Although the LUMiSizer diameter 

does not reflect this lower particle size, it does indicate a minimum in at 15% copolymer 

(Figure 6.14c).   

 

Figure 6.15 Representative TEM images recorded for titania dispersions prepared in the presence of 
either (a) 15% PDEA100-PCEA50 nanoparticles at pH 3 (i.e. below the copolymer IEP) after dilution to 
0.1% w/w prior to drying on a carbon-coated grid. 

 

TEM studies conducted at pH 3 suggest that a relatively high degree of dispersion can be 

achieved at 15% copolymer (Figure 6.15). However, a higher magnification image does not 

confirm the presence of surface-adsorbed nanoparticles as the coated titania particles do not 

differ visually from the original uncoated titania pigment (Figure 6.10).  Other literature 

studies of polymer adsorption onto the surface of titania suggest that similar TEM images 

confirm the presence of a surface layer (see Figure 4 in Reference 32),32 however it was 

decided that the same conclusion could not be made for the titania particles in this chapter, as 

they have too similar an appearance to the bare titania particles. 
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The efficacy of PDEA50-PCEA50 as a dispersant for this titania pigment was also 

investigated. This diblock copolymer exhibits an IEP at pH 5.1 (Figure 6.16). The IEP of the 

nanoparticle-coated titania particles is around pH 5.7, which is intermediate between that of 

the nanoparticles alone and the bare titania pigment particles (IEP at pH 7.0). Thus the 

aqueous electrophoresis data are consistent with nanoparticle adsorption at the surface of the 

titania. One reason that this is not closer to the IEP of the polymer particles alone could be 

due to submonolayer coverage of the pigment particles by the polymer particles.  

 
Figure 6.16 Zeta potential vs. pH curves recorded for 0.1% w/w aqueous dispersions of PDEA50-
PCEA50 diblock copolymer nanoparticles alone (blue), titania particles alone (black), and the same 
pigment particles dispersed in the presence of PDEA50-PCEA50 nanoparticles (red). 
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Figure 6.17 DLS hydrodynamic diameter vs pH data recorded for aqueous dispersions of PDEA50-
PCEA50 diblock copolymer nanoparticles alone (top, blue) and titania pigment particles dispersed in the 
presence of PDEA50-PCEA50 (bottom, red). Highlighted regions show that the macroscopic 
precipitation zone observed for the copolymer corresponds to the colloidal instability observed for the 
pigment dispersion. 

The effect of varying the dispersion pH was evaluated by DLS (Figure 6.17). Like the first 

copolymer dispersant, the colloidal instability zone observed for this diblock copolymer lies 

within the same pH window as that found for the copolymer-stabilised titania particles. This 

behaviour is significantly different from the pH dependent behaviour of the titania pigment 

alone, confirming that adsorption has occurred. In this case, PDEA50-PCEA50 forms a 

macroscopic precipitate over a wider pH range (pH 4-8). Therefore, only titania dispersions 

either above or below these pH values can be considered to be colloidally stable.  

These nanoparticle-stabilised titania dispersions were again assessed above and below their 

IEP to see how each type of nanoparticle performed as a dispersant. At pH 3, the PCEA50 
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block is hydrophobic and forms the nanoparticle core, leaving the cationic PDEA50 block to 

act as the steric stabiliser. DLS studies indicate a z-average diameter of 27 nm for such  

nanoparticles.  

 

Figure 6.18 Effect of varying the copolymer concentration on the degree of dispersion of titania R-960 
pigment particles in the presence of anionic PDEA50-PCEA50 nanoparticles at pH 3: (a) DLS z-average 
diameter determined for 10% w/w titania dispersions diluted to 0.10% w/w, (b) LUMiSizer mean 
diameter determined for 10% w/w titania dispersions diluted to 0.50% w/w, and (c) dispersion viscosity 
determined for 10 % w/w titania dispersions. These data suggest an optimum concentration of around 
10-15% copolymer per unit mass of pigment. 

 

DLS studies report a minimum pigment diameter of 438 nm at 10-15% copolymer (Figure 

6.18a). This is somewhat higher than that achieved for the PDEA100-PCEA50 dispersant, 

which suggests that PDEA50-PCEA50 is a less effective dispersant. On the other hand, the 

minimum viscosity observed at 10% copolymer is 2.65 mPa.s, which is the lowest obtained 
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in such experiments (Figure 6.18c). Analytical centrifugation studies also indicate that a 

minimum apparent particle diameter is achieved at 10% copolymer, which is consistent with 

the DLS data (Figure 6.18b). 

 

Figure 6.19 Representative TEM images recorded for titania dispersions prepared in the presence of 
either (a) 10% or (b) 25% PDEA50-PCEA50 nanoparticles at pH 3 (i.e. below the copolymer IEP) after 
dilution to 0.1% w/w prior to drying on a carbon-coated grid. 

 

PDEA50-PCEA50 stabilised titania dispersions proved to be rather more difficult to image by 

TEM. Nevertheless, a relatively high degree of dispersion seems to be achieved at 10% 

copolymer while there is some evidence for aggregated pigment particles at 25% copolymer 

(Figure 6.19). Again, this suggests that a depletion flocculation mechanism may be 

operating, but in this case the excess copolymer nanoparticles are difficult to image with 

either a uranyl formate stain or a phosphotungstic acid stain. 
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Figure 6.20 Effect of varying the copolymer concentration on the degree of dispersion of titania R-960 
pigment particles in the presence of anionic PDEA50-PCEA50 nanoparticles at pH 10: (a) DLS z-average 
diameter determined for 10% w/w titania dispersions diluted to 0.10% w/w, (b) LUMiSizer mean 
diameter determined for 10% w/w titania dispersions diluted to 0.50% w/w, and (c) dispersion viscosity 
determined for 10 % w/w titania dispersions. These data suggest an optimum concentration of around 
15% copolymer per unit mass of pigment. 

 

Finally, this PDEA50-PCEA50 diblock copolymer was assessed as a pigment dispersant at pH 

10. Under such alkaline conditions, the PDEA50 block forms the nanoparticle cores and the 

PCEA50 block acts as the anionic steric stabiliser, with DLS studies indicating a z-average 

diameter of 26 nm. In this case, a minimum apparent pigment diameter of 428 nm (Figure 

6.20) is observed at 15% copolymer dispersant. Minima in the dispersion viscosity and the 

apparent diameter reported by analytical centrifugation are also achieved at the same 

copolymer concentration (Figures 6.20c and 6.20b). Moreover, the minimum viscosity is 
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2.97 mPa.s, which is lower than that achieved using the PDEA100-PCEA50 dispersant at pH 

10. Given the relatively low dispersion viscosities at both pH 3 and pH 10, these preliminary 

low-energy mixing data suggest that PDEA50-PCEA50 is perhaps a more effective dispersant 

for the titania pigment. Furthermore, effective dispersion can be achieved at lower copolymer 

concentrations.  

 

Figure 6.21 Representative TEM images recorded for titania dispersions prepared in the presence of 
either (a) 15% or (b) 5% PDEA50-PCEA50 nanoparticles at pH 10 (i.e. below the copolymer IEP) after 
dilution to 0.1% w/w prior to drying on a carbon-coated grid. Red arrows indicate possible nanoparticle 
adsorption onto titania surface. 

 

However, TEM studies indicate that there are excess non-adsorbed nanoparticles present at 

15% copolymer (Figure 6.21a). In principle, this may indicate a depletion stabilisation 

mechanism, but further work would be required to examine this hypothesis. Interestingly, 
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TEM images recorded at 5% copolymer (Figure 6.21b) provide evidence for the adsorption 

of nanoparticles onto the surface of the pigment particles., Surprisingly, excess non-adsorbed 

nanoparticles can be detected in the background even at this relatively low concentration. 

 

6.4 Conclusions 
 

A series of well-defined PDEAx-PCEAy diblock copolymers has been efficiently prepared via 

a highly convenient one-pot formulation based on (i) RAFT aqueous solution polymerisation 

of DEA at low pH followed by (ii) RAFT aqueous dispersion polymerisation of CEA. THF 

GPC studies of selectively methylated diblock copolymers indicate a systematic increase in 

copolymer Mn when targeting longer PCEA blocks using a PDEA precursor with a fixed DP 

of 67. Moreover, Mw/Mn values remain below 1.33, indicating reasonably good RAFT 

control. A range of diblock compositions have been studied in aqueous solution and their so-

called ‘schizophrenic’ pH-responsive self-assembly behaviour has been verified by TEM, 

DLS, 1H NMR spectroscopy and aqueous electrophoresis measurements. PDEA100-PCEA50 

and PDEA50-PCEA50 nanoparticles were also briefly evaluated as copolymer dispersants for 

titania particles above and below the IEP of this white pigment. DLS, TEM, aqueous 

electrophoresis, analytical centrifugation and viscosity measurements at varying copolymer 

concentrations suggest that these nanoparticles may be able to adsorb onto the pigment 

surface and confer some degree of colloidal stabilisation at approximately 10-15% copolymer 

per unit mass of pigment.  
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Chapter 7  
 

Conclusions and Outlook 
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7.1 Conclusions & Outlook 

 
The invention and use of pseudo-living radical polymerisation techniques over the last twenty 

years has greatly increased the number of possibilities to synthesise new polymers.1–3 In 

particular, the synthesis of amphiphilic macromolecules with controlled polymer 

architectures, which are capable of stimuli-induced self-assembly in aqueous media, or at 

interfaces, have a wide range of potential applications.4   

In this thesis, the synthesis of novel aqueous dispersants for carbon black, titania and 

transparent yellow iron oxide, and their dispersant effectiveness are reported. The synthesis 

of these dispersants directly in water is desirable for the inkjet industry, due to the relative 

cost and environmental impact. One of the fundamental questions poised at the start of this 

project was whether a diblock copolymer nanoparticle could act as a better dispersant than an 

amphiphilic single chain. The benefit of a single chain is that a greater number of chemically 

adsorbing groups can reach the surface of the pigment particle, however a diblock copolymer 

nanoparticle has the potential to adsorb as a spherical micelle, increasing the overall size of 

dispersed pigment, reducing its overall density and increasing buoyancy.  

Chapter 2 focuses on the synthesis and aqueous solution behaviour of novel PMAA-PHPMA 

diblock copolymer nanoparticles, via RAFT aqueous dispersion polymerisation at pH 5.5.5 

The precise composition PMAA50-PHPMA235 was investigated in close detail. As 

synthesised, these particles are large and polydisperse, resulting in a turbid dispersion, due to 

the ionisation state of the PMAA block. If the pH is increased, the PMAA becomes highly 

anionic, leading to the formation of thermoresponsive nanoparticles. They dissolve to form 

chains at 5 °C, aggregate to form spheres between 10 – 35 °C, and form anisotropic worm-

like particles at 50 °C. It was discovered in Chapter 3 that a similar diblock composition 

could work well as a pigment dispersant for carbon black. The hydrophobic PHPMA block 

can act as a good anchoring block onto the carbon black surface, with soluble PMAA acting 
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as an electrosteric stabiliser. The thermoresponsive nature of these particles means that the 

dispersing ability of molecularly dissolved chains can be directly compared to that of self-

assembled nanoparticles, simply by adjusting the dispersion temperature. It was found that 

PMAA-PHPMA at lower temperatures could act as a more effective dispersant for carbon 

black. This is likely to be due to the greater surface area that molecularly dissolved chains 

can cover of the pigment surface, and individual PMAA chains can remain in solution, 

stabilising the dispersion by charge and steric repulsion. The fact that PHPMA has sparing 

water solubility allows it to have a more dynamic nature than other more hydrophobic core-

forming blocks (such as benzyl methacrylate), which cannot reversibly form micelles. The 

high molecular weight (or aggregation number) of these nanoparticles compared to classic 

surfactant dispersants is beneficial for later in the industrial dispersion process, as mechanical 

milling creates more pigment surface area. Nanoparticles will act as so-called ‘reservoirs’ to 

provide more dispersant, this will prevent flocculation occurring in the milling process, where 

pigment is broken down into finer particle sizes, thus requiring more dispersant. Furthermore, 

PMAA-PHPMA shows greater long-term stability when compared to the non-ionic 

commercial dispersant. To extend this work, compositions which are not sufficiently long to 

produce micelles (i.e. below the critical length for self-assembly) could be investigated. This 

could be done by synthesising PMAA-PHPMA diblock copolymers with much longer PMAA 

blocks. Literature, and screening studies for the zwitterionic diblocks showed that the 

anchoring block should be shorter than the stabilising block. This could provide even more 

insight into the differences between nanoparticle and dissolved chain dispersants.  

In Chapter 4, a novel method to synthesise zwitterionic diblock copolymers via a wholly 

aqueous, one-pot RAFT synthesis is reported.6 Many different diblock compositions are 

investigated, and their syntheses can be categorised by aqueous solution, dispersion or 

emulsion polymerisation. Compositions that proceed via RAFT aqueous solution 
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polymerisation were necessarily carried out at a pH whereby both blocks are water-soluble 

due to the pKa of the cationic block. Zwitterionic copolymers with PCEA as the second block 

are synthesised via RAFT aqueous dispersion polymerisation. This is because the second step 

is done in water at pH 1.5, where the acidic PCEA is non-ionised and fully protonated, 

therefore becomes hydrophobic as the polymerisation proceeds. Zwitterionic diblock 

copolymers which have a second block comprising PDEA or PDPA are synthesised via 

RAFT emulsion polymerisation at pH 8.5, where the monomer and growing polymer chain is 

insoluble. Finally, one-pot, wholly aqueous synthesis for PMAA-PMETAC, PDMA-PMAA 

and PMAA-PDMA via RAFT aqueous solution polymerisation is developed. These syntheses 

allow direct polymerisation into water, with no need for modification, reducing the number of 

steps, and ultimately allowing a more sustainable synthetic process. Furthermore, zwitterionic 

copolymers have interesting pH-responsive behaviour. They exhibit an IEP at the point where 

cationic and anionic charge become equal, resulting in a macroscopic precipitation. It is 

shown that this can be utilised for the facile solvent-free separation of polymers from small 

molecules following end-group removal with hydrazine.  

A number of these zwitterionic diblock copolymers were investigated as dispersants for 

inorganic pigments in Chapter 5. They were found to effectively disperse titania and 

transparent yellow iron oxide. Each of their pH-dependent behaviours had significant 

influence on the optimal pH for each dispersion and made them interesting systems to deduce 

methods of adsorption. PDMA in its more hydrophobic form (above pH ~ 7) acts as a good 

anchoring block, and at this pH, PMAA is fully ionised, allowing it to act as a good 

stabilising block. PMAA was also able to act as a good anchoring block at low pH, where the 

PMAA is unionised and protonated, making it more hydrophobic and have a greater affinity 

for the pigment surface. In this case, PDMA is ionised and more water-soluble, allowing it to 

take the role of stabiliser. As many common commercial dispersants contain aromatic groups, 
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the statistical addition of 20 mol% benzyl methacrylate to the acidic block was investigated, 

however this resulted in poorer dispersion: at low pH, the hydrophobic PMAA is kinetically 

trapped within a nanoparticle, so it cannot anchor to the pigment surface. Asymmetric 

PMAA67-PMETAC120 was interesting, as the composition chosen did not exhibit an IEP, 

since the longer PMETAC is permanently cationic, so the charges can never match each other 

or cause precipitation. This allowed an investigation of the effect of having no hydrophobic 

anchoring block. It was found that effective pigment dispersion could only occur at low pH, 

where the PMAA block is hydrophobic. This proves the necessity for a block that has affinity 

for the hydrophobic pigment surface, because if both blocks are in their ionised state, neither 

can act as an anchoring block, resulting in flocculation. This IEP effect could be further 

investigated for PMAA-rich PMAA-PMETAC diblock copolymers, which do exhibit an IEP. 

Although it would be hypothesised that at high pH this diblock would not have an anchoring 

block available, the overall anionic charge of the diblock may influence the mechanism of 

pigment dispersion.  

These zwitterionic polymers show promising results in reduction of particle size and viscosity 

for both inorganic pigments. For the transparent yellow iron oxide, which is industry-known 

as a difficult to disperse pigment, a zwitterionic dispersant is only required at 20% AOP, 

where the industry-used dispersants are used at 25%. Coupled with the wholly aqueous, one-

pot synthesis, these could provide a more sustainable route to using aqueous pigment 

dispersants.  

Finally in Chapter 6, a zwitterionic diblock copolymer which undergoes micellar inversion to 

give sterically-stabilised, kinetically frozen nanoparticles above and below its IEP, PDEA-

PCEA, was investigated. A one-pot, wholly aqueous protocol for its synthesis has also been 

developed. These nanoparticles were found to provide some degree of stabilisation to titania 

pigment particles, and their zwitterionic nature means that they can be directly compared to 
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the PDMA-PMAA chains also used to disperse titania in Chapter 5.  Although preliminary 

studies suggest that these nanoparticles can behave as effective dispersants, preliminary 

studies suggest that the PCEA-core nanoparticles formed at pH 3 are more effective than 

PDEA-core nanoparticles at pH 10. Since it is known that polyaminated blocks have a high 

affinity for titania surface, this could suggest that the lower aqueous solubility of PDEA 

compared to PDMA is hindering the dispersing ability of these nanoparticles. When PDEA is 

a stabiliser block, it is on the outside of the nanoparticles and can provide some degree of 

electrosteric stabilisation, with the PCEA residing in the core. At pH 10, the PDEA provides 

no stabilisation as it is insoluble and has no access to the pigment surface. It appears that 

PCEA can still provide some degree of stabilisation, however these results do not appear to 

be as effective as PDMA-PMAA dissolved chain dispersants. The lower particle sizes 

achieved with chains validates the fact that diblock copolymer chains can more efficiently 

disperse pigments than adsorbed nanoparticles. Nonetheless, different PDEA-PCEA 

compositions could be explored, and the effect of the nanoparticle IEP on the pH dependent 

dispersion behaviour could be studied more closely. A nanoparticle with a lower IEP than the 

pigment could impart greater stabilisation at the high pH values required for industrial 

pigment dispersion. 

Overall, a greater understanding of aqueous diblock copolymer pigment dispersants, and their 

methods of adsorption, has been achieved. Novel compositions which incorporate 

polyelectrolytic blocks to confer electrosteric stabilisation have been discovered. The 

necessity of having two distinct blocks, of which one is freely able to anchor to the pigment 

and one can stabilise the particle by protruding into solution has been made apparent. 

Micelles where the anchoring block is not able to reach the pigment surface, or where the 

anchoring block is not sufficiently hydrophobic, cannot disperse pigments efficiently. 

Zwitterionic copolymers in particular have the ability to stabilise a wide range of pigments, 
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and the inception of a more environmentally-friendly approach to their synthesis is a positive 

step forward for industrial synthesis of these so-called ‘universal’ dispersants.  
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