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Thesis Summary 

 

This thesis explores the use of copolymer blending and fluorescence labelling for 

investigating, understanding and controlling the self-assembly and stimuli-responsive 

behavior of amphiphilic block copolymers in solution. 

 

Chapter 1 provides an introduction to polymers and an overview of the various 

polymerization methodologies that exist, with a focus upon reversible addition-

fragmentation chain transfer (RAFT) polymerization. The principles of block copolymer 

self-assembly in solution is discussed along with the numerous parameters and important 

factors that dictate solution state behavior. 

 

In Chapter 2 a range of novel RAFT agents are designed and synthesized for which the 

incorporation of an aminobromomaleimide (ABM) fluorophore into the chemical 

structure via both R and Z group functionalization is explored. 

 

In Chapter 3 the copolymer blending protocol is introduced as a method for predictably 

tuning the self-assembly and stimuli-responsive behavior of amphiphilic block 

copolymers. The limitations of this approach are examined through the blending of a 

series of pH-responsive micelles via two different mixing protocols. Core functionalized 

fluorescently-labelled polymer analogues are synthesized using an R group 

ABM-functionalized RAFT agent developed in Chapter 2, with their internal properties, 

self-assembly behavior and stimuli-responsiveness explored via fluorescence analysis. 

 

In Chapter 4 a series of thermoresponsive amphiphilic block copolymers are blended 

together in an attempt to modulate the cloud point transition in a controlled manner. A 

range of intermediate cloud points were measured for blended block copolymers with 

brush-like coronal chain architectures, in contrast to their homopolymeric analogues. 

 

In Chapter 5 fluorescently-labelled polymer nanostructures are prepared in solution via 

RAFT-mediated polymerization-induced self-assembly (PISA) using a Z group 

ABM-functionalized RAFT agent developed in Chapter 2. Pure phases of three different 

block copolymer morphologies are targeted and compared to literature predictions to 

determine the effect of ABM incorporation on the PISA mechanism.
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1. Introduction 
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1.1. Introduction to polymers 

 

Ubiquitous in nature, polymers represent a dynamic, industrially significant and 

continuously expanding field of chemical research. From naturally derived biological 

polymers such as DNA, proteins and nucleic acids to synthetic polymers produced on an 

industrial scale, such as nylon and polyethylene (Figure 1.1), polymers are a key 

component to our society that encompass a multitude of applications. 

 

 

Figure 1.1: Chemical structures of a naturally derived polymer, in this case a protein, and synthetic 

polymers polyethylene and Nylon-6, 6 from their respective monomers. 

 

Polymers can be defined as a compound that is comprised of a long sequence of one or 

more smaller units, termed as monomers, linked to one another either by covalent bonds 

or intermolecular interactions.1 The chemical process by which polymers are synthesized 

is termed polymerization and the degree of polymerization (DP) is simply the total 

number of monomeric units within the polymer.2 Due to their relatively higher molecular 

weight, polymers typically display significantly different macroscopic properties with 

respect to their constituent small molecules, for example: increased mechanical strength; 

wear; resistance; viscosity and the presence of a glass transition temperature (Tg).
3 
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Therefore, polymers are often characterized by their DP and in turn their molecular 

weight as this provides an initial point of reference with regards to comparing their 

resultant properties. 

Another key feature that is frequently used to characterize polymers is their molecular 

weight distribution or more commonly their dispersity (ÐM). In this context, dispersity is 

simply a measure of the variation in length across all polymer chains. Two different 

molecular weight averages can be used to describe the molecular weight distribution – 

number average molecular weight (Mn) and weight average molecular weight (Mw), 

which are defined in equations (1.1) and (1.2) respectively where Ni is the number of 

chains with mass Mi.
4 The difference between Mw and Mn is that the former takes into 

consideration that polymer chains with a higher molecular weight account for a greater 

proportion of the total molecular weight of the polymer. A polymer’s dispersity is simply 

the ratio of Mw to Mn as detailed in equation (1.3), thus if all polymer chains are of exactly 

the same molecular weight, ÐM = 1. In practice, a polymer’s dispersity and associated 

molecular weight distribution is determined experimentally by size exclusion 

chromatography (SEC).5 

 

 
𝑀𝑛 =  

∑ 𝑁𝑖𝑀𝑖

∑ 𝑁𝑖
 1.1 

 

 
𝑀𝑤 =  

∑ 𝑁𝑖𝑀𝑖
2

∑ 𝑁𝑖𝑀𝑖
 1.2 

 

 
Ð𝑀 =  

𝑀𝑤

𝑀𝑛
 1.3 

 

A critical advantage of polymers is their outstanding versatility and broad scope with 

regards to their properties and ultimately their applications which can be controlled via 

judicious manipulation of a wide range of elements. From a synthetic viewpoint, there 
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are three main elements through which control can be imparted: composition; architecture 

and functionality.6 Ultimately, the key to the development of functional polymers with 

predetermined, well-defined structures is the mechanism by which the product polymer 

is formed. Numerous polymerization methodologies exist within the literature and their 

associated advantages and disadvantages will be comprehensively discussed. In general, 

there are two main classes of polymerization mechanism – step-growth polymerization 

and chain-growth polymerization. 

 

1.2. Polymerization techniques 

 

1.2.1. Step-growth polymerization 

 

Despite its conceptually simplistic approach, step-growth polymerization remains one of 

the most utilized polymerization mechanisms within industry today. Step-growth 

polymerization entails a series of stepwise reactions between two mutually reactive 

functional groups resulting in the formation of linear high molecular weight polymers. 

Step-growth polymerizations proceed via individual reactions involving either one 

hetero-difunctional monomer or two different homo-difunctional monomers which react 

in a step-wise growth process.7 Initially, a dimer is formed which can then either react 

with another monomer to produce a trimer or combine with another dimer to generate a 

tetramer. Step-growth polymerizations proceed in this fashion resulting in the formation 

of a large population of short chain polymers which continue to grow at the same rate 

until the limiting monomer is fully consumed. Therefore, throughout the polymerization 

the average molecular weight of each polymer chain remains relatively low until near-full 

conversion is reached; at which point the average molecular weight of each polymer chain 

significantly increases. 
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Step-growth polymerizations that involve the elimination of small molecules, typically 

water, are termed polycondensations whereas polyadditions are step-growth 

polymerizations that do not result in the co-generation of small molecules. A classic 

example of a polycondensation is the production of Nylon-6, 6 – a polyamide synthesized 

from a dicarboxylic acid and a diamine (Scheme 1.1). Alternatively, an important class 

of polymers formed from polyadditions are polyurethanes which are used as 

thermoplastic elastomers; the building blocks for which are a diisocyanate and a diol 

(Scheme 1.1).  

 

 

Scheme 1.1: Schematic representation of a) the polycondensation reaction between a dicarboxylic acid and 

a diamine to form a polyamide, and b) the polyaddition reaction between a diisocyanate and a diol to form 

a polyurethane. 

 

A critical advantage of step-growth polymerizations is that only a single chemical 

reaction is utilized throughout the polymerization. Furthermore, step-growth 

polymerizations preclude the requirement of initiation, propagation and termination steps 

thereby preventing any chain transfer and termination events which commonly plague 

chain-growth polymerizations. However, to obtain high molecular weight polymers 

step-growth polymerizations necessitate a perfect stoichiometric ratio of the two mutually 

reactive moieties, a high degree of monomer purity coupled with high yielding chemical 

reactions.7 Ultimately, step-growth polymerizations often suffer from side reactions and 
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contaminants; have a relatively limited scope regarding functionality and polymer 

architecture; lack control over the resultant polymer’s dispersity and hence are often 

considered to be less versatile in comparison to chain-growth polymerization 

methodologies. 

 

1.2.2. Chain-growth polymerization 

 

Chain-growth polymerization primarily differs to step-growth polymerization through the 

introduction of initiation, propagation and termination reactions; all of which are absent 

in the latter.8 Instead of one single chemical reaction being utilized throughout the 

polymerization and proceeding at a similar rate independent of molecular weight, 

chain-growth polymerizations involve multiple reactions with differing reaction rates and 

mechanisms. Typically, chain-growth polymerizations require an initiator to produce an 

activated species with a reactive moiety e.g. a free radical, cation or anion.9 Subsequent 

reaction of the initiator species with a monomer results in the formation of a growing 

polymer chain, often referred to as the propagating species. Polymer chains continue to 

grow through a process known as propagation which comprises the addition of large 

amounts of monomer to the growing polymer chain via the active chain end. 

Chain-growth polymerizations continue in this manner until all monomer is consumed or 

the reactive chain end group is deactivated. However, unlike in step-growth 

polymerization, termination and chain transfer events are often prevalent in chain-growth 

polymerizations leading to the removal of the growing polymer chain’s ability to 

propagate.  

Pivotally, the utility of chain-growth polymerization resides in the control and flexibility 

in polymer design and synthesis with regards to composition, architecture and 

functionality. Variation in polymer composition can be easily achieved owing to the 
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greater range of monomers available as well as via block copolymer and 

copolymerization strategies. In certain cases, a high degree of sequence-control can be 

realized through optimization of the polymerization conditions whilst a wide variety of 

polymer architectures and functionalities can be attained through careful choice of 

monomer and/or nature of the initiator. 

 

1.2.2.1. Free radical polymerization (FRP) 

 

Conventional free radical polymerization (FRP) is a commonly applied polymerization 

method and is well-established in the industrial production of high molecular weight 

polymers, accounting for ~50% of all commercial polymers.10 Several factors are 

responsible for FRP’s preeminent position including: its compatibility with a wide range 

of monomers; its high tolerance towards unprotected functional groups and its robustness 

in relation to both solvent polarity and reaction conditions allowing polymerizations to 

be conducted in bulk, solution, emulsion or suspension.11,12 Consequently, FRP is simple 

to implement and relatively inexpensive in comparison to alternative chain growth 

polymerization mechanisms. 

As with all chain-growth polymerizations, the mechanism for a conventional free radical 

polymerization consists of three main stages: initiation; propagation and termination – 

the chemical equations for which are presented in Figure 1.2.13  
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Figure 1.2: The key mechanistic steps with their associated rate constants involved in a FRP. I-I is a radical 

initiator, M is a vinyl monomer, Pn is a polymer chain with DP = n, and S is a chain transfer agent. 

 

In the case of FRP, the activated species is unsurprisingly a free radical which is typically 

produced from the homolytic fission of a symmetrical radical source e.g. 

2,2’-azobisisobutyronitrile (AIBN), either by heat or UV light. Initiation and propagation 

proceed in a similar manner as discussed previously for a chain-growth polymerization. 

Termination events can either occur via disproportionation which involves an abstraction 

of a hydrogen or by recombination whereby two propagating polymer species couple 

together to form one larger polymeric chain with no active chain end, see Scheme 1.2. 

Alternatively, radicals can be removed from the propagating species through chain 

transfer reactions with either the solvent, monomer or other propagating species leading 

to the formation of “dead” polymer chains.14 
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Scheme 1.2: Schematic representation of a conventional free radical polymerization of methyl methacrylate 

using AIBN as a thermally activated radical initiator with the mechanisms for a) initiation, b) propagation, 

c) termination by recombination, and d) termination by disproportionation outlined. 

 

Kinetically, the rate of a free radical polymerization (Rp) can be expressed by equation 

(1.4) using a steady state approximation in which a constant free radical concentration is 

assumed. f is the initiator efficiency which refers to the fraction of unreacted radicals that 

leave the solvent cage upon decomposition of the radical initiator.10 

 

 
𝑅𝑝 =  𝑘𝑝[𝑀][𝐼]0.5 (𝑓

𝑘𝑑

𝑘𝑡
)

0.5

 1.4 
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Radical species are highly reactive in nature and thus conventional FRPs are incredibly 

fast and often only limited by the rate of diffusion. Consequently, termination and chain 

transfer events dominate in a FRP with the rate of bimolecular termination (kt), either by 

recombination or disproportionation, typically five orders of magnitude greater than the 

rate of propagation (kp).
14 Furthermore, due to the relatively slow initiation rate (ki is often 

1000 times smaller than kp) a significant number of growing polymer chains will have 

reached their ultimate chain length and terminated whilst others are still initiating. 

As a result, polymers produced via FRP are often ill-defined, highly disperse and have 

broad molecular weight distributions. This poor control over polymer synthesis is a major 

limitation of FRP which culminates in the production of non-uniform and irregular 

polymers with vastly different compositions, molecular weights and architectures. 

Ultimately, owing to its unpredictable nature and irreproducibility, FRP is not a viable 

polymerization mechanism for the synthesis of well-defined block copolymers.  

 

1.2.2.2. “Living” Polymerization 

 

In stark contrast to FRP, a “living” polymerization is a type of chain-growth 

polymerization whereby termination and/or irreversible chain transfer reactions are 

absent.15 Therefore, growing polymer chains remain active even after full conversion has 

been reached allowing simple continuation of the polymerization upon further monomer 

addition and thus enables the synthesis of block copolymers. Select examples of living 

polymerizations from the literature include anionic, cationic, ring opening metathesis 

polymerization (ROMP) and group transfer polymerization (GTP).16–19 

A key kinetic difference between a FRP and a living polymerization is that the rate of 

initiation is significantly greater than the rate of propagation in the case of the latter.20 

Consequently, all polymer chains are initiated before any growing polymer chains reach 
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their ultimate chain length, thereby ensuring that all polymer chains grow at the same 

time and at the same rate. Elimination of termination and/or chain transfer events is 

achieved using activated species which are non-reactive with respect to one another, such 

as in the case of living anionic polymerization. Therefore, polymers produced via living 

polymerization techniques are well-defined possessing narrow molecular weight 

distributions and controlled lengths.16  

Experimentally, a living polymerization can be distinguished from other polymerization 

techniques by monitoring the molecular weight of the polymer with respect to monomer 

conversion. Polymer molecular weight is found to be directly proportional to monomer 

conversion in a living polymerization (Figure 1.3 a) with the resultant DP and dispersity 

of the product polymer calculated using equations (1.5) and (1.6) respectively. Whereas 

in a conventional free radical polymerization (Figure 1.3 b), individual polymer chains 

grow rapidly due to a high propagation rate leading to the formation of high molecular 

weight species at low conversion with residual monomer remaining at prolonged reaction 

times. In contrast, for step-growth polymerizations (Figure 1.3 c) polymer molecular 

weight remains low throughout until very high monomer conversion is attained resulting 

in an exponential increase in polymer molecular weight. 

 

 

Figure 1.3: Evolution of polymer molecular weight versus monomer conversion for a) living 

polymerization, b) free radical polymerization, and c) step-growth polymerization. Figure adapted from ref 

16. 
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 𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = [𝑀𝑜𝑛𝑜𝑚𝑒𝑟]/[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟] 1.5 

 

 
Ð𝑀 =  1 +

1

𝐷𝑃
 1.6 

 

With regards to polymer design, composition in a living polymerization is determined by 

the order and ratio of monomers added to the growing polymer, whilst architecture and 

functionality can be controlled by selection of multifunctional initiators or monomers.17,18 

Moreover, end-functionalized polymers can be designed via selective termination of the 

active chain ends with appropriate reagents.16 However, ensuring that no termination or 

chain transfer reactions are present necessitates stringent reaction conditions e.g. 

complete absence of oxygen or water as well as protection of certain functionalized 

monomers prior to polymerization, such as acidic and basic groups. Ultimately, living 

polymerization methodologies are somewhat hindered by strict synthetic protocols, a 

restricted range of monomer functionality and the requirement for extensive optimization 

of polymerization conditions. 

 

1.2.2.3. Reversible deactivation radical polymerization (RDRP) 

 

Reversible deactivation radical polymerization (RDRP) is a type of chain-growth 

polymerization that combines the versatility of a radical process with the benefits of 

achieving control similar to that obtained in a living polymerization.21 The development 

of RDRP techniques in the last 20 years has revolutionized the field of radical 

polymerization enabling the synthesis of functional polymers with well-defined and 

predictable molecular weights; narrow molecular weight distributions; controlled 

molecular architecture in terms of chain topology and composition; high end-group 

fidelity; diverse functionality and capacity for continued chain growth.10,12,22,23 
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As discussed in Section 1.2.2.1, a critical drawback of FRP is the prevalence of chain 

transfer and termination events that significantly hinder control over the polymerization 

process. Due to the intrinsic nature of a free radical process, complete elimination of the 

aforementioned side reactions is conceptually impossible but can be reduced to a level 

that is undetectable via a RDRP mechanism. RDRP methodologies rely on establishing a 

dynamic equilibrium between a low concentration of active propagating radicals and a 

predominant concentration of dormant chains that are unable to propagate or terminate.6  

Dormant chains can be intermittently activated to form radicals that, after addition of a 

few monomer units, are converted back to their deactivated state. As a result, the relative 

concentration of propagating radicals at any one time and thus the rate of termination is 

decreased which is coupled with an increase in the average lifetime of the propagating 

species – similar to a living polymerization. Formation of the required dynamic equilibria 

in RDRP processes can be accomplished by two methods; the persistent radical effect or 

via a degenerative chain transfer process.24 

 

1.2.2.3.1. Persistent Radical Effect (PRE) 

 

Persistent radicals are species that cannot terminate with one another and are only able to 

cross couple with the propagating species i.e. a growing polymer chain. Atom transfer 

radical polymerization (ATRP)25 and nitroxide-mediated radical polymerization (NMP)26 

are principal examples of RDRP methodologies that rely upon the persistent radical effect 

to promote a dynamic equilibrium between dormant chains and propagating radicals.27 

In ATRP, the initiator usually employed is a secondary or tertiary alkyl halide (RX) which 

reacts with a transition-metal complex in a lower oxidation state (Mtm/L) – often referred 

to as the activator.28 As with all chain-growth polymerizations, the initiating species 

subsequently reacts with monomer to form a macromolecular propagating species (Pn
*). 
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Growing polymer chains can either continue to propagate or react with the oxidized metal 

species to regenerate the catalyst/activator and produce a stabilized halogenated 

end-capped polymer chain. Polymerization proceeds with dormant deactivated species 

(Pn-X) periodically reacting to form activated propagating radicals (Pn
*) and a deactivator 

(Mtm+1) in a reversible manner.24 ATRP is mediated by the transfer of the halide between 

the propagating macromolecular species and the transition metal complex via this 

activation/deactivation equilibrium (Figure 1.4) resulting in a high degree of 

polymerization control.  

 

 

Figure 1.4: Main atom transfer radical polymerization (ATRP) equilibrium with associated rate constants. 

Pn is a growing polymer chain with DP = n, X is a halide atom and Mtm/L is a transition metal complex in 

oxidation state = m and L is a ligand. Figure adapted from ref 24. 

 

Overall, the rate of any given ATRP is governed by several factors including: chosen 

monomer; transition metal complex; nature of the ligand; reaction solvent; temperature 

and pressure.28 Copper-mediated ATRP represents the most utilized transition metal 

catalyst system within the literature although other transition metals have been proven to 

be successful including molybdenum, iron, ruthenium and osmium.29 

In nitroxide-mediated polymerization (Figure 1.5), the persistent radical or deactivated 

species is a stable nitroxide that reversibly end-caps the growing polymer chain in a 

similar fashion to the halide atom in ATRP.26 In contrast to ATRP, neither a catalyst nor 

bimolecular exchange is required with NMP solely under thermal control. NMP initiators 

are typically alkoxyamines which undergo homolytic fission at elevated temperatures to 

generate a nitroxide radical and an initiating species.30  
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Figure 1.5: Activation-deactivation equilibrium in nitroxide-mediated radical polymerization (NMP) with 

associated rate constants. Figure adapted from ref 30. 

 

ATRP and NMP are both reliant on a reversible termination mechanism whereby 

radical-radical bimolecular termination leads to an increase in the persistent radical 

concentration. Consequently, the activation-deactivation equilibrium is driven towards 

the deactivated species resulting in a reduction in the propagating radical concentration. 

Therefore, termination events are significantly retarded as persistent radicals are unable 

to self-terminate whilst propagating radicals remain predominantly dormant and thus 

living polymerization characteristics are observed. A fast activation-deactivation process 

is required to allow propagating radicals equal opportunity to react with monomer which 

ensures control over polymer molecular weight, dispersity and composition. Furthermore, 

if termination reactions are minimized then end group functionality is retained for the 

majority of polymer chains (i.e. alkoxyamine for NMP and alkyl halide for ATRP) 

allowing for subsequent chain extension for block copolymer synthesis and/or 

post-polymerization chain-end functionalization. 

A significant drawback of ATRP and NMP is the difficulty in predicting the number of 

chains that undergo bimolecular termination. Calculating the latter is important in 

determining the degree of livingness of a polymerization which simply refers to the 

number fraction of chains that retain ω-end group functionality at a given monomer 

conversion.31 Moreover, each radical-radical bimolecular termination event in a 

reversible termination mechanism leads to a loss of two living chain ends. Ultimately, 
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polymerizations reliant on the persistent radical effect are unsuitable for mulitblock 

synthesis if high conversions are desired. Upon reaching full monomer conversion, living 

chains will gradually die as activation continues to generate propagating radicals which 

have a certain probability to terminate.32 Therefore, polymerizations are typically stopped 

at moderate monomer conversions (80%) to preserve a high proportion of living chains 

otherwise a loss of control is observed. 

 

1.2.2.3.2. Reversible addition-fragmentation chain transfer (RAFT) 

polymerization 

 

Discovered in 1998, reversible addition-fragmentation chain transfer (RAFT) 

polymerization is a RDRP technique in which the equilibrium between active and 

dormant chains is achieved via a degenerative transfer mechanism.33 In a degenerative 

transfer system, radicals are neither created nor destroyed resulting in no change in the 

overall number of radicals during the activation-deactivation process.23 Therefore, a 

radical source is required to initiate the polymerization, typically from the homolysis of 

a radical initiator. Other key examples of RDRP techniques that rely on a degenerative 

transfer approach include macromolecular design via the interchange of xanthates 

(MADIX),34,35 organotellurium-mediated radical polymerization (TERP)36 and 

iodide-mediated radical polymerization.37 

RAFT polymerization closely mimics the key mechanistic steps of a conventional free 

radical polymerization (Figure 1.2) with initiation, propagation and termination events 

present throughout. Importantly, simple introduction of a thiocarbonylthio chain transfer 

(or RAFT) agent results in the establishment of the key RAFT equilibria that ultimately 

impart control over the polymerization.22 Whilst in free radical polymerizations chain 

transfer is irreversible and leads to the formation of dead chains; in RAFT polymerization 
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chain transfer reactions are not only reversible but dominate and mediate the 

polymerization through the following activation-deactivation equilibria (Figure 1.6).23  

 

 

Figure 1.6: Reversible addition-fragmentation chain transfer (RAFT) polymerization mechanism with 

associated rate constants. Key reversible chain transfer equilibria are highlighted in blue. 

 

After initiation, the growing polymer chain (Pn
•) can either react with more monomer or 

with the C=S bond of the RAFT agent (1) in a reversible manner to form a radical 

intermediate species (2). This radical species can either fragment to regenerate the RAFT 

agent and initial propagating radical or fragment to expel a growing macro chain transfer 

agent (macroCTA) (3) and a CTA-derived radical (R•). This initial addition to the RAFT 

agent and associated fragmentation events comprises the pre-equilibrium stage. The 

CTA-derived radical subsequently reacts with monomer to form a new propagating 

species (Pm
•) during the reinitiation step. Finally, the main activation-deactivation 

equilibrium is established whereby the CTA-derived radical intermediate (4) rapidly 
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fragments to allow propagation of one of the polymer chains before fast addition to reform 

the radical intermediate once again.38 Overall, this series of reversible chain transfer 

reactions result in a statistical distribution of molecular weights as each propagating 

radical species has an equal chance of fragmenting due to the symmetrical nature of the 

CTA-derived radical intermediate (4). 

In a well-controlled RAFT polymerization, kβ > k-add such that pre-equilibrium and 

reinitiation is completed rapidly allowing the system to progress to the main equilibrium 

for optimal equilibration. Furthermore, for an effective RAFT process kadd/k-add >>> kp to 

ensure that less than one monomer unit is inserted per activation cycle and thus all chains 

will have a similar DP at any given time.23 

The rate of a controlled RAFT polymerization (Rp) is defined in equation (1.7) and is 

principally limited to the initial radical concentration. Under ideal conditions the addition 

of a RAFT agent should have no effect upon the kinetics of a FRP.23 However, this is 

often not the case with the rate of a RAFT polymerization with respect to an analogous 

FRP usually retarded; the magnitude of which is governed by several factors including 

choice of RAFT agent, monomer and reaction conditions used.22 

 

 

𝑅𝑝(𝑡) =  𝑘𝑝[𝑀]√
𝑓𝑘𝑑[𝐼]0𝑒−𝑘𝑑𝑡

𝑘𝑡
 1.7 

 

Although increasing the radical concentration will lead to faster polymerization rates, this 

is offset by the increase in the probability of termination reactions occurring resulting in 

larger dispersities.35 Therefore, an optimal RAFT polymerization is a fine balance 

between a high polymerization rate and a low extent of termination which can be achieved 

by having a high rate of radical generation and/or solvent acceleration coupled with a low 

initiator concentration.23 
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Correct selection of the chain transfer or RAFT agent (Figure 1.7) is paramount in a 

RAFT polymerization with the choice of R and Z groups on the RAFT agent of prime 

importance.39 

 

 

Figure 1.7: Generic structure of a thiocarbonylthio containing chain transfer (or RAFT) agent. 

 

The Z group of a RAFT agent plays two important roles. Firstly, the Z group dictates the 

stability of the CTA-derived radical intermediates (2 and 4) and thus their susceptibility 

to fragmentation. Fragmentation events need to occur to some degree otherwise the 

polymerization rate is retarded but the radical intermediates need to be stable enough to 

favor successful radical addition i.e. kadd > k-add. Moreover, the Z group governs how 

reactive the C=S bond is towards radical addition which is primarily affected by the 

electron density on the thiocarbonylthio group. Ideally, the C=S bond of a RAFT agent is 

at least 10 (preferably 100) times more reactive towards propagating radicals than the 

C=C bond of the monomer/s to ensure that rapid chain transfer reactions occur. Overall, 

the Z group of a RAFT agent directly influences two rate constants within a RAFT 

polymerization – kβ and kadd.
22 The extent to which Z group choice can affect the kinetics 

is exemplified by the fact that the value of kadd can be adjusted over a range of five orders 

of magnitude through simple manipulation of the Z group.40 A final consideration of the 

Z group is that it should prevent side reactions from occurring either via hydrolysis, 

irreversible chain transfer or direct reaction with the monomer/s. 

In comparison, the role of the R group is often understated as it contributes to the 

stabilization of the initial radical intermediate (2), as well as the reactivity of the C=S 

bond, to a lesser extent. Its key role is to reinitiate polymerization after initial 
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fragmentation therefore requiring it to be an effective reinitiating species towards the 

monomer/s used otherwise retardation is likely.41 Furthermore, it needs to be a good 

homolytic leaving group with respect to the growing polymeric chain (Pn
•) to promote 

rapid fragmentation of the CTA-derived radical intermediate (2) to favor formation of the 

desired products i.e. macroCTA (3) and CTA-derived radical (R•).  

The partition coefficient (ϕ) corresponds to the relative rates of fragmentation of the initial 

CTA-derived radical intermediate (2) to either the starting materials (Pn
• and 1) or the 

products (R• and 3), through equation (1.8), during the pre-equilibrium stage.40 

 

 
𝜙 =  

𝑘𝛽

𝑘−𝑎𝑑𝑑 + 𝑘𝛽
 1.8 

 

The nature of the R group determines the value of the partition coefficient with the 

successful preparation of polymers with low dispersity when ϕ ≥ 0.5. Many factors affect 

the two fragmentation rates and in turn the partition coefficient including: radical stability 

(primary vs secondary vs tertiary); R group substituents capable of delocalizing the radical 

center, steric effects (polymeric R groups vs monomeric analogues) and electronic effects 

(electron withdrawing vs electron donating groups).40 Overall, a fine balance between 

radical stability and reinitiation efficiency has to be found to achieve good polymerization 

control in the RAFT mechanism.23  

Ultimately, the choice of R and Z group for a RAFT agent is largely governed by how 

“activated” the chosen monomer/s are. Radically polymerizable monomers are nominally 

divided into two classes with the classification reflecting the monomer’s ability to react 

in a free radical process. More activated monomers (MAMs) react more readily with 

radicals than less activated monomers (LAMs) as the formation of a stable radical is 

favored with regards to the former. However, it is worth noting that the relative reactivity 

of the resultant propagating radical is the opposite and at odds with the former monomer 
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classifications with polymeric radicals formed from MAMs being much less reactive than 

polymeric radicals formed from LAMs.22 

 

 

Figure 1.8: Chemical structures of select examples of more activated monomers (MAMs). 

 

MAMs are typically conjugated to a neighboring functionality such as a double bond (e.g. 

butadiene); an aromatic ring (e.g. styrenes); a carbonyl group (e.g. (meth)acrylates and 

(meth)acrylamides) or a nitrile (e.g. acrylonitrile) (Figure 1.8).23 Consequently, upon 

radical addition MAMs form propagating radicals (Pn
•) which are not only stable, due to 

enhanced stabilization and often steric factors, but less reactive with regards to radical 

addition towards the RAFT agent. Furthermore, due to their more stabilized nature, 

polymeric radicals formed from MAMs provide excellent homolytic leaving groups from 

the CTA-derived radical intermediates (2 and 4). As such, a high rate of reversible chain 

transfer (kadd) with respect to the rate of propagation (kp) is necessary to ensure rapid 

equilibration of growing chains.22 Therefore, MAMs require more active RAFT agents 

such as dithioesters (5) or trithiocarbonates (6) (Figure 1.9) to promote radical addition 

and prevent a build-up of propagating radicals and dormant species (low ϕ).40 Electron 

withdrawing or more weakly electron donating Z groups (such as C, Ph or S) make the 

C=S bond of the thiocarbonylthio moiety more electrophilic and thus ensure a sufficient 

rate of addition for the propagating radicals. 
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Figure 1.9: Chemical structures of dithioesters (5) and trithiocarbonates (6) which are examples of more 

active RAFT agents used for the controlled polymerization of more activated monomers (MAMs). 

 

LAMs are monomers in which the vinylic group is located adjacent to an electron rich 

atom such as an oxygen or nitrogen lone pair (e.g. vinyl esters and N-vinyl amides); a 

halogen (e.g. vinyl chloride), a saturated carbon (e.g. diallyldimethyl ammonium 

chloride) or the heteroatom of a heteroaromatic ring (e.g. N-vinylcarbazole and N-vinyl 

pyrrolidone) (Figure 1.10).40 

 

 

Figure 1.10: Chemical structures of select examples of less activated monomers (LAMs). 

 

In contrast to MAMs, LAMs produce less stable polymeric radicals due to electron 

density being withdrawn from the radical center and thus are more reactive with regards 

to radical addition. Consequently, the rate of reversible chain transfer (kadd) needs to be 

tempered to counteract the slow fragmentation rate from the CTA-derived radical 

intermediates as polymeric radicals formed from LAMs make for poor homolytic leaving 

groups.23 If left unchecked, propagation becomes encumbered due to the high rate of 

radical addition resulting in inhibition due to a predominant concentration of stabilized 



  Chapter 1 

 

23 

CTA-derived radical intermediates which act as radical sinks.22 Therefore, less active 

RAFT agents such as xanthates (7) and dithiocarbamates (8) are required for the 

controlled polymerization of LAMs. Electron rich Z groups (such as O and N) donate 

electrons into the thiocarbonylthio group as highlighted in the resonance forms depicted 

in Figure 1.11.40 

 

 

Figure 1.11: Resonance structures of xanthates (7) and dithiocarbamates (8) which are examples of less 

active RAFT agents used for the controlled polymerization of less activated monomers (LAMs). 

 

As a result, the C=S bond of the thiocarbonylthio moiety becomes less electrophilic and 

deactivated towards radical addition. In turn, the CTA-derived radical intermediates 

become destabilized which combined with the former promotes monomer propagation 

and intermediate fragmentation rates. In conclusion, judicious selection of both R and Z 

group is vital to maintaining control in a RAFT polymerization and is highly dependent 

on the monomer/s chosen. General guidelines for R and Z group choice with respect to 

the nature of the monomer are shown in Figure 1.12.38,40,42 
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Figure 1.12: Empirical guide to RAFT agent selection. For Z, addition rates decrease and fragmentation 

rates increase from left to right. For R, fragmentation rates decrease from left to right. A bold line indicates 

good control. A dashed line indicates partial control. Figure and caption adapted from ref 40. 

 

Ultimately, the RAFT process has been shown to facilitate the controlled polymerization 

of a plethora of radically polymerizable monomers regardless of their reactivity. 

Critically, one synthetic challenge still remains with regards to RAFT agent design which 

is a universal RAFT agent that can polymerize both LAMs and MAMs without 

retardation, inhibition or loss of control.40 An elegant example of a universal RAFT agent 

is the pH-switchable N-(4-pyridinyl)-N-methyldithiocarbamate RAFT agent whereby the 

reactivity can be modulated via protonation of the pyridine ring (Scheme 1.3).43 Using 

this RAFT agent, the authors successfully synthesized a range of p(MAM)-b-p(LAM) 

diblock copolymers with narrow molecular weight distributions (ÐM = 1.10 – 1.20).43 

However, whilst a number of viable solutions have been proposed within the literature, 

to date no single RAFT agent offers good control over both MAMs, specifically 

methacrylates, and LAMs.23 
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Scheme 1.3: pH-switchable N-(4-pyridinyl)-N-methyldithiocarbamate RAFT agent. In acidic conditions 

control over MAMs is favored and vice versa for LAMs. Figure adapted from ref 43. 

 

Importantly, a key feature of the RAFT process is that in an ideal RAFT polymerization 

all the polymeric chains will retain α and ω end-group functionality i.e. thiocarbonylthio 

moiety (Z-C(=S)- group) and the R group. Therefore, polymer functionality and 

architecture can be manipulated simply by incorporating (multi)functional Z and R 

groups into RAFT agent design. For example, through the use of R- or Z-linked 

multi-functional RAFT agents, triblock copolymers and/or multi-arm stars have been 

successfully prepared.44,45 Furthermore, more exotic polymer architectures have been 

synthesized via RAFT polymerization including branched; hyper-branched; graft; comb 

and dendritic with perhaps only the creativity of the polymer chemist being the limit in 

polymer architecture design.46–48 Another significant advantage of RAFT polymerization 

is its cooperativity with other polymerization methodologies enabling orthogonal 

synthetic approaches to be realized thereby widening monomer range and access to 

unique topologies. For instance, bottlebrush copolymers have been successfully prepared 

by combining RAFT and ROMP techniques utilizing a RAFT agent bearing a norbornene 

functionality as the Z group (Scheme 1.4).49 
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Scheme 1.4: Proposed preparation of bottlebrush copolymers using a dual ROMP/RAFT agent (CTA1) 

with a norbornene functionality as the Z group. Figure adapted from ref 49. 

 

Overall, the RAFT process is tolerant to a wide range of unprotected functionalities on 

either the Z or the R group owing to the robust nature of the thiocarbonylthio moeity.40 

Moreover, the versatility of the thiocarbonylthio group can be exploited for polymer chain 

end functionalization in a similar fashion to other RDRP techniques. Polymers 

synthesized via RAFT polymerization can be transformed post-polymerization via an 

extensive range of processes (Scheme 1.5).50–52 These transformations enable the polymer 

chemist to introduce a diverse range of functionalities easily and efficiently and include 

reactions such as: reductions; electrocyclic reactions; nucleophilic substitutions and 

‘click’ processes to name but a few.52 For some applications, complete removal of the 

thiocarbonylthio end-group is necessary with the most effective processes being either 

thermolysis or radical-induced transformations.53 
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Scheme 1.5: Most commonly used synthetic pathways to thiocarbonylthio end-group modification grouped 

by types of reaction. Figure and caption adapted from ref 23, 52. 

 

A critical advantage of RDRP techniques is retention of the transferable group if 

termination is kept to a minimum, i.e. alkyl halide for ATRP, alkoxyamine for NMP or 

thiocarbonylthio group for RAFT polymerization.32 Consequently, RDRP techniques 

allow for subsequent chain extension using either the same, a different or a combination 

of more than one monomer to prepare block copolymers. Sequential block synthesis via 

RAFT polymerization is appealing for many reasons but there are several important 

factors to take into account including monomer order, α and ω end-group functionality, 

initiator concentration and unsurprisingly, RAFT agent selection.22 

When designing block copolymers via RAFT polymerization, certain criteria has to be 

met regarding the order in which monomers are incorporated. During a block copolymer 

synthesis, the first monomer polymerized becomes the polymeric R group of the 

macroCTA utilized in the second polymerization. Subsequent chain extensions are highly 
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dependent on the monomer/s polymerized in the preceding block and careful 

consideration must be taken to prevent complete inhibition. Essentially, monomer order 

(Figure 1.13) is dictated by the leaving group ability of the resultant polymer chain; with 

the latter decreasing in the order of methacrylates and methacrylamides (stabilized 

tertiary radicals) >> acrylates, acrylamides and styrenes (stabilized secondary radicals) > 

vinyl esters and N-vinyl amides (more reactive secondary radicals).22 Ultimately, the 

range of well-defined block copolymers that can be synthesized via RAFT 

polymerization, and competing RDRP techniques, is limited due to these strict conditions. 

 

 

Figure 1.13: Guidelines for selection of macro-R group for the preparation of block copolymers. Bold line 

indicates good control. Dashed line indicates partial control/retardation. Figure adapted from ref 22. 

 

In an ideal RAFT polymerization, all polymer chains would remain “living” and retain 

both α and ω end-group functionality but this is rarely the case. The requirement of an 

initiator in RAFT polymerization leads to two types of polymer defects which become 

more prevalent with each chain extension during block copolymer synthesis. Firstly, the 

formation of initiator-derived polymer chains instead of R-group derived polymer chains 

is unavoidable. Initiator addition is necessary for each chain extension during block 

copolymer synthesis which can also generate homopolymer impurities (Figure 1.14). The 

second type of defect is generally observed at very high monomer conversions and is 

simply the formation of dead polymer chains through irreversible bimolecular termination 

which is intrinsic to any radical polymerization.22 Overall, the products of a RAFT 

polymerization can be nominally split into four categories: polymer chains with and 
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without the thiocarbonylthio moiety at the ω-end (living and dead chains respectively) 

and polymer chains with differing α-end group functionality (initiator-derived vs R-group 

derived).23 Although the relative populations of the minor termination products and 

initiator-derived defects are typically very low, their existence should be noted when 

considering block copolymer composition. 

 

 

Figure 1.14: Outline of the possible various polymer species formed from a homopolymerization and a 

single chain extension via RAFT polymerization at full monomer conversion. Figure adapted from ref 22. 

 

As discussed in Section 1.2.2.3.1, block copolymer synthesis using either NMP or ATRP 

typically requires the polymerization to be quenched at moderate conversions to maintain 

a high degree of livingness.23 Given the number of possible side products and 

initiator-derived contaminants, RAFT polymerization may appear to be an unsuitable and 

inefficient methodology for large scale multiblock synthesis in which very high 

conversion rates are desired. However, unlike other RDRP techniques based on a 

reversible termination mechanism, the requirement of a radical initiator in RAFT 

polymerization allows the polymerization rate to be tuned as well as the extent of 

bimolecular termination.32 Since the number of dead chains is directly proportional to the 

initial radical concentration, use of very low initiator concentrations would allow a high 

degree of livingness to be maintained. Consequently, the contribution of initiator-derived 

chains would be minimized but optimized polymerization conditions would be required 
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to counteract the reduction in polymerization rate. Perrier and co-workers have recently 

developed a one pot process utilizing this approach, in which low disperse block 

copolymers were successfully synthesized at 100% conversion with the number of blocks 

as high as 20.31 To overcome the use of very low initiator concentrations, monomers with 

high propagation rates, in this case acrylamides, were polymerized at high concentrations 

in aqueous media to promote a high rate of polymerization (equation (1.7)).31,32 

In conclusion, RAFT polymerization is arguably the most versatile RDRP process. For 

instance, it can control the polymerization of a broader range of functional monomers 

than competing technologies e.g. vinyl acetate and N-vinyl pyrrolidone unlike 

ATRP/NMP as well as ethylene and dienes unlike conventional FRP.23 Moreover, RAFT 

polymerization is compatible with a wide range of reaction media (organic, aqueous, 

dispersion, emulsion); omits the use of metals which are often found in ATRP; does not 

require elevated temperatures unlike NMP and displays a greater tolerance to functional 

groups in comparison to living anionic and cationic polymerizations. Importantly, 

minimal process development is required with simply the addition of a RAFT agent to a 

conventional FRP protocol. As a result, RAFT polymerization has become increasingly 

popular in industry for the large scale batch production of well-defined polymers.54 RAFT 

polymerization has the potential to become the gold standard of controlled polymerization 

techniques for applications including polymer-based therapeutics, microelectronics, 

green and sustainable materials, cosmetics, biosensors, paints and many others.22,23,55,56 

Herein, RAFT polymerization was chosen as the preferred polymerization methodology 

for the synthesis of diblock copolymers throughout this thesis. 
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1.3. Polymer self-assembly in aqueous solution 

 

Controlled polymerization techniques have facilitated the design and preparation of 

functional polymers with an extensive range of architectures; some of which were 

described in Section 1.2.47,48 Furthermore, each type of polymer topology can 

self-organize into aggregates of diverse morphologies under certain conditions.57 In 

comparison to their small molecule analogues, polymer aggregates typically exhibit 

greater kinetic stability and robustness due to their enhanced mechanical and physical 

properties. As a result, polymer self-assembly has attracted significant research interest 

with a view to applications including drug delivery, enzyme mimics, enhanced oil 

recovery and diagnostic point-of-care devices to name but a few.58 

 

 

Figure 1.15: Typical structures of block copolymers (BCPs) containing two types of blocks, A and B. 

Figure and caption adapted from ref 59. 

 

Block copolymers (BCPs) (Figure 1.15) typically consist of two or more chemically 

distinct and often immiscible blocks that are covalently bound together.59 Due to this 

incompatibility, BCPs undergo microphase separation in order to minimize the interfacial 

surface area between the incompatible components in a process termed self-assembly.60 

Amphiphilic block copolymer self-assembly represents the simplest and most extensively 

studied system and is akin to the aqueous self-assembly of small molecule surfactants 

composed of a hydrophilic head group and one or more hydrophobic tail groups. Overall, 



  Chapter 1 

 

32 

the self-assembly of amphiphilic block copolymers in solution is driven by the reduction 

in the total free energy of the system and is dependent upon both polymer-water 

interactions and polymer-polymer interactions.59 Whilst there is an entropic penalty from 

amphiphilic block copolymer chains and water molecules becoming highly ordered in 

solution, a larger enthalpic penalty is prevented by decreasing the number of energetically 

unfavorable interactions between the hydrophobic block and the aqueous environment; 

this phenomenon is often referred to as the hydrophobic effect.57 

When placed in a selective solvent above the critical aggregation concentration (CAC), 

amphiphilic block copolymers spontaneously self-assemble to generate a vast array of 

nanostructures including: spherical micelles; cylindrical micelles; vesicles; bicontinuous 

structures and lamellae amongst others (Figure 1.16).59–61 

 

 

Figure 1.16: Transmission electron microscopy (TEM) images (with schematic diagrams) for various 

morphologies formed from amphiphilic poly(styrene)-b-poly(acrylic acid) block copolymers in water. 

Figure adapted from ref 59, 60. 

 

The diverse range of morphologies that can be accessed via BCP self-assembly is dictated 

by the inherent molecular curvature and how the latter influences the packing of the BCP 
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chains.62 As an initial reference point, the final equilibrium morphology can be predicted 

from the packing parameter (p) which can only be applied to dynamic aggregates – 

self-assembled systems under thermodynamic control.62 The packing parameter relates 

the volume of the hydrophobic chains (v), the optimal area of the head group (ao) and the 

length of the hydrophobic block (lc) through equation (1.9).63
 

 

 𝑝 =  
𝑣

𝑎𝑜𝑙𝑐
 1.9 

 

In general, the predicted formation of the three main types of morphology with regards 

to the value of the packing parameter is as follows: spherical micelles are favored when 

p ≤ ⅓; cylindrical micelles are favored when ⅓ < p < ½; and vesicles (or polymersomes) 

are favored when ½ < p < 1 (Figure 1.17).62 However, the absolute values of v, ao and lc 

for any given BCP are difficult to calculate. Therefore, the molecular curvature obtainable 

by the self-assembled polymer chains is often approximated using the relative weight 

fractions of solvophobic and solvophilic blocks within the constituent block copolymer.64 

Moreover, several other factors impact the final morphology observed and include: BCP 

composition and concentration; polymer solvent interactions; hydrophilic and 

hydrophobic block length; interaction between the incompatible blocks (known as the 

Flory-Huggins parameter, χ); selective solvent content with respect to good solvent 

content (a solvent that solubilizes all blocks); nature of the selective solvent and presence 

of additives.59 
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Figure 1.17: Illustration of the effect of the dimensionless packing parameter, p, upon the equilibrium 

morphology based on geometric arguments for amphiphilic block copolymers in a selective solvent. Figure 

adapted from ref 62. 

 

Out of all the morphologies reported in the literature, the formation of “star-like” 

spherical micelles represent one of the most commonly studied. Aggregation of the 

hydrophobic blocks results in the formation of a dense core surrounded by hydrophilic 

blocks arranged in a diffuse hydrated corona upon dissolution in a non-solvent for the 

solvophobic block, commonly water (Figure 1.18).65 Alternatively, reverse or inverse 

micelles are typically formed in apolar solvents, such as hexane, whereby the two 

incompatible blocks switch roles to form a hydrophilic core with a hydrophobic corona.60 

 

 

Figure 1.18: Solution-state self-assembly of amphiphilic block copolymers into core shell micelles. Figure 

and caption adapted from ref 65. 
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Micelles have provoked significant interest as polymeric materials suitable for a range of 

applications due to their properties at the nanoscale. Properties such as size,66 molecular 

weight,67 shape,68,69 and equilibrium behavior,70 can all be tuned by changing the physical 

and chemical nature of the BCPs from which micelles self-assemble. For example, 

manipulation of either the hydrophobic or hydrophilic block length has been shown to 

have a direct impact upon the aggregation number observed in the resultant 

micelles.64,69-71 Moreover, it has been demonstrated that changing the hydrophobic nature 

of the core-forming block can also affect self-assembly, with an increase in 

hydrophobicity resulting in higher aggregation numbers.74 The aggregation number (Nagg) 

simply refers to the average number of polymer chains that comprise the resultant 

self-assembled nanostructure and is defined in equation (1.10). 

 

 
𝑁𝑎𝑔𝑔 =  

𝑀𝑤,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑀𝑤,𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 1.10 

 

Alternatively, “crew-cut” aggregates refer to BCPs in which the hydrophobic blocks are 

much longer than the hydrophilic segments generating nanostructures for which the 

coronas are much smaller than the hydrophobic regions. More than twenty “crew-cut” 

morphologies have been identified; some of which are thermodynamically induced whilst 

others can only be accessed via kinetic requirements.59 

Overall, the self-assembly of BCPs in aqueous solution provides several advantages as a 

method of synthesizing polymeric materials with a view to biomedical applications. For 

instance, the use of stimuli-responsive monomers to form one or more of the constituent 

blocks allows the fabrication of nanoparticles whose assembly can be controlled by such 

stimuli. By using a core-forming or associative block that can transition between 

hydrophobic and hydrophilic states depending on the temperature, degree of 
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protonation/pH, wavelength of light irradiation amongst others, leads to self-assembled 

nanostructures whose self-assembly depends on these stimuli.75,76 

 

1.3.1. Kinetic vs thermodynamic control 

 

It is well established that amphiphilic block copolymers often form out-of-equilibrium or 

‘frozen’ structures,77,78 especially in aqueous media where unimer exchange is often 

energetically unfavorable. As a result, the final morphology of the nanostructures formed 

by BCPs is not only controlled by thermodynamic concepts such as entropic packing 

parameter (p), entropy of water or enthalpic interactions, but is also strongly influenced 

by kinetics.79 This is highlighted by the fact that multiple morphologies can be prepared 

by the self-assembly of BCPs with identical or very similar block compositions and 

lengths (Figure 1.16).60 

It is generally accepted that the mechanism for initial micelle formation involves rapid 

unimer association via nucleation and growth until micelles reach a limit at which the free 

energy of the system increases upon further growth.78 For some systems, it was observed 

that thermodynamic equilibrium was reached after initial micelle formation which 

allowed rapid unimer exchange between micelles to occur. As a result, dynamic micelles 

formed which were independent of the preparation pathway. Conversely, 

out-of-equilibrium kinetically trapped ‘frozen’ structures often formed which showed 

little response to an external stimulus.77,80 Ultimately, the self-assembly behavior of 

amphiphilic block copolymers can be difficult to predict; with many examples in the 

literature for which the characteristics of the formed nanostructures were primarily 

dictated by the chosen self-assembly methodology. 

Direct dissolution (DD) is conceptually the simplest self-assembly methodology and 

involves the direct addition of the selective solvent to the purified BCP at a suitable 
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concentration to initiate self-assembly. Typically, self-assembled nanostructures prepared 

via this preparation pathway resemble the BCP’s bulk phase separated morphologies 

which are often kinetically controlled but under certain conditions can equilibrate. An 

alternative self-assembly methodology is thin film rehydration (TF) which initially 

involves the dissolution of the BCP in a good solvent for all blocks to form a dispersed 

solution of unimers. Subsequent removal of the good solvent at elevated temperatures 

under vacuum leaves a thin film of BCP; to which the selective solvent is added driving 

the formation of self-assembled nanostructures. Again, kinetically controlled phase 

separated morphologies are anticipated to form which may reach thermodynamic 

equilibrium, again under certain conditions. Finally, the solvent switch method (SS) is 

largely considered the principal choice for BCP self-assembly as it often drives the 

formation of thermodynamically favored nanostructures. Initially, the BCP is dispersed 

in a good solvent for all blocks resulting in a solution of unimers. Subsequent slow 

addition of the selective solvent is followed by removal of the original good solvent with 

self-assembly occurring at a critical percentage content of the selective solvent. 

Formation of equilibrium-derived nanostructures is largely dependent upon how long the 

system remains under equilibration before the solvent quality for the associative block is 

greatly reduced upon further addition of the selective solvent (Figure 1.19).81 
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Figure 1.19: Diagram representing three common self-assembly methodologies for amphiphilic block 

copolymers with a) direct dissolution, b) thin film rehydration, and c) solvent switch. 

 

Unlike small molecule surfactants, self-assembled amphiphilic block copolymers rarely 

reach the true Gibbs free energy minima of the system and in turn thermodynamic 

equilibrium.78,82 Thermodynamic equilibrium is achieved with respect to the former 

through a constant exchange of surfactant molecules (free unimer chains) between 

nanostructures; with some portion of the chains ever present in both populations.73,83 

Therefore, upon a change in system conditions, the nanostructures can undergo 

morphological transitions to adapt and reach the new equilibrium-derived nanostructures 

as a result of this dynamic exchange of small surfactant molecules. Alternatively, 

thermodynamic equilibrium can be reached via particle-particle fusion events instead of 

unimer exchange but the energy barrier for this mechanism is extremely high and thus 

very unfavorable to occur.84  
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In contrast to small molecule surfactants, the dynamic exchange of polymer chains 

between nanostructures is predominantly kinetically hindered because the energy barrier 

for unimer exchange is too great and the concentration of polymer chains free in solution 

is typically negligible.79,85 Furthermore, it is difficult to deduce how far from equilibrium 

a system truly is or if thermodynamic equilibrium is indeed reached.78 Apart from careful 

selection of the self-assembly methodology, thermodynamic equilibrium for any given 

BCP self-assembled system can be reached by facilitating unimer exchange. 

Unimer exchange between self-assembled nanostructures can occur but only if the 

associative block is sufficiently mobile and is of a relatively low hydrophobic nature 

thereby resulting in a low interfacial tension with respect to the selective solvent.80,86 

Other critical factors that can dictate whether unimer exchange is promoted include 

sterics; hydrophobic block length and the experimental temperature. Ultimately, the 

capability of self-assembled nanostructures to reach a global equilibrium is largely 

governed by two factors. Firstly, the BCP must have a core-forming block which has a 

glass transition temperature that is below the experimental temperature. Furthermore, the 

respective BCP self-assembled system must have an energy barrier low enough for 

unimer exchange to occur, to allow the lowest free energy of the system to be reached.81 
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1.4. Summary 

 

Within this Chapter, several key concepts and topics central to the themes found 

throughout this thesis have been reviewed. An introduction to polymers and the individual 

elements that control can be imparted using the tools of modern synthetic chemistry was 

outlined. A detailed summary of the numerous polymerization methodologies available 

to the polymer chemist and their associated advantages and disadvantages was given. This 

section was followed by a comprehensive discussion of RAFT polymerization which was 

employed throughout this thesis for the synthesis of block copolymers. The importance 

of RAFT agent design with regards to controlled block copolymer synthesis and 

introducing functionality to polymers was highlighted, a concept which will be further 

explored in subsequent chapters. The next section focused upon the principles of block 

copolymer self-assembly and the extensive range of morphologies that can be accessed 

via judicious manipulation of the polymer composition. Finally, key thermodynamic and 

kinetic factors that dictate the self-assembly behavior of amphiphilic diblock copolymers 

in solution were discussed, for which diblock copolymer composition and chosen 

self-assembly methodology play a significant role. 
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2. Design and synthesis of novel aminobromomaleimide (ABM) 

functionalized RAFT agents 
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2.1. Abstract 

 

Aminobromomaleimides (ABMs) are small molecule fluorophores that are structurally 

similar to dithiomaleimides (DTMs) and offer a new class of highly emissive compounds 

which exhibit similar properties such as large Stokes shifts, high fluorescence quantum 

yields, and solvent dependent emission. Coupled with their enhanced stability and 

reactivity, ABMs are ideal candidates for the functionalization of block copolymers in 

order to probe and understand the internal properties and self-assembly dynamics of 

polymer nanostructures in solution. In this Chapter, the feasibility of using 

ABM-functionalized RAFT agents to synthesize fluorescent block copolymers in a 

reproducible and controlled manner was investigated. To this end, the incorporation of an 

ABM fluorophore into the chemical structure of a range of RAFT agents via both R and 

Z group functionalization was explored (Figure 2.1). Following this, kinetic studies were 

conducted with a variety of suitable monomers to determine the effect of fluorophore 

incorporation upon the polymerization rate and degree of control. 

 

 

Figure 2.1: Chemical structures of novel aminobromomaleimide-functionalized RAFT agents 2ii, 2vi and 

2xvii developed in this Chapter. 
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2.2. Introduction 

 

2.2.1. Small molecule fluorophores: dithiomaleimides (DTMs) 

 

Dithiomaleimides (DTMs) represent a class of small molecule fluorophores formed by 

the addition-elimination reaction between 2,3-dibromomaleimide (DBM) and thiols, 

resulting in conjugation-induced fluorescence (Figure 2.2).1 DTMs are highly emissive 

compounds that exhibit a broad excitation spectrum between 250-400 nm with a 

corresponding emission spectrum between 500-550 nm.2–4 Due to their small size and 

intermediate polarity, DTMs have been shown to be versatile fluorophores for use in a 

myriad of applications, such as polymer/protein conjugation,2,5–13 polymer labelling,3,14–

17 polymer synthesis,18–21 and as contrast and imaging agents.4,22,23 

 

 

Figure 2.2: Conversion of mono- or dibromomaleimide (MBM/DBM) to monothio- or dithiomaleimides 

(MTMs/DTMs) and amino- or aminobromomaleimides (AMs/ABMs) by reaction with thiols and amines 

respectively. Figure and caption adapted from ref 1. 

 

Fluorophore incorporation into the final polymer structure can be achieved by a pre-

polymerization route via a fluorescent monomer/initiator/RAFT agent; or by a 
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post-polymerization approach either via end group modification or by conversion of 

pendant pro-fluorescent groups along the polymer backbone.24 In the case of 

DTM-functionalized polymers, all four approaches have been explored within the 

literature.2–4,14,16,22,23 

For instance, O’Reilly and co-workers synthesized a series of fluorescent and chemico-

fluorescent responsive copolymers using DTM- and pro-fluorescent DBM-functionalized 

monomers respectively.3 Subsequent copolymerizations with a range of acrylate and 

methacrylate monomers proceeded to high monomer conversions with excellent control 

over molecular weight achieved (ĐM < 1.3). Importantly, the C=C double bond of the 

DTM fluorophore was found to be unreactive under RAFT polymerization conditions and 

thus did not require protection. Furthermore, DTM incorporation appeared to not 

significantly alter the properties of the resultant copolymers, whilst no adverse effects 

were observed regarding the DTMs’ fluorescence emission profiles. For example, 

triethylene glycol monomethyl ether acrylate (TEGA) and oligoethylene glycol 

monomethyl ether methacrylate (OEGMA) copolymers, with a 10 mol% loading of the 

DTM monomer in each case, were able to retain their water solubility and 

thermoresponsive behavior. Moreover, the respective copolymers displayed similar 

excitation and emission spectra in comparison to small molecule DTMs. The versatility 

of this approach was further demonstrated in this paper via the copolymerization of a 

pro-fluorescent DBM methacrylate monomer (DBMMA) with OEGMA. Upon thiol 

functionalization, the cloud point of the resultant fluorescent thermoresponsive 

copolymer could be progressively tuned over a range of 11 °C by simple manipulation of 

the thiol polarity (Figure 2.3).3 
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Figure 2.3: Cloud point measurements for solutions of P11–15 at 10 g L−1 in water whereby P12-P15 are 

DTM-functionalized copolymers formed from post-polymerization modification of a p(OEGMA28-co-

DBMMA5) copolymer (P11) with the corresponding thiol. Figure and caption adapted from ref 3.  

 

In another study conducted by O’Reilly and co-workers, a DTM-functionalized acrylate 

monomer was copolymerized either into the core-forming or corona-forming blocks of 

poly(triethylene glycol monomethyl ether acrylate)-b-poly(tert-butyl acrylate) block 

copolymer micelles via RAFT polymerization (Figure 2.4).15 The sensitivity of the DTM 

fluorophore to its environment was highlighted in this study with a greater emission (Φf 

= 17% c.f. <1%) and a longer fluorescence lifetime (19 ns c.f. 7 ns) observed for the DTM 

fluorophore in core-labelled micelles when compared to corona-labelled micelles, as a 

result of better protection from collisional quenching.15 Moreover, the simple use of a 

DTM label produced fluorescent block copolymer micelles capable of self-reporting on 

their supramolecular state. Furthermore, the presence or absence of an encapsulated 

molecule, such as Nile Red, could be confirmed via Förster resonance energy transfer 

(FRET) measurements with the DTM fluorophore.15 Consequently, Cheng and 

co-workers successfully exploited the capability of DTMs to form successful FRET pairs 

as an non-invasive tool to monitor the drug release of camptothecin from DTM-based 

camptothecin-containing nanoparticles upon the addition of glutathione.25 
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Figure 2.4: Schematic representation of the synthetic route to non-labelled micelles (a), corona-labelled 

micelles (b) and core-labelled micelles (c) containing the DTM fluorophore. Chemical structures of the 

respective diblock copolymers are shown as a guide. Figure and caption adapted from ref 15. 

 

In addition to the copolymerization strategies highlighted above, a DTM-functionalized 

dual initiator/RAFT agent has also been used to successfully synthesize fluorescent 

amphiphilic block copolymers via sequential ring opening polymerization (ROP) and 

RAFT polymerization techniques (Figure 2.5).16,22,23 Self-assembly of the corresponding 

poly(rac-lactide)-b-p(TEGA) amphiphilic star block copolymer resulted in the formation 

of block copolymer micelles, in which the DTM fluorophore was located at the core-shell 

interface. Critically, the authors found that DTM incorporation had no detrimental effect 

upon block copolymer self-assembly and was thus explored as a potential non-invasive 

method for the generation of self-reporting materials for nanomedicine applications. 

Significantly, the DTM fluorophore did not self-quench in the micellar state leading to a 

substantial increase in fluorescence emission, with a similar behavior observed in 

analogous DTM-functionalized block copolymer assemblies.4,15,16,23 In addition, O’Reilly 

and co-workers showed that it was possible to locate and differentiate between various 

supramolecular states in vitro such as assembled micelles, disassembled micelles 

(unimers), and degraded polymer by measuring their respective fluorescence lifetimes 

A) 

B) 

C) 
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using time-domain fluorescence-lifetime imaging (FLIM).22 The viability of using DTMs 

as effective sensors for tracking the cell internalization and uptake behavior of 

fluorescently-labelled polymeric nanostructures was further realized in a subsequent 

study investigating the development of drug delivery vehicles for neural stem cells.23 

 

 

Figure 2.5: (a) Synthesis of a DTM-functionalized dual ROP initiator/RAFT agent (1); (b) synthesis of a 

poly(rac-lactide)2m-b-p(TEGA)n amphiphilic star block copolymer (2) via sequential ROP and RAFT 

polymerization; (c) self-assembly of 2 via direct dissolution in water to produce spherical micelles (2M) 

with DTM fluorophore located at the core-shell interface. Figure and caption adapted from ref 22. 

 

A critical drawback of organic dyes is that they typically display concentration-dependent 

molar emission. At low or high concentration, a significant change in molar emission is 

observed due to fluorophore aggregation and/or self-quenching. Conversely, DTMs have 

been shown to exhibit concentration independent molar emission with relatively flat 
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anisotropy profiles over a concentration range of three orders of magnitude upon 

incorporation into block copolymers.15,22 The limitations of this concentration 

independent molar emissive behavior were further probed by O’Reilly and co-workers 

through the synthesis of a series of fluorescently-labelled nanogels with various degrees 

of DTM functionalization and crosslinking density (Figure 2.6).4 Remarkably, neither 

self-quenching of the DTM fluorophore nor concentration-dependent molar emission 

were observed for very high localized DTM concentrations (16 mM) with respect to the 

nanoparticle cores. The authors therefore concluded that DTM-functionalized 

nanoparticles could be utilized as effective quantitative imaging agents, whereby 

fluorophore emission directly corresponds to local nanoparticle concentration. 

 

 

Figure 2.6: Synthesis of DTM-labelled nanogels by radical cross-linking emulsion polymerization in water 

at 70 °C using fluorescent DTM-functionalized methacrylate monomer (DTMMA), methyl methacrylate 

(MMA) and ethylene glycol dimethacrylate (EGDMA). Figure adapted from ref 4.  

 

One potential disadvantage of DTMs is that they can undergo further substitution in the 

presence of excess thiol; and if the thiol is aromatic, the resultant DTM is non-emissive. 

Interestingly, O’Reilly and co-workers exploited this reversibility of thiol addition to 

DTM to induce a morphology transition from spherical micelles to vesicles coupled with 
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a simultaneous quenching of fluorescence emission.16 Addition of thiophenol to 

previously reported poly(rac-lactide)-b-p(TEGA) block copolymer micelles (Figure 

2.5 c) resulted in the elimination of the hydrophobic poly(rac-lactide) blocks, prompting 

a structural reorganization to compensate for the significant change in the volume fraction 

of the solvophobic block. 

 

2.2.2. Small molecule fluorophores: aminobromomaleimides (ABMs) 

and aminomaleimides (AMs) 

 

Aminobromomaleimides (ABMs) and aminomaleimides (AMs) (Figure 2.2) are 

structurally similar to DTMs and offer a new class of highly emissive compounds that 

exhibit comparable fluorescence properties to DTMs. These include large Stokes shifts 

(> 100 nm), high fluorescence quantum yields (up to 60%) and solvent-dependent 

wavelength and emission.1 Formed by simple amino-substitution of either 

dibromomaleimide or monobromomaleimide, ABMs and AMs exhibit greater 

fluorescence emission than their respective DTM counterparts, particularly when 

functionalized with alkyl primary amines.1 Notably, ABMs and AMs are quenched upon 

direct conjugation to aromatic rings or when functionalized with secondary amines; with 

a similar fluorescence behavior with respect to aromatic thiols observed for DTMs.2 Two 

important advantages of ABMs and AMs are that they do not undergo further substitution 

upon the addition of excess amine or thiol and unlike their DTM counterparts, they do 

not require di-substitution to generate intense emission.1 

A key attribute of ABM and AM fluorophores is that they are highly sensitive to their 

environment. For instance, O’Reilly and co-workers discovered that ABMs and AMs 

displayed greater fluorescence emission and higher quantum yields in aprotic solvents 

such as 1,4-dioxane and cyclohexane.1 Alternatively, a loss of fluorescence emission was 
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observed in protic polar solvents, like methanol, as a result of electron driven proton 

transfer (EDPT), as confirmed by a separate photodynamic study.26 Interestingly, 

O’Reilly and co-workers successfully exploited the solvent-dependent emissive behavior 

of ABMs to generate a fluorescent read-out regarding the hydrophilicity and 

corresponding degree of core hydration of core-crosslinked CO2-responsive nanoparticles 

under different stimuli.27 In this case, an ABM-functionalized methacrylate monomer 

(ABMMA) was incorporated into the core of fluorescent nanoparticles composed of a 

CO2-responsive 2-(diethylamino) ethyl methacrylate (DEAEMA) core covalently 

stabilized with OEGMA and crosslinked using ethylene glycol dimethacrylate (EGDMA) 

(Figure 2.7). Upon bubbling the solution of ABM-functionalized nanoparticles with CO2, 

the authors observed an increase in particle size along with a significant decrease in 

fluorescence intensity, which was attributed to an increase in core hydrophilicity due to 

particle swelling. Moreover, it was found that fluorescence emission could be recovered 

by simply purging the solution of hydrated swollen nanoparticles with N2. 

 

 

Figure 2.7: Synthesis of fluorescent CO2-responsive ABM-functionalized nanoparticles via emulsion 

polymerization in water at 65 °C using a tertiary amine-functionalized monomer (DEAEMA), fluorescent 

ABM-functionalized methacrylate monomer (ABMMA), shell-forming monomer OEGMA and 

cross-linker (EGDMA). Non-fluorescent swollen nanoparticles form upon bubbling the solution with CO2, 

with the reversible reaction achieved upon bubbling with N2. Figure adapted from ref 27. 

 

This study highlights the utility of ABM fluorophores as effective probes for the 

investigation and understanding of the self-assembly behavior of polymeric 
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nanostructures in response to an external stimulus. As highlighted above, DTMs have 

been employed in an extensive range of applications and offer several advantages for 

polymer nanoparticle labelling, including: ease of synthesis; high sensitivity; 

concentration independent molar emission; lack of self-quenching; stability under radical 

polymerization conditions; self-reporting nature; and small size to allow for facile 

incorporation into polymeric nanostructures without affecting or disrupting the assembly.  

Therefore, it was envisaged that ABMs could exhibit similar properties upon 

incorporation into a block copolymer structure given the numerous similarities between 

the two fluorophore classes. Moreover, ABMs could offer an attractive alternative to 

DTMs with regards to polymer functionalization considering the inherent advantages of 

ABMs with respect to substitution, stability and reactivity coupled with enhanced 

fluorescence behavior. In this Chapter, the design and synthesis of novel 

ABM-functionalized RAFT agents for the purpose of producing fluorescent block 

copolymers in a robust and controlled manner is explored. 

  



  Chapter 2 

 

55 

2.3. Results and Discussion 

 

As outlined in the introduction to this Chapter, incorporation of a fluorophore into the 

final polymer structure can be achieved via various methods, namely post-polymerization 

modification, copolymerization of a pro-fluorescent or fluorescent comonomer into the 

polymer backbone or using a pro-fluorescent or fluorescent RAFT agent for polymer 

synthesis. For the purposes of understanding self-assembly behavior and resultant 

exchange dynamics for any chosen block copolymer system, each polymer chain should 

ideally contain at least one fluorophore. Moreover, self-assembly behavior of 

fluorescently-tagged block copolymers should closely match their non-fluorescent 

counterparts to allow for direct comparison. Of the methods listed above, employment of 

a fluorescent RAFT agent to afford the target fluorescent block copolymers provided the 

most suitable option. By doing so, the requirement for high yielding post-polymerization 

modification reactions; the possible risk of synthesizing core-forming blocks that are 

gradient instead of statistical in nature; and the potential impact of changing the inherent 

nature of the block copolymer due to the introduction of a new fluorescent comonomer 

were all avoided. 

Previously, a DTM-functionalized dual ROP initiator/RAFT agent (Figure 2.5) had been 

successfully utilized by O’Reilly and co-workers for the synthesis of fluorescently-tagged 

star copolymers via orthogonal polymerization techniques.4,16,22,23 Most importantly, the 

studies demonstrated that the DTM fluorophore was highly tolerant to polymerization 

conditions with the fluorophore located at the core-shell interface of the resultant 

polymeric nanostructures upon self-assembly. Consequently, it was postulated that an 

analogous approach could be adopted for the successful design and synthesis of an 

ABM-functionalized RAFT agent capable of facilitating controlled RAFT 

polymerizations to generate fluorescently-labelled block copolymers. 
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As outlined in Chapter 1, polymers produced via RAFT polymerization are principally 

categorized by their respective α-end and ω-end group functionalities. In an ideal RAFT 

polymerization, all synthesized polymer chains would have 100% end group fidelity with 

terminal functionalities directly reflecting the chosen R and Z group of the employed 

RAFT agent. However, this is rarely the case with the potential for loss of both the R and 

Z group moieties from propagating polymer chains during the polymerization.28 For 

instance, the requirement of an initiator in RAFT polymerization leads to unavoidable 

formation of initiator-derived polymer chains instead of R-group derived polymer chains. 

On the other hand, retention of the thiocarbonylthio moiety at the ω-end, and thus Z group 

functionality, is principally dictated by the rate of irreversible bimolecular termination 

during RAFT polymerization. Importantly, the relative populations of undesired 

initiator-derived and/or “dead” polymer chains can be significantly reduced to negligible 

amounts through careful manipulation of the polymerization conditions, as highlighted in 

the literature.29–31 R group functionalization is often preferred over Z group 

functionalization due to the likelihood of hetero- or homolytic degradation of the reactive 

thiocarbonylthio moiety resulting in the loss of the ZCS2 group.32 Despite this, the 

incorporation of an ABM fluorophore into the chemical structure of various RAFT agents 

via both R and Z group functionalization will be explored in this Chapter. If successful, 

the range of fluorescent block copolymer compositions that can be targeted using an 

ABM-functionalized RAFT agent should be extensive. 

 

2.3.1. Design and synthesis of an R group ABM-functionalized RAFT 

agent 

 

With regards to RAFT agent design, judicious selection of both the R and Z group is 

paramount to ensure the controlled synthesis of well-defined, low disperse polymers via 
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RAFT polymerization. Furthermore, the choice of R and Z group is largely governed by 

the monomer classification of the chosen radically polymerizable monomers, i.e. more 

activated monomers (MAMs) versus less activated monomers (LAMs). Preferably, the 

range of monomers that can be polymerized in a controlled manner via RAFT 

polymerization utilizing an ABM-functionalized RAFT agent would be large. Therefore, 

an ideal scenario would be the design and synthesis of a ABM-functionalized universal 

RAFT agent capable of polymerizing both LAMs and MAMs without retardation, 

inhibition or loss of control.33 However, to date no single RAFT agent that offers 

complete universal control currently exists and thus attempting to synthesize an 

ABM-functionalized analogue would be synthetically challenging. Consequently, this 

Chapter will primarily focus upon the synthesis of ABM-functionalized trithiocarbonates 

due to their relatively facile synthesis and robust nature with regards to functionalization. 

Furthermore, trithiocarbonates were selected as they exhibit improved hydrolytic stability 

in comparison to dithioesters and are capable of controlling the RAFT polymerization of 

more activated monomers such as (meth)acrylates, (meth)acrylamides and styrenes.34 

For the synthesis of the DTM-functionalized dual RAFT agent/ROP initiator (Figure 2.5), 

the trithiocarbonate precursor was firstly prepared by O’Reilly and co-workers by the 

reaction of 1-dodecanethiol, carbon disulfide and 4-(chloromethyl)benzyl alcohol to 

afford a hydroxyl-functionalized RAFT agent.35 In this case, a 1,4-substituted benzyl 

group was chosen as the R group to facilitate the controlled RAFT polymerization of 

acrylate, acrylamide and styrenic monomers.36 Introduction of the pro-fluorescent DBM 

moiety via the pendant hydroxyl group was achieved using a modified version of the 

Mitsunobu reaction.37 Thus, it was envisaged that a similar protocol could be adopted for 

the synthesis of an ABM-functionalized RAFT agent. Moreover, the range of 

polymerizable monomers could be expanded to include methacrylates and 

methacrylamides by changing the R group. 
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Previously, Ho and co-workers demonstrated a one-step synthesis of well-defined block 

copolymers via concurrent ROP and RAFT polymerization using 2-cyano-5-

hydroxypentan-2-yl dodecyl carbonotrithioate (CHPDDT) as a dual initiator.38 In this 

study, styrene, methacrylate, acrylate and acrylamide monomers were polymerized in a 

controlled manner producing diblock copolymers for which the second block was 

composed of cyclic monomers.38 Subsequent reports showed that when the pendant 

hydroxyl group of CHPDDT was tosylated, the successful ROP of 2-methyl-2-oxazoline 

and 2-ethyl-2-oxazoline was facilitated, whilst control over the RAFT polymerization of 

various vinyl monomers was retained.39–41 Recently, O’Reilly and co-workers utilized an 

ethyl analogue of CHPDDT, 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate 

(CHPET), to synthesize poly(ε-caprolactone)-b-poly(methyl methacrylate)-b-

poly(N,N’-dimethylacrylamide), (p(CL)-b-p(MMA)-b-p(DMAc), triblock copolymers 

via consecutive ROP and RAFT polymerizations. Resultant crystallization-driven 

self-assembly (CDSA) successfully afforded crystalline polymer nanostructures for 

which exceptional control over both morphology and size dimensions was achieved by 

direct epitaxial crystallization in aqueous media.42 

For each of the literature examples highlighted above, the respective 

hydroxyl-functionalized dual RAFT agent/ROP initiator was synthesized via the 

thermally-initiated radical reaction between azo initiator 4,4-azobis(4-cyano-1-pentanol) 

(ACP) and the corresponding bis-(alkylsulfanylthiocarbonyl) disulfide intermediate. 

However, ACP is relatively expensive and difficult to source so an alternative synthetic 

route to obtain CHPET was explored (Scheme 2.1). Initially, an acid functionalized 

precursor, 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CETPA), was 

synthesized in a 91% yield via a modified literature protocol in which the sodium salt of 

ethanethiol was used due to its relative ease of handling and less unpleasant odor.43 

Subsequent reduction of the acid group to the corresponding alcohol was achieved using 
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a borane-Lewis base complex, in this case borane-tetrahydrofuran (BH3•THF), to afford 

CHPET in a 72% isolated yield. 

 

 

Scheme 2.1: Synthesis of 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate (CHPET) from the borane 

reduction of 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CETPA). ACVA = 4,4′-azobis(4-

cyanovaleric acid). 

 

Subsequent attachment of 2,3-dibromomaleimide with the hydroxyl-functionalized 

RAFT agent CHPET was achieved via a modified version of the Mitsunobu reaction.37 

In order to obtain the highest possible yield, it has been previously established that the 

order of addition for the reagents is critical to prevent the side reaction of DBM with 

triphenylphosphine (PPh3) as well as potential inhibition from the Ph3P-DIAD betaine 

intermediate.37 Therefore, PPh3 was added first followed by diisopropyl azodicarboxylate 

(DIAD), CHPET, neopentyl alcohol and finally DBM. Neopentyl alcohol was used as a 

“dummy ligand” to promote formation of the dioxaphosphorane intermediate to give the 

optimum yield relative to the desired alcohol, in this case CHPET. Consequently, a 

pro-fluorescent R group DBM-functionalized RAFT agent (2i) was obtained in an 

isolated yield of 68% (Scheme 2.2). 
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Scheme 2.2: Synthesis of the R group DBM-functionalized RAFT agent 2i from CHPET via the Mitsunobu 

reaction. 

 

Characterization via 1H and 13C NMR spectroscopy confirmed the desired structure 

(Figure 2.8), with the characteristic resonances of the dibromomaleimide group identified 

in the 13C NMR spectrum at 163.8 and 129.5 ppm (C2 and C1 respectively) along with 

retention of the diagnostic resonance for the trithiocarbonate group (C9) at 217.0 ppm. 
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Figure 2.8: 1H NMR (300 MHz, CDCl3) and 13C NMR (75 MHz, CDCl3) spectra of the pro-fluorescent R 

group DBM-functionalized RAFT agent 2i. TMS = Tetramethylsilane. 

 

In Section 2.2.2, the facile synthesis of a library of highly emissive ABM fluorophores 

via substitution of one of the bromine atoms of DBM with a primary amine in the presence 
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of a base was highlighted.1 Butylamine, isopropylamine and benzylamine produced 

ABMs with similar fluorescent quantum yields (Φf): 38%, 35% and 34% respectively.1 

In light of this, isopropylamine was selected to minimize the potential impact from the 

ABM-functionalized RAFT agent upon the self-assembly behavior of resultant 

fluorescent block copolymers due to steric and electronic interactions. Subsequently, 

reaction of 2i with isopropylamine in the presence of sodium carbonate resulted in the 

formation of the desired R group ABM-functionalized RAFT agent 2ii in a 60% yield 

(Scheme 2.3), and an overall yield of 27% via the four step synthetic route. 

 

 

Scheme 2.3: Synthesis of the R group ABM-functionalized RAFT agent 2ii from the addition-elimination 

reaction of isopropylamine with the R group DBM-functionalized RAFT agent 2i. 

 

Carbon resonances attributable to the ABM group were identified by 13C NMR 

spectroscopy at 167.7, 166.0 and 142.2 ppm for C7, C6 and C4 respectively (Figure 2.9). 

Importantly, the carbon resonance corresponding to the trithiocarbonate group at 

217.1 ppm (C14) was retained which showed that the addition of isopropylamine to 2i 

under basic conditions did not result in degradation of the thiocarbonylthio moiety, 

providing the reaction was quenched within 2 hours. 
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Figure 2.9: 1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz, CDCl3) spectra of the fluorescent R 

group ABM-functionalized RAFT agent 2ii. TMS = tetramethylsilane. 
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2.3.2. RAFT polymerization utilizing an R group ABM-functionalized 

RAFT agent 

 

Following the successful synthesis of 2ii, it was important to confirm that the introduction 

of an ABM fluorophore into the chemical structure of a RAFT agent did not significantly 

hinder subsequent RAFT polymerizations. A previous study conducted by the O’Reilly 

group explored the effect that changing the substituents of the maleimide ring had upon 

RAFT polymerization.44 The authors conducted a series of RAFT polymerizations in 

which a range of suitable monomers were chosen for which either a MBM-, a DBM- or 

a DTM-functionalized RAFT agent was used (Scheme 2.4).44 

 

 

Scheme 2.4: A series of RAFT polymerizations previously conducted by O’Reilly and co-workers of 

methyl acrylate (MA), tert-butyl acrylate (tBuA), triethylene glycol monomethyl ether acrylate (TEGA), 

N-isopropylacrylamide (NIPAM), and styrene in which with either: a) a MBM-functionalized RAFT agent; 

b) a DBM-functionalized RAFT agent; or c) a DTM-functionalized RAFT agent was used.44 
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Subsequent analysis of the obtained kinetic data (Table 2.1) highlighted that the electronic 

nature of the different maleimides, in terms of symmetry and electron density, coupled 

with steric crowding around the maleimides’ C=C double bond played a significant role.44 

 

RAFT agent 

functionality 

Monomer Time 

(h) 

Mn, theo
a 

(kDa) 

Mn, SEC
b 

(kDa) 

ÐM
b ρa 

(%) 

MBM tBuA 3 11.5 31.2 1.53 85 

MBM MA 3 7.4 25.6 1.46 79 

MBM TEGA 16 10.9 16.9 1.54 93 

MBM NIPAM 16 0.7 0.5 1.64 3 

MBM Styrene 16 2.4 7.2 2.42 19 

DBM tBuA 6 6.0 5.7 1.15 84 

DBM MA 3 4.2 4.3 1.20 54 

DBM TEGA 16 5.9 5.5 1.27 48 

DBM NIPAM 16 0.7 0.8 1.12 1 

DBM Styrene 16 1.0 1.0 1.41 4 

DTM tBuA 16 7.0 6.7 1.11 99 

DTM TEGA 4 5.7 3.9 1.20 46 

DTM NIPAM 16 2.7 3.3 1.16 36 

DTM Styrene 16 5.1 4.9 1.39 48 

Table 2.1: Characterization data previously obtained by O’Reilly and co-workers for a series of RAFT 

polymerizations of methyl acrylate (MA), tert-butyl acrylate (tBuA), triethylene glycol monomethyl ether 

acrylate (TEGA), N-isopropylacrylamide (NIPAM) and styrene with either a MBM-functionalized RAFT 

agent; a DBM-functionalized RAFT agent or a DTM-functionalized RAFT agent.44 Key: a monomer 

conversion was calculated by 1H NMR spectroscopy; b obtained by SEC analysis. Mn, theo calculated from 

conversion. 

 

For instance, the authors obtained low monomer conversions when a 

MBM-functionalized RAFT agent was selected for the RAFT polymerization of 

N-isopropylacrylamide (NIPAM) and styrene, whilst 100% conversion of the maleimide 
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C=C double bond was detected instead.44 Moreover, branched polymers were formed in 

the presence of acrylate monomers due to RAFT copolymerization of both the vinyl and 

maleimide C=C double bonds (Table 2.1, entries 1-5).44 

With respect to the DBM-functionalized RAFT agent, the authors observed complete 

polymerization retardation for both styrene and NIPAM, whilst acrylate polymerizations 

only suffered from retardation at high monomer conversions (Table 2.1, entries 6-10).44 

Significantly, the maleimide C=C double bond of the DBM-functionalized RAFT agent 

remained intact under polymerization conditions unlike the MBM-functionalized RAFT 

agent.44 

Finally, RAFT polymerizations in which the DTM-functionalized RAFT was used were 

found to display linear characteristics with complete retention of DTM functionality 

(Table 2.1, entries 11-14).44 However, the authors noted a small amount of polymerization 

retardation for NIPAM and styrene but this was to a lesser extent in comparison to the 

analogous RAFT polymerizations using the DBM-functionalized RAFT agent.44 

In summary, the use of a MBM-functionalized RAFT agent led to a loss of polymerization 

control with significant deviations of number average molecular weight (Mn) from 

theoretical values, large dispersities and multimodal molecular weight distributions.44 

The authors attributed these results to the proposed attack of propagating radicals at the 

relatively unhindered position of the maleimide C=C double bond leading to the 

formation of a stabilized radical, which in turn continued to either self-propagate or 

cross-propagate with more monomer.44 Importantly, out of the three investigated RAFT 

agents, the authors discovered that the DTM-functionalized RAFT agent offered the best 

control with RAFT polymerizations proceeding to high conversion in most cases.44 

In another study conducted within the O’Reilly group, AMs were found to be significantly 

more emissive than their ABM counterparts.1 For example, comparison of an ABM and 

an AM for which both fluorophores were functionalized with butylamine revealed an 
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increase in fluorescent quantum yield from 38% to 59% with respect to the latter.1 Despite 

their enhanced fluorescence properties, it was proposed that an AM would be unsuitable 

for incorporation into the chemical structure of a RAFT agent due to the presence of a 

reactive maleimide proton and relatively unhindered maleimide C=C double bond. 

Therefore, ABM functionalization was selected herein as it was envisaged that similar 

polymerization control in relation to the DTM-functionalized dual ROP initiator/RAFT 

agent (Scheme 2.4) may be achieved whilst maintaining an appreciable amount of 

fluorescence emission for subsequent applications. 

As highlighted above, it was essential that the introduction of an ABM fluorophore into 

the chemical structure of a RAFT agent did not significantly impact subsequent RAFT 

polymerizations. Consequently, it was envisaged that the utilization of a 

non-functionalized RAFT agent with a similar chemical structure to that of the R group 

ABM-functionalized RAFT agent 2ii would provide a suitable control for comparison. In 

light of this, 2-cyanopropan-2-yl ethyl carbonotrithioate (CPET) was synthesized in an 

81% yield (Scheme 2.5). 

 

 

Scheme 2.5: Synthesis of 2-cyanopropan-2-yl ethyl carbonotrithioate (CPET) from sodium ethanethiolate. 

AIBN = 2,2’-azobisisobutyronitrile. 

 

Importantly, the Z group remained unchanged (CH3CH2S) whilst the R group was 

switched from C(CN)(CH3)((CH2)3ABM) to C(CN)(CH3)2, thereby ensuring that the sole 

difference between CPET and 2ii was the addition of N-ethyl aminobromomaleimide into 

the R group structure of 2ii. 
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To confirm that the choice of R and Z groups for 2ii was indeed appropriate for the 

monomers of interest, an initial kinetic study was conducted for the RAFT 

copolymerization of a hydrophilic pH-responsive monomer, 2-(dimethyl amino) ethyl 

methacrylate (DMAEMA), and a permanently hydrophobic monomer, n-butyl 

methacrylate (n-BuMA), with CPET as the RAFT agent (Scheme 2.6).  

 

 

Scheme 2.6: RAFT copolymerization of n-BuMA and DMAEMA with 2-cyanopropan-2-yl ethyl 

carbonotrithioate (CPET) to produce a p(n-BuMAx-co-DMAEMA1-x)n copolymer (2iii). 

 

The RAFT copolymerization was carried out at 70 °C with a total monomer/1,4-dioxane 

ratio of 1:1 (v/v) to ensure complete monomer dissolution, with 

2,2’-azobisisobutyronitrile (AIBN) as the radical initiator and the following 

stoichiometric ratio of reagents employed: [CPET]/[AIBN]/[DMAEMA]/[n-BuMA] = 

1:0.1:35:35. Aliquots of the polymerization mixture were taken every 30 min and 

analyzed via 1H NMR spectroscopy and SEC analysis with the RAFT copolymerization 

quenched after 6 h. 

Conversion of both DMAEMA and n-BuMA was monitored via 1H NMR spectroscopy 

by comparing: the depleting peak integrals corresponding to the overlapping vinyl 

resonances for both DMAEMA and n-BuMA between 6.07-6.12 ppm and 5.51-5.58 ppm; 

the depleting peak integral corresponding to the monomer’s OCH2CH2N resonance at 

4.25 ppm; and the peak integral corresponding to the monomer and polymer’s 

OCH2CH2N resonance at 2.57 ppm (H3) which was used as a reference (Figure 2.10). 
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The increasing peak integrals corresponding to the polymer’s OCH2CH2N and 

OCH2(CH2)2CH3 resonances at 4.07 and 3.94 ppm (H2 and H1 respectively) overlapped 

with one another as well as the monomer’s OCH2(CH2)2CH3 resonance at 4.14 ppm, and 

thus could not be used for determination of the monomer conversion. Moreover, an 

aliquot of the reaction mixture was taken prior to RAFT polymerization to ascertain the 

actual monomer feed ratio of the two respective comonomers. 1H NMR spectroscopic 

analysis verified that the RAFT polymerization solution consisted of an equimolar ratio 

of n-BuMA with respect to DMAEMA as targeted. 

 

 

 

Figure 2.10: Example crude 1H NMR spectrum (300 MHz, CDCl3) of an aliquot taken from the RAFT 

copolymerization of n-BuMA and DMAEMA with CPET. Both DMAEMA and n-BuMA conversion was 

calculated to be 80% for an initial monomer feed ratio of n-BuMA:DMAEMA of 1:1. 

 

Overall, the RAFT copolymerization of n-BuMA and DMAEMA using CPET proceeded 

within a reasonable experimental timeframe for a methacrylate copolymerization,36 with 

81% monomer conversion obtained after 6 h. Kinetic analysis confirmed an anticipated 

Residual monomer vinyl peaks 

1,4-dioxane 

H1 H2 
H3 

H4 

Monomer H2 

Monomer H1 

Monomer H3 

Monomer H4 
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linear increase of molecular weight with conversion coupled with a linear first-order rate 

plot for ln[M]0/[M]t versus time (Figure 2.11 a); thereby demonstrating that this 

combination of R and Z groups was indeed a suitable choice for the RAFT polymerization 

of the chosen monomers. An analogous RAFT copolymerization mediated by the R group 

ABM-functionalized agent 2ii was also conducted under identical experimental 

conditions to those used with CPET (Scheme 2.7). 

 

 

Scheme 2.7: RAFT copolymerization of n-BuMA and DMAEMA with the R group ABM-functionalized 

RAFT agent 2ii to produce an ABM-functionalized p(n-BuMAx-co-DMAEMA1-x)n copolymer (2iv). 

 

Importantly, RAFT copolymerization using 2ii was indeed controlled with linear trends 

displayed for both ln[M]o/[M]t versus time and Mn versus conversion plots (Figure 2.11 b 

and c respectively). Both measured and theoretical values of Mn (based on conversion) 

were in good agreement whilst no significant induction period was observed upon 

switching the RAFT agent. Interestingly, a small increase in the polymerization kinetics 

was observed in comparison to those previously measured for CPET, with 82% 

conversion reached after 5 h for RAFT copolymerization using 2ii. However, further 

kinetic repeats are required to confirm that any significant differences observed were due 

to the introduction of the ABM fluorophore and not from experimental deviations. 

Finally, no loss of control over the evolution of molecular weight was observed 

throughout the RAFT copolymerization, with ÐM ≤ 1.25 after 2 h (Figure 2.11 d). 
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Figure 2.11: a) First order kinetics for the RAFT copolymerization of n-BuMA and DMAEMA with CPET 

as determined by 1H NMR spectroscopy (300 MHz, CDCl3) with linear fits; b) first order kinetics for the 

RAFT copolymerization of n-BuMA and DMAEMA with 2ii as determined by 1H NMR spectroscopy 

(300 MHz, CDCl3) with linear fits; c) number average molecular weight (Mn) and ÐM as a function of 

monomer conversion with theoretical values (line) for the RAFT copolymerization of n-BuMA and 

DMAEMA with 2ii (determined by SEC using CHCl3 as the eluent and calibrated against poly(styrene) 

[p(St)] standards); d) evolution of molecular weight distribution as a function of time for the RAFT 

copolymerization of n-BuMA and DMAEMA with 2ii (determined by SEC with CHCl3 as the eluent and 

calibrated against p(St) standards). 

 

Upon purification, two p(n-BuMAx-co-DMAEMA1-x)n copolymers (2iii-2iv) were 

isolated; characterization data for which is summarized in Table 2.2. 

 

 

C) D) 

A) B) 
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Copolymer RAFT agent ρa 

(%) 

xb nb Mn, NMR
b 

(kDa) 

Mn, SEC
c 

(kDa) 

ÐM
c 

2iii CPET 71 0.50 50 7.7 5.9 1.22 

2iv 2ii 75 0.50 52 8.2 7.7 1.20 

Table 2.2: Characterization data for p(n-BuMAx-co-DMAEMA1-x)n copolymers (2iii-2iv). Key: a monomer 

conversion was calculated by 1H NMR spectroscopy of the crude polymerization mixture (300 MHz, 

CDCl3); b determined by end group analysis using 1H NMR spectroscopy (300 MHz, CDCl3); c obtained by 

SEC analysis based on p(St) standards with CHCl3 as the eluent. 

 

1H NMR spectroscopy (Figure 2.12) was utilized to determine the degree of 

polymerization (DP) through end group analysis with calculated DP (Table 2.2) in 

accordance with that expected from monomer conversion (DP = 50 for 2iii and DP = 52 

for 2iv). Moreover, good agreement between the peak integrals for polymeric proton 

resonances with respect to the diagnostic trithiocarbonate end group CH2S resonance at 

3.25 ppm indicated that the ZCS2 group was appreciably retained for both copolymers 

(2iii and 2iv). Comparison of the 1H NMR spectra obtained for copolymers 2iii and 2iv 

revealed no significant differences regarding overall copolymer structure, apart from the 

introduction of the characteristic proton resonances corresponding to the N-alkyl ABM 

group at 5.31, 4.40 and 3.52 ppm (H3, H2 and H4, respectively) for 2iv (Figure 2.12, 

bottom). 
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Figure 2.12: 1H NMR spectra for the following p(n-BuMA0.5-co-DMAEMA0.5)n copolymers: 2iii (top, 

300 MHz, CDCl3) and 2iv (bottom, 400 MHz, CDCl3). 

 

High end group fidelity is essential for the successful synthesis of fluorescent block 

copolymers via RAFT polymerization with an ABM-functionalized RAFT agent. To this 
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end, the UV-vis absorbance spectrum for the R group ABM-functionalized RAFT agent 

2ii was recorded to determine the corresponding wavelengths at which the 

trithiocarbonate and ABM functional groups absorb (Figure 2.13). 

 

 

Figure 2.13: Baseline-corrected UV-vis spectrum of 2ii in acetonitrile at 0.01 mM. 

 

The UV-vis spectrum showed that the R group ABM-functionalized RAFT agent 2ii had 

a characteristic λmax, abs at 294 nm corresponding to the trithiocarbonate group, with a 

secondary λmax, abs at 368 nm corresponding to the ABM group, as previously observed 

for small molecule ABMs.1  

Retention of both the ABM and trithiocarbonate end groups was further confirmed by 

SEC analysis of the obtained copolymers using a refractive index (RI) and UV detector 

recording at 309 nm and 400 nm. As shown in Figure 2.14 b, the RI and UV molecular 

weight distributions overlay appreciably for copolymer 2iv; thereby confirming that both 

α-end and ω-end group functionalities were effectively retained. For comparison, the RI 

and UV molecular weight distributions obtained for copolymer 2iii displayed no UV trace 

at 400 nm as anticipated, whilst retention of the trithiocarbonate group was confirmed by 

the UV trace recorded at 309 nm (Figure 2.14 a). Importantly, both p(n-BuMA0.5-co-

DMAEMA0.5)n copolymers (2iii and 2iv) possessed symmetrical and narrow molecular 

weight distributions indicating excellent control over the RAFT copolymerization. 
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Figure 2.14: Molecular weight distributions determined by SEC (CHCl3 as the eluent and calibrated against 

p(St) standards) using both an RI and UV (recorded at 309 and 400 nm) detector for the following 

p(n-BuMA0.5-co-DMAEMA0.5)n copolymers: a) 2iii; b) 2iv. 

 

Steady-state fluorescence spectroscopy was next conducted to ascertain the effect the 

incorporation of an ABM fluorophore into the chemical structure of a RAFT agent had 

upon resultant fluorescence emission. To this end, the excitation and emission spectra of 

the R group ABM-functionalized RAFT agent 2ii were recorded in 1,4-dioxane (Figure 

2.15). Significantly, 2ii was highly fluorescent and the absorption, excitation and 

emission spectra obtained were in good agreement with the fluorescence spectroscopy 

data previously recorded for small molecule ABMs.1 For instance, 2ii displayed 

excitation maxima at ca. 250 nm and ca. 375 nm with both excitation wavelengths 

resulting in the same emission maximum at ca. 482 nm. 

 

B) A) 
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Figure 2.15: Excitation (red) and emission spectra (blue) of 2ii in 1,4-dioxane at 0.01 mM. Excitation and 

emission were measured at em = 482 nm and ex = 375 nm respectively. 

 

In conclusion, the successful design and synthesis of a fluorescent R group 

ABM-functionalized RAFT agent (2ii) was achieved. Furthermore, comparison of 1H 

NMR spectroscopic and SEC data obtained for the RAFT copolymerization of n-BuMA 

and DMAEMA, using either CPET or 2ii, verified that the choice of R and Z groups was 

indeed appropriate for the monomers of interest. Moreover, well-defined p(n-BuMA0.5-

co-DMAEMA0.5)n copolymers with relatively low dispersities (ÐM ~ 1.20) were afforded 

independent of the RAFT agent used; with no inhibition period, polymerization 

retardation or loss of control observed. Therefore, the utilization of an R group 

ABM-functionalized RAFT agent to synthesize fluorescent block copolymers in a 

controlled manner via RAFT polymerization was shown to be viable. 
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2.3.3. Design and synthesis of Z group ABM-functionalized RAFT 

agents 

 

As discussed in Chapter 1, block copolymer synthesis via sequential RAFT 

polymerization is highly appealing but requires careful consideration of a number of 

important factors including but not limited to: initiator concentration; α and ω end-group 

functionality; monomer order addition and RAFT agent selection.32 Therefore, with 

regards to the design and synthesis of block copolymers whereby functionality is imparted 

through modification of the chosen RAFT agent, the precise location of the functional 

group post-polymerization is of primary concern, particularly for certain applications. As 

outlined in the introduction to this Chapter ABM fluorophores are highly sensitive to their 

environment, displaying intense fluorescence emission and high quantum yields in 

aprotic non-polar solvents, whilst the opposite behavior is observed in protic polar 

solvents.1 As a result, it is important to consider the target block copolymer composition 

as well as the desired application before the optimum location of an ABM fluorophore 

within the final block copolymer structure can be determined. 

In an ideal scenario, the production of a fluorescently-labelled analogue for any given 

well-defined non-fluorescent block copolymer, previously synthesized via RAFT 

polymerization, would be achieved through the use of an ABM-functionalized RAFT 

agent. However, the range of fluorescent block copolymers that can be targeted using the 

R group ABM-functionalized RAFT agent 2ii is limited due to several constraints. 

Primarily, the choice of R and Z groups for 2ii restricts the range of monomers that can 

be polymerized in a controlled manner to MAMs. Moreover, successful block copolymer 

synthesis via RAFT polymerization requires the correct order of monomer addition, with 

the latter dictated by the leaving group ability of the respective polymeric analogue of the 

monomer.32 Consequently, the order in which the blocks are synthesized is predetermined 



  Chapter 2 

 

78 

for many block copolymer compositions and cannot be changed. Notably, for fluorescent 

block copolymers synthesized via RAFT polymerization using 2ii, the ABM fluorophore 

would be expected to be located adjacent to the first block synthesized i.e. 

α-functionalized polymers. Whilst this may be advantageous for certain block copolymer 

compositions, the ABM fluorophore may often be situated in a suboptimum position. In 

light of this, it was envisaged that the design and synthesis of an analogous Z group 

ABM-functionalized RAFT agent would expand the range of available fluorescent block 

copolymer compositions via ω-end group functionalization. 

In Section 2.3.1, attachment of the pro-fluorescent DBM moiety to the R group of a RAFT 

agent was achieved via the Mitsunobu reaction upon reduction of an acid group to the 

corresponding alcohol. Therefore, an initial desired prerequisite for the Z group was a 

hydroxyl or acid group to allow for an analogous procedure to be conducted. O’Reilly 

and co-workers have previously reported a facile and high yielding one-pot synthetic 

route to produce an extensive range of functional RAFT agents under mild conditions 

(Scheme 2.8).45 

 

 

Scheme 2.8: General one-pot strategy for the synthesis of a range of RAFT agents. Figure recreated from 

ref 45. 

 

Dithiocarbamates, trithiocarbonates and xanthates were successfully synthesized with a 

variety of functionalities attached to either the R or Z group including acid, hydroxyl, 

nitrile, phthalimide and benzyl groups. From the numerous RAFT agents produced, 

benzyl (2-hydroxyethyl) carbonotrithioate (BHET) provided a suitable starting point for 

the synthesis of a Z group ABM-functionalized RAFT agent owing to its facile synthesis 
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and more importantly its Z group functionality. Mercaptoethanol provided a Z group with 

an alkyl chain small enough to minimize the potential impact of the RAFT agent upon 

block copolymer self-assembly; as well as ensure a long enough spacer between the 

thiocarbonylthio and DBM groups to reduce any possible effect upon the reactivity of the 

RAFT agent. 

In light of this, BHET was synthesized first following a literature protocol in a 33% yield 

(Scheme 2.9).45 Importantly, the hydroxyl group of BHET allowed the successful 

attachment of the DBM moiety via the Mitsunobu reaction following identical 

experimental conditions to those previously utilized for the synthesis of R group 

DBM-functionalized RAFT agent 2i (Scheme 2.2). Subsequent reaction between the 

pro-fluorescent Z group DBM-functionalized precursor (2v) and isopropylamine afforded 

the desired Z group ABM-functionalized RAFT agent 2vi in an overall yield of 11% via 

the three step synthetic route (Scheme 2.9).  

 

 

Scheme 2.9: Synthesis of the Z group ABM-functionalized RAFT agent 2vi via the three step synthetic 

route. 
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13C NMR spectroscopy of Z group DBM-functionalized RAFT agent 2v (Figure 2.16, 

bottom) confirmed that DBM functionalization of BHET was successful with the 

expected carbon resonances of the DBM group observed at 164.8 and 130.3 ppm (C9 and 

C10 respectively). Moreover, upon functionalization with isopropylamine, the 

characteristic carbon resonances of the fluorescent ABM group were found at 168.8, 

167.2 and 145.0 ppm (C9, C10 and C12 respectively) in the 13C NMR spectrum of 2vi 

(Figure 2.17, bottom). 
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Figure 2.16: 1H NMR (300 MHz, (CD3)2CO) and 13C NMR (75 MHz, (CD3)2CO) spectra of the 

pro-fluorescent Z group DBM functionalized RAFT agent 2v. 
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Figure 2.17: 1H NMR (400 MHz, (CD3)2CO) and 13C NMR (100 MHz, (CD3)2CO) spectra of the 

fluorescent Z group ABM-functionalized RAFT agent 2vi. 
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Overall, Z group ABM-functionalized RAFT agent 2vi should facilitate the controlled 

RAFT polymerization of acrylate, acrylamide and styrenic monomers to produce 

ω-functionalized fluorescent block copolymers. However, 2vi is relatively limited in 

monomer scope in comparison to the R group ABM-functionalized RAFT agent 2ii and 

thus a change in R group selection was considered to expand the range of polymerizable 

monomers to include methacrylates and methacrylamides. In Section 2.3.2, RAFT agents 

CPET and 2ii successfully facilitated the controlled RAFT copolymerization of two 

methacrylate monomers to produce well-defined, low disperse copolymers. Therefore, 

switching the R group of the Z group ABM-functionalized RAFT agent 2vi from benzyl 

to either isobutyronitrile or 4-cyanopentanoic acid should permit a similar extent of 

polymerization control to be achieved. 

As detailed in Section 2.3.1, tertiary R groups such as C(CN)(CH3)2 and 

C(CN)(CH3)(CH2CH2COOH) are typically introduced into the RAFT agent structure via 

a thermally-initiated radical reaction between the corresponding azo initiator (in this case 

AIBN or ACVA) and a bis-(alkylsulfanylthiocarbonyl) disulfide intermediate. However, 

attempts to synthesize a di-functionalized bis-(alkylsulfanylthiocarbonyl) disulfide 

intermediate using either 2-mercaptoethanol or 3-mercaptopropionic acid, using the same 

experimental procedure utilized for the synthesis of both CPET and CETPA, proved to 

be unsuccessful, with no evidence of trithiocarbonate formation present in the crude 

13C NMR spectra (Scheme 2.10 a and b respectively). The desired product was not 

isolated in both cases which suggested the presence of an unwanted side reaction of the 

pendant hydroxyl or carboxylic acid functionality in the presence of iodine, thereby 

preventing the formation of the desired disulfide-bridged intermediate. 
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Scheme 2.10: Attempted syntheses of di-functionalized bis-(alkylsulfanylthiocarbonyl) disulfide 

intermediates using the following thiols: a) 2-mercaptoethanol; b) 3-mercaptopropionic acid; c) 

2-mercaptoethyl acetate; and d) 2-(Boc-amino)ethanethiol. 

 

Following this, the hydroxyl group of 2-mercaptoethanol was selectively acetylated to 

afford 2-mercaptoethyl acetate in a 47% yield following a literature procedure.46 It was 

envisaged that selective protection of the reactive hydroxyl group of 2-mercaptoethanol 

may prevent any unwanted side reactions from occurring. However, the reaction of 

2-mercaptoethyl acetate with carbon disulfide and iodine (Scheme 2.10 c) to form the 

corresponding disulfide-bridged intermediate was unsuccessful; with 13C NMR 

spectroscopic analysis of the crude product confirming the absence of a trithiocarbonate 

group. Next, 2-(Boc-amino)ethane thiol was chosen as it was envisaged that subsequent 

deprotection of the Boc group would result in the corresponding primary amine that could 

then be reacted with DBM. Unfortunately, the isolation of the disulfide-bridged 
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intermediate using 2-(Boc-amino)ethane thiol was also unsuccessful (Scheme 2.10 d), 

and thus alternative synthetic routes were explored. 

Previously, Haddleton and co-workers successfully synthesized N-propargyl DBM via 

the reaction of DBM and propargyl bromide in a 37% yield.6 Considering this, a new 

synthetic approach was proposed whereby the introduction of the DBM moiety into the 

chemical structure of the RAFT agent would be achieved via a similar substitution 

reaction. First, the reaction of 3-chloro-1-propanethiol with carbon disulfide and iodine 

produced the Z group chloro-functionalized RAFT agent 2vii in a 55% yield (Scheme 

2.11). Similar experimental conditions were employed to those previously utilized for the 

synthesis of CETPA, with the addition of iodine after 10 min instead of 1 h to prevent 

anionic polymerization of the thiocarbonylthio salt intermediate via intramolecular 

nucleophilic attack. 

 

 

Scheme 2.11: Synthesis of the Z group chloro-functionalized RAFT agent 2vii and the corresponding 

methylated ester analogue 2viii. 

 

To ensure that the substitution reaction of the terminal chloride group of 2vii with DBM 

was preferred over deprotonation of the pendant carboxylic acid group, the methylated 

ester analogue (2viii) of 2vii was synthesized in an 80% yield via an EDC∙HCl/DMAP 

catalyzed coupling reaction (Scheme 2.11). Subsequently, a series of substitution 

reactions of 2viii with DBM were attempted with a range of bases of varying strength, 

including K2CO3, Cs2CO3, 4-methylmorpholine (NMM), and sodium hydride (Scheme 

2.12). Unfortunately, no substitution of the chloride group was observed via 1H and 

13C NMR spectroscopic analysis of the crude reaction mixture, with starting material 2viii 
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isolated in each case upon work-up. Thus, it was rationalized that one potential reason for 

the failed syntheses was that the relative leaving group ability of the chloride group was 

too poor for the substitution reaction to succeed. 

 

 

Scheme 2.12: Attempted synthesis of a Z group DBM-functionalized RAFT agent via the substitution 

reaction between Z group chloro-functionalized RAFT agent 2viii and DBM. 

 

Consequently, the introduction of alternative functionalities which would provide a better 

leaving group at the Z group terminus of 2viii was explored. One such example involved 

the Finkelstein reaction which has been previously utilized in the literature for the 

successful halogen exchange of a chloride group with an iodide group.47 Unfortunately, 

the corresponding synthetic attempt using the Z group chloro-functionalized RAFT agent 

2viii proved to be unsuccessful, with no formation of the desired product observed upon 

1H NMR spectroscopic analysis (Scheme 2.13 a). Finally, conversion of the chloride 

group into a more reactive functionality was also investigated, but these reactions either 

led to isolation of the starting materials or degradation of the trithiocarbonate group. For 

instance, the addition of sodium azide to 2viii resulted in complete loss of the 

thiocarbonylthio moiety via nucleophilic attack within 1 h (Scheme 2.13 b). 
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Scheme 2.13: a) Attempted Finkelstein reaction of the Z group chloro-functionalized RAFT agent 2viii 

with NaI in acetone. b) Attempted synthesis of a Z group azido-functionalized RAFT agent by the reaction 

of the Z group chloro-functionalized RAFT agent 2viii with NaN3 in dimethylformamide (DMF). 

 

Following these failed syntheses, it was proposed that the use of a stronger nucleophile 

in comparison to DBM may enable the successful substitution reaction of the terminal 

chloride group of 2viii to produce the desired Z group ABM-functionalized RAFT agent. 

Consequently, N-hydroxyethyl ABM (2xi) was designed and afforded via the three step 

synthetic route in an overall yield of 20% (Scheme 2.14). Initially, ring closure of 

2,3-dibromomaleic acid with ethanolamine produced acetylated N-hydroxyethyl DBM 

(2ix). Functionalization of 2ix with isopropylamine afforded the corresponding 

fluorescent ABM analogue (2x). Subsequent deprotection of 2x in methanol under basic 

conditions produced the target hydroxyl-functionalized ABM (2xi). 

Next, the reaction of N-hydroxyethyl ABM (2xi) with the Z group chloro-functionalized 

RAFT agent 2viii was tested under a variety of basic conditions with or without a KI 

catalyst (Scheme 2.15). However, upon purification no formation of the desired product 

was observed in each case, with the degradation of N-hydroxyethyl ABM (2xi) occurring 

over prolonged reaction times as indicated by 1H NMR spectroscopic analysis. 
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Scheme 2.14: Synthesis of N-hydroxyethyl ABM (2xi) from ethanolamine via the three step synthetic route. 

 

 

Scheme 2.15: Attempted synthesis of a Z group ABM-functionalized RAFT agent via a substitution 

reaction between the Z group chloro-functionalized RAFT agent 2viii and N-hydroxyethyl ABM 2xi. 

 

At this point, the utilization of a protected functionalized thiol to synthesize a 

di-functionalized bis-(alkylsulfanylthiocarbonyl) disulfide intermediate was revisited. 

Carboxylic acid protecting group chemistry is extremely versatile with a wide array of 

protecting groups to select from, including methyl esters, benzyl esters, tert-butyl esters, 

silyl esters, orthoesters and oxazolines.48 Mercaptopropionic acid was chosen owing to 

its dual functionality and relatively short alkyl chain between the carboxylic acid and thiol 

functionalities. With regards to carboxyl protection of the former, it was important to 
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select a protecting group and corresponding experimental conditions that facilitated the 

chemoselective protection of the carboxylic acid group whilst leaving the thiol moiety 

unprotected. Moreover, the chosen protecting group needed to be stable under oxidative 

conditions (iodine addition) as well as to undergo efficient deprotection without resulting 

in the degradation of the trithiocarbonate moiety. 

Benzyl protection offered the most suitable option with respect to the formerly outlined 

prerequisites. Subsequent esterification of 3-mercaptopropionic acid was performed 

using an excess of benzyl alcohol and 0.2 equivalents of p-toluenesulfonic acid to afford 

benzyl 3-mercaptopropanoate (2xii) in a 58% yield (Scheme 2.16). Importantly, the 

synthesis of the corresponding disulfide-bridged intermediate of 2xii was successful, 

which indicated that benzyl protection of the carboxylic acid functionality prevented any 

unwanted side reactions which had plagued previous synthetic attempts (Scheme 2.10). 

With regards to R group selection, isobutyronitrile was preferred over 4-cyanopentanoic 

acid to avoid the formation of a dual acid-functionalized RAFT agent upon carboxyl 

deprotection. Synthesis of the latter would become problematic with regards to 

subsequent functionalization with DBM as the resultant RAFT agent would consist of 

two pro-fluorescent groups instead of one. Therefore, AIBN was used as the azo initiator 

for the thermally-initiated radical reaction with the protected dicarboxyl bis-

(alkylsulfanylthiocarbonyl) disulfide intermediate to produce the desired benzyl protected 

Z group acid-functionalized RAFT agent 2xiii in a 24% yield (Scheme 2.16). 

 

 

Scheme 2.16: Synthesis of the benzyl protected Z group acid-functionalized RAFT agent 2xiii. 
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Next, a number of deprotection strategies were investigated to determine the optimum 

experimental conditions for the removal of the benzyl group (Table 2.3). Initially, 

hydrogenation of 2xiii using a Pd/C catalyst was attempted in both methanol and THF. 

However, 1H and 13C NMR spectroscopic analysis of the crude reaction mixtures 

indicated the unsuccessful deprotection of the starting material 2xiii (Table 2.3, entries 

1-2). Following these failed syntheses, two catalytic transfer hydrogenation reactions 

were also tested using either formic acid,49 or 1,4-cyclohexadiene,50 as the hydrogen 

source but in both cases the starting material was isolated upon work-up (Table 2.3, 

entries 3 and 4 respectively). Palladium acetate has been previously utilized in the 

literature for the in situ generation of an active Pd/C catalyst with subsequent 

hydrogenolysis of benzyl esters achieved.51 However, no conversion to the carboxylic 

acid was observed upon 1H NMR spectroscopic analysis for an analogous reaction with 

2xiii (Table 2.3, entry 5). Consequently, it was proposed that the presence of the 

trithiocarbonate group in 2xiii poisoned and deactivated the Pd/C catalyst and thus 

prevented successful benzyl deprotection via this method. 

An alternative benzyl deprotection strategy is the use of a Lewis acid with several 

successful examples reported in the literature, including nickel boride,52 aluminum 

chloride,53,54 and tin chloride.55 Unfortunately, the majority of subsequent deprotections 

using a Lewis acid resulted in complete degradation of the thiocarbonylthio moiety (Table 

2.3, entries 6-8). 
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Entry Reagents Experimental 

Conditions 

Yield 

(%) 

Ref. 

1 Pd/C (10 wt%) H2 atm in THF, r.t. 0 - 

2 Pd/C (10 wt%) H2 atm in MeOH, r.t. 0 - 

3 Pd/C (100 wt%) + 5% Formic acid MeOH, r.t. 0 49 

4 Pd/C (100 wt%) + 1,4-cyclohexadiene (10 eq.) EtOH, r.t. 0 50 

5 Pd/C + Pd(OAc)2 (90:10 wt%) H2 atm in dry THF, r.t. 0 51 

6 NiCl2.6H2O (3 eq.) + NaBH4 (9 eq.) MeOH, r.t. 0 52 

7 AlCl3 (3 eq.) + Anisole (6 eq.) CH2Cl2, r.t. 0 53 

8 SnCl4 (0.5 eq.) Dry CH2Cl2, 40 °C 0 55 

9 AlCl3 (5 eq.) + N,N-Dimethylaniline (5 eq.) CH2Cl2, r.t. 33 54 

Table 2.3: Experimental conditions and isolated yields for a series of benzyl deprotection reactions to 

afford the Z group acid-functionalized RAFT agent 2xiv from the benzyl protected precursor (2xiii). 

 

Significantly, the use of aluminium trichloride in the presence of N,N-dimethylaniline 

facilitated the successful benzyl deprotection of 2xiii with retention of the 

trithiocarbonate group (Table 2.3, entry 9). Upon purification, the desired Z group 

acid-functionalized RAFT agent 2xiv was obtained in a 33% yield (Scheme 2.17). 

 

 

Scheme 2.17: Successful benzyl deprotection of 2viii to produce the Z group acid-functionalized RAFT 

agent 2xiv using aluminium trichloride and N,N-dimethylaniline. 

 

As detailed in Scheme 2.18, the final three reactions were conducted following identical 

experimental protocols to those previously utilized for the synthesis of the R group 

ABM-functionalized RAFT agent 2ii. Reduction of the Z group acid-functionalized 

RAFT agent 2xiv to the corresponding hydroxyl-functionalized counterpart (2xv) was 
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achieved using the borane-Lewis base complex BH3∙THF. Subsequent attachment of the 

pro-fluorescent DBM moiety via the Mitsunobu reaction produced the Z group 

DBM-functionalized RAFT agent 2xvi in a 67% yield. Finally, the desired Z group 

ABM-functionalized RAFT agent 2xvii was isolated in a 65% yield upon addition of 

isopropylamine to 2xvi, with 2xvii being obtained in an overall yield of 0.5% via a six 

step synthetic route. 

 

 

Scheme 2.18: Synthesis of the Z group ABM-functionalized RAFT agent 2xvii whereby the R group is 

isobutyronitrile and the Z group is N-mercaptopropyl ABM. 

 

To date, there are no literature reports for the successful synthesis of 2xiv and 2xv and 

thus the synthetic route discovered herein expands the range of functionalized RAFT 

agents available for the design and synthesis of ω-functionalized block copolymers 

composed of methacrylate and/or methacrylamide monomers. Ultimately, the Z group 

ABM-functionalized RAFT agent 2xvii should facilitate the controlled RAFT 

polymerization of (meth)acrylate, (meth)acrylamide and styrenic monomers to produce 
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ω-functionalized fluorescent block copolymers, thereby matching its respective R group 

ABM-functionalized counterpart 2ii. 

 

2.3.4. RAFT polymerization utilizing a Z group ABM-functionalized 

RAFT agent 

 

As discussed previously in Section 2.3.2, it was important that incorporation of the ABM 

fluorophore into the chemical structure of a RAFT agent did not result in a loss in 

polymerization control. Consequently, it was proposed that a similar kinetic study for the 

Z group ABM-functionalized RAFT agent 2vi to the one conducted for the R group 

ABM-functionalized RAFT agent 2ii (Section 2.3.2) would confirm whether Z group 

functionalization had a detrimental impact upon subsequent RAFT polymerizations. To 

this end, RAFT homopolymerization of N,N-dimethylacrylamide (DMAc) was conducted 

in 1,4-dioxane at 70 °C with either BHET or 2vi as the chosen RAFT agent (Scheme 

2.19).  

Note, that the sole difference between RAFT agents BHET and 2vi was the replacement 

of the hydroxyl group in the Z group structure of BHET with an ABM for 2vi. Moreover, 

DMAc was selected to ascertain whether the choice of R and Z groups for 2vi would 

enable the production of well-defined ω-functionalized fluorescent polymers via RAFT 

polymerization of acrylate, acrylamide and/or styrenic monomers. In this case, aliquots 

of the polymerization mixtures were taken every 10 minutes and analyzed via 1H NMR 

spectroscopy and SEC analysis, with both RAFT homopolymerizations quenched within 

2 hours. Upon purification, two p(DMAc)n homopolymers (2xviii-2xix) were isolated; 

characterization data for which is summarized in Table 2.4. 
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Scheme 2.19: RAFT homopolymerization of DMAc with either benzyl (2-hydroxyethyl) carbonotrithioate 

(BHET) or the Z group ABM-functionalized RAFT agent 2vi to produce two p(DMAc)n homopolymers 

(2xviii-2xix). 

 

Homopolymer RAFT agent Time 

(min) 

ρa 

(%) 

nb Mn, NMR
b 

(kDa) 

Mn, SEC
c 

(kDa) 

ÐM
c 

2xviii BHET 70 89 89 9.1 8.5 1.11 

2xix 2vi 100 69 69 7.3 6.7 1.15 

Table 2.4: Characterization data for p(DMAc)n homopolymers (2xviii-2xix). Key: a monomer conversion 

was calculated by 1H NMR spectroscopy of the crude polymerization mixture (300 MHz, CDCl3); 

b determined by end group analysis using 1H NMR spectroscopy (300 MHz, CDCl3); c obtained by SEC 

analysis based on p(St) standards with CHCl3 as the eluent. 

 

Kinetic analysis of the DMAc homopolymerization using 2vi revealed a linear increase 

of molecular weight with respect to monomer conversion, with good agreement between 

measured and theoretical values of Mn (Figure 2.18 b). However, whilst linear first-order 

rate plots were obtained for both RAFT homopolymerizations (Figure 2.18 a), a 

significant induction period of 45 min was observed for 2vi whereas for BHET the 

induction period was only 15 min. Moreover, a pronounced reduction in polymerization 
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rate was measured for 2vi in comparison to BHET, with only 69% conversion reached 

after 100 min when 2vi was used whilst DMAc conversion reached 89% after 70 min 

when BHET was employed. As a result, a slight deviation from ideal RAFT 

polymerization kinetics was observed upon the introduction of the ABM fluorophore into 

the Z group structure of 2vi which could be attributed to the C=S bond of the 

thiocarbonylthio moiety becoming less electrophilic and more deactivated towards 

radical addition due to induction effects from the electron rich N of the ABM fluorophore. 

However, as was the case with the R group ABM-functionalized agent 2ii, further kinetic 

experiments are needed to confirm that the significant difference in polymerization rate 

was not from experimental deviations but primarily due to the introduction of the ABM 

fluorophore. Despite the decrease in polymerization kinetics, no loss in control over the 

evolution of molecular weight was observed throughout the RAFT homopolymerization 

of DMAc using 2vi, with ÐM ≤ 1.16 after 60 minutes (Figure 2.18 c). 
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Figure 2.18: a) First order kinetics for the RAFT homopolymerization of DMAc with BHET or 2vi as 

determined by 1H NMR spectroscopy (300 MHz, CDCl3) with linear fits; b) number average molecular 

weight (Mn) and ÐM as a function of monomer conversion with theoretical values (line)  for the RAFT 

homopolymerization of DMAc with 2vi (determined by SEC using CHCl3 as the eluent and calibrated 

against p(St) standards); c) evolution of molecular weight distribution as a function of time for the RAFT 

homopolymerization of DMAc with 2vi (determined by SEC with CHCl3 as the eluent and calibrated 

against p(St) standards); d) Molecular weight distributions determined by SEC (CHCl3 as the eluent and 

calibrated against p(St) standards) using both an RI and UV (recorded at 309 and 400 nm) detector for the 

ABM-functionalized p(DMAc)n homopolymer 2xix. 

 

Importantly, good agreement between the molecular weight distributions obtained using 

an RI and UV detector (recorded at 309 nm and 400 nm) for the purified fluorescent 

p(DMAc)69 homopolymer 2xix confirmed the retention of the ZCS2 group (Figure 2.18 

c). Overall, p(DMAc)n homopolymers 2xviii and 2xix possessed similarly low dispersities 
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(ÐM = 1.11 c.f. 1.15) which indicated that control over the RAFT polymerization of 

DMAc was appreciably maintained upon switching the RAFT agent from BHET to 2vi.  
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2.4. Conclusions 

 

In this Chapter, a range of novel ABM-functionalized RAFT agents have been 

successfully designed and synthesized for which the ABM fluorophore was incorporated 

into either the R or Z group structure. Critically, the R group ABM-functionalized RAFT 

agent 2ii facilitated the controlled RAFT copolymerization of two methacrylate 

monomers with no significant induction period or polymerization retardation observed. 

Furthermore, a high degree of end group fidelity was achieved with both the fluorophore 

and trithiocarbonate functionalities effectively retained as confirmed via SEC analysis. 

Moreover, the Z group ABM-functionalized RAFT agent 2vi demonstrated a similar 

degree of polymerization control in comparison to its respective non-functionalized 

counterpart despite the presence of an extended induction period and reduced 

polymerization rate. Due to the limited monomer scope for 2vi, the synthesis of a Z group 

ABM-functionalized RAFT agent capable of polymerizing (meth)acrylate, 

(meth)acrylamide and styrenic monomers to produce ω-functionalized fluorescent block 

copolymers was investigated. The importance of the chosen protecting group for 

functionalized thiols with respect to forming the required disulfide-bridged intermediate 

was highlighted. However, the overall yield for the successful isolation of a Z group 

ABM-functionalized RAFT agent (2xvii) with a tertiary R group was significantly low 

(0.5%), and thus optimization of the synthetic route reported herein is required for future 

studies. Overall, the viability of utilizing an ABM-functionalized RAFT agent to 

synthesize α- and ω-functionalized block copolymers with a highly emissive fluorophore 

attached has been established. 
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2.5. Experimental Section 

 

2.5.1. Methods and materials 

 

Materials. The following reagents were used as received: sodium ethanethiolate (Sigma-

Aldrich, technical grade, 80%); triphenylphosphine (Sigma-Aldrich, 99%); diisopropyl 

azodicarboxylate (DIAD, Alfa Aesar, 94%); neopentyl alcohol (Acros Organics, 99%); 

2,3-dibromomaleimide (Sigma-Aldrich, 97%); isopropylamine (Sigma-Aldrich, 99.5%); 

ethanolamine (Sigma-Aldrich, >99.5%); 3-chloro-1-propanethiol (Sigma-Aldrich, 98%); 

2-mercaptoethanol (Sigma-Aldrich, 99%); carbon disulfide (Sigma-Aldrich, 99%); 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl, Carbosynth, 

98%); 2,6-diaminopyridine (Sigma-Aldrich, 98%); dibromomaleic acid (Sigma-Aldrich, 

97%); benzyl bromide (Sigma-Aldrich, 98%); 3-mercaptopropionic acid (Acros 

Organics, 99%); p-toluenesulfonic acid (Alfa Aesar, 97%); benzyl alcohol (Acros 

Organics, 99%); potassium tert-butoxide (Acros Organics, 98%); potassium phosphate 

tribasic (Sigma-Aldrich, 98%); iodine (Fisher Scientific, 99%); N,N-dimethylaniline 

(Sigma-Aldrich, 99%); aluminium trichloride (Fluka, 99%); borane tetrahydrofuran 

complex solution (1 M in THF, Sigma-Aldrich); 4,4′-azobis(4-cyanovaleric acid) 

(ACVA, Sigma-Aldrich, 98%). 2,2’-azobisisobutyronitrile (AIBN) was received from 

Sigma-Aldrich (98%), recrystallized from methanol and stored in the dark at 4 °C. All 

solvents, including high-performance liquid chromatography (HPLC) grade solvents, 

were purchased from Fisher Scientific and used as received. Monomers and 1,4-dioxane 

were filtered through a plug of basic alumina prior to use and stored at 4 °C. Diethyl Ether 

and tetrahydrofuran (THF) were purchased from Fisher Scientific and dried using an 

Innovative Technology Inc. Pure Solv MD-4-EN solvent purification system. Deuterated 

solvents and silica gel (40-63 μm) were used as received from Apollo Scientific. 
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1H and 13C NMR spectroscopy. 1H NMR spectroscopy was performed at 300 MHz on a 

Bruker Avance AV-300 spectrometer or a Bruker Avance III HD-300 spectrometer, or at 

400 MHz on a Bruker Avance III HD-400 spectrometer. 13C NMR spectroscopy was 

performed at 75 MHz on a Bruker Avance AV-300 spectrometer or a Bruker Avance III 

HD-300 spectrometer, or at 100 MHz on a Bruker Avance III HD-400 spectrometer. 1H 

and 13C NMR spectra were recorded in either deuterated chloroform or acetone. Chemical 

shifts are reported as δ in parts per million (ppm) and are reported relative to the residual 

solvent peaks at 7.26 ppm or 77.0 ppm for chloroform, and 2.05 ppm and 30.83 ppm for 

acetone. Coupling constants (J) correspond to 3JH-H unless otherwise stated. All spectra 

were obtained at 25 °C. 

Size Exclusion Chromatography. SEC analysis was performed on a Varian PL-GPC 50 

system with a set of two PLgel Mixed-C columns plus one guard column and fitted with 

an RI and UV detector measuring at 309 nm or 400 nm. SEC measurements were 

performed with HPLC-grade chloroform with 0.5% triethylamine at 40 °C at a flow rate 

of 1 mL min-1. The molecular weights of the synthesized polymers were calculated 

relative to poly(styrene) (p(St)) standards and analyzed using Cirrus v3.3 software. 

Mass Spectrometry. High resolution electrospray ionization time of flight mass 

spectrometry (HRMS (ESI-ToF)) was performed on a Bruker UHR-Q-TOF MaXis 

spectrometer by Dr. Lijang Song, University of Warwick. 

Fluorescence Spectroscopy. Steady-state fluorescence spectra were recorded using an 

Agilent Cary Eclipse Fluorescence spectrophotometer. Quartz cells with screw caps and 

four polished sides (Starna) were used for fluorescence measurements. 
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2.5.2. Synthetic protocols 

 

Benzyl (2-hydroxyethyl) carbonotrithioate (BHET) was synthesized as previously 

reported.45 

 

Synthesis of 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CETPA). 

 

 

 

4-Cyano-4-(((ethylthio)carbonothioyl)thio) pentanoic acid was prepared according to a 

modified literature procedure.43 To an oven-dried round bottom flask, sodium 

ethanethiolate (10.0 g, 119 mmol) was added followed by the addition of diethyl ether 

(500 mL) with the resulting solution cooled to 0 °C. Carbon disulfide (7.74 mL, 

131 mmol) was subsequently added dropwise over 10 min producing a thick yellow 

precipitate of sodium S-ethyl trithiocarbonate. After 2 h of stirring at ambient 

temperature, solid iodine (15.1 g, 59.4 mmol) was added. After 2 h of stirring at ambient 

temperature, the reaction mixture was washed with sodium thiosulfate solution (1 M, 

3 × 300 mL), deionized water (3 × 300 mL) and finally with brine (300 mL). The organic 

layer was dried over MgSO4 and evaporated to leave a residue of bis-(ethyl-

sulfanylthiocarbonyl) disulfide (16.2 g, quantitative). 

A solution of 4,4’-azobis(4-cyanovaleric acid) (ACVA) (24.8 g, 88.5 mmol) and 

bis-(ethyl-sulfanylthiocarbonyl) disulfide (16.2 g, 59.0 mmol) in ethyl acetate (500 mL) 

was refluxed overnight under a nitrogen atmosphere. After removal of ethyl acetate in 

vacuo, purification was carried out using column chromatography (silica gel, 1:1 
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dichloromethane (DCM)/petroleum ether 40-60 °C (pet. ether)) to yield 4-cyano-4-

(((ethylthio)carbonothioyl)thio) pentanoic acid (CETPA) as an orange red oil (27.4 g, 

108 mmol, 91%). 1H NMR (400 MHz, CDCl3) δH/ppm: 3.35 (2H, q, J = 7.6 Hz, H8), 2.68 

(2H, m, H2), 2.34-2.59 (2H, m, H3), 1.88 (3H, s, H6), 1.36 (3H, t, J = 7.6 Hz, H9); 

13C NMR (100 MHz, CDCl3) δC/ppm: 216.6 (C7), 177.1 (C1), 118.8 (C5), 46.2 (C4), 33.4 

(C3), 31.4 (C8), 29.5 (C2), 24.8 (C6), 12.7 (C9); HRMS (ESI-TOF) m/z: [M + H]+ 

calculated for C9H14NO2S3: 264.0187; found: 264.0188. 

 

Synthesis of 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate (CHPET). 

 

 

 

To a flame-dried round bottom flask, 4-cyano-4-(((ethylthio)carbonothioyl)thio) 

pentanoic acid (CETPA) (8.98 g, 34.1 mmol) was added followed by the addition of dry 

THF (200 mL) with the resulting solution cooled to -78 °C. 1 M Borane THF complex 

solution (35.8 mL, 35.8 mmol) was subsequently added dropwise over 30 min. The 

reaction mixture was left to stir for 1 h, after which the cooling bath was removed and the 

reaction was stirred overnight at ambient temperature under a nitrogen atmosphere. After 

24 h of stirring, methanol (100 mL) was added in five portions and stirred for 10 min after 

each addition or until no further bubbling was observed. After removal of THF and 

methanol in vacuo, the organic residue was dissolved in diethyl ether (250 mL) and 

washed with saturated NaHCO3 solution (3 × 250 mL) and then with brine (250 mL). 

Further extraction using diethyl ether (3 × 100 mL) from the collected aqueous layers was 

carried out. Combined organic layers were dried over MgSO4, filtered and evaporated to 

dryness. Purification was carried out using column chromatography (silica gel, 1:1 ethyl 
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acetate/pet. ether) to yield 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate 

(CHPET) as an orange red oil (6.13 g, 24.6 mmol, 72%). 1H NMR (300 MHz, CDCl3) 

δH/ppm: 3.72 (2H, t, J = 6 Hz, H1), 3.34 (2H, q, J = 7.5 Hz, H8), 2.02-2.34 (2H, m, H3), 

1.89 (3H, s, H6), 1.78-1.88 (2H, m, H2), 1.35 (3H, t, J = 7.5 Hz, H9); 13C NMR (75 MHz, 

CDCl3) δC/ppm: 217.4 (C7), 119.5 (C5), 61.7 (C1), 46.9 (C4), 35.7 (C3), 31.3 (C8), 27.9 

(C2), 24.9 (C6), 12.8 (C9); HRMS (ESI-TOF) m/z: [M + Na]+ calculated for 

C9H15NNaOS3: 272.0208; found: 272.0216. 

 

Synthesis of 2-cyano-5-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)pentan-2-yl 

ethyl carbonotrithioate (2i). 

 

 

 

To a flame-dried round bottom flask, triphenylphosphine (6.45 g, 24.6 mmol) was added 

followed by the addition of dry THF (250 mL) and the resulting solution cooled to -78 °C. 

Diisopropyl azodicarboxylate (DIAD) (4.84 mL, 24.6 mmol) was added dropwise over 

2-3 min. The reaction mixture was stirred for 5 min after which a solution of 2-cyano-5-

hydroxypentan-2-yl ethyl carbonotrithioate (CHPET) (6.13 g, 24.6 mmol) dissolved in 

dry THF (25 mL) was added using air sensitive techniques and the resultant mixture was 

stirred for 5 min. Neopentyl alcohol (1.08 g, 12.3 mmol) was added and the reaction 

mixture was left to stir for 10 min. 2,3-Dibromomaleimide (6.26 g, 24.6 mmol) was then 

added to the reaction mixture. The resulting suspension was allowed to remain at -78 °C 

for 10 min before the cooling bath was removed and the reaction was stirred overnight at 

ambient temperature under a nitrogen atmosphere. After removal of THF in vacuo, 
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purification of the crude mixture was carried out using column chromatography (silica 

gel, 2:1 DCM/pet. ether) to yield 2-cyano-5-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-

pyrrol-1-yl) pentan-2-yl ethyl carbonotrithioate (2i) as an orange red oil (8.16 g, 

16.8 mmol, 68%). 1H NMR (300 MHz, CDCl3) δH/ppm: 3.68 (2H, t, J = 6.9 Hz, H3), 3.33 

(2H, q, J = 7.5 Hz, H10), 2.01-2.27 (2H, m, H5), 1.85-1.98 (2H, m, H4), 1.84 (3H, s, H8), 

1.35 (3H, t, J = 7.5 Hz, H11); 13C NMR (75 MHz, CDCl3) δC/ppm: 217.0 (C9), 163.8 

(C2), 129.5 (C1), 119.1 (C7), 46.5 (C6), 38.8 (C3), 35.8 (C5), 31.4 (C10), 24.8 (C8), 24.0 

(C4), 12.7 (C11); HRMS (ESI-TOF) m/z: [M + Na]+ calculated for C13H14Br2N2NaO2S3: 

506.8476; found: 506.8476. 

 

Synthesis of 5-(3-bromo-4-(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-

cyanopentan-2-yl ethyl carbonotrithioate (2ii). 

 

 

 

To a suspension of 2-cyano-5-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-

yl)pentan-2-yl ethyl carbonotrithioate (2i) (6.83 g, 14.0 mmol) and Na2CO3 (3.72 g, 

35.1 mmol) in THF (HPLC-grade, 150 mL), isopropylamine (3.02 mL, 35.1 mmol) was 

added. The reaction mixture was stirred at ambient temperature with the conversion of 2i 

monitored by thin layer chromatography (TLC). After 1 h, THF was removed in vacuo 

and the organic residue dissolved in DCM (250 mL) and washed with deionized water 

(3 × 250 mL). The organic layer was dried over MgSO4, filtered and evaporated to 

dryness. Purification was carried out using column chromatography (silica gel, 9:1 

DCM/pet. ether) to yield 5-(3-bromo-4-(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-
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pyrrol-1-yl)-2-cyanopentan-2-yl ethyl carbonotrithioate (2ii) as an orange red oil (3.92 g, 

8.44 mmol, 60%). 1H NMR (400 MHz, CDCl3) δH/ppm: 5.28 (1H, br d, J = 8.5 Hz, H3), 

4.41 (1H, d of sept., J = 6.5 and 8.5 Hz, H2), 3.57 (2H, t, J = 7.0 Hz, H8), 3.34 (2H, q, 

J = 7.5 Hz, H15), 1.98-2.21 (2H, m, H10), 1.85-1.92 (2H, m, H9), 1.84 (3H, s, H13), 1.35 

(3H, t, J = 7.5 Hz, H16), 1.31 (6H, d, J = 6.5 Hz, H1); 13C NMR (100 MHz, CDCl3) 

δC/ppm: 217.1 (C14), 167.7 (C7), 166.0 (C6), 151.9 (C4), 119.2 (C12), 46.6 (C11), 44.8 

(C2), 37.7 (C8), 36.0 (C10), 31.3 (C15), 24.8 (C13), 24.1 (C9), 23.7 (C1), 12.7 (C16); 

HRMS (ESI-TOF) m/z: [M + Na]+ calculated for C16H22BrN3NaO2S3: 485.995; found: 

485.995. 

 

Synthesis of 2-cyanopropan-2-yl ethyl carbonotrithioate (CPET). 

 

 

 

To an oven-dried round bottom flask, sodium ethanethiolate (10.0 g, 119 mmol) was 

added followed by diethyl ether (500 mL) with the resulting solution cooled to 0 °C. 

Carbon disulfide (7.74 mL, 131 mmol) was subsequently added dropwise over 10 min 

producing a thick yellow precipitate of sodium S-ethyl trithiocarbonate. After 2 h of 

stirring at ambient temperature, solid iodine (15.1 g, 59.4 mmol) was added. After another 

2 h of stirring at ambient temperature, the reaction mixture was washed with sodium 

thiosulfate solution (1 M, 3 × 300 mL), deionized water (3 × 300 mL) and finally with 

brine (300 mL). The organic layer was dried over MgSO4 and evaporated to leave a 

residue of bis-(ethyl-sulfanylthiocarbonyl) disulfide (15.7 g, quantitative). 

A solution of 2,2’-azobisisobutyronitrile (AIBN) (14.1 g, 85.8 mmol) and bis-(ethyl-

sulfanylthiocarbonyl) disulfide (15.7 g, 57.2 mmol) in ethyl acetate (500 mL) was 
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refluxed overnight under a nitrogen atmosphere. After removal of ethyl acetate in vacuo, 

purification was carried out using column chromatography (silica gel, 1:1 DCM/pet. 

ether) to yield 2-cyanopropan-2-yl ethyl carbonotrithioate (CPET) as an orange red oil 

(19.8 g, 96.6 mmol, 84%). 1H NMR (300 MHz, CDCl3) δH/ppm: 3.35 (2H, q, J = 7.5 Hz, 

H5), 1.87 (6H, s, H1), 1.35 (3H, t, J = 7.5 Hz, H6); 13C NMR (75 MHz, CDCl3) δC/ppm: 

217.6 (C4), 120.4 (C3), 42.3 (C2), 31.2 (C5), 27.0 (C1), 12.7 (C6); HRMS (ESI-TOF) 

m/z: [M + Na]+ calculated for C7H11NNaS3: 227.9946; found: 227.9946. 

 

Synthesis of benzyl (2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl) 

carbonotrithioate (2v). 

 

 

 

To a flame-dried round bottom flask, triphenylphosphine (1.30 g, 4.96 mmol) was added 

followed by the addition of dry THF (40 mL) and the resulting solution cooled to -78 °C. 

Diisopropyl azodicarboxylate (DIAD) (977 µL, 4.96 mmol) was added dropwise over 

2-3 min. The reaction mixture was stirred for 5 min after which benzyl (2-hydroxyethyl) 

carbonotrithioate (1.21 g, 4.96 mmol) dissolved in dry THF (10 mL) was added using air 

sensitive techniques and the resultant mixture was stirred for 5 min. Neopentyl alcohol 

(219 mg, 2.48 mmol) was added and the reaction mixture was left to stir for 10 min. 

2,3-Dibromomaleimide (1.26 g, 4.96 mmol) was then added to the reaction mixture. The 

resulting suspension was allowed to remain at -78 °C for 10 min before the cooling bath 

was removed and the reaction was stirred overnight at ambient temperature under a 

nitrogen atmosphere. After removal of THF in vacuo, purification of the crude mixture 
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was carried out using column chromatography (silica gel, 1:1 DCM/pet ether) followed 

by 100% ethyl acetate) to yield benzyl (2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-

1H-pyrrol-1-yl) ethyl) carbonotrithioate as a yellow solid (1.36 g, 2.82 mmol, 57%). 

1H NMR (300 MHz, (CD3)2CO) δH/ppm: 7.25-7.45 (5H, m, H1,2,3), 4.70 (2H, s, H5), 

3.97 (2H, t, J = 6.4 Hz, H8), 3.74 (2H, t, J = 6.4 Hz, H7); 13C NMR (75 MHz, (CD3)2CO) 

δC/ppm: 224.2 (C6), 164.8 (C9), 135.0 (C4), 130.4 (C10), 130.3 (C2), 129.7 (C3), 128.8 

(C1), 42.1 (C5), 38.6 (C7), 35.3 (C8); HRMS (ESI-TOF) m/z: [M + H]+ calculated for 

C14H13Br2NO2S3: 479.8397; found: 479.8391. 

 

Synthesis of benzyl (2-(3-bromo-4-(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-

yl)ethyl) carbonotrithioate (2vi). 

 

 

 

To a suspension of benzyl (2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) ethyl) 

carbonotrithioate (2v) (1.36 g, 2.82 mmol) and Na2CO3 (749 mg, 7.07 mmol) in THF 

(HPLC-grade, 50 mL), isopropylamine (607 µL, 7.07 mmol) was added. The reaction 

mixture was stirred at ambient temperature with the conversion of 2v monitored by TLC. 

After 1 h, THF was removed in vacuo and the organic residue dissolved in DCM (50 mL) 

and washed with deionized water (3 × 50 mL). Organic layer was dried over MgSO4, 

filtered and evaporated to dryness. Purification was carried out using column 

chromatography (silica gel, 1:3 pet. ether/DCM followed by 100% ethyl acetate) to yield 

benzyl (2-(3-bromo-4-(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl) 

carbonotrithioate as an orange solid (777 mg, 1.69 mmol, 60%). 1H NMR (400 MHz, 
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(CD3)2CO) δH/ppm: 7.26-7.44 (5H, m, H1,2,3), 6.55 (1H, br d, J = 8.0 Hz, H13), 4.69 

(2H, s, H5), 4.49 (1H, d of sept., J = 6.4 Hz and 8.0 Hz, H14), 3.83 (2H, t, J = 6.4 Hz, 

H8), 3.68 (2H, t, J = 6.4 Hz, H7), 1.32 (6H, d, J = 6.4 Hz, H15); 13C NMR (100 MHz, 

(CD3)2CO) δC/ppm: 224.3 (C6), 167.0 (C9), 166.3 (C10), 145.7 (C12), 136.3 (C4), 130.3 

(C2), 129.7 (C3), 128.7 (C1), 45.8 (C14), 42.0 (C5), 37.3 (C7), 35.7 (C8), 23.6 (C15); 

HRMS (ESI-TOF) m/z: [M + Na]+ calculated for C17H19BrN2NaO2S3: 480.9690; found: 

480.9688. 

 

Synthesis of 4-((((3-chloropropyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid (2vii). 

 

 

 

To a solution of potassium tert-butoxide (1 M in THF) (10.3 mL, 10.3 mmol) in diethyl 

ether (40 mL) at 0 °C, 3-chloro-1-propanethiol (1.00 mL, 10.3 mmol) was added with the 

reaction mixture stirred for 10 min. Carbon disulfide (619 µL, 10.3 mmol) was added 

dropwise over 5 min producing a yellow slurry and the reaction mixture was left to stir 

for 10 min. After allowing the reaction to warm up to ambient temperature, iodine (1.30 g, 

5.12 mmol) was added with the reaction mixture left to stir for 1 h. The organic layer was 

then washed with sodium thiosulfate solution (1 M, 200 mL) before being dried over 

MgSO4 and evaporated to dryness. Purification was carried out using column 

chromatography (silica gel, 9:1 pet. ether/ethyl acetate) to yield bis-

(chloropropylsulfanylthiocarbonyl) disulfide as an orange oil (1.78 g, 4.80 mmol, 93%). 

A solution of 4,4’-azobis(4-cyanovaleric acid) (ACVA) (2.02 g, 7.19 mmol) and bis-

(chloropropylsulfanylthiocarbonyl) disulfide (1.78 g, 4.80 mmol) in ethyl acetate 

(50 mL) was refluxed overnight under a nitrogen atmosphere. After removal of ethyl 
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acetate in vacuo, purification was carried out using column chromatography (silica gel, 

1:1 pet. ether/ethyl acetate) to yield 4-((((3-chloropropyl)thio)carbonothioyl)thio)-4-

cyanopentanoic acid as an orange red oil (0.82 g, 2.64 mmol, 55%). 1H NMR (400 MHz, 

CDCl3) δH/ppm: 3.61 (2H, t, J = 6.4 Hz, H10), 3.50 (2H, t, J = 6.8 Hz, H8), 2.68 (2H, d 

of d, J = 7.6 Hz, H2), 2.34-2.58 (2H, m, H3), 2.17 (2H, t of t, J = 6.4 Hz and 6.8 Hz, H9), 

1.88 (3H, s, H6); 13C NMR (100 MHz, CDCl3) δC/ppm: 216.2 (C7), 176.9 (C1), 118.7 

(C5), 46.4 (C4), 43.2 (C10), 33.6 (C9), 33.4 (C3), 30.5 (C8), 29.4 (C2), 24.8 (C6). 

 

Synthesis of methyl 4-((((3-chloropropyl)thio)carbonothioyl)thio)-4-cyanopentanoate 

(2viii). 

 

 

 

To a solution of 4-((((3-chloropropyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid 

(2vii) (700 mg, 2.24 mmol) and 2,6-diaminopyridine (137 mg, 1.12 mmol) in methanol 

(50 mL), EDC∙HCl (859 mg, 4.48 mmol) was added and the reaction mixture was left to 

stir at ambient temperature. After 16 h, methanol was removed in vacuo and the organic 

residue was dissolved in DCM (50 mL) and washed with deionized water (3 × 50 mL). 

The organic layer was dried over MgSO4, filtered and evaporated to dryness. Purification 

was carried out using column chromatography (silica gel, 3:1 pet. ether/ethyl acetate) to 

yield methyl 4-((((3-chloropropyl)thio)carbonothioyl)thio)-4-cyanopentanoate as an 

orange-red oil (585 mg, 1.79 mmol, 80%). 1H NMR (300 MHz, CDCl3) δH/ppm: 3.71 

(3H, s, H1), 3.61 (2H, t, J = 6.0 Hz, H11), 3.50 (2H, t, J = 6.9 Hz, H9), 2.62 (2H, d of d, 

J = 7.8 Hz, H3), 2.30-2.55 (2H, m, H4), 2.17 (2H, t of t, J = 6.0 Hz and 6.9 Hz, H10), 

1.87 (3H, s, H7); 13C NMR (75 MHz, CDCl3) δC/ppm: 216.3 (C8), 171.8 (C2), 118.7 
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(C6), 52.1 (C1), 46.5 (C5), 43.2 (C11), 33.8 (C10), 33.6 (C4), 30.5 (C9), 29.5 (C3), 24.8 

(C7); HRMS (ESI-TOF) m/z: [M + H]+ calculated for C11H17ClNO2S3: 326.0110; found: 

326.0112. 

 

Synthesis of 2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl acetate (2ix). 

 

 

 

Dibromomaleic acid (2.00 g, 7.30 mmol) was dissolved in acetic acid (100 mL) at 4 °C 

and ethanolamine (485 µL, 8.03 mmol) was then added to the reaction mixture. The 

reaction mixture was then refluxed overnight under a nitrogen atmosphere. After the 

removal of acetic acid in vacuo, purification was carried out using column 

chromatography (silica gel, 1:1 pet. ether/ethyl acetate) to yield 2-(3,4-dibromo-2,5-

dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl acetate as an off-white solid (1.58 g, 4.63 mmol, 

63%). 1H NMR (300 MHz, CDCl3) δH/ppm: 4.24 (2H, t, J = 6.4 Hz, H3), 3.88 (2H, t, J = 

6.4 Hz, H4), 2.03 (3H, s, H1); 13C NMR (75 MHz, CDCl3) δC/ppm: 170.8 (C2), 163.7 

(C5), 129.5 (C6), 61.2 (C3), 38.7 (C4), 20.7 (C1). 

 

Synthesis of 2-(3-bromo-4-(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 

acetate (2x). 
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To a suspension of 2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl acetate 

(2ix) (1.07 g, 3.12 mmol) and Na2CO3 (363 mg, 3.43 mmol) in THF (HPLC-grade, 

50 mL), isopropylamine (295 µL, 3.43 mmol) was added. The reaction mixture was 

stirred at ambient temperature with the conversion of 2ix monitored by TLC. After 1 h, 

THF was removed in vacuo and the organic residue was dissolved in DCM (50 mL) and 

washed with deionized water (3 × 50 mL). The organic layer was dried over MgSO4, 

filtered and evaporated to dryness. Purification was carried out using column 

chromatography (silica gel, 3:1 DCM/pet. ether) to yield 2-(3-bromo-4-

(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl acetate (2x) as a 

fluorescent yellow solid (778 mg, 2.43 mmol, 78%). 1H NMR (300 MHz, CDCl3) 

δH/ppm: 5.28 (1H, br d, J = 7.8 Hz, H9), 4.40 (1H, d of sept., J = 6.9 and 7.8 Hz, H10), 

4.19 (2H, t, J = 6.8 Hz, H3), 3.76 (2H, t, J = 6.8 Hz, H4), 2.02 (3H, s, H1), 1.30 (6H, d, J 

= 6.9 Hz, H11); 13C NMR (75 MHz, CDCl3) δC/ppm: 170.8 (C2), 167.5 (C5), 166.0 (C6), 

144.7 (C8), 61.5 (C3), 44.8 (C10), 37.5 (C4), 23.7 (C11), 20.8 (C1). 

 

Synthesis of 3-bromo-1-(2-hydroxyethyl)-4-(isopropylamino)-1H-pyrrole-2,5-dione 

(2xi). 

 

 

 

To a suspension of K2CO3 (336 mg, 2.43 mmol) in methanol (25 mL), 2-(3-bromo-4-

(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) ethyl acetate (778 mg, 

2.43 mmol) was added. The resulting suspension was stirred at ambient temperature for 

30 min, at which point TLC of the crude reaction mixture confirmed full conversion of 
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the starting material. The reaction mixture was then diluted with deionized water 

(125 mL) and ethyl acetate (150 mL). The organic layer was washed with deionized water 

(2 × 125 mL) and brine (125 mL) before being evaporated to dryness. Purification was 

carried out using column chromatography (silica gel, 3:2 pet. ether/ethyl acetate) to yield 

3-bromo-1-(2-hydroxyethyl)-4-(isopropylamino)-1H-pyrrole-2,5-dione as a fluorescent 

yellow solid (267 mg, 0.96 mmol, 40%). 1H NMR (300 MHz, CDCl3) δH/ppm: 5.32 (1H, 

br d, J = 7.8 Hz, H8), 4.41 (1H, d of sept., J = 6.9 Hz and 7.8 Hz, H9), 3.67-3.82 (2H, m, 

H3 and H2), 2.20 (1H, br s, H1), 1.30 (6H, d, J = 6.9 Hz, H10). 

 

Synthesis of benzyl 3-mercaptopropanoate (2xii). 

 

 

 

3-Mercaptopropionic acid (10.0 mL, 115 mmol) was added to a solution of 

p-toluenesulfonic acid (4.37 g, 23.0 mmol) in benzyl alcohol (13 mL) and THF (125 mL). 

The reaction mixture was refluxed overnight at 80 °C and then allowed to cool down to 

ambient temperature. After the volatiles were removed in vacuo, the organic residue was 

redissolved in ethyl acetate (250 mL) and washed with saturated NaHCO3 solution 

(3 × 250 mL). The combined organic layers were dried over MgSO4, filtered and 

evaporated to dryness. Purification was carried out using column chromatography (silica 

gel, 3:1 pet. ether/ethyl acetate) to yield benzyl 3-mercaptopropanoate as an off-white 

liquid (13.2 g, 67.0 mmol, 58%). 1H NMR (300 MHz, (CD3)2CO) δH/ppm: 7.25-7.46 

(5H, m, H7,8,9), 5.15 (2H, s, H5), 2.78 (2H, t, J = 7.8 Hz, H3), 2.71 (2H, d of t, J = 7.8 Hz 

and 8.4 Hz, H2), 1.93 (1H, t, J = 8.4 Hz, H1); 13C NMR (75 MHz, (CD3)2CO) δC/ppm: 
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172.1 (C4), 137.5 (C6), 129.5 (C8), 129.1 (C7), 129.0 (C9), 66.8 (C5), 39.3 (C3), 20.4 

(C2). 

 

Synthesis of benzyl 3-((((2-cyanopropan-2-yl)thio)carbonothioyl)thio)propanoate (2xiii). 

 

 

 

To a solution of potassium tert-butoxide (7.54 g, 67.2 mmol) in diethyl ether (240 mL) 

and THF (15 mL) at 0 °C, benzyl 3-mercaptopropanoate (2xii) (13.2 g, 67.2 mmol) was 

added to the reaction mixture and then stirred for 10 min. Carbon disulfide (4.04 mL, 

67.2 mmol) was added dropwise over 5 min producing a yellow slurry and the reaction 

mixture was left to stir for 1 h. After allowing the reaction to warm up to ambient 

temperature, iodine (8.52 g, 33.6 mmol) was added with the reaction mixture left to stir 

for 1 h. The organic layer was then washed with sodium thiosulfate solution (1 M, 

250 mL) before being dried over MgSO4 and evaporated to leave a residue of dibenzyl 

3,3'-((disulfanne-1,2-dicarbonothioyl)bis(sulfanediyl)) dipropionate (14.0 g, 

quantitative). A solution of 2,2′-azobis(2-methylpropionitrile) (AIBN) (6.36 g, 

38.7 mmol) and dibenzyl 3,3'-((disulfanne-1,2-dicarbonothioyl)bis(sulfanediyl)) 

dipropionate (14.0 g, 25.8 mmol) in ethyl acetate (250 mL) was refluxed overnight under 

a nitrogen atmosphere. After removal of ethyl acetate in vacuo, purification was carried 

out using column chromatography (silica gel, 1:1 DCM/pet. ether) to yield benzyl 3-((((2-

cyanopropan-2-yl)thio)carbonothioyl)thio)propanoate as an orange-red oil (5.43 g, 

16.0 mmol, 24%). 1H NMR (400 MHz, (CD3)2CO) δH/ppm: 7.28-7.44 (5H, m, 

H10,11,12), 5.16 (2H, s, H8), 3.68 (2H, t, J = 6.8 Hz, H5), 2.88 (2H, t, J = 6.8 Hz, H6), 

1.90 (6H, s, H1); 13C NMR (100 MHz, (CD3)2CO) δC/ppm: 219.8 (C4), 171.7 (C7), 137.3 
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(C9), 129.5 (C11), 129.1 (C10), 129.0 (C12), 121.0 (C3), 67.2 (C8), 44.0 (C2), 33.3 (C5), 

32.4 (C6), 27.2 (C1). 

 

Synthesis of 3-((((2-cyanopropan-2-yl)thio)carbonothioyl)thio)propanoic acid (2xiv). 

 

 

 

Benzyl deprotection was carried out using a modified experimental protocol from the 

literature.54 To a solution of benzyl 3-((((2-cyanopropan-2-yl)thio)carbonothioyl)thio) 

propanoate (2xiii) (2.94 g, 8.67 mmol) and N,N-dimethylaniline (1.05 mL, 8.67 mmol) in 

DCM (50 mL) was added AlCl3 (3.46 g, 26.0 mmol) at ambient temperature. After 

stirring for 2 h, the reaction mixture was quenched by careful addition of ice-cold water 

(50 mL). The aqueous layer was extracted with diethyl ether (3 × 50 mL) and the 

combined organic layers were washed with 1 M HCl (3 × 50 mL) and extracted with 1 M 

NaOH (3 × 50 mL). The combined aqueous layers were then acidified to pH 2 by the 

addition of 1 M HCl and extracted with diethyl ether (3 × 100 mL). The combined 

organic layers were washed with brine (100 mL), dried over MgSO4, filtered and 

evaporated to dryness. Purification was carried out using column chromatography (silica 

gel, 1:3 pet. ether/ethyl acetate) to yield 3-((((2-cyanopropan-2-yl)thio)carbonothioyl) 

thio)propanoic acid as an orange red oil (0.71 g, 2.85 mmol, 33%). 1H NMR (400 MHz, 

CDCl3) δH/ppm: 8.00 (1H, br s, H8), 3.59 (2H, t, J = 6.8 Hz, H5), 2.83 (2H, t, J = 6.8 Hz, 

H6), 1.88 (6H, s, H1); 13C NMR (100 MHz, CDCl3) δC/ppm: 217.1 (C4), 176.5 (C7), 

120.2 (C3), 42.6 (C2), 32.6 (C5), 30.7 (C6), 27.0 (C1). 
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Synthesis of 2-cyanopropan-2-yl (3-hydroxypropyl) carbonotrithioate (2xv). 

 

 

 

To a flame-dried round bottom flask, 3-((((2-cyanopropan-2-yl)thio)carbonothioyl)thio) 

propanoic acid (2xiv) (0.71 g, 2.85 mmol) was added followed by the addition of dry THF 

(25 mL) with the resulting solution cooled to -78 °C. 1 M Borane THF complex solution 

(3.00 mL, 3.00 mmol) was subsequently added dropwise over 30 min. The reaction 

mixture was left to stir for 1 h, after which the cooling bath was removed and the reaction 

stirred overnight at ambient temperature under a nitrogen atmosphere. After 24 h of 

stirring, methanol (25 mL) was added in five portions and stirred for 10 min after each 

addition or until no further bubbling was observed. After removal of THF and methanol 

in vacuo, the organic residue was dissolved in diethyl ether (25 mL) and washed with 

saturated NaHCO3 solution (3 × 25 mL) and then with brine (25 mL). Further extraction 

using diethyl ether from the collected aqueous layers was carried out. The combined 

organic layers were dried over MgSO4, filtered and evaporated to dryness. Purification 

was carried out using column chromatography (silica gel, 1:1 ethyl acetate/pet. ether) to 

yield 2-cyanopropan-2-yl (3-hydroxypropyl) carbonotrithioate as an orange-red oil 

(180 mg, 0.765 mmol, 27%). 1H NMR (300 MHz, CDCl3) δH/ppm: 3.70 (2H, t, J = 

6.0 Hz, H7), 3.46 (2H, t, J = 7.2 Hz, H5), 1.94 (2H, d of t, J = 6.0 Hz and 7.2 Hz, H6), 

1.86 (6H, s, H1); 13C NMR (100 MHz, CDCl3) δC/ppm: 217.8 (C4), 120.3 (C3), 60.8 

(C7), 42.4 (C2), 33.2 (C5), 30.6 (C6), 26.9 (C1); HRMS (ESI-TOF) m/z: [M + H]+ 

calculated for C8H14NOS3: 236.0238; found: 236.0240. 
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Synthesis of 2-cyanopropan-2-yl (3-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) 

propyl) carbonotrithioate (2xvi). 

 

 

 

To a flame-dried round bottom flask, triphenylphosphine (201 mg, 0.765 mmol) was 

added followed by the addition of dry THF (20 mL) and the resulting solution cooled 

to -78 °C. DIAD (151 µL, 0.765 mmol) was added dropwise over 2-3 min. The reaction 

mixture was stirred for 5 min after which a solution of 2-cyanopropan-2-yl 

(3-hydroxypropyl) carbonotrithioate (2xvi) (180 mg, 0.765 mmol) dissolved in dry THF 

(5 mL) was added using air sensitive techniques and the resultant mixture stirred for 

5 min. Neopentyl alcohol (34.0 mg, 0.382 mmol) was added and the reaction mixture was 

left to stir for 10 min. 2,3-Dibromomaleimide (195 mg, 0.765 mmol) was then added to 

the reaction mixture. The resulting suspension was allowed to remain at -78 °C for 10 min 

before the cooling bath was removed and the reaction was stirred overnight at ambient 

temperature under a nitrogen atmosphere. After the removal of THF in vacuo, purification 

of the crude mixture was carried out using column chromatography (silica gel, 1:2 pet. 

ether/DCM) to yield 2-cyanopropan-2-yl (3-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-

pyrrol-1-yl) propyl) carbonotrithioate as an orange-red oil (242 mg, 0.512 mmol, 67%). 

1H NMR (300 MHz, CDCl3) δH/ppm: 3.71 (2H, t, J = 6.6 Hz, H7), 3.33 (2H, t, J = 7.2 Hz, 

H5), 2.03 (2H, d of t, J = 6.6 Hz and 7.2 Hz, H6), 1.87 (6H, s, H1); 13C NMR (75 MHz, 

CDCl3) δC/ppm: 217.0 (C4), 163.8 (C8), 129.5 (C9), 120.2 (C3), 42.6 (C2), 38.5 (C7), 

33.2 (C5), 27.1 (C6), 27.0 (C1); HRMS (ESI-TOF) m/z: [M + Na]+ calculated for 

C12H12Br2N2NaO2S3: 492.8325; found: 492.8324. 
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Synthesis of 3-(3-bromo-4-(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) 

propyl (2-cyanopropan-2-yl) carbonotrithioate (2xvii). 

 

 

 

To a suspension of 2-cyanopropan-2-yl (3-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-

pyrrol-1-yl) propyl) carbonotrithioate (2xvi) (242 mg, 0.512 mmol) and Na2CO3 (54 mg, 

0.512 mmol) in THF (HPLC-grade, 10 mL), isopropylamine (44.0 µL, 0.512 mmol) was 

added. The reaction mixture was stirred at ambient temperature with the conversion of 

2xvi monitored by TLC. After 1 h, THF was removed in vacuo and the organic residue 

was dissolved in DCM (10 mL) and washed with deionized water (3 × 10 mL). The 

organic layer was dried over MgSO4, filtered and evaporated to dryness. Purification was 

carried out using column chromatography (silica gel, 1:3 pet. ether/DCM) to yield 

3-(3-bromo-4-(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) propyl (2-

cyanopropan-2-yl) carbonotrithioate as an orange-red oil (150 mg, 0.333 mmol, 65%). 

1H NMR (400 MHz, CDCl3) δH/ppm: 5.30 (1H, br d, J = 8.4 Hz, H12), 4.40 (1H, d of 

sept., J = 6.8 Hz and 8.4 Hz, H13), 3.61 (2H, t, J = 6.8 Hz, H7), 3.32 (2H, t, J = 7.2 Hz, 

H5), 2.00 (2H, d of t, J = 6.8 Hz and 7.2 Hz, H6), 1.87 (6H, s, H1), 1.30 (6H, d, J = 6.8 Hz, 

H14); 13C NMR (100 MHz, CDCl3) δC/ppm: 217.2 (C4), 167.8 (C8), 166.1 (C9), 145.0 

(C11), 120.3 (C3), 44.8 (C13), 42.5 (C2), 37.3 (C7), 33.5 (C5), 27.3 (C6), 27.0 (C1), 23.7 

(C14).  
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3. Investigating the self-assembly behavior of pH-responsive 

micelles via copolymer blending and fluorescence labelling 
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3.1. Abstract 

 

Understanding, predicting and controlling the self-assembly behavior of 

stimuli-responsive block copolymers remains a pertinent challenge. With regards to this, 

the copolymer blending protocol provides an efficient and accessible methodology for 

obtaining a range of intermediate polymeric nanostructures simply by blending two 

diblock copolymers with identical block lengths in the desired molar mixing ratio to target 

specific stimuli-response. Herein, the limitations and requirements of the copolymer 

blending protocol was investigated with a focus upon the effect of blending relatively 

hydrophobic amphiphilic diblock copolymers comprised of both short core-forming 

blocks and low Tg comonomers. To this end, the self-assembly behavior of pure versus 

blended micelles in aqueous solution was studied for a series of amphiphilic pH-

responsive p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock copolymers, for which 

n-BuMA incorporation in the core-forming block was varied from 50% to 89%. Further 

investigation into the properties and internal structures of pH-responsive diblock 

copolymer micelles was conducted through fluorescence analysis via 

core-functionalization using a novel ABM-functionalized RAFT agent. Finally, the 

critical micelle concentration, stimuli-responsiveness, and the degree of core hydration 

for fluorescent pH-responsive polymer nanostructures was explored via steady-state 

fluorescence spectroscopy. 
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3.2. Introduction 

 

As outlined in Chapter 1, amphiphilic block copolymers are similar in nature to small 

molecule surfactants and spontaneously self-assemble when dispersed in a selective 

solvent for the associative block.1 A key characteristic of small molecule surfactants is 

that upon self-assembly they generate dynamic nanostructures in solution due to the rapid 

and constant exchange of single surfactant molecules between self-assembled structures, 

thereby driving the system to thermodynamic equilibrium.2,3 Conversely, the self-

assembly behavior of amphiphilic block copolymers in aqueous solution can be difficult 

to predict with out-of-equilibrium or ‘frozen’ nanostructures often produced.4,5 This 

phenomenon has been attributed to the absence or immeasurably slow exchange of free 

polymer chains (unimers) between polymer nanostructures,1,4–16 and thus amphiphilic 

block copolymer self-assembly has been found to be dependent upon both 

thermodynamic and kinetic constraints.4,5,8,9,13,16–21 The principal reason for the 

unfavorable exchange dynamics often observed for amphiphilic block copolymers is 

attributed to a significantly high energy barrier for unimer exchange in aqueous 

solution.22,23 Importantly, the latter has been found to be proportional to the length of the 

solvophobic block and to the interfacial tension (γ) between the solvophobic block and 

the solvent.5,7,10,19,24–26 Therefore, the development of successful strategies for moderating 

the hydrophobic nature of the solvophobic block, as well as controlling the onset of 

self-assembly through external parameters, such as pH and temperature, have been 

extensively explored within the literature.27–33 
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3.2.1. Tuning aggregation behavior, stimuli-response and exchange 

dynamics via a copolymerization approach 

 

pH-responsive monomers, such as acrylic acid (AA), 2-(dimethylamino)ethyl 

methacrylate (DMAEMA) and 2-(diethylamino)ethyl methacrylate (DEAEMA) can be 

incorporated into the polymer backbone to control the onset of aggregation (Figure 3.1). 

 

 

Figure 3.1: Chemical structures of anionic (red), cationic (blue) and zwitterionic (black) pH-responsive 

monomers. Note: AA = acrylic acid; AMPS = 2-acrylamido-2-methylpropane sulfonic acid; VBA = 

4-vinylbenzoic acid; EGAP = ethylene glycol acrylate phosphate; DMAEMA = 2-(dimethylamino)ethyl 

methacrylate; DEAEMA = 2-(diethylamino)ethyl methacrylate; DIPAEMA = 2-(diisopropylamino)ethyl 

methacrylate; and DMAPS = 3-dimethyl(methacryloyloxyethyl) ammonium propane sulfonate. 

 

Self-assembly behavior of the resultant block copolymers is governed by pH, as 

protonation or deprotonation of the ionizable groups causes the degree of hydrophobicity 

to increase, ultimately initiating aggregation.13,34–36 Tuning the stimuli-responsiveness of 

such systems is key when considering their applications which include antimicrobial 

coatings, oil recovery, detergency, drug and gene delivery, sensors and bio-imaging.37–43 

Block copolymers synthesized via the copolymerization of stimuli-responsive monomers 

with either differently responsive or non-responsive monomers to yield statistical blocks 

have a distinct advantage over systems composed of homopolymeric blocks.27 For 

instance, homopolymeric blocks are restricted to the intrinsic responsiveness of the 
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monomers used, whereas the use of block-random block copolymers allows one to select 

the range and extent of stimuli-responsiveness by tuning the copolymer composition. 

Several authors have explored this concept and evidenced its versatility and 

effectiveness.44–64 For example, an ultra pH-sensitive fluorescent statistical block 

copolymer was successfully synthesized by Gao and co-workers with the onset of 

aggregation and fluorescence emission controllable over an extremely small pH 

range.48,49 

More recently, Appelhans and co-workers have shown that the critical pH-response value 

for the membrane swelling of UV-crosslinked polymersomes can be manipulated in a 

controlled manner by changing the random copolymer composition of the associative 

block.50 Non-responsive hydrophobic n-butyl methacrylate (n-BuMA) units or more basic 

pH-responsive DMAEMA units were incorporated into the core-forming block of a 

parent poly(ethylene glycol)-b-poly(DEAEMA-co-4-(3,4-dimethylmaleimidio)butyl 

methacrylate), (PEG-b-p(DEAEMA-co-DMIBMA)), amphiphilic diblock copolymer. 

Consequently, the size transition for the resultant vesicles could be manipulated over a 

pH range of 5.1 to 6.8 (Figure 3.2).50 Furthermore, the authors discovered that the 

hydrodynamic diameter of pH-responsive polymersomes increased with respect to 

increasing hydrophobicity of the respective core-forming blocks, with aggregation and 

agglomeration of individual vesicles observed for the higher percentage incorporations 

of n-BuMA.50 
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Figure 3.2: Schematic overview of the study conducted by Appelhans and co-workers. Left: chemical 

structure of the parent PEG45-b-p(DEAEMA83-co-DMIBMA21)104 amphiphilic block copolymer (BCP-20) 

and of the additional monomers DMAEMA and n-BuMA. Right: DLS titration curves of the self-assembled 

vesicles with the determination of the critical pH value (pH*). PEG = poly(ethylene glycol), DMIBMA = 

4-(3,4-dimethylmaleimidio)butyl methacrylate. Figure and caption adapted from ref 50. 

 

Importantly, it has been demonstrated that the incorporation of hydrophilic units within 

the core-forming block of amphiphilic block copolymers can facilitate the transformation 

of ‘frozen’ kinetically trapped aggregates into dynamic self-assemblies through precise 

modulation of the core-forming block composition.35,44–47,53,55–64 

This strategy was first proposed by Bendejacq and co-workers in which pH-responsive 

acrylic acid units were copolymerized into the associative block of poly(styrene)-b-

poly(acrylic acid) diblock copolymers.58,59 Moreover, Colombani and co-workers 

successfully applied this copolymerization approach to produce poly(n-butyl acrylate-co-

acrylic acid)-b-poly(acrylic acid), (p(nBA-co-AA)-b-p(AA)), pH-responsive micelles for 

which the apparent aggregation number (Nagg, app) was found to depend reversibly upon 

the pH of the solution.56,64 Critically, these seemingly dynamic self-assemblies were in 

stark contrast to the ‘frozen’ aggregates obtained previously in the literature for analogous 

diblock copolymers, for which the associative block consisted of a p(nBA) 

homopolymeric block.7,18 
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In another set of studies conducted by Nicolai and co-workers, it was discovered that the 

random incorporation of hydrophilic pH-sensitive acrylic acid units within hydrophobic 

p(nBA) blocks resulted in the formation of dynamic rather than ‘frozen’ networks for a 

series of p(nBA-co-AA)-b-p(AA)-b-p(nBA-co-AA) triblock copolymer analogues.44,45,53 

Furthermore, it was determined that the exchange time of associative blocks between 

flower-like micelles for these triblock copolyelectrolytes could be varied over more than 

10 orders of magnitude depending on the ionization degree (α), or the respective 

percentage incorporation of acrylic acid units within the hydrophobic blocks.44,45 

Colombani and co-workers highlighted the universal nature of this methodology for 

facilitating unimer exchange in amphiphilic block copolymer systems in a subsequent 

study, whereby the hydrophilic stimuli-responsive monomer was switched from acrylic 

acid to DMAEMA.46 Self-assembly of the resultant p(n-BuMA0.5-co-DMAEMA0.5)100-b-

p(DMAEMA)235 amphiphilic diblock copolymer in water via various preparation 

pathways revealed that aggregation was reversible, pathway-independent and directly 

corresponded to the ionization degree.46 

A similar investigation regarding the self-assembly behavior of a dual pH-responsive 

amphiphilic block copolymer system was recently carried out within the O’Reilly 

group.62 A series of p(DEAEMA-co-DMAEMA)-b-p(DMAEMA) diblock copolymers 

with varying copolymer compositions in the core-forming block were synthesized via 

reversible addition-fragmentation chain transfer (RAFT) polymerization with their 

micellization analyzed by light scattering measurements.62 It was discovered that the pH 

range at which aggregation occurred could be shifted upon simple adjustment of the 

copolymer composition of the hydrophobic block (Figure 3.3).62 Moreover, the authors 

observed that the aggregation number for the polymer nanostructures increased four-fold 

when the percentage incorporation of DEAEMA in the core-forming block was increased 

from 65% to 91%.62 In a similar manner to the pH-sensitive diblock copolymer systems 
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highlighted above,46,56,64 aggregation of the dual pH-responsive micelles formed in this 

study was shown to be reversible as well as independent of the preparation pathway 

used.62 

 

 

Figure 3.3: Left: chemical structure of the pH-responsive p(DEAEMA-co-DMAEMA)-b-p(DMAEMA) 

diblock copolymers (1-4) and their respective compositions used in the study by O’Reilly and co-workers.62 

Right: evolution of aggregation number (Nagg) with respect to pH for diblock copolymers 1-4, for which 

DEAEMA incorporation increases across the series from 32% to 91%. Figure adapted from ref 62. 

 

3.2.2. Tuning polymer properties and self-assembly behavior via the 

copolymer blending protocol 

 

Whilst such literature results highlight the clear advantages of employing a 

copolymerization approach to tune stimuli-responsiveness, this technique is somewhat 

limited for controlling and predicting self-assembly behavior. For instance, targeting 

specific polymer nanostructures for a desired application requires laborious polymer 

synthesis to identify the correct copolymer composition that will yield the desired 

characteristics. Another drawback of this approach is that the random copolymerization 

of any two monomers to produce a statistical copolymer is not universal, and thus the 

resultant microstructure could adversely alter self-assembly behavior and polymer 
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properties. For example, the groups of Borisov and Charleux have discovered that the 

synthesis of amphiphilic diblock copolymers with core-forming blocks that are gradient 

rather than statistical in nature can significantly affect the reversibility of such 

systems.57,60,65 

In light of this, an alternative strategy exists which simply involves blending two block 

copolymers together, that vary in functionality or stimuli-response, to obtain a range of 

compositions that are intermediate of the two constituent polymers.11,26,66–74 The inherent 

advantages of this copolymer blending methodology are that it precludes exhaustive 

synthesis as well as offers a scalable and facile route for targeting a wide array of polymer 

nanostructures.75 For instance, the blending of diblock copolymers has been successfully 

utilized in the literature to produce nanoparticle morphologies that are typically not 

accessed through conventional self-assembly of a single diblock copolymer system.22,76,77 

However, the formation of well-defined blended nanostructures via the mixing of two 

diblock copolymers together is non-trivial and has been found to be dependent upon a 

multitude of variables, including the difference in length and chemistry of the individual 

blocks for both diblock copolymers, the propensity for each diblock copolymer to self-

assemble under the experimental conditions, the chosen molar mixing ratio, and the 

concentration.55,78–92  

Despite the numerous reports concerning diblock copolymer blending, there is limited 

literature focused upon comparing the self-assembly behavior of blended diblock 

copolymer samples to pure diblock copolymer samples of the same composition.50,67,75,93 

With regards to comparing self-assemblies produced via copolymer blending, it is 

pertinent to differentiate between the two different types of polymer nanostructures. Pure 

nanostructures are those self-assembled from a single block copolymer with a specific 

composition, whilst blended nanostructures are those self-assembled from a block 

copolymer mixture of two block copolymers comprised of different compositions. 
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Importantly, theoretical studies have indicated that blended micelles with the same 

structure to those generated by pure micelles of the same target composition are possible 

as long as both thermodynamic equilibrium is reached and the incompatibility between 

the two self-assembling block copolymers is relatively weak.69,71 For example, Benyahia 

and co-workers discovered that blended micelles composed of poly(ethylene oxide) with 

different alkyl end group lengths exhibited identical viscoelastic properties to those 

obtained from pure micelles of the same composition.67 However, it was observed that 

blended micelles often differed structurally to pure micelles which the authors attributed 

to the formation of ‘frozen’ aggregates.5,67,69,71 

Interestingly, a thermodynamic equilibrium with the dynamic exchange of unimers 

between micelle cores appeared to be present for the series of p(DEAEMA-co-

DMAEMA)-b-p(DMAEMA) amphiphilic diblock copolymers discussed in the previous 

section (Figure 3.3).62 In the resultant study carried out by O’Reilly and co-workers,75 

blended micelles were prepared via two different copolymer blending protocols which 

are depicted in Figure 3.4. Unimer blending (UB) involved mixing dry diblock copolymer 

powders together to match the percentage incorporation of DEAEMA in the analogous 

pure diblock copolymer, followed by self-assembly (Figure 3.4, Method A).75 Micelle 

blending (MB) entailed solubilizing the constituent diblock copolymers (P-32 and P-91) 

separately before mixing to match the desired DEAEMA composition (Figure 3.4, 

Method B).75 
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Figure 3.4: Schematic demonstrating the copolymer blending protocols employed by O’Reilly and 

co-workers: Method A (unimer blending) and Method B (micelle blending). Centre: chemical structure of 

p(DEAEMA-co-DMAEMA)-b-p(DMAEMA) diblock copolymers. Figure and caption adapted from 

ref 75. 

 

Significantly, O’Reilly and co-workers discovered that blended micelles that are 

structurally identical to pure micelles with the same DEAEMA composition formed 

irrespective of the copolymer blending protocol used (Figure 3.5).75 The authors therefore 

concluded that thermodynamic equilibrium must have been reached for this diblock 

copolymer system which allowed reorganization and comicellization to occur.75 
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Figure 3.5: Aggregation number (Nagg) with respect to percentage incorporation of DEAEMA in the 

micelle core for both copolymer blending protocols: Method A (unimer blending) and Method B (micelle 

blending). Theoretical aggregation number for a non-blended mixture (straight line) and Nagg of the pure 

diblock copolymer micelles are shown for comparison. Figure and caption adapted from ref 75. 

 

Further experimental studies by O’Reilly and co-workers revealed that the success of the 

copolymer blending protocol was found to be largely governed by two key factors.93 

Firstly, diblock copolymers required a core glass transition temperature (Tg) lower than 

the experimental temperatures used to ensure sufficient core mobility.93 Secondly, a low 

enough energy barrier to allow dynamic exchange of unimers to occur was essential, 

which was shown to be dependent upon both the hydrophobicity and length of the 

associative block.93  

However, to explore the effect of a high energy barrier upon resultant unimer exchange 

dynamics, O’Reilly and co-workers simultaneously increased both the length and degree 

of hydrophobicity of the associative block for the chosen diblock copolymers.93 In this 

particular experiment, a series of low Tg poly(2-ethylhexyl acrylate-co-

N-N-dimethylacrylamide)-b-poly(N-N-dimethylacrylamide) diblock copolymers were 

synthesized, for which the core-forming block length was increased from 70 to 250 whilst 

the percentage incorporation of the hydrophobic 2-ethylhexyl acrylate monomer was also 

increased from 40-60% to 70-90%.93 Consequently, whilst the authors confirmed that the 
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resultant diblock copolymer micelles were unable to reach thermodynamic equilibrium,93 

it is unclear whether this result was due to increasing the core-forming block length, 

increasing the degree of hydrophobicity or a combination of the two. Moreover, the range 

of block copolymer compositions investigated in this study to probe the limitations of the 

copolymer blending protocol was relatively narrow.93 Solely non-responsive amphiphilic 

diblock copolymers were analyzed and the hydrophobic monomers selected were 

composed of bulky alkyl groups and thus possessed high surface tension values.93 

Recently, Chassenieux and co-workers investigated the comicellization and 

corresponding effect upon the rheological properties for blended mixtures of 

pH-responsive BAB triblock copolymers, whereby the hydrophobic B block was a 

random copolymer composed of hydrophilic and hydrophobic units.55 Interestingly, it 

was discovered that a ‘frozen’ network could be transformed into a dynamic system by 

the co-assembly of very dynamic chains with less dynamic chains, provided that both 

triblock copolymers self-assembled at the experimental ionization degree.55 On the other 

hand, O’Reilly and co-workers have previously demonstrated that for a similar 

pH-responsive system, self-assembly of the two constituent p(DMAEMA-co-

DEAEMA)-b-p(DMAEMA) diblock copolymers at the experimental ionization degree 

was not required for successful copolymer blending (Figure 3.4).62,75  

Ultimately, further investigation into the limitations and requirements of the copolymer 

blending protocol is necessary. In this Chapter, the self-assembly behavior of pure versus 

blended micelles for a series of p(DMAEMA)100-b-p(n-BuMA-co-DMAEMA)50 

pH-responsive amphiphilic diblock copolymers, with varying amounts of permanently 

hydrophobic n-BuMA in the core-forming block, will be studied. Furthermore, the 

properties, internal structures and exchange dynamics of these aggregates will be 

explored through fluorescence analysis by core-functionalization using an 

aminobromomaleimide (ABM) fluorophore.  
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3.3. Results and Discussion 

 

3.3.1. Synthesis of pH-responsive amphiphilic diblock copolymers 

 

To explore the effects of changing the degree of hydrophobicity upon unimer exchange 

dynamics, a series of pH-responsive p(DMAEMA)100-b-p(n-BuMA-co-DMAEMA)50 

amphiphilic diblock copolymers were prepared via RAFT polymerization. In contrast to 

the bulky hydrophobic comonomers used by O’Reilly and co-workers to investigate the 

limitations of the copolymer blending protocol,93 n-butyl methacrylate was selected 

owing to its low Tg (20 °C),94 relatively short alkyl side group and intermediate surface 

tension value (28.8 mN m-1).95 Similar block lengths were targeted for all diblock 

copolymers with a target degree of polymerization (DP) for the corona-forming block of 

100 and for the core-forming block, a DP of 50. In relation to the p(n-BuMA0.5-co-

DMAEMA0.5)100-b-p(DMAEMA)235 amphiphilic diblock copolymer previously reported 

by Colombani and co-workers,46 block lengths were decreased in an attempt to lower the 

kinetic energy barrier related to the extraction of the hydrophobic block from the micelle 

core.24,93 Moreover, the percentage incorporation of hydrophobic n-BuMA within the 

statistical p(n-BuMA-co-DMAEMA) core-forming block was increased incrementally 

from 50% to 90% across the diblock copolymer series. It was envisaged that the use of 

low Tg pH-responsive amphiphilic diblock copolymers comprised of relatively short 

core-forming blocks with high hydrophobic monomer incorporations will provide further 

understanding regarding the limitations of the copolymer blending protocol. 

Initially, a p(DMAEMA) macro chain transfer agent (macroCTA) was synthesized via 

RAFT polymerization in 1,4-dioxane at 70 °C using 2-cyanopropan-2-yl dodecyl 

carbonotrithioate (CPDDT), as outlined in Scheme 3.1. Note that the order in which the 

blocks were synthesized was chosen to ensure that all diblock copolymers had identical 
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corona-forming p(DMAEMA) blocks. Consequently, comparison of the self-assembly 

behavior exhibited by the resultant amphiphilic diblock copolymers will be solely as a 

result of differences in the chemical nature of the core-forming block. 

 

 

Scheme 3.1: RAFT polymerization of DMAEMA with 2-cyanopropan-2-yl dodecyl carbonotrithioate 

(CPDDT) to produce a p(DMAEMA)n homopolymer (macroCTA 3i). AIBN = 2,2’-azobisisobutyronitrile. 

 

It was key that the overall conversion for the RAFT polymerization remained below 90% 

to limit the number of termination reactions and ensure retention of the trithiocarbonate 

end group. Therefore, DMAEMA conversion was monitored throughout via 1H NMR 

spectroscopy, with the RAFT polymerization quenched after 6 h upon reaching the 

desired block length (DP = 100). Upon purification, a p(DMAEMA)100 macroCTA (3i) 

was isolated; characterization data for which is summarized in Table 3.1. 

 

macroCTA ρa 

(%) 

DPb Mn, theo
a 

(kDa) 

Mn, NMR
b 

(kDa) 

Mn, SEC
c 

(kDa) 

ÐM
c 

3i 80 100 16.1 16.1 22.7 1.19 

Table 3.1: Characterization data for a p(DMAEMA)n homopolymer (macroCTA 3i). Key: a monomer 

conversion was calculated by 1H NMR spectroscopy of the crude polymerization mixture (300 MHz, 

CDCl3); b determined by end group analysis using 1H NMR spectroscopy (400 MHz, CDCl3); c obtained by 

SEC analysis based on poly(methyl methacrylate) [p(MMA)] standards with DMF as the eluent. 
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From the 1H NMR spectrum of macroCTA 3i (Figure 3.6), the degree of polymerization 

was calculated through end group analysis by comparing the peak integrals corresponding 

to the trithiocarbonate end group CH2S resonance at 3.25 ppm (H7) to that of the 

polymer’s OCH2CH2N, OCH2CH2N and OCH2CH2N(CH3)2 resonances at 4.05, 2.56 and 

2.21 ppm (H4, H5 and H6 respectively). 

 

 

Figure 3.6: 1H NMR spectrum (400 MHz, CDCl3) of the p(DMAEMA)100 macroCTA 3i. 

 

Upon SEC analysis, the p(DMAEMA) homopolymer (3i) displayed a symmetrical, 

unimodal molecular weight distribution with a low dispersity (ÐM = 1.19), indicating 

good control over the RAFT polymerization using CPDDT (Figure 3.7). Importantly, the 

molecular weight distributions determined by SEC using an RI and UV detector (recorded 

at 309 nm) overlap appreciably, thereby confirming that the trithiocarbonate end group 

was retained for the majority of the polymer chains which is essential for efficient chain 

extension. 

 

CHCl3 H4 

H7 

H5 

H6 

H2 H8 
H3 H1 H9  
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Figure 3.7: Molecular weight distributions determined by SEC (CHCl3 as the eluent and calibrated against 

poly(styrene) [p(St)] standards) using both an RI and UV (recorded at 309 nm) detector for the 

p(DMAEMA)100 homopolymer (macroCTA 3i). 

 

p(DMAEMA)100 macroCTA 3i was then chain extended via RAFT copolymerization of 

n-BuMA and DMAEMA at 70 °C in 1,4-dioxane, to form the desired series of 

amphiphilic pH-responsive diblock copolymers (Scheme 3.2). Core-forming blocks of 

total DP = 50 were targeted and monomer feeds were selected such that the percentage 

composition of hydrophobic n-BuMA in the core-forming block ranged from 50% to 

90%. 

 

 

Scheme 3.2: Chain extension of macroCTA 3i via RAFT copolymerization of n-BuMA and DMAEMA to 

produce a series of amphiphilic pH-responsive p(DMAEMA)n-b-p(n-BuMAx-co-DMAEMA1-x)m diblock 

copolymers (3ii-3vi). 
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Monomer conversion was monitored via 1H NMR spectroscopy with chain extensions 

quenched upon reaching the desired block length. Upon purification, a series of five 

amphiphilic pH-responsive p(DMAEMA)n-b-p(n-BuMAx-co-DMAEMA1-x)m diblock 

copolymers (3ii-3vi) were isolated; characterization data for which is summarized in 

Table 3.2. 

With regards to the microstructure of the core-forming block, the reactivity ratios of 

n-BuMA with DMAEMA have been previously calculated in the literature and shown to 

yield a statistical copolymer.46,96 As such, both monomers should be randomly 

incorporated into the core-forming block for all five amphiphilic diblock copolymers 

3ii-3vi and thus no phase separation of incompatible hydrophobic n-BuMA and 

hydrophilic DMAEMA units in the micellar core is expected to occur upon self-assembly. 

 

Diblock 

Copolymer 

na n-BuMA:DMAEMA 

Feed Ratiob 

xc mc Mn, NMR
c 

(kDa) 

Mn, SEC
d 

(kDa) 

ÐM
d 

3ii 100 1:1 0.50 54 24.2 28.2 1.20 

3iii 100 3:2 0.60 52 23.8 27.7 1.19 

3iv 100 7:3 0.70 50 23.4 26.4 1.20 

3v 100 4:1 0.80 49 23.2 26.0 1.18 

3vi 100 9:1 0.89 47 22.8 26.2 1.16 

Table 3.2: Characterization data for amphiphilic pH-responsive p(DMAEMA)n-b-p(n-BuMAx-co-

DMAEMA1-x)m diblock copolymers 3ii-3vi. Key: a determined by end group analysis of macroCTA 3i using 

1H NMR spectroscopy (400 MHz, CDCl3); b initial monomer feed ratio was calculated by 1H NMR 

spectroscopic analysis of the crude polymerization mixture prior to the onset of polymerization (300 MHz, 

CDCl3); c determined by end group analysis using 1H NMR spectroscopy (400 MHz, CDCl3); d obtained by 

SEC analysis based on p(MMA) standards with DMF as the eluent. 

 

Final diblock copolymer compositions were calculated via 1H NMR spectroscopy by 

comparing: the peak integrals corresponding to the polymer’s OCH2CH2N resonance at 
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2.56 ppm (H5); the overlapping peak integrals corresponding to the polymer’s 

OCH2CH2N and OCH2CH2CH2CH3 resonances at 4.05 and 3.93 ppm (H4 and H9 

respectively); and the peak integral corresponding to the polymer’s OCH2CH2CH2CH3 at 

1.61 ppm (H10) to that of the ω-end group CH2S resonance at 3.25 ppm (H13) (Figure 

3.8). Percentage incorporations of n-BuMA and DMAEMA in the statistical p(n-BuMA-

co-DMAEMA) core-forming blocks for each amphiphilic diblock copolymer (3ii-3vi) 

were in excellent agreement with the expected compositions from the initial monomer 

feed ratios (Table 3.2). 

 

 

Figure 3.8: 1H NMR spectrum (400 MHz, CDCl3) of the amphiphilic pH-responsive p(DMAEMA)100-b-

p(n-BuMA39-co-DMAEMA10)49 diblock copolymer 3v. 

 

Overall, chain extensions were highly efficient with narrow dispersity values achieved 

for all five amphiphilic pH-responsive diblock copolymers (3ii-3vi); ranging from ÐM = 

1.16 – 1.20 in comparison to ÐM = 1.19 for macroCTA 3i. Moreover, a distinct increase 
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H9 

H4 

H13 

H5 
H6 

H12 
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H14  
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in number average molecular weight (Mn, SEC) relative to macroCTA 3i, was observed for 

each amphiphilic diblock copolymer (3ii-3vi) (Figure 3.9). The absence of low or high 

molecular weight shoulders in the RI traces obtained for all five p(DMAEMA)n-b-

p(n-BuMAx-co-DMAEMA1-x)m diblock copolymers suggested that the extent of 

initiator-derived copolymer formation or bimolecular polymer-polymer coupling was 

negligible. 

 

 

Figure 3.9: Molecular weight distributions determined by SEC (DMF as the eluent and calibrated against 

p(MMA) standards) using an RI detector for the following p(DMAEMA)n-b-p(n-BuMAx-co-

DMAEMA1-x)m diblock copolymers: a) 3ii, and b) 3vi. RI trace for p(DMAEMA)100 macroCTA 3i is shown 

for comparison. 

 

3.3.2. Ionization behavior of pH-responsive amphiphilic diblock 

copolymers 

 

Next, the ionization behavior for each amphiphilic pH-responsive p(DMAEMA)-b-

p(n-BuMA-co-DMAEMA) diblock copolymer 3ii-3vi was investigated via 

potentiometric titration. Initially, diblock copolymers 3ii-3vi were dispersed in an 

aqueous solution with a 1.1 stoichiometric excess of 1 M HCl, with respect to the number 

of ionizable DMAEMA units, added to ensure complete protonation. Subsequently, the 

A) B) 

3i 

ÐM = 1.19 

3ii 

ÐM = 1.20 
3i 

ÐM = 1.19 

3vi 

ÐM = 1.16 
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diblock copolymer solutions were back titrated with 0.1 M NaOH to allow for accurate 

determination of the evolution of the ionization degree (α) with respect to pH.54 α is 

defined as the ionization degree following equation (3.1); whereby complete protonation 

of the amine units corresponds to α = 1 and complete deprotonation of amine units 

corresponds to a = 0. 

 

 
𝛼 =  

[𝑁𝑅2𝐻+𝐶𝑙−]

[𝑁𝑅2]𝑡𝑜𝑡𝑎𝑙
 3.1 

 

Importantly, potentiometric titration with NaOH revealed that all DMAEMA units, 

including those in the core-forming block, could be ionized and deionized for all five 

amphiphilic pH-responsive p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock 

copolymers (3ii-3vi) (Figure 3.10). Moreover, the percentage incorporations of 

pH-responsive DMAEMA units for each diblock copolymer (3ii-3vi) determined by 

potentiometric titration were within a 5% error with respect to the values obtained via 

1H NMR spectroscopy. 

 

 

Figure 3.10: Evolution of ionization degree (α) with pH for pH-responsive diblock copolymers 3ii-3vi. 
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Unsurprisingly, the random incorporation of n-BuMA units within the core-forming 

block of amphiphilic diblock copolymers did not prevent ionization of the adjacent 

DMAEMA units, with similar ionization behavior observed previously in the literature 

for diblock copolyelectrolytes.46,54,56,58,62,64 Following this, the pKa for all five 

amphiphilic pH-responsive p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock 

copolymers was determined by measuring the pH of the solutions at α = 0.5. Interestingly, 

pKa values decreased incrementally from 7.55 to 7.40 with respect to increasing n-BuMA 

content across the series. In contrast, O’Reilly and co-workers measured pKa values of 

approximately 8.0 for their series of p(DEAEMA-co-DMAEMA)-b-p(DMAEMA) 

diblock copolymers.62 Thus, it appeared that the incorporation of highly hydrophobic 

n-BuMA units into the core-forming block resulted in a significant decrease for the pKa 

of the pH-responsive DMAEMA units for each diblock copolymer. Overall, the 

ionization behavior did not differ significantly across the series of pH-responsive diblock 

copolymers (3ii-3vi) analyzed herein, despite the differences in core-forming block 

composition (Table 3.2). 

 

3.3.3. Self-assembly behavior of pH-responsive amphiphilic diblock 

copolymers 

 

3.3.3.1. Influence of sample preparation upon self-assembly behavior 

 

pH-responsive amphiphilic p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock 

copolymers 3ii-3vi were self-assembled via the preparation pathway previously utilized 

by O’Reilly and co-workers.62 As depicted in Scheme 3.3, self-assembly Method C 

entailed dispersing pH-responsive diblock copolymers 3ii-3vi in aqueous solution 

followed by the addition of the corresponding amount of 1 M HCl to reach α = 1. The 
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ionization degree for each diblock copolymer solution was subsequently lowered to α = 0 

via the addition of 1 M NaOH in small increments over time (see Section 3.5.2 for full 

details of sample preparation). Note, that final diblock copolymer solutions were prepared 

at 1 mg mL-1
 and at a 0.1 M NaCl concentration to prevent the polyelectrolyte effect, 

which can lead to the apparition of slow modes by light scattering.23,97 

 

 

Scheme 3.3: Self-assembly of pH-responsive amphiphilic p(DMAEMA)n-b-p(n-BuMAx-co-

DMAEMA1-x)n diblock copolymers 3ii-3vi in aqueous solution via self-assembly Method C. 

 

Self-assembled nanostructures were characterized by dynamic and static light scattering 

techniques (DLS and SLS respectively) to determine the hydrodynamic radius (Rh) and 

aggregation number (Nagg). Since all polymer nanostructures investigated provided Rh 

values which were much smaller than the calculated maximum chain length (Lmax) of 

37.5 nm, coupled with Nagg values < 500, it can be assumed that their morphology most 

likely matched that of a spherical micelle.23 Considering only one concentration was used 

in the following analysis, Rh and Nagg values measured are apparent rather than absolute 

but still provide a good indication of micelle size and aggregation. 

Initially, the aggregation number and hydrodynamic radius was measured for diblock 

copolymer micelles self-assembled via Method C, see Table 3.3. It was anticipated that 

an increase in the hydrophobic nature of the core-forming block would lead to a marked 

increase in the aggregation number, as observed for similar diblock copolymer systems 

within the literature.62,98,99 Upon increasing n-BuMA incorporation in the core-forming 

block from 50% (3ii) to 89% (3vi), Nagg and Rh for the corresponding diblock copolymer 



  Chapter 3 

 

143 

micelles increased from 45 to 200 and from 14.8 nm to 21.7 nm, respectively. However, 

spherical micelles formed from diblock copolymers with intermediate n-BuMA loadings 

(3iii-3v) displayed similar aggregation behavior, with Nagg values falling within a 5% 

error of one another. Therefore, it was proposed that spherical micelles self-assembled 

from diblock copolymers 3iv-3vi exhibited very slow unimer exchange kinetics and thus 

thermodynamic equilibrium was not reached within the experimental timescale of 1 day. 

Consequently, the same light scattering samples were analyzed 15 days and 29 days after 

initial self-assembly to ascertain whether and at which point thermodynamic equilibrium 

was reached (Table 3.3). However, there was little change in the light scattering results 

obtained to suggest that thermodynamic equilibrium had been reached within the 

timescale of analysis for all five diblock copolymer samples. For instance, spherical 

micelles formed from diblock copolymers 3iv (70% n-BuMA) and 3v (80% n-BuMA) 

continued to share similar Nagg values (70 c.f. 73). Surprisingly, the aggregation number 

for diblock copolymer micelles formed from 3vi (89% n-BuMA) varied significantly 

from 200 to 131 to 176 over the three time points, which suggested that some degree of 

equilibration had occurred. Despite this, closer inspection of the light scattering data 

obtained for this sample revealed that the observed discrepancies in Nagg was due to poor 

separation of fast and slow modes using the REPES routine.100 Consequently, measured 

Kc/Rθ values varied significantly over the range of scattering angles used, with the error 

calculated from standard deviation much greater than the expected error associated with 

a SLS experiment of 5%.23 
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Diblock  

Copolymer 

% n-BuMA 

in the core 

Nagg, app
a Nagg, app

b Nagg, app
c Rh, app

a 

(nm) 

Rh, app
b 

(nm) 

Rh, app
c 

(nm) 

3ii 50 45 ± 2 42 ± 2 43 ± 2 14.8 ± 0.7  16.8 ± 0.8 16.1 ± 0.8 

3iii 60 60 ± 3 66 ± 3 58 ± 3 14.6 ± 0.7 16.0 ± 0.8 16.2 ± 0.8 

3iv 70 59 ± 3 73 ± 3 70 ± 4 15.4 ± 0.8 16.6 ± 0.8 17.4 ± 0.9 

3v 80 67 ± 3 82 ± 4 73 ± 4 15.9 ± 0.8 18.5 ± 0.9 18.1 ± 0.9 

3vi 89 200 ± 10 131 ± 7 176 ± 9 21.7 ± 1.1 26.6 ± 1.3 26.1 ± 1.3 

Table 3.3: Summary of light scattering data obtained for spherical micelles formed from p(DMAEMA)-b-

p(n-BuMA-co-DMAEMA) diblock copolymers 3ii-3vi via self-assembly method C. Nagg values were 

calculated from SLS. Rh values were calculated from DLS. Key: a samples measured one day after self-

assembly; b samples measured 15 days after self-assembly; c samples measured 29 days after self-assembly. 

 

Interestingly, during the preparation of a new series of light scattering samples, a small 

amount of precipitation was observed upon each incremental addition of 1 M NaOH for 

micelle solutions formed from diblock copolymers 3v (80% n-BuMA) and 3vi (89% 

n-BuMA). Considering the precipitate re-dispersed over time, precipitation may have 

been missed during the preparation of the initial light scattering samples analyzed above. 

Moreover, light scattering samples prepared for diblock copolymers 3v and 3vi appeared 

cloudy upon reaching the desired ionization degree (α = 0), which was attributed to the 

formation of aggregates with hydrodynamic radii that were much larger than the 

calculated Lmax value. Consequently, it was proposed that the self-assembly method used 

to prepare diblock copolymer micelles needed to be revised such that the base was added 

at a lower concentration, combined with a slower rate of addition, to avoid the formation 

of kinetically trapped out-of-equilibrium nanostructures.5 Therefore, a new self-assembly 

protocol was outlined for which 0.01 M NaOH was slowly added to lower the ionization 

degree of the diblock copolymer solutions. It was envisaged that by allowing the self-

assembly of pH-responsive diblock copolymers to occur more slowly, and under milder 

conditions, the formation of thermodynamically favored nanostructures may be 
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facilitated.93 Subsequently, p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock 

copolymers 3ii-3vi were self-assembled using the revised protocol (Method D, Scheme 

3.4). Note, that no precipitation or formation of cloudy solutions was observed during 

sample preparation via this self-assembly method. 

 

 

Scheme 3.4: Self-assembly of p(DMAEMA)n-b-p(n-BuMAx-co-DMAEMA1-x)n diblock copolymers 3ii-

3vi in aqueous solution via self-assembly Method D. 

 

Resultant self-assembled nanostructures were analyzed by SLS and DLS and compared 

to diblock copolymer samples prepared via self-assembly Method C (Table 3.4). 

Significantly, Nagg increased with respect to n-BuMA incorporation across the series of 

diblock copolymer micelles prepared via Method D, with no two diblock copolymer 

samples falling within a 5-10% error of one another. Moreover, Nagg increased fourfold 

when the percentage of n-BuMA incorporation in the core-forming block was increased 

from 50% (3ii) to 90% (3vi), coupled with an increase in Rh of 5.4 nm. Therefore, there 

was a marked improvement in terms of the observed aggregation behavior for diblock 

copolymer micelles 3ii-3vi prepared via self-assembly Method D. 
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  Method C – 1 M NaOH Method D – 0.01 M NaOH 

Diblock 

Copolymer 

% n-BuMA 

in the core 

Nagg, app
a 

 

Rh, app
b 

(nm) 

Nagg, app
a 

 

Rh, app
b 

(nm) 

3ii 50 45 ± 2 14.8 ± 0.7 28 ± 1 14.3 ± 0.7 

3iii 60 60 ± 3 14.6 ± 0.7 43 ± 2 15.6 ± 0.8 

3iv 70 59 ± 3 15.4 ± 0.8 56 ± 3 15.7 ± 0.8 

3v 80 67 ± 3 15.9 ± 0.8 72 ± 4 17.6 ± 0.9 

3vi 89 200 ± 10 21.7 ± 1.1 115 ± 6 19.7 ± 1.0 

Table 3.4: Summary of light scattering data obtained for spherical micelles formed from p(DMAEMA)-b-

p(n-BuMA-co-DMAEMA) diblock copolymers 3ii-3vi via self-assembly method C and self-assembly 

method D. All samples were measured one day after self-assembly. Key: a Nagg values were calculated from 

SLS; b Rh values were calculated from DLS.  

 

Overall, the light scattering results obtained for self-assembly Method D were in good 

agreement with the aggregation behavior previously observed by O’Reilly and 

co-workers for a similar series of pH-responsive diblock copolyelectrolytes.62 

Nevertheless, a single measurement of diblock copolymer samples at one ionization 

degree and at one concentration was insufficient for determining whether 

thermodynamically favored nanostructures had formed for diblock copolymers 3ii-3vi. 

As outlined in Section 3.2.1, the reversible association of pH-responsive block 

copolymers via manipulation of the ionization degree has previously been demonstrated 

within the literature.46,56,62,64 The authors attributed this seemingly dynamic aggregation 

behavior to the potential presence of a thermodynamic equilibrium, whereby unimer 

exchange was facilitated.46,62,75 However, it is important to note that reversible association 

does not imply that a dynamic equilibrium exists at any given ionization degree.5 Instead, 

the block copolymer system could still be ‘frozen’ before or after a change in ionization 
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degree but significantly, at certain intermediate ionization degrees dynamic exchange of 

unimers between polymer nanostructures must have occurred. 

To investigate whether self-assembly Method D resulted in the formation of 

thermodynamically favored nanostructures, the reversible association of pH-responsive 

diblock copolymers 3ii-3vi was explored. First, the ionization degree for the series of 

diblock copolymer micelles previously self-assembled via Method D (Scheme 3.4) was 

increased from α = 0 to α = 1 using 1M HCl. In addition, a second series of diblock 

copolymer solutions was prepared for which pH-responsive diblock copolymers 3ii-3vi 

were dispersed in aqueous solution and 1 M HCl added to reach α = 1 (Scheme 3.5). 

Overall, two series of diblock copolymer samples at α = 1 were obtained, for which the 

target ionization degree was reached before self-assembly or post self-assembly. Note, 

that at α = 1 it was anticipated that diblock copolymers 3ii-3vi would form unimers. 

 

 

Scheme 3.5: Preparation of p(DMAEMA)n-b-p(n-BuMAx-co-DMAEMA1-x)n diblock copolymers 3ii-3vi 

at α = 1 in aqueous solution before self-assembly. 

 

Resultant diblock copolymer solutions were then analyzed by SLS and DLS and 

compared with their corresponding diblock copolymer samples at α = 0 (Table 3.5).  
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  α = 1a  α = 0b α = 1c 

Diblock 

Copolymer 

% n-BuMA 

in the core 

Nagg, app
d 

 

Rh, app
e 

(nm) 

Nagg, app
d 

 

Rh, app
e 

(nm) 

Nagg, app
d 

 

Rh, app
e 

(nm) 

3ii 50 3 ± 1 5.5 ± 0.3 28 ± 1 14.3 ± 0.7 4 ± 1 6.2 ± 0.3 

3iii 60 7 ± 1 8.0 ± 0.4 43 ± 2 15.6 ± 0.8 8 ± 1 8.6 ± 0.4 

3iv 70 8 ± 1 8.7 ± 0.4 56 ± 3 15.7 ± 0.8 59 ± 3 21.7 ± 1.1 

3v 80 78 ± 4 18.7 ± 0.9 72 ± 4 17.6 ± 0.9 114 ± 6 25.2 ± 1.3 

3vi 89 98 ± 5 22.2 ± 1.1 115 ± 6 19.7 ± 1.0 147 ± 7 28.2 ± 1.4 

Table 3.5: Summary of light scattering data obtained for aqueous solutions of p(DMAEMA)-b-p(n-BuMA-

co-DMAEMA) diblock copolymers 3ii-3vi prepared at two different ionization degrees and via different 

preparation pathways. All samples were measured one day after preparation. Key: a prepared at α = 1 via 

the addition of 1 M HCl to dispersed diblock copolymers in aqueous solution; b prepared at α = 0 via self-

assembly method D; c prepared at α = 1 via the addition of 1 M HCl to spherical micelles previously formed 

via self-assembly method D; d Nagg values were calculated from SLS; e Rh values were calculated from DLS.  

 

With respect to increasing the ionization degree post self-assembly from α = 0 to α = 1, 

Nagg and Rh significantly decreased for spherical micelles formed from diblock 

copolymers 3ii (50% n-BuMA) and 3iii (60% n-BuMA), which was indicative of a 

micelle to unimer transition. Conversely, Nagg and Rh increased upon the addition of 1 M 

HCl to spherical micelles formed from diblock copolymers with higher n-BuMA 

incorporations in the core-forming block (3iv-3vi); which was attributed to the formation 

of metastable aggregates that intrinsically have a higher aggregation number.18 

Interestingly, the light scattering data obtained for diblock copolymer solutions prepared 

at α = 1 before self-assembly, revealed that diblock copolymers 3v (80% n-BuMA) and 

3vi (89% n-BuMA) self-assembled upon initial dispersion in aqueous solution and did 

not undergo a transition to unimers upon complete protonation of the hydrophilic 

DMAEMA units. Consequently, it was postulated that ‘frozen’ nanostructures formed for 

3v and 3vi since the respective aggregates showed little response to an external stimulus, 
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in this case change in ionization degree. Therefore, aggregation behavior for diblock 

copolymers 3v and 3vi was primarily dictated by the chosen self-assembly methodology 

which was akin to a direct dissolution instead of a desired solvent switch, as the latter has 

been found to drive the formation of thermodynamically favored nanostructures.93 

In contrast, diblock copolymers 3ii-3iv (50-70% n-BuMA) formed unimers upon 

reaching α = 1 after initial dispersion in aqueous solution, as confirmed by the 

significantly smaller Nagg and Rh values obtained by light scattering analysis. Whilst the 

measured Nagg values were larger than the anticipated value for unimers (Nagg = 1), the 

observed discrepancies could be attributed to the use of potentially inaccurate refractive 

index increment (dn/dC) values, as the latter has been previously shown in the literature 

to be highly dependent upon the ionization degree.101 Unfortunately, at the time of 

measurement the in-house refractometer had to be replaced and thus accurate 

determination of the dn/dC with respect to changing ionization degree for diblock 

copolymers 3ii-3vi could not be conducted. Alternatively, the Nagg values obtained for 

diblock copolymers 3iii and 3iv (7 and 8 respectively) prepared at α = 1 before self-

assembly could be ascribed to the weak association of unimers in solution due to diblock 

copolymer chains attempting to minimize polymer-solvent interactions. 

Regardless, reversible association of pH-responsive diblock copolymers upon changing 

the ionization degree was observed for 3ii (50% n-BuMA) and 3iii (60% n-BuMA). Nagg 

and Rh for the respective diblock copolymer samples significantly increased when the 

ionization degree was lowered from α = 1 to α = 0, with a corresponding decrease in Nagg 

and Rh observed upon increasing the ionization degree back to α = 1. Whilst diblock 

copolymer 3iv (70% n-BuMA) appeared to form a population of weakly associated 

unimers before self-assembly (Nagg = 8), similar Nagg values were obtained at α = 0 and 

α = 1 post self-assembly (56 c.f. 59). Therefore, aggregation for 3iv was not reversible 
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which was attributed to the slow or non-existent reionization of DMAEMA units within 

the micelle core. 

In summary, increasing n-BuMA incorporation in the core-forming block for a series of 

p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock copolymers (3ii-3vi) has been 

shown to have a significant effect upon resultant diblock copolymer self-assembly. For 

intermediate n-BuMA incorporations (50-60%), dynamic micelles formed which were 

capable of undergoing reversible association with respect to ionization degree and thus 

unimer exchange appeared to be facilitated. In contrast, at a critical n-BuMA 

incorporation (>70%) out-of-equilibrium kinetically trapped ‘frozen’ micelles formed for 

which reversible association did not occur and thus dynamic exchange of unimers was 

precluded. 

 

3.3.3.2. Blended micelles versus pure micelles – influence of 

hydrophobicity upon the copolymer blending protocol 

 

As discussed in Section 3.2.2, Chassenieux and co-workers have recently demonstrated 

that increasing the percentage incorporation of nBA from 40% to 60% in the core-forming 

block of a p(nBA-co-AA)100-b-p(AA)200-b-p(nBA-co-AA)100 statistical triblock 

copolymer resulted in a transition from a dynamic to a ‘frozen’ network.55 Importantly, 

the authors discovered that blending the two constituent triblock copolymers together via 

the copolymer blending protocol led to the formation of a hybrid network with a single 

broad relaxation process.55 Critically, it was found that a ‘frozen’ network (60% nBA 

incorporation) could be rendered dynamic by the addition of rapidly exchanging triblock 

copolymer chains (40% nBA incorporation).55 

In light of this, a similar investigation was conducted for the series of amphiphilic pH-

responsive p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock copolymers 3ii-3vi 
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synthesized herein to ascertain whether the introduction of dynamic diblock copolymer 

chains could drive ‘frozen’ micelles to thermodynamic equilibrium. To this end, a series 

of diblock copolymer mixtures were prepared by blending diblock copolymers 3ii 

(50% n-BuMA) and 3vi (89% n-BuMA) together at various molar mixing ratios to target 

intermediate n-BuMA micelle core loadings (Table 3.6). To mirror the previous 

copolymer blending study conducted by O’Reilly and co-workers for a similar series of 

pH-responsive diblock copolymers,75 two copolymer blending protocols were employed 

herein (Figure 3.11). Unimer blending (UB) entailed blending the constituent diblock 

copolymers (3ii and 3vi) together in dry powder form to target the desired n-BuMA 

percentage incorporation, followed by self-assembly (Figure 3.11, Method E). Micelle 

blending (MB) involved self-assembly of the constituent diblock copolymers (3ii and 3vi) 

separately, before blending the resultant solutions together to target the desired n-BuMA 

composition (Figure 3.11, Method F). 

 



  Chapter 3 

 

152 

 

Figure 3.11: Schematic demonstrating the copolymer blending protocols employed herein. Centre: 

chemical structure of pH-responsive p(DMAEMA)n-b-p(n-BuMAx-co-DMAEMA1-x)m diblock copolymers 

3ii-3vi. Method E: unimer blending (UB); diblock copolymers 3ii and 3vi were first blended in the powder 

state to target the desired n-BuMA n % and then subsequently self-assembled. Method F: micelle blending 

(MB); diblock copolymers 3ii and 3vi were first self-assembled separately and then blended to target the 

desired n-BuMA n %. P-50 and P-89 represent pure diblock copolymer self-assemblies with n % n-BuMA. 

 

To distinguish between the blended and pure diblock copolymer systems, the following 

notation was employed: blended diblock copolymer samples prepared via micelle 

blending with n % n-BuMA in the micelle core are presented as MB-n; blended diblock 

copolymer samples prepared via unimer blending with n % n-BuMA in the micelle core 

are presented as UB-n; and pure diblock copolymer samples with n % n-BuMA in the 

micelle core are presented as P-n. 
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Blended Diblock 

Copolymer Sample 

Mole fraction 

3ii 

Mole fraction 

3vi 

Theoretical % n-BuMA 

in the core  

UB/MB-60 0.74 0.26 60 

UB/MB-70 0.49 0.51 70 

UB/MB-80 0.23 0.77 80 

Table 3.6: Molar mixing ratios for blended diblock copolymer samples. The following notation was 

employed: blended diblock copolymer samples prepared via micelle blending with n % n-BuMA in the 

micelle core are presented as MB-n; blended diblock copolymer samples prepared via unimer blending with 

n % n-BuMA in the micelle core are presented as UB-n. 

 

Following the light scattering results obtained previously for pure diblock copolymer 

micelles (Table 3.4), blended diblock copolymer samples were self-assembled via 

Method D (Scheme 3.4) for both copolymer blending protocols – unimer blending and 

micelle blending. It was hypothesized that if blended micelles formed that were 

structurally identical to pure micelles of the same composition, irrespective of their 

preparation pathway, then thermodynamic equilibrium must have been reached allowing 

comicellization to occur. 

Initially, blended micelles prepared via unimer blending were analyzed via SLS and DLS, 

with their size and aggregation behavior compared to their respective pure diblock 

copolymer micelles (Table 3.7). 
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 Pure Micelles Blended Micelles (UB) Theoretical 

Target n-BuMA in 

the core (%) 

Nagg, app
a Rh, app

b 

(nm) 

Nagg, app
a Rh, app

b 

(nm) 

Nagg, avg
c 

50 28 ± 1 14.3 ± 0.7 - - 28 ± 1 

60 43 ± 2 15.6 ± 0.8 52 ± 3 17.5 ± 0.9 51 ± 3 

70 56 ± 3 15.7 ± 0.8 71 ± 4 17.9 ± 0.9 72 ± 4 

80 72 ± 4 17.6 ± 0.9 87 ± 4 18.3 ± 0.9 95 ± 5 

89 115 ± 6 19.7 ± 1.0 - - 115 ± 6 

Table 3.7: Summary of light scattering data obtained for pure diblock copolymer micelles and blended 

diblock copolymer micelles prepared via unimer blending. Samples were measured one day after self-

assembly. Key: a Nagg values were calculated from SLS; b Rh values were calculated from DLS; c Theoretical 

weight average aggregation numbers were calculated using equation (3.2). 

 

Overall, there was a clear difference in the size and aggregation behavior between blended 

and pure diblock copolymer micelles with the same targeted n-BuMA incorporation. 

Furthermore, given that in SLS the molecular weight is related to the intensity of scattered 

light, a theoretical weight average aggregation number of a blended solution for which 

comicellization does not occur can be calculated according to equation (3.2); 

 

 
𝑁𝑎𝑔𝑔, 𝑎𝑣𝑔 =

(𝐶𝑃−89𝑁𝑎𝑔𝑔 𝑃−89) + (𝐶𝑃−50𝑁𝑎𝑔𝑔 𝑃−50)

(𝐶𝑃−89 +  𝐶𝑃−50)
 3.2 

 

Where CP-50 and CP-89 are the weight concentrations of diblock copolymers 3ii and 3vi in 

the blended diblock copolymer sample respectively (Table 3.6), and Nagg P-50 and Nagg P-89 

correspond respectively to the aggregation numbers obtained previously for pure diblock 

copolymer samples (Table 3.4). 

Interestingly, experimental Nagg values obtained for the blended diblock copolymer 

samples closely matched the predicted Nagg values for blended solutions for which 

comicellization does not occur (Table 3.7). Additionally, for blended diblock copolymer 
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micelles prepared via micelle blending three overlapping modes were present in the DLS 

traces and thus light scattering samples could not be analyzed accurately using the REPES 

routine.100 Considering the ‘frozen’ nature of spherical micelles formed from diblock 

copolymer 3vi, the presence of three overlapping modes could be indicative of two fast 

modes corresponding to two populations of micelles and one slow mode corresponding 

to spurious aggregates with a negligible weight fraction. Ultimately, comicellization via 

either copolymer blending protocol did not occur for the pH-responsive diblock 

copolymer system studied herein. 
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3.3.4. Synthesis of ABM-functionalized fluorescent pH-responsive 

diblock copolymers 

 

Further investigation into the self-assembly behavior of p(DMAEMA)-b-p(n-BuMA-co-

DMAEMA) diblock copolymer micelles was carried out via fluorescence analysis using 

an aminobromomaleimide (ABM) fluorophore. As outlined in Chapter 2, ABMs are 

similar in nature to dithiomaleimides (DTMs) and are highly emissive fluorophores that 

offer numerous advantages for polymer nanoparticle labelling, including high sensitivity, 

a self-reporting nature, lack of self-quenching in the micellar state and most importantly 

small size.102,103 O’Reilly and co-workers have previously exploited the solvent 

dependent emissive behavior of ABM fluorophores as an effective sensor within the core 

of crosslinked CO2-responsive nanoparticles via a copolymerization approach.103 

Measured fluorescence emission of the ABM fluorophore was found to directly 

correspond to changes regarding the nanoparticles’ size and core hydrophilicity in 

response to different external stimuli.103 Therefore, it was envisaged that the 

functionalization of p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock copolymers 

with an ABM fluorophore would enable the properties and internal structures of the 

fluorescent diblock copolymer micelles, formed upon self-assembly, to be investigated in 

a similar manner. For this study, the optimum location of an ABM fluorophore within the 

final block copolymer structure would be within or directly adjacent to the core-forming 

block to ensure better protection from fluorescence quenching by electron driven proton 

transfer in water.104 Upon successful core-functionalization, it was anticipated that the 

ABM fluorophore may allow accurate determination of the critical micelle concentration 

(CMC) as well as probe the stimuli-responsiveness and degree of core hydration of 

fluorescent polymer nanostructures – with the potential to measure unimer exchange 

dynamics by fluorescence spectroscopy. 
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It was imperative that ABM incorporation did not significantly alter the properties of 

p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock copolymers and thus a non-invasive 

method was preferred. In Chapter 2, the successful synthesis of a range of fluorescent 

RAFT agents, whereby the R or Z group was functionalized with an ABM fluorophore 

was described. Moreover, kinetic analysis of subsequent RAFT polymerizations 

confirmed the formation of well-defined polymers with relatively low dispersities for 

which no polymerization retardation or loss of control was detected. In light of this, the 

R group ABM-functionalized RAFT agent 2ii was selected for the synthesis of two target 

fluorescent diblock copolymer analogues. In relation to the five pH-responsive 

p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock copolymers analyzed in Sections 

3.3.1-3.3.3, the lowest and highest n-BuMA incorporations with regards to the 

core-forming block, 50% and 90%, were chosen. It was hypothesized that such a large 

difference in core hydrophobicity should allow for clear differences in critical micelle 

concentration, degree of core hydration and stimuli-responsiveness to be observed. 

Initially, two ABM-functionalized p(n-BuMAx-co-DMAEMA1-x)n copolymers were 

synthesized via RAFT polymerization in 1,4-dioxane at 70 °C using 2ii, as outlined in 

Scheme 3.6. In contrast to the diblock copolymers produced in Section 3.3.1, the order in 

which the blocks were synthesized in was switched to ensure that the ABM fluorophore 

would be located directly adjacent to the core-forming block. Retention of both α-end and 

ω-end group functionality is pivotal to the success of this study and thus 0.1 equivalents 

of AIBN was selected to provide a balance between a high polymerization rate and the 

number of initiator-derived polymer chains produced. Once again, target conversion for 

both RAFT copolymerizations was lower than 90% to minimize bimolecular termination 

events and potential loss of the trithiocarbonate end group. 
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Scheme 3.6: RAFT copolymerization of n-BuMA and DMAEMA using the R group ABM-functionalized 

agent 2ii in 1,4-dioxane at 70 °C to produce two p(n-BuMAx-co-DMAEMA1-x)n copolymers (3vii-3viii). 

 

Monomer conversion was monitored using 1H NMR spectroscopy with RAFT 

copolymerizations quenched by immersion in liquid nitrogen after 4 h upon reaching the 

desired block length (DP = 50). Upon purification, two fluorescent ABM-functionalized 

p(n-BuMAx-co-DMAEMA1-x)n copolymers (3vii-3viii) were isolated; characterization 

data for which is summarized in Table 3.8. 

 

Copolymer n-BuMA:DMAEMA 

Feed Ratioa 

ρa 

(%) 

xb nb Mn, NMR
b 

(kDa) 

Mn, SEC
c 

(kDa) 

ÐM
c 

3vii 1:1 75 0.5 52 8.2 7.7 1.20 

3viii 9:1 70 0.9 49 7.0 7.0 1.20 

Table 3.8: Characterization data for ABM-functionalized p(n-BuMAx-co-DMAEMA1-x)n copolymers 3vii-

3viii. Key: a initial monomer feed ratio and monomer conversion was calculated by 1H NMR spectroscopy 

of the crude polymerization mixture prior to the onset of polymerization and upon quenching, respectively 

(300 MHz, CDCl3); b determined by end group analysis using 1H NMR spectroscopy (400 MHz, CDCl3); c 

obtained by SEC analysis based on p(St) standards with CHCl3 as the eluent. 

 

1H NMR spectroscopy was utilized to confirm the degree of polymerization through end 

group analysis by comparison of the overlapping peak integrals corresponding to the 

polymer’s OCH2CH2N and OCH2CH2CH2CH3 resonances at 4.05 and 3.93 ppm (H16 

and H10 respectively) to that of the trithiocarbonate end group CH2S resonance at 
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3.25 ppm (H19) and R group CH2CH2CH2N resonance at 3.52 ppm (H4) (Figure 3.12). 

Final percentage incorporation of n-BuMA for purified copolymers 3vii and 3viii was 

determined by 1H NMR spectroscopy with both monomers incorporated at the respective 

initial monomer feed ratios: 50% n-BuMA for 3vii and 90% n-BuMA for 3viii. 

 

 

Figure 3.12: 1H NMR spectrum (400 MHz, CDCl3) of the ABM-functionalized p(n-BuMA44-co-

DMAEMA5)49 copolymer 3viii. 

 

Upon SEC analysis, ABM-functionalized p(n-BuMAx-co-DMAEMA1-x)n copolymers 

3vii-3viii displayed symmetrical, unimodal molecular weight distributions with relatively 

low dispersities measured for both copolymers (ÐM = 1.20), indicating good control over 

the RAFT copolymerization using 2ii. Importantly, excellent agreement between the 

molecular weight distributions obtained using an RI and UV detector (recorded at 309 nm 

and 400 nm) for 3vii and 3viii confirmed that the trithiocarbonate and ABM 

functionalities were appreciably retained for both copolymers (Figure 3.13). 
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Figure 3.13: Molecular weight distributions determined by SEC (CHCl3 as the eluent and calibrated against 

p(St) standards) using both an RI and UV (recorded at 309 and 400 nm) detector for the following 

p(n-BuMAx-co-DMAEMA1-x)n copolymers: a) 3vii; b) 3viii. 

 

Chain extension of p(n-BuMAx-co-DMAEMA1-x)n copolymers 3vii and 3viii was 

conducted via RAFT polymerization of DMAEMA at 70 °C in 1,4-dioxane (Scheme 3.7). 

Corona-forming blocks of total DP = 100 were targeted to match the respective 

non-fluorescent p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock copolymer 

analogues (3ii and 3vi) synthesized in Section 3.3.1. 

 

 

Scheme 3.7: Chain extension of ABM-functionalized p(n-BuMAx-co-DMAEMA1-x)n copolymers 3vii-

3viii via RAFT polymerization of DMAEMA to produce amphiphilic ABM-functionalized pH-responsive 

p(n-BuMAx-co-DMAEMA1-x)n-b-p(DMAEMA)m diblock copolymers 3ix-3x. 

 

Upon purification, two fluorescent pH-responsive p(n-BuMAx-co-DMAEMA1-x)n-b-

p(DMAEMA)m diblock copolymers (3ix-3x) were isolated; characterization data for 

which is summarized in Table 3.9. 

A) B) 
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Diblock Copolymer xa na mb Mn, NMR
b (kDa) Mn, SEC

c (kDa) ÐM
c 

3ix 0.5 52 77 20.4 30.4 1.22 

3x 0.9 49 88 21.3 29.3 1.17 

Table 3.9: Characterization data for ABM-functionalized amphiphilic p(n-BuMAx-co-DMAEMA1-x)n-b-

p(DMAEMA)m diblock copolymers 3ix-3x. Key: a determined by end group analysis of the respective 

copolymer (3vii-3viii) using 1H NMR spectroscopy (400 MHz, CDCl3); b determined by end group analysis 

using 1H NMR spectroscopy (400 MHz, CDCl3); c obtained by SEC analysis based on p(MMA) standards 

with DMF as the eluent. 

 

Final diblock copolymer compositions were determined by 1H NMR spectroscopy 

(Figure 3.14) by comparing the same peak integrals that were used to calculate the 

respective monomer incorporations for the non-fluorescent p(DMAEMA)-b-p(n-BuMA-

co-DMAEMA) diblock copolymer analogues (3ii-3vi), analyzed in Section 3.3.1. Good 

agreement between the peak integrals for polymeric proton resonances with respect to the 

diagnostic proton resonances corresponding to the N-alkyl ABM α-end group at 5.31, 

4.40 and 3.52 ppm (H3, H2 and H4 respectively) indicated that the relative population of 

undesired initiator-derived p(DMAEMA) homopolymer chains was relatively low. 
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Figure 3.14: 1H NMR spectrum (400 MHz, CDCl3) of the ABM-functionalized p(n-BuMA44-co-

DMAEMA5)49-b-p(DMAEMA)88 diblock copolymer 3x. 

 

Fluorescent diblock copolymers 3ix and 3x displayed symmetrical, narrow molecular 

weight distributions with a clear shift towards higher molecular weight indicating 

excellent control over the chain extensions using the R group ABM-functionalized RAFT 

agent 2ii (Figure 3.15). The absence of any high molecular weight shoulders in the 

obtained RI traces for either diblock copolymer suggested that the extent of termination 

by disproportionation was negligible. Significantly, the molecular weight distributions 

obtained using an RI and UV detector (recorded at 309 nm and 400 nm) overlay 

appreciably for both diblock copolymers (3ix-3x), thereby confirming that a relatively 

high degree of end group fidelity was attained. Note, at the time of measurement the UV 

lamp of the dimethylformamide (DMF) GPC system had to be replaced and thus the 
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molecular weight distributions and corresponding dispersity values depicted in Figure 

3.15 were obtained via SEC analysis using CHCl3 as the eluent. 

 

 

Figure 3.15: Molecular weight distributions determined by SEC (CHCl3 as the eluent and calibrated against 

p(St) standards) using both an RI and UV (recorded at 309 and 400 nm) detector for the following 

ABM-functionalized p(n-BuMAx-co-DMAEMA1-x)n-b-p(DMAEMA)m diblock copolymers: a) 3ix; b) 3x. 

Respective RI traces for p(n-BuMAx-co-DMAEMA1-x)n macroCTAs (3vii-3viii) are shown for comparison. 

 

Importantly, ABM-functionalized p(n-BuMA-co-DMAEMA)-b-p(DMAEMA) diblock 

copolymers 3ix and 3x were achieved with low dispersities (ÐM = 1.17 and 1.22 

respectively, Table 3.9) confirming that the change in RAFT agent from CPDDT to 2ii 

had no adverse effects upon polymerization control. Comparison of fluorescent diblock 

copolymers 3ix and 3x with their analogous non-fluorescent counterparts (3ii and 3vi 

respectively) revealed that core-forming block lengths and percentage incorporation of 

hydrophobic n-BuMA were near identical. Whilst corona-forming block lengths for 3ix 

and 3x (DP = 77 and 88, respectively) were lower than desired (DP = 100), the difference 

was relatively small and thus the potential impact upon the self-assembly behavior of 

fluorescent diblock copolymer micelles should be negligible. 

 

A) B) 3vii 

ÐM = 1.20 

3ix 

ÐM = 1.26 

3viii 

ÐM = 1.20 

3x 
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3.3.5. Self-assembly behavior of ABM-functionalized fluorescent pH-

responsive diblock copolymers 

 

Next, the self-assembly behavior of the two fluorescent p(n-BuMA-co-DMAEMA)-b-

p(DMAEMA) diblock copolymers 3ix and 3x in aqueous solution was investigated to 

ascertain whether the presence of the ABM fluorophore impacted self-assembly. To allow 

for direct comparison with their respective non-fluorescent p(DMAEMA)-b-p(n-BuMA-

co-DMAEMA) diblock copolymer counterparts (3ii and 3vi), self-assembly Method D 

was selected for the formation of fluorescent diblock copolymer micelles (Scheme 3.8).  

 

 

Scheme 3.8: Self-assembly of ABM-functionalized p(n-BuMAx-co-DMAEMA1-x)n-b-p(DMAEMA)m 

diblock copolymers 3ix-3x in aqueous solution via self-assembly Method D. 

 

Resultant self-assembled nanostructures were characterized by DLS and SLS with Nagg 

and Rh measured for fluorescent diblock copolymer micelles and compared to their 

respective non-fluorescent diblock copolymer micelles of a similar copolymer 

composition (Table 3.10). Importantly, Nagg and Rh did not deviate significantly for 

fluorescent micelles formed from ABM-functionalized diblock copolymers 3ix and 3x. 

Therefore, the introduction of an ABM fluorophore at the α-end of the diblock copolymer 

structure appeared to not adversely affect subsequent self-assembly behavior; at least at 

α = 0. 
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Diblock 

Copolymer 

% n-BuMA in the 

core-forming block 

Nagg, app
a Rh, app

b 

(nm) 

3ii 50 28 ± 1 14.3 ± 0.7 

3ix 50 23 ± 1 12.9 ± 0.6 

3vi 89 115 ± 6 19.7 ± 1.0 

3x 90 114 ± 6 21.1 ± 1.1 

Table 3.10: Summary of light scattering data obtained for fluorescent spherical micelles formed from 

ABM-functionalized p(n-BuMA-co-DMAEMA)-b-p(DMAEMA) diblock copolymers 3ix and 3x and 

non-fluorescent spherical micelles formed from p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock 

copolymers 3ii and 3vi. Samples were measured one day after self-assembly via Method D. Key: a Nagg 

values were calculated from SLS; b Rh values were calculated from DLS.  

 

3.3.6. Probing stimuli-response and degree of core hydration via core-

functionalization 

 

As outlined in Chapter 2, a key characteristic of ABM fluorophores is that they are highly 

sensitive to their environment with a red-shift in emission and corresponding decrease in 

fluorescence intensity observed in protic polar solvents such as water.102 Upon self-

assembly of p(n-BuMA-co-DMAEMA)-b-p(DMAEMA) diblock copolymers 3ix and 3x, 

the ABM fluorophore is expected to be sequestered into the core of the subsequent 

spherical micelles. As a result, it was anticipated that fluorescence emission will be 

promoted due to better protection from fluorescence quenching by electron driven proton 

transfer in water.104 In light of this, it was envisaged that the solvent dependent emissive 

behavior of ABM fluorophores could be utilized to probe the stimuli-responsiveness and 

degree of core hydration of pH-responsive diblock copolymers 3ix and 3x. 

To this end, a series of diblock copolymer solutions were prepared at various ionization 

degrees ranging from α = 0 to α = 1 for both fluorescent diblock copolymers, 3ix and 3x. 
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Steady-state fluorescence emission profiles were recorded between 400 and 650 nm for 

each diblock copolymer solution with λex = 350 nm (Figure 3.16). 

 

 

Figure 3.16: Overlaid fluorescence emission spectra of diblock copolymer solutions prepared at various 

ionization degrees for the following ABM-functionalized p(n-BuMA-co-DMAEMA)-b-p(DMAEMA) 

diblock copolymers: a) 3ix; b) 3x. Fluorescence spectra for both diblock copolymers were obtained in 

deionized water at 1 mg mL-1 and λex = 350 nm. 

 

For the ABM-functionalized diblock copolymer 3ix with 50% n-BuMA incorporation in 

the core-forming block, fluorescence emission decreased with respect to increasing 

ionization degree (Figure 3.16 a). Interestingly, the emission maximum red-shifted from 

487 nm to 498 nm upon increasing the ionization degree from 0.75 to 1 which suggested 

that the self-assembly of diblock copolymer 3ix from unimers to spherical micelles 

occurred at α > 0.75. Light scattering analysis confirmed this to be the case with spherical 

micelles observed when α < 0.75 (Nagg > 1) and unimers observed when α > 0.75 (Nagg ~ 

1). Nagg and Rh were found to increase with respect to decreasing ionization degree until 

both values plateaued at α < 0.25. Significantly, fluorescence emission profiles obtained 

for diblock copolymer 3ix reflected this trend with the measured fluorescence emission 

of aqueous solutions increasing until α = 0.25. Moreover, changes in steady-state 

fluorescence intensity with respect to ionization degree provided an indication of the 
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hydrated state of the micelle core as well as alluded to the dynamic nature of 

pH-responsive micelles formed form diblock copolymer 3ix. 

Conversely, fluorescence emission did not signficantly change over the range of 

ionization degrees studied for the ABM-functionalized diblock copolymer 3x (Figure 

3.16 b) which supported the light scattering data obtained for 3x, whereby spherical 

micelles formed at all ionization degrees. As discussed in Section 3.3.3.1, out-of-

equilibrium kinetically trapped micelles were previously observed to form for the 

analogous non-fluorescent diblock copolymer 3vi, which has a similar n-BuMA 

composition in the core-forming block. Therefore, the absence of any change in 

fluorescence emission for the corresponding fluorescent diblock copolymer 3x provided 

further evidence of the ‘frozen’ nature of the self-assembled spherical micelles, with the 

degree of core hydration remaining the same acrosss all ionization degrees. 

Fluorescence emission intensity for micelle solutions at α = 0 for both fluorescent diblock 

copolymers 3ix and 3x were also compared. As anticipated, diblock copolymer 3x 

displayed significantly higher fluorescence emission intensity in comparison to diblock 

copolymer 3ix due to the large difference in hydrophobicity between their respective 

core-forming blocks. Overall, steady-state fluorescence experiments highlighted the high 

sensitivity of the ABM fluorophore to its relative environment and was shown to provide 

a useful tool in probing the degree of core hydration and stimuli-responsiveness of 

pH-responsive polymeric micelles. 

 

3.3.7. Critical micelle concentration determination 

 

Critical micelle concentration (CMC) studies were carried out for both fluorescent 

diblock copolymers 3ix and 3x. It was anticipated that upon the transition from micelles 

to solvated unimers a significant reduction in steady-state fluorescence emission would 
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be observed. Fluorescence emission spectra was measured over a range of concentrations 

for aqueous solutions of fluorescent diblock copolymers 3ix and 3x, with fluorescence 

emission intensity integrated between 400 and 650 nm and subsequently normalized by 

the polymer concentration (Figure 3.17). 

 

 

Figure 3.17: Integrated fluorescence emission intensity normalized by polymer concentration with respect 

to polymer concentration for ABM-functionalized p(n-BuMA-co-DMAEMA)-b-p(DMAEMA) diblock 

copolymers 3ix and 3x. 

 

For both diblock copolymers 3ix and 3x, a relatively flat emission intensity over 3 orders 

of magnitude in concentration was observed corresponding to the micellar state. 

Therefore, the critical micelle concentration for either diblock copolymer was not reached 

due to the absence of a clear deviation from the flat emission intensity profiles. 

Unfortunately, at this point the limit of the fluorometer detector was reached for both 

diblock copolymers at an approximate concentration of 0.02 μM, thereby preventing any 

further dilutions to be measured accurately via steady-state fluorescence spectroscopy. 
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3.4. Conclusions 

 

In this Chapter, the importance of the chosen self-assembly methodology upon the 

resultant aggregation behavior of highly hydrophobic pH-responsive amphiphilic diblock 

copolymers was highlighted by light scattering analysis of pure diblock copolymer 

micelles assembled via two different protocols. Moreover, comicellization did not occur, 

via micelle blending or unimer blending, for the range of pH-responsive p(DMAEMA)-b-

p(n-BuMA-co-DMAEMA) diblock copolymers studied herein, as confirmed by light 

scattering techniques. Therefore, thermodynamic equilibrium was not reached in this 

study as dynamic exchange of unimers was disfavored, which was attributed to a 

significantly large energy barrier due to the high n-BuMA incorporation in the 

core-forming blocks. 

Through the use of a novel ABM-functionalized RAFT agent, two fluorescent 

pH-responsive diblock copolymer analogues were successfully synthesized with low 

dispersities and well-defined molecular weights. Importantly, the introduction of the 

ABM fluorophore appeared to not significantly impact self-assembly, with similar 

aggregation behavior observed for fluorescent diblock copolymers with respect to their 

non-fluorescent counterparts. Furthermore, steady-state fluorescence measurements 

demonstrated that the ABM fluorophore could prove to be a useful tool for probing the 

degree of core hydration of micellar solutions as well as for investigating the stimuli-

response, self-assembly state and solution behavior of polymer nanostructures. 

Unfortunately, determination of the critical micelle concentration for fluorescent pH-

responsive diblock copolymers via steady-state fluorescence spectroscopy was found to 

be principally limited by the detection capability of the fluorometer. As a result, the 

viability of using an ABM fluorophore to functionalize block copolymers as a method for 

accurately measuring critical aggregation concentrations remained inconclusive.  
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3.5. Experimental Section 

 

3.5.1. Methods and materials 

 

Materials. The following reagents were used as received: carbon disulfide 

(Sigma-Aldrich, 99%); iodine (Fisher Scientific, 99%); 1-dodecanethiol (Merck, 98%); 

sodium hydride (60% in mineral oil, Acros Organics); 2-(dimethylamino)ethyl 

methacrylate (DMAEMA, Sigma-Aldrich, 98%); n-butyl methacrylate (n-BuMA, 

Sigma-Aldrich, 99%). 2,2’-azobisisobutyronitrile (AIBN) was received from Sigma-

Aldrich (98%), recrystallized from methanol and stored in the dark at 4 °C. All solvents, 

including high-performance liquid chromatography (HPLC) grade solvents, were 

purchased from Fisher Scientific and used as received. Monomers and 1,4-dioxane were 

filtered through a plug of basic alumina prior to use and stored at 4 °C. Diethyl ether was 

purchased from Fisher Scientific and dried using an Innovative Technology Inc. Pure 

Solv MD-4-EN solvent purification system. Deuterated solvents and silica gel (40-63 μm) 

were used as received from Apollo Scientific. 

1H and 13C NMR spectroscopy. 1H NMR spectroscopy was performed at 300 MHz on a 

Bruker Avance AV-300 spectrometer or a Bruker Avance III HD-300 spectrometer, or at 

400 MHz on a Bruker Avance III HD-400 spectrometer. 13C NMR spectroscopy was 

performed at 100 MHz on a Bruker Avance III HD-400 spectrometer. 1H and 13C NMR 

spectra were measured in deuterated chloroform. Chemical shifts are reported as δ in parts 

per million (ppm) and are stated relative to the residual solvent peaks at 7.26 ppm or 

77.0 ppm for chloroform. Coupling constants (J) correspond to 3JH-H unless otherwise 

stated. All spectra were obtained at 25 °C. 

Size Exclusion Chromatography. SEC analysis was primarily performed on a Varian 

PL-GPC 50 system with a set of two PLgel Mixed-C columns plus one guard column and 
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fitted with a viscometer, an RI light scattering detector and a UV detector measuring at 

309 nm or 400 nm. SEC measurements were performed with HPLC-grade 

dimethylformamide (DMF) with 5 mM NH4BF4 at 50 °C at a flow rate of 1 mL min-1. 

The molecular weights of the synthesized polymers were calculated relative to 

poly(methyl methacrylate) (p(MMA)) standards and analyzed using Cirrus v3.3 software. 

Additional SEC analysis was performed on a Varian PL-GPC 50 system with a set of two 

PLgel Mixed-C columns plus one guard column and fitted with an RI and UV detector 

measuring at 309 nm or 400 nm. SEC measurements were performed with HPLC-grade 

chloroform with 0.5% triethylamine at 40 °C at a flow rate of 1 mL min-1. The molecular 

weights of the synthesized polymers were calculated relative to p(MMA) standards and 

analyzed using Cirrus v3.3 software. 

Mass Spectrometry. High resolution electrospray ionization time of flight mass 

spectrometry (HRMS (ESI-ToF)) was performed on a Bruker UHR-Q-TOF MaXis 

spectrometer by Dr. Lijang Song, University of Warwick. 

Fluorescence Spectroscopy. Steady-state fluorescence spectra were recorded using an 

Agilent Cary Eclipse Fluorescence spectrophotometer. Quartz cells with screw caps and 

four polished sides (Starna) were used for fluorescence measurements. 

Laser Light Scattering. Measurements were performed at angles of observation ranging 

from 30° up to 130° using an ALV/CGS-3 Compact Goniometer system operating at λ0 

= 633 nm and at 20 °C ± 1 °C. Data was collected in duplicate with 240 s run times. 

Calibration was achieved with filtered toluene and the background was measured with 

filtered solvent (NaCl 0.1 M). Light scattering samples were filtered through 0.22 µm 

nylon filters under a laminar flow hood prior to analysis. 

Dynamic Light Scattering (DLS). The intensity autocorrelation functions g2(q, t) obtained 

from dynamic light scattering analysis were related to g1(q, t) (the normalized electric 

field autocorrelation functions) via the so-called Siegert relation.23 Then g1(q, t) was 
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analyzed in terms of a continuous distribution of relaxation times (equation (3.3)) using 

the REPES algorithm,100 without assuming a specific mathematical shape for the 

distribution of the relaxation times (A(τ)). 

 

 
𝑔1 (𝑡) = ∫ 𝐴(𝜏)𝑒𝑥𝑝 (−𝑡/𝜏)𝑑𝜏

∞

0

 3.3 

 

The apparent diffusion coefficient, Dapp, was calculated from equation (3.4) given that the 

average relaxation rates Γ of the scattering species were q2 dependent, where q is the 

scattering vector given by q = (4πn0/λ0)sin(θ/2) with θ the angle of observation and n0 = 

1.333, which is the refractive index of the solvent (water). 

 

 𝐷𝑎𝑝𝑝 =  𝛤/𝑞2 3.4 

 

The apparent diffusion coefficient was used for computing the apparent hydrodynamic 

radius (Rh,app) of the scattering species according to the Stokes-Einstein equation 

(equation (3.5)): 

 

 
𝑅ℎ,𝑎𝑝𝑝 =

𝑘𝐵𝑇

6𝜋𝜂𝐷𝑎𝑝𝑝
 3.5 

 

Where η is the solvent viscosity, kB is the Boltzmann’s constant, and T is the absolute 

temperature.  

Static Light Scattering (SLS). The Rayleigh ratio of the solutions were measured using 

toluene as a reference according to equation (3.6): 

 

 
𝑅𝜃 =  

(𝐼𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐼𝑠𝑜𝑙𝑣𝑒𝑛𝑡)

𝐼𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑅𝜃,𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  3.6 
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Where Ii represents the intensity scattered by species i, and Rθ, standard is the Rayleigh ratio 

of the reference toluene. In dilute solutions if Rgq < 1 where Rg is the radius of gyration, 

the q and concentration dependence of Rθ is given by equation (3.7): 

 

 𝐾𝑐

𝑅𝜃
= (

1

𝑀𝑤
+ 2𝐴2𝐶) (1 +  

𝑞2𝑅𝑔
2

3
) 3.7 

 

Where A2 is the second virial coefficient and Mw the weight average molecular weight. K 

is an optical constant given by equation (3.8): 

 

 
𝐾 =  

4𝜋2𝑛0
2

𝜆4𝑁𝐴
(

𝑑𝑛

𝑑𝑐
)

2

 3.8 

 

Where n0 = 1.496 which is the refractive index of the reference toluene, dn/dc is the 

refractive index increment determined by differential refractometry and NA is Avogadro’s 

number. Values of Mw are then obtained after extrapolation to zero angle and used to 

derive the aggregation number (Nagg) of the micellar aggregates (equation (3.9)):  

 

 
𝑁𝑎𝑔𝑔 =  

𝑀𝑤,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑀𝑤,𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 3.9 

 

In all case where two modes of relaxation were observed by DLS measurements, Rθ was 

described as the sum of two contributions according to equations (3.10) and (3.11): 

 

 
𝑅𝜃 =  𝑅𝜃𝑓 +  𝑅𝜃𝑠 3.10 

 

Where f and s stand respectively for fast and slow; 
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𝑅𝜃𝑓 (𝑞) =  

𝐴𝑓 (𝑞)

(𝐴𝑓 (𝑞) +  𝐴𝑠 (𝑞))
 𝑅𝜃  3.11 

 

Where Af and As are the relative amplitudes of the fast and slow modes obtained by DLS. 

The slow mode of relaxation when observed can be attributed to spurious aggregates with 

a negligible weight fraction but larger scattering intensity.23 In the event of a data point 

from one observation angle falling outside of 10% error of Kc/Rθ, the point was excluded 

from the average in the calculation of Mw, particle.
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3.5.2. Synthetic protocols 

 

Synthesis of 2-cyanopropan-2-yl dodecyl carbonotrithioate (CPDDT). 

 

 

 

2-Cyanopropan-2-yl dodecyl carbonotrithioate was prepared according to a modified 

literature procedure. To an oven-dried round bottom flask, sodium hydride (60% in 

mineral oil) (3.12 g, 78.1 mmol) was added followed by dry diethyl ether (300 mL) with 

the resulting suspension cooled to 0 °C. Dodecanethiol (18.0 mL, 75.1 mmol) was 

subsequently added dropwise over 10 min. After stirring the resultant mixture for 10 min 

at 0 °C, carbon disulfide (4.72 mL, 78.1 mmol) was added dropwise over 10 min 

producing a thick yellow precipitate of sodium S-dodecyl trithiocarbonate. After 1 h of 

stirring, the yellow precipitate was collected by Büchner filtration. Sodium S-dodecyl 

trithiocarbonate (21.2 g, 70.5 mmol) was then re-dissolved in diethyl ether (500 mL) and 

iodine (8.94 g, 35.2 mmol) was added. After 1 h of stirring at ambient temperature, the 

reaction mixture was washed with sodium thiosulfate solution (1 M, 3 × 300 mL), 

deionized water (3 × 300 mL) and finally with brine (300 mL). The organic layer was 

dried over MgSO4 and evaporated to leave a residue of bis-(dodecyl-

sulfanylthiocarbonyl) disulfide (16.5 g, quantitative). 

A solution of 2,2’-azobisisobutyronitrile (AIBN) (7.30 g, 44.5 mmol) and bis-(dodecyl-

sulfanylthiocarbonyl) disulfide (16.5 g, 29.6 mmol) in ethyl acetate (350 mL) was 

refluxed overnight under a nitrogen atmosphere. After removal of ethyl acetate in vacuo, 

purification was carried out using column chromatography (silica gel, 9:1 hexane/ethyl 

acetate) to yield 2-cyanopropan-2-yl dodecyl carbonotrithioate (CPDDT) as an orange 
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red oil (14.9 g, 43.1 mmol, 73%). 1H NMR (400 MHz, CDCl3) δH/ppm: 3.34 (2H, t, J = 

7.6 Hz, H5), 1.87 (6H, s, H1), 1.70 (2H, t of t, J = 7.6 Hz, H6), 1.40 (2H, t of t, J = 7.6 Hz, 

H7), 1.22-1.34 (16H, m, H8 to H15 inclusive), 0.88 (3H, t, J = 6.8 Hz, H16); 13C NMR 

(100 MHz, CDCl3) δC/ppm: 217.8 (C4), 120.4 (C3), 42.3 (C2), 36.9 (C5), 31.9 (C6), 29.7 

(C7), 29.6 (C8), 29.5 (C9), 29.4 (C10), 29.3 (C11), 29.0 (C12), 28.9 (C13), 27.7 (C14), 

27.0 (C1), 22.7 (C15), 14.1 (C16); HRMS (ESI-TOF) m/z: [M + Na]+ calculated for 

C17H31NNaS3: 368.1511; found: 368.1508. 

 

General procedure for the RAFT homopolymerization of DMAEMA to produce 

macroCTA 3i 

 

For a total target DPDMAEMA = 100 at 80% conversion, an example synthesis is as follows: 

CPDDT (250 mg, 1 eq), AIBN (12.0 mg, 0.1 eq) and DMAEMA (15.2 mL, 125 eq) were 

dissolved in 1,4-dioxane (1:1 monomer volume/1,4-dioxane volume) and added to a dry 

ampoule containing a stirrer bar. The resulting solution was degassed using at least three 

freeze-pump-thaw cycles, back-filled with nitrogen, sealed and placed in a pre-heated oil 

bath at 70 °C. After 6 h, the polymerization was quenched by opening the reaction mixture 

to air and submerging the ampoule in liquid nitrogen. Purification was achieved via 

precipitation into petroleum ether three times before being re-dissolved in the minimum 

amount of HPLC grade tetrahydrofuran (THF) and dried under vacuum. The resultant 

residue was dissolved in the minimum amount of 18.2 MΩ cm water and subsequent 

lyophilization resulted in an off-white polymer powder. 1H NMR (400 MHz, CDCl3) 

δH/ppm: 4.05 (br s, 2H, OCH2CH2N), 3.22 (br s, 2H, CH2S), 2.56 (br s, 2H, OCH2CH2N), 

2.28 (br s, 6H, OCH2CH2N(CH3)2), 0.90-2.00 (m, backbone and end group). 
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General procedure for the chain extension of macroCTA 3i via RAFT copolymerization 

of DMAEMA and n-BuMA 

 

For a target DPcore = 50 at 71% conversion, an example synthesis is as follows: A solution 

of 70 equivalents of a combination of the two monomers (n-BuMA = x, DMAEMA = 

70-x), 0.1 equivalents of AIBN and 1 equivalent of macroCTA 3i in 1,4-dioxane (1:1 

(monomer volume and macroCTA weight)/1,4-dioxane volume) was added to a dry 

ampoule containing a stirrer bar. The resulting solution was degassed using at least three 

freeze-pump-thaw cycles, back-filled with nitrogen, sealed and placed in a pre-heated oil 

bath at 70 °C. After 5 h 30 min, the polymerization was quenched by opening the reaction 

mixture to air and submerging the ampoule in liquid nitrogen. Purification was achieved 

via precipitation into petroleum ether three times before being re-dissolved in the 

minimum amount of HPLC grade tetrahydrofuran and dried under vacuum to yield an 

off-white polymer powder. 1H NMR (400 MHz, CDCl3) δH/ppm: 4.04 (br s, 2H, 

OCH2CH2N), 3.92 (br s, 2H, OCH2CH2CH2CH3) 3.21 (br s, 2H, CH2S), 2.55 (br s, 2H, 

OCH2CH2N), 2.27 (br s, 6H, OCH2CH2N(CH3)2), 0.90-2.00 (m, backbone, end group, 

OCH2CH2CH2CH3, OCH2CH2CH2CH3 and OCH2CH2CH2CH3). 

 

Pure diblock copolymer micelle sample preparation 

 

Two methods for the preparation of the pure diblock copolymer solutions were used:  

Method C consisted of preparing polymer stock solutions at 10 mg mL-1 by dispersing 

the polymer in 18.2 MΩ cm water containing the appropriate amount of 1 M HCl to reach 

α = 1. After one night of stirring α was lowered to α = 0 using the required amount of 1 M 

NaOH added in small increments over time and the solutions were stirred again overnight. 

The NaCl concentration was then adjusted to 0.1 M by the addition of 4 M NaCl and the 
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solutions were further stirred overnight before use. Samples at 1 mg mL-1 were 

subsequently prepared by dilution of the 10 mg mL-1 polymer stock solutions using 

0.1 M NaCl.  

Method D consisted of preparing polymer solutions at α = 1 as described in Method C. 

After one night of stirring α was lowered to α = 0 using the required amount of 0.01 M 

NaOH using a peristaltic pump at a flow rate of 1 mL h-1 and the resultant solutions were 

stirred again overnight. The NaCl concentration was then adjusted to 0.1 M by the 

addition of 4 M NaCl and the solutions were further stirred overnight before use. Polymer 

solutions were then diluted to reach a final concentration of 1 mg mL-1 using 0.1 M NaCl 

and then stirred overnight before use. Further dilutions were carried out using 0.1 M NaCl 

to maintain a NaCl concentration of 0.1 M. 

 

Copolymer blending protocols for blended diblock copolymer samples 

 

Two methods for the preparation of blended diblock copolymer samples were used.  

Method E (Unimer blending (UB)) consisted of mixing the bulk powders of diblock 

copolymers 3ii and 3vi together in the correct molar mixing ratios to match the percentage 

incorporation of n-BuMA in the analogous pure diblock copolymer sample. Polymer 

solutions were then prepared in the same manner as described in Method D.  

Method F (Micelle blending (MB)) involved blending together the individual P-50 and 

P-89 diblock copolymer solutions, prepared previously via Method D, in the correct 

stoichiometric ratios to give the targeted % n-BuMA. 

 

General procedure for the RAFT copolymerization of DMAEMA and n-BuMA using the 

R group ABM-functionalized RAFT agent 2ii 
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For a target DPcore = 50 at 71% conversion, an example synthesis is as follows: A solution 

of 70 equivalents of a combination of the two monomers (n-BuMA = x, DMAEMA = 

70-x), 0.1 equivalents of AIBN and 1 equivalent of 2ii (150 mg) dissolved in 1,4-dioxane 

(1:1 monomer volume/1,4-dioxane volume) was added to a dry ampoule containing a 

stirrer bar. The resulting solution was degassed using at least three freeze-pump-thaw 

cycles, back-filled with nitrogen, sealed and placed in a pre-heated oil bath at 70 °C. After 

6 h, the polymerization was quenched by opening the reaction mixture to air and 

submerging the ampoule in liquid nitrogen. Purification was achieved via precipitation 

into petroleum ether three times before being re-dissolved in the minimum amount of 

HPLC grade tetrahydrofuran and dried under vacuum to yield a fluorescent yellow 

copolymer powder. 1H NMR (300 MHz, CDCl3) δH/ppm: 5.28 (br s, 1H, NHCH(CH3)2) 

4.41 (br s, 1H, NHCH(CH3)2) 4.04 (br s, 2H, OCH2CH2N), 3.92 (br s, 2H, 

OCH2CH2CH2CH3), 3.56 (br s, 2H, CH2N(CO)2) 3.22 (br s, 2H, CH2S), 2.55 (br s, 2H, 

OCH2CH2N), 2.27 (br s, 6H, OCH2CH2N(CH3)2), 0.90-2.00 (m, backbone, end group, 

OCH2CH2CH2CH3, OCH2CH2CH2CH3 and OCH2CH2CH2CH3). 

 

General procedure for the chain extension of p(n-BuMA-co-DMAEMA) copolymers 3vii 

and 3viii with DMAEMA via RAFT polymerization 

 

For a target DPcorona = 100 at 80% conversion, an example synthesis is as follows: A 

solution of 125 equivalents of DMAEMA, 0.1 equivalents of AIBN and 1 equivalent of 

macroCTA 3vii or 3viii in 1,4-dioxane (1:1 monomer volume/1,4-dioxane volume and 

macroCTA weight) was added to a dry ampoule containing a stirrer bar. The resulting 

solution was degassed using at least three freeze-pump-thaw cycles, back-filled with 

nitrogen, sealed and placed in a pre-heated oil bath at 70 °C. After 9 h, the polymerization 

was quenched by opening the reaction mixture to air and submerging the ampoule in 
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liquid nitrogen. Purification was achieved via precipitation into petroleum ether three 

times before being re-dissolved in the minimum amount of HPLC grade tetrahydrofuran 

and dried under vacuum to yield a fluorescent yellow polymer powder. 1H NMR (400 

MHz, CDCl3) δH/ppm: 5.28 (br s, 1H, NHCH(CH3)2) 4.41 (br s, 1H, NHCH(CH3)2) 4.04 

(br s, 2H, OCH2CH2N), 3.92 (br s, 2H, OCH2CH2CH2CH3), 3.56 (br s, 2H, CH2N(CO)2) 

3.22 (br s, 2H, CH2S), 2.55 (br s, 2H, OCH2CH2N), 2.27 (br s, 6H, OCH2CH2N(CH3)2), 

0.90-2.00 (m, backbone, end group, OCH2CH2CH2CH3, OCH2CH2CH2CH3 and 

OCH2CH2CH2CH3). 
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4. Tuning the cloud point of thermoresponsive polymers via 

copolymer blending  
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4.1. Abstract 

 

In this Chapter, a range of thermoresponsive diblock copolymers were blended together 

in various combinations to investigate whether the resultant cloud point transition could 

be modulated by simple manipulation of the molar mixing ratio. Amphiphilic 

thermoresponsive diblock copolymers composed of statistical poly(n-butyl acrylate-co-

N,N-dimethylacrylamide) (p(nBA-co-DMAc)) core-forming blocks and four different 

thermoresponsive corona-forming blocks, namely poly(diethylene glycol monomethyl 

ether methacrylate) (p(DEGMA)), poly(N-isopropylacrylamide) (p(NIPAM)), 

poly(N,N-diethylacrylamide) (p(DEAm)) and poly(oligo(ethylene glycol) monomethyl 

ether methacrylate) (p(OEGMA)) were selected. Using a combination of variable 

temperature turbidimetry and microcalorimetry, the thermoresponsive behavior of 

blended diblock copolymer solutions were analyzed and compared to their constituent 

pure diblock copolymer solutions to determine whether comicellization was achieved and 

more significantly, whether the two blended corona-forming thermoresponsive blocks 

exhibited cooperative behavior.  
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4.2. Introduction 

 

4.2.1. Thermoresponsive polymers 

 

As outlined in the introduction to Chapter 3, stimuli-responsive polymers can undergo 

phase transitions in response to an external stimulus such as pH, light, CO2, glucose, 

enzymes, or redox potential, and have been of great interest to polymer chemists in recent 

years.1–10 In particular, thermoresponsive polymers have been extensively studied within 

the literature as they offer a simple means of non-invasively altering the polymers 

environment and thus are attractive candidates for biological applications.3,8,11–13  

Thermoresponsive polymers exhibit a distinct change in solubility at a critical solution 

temperature due to the disruption of intramolecular and intermolecular electrostatic and 

hydrophobic interactions between the polymer chains and the solvent, which results in 

either chain collapse or expansion upon heating the solution.4 The temperature at which 

this change in solubility occurs at is defined as an upper or lower critical solution 

temperature (UCST or LCST respectively).11,13 UCST-type polymers typically exist as 

one phase above their respective critical solution temperature, with phase separation 

between the polymer and the solvent occurring below this temperature. In contrast, 

LCST-type polymers are often monophasic below their respective critical solution 

temperature and biphasic above it (Figure 4.1).8,11 Upon heating thermoresponsive 

polymer solutions above their respective LCST or cooling them below their respective 

UCST, macroscopic precipitation is often observed as a result of this phase separation 

and is typically measured via variable temperature turbidimetry, microcalorimetry or 

NMR spectroscopy.14 Note, that the true LCST or UCST of a thermoresponsive polymeric 

system is defined as the lowest or highest critical point on the phase diagram and is 

highlighted in Figure 4.1.11 
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Figure 4.1: Schematic showing the phase transitions associated with LCST (lower critical solution 

temperature) and UCST (upper critical solution temperature) behavior. Blue line represents the phase 

separation boundary which produces a cloud point in solution. Figure and caption adapted from ref 11. 

 

Considering a full phase diagram is required in order to characterize a true LCST or UCST 

for a thermoresponsive polymer system, the cloud point temperature (Tcp) is often referred 

to instead and is simply the temperature at which macroscopic precipitation or dissolution 

occurs at for any given concentration.11 

Overall, a wide variety of thermoresponsive monomers exist and have been extensively 

explored within the literature, including N-isopropylacrylamide (NIPAM),12,15–19 

N,N-diethylacrylamide (DEAm),20 N-vinylcaprolactam (NVC),21–26 2-(dimethylamino) 

ethyl methacrylate (DMAEMA),27–34 polyethylene glycol monomethyl ether 

methacrylate (PEGMA),35–41 N-acryloylglycinamide (NAGA),13,42–45 and 3-dimethyl 

(methacryloyloxyethyl) ammonium propane sulfonate (DMAPS) (Figure 4.2).46–48 

Tuning the critical solution temperature of thermoresponsive polymers is key with 

regards to their applications, and has been found to be dependent upon a multitude of 

variables, including chemical composition, molecular weight, polymer architecture, pH, 

salt concentration, solution state morphology, co-solvent content, and the presence of 

additives.30,32,49–56 
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Figure 4.2: Chemical structures of select thermoresponsive monomers that exhibit either LCST (red) or 

UCST-type (blue) behavior. Note: NIPAM = N-isopropylacrylamide; DEAm = N,N-diethylacrylamide; 

NVC = N-vinylcaprolactam; DMAEMA = 2-(dimethylamino)ethyl methacrylate; PEGMA = polyethylene 

glycol monomethyl ether methacrylate; NAGA = N-acryloylglycinamide; and DMAPS = 3-

dimethyl(methacryloyloxyethyl) ammonium propane sulfonate. 

 

4.2.2. Tuning the phase transition temperature 

 

In addition to the variables highlighted above, the LCST or UCST can be precisely tuned 

via the incorporation of hydrophilic or hydrophobic comonomers into the 

thermoresponsive polymer structure, or via end group modification.12,57,58 For example, 

Stayton and co-workers copolymerized pH-responsive propylacrylic acid (PAA) with 

thermoresponsive NIPAM to synthesize a range of highly sensitive dual 

stimuli-responsive p(NIPAM-co-PAA) copolymers.59 The authors discovered that 

increasing PAA incorporation in the copolymer resulted in an increase in the observed 

cloud point between pH 6-7, whilst a decrease in the cloud point was measured between 

pH 5.0-5.5.59 Consequently, it was determined that the thermoresponsive behavior of the 

p(NIPAM-co-PAA) copolymers directly reflected the ionization degree of the PAA units 

and the corresponding pKa of the statistical copolymer. Furthermore, a complete loss in 

temperature response was found when PAA content in the copolymer was >39 mol %, 

with no macroscopic precipitation observed between 0-100 °C.59 
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Moreover, a similar investigation was conducted by Schubert and co-workers in which 

an extensive library of thermoresponsive copolymers were prepared via the 

copolymerization of pH-responsive methacrylic acid (MAA) with a range of 

oligoethylene glycol monomethyl ether methacrylate (OEGMAx) monomers of various 

molecular weights, where x = Mn.
60 The authors discovered that the cloud point transition 

for p(OEGMA475-co-MAA) copolymers could be tuned from 20-95 °C via simple 

manipulation of the comonomer composition.60 Interestingly, both thermoresponsive and 

pH-responsive behavior was observed for certain p(MAA-co-OEGMA1100) copolymer 

compositions, despite the respective p(MAA) and p(OEGMA1100) homopolymers 

exhibiting no thermoresponsive behavior upon heating.60 Moreover, in separate studies 

conducted by the Keenan and Mikos groups, the cloud point temperature for p(NIPAM) 

functionalized polymers was successfully shifted from 32 °C utilizing a copolymerization 

approach.61,62 In these examples, non-responsive hydrophobic or hydrophilic monomers 

were incorporated into the polymer structure which resulted in a corresponding decrease 

or increase in the transition temperature.61,62 

Additionally, the synthesis of thermoresponsive polymers with tunable transition 

temperatures can be achieved via the copolymerization of two or more thermoresponsive 

monomers with different respective cloud points. Lutz and co-workers have demonstrated 

the versatility of such an approach through the synthesis of thermoresponsive copolymers 

comprised of PEGMA monomers with two distinct ethylene glycol chain lengths.37,39 In 

this case, copolymerization of diethylene glycol monomethyl ether methacrylate 

(DEGMA) and OEGMA (Mn = 475 g mol-1) generated water soluble copolymers with 

cloud point temperatures that could be precisely controlled over a temperature range of 

28-90 °C. In an analogous study carried out by Fu and co-workers, pH-responsive and 

thermoresponsive DMAEMA was copolymerized with thermoresponsive NIPAM which 
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resulted in the formation of random copolymers for which the thermoresponsive behavior 

was found to dependent upon the solution pH.63 

More recently, O’Reilly and co-workers synthesized a series of p(NIPAM)-b- 

p(nBA-co-DMAc) diblock copolymers with varying degrees of hydrophobicity to 

investigate whether the cloud point transition of the resultant thermoresponsive diblock 

copolymers changed with respect to increasing n-butyl acrylate (nBA) incorporation 

(Figure 4.3).64 

 

 

Figure 4.3: Synthesis of p(NIPAM)-b-p(nBA-co-DMAc) diblock copolymers and their subsequent self-

assembly in water. Figure and caption adapted from ref 64. 

 

The authors discovered that whilst the cloud point temperature of the p(NIPAM) corona-

forming block was found to be independent of the core hydrophobicity, the degree of 

thermal hysteresis increased across the series of thermoresponsive diblock copolymer 

micelles with respect to nBA incorporation.64 In a subsequent study by O’Reilly and co-

workers, an extensive series of diblock copolymer micelles with different 

thermoresponsive coronas and tunable aggregation numbers were prepared in an attempt 

to understand the causes of thermal hysteresis.14 Chain confinement, coronal chemistry 

and core hydrophobicity were all found to play a significant role with respect to the 

observed thermoresponsive behavior.14 
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An alternative method for tuning the phase transition temperature of thermoresponsive 

polymer solutions simply involves blending two polymers together, that vary in 

temperature response, to target a range of cloud point temperatures that are intermediate 

of the two constituent polymers. In particular, Gibson and co-workers discovered that a 

single cooperative transition was achieved upon blending thermoresponsive 

homopolymers, formed from the same monomer, together with varying molecular 

weights.65 However, this strategy was only successful for polymer classes that exhibit a 

strong molecular weight dependence on their respective cloud point, in this case 

p(NIPAM), p(NVC) and poly(N-vinylpiperidone) (p(VPip)) (Figure 4.4 a).65 In contrast, 

the authors found that blending p(OEGMA)52 and p(DEGMA)69 homopolymers together 

resulted in two independent thermal transitions and thus cooperative behavior was not 

observed for this polymer class (Figure 4.4 b).65 

 

 

Figure 4.4: a) Turbidimetry curves of PVPip 4 and PVPip 5 at varying compositions at 20 mg mL-1 with 

cooperative aggregation of p(VPip) blends observed. Inset is the cloud point temperature versus molecular 

weight of the p(VPip) blends. b) Turbidimetry analysis of p(OEGMA) blends at varying compositions at 

20 mg mL-1, where POEGMA 1 is a p(DEGMA)69 homopolymer, and POEGMA 3 is a p(OEGMA)52 

homopolymer for which the Mn of the OEGMA monomer is 300 g mol-1. Figure adapted from ref 65. 

 

Gibson and co-workers further investigated the utilization of a blending approach to 

modulate the transition temperature through the synthesis of a range of p(NIPAM)n coated 

A) B) 
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gold nanoparticles.66 In this case, the authors demonstrated that blending p(NIPAM)25 and 

p(NIPAM)100 homopolymers together resulted in non-cooperative behavior with two 

independent cloud point transitions observed.66 Considering p(NIPAM) has a weak 

molecular weight dependence with respect to its cloud point for the homopolymers 

analyzed in this study,66 the absence of cooperativity was not unexpected. Significantly, 

the authors discovered that blending p(NIPAM)n coated gold nanoparticles of varying 

size, and/or molecular weight of the thermoresponsive polymer, resulted in cooperative 

aggregation and a single thermal transition was detected.66 Furthermore, this 

cooperativity enabled the cloud point temperature to be tuned in a controlled manner via 

simple manipulation of the molar mixing ratio and more importantly, was found to be 

independent of the preparation pathway used by the authors (Figure 4.5).66 

 

 

Figure 4.5: Turbidimetry curves of a) p(NIPAM)50@Au15 and p(NIPAM)100@Au15 mixture of the 

nanoparticles with different mass fraction, and b) pre-mixture of p(NIPAM)50 and p(NIPAM)100 with 

different mass fraction coated Au15 in phosphate-buffered saline (PBS) solution. In all cases the total gold 

core concentration of the solutions was 0.029 mg mL-1. Figure and caption adapted from ref 66. 
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In the literature examples highlighted above, cooperativity was achieved via blending two 

thermoresponsive polymers together that varied in molecular weight but were composed 

of the same thermoresponsive monomer. Alternatively, Burel and co-workers have 

demonstrated that the cloud point transition of thermoresponsive micellar solutions can 

be modulated via blending two amphiphilic block copolymers comprised of a lipid core 

and two different thermoresponsive corona-forming blocks, poly(2-ethyl-2-oxazoline) 

(p(EtOx)) and poly(2-isopropyl-2-oxazoline) (p(iPrOx)).67 Interestingly, the authors 

found that blending lipid-b-p(EtOx) and lipid-b-p(iPrOx) in various molar mixing ratios 

resulted in cooperative behavior with a single Tcp measured for micellar solutions.67 

Moreover, the obtained cloud points in this study directly matched the respective Tcp’s for 

statistical lipid-b-p(EtOx-co-iPrOx) diblock copolymers of the same EtOx incorporation 

up to 52 wt%.67 

Despite the success of this study, there is a limited number of reports currently within the 

literature focusing upon blending thermoresponsive amphiphilic block copolymers 

together which are comprised of the same core-forming block but have different 

thermoresponsive corona-forming blocks. For instance, Zhang and co-workers 

discovered that non-cooperative behavior occurred upon the formation of mixed corona-

core nanoparticles consisting of a p(NIPAM)/p(DMAEMA) mixed corona and a shared 

poly(styrene) (p(St)) core.68 In this study, thermoresponsive p(NIPAM)-b-p(St) and 

p(DMAEMA)-b-p(St) diblock copolymers were synthesized in solution via co-mediated 

dispersion RAFT polymerization and upon self-assembly displayed two distinct cloud 

point transitions at 44 °C and 56 °C, which corresponded to the collapse of the p(NIPAM) 

chains and p(DMAEMA) chains respectively.68 However, in this example a highly 

hydrophobic p(St) core-forming block with a high core glass transition temperature was 

selected and thus the formation of blended micelles that have reached thermodynamic 

equilibrium in solution is unlikely to have been favored.69 
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Ultimately, the copolymer blending protocol offers an attractive strategy for predictively 

modulating the cloud point temperature of thermoresponsive polymer systems. Herein, 

further investigation into the limitations and requirements of using this strategy to tune 

the resultant thermoresponsive behavior of micellar solutions in a controlled manner was 

carried out. 
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4.3. Results and Discussion 

 

To investigate whether the cloud point of a micellar solution can be tuned simply by 

blending two thermoresponsive amphiphilic diblock copolymers together, careful 

consideration of the constituent diblock copolymer structures was required. As discussed 

in Chapter 3, O’Reilly and co-workers have previously demonstrated that the success of 

the copolymer blending protocol is largely dependent upon whether polymeric micelles 

can reach thermodynamic equilibrium within the experimental timeframe whilst 

possessing compatible core-forming blocks.69 Therefore, it was envisaged that selecting 

amphiphilic diblock copolymers composed of short core-forming blocks with relatively 

low hydrophobic character coupled with a low core glass transition temperature (Tg) could 

drive the formation of thermodynamically favored blended micelles for which unimer 

exchange is facilitated.69 Previously, O’Reilly and co-workers explored the main factors 

that influence thermal hysteresis through the synthesis of an extensive range of 

thermoresponsive amphiphilic diblock copolymers composed of statistical 

p(nBA-co-DMAc) core-forming blocks with varying degrees of hydrophobicity and four 

different thermoresponsive corona-forming blocks: p(DEAm), p(NIPAM), p(DEGMA) 

and p(OEGMA).14 

Considering the formerly outlined prerequisites for favorable blending dynamics, 

amphiphilic diblock copolymers (4i-4iv) with the lowest percentage incorporation of nBA 

in the respective core-forming blocks for each of the four distinct thermoresponsive 

corona-forming blocks were selected herein (Scheme 4.1).14 It was postulated that 

blending diblock copolymers with similar core-forming blocks but differing 

thermoresponsive corona-forming blocks may allow the successful formation of blended 

diblock copolymer micelles. Moreover, if the two corona-forming thermoresponsive 

blocks displayed cooperative behavior then blended diblock copolymer micelles may 
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potentially exhibit a cloud point transition at an intermediate temperature with respect to 

the two constituent pure diblock copolymer micelles. 

 

 

Scheme 4.1: Left: chemical structure of amphiphilic thermoresponsive diblock copolymers 4i-4iv 

composed of statistical p(nBAx-co-DMAc1-x)m core-forming blocks and differing thermoresponsive corona-

forming blocks; previously synthesized via RAFT polymerization by O’Reilly and co-workers.14 Right: 

schematic representing the self-assembly of amphiphilic diblock copolymers 4i-4iv into spherical micelles 

via a solvent switch technique into aqueous solution previously conducted by O’Reilly and co-workers.14 

 

Amphiphilic thermoresponsive diblock copolymers 4i-4iv (Scheme 4.1) were synthesized 

via RAFT polymerization by O’Reilly and co-workers prior to this study, characterization 

data for which is summarized in Table 4.1.14 Turbidimetry analysis of the pure diblock 

copolymer micelles formed upon self-assembly allowed the authors to determine the 

cloud point transition (Tcp) for each diblock copolymer (4i-4iv) (Table 4.1).14 
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Diblock 

Copolymer 

Corona na xa ma Mn, NMR
a 

(kDa) 

Mn, SEC
b 

(kDa) 

ÐM
b Tcp c 

(°C) 

4i p(DEAm) 68 0.50 38 12.9 12.0 1.16 32 

4ii p(NIPAM) 75 0.54 37 12.9 13.0 1.10 32 

4iii p(DEGMA) 66 0.46 35 16.4 15.8 1.41 20 

4iv p(OEGMA) 65 0.44 39 24.2 20.1 1.34 61 

Table 4.1: Characterization data previously obtained by O’Reilly and co-workers for the following 

amphiphilic thermoresponsive diblock copolymers: p(DEAm)n-b-p(nBAx-co-DMAc1-x)m (4i), 

p(NIPAM)n-b-p(nBAx-co-DMAc1-x)m (4ii), p(DEGMA)n-b-p(nBAx-co-DMAc1-x)m (4iii) and 

p(OEGMA)n-b-p(nBAx-co-DMAc1-x)m (4iv).14 Key: a determined by end group analysis using 1H NMR 

spectroscopy; b determined by SEC analysis based on poly(methyl methacrylate) [p(MMA)] standards with 

either THF (4i) or DMF (4ii-4iv) as the eluent; c mean cloud point upon heating the micellar solutions 

determined using turbidimetry data across three heating and cooling cycles.14 

 

As discussed in Chapter 3, when comparing self-assemblies produced via copolymer 

blending it is important to differentiate between the two different types of polymer 

nanostructures. Pure nanostructures are those self-assembled from a single block 

copolymer with a specific composition, whilst blended nanostructures are those 

self-assembled from a block copolymer mixture of two block copolymers comprised of 

different compositions. 
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4.3.1. Blending thermoresponsive amphiphilic diblock copolymers – an 

initial investigation 

 

Initially, a series of diblock copolymer mixtures were prepared by blending 

thermoresponsive diblock copolymers 4i-4iv together in various combinations at a 1:1 

molar mixing ratio to target a range of intermediate cloud points (Tcp) (Scheme 4.2 and 

Table 4.2). In this case, blended diblock copolymer solutions were prepared via unimer 

blending (UB) which involved blending the constituent diblock copolymers together in 

dry powder form to match the desired molar mixing ratio, followed by self-assembly via 

a solvent switch technique from acetone into ice cold water. 

As depicted in Scheme 4.2, diblock copolymer 4iii (Tcp = 20 °C) composed of a 

p(DEGMA) corona-forming block was blended with diblock copolymers 4i (Tcp = 32 °C) 

and 4ii (Tcp = 32 °C) composed of linear p(DEAm) and p(NIPAM) corona-forming blocks 

respectively. Next, brush-like p(OEGMA)-b-p(nBA-co-DMAc) diblock copolymer 4iv 

(Tcp = 61 °C) was blended with linear p(DEAm)-b-p(nBA-co-DMAc) diblock copolymer 

4i (Tcp = 32 °C) to explore the effect of increasing chain entanglement upon blending 

dynamics. Finally, p(DEGMA)-b-p(nBA-co-DMAc) diblock copolymer 4iii (Tcp = 

20 °C) was blended with p(OEGMA)-b-p(nBA-co-DMAc) diblock copolymer 4iv (Tcp = 

61 °C) with both diblock copolymers composed of corona-forming blocks with brush-like 

chain architectures. 
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Tcp:    Target Tcp: 

32 °C p(DEAm)-b-p(nBA-co-DMAc) (4i) 

Self-Assemble

 
(Unimer Blending) 

 

UB-A 

26 °C 

  

20 °C p(DEGMA)-b-p(nBA-co-DMAc) (4iii) 

 
 

     

     

32 °C p(NIPAM)-b-p(nBA-co-DMAc) (4ii) 

Self-Assemble

 
(Unimer Blending) 

 

 
UB-B 

26 °C 

  

20 °C p(DEGMA)-b-p(nBA-co-DMAc) (4iii) 

 
 

     

     

61 °C p(OEGMA)-b-p(nBA-co-DMAc) (4iv) 

Self-Assemble

 
(Unimer Blending) 

 

 
 UB-C 

46.5 °C 

 
 

32 °C p(DEAm)-b-p(nBA-co-DMAc) (4i) 

  

     

     

61 °C p(OEGMA)-b-p(nBA-co-DMAc) (4iv) 

Self-Assemble

 
(Unimer Blending) 

 

 
UB-D 

41 °C 

 
 

20 °C p(DEGMA)-b-p(nBA-co-DMAc) (4iii) 

 
 

     
Scheme 4.2: Schematic demonstrating the different thermoresponsive diblock copolymer blending 

combinations investigated herein. Blended diblock copolymer solutions were prepared by unimer blending 

(UB): the two constituent thermoresponsive diblock copolymers (4i-4iv) were first blended in the powder 

state to match the desired molar mixing ratio of 1:1 and then subsequently self-assembled via a solvent 

switch technique into aqueous solution. 
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Blended Diblock 

Copolymer Sample 

Diblock 

Copolymer 

Tcp
 a 

(°C) 

Mole 

fraction 

Diblock 

Copolymer 

Tcp
 a 

(°C) 

Mole 

fraction 

Target Tcp 

(°C) 

UB-A 4i 32 0.5 4iii 20 0.5 26 

UB-B 4ii 32 0.5 4iii 20 0.5 26 

UB-C 4iv 61 0.5 4i 32 0.5 46.5 

UB-D 4iv 61 0.5 4iii 20 0.5 41 

Table 4.2: Molar mixing ratios for blended thermoresponsive diblock copolymer samples prepared via 

unimer blending (UB). Key: a mean cloud point upon heating the micellar solutions determined using 

turbidimetry data across three heating and cooling cycles previously obtained by O’Reilly and co-workers.14 

 

With regards to blending thermoresponsive diblock copolymers with similar 

core-forming blocks but differing corona-forming blocks together, it was important to 

consider the potential outcomes and the most effective analytical method for 

differentiating between them. For instance, O’Reilly and co-workers have previously 

confirmed the formation of blended micelles that are structurally identical to pure 

micelles of the same composition using a combination of cryo-transmission electron 

microscopy, static light scattering (SLS), dynamic light scattering (DLS), and small-angle 

X-ray scattering (SAXS) techniques.69,70 However, light scattering data previously 

obtained by O’Reilly and co-workers revealed negligible differences in the hydrodynamic 

radius (Rh), micellar core radius (Rcore) and aggregation number (Nagg) for pure diblock 

copolymer micelles formed upon the self-assembly of thermoresponsive diblock 

copolymers 4i-4iv.14,64 Consequently, it was proposed that the analytical techniques listed 

above would not allow accurate differentiation between the successful formation of 

blended diblock copolymer micelles with respect to the undesired formation of two 

separate populations of pure diblock copolymer micelles – with regards to blending 

thermoresponsive diblock copolymers 4i-4iv together in the respective combinations 

summarized in Table 4.2. 
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As outlined in the introduction to this Chapter, upon heating thermoresponsive polymers 

above their respective LCST, macroscopic precipitation can be observed as a result of 

phase separation due to the thermoresponsive polymeric block forming polymer-polymer 

interactions in preference to polymer-solvent interactions.14 Note, that this optically 

observable macroscopic effect can be measured via variable temperature turbidimetry, 

with the cloud point transition (Tcp) defined as the temperature at which the amount of 

transmitted light is reduced to 50% with respect to the overall reduction in transmitted 

light over the thermal transition. Considering this, it was envisaged that variable 

temperature turbidimetry analysis of the blended diblock copolymer mixtures would 

confirm, at least qualitatively, whether blended diblock copolymer micelles had formed 

in solution and more importantly, whether the two corona-forming thermoresponsive 

blocks exhibited cooperative behavior upon comicellization. 

For instance, self-assembly of thermoresponsive diblock copolymers 4iii and 4iv via 

unimer blending (Table 4.2) could rationally result in four different potential outcomes 

(Figure 4.6 a-d). Firstly, the unsuccessful formation of blended diblock copolymer 

micelles with the formation of two separate populations of pure diblock copolymer 

micelles instead. In this case, two distinct cloud point transitions would be measured upon 

turbidimetry analysis corresponding to the precipitation of the two constituent pure 

diblock copolymer micelles (Figure 4.6 a). A second potential outcome could be the 

formation of blended diblock copolymer micelles as well as pure diblock copolymer 

micelles in solution. Once again, multiple cloud point transitions would be observed 

corresponding to the precipitation of both pure and blended diblock copolymer micelles 

(Figure 4.6 b). Alternatively, copolymer blending could lead to the successful formation 

of blended diblock copolymer micelles for which the two thermoresponsive corona-

forming blocks exhibit non-cooperative behavior upon comicellization. Consequently, 

one cloud point transition would be detected at the transition temperature corresponding 
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to the collapse of the higher thermoresponsive corona-forming block upon heating 

(Figure 4.6 c). Finally, self-assembly of thermoresponsive diblock copolymers via unimer 

blending may lead to the successful formation of blended diblock copolymer micelles that 

exhibit cooperative behavior as desired. In this case, one cloud point transition at an 

intermediate temperature with respect to the cloud point transitions of the constituent pure 

diblock copolymer micelles would be observed via turbidimetry (Figure 4.6 d). 

 

 

Figure 4.6: Representative variable temperature turbidimetry analyses of potential diblock copolymer 

mixtures that could form from the self-assembly of thermoresponsive diblock copolymers 4iii (Tcp = 20 °C) 

and 4iv (Tcp = 61 °C) via unimer blending: a) formation of two separate populations of pure diblock 

copolymer micelles; b) formation of both blended and pure diblock copolymer micelles; c) formation of 

blended diblock copolymer micelles that exhibit non-cooperative behavior; d) formation of blended diblock 

copolymer micelles that exhibit cooperative behavior. Dashed lines represent the cloud point temperature 

(Tcp) for micellar solutions of 4iii (purple) and 4iv (light blue). 

 

A) B) 

C) D) 
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Consequently, blended diblock copolymer mixtures UB-A:D were analyzed via variable 

temperature turbidimetry with their thermoresponsive behavior compared to their 

respective constituent pure diblock copolymer micelles (4i-4iv). Turbidimetry analysis 

was initially conducted at 1 mg mL-1 with a temperature ramping rate of 1 °C min-1 to 

mirror the experimental conditions previously employed by O’Reilly and co-workers to 

allow for comparison.14 However, for blended diblock copolymer solutions UB-A:D, a 

relatively small decrease in the overall percentage transmittance as a result of 

macroscopic precipitation was observed in each case. Therefore, the concentration for 

blended diblock copolymer mixtures UB-A:D was increased to 3 mg mL-1 to ensure a 

complete reduction in percentage transmittance upon heating the micellar solutions. Note, 

that thermoresponsive diblock copolymers 4i-4iv were subsequently reanalyzed at 

3 mg mL-1 prior to this study. 

 

Tcp:    Target Tcp: 

32 °C p(DEAm)-b-p(nBA-co-DMAc) (4i) 

Self-Assemble

 
(Unimer Blending) 

 

UB-A 

26 °C 

  

20 °C p(DEGMA)-b-p(nBA-co-DMAc) (4iii) 

 
 

     

Scheme 4.3: Preparation of blended diblock copolymer solution UB-A: thermoresponsive diblock 

copolymers 4i and 4iii were first blended in the powder state to match the desired molar mixing ratio of 1:1 

and then subsequently self-assembled via a solvent switch technique into aqueous solution. 

 

Interestingly, turbidimetry analysis of blended diblock copolymer solution UB-A, formed 

from blending diblock copolymer 4iii (Tcp = 20 °C) with diblock copolymer 4i (Tcp = 

32 °C) (Scheme 4.3), revealed a single broad cloud point transition starting at 29 °C with 

a Tcp = 33.1 °C (Figure 4.7 a). 
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Figure 4.7: a) Variable temperature turbidimetry analysis of blended diblock copolymer solution UB-A at 

1 mg mL-1 (red) and 3 mg mL-1 (blue); b) variable temperature turbidimetry analysis of blended diblock 

copolymer solution UB-A (blue), pure p(DEGMA) diblock copolymer micelles 4iii (purple) and pure 

p(DEAm) diblock copolymer micelles 4i (orange) at 3 mg mL-1. In each case, the solid trace represents the 

heating cycle and the dashed trace represents the cooling cycle. Heating and cooling rate = 1 °C min-1. 

 

Comparison of the turbidimetry data obtained for UB-A with respect to pure p(DEGMA) 

diblock copolymer micelles 4iii and pure p(DEAm) diblock copolymer micelles 4i 

confirmed the successful formation of blended diblock copolymer micelles in solution 

(Figure 4.7 b). Critically, no significant change in percentage transmittance was observed 

at 20 °C for UB-A, which would correspond to the macroscopic precipitation of pure 

p(DEGMA) diblock copolymer micelles 4iii (Figure 4.7 b). Moreover, the absence of a 

thermal hysteresis in the turbidimetry data obtained for UB-A suggested that the 

formation of blended diblock copolymer micelles was relatively favored given the high 

degree of reversibility observed for this system. However, no change in percentage 

transmittance was observed at 26 °C for UB-A as targeted (Figure 4.7) and thus the two 

thermoresponsive corona-forming blocks, p(DEGMA) and p(DEAm), exhibited 

non-cooperative behavior. 

Non-cooperative behavior was also observed for blended diblock copolymer solution 

UB-B, formed from blending diblock copolymer 4iii (Tcp = 20 °C) with diblock 

copolymer 4ii (Tcp = 32 °C) (Scheme 4.4). 

A) B) 
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Tcp:    Target Tcp: 

32 °C p(NIPAM)-b-p(nBA-co-DMAc) (4ii) 

Self-Assemble

 
(Unimer Blending) 

 

 
UB-B 

26 °C 

  

20 °C p(DEGMA)-b-p(nBA-co-DMAc) (4iii) 

 
 

     

Scheme 4.4: Preparation of blended diblock copolymer solution UB-B: thermoresponsive diblock 

copolymers 4ii and 4iii were first blended in the powder state to match the desired molar mixing ratio of 

1:1 and then subsequently self-assembled via a solvent switch technique into aqueous solution. 

 

Once again, copolymer blending resulted in the successful formation of diblock 

copolymer micelles composed of a p(nBA-co-DMAc) core and a blend of both brush-like 

p(DEGMA) and linear p(NIPAM) thermoresponsive corona-forming blocks. A broad 

cloud point transition was detected at 31.4 °C which closely matched the respective cloud 

point transition of pure p(NIPAM) diblock copolymer micelles 4ii (Figure 4.8 b). 

Therefore, the collapse of the brush-like p(DEGMA) chains did not directly affect the 

collapse of the linear p(NIPAM) chains and thus no change in percentage transmittance 

was observed at 26 °C as targeted (Figure 4.8). Ultimately, comicellization was achieved 

for UB-A and UB-B, for which macroscopic precipitation of the blended diblock 

copolymer micelles was measured at the transition temperature corresponding to the 

chain collapse of the higher thermoresponsive corona-forming block, p(DEAm) and 

p(NIPAM) respectively. 
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Figure 4.8: a) Variable temperature turbidimetry analysis of blended diblock copolymer solution UB-B at 

1 mg mL-1 (red) and 3 mg mL-1 (blue); b) variable temperature turbidimetry analysis of blended diblock 

copolymer solution UB-A (blue), blended diblock copolymer solution UB-B (red), pure p(DEGMA) 

diblock copolymer micelles 4iii (purple) and pure p(NIPAM) diblock copolymer micelles 4ii (green) at 

3 mg mL-1. In each case, the solid trace represents the heating cycle and the dashed trace represents the 

cooling cycle. Heating and cooling rate = 1 °C min-1. 

 

In contrast to UB-A and UB-B, two distinct cloud point transitions were observed for 

blended diblock copolymer solution UB-C (Figure 4.9). As depicted in Scheme 4.5, 

UB-C was formed from blending together thermoresponsive diblock copolymers 4iv 

(Tcp = 61 °C) and 4i (Tcp = 32 °C) composed of brush-like p(OEGMA) and linear 

p(DEAm) corona-forming blocks respectively. In this case, turbidimetry analysis 

suggested the presence of three populations of micelles for UB-C; pure p(DEAm) diblock 

copolymer micelles 4i, pure p(OEGMA) diblock copolymer micelles 4iv and blended 

diblock copolymer micelles. 

 

 

 

 

 

 

A) B) 
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Tcp:    Target Tcp: 

61 °C p(OEGMA)-b-p(nBA-co-DMAc) (4iv) 

Self-Assemble

 
(Unimer Blending) 

 

UB-C 

46.5 °C 

 
 

32 °C p(DEAm)-b-p(nBA-co-DMAc) (4i) 

  

     
Scheme 4.5: Preparation of blended diblock copolymer solution UB-C: thermoresponsive diblock 

copolymers 4iv and 4i were first blended in the powder state to match the desired molar mixing ratio of 1:1 

and then subsequently self-assembled via a solvent switch technique into aqueous solution. 

 

As shown in Figure 4.9, upon heating UB-C a broad cloud point transition was initially 

observed at 36.6 °C which corresponded to the macroscopic precipitation of pure 

p(DEAm) diblock copolymer micelles 4i. Subsequently, a second cloud point transition 

was detected at 60 °C which was ascribed to the chain collapse of the p(OEGMA) 

corona-forming block in solution. Note, that for both cloud point transitions an overall 

decrease of 50% transmittance was measured for UB-C. 

As outlined previously in Figure 4.6 a, the presence of two cloud point transitions for 

UB-C suggested the formation of two separate populations of pure diblock copolymer 

micelles in solution as opposed to the formation of blended diblock copolymer micelles. 

However, in this case a significant thermal hysteresis was observed for UB-C which was 

in contrast to the turbidimetry data obtained for UB-A and UB-B. Upon cooling, an 

increase of only 30% transmittance as opposed to 50% transmittance for UB-C was 

detected at 60.5 °C, with a further increase of 70% transmittance recorded at 34 °C 

(Figure 4.9). In light of this, the initial increase in percentage transmittance upon cooling 

was ascribed to the resuspension of pure p(OEGMA) diblock copolymer micelles 4iv. 

Moreover, the second increase in percentage transmittance corresponded to the 

resuspension of pure p(DEAm) diblock copolymer micelles 4i and blended diblock 

copolymer micelles, with the p(DEAm) coronal chains rehydrated once the temperature 
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of the solution reached the respective cloud point of 4i. Overall, the increase in chain 

entanglement from the introduction of the p(OEGMA) corona-forming block resulted in 

the formation of both pure and blended diblock copolymer micelles. Furthermore, the 

latter exhibited non-cooperative behavior with the cloud point transition of blended 

diblock copolymer micelles dependent upon the collapse state of the higher 

thermoresponsive corona-forming block upon heating and the lower thermoresponsive 

corona-forming block upon cooling. 

 

 

Figure 4.9: a) Variable temperature turbidimetry analysis of blended diblock copolymer solution UB-C at 

3 mg mL-1 (red); b) variable temperature turbidimetry analysis of blended diblock copolymer solution 

UB-C (red), pure p(DEAm) diblock copolymer micelles 4i (orange) and pure p(OEGMA) diblock 

copolymer micelles 4iv (light blue) at 3 mg mL-1. In each case, the solid trace represents the heating cycle 

and the dashed trace represents the cooling cycle. Heating and cooling rate = 1 °C min-1. 

 

Finally, blended diblock copolymer solution UB-D, formed from blending diblock 

copolymer 4iii (Tcp = 20 °C) with diblock copolymer 4iv (Tcp = 61 °C) (Scheme 4.6Scheme 

4.3), was investigated via variable temperature turbidimetry. In this case, both diblock 

copolymers were composed of thermoresponsive corona-forming blocks with brush-like 

chain architectures. 

 

 

A) B) 
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Tcp:    Target Tcp: 

61 °C p(OEGMA)-b-p(nBA-co-DMAc) (4iv) 

Self-Assemble

 
(Unimer Blending) 

 

 
UB-D 

41 °C 

 
 

20 °C p(DEGMA)-b-p(nBA-co-DMAc) (4iii) 

 
 

     

Scheme 4.6: Preparation of blended diblock copolymer solution UB-D: thermoresponsive diblock 

copolymers 4iv and 4iii were first blended in the powder state to match the desired molar mixing ratio of 

1:1 and then subsequently self-assembled via a solvent switch technique into aqueous solution. 

 

Turbidimetry analysis of UB-D indicated the successful formation of one population of 

blended diblock copolymer micelles composed of a p(nBA-co-DMAc) core and a blend 

of brush-like p(DEGMA) and p(OEGMA) thermoresponsive corona-forming blocks 

(Figure 4.10). Significantly, no change in percentage transmittance was observed for 

UB-D at 20 °C or 61 °C which correspond to the cloud point transitions for the constituent 

pure diblock copolymer micelles 4iii and 4iv respectively. Importantly, a broad cloud 

point transition was measured for UB-D at an intermediate temperature of 36.5 °C which 

closely matched the targeted theoretical Tcp of 41 °C (Table 4.2). Therefore, in this case 

the two thermoresponsive corona-forming blocks behaved in a cooperative manner upon 

comicellization, with the collapse of the thermoresponsive p(OEGMA) chains occurring 

at a much lower transition temperature due to the close proximity of the p(DEGMA) 

chains within the micelle corona. 
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Figure 4.10: a) Variable temperature turbidimetry analysis of blended diblock copolymer solution UB-D 

at 1 mg mL-1 (red) and 3 mg mL-1 (blue); b) variable temperature turbidimetry analysis of blended diblock 

copolymer solution UB-D (red), pure p(DEGMA) diblock copolymer micelles 4iii (purple) and pure 

p(OEGMA) diblock copolymer micelles 4iv (light blue) at 3 mg mL-1. In each case, the solid trace 

represents the heating cycle and the dashed trace represents the cooling cycle. Heating and cooling rate = 

1 °C min-1. 

 

Following this initial study into blending two thermoresponsive amphiphilic diblock 

copolymers together to tune the cloud point, blended diblock copolymer system UB-D 

was selected for further study in order to investigate the following research aims. Namely, 

to determine whether the cloud point transition of UB-D could be modulated in a 

controlled manner over a temperature range via simple manipulation of the molar mixing 

ratio. Secondly, to ascertain whether the presence of a statistical p(nBA-co-DMAc) 

core-forming block in the constituent diblock copolymer structures and subsequent 

comicellization was required for cooperative behavior. Finally, to establish whether the 

broad nature of the cloud point transitions observed for UB-A:D in comparison to the 

sharp cloud point transitions measured for pure diblock copolymer micelles was 

dependent upon the sample concentration. Note, that a small amount of dispersity with 

regards to the cloud point transition for a blended diblock copolymer solution was 

expected considering blended diblock copolymer micelles will not share identical 

thermoresponsive coronal compositions. 

A) B) 
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4.3.2. Synthesis of thermoresponsive amphiphilic diblock copolymers 

with brush-like chain architectures 

 

Unfortunately, further analysis of blended diblock copolymer system UB-D required the 

two constituent diblock copolymers, 4iii and 4iv, to be resynthesized. Previously, 

O’Reilly and co-workers synthesized amphiphilic thermoresponsive diblock copolymers 

4iii and 4iv via RAFT polymerization for which either 2-cyanopropan-2-yl ethyl 

carbonotrithioate (CPET) or methyl 4-cyano-4-(((ethylthio)carbonothioyl)thio) 

pentanoate (MCETP) were selected as the RAFT agent respectively.14 However, 

relatively high dispersity values for all five amphiphilic thermoresponsive diblock 

copolymers composed of a p(DEGMA) corona-forming block were obtained by O’Reilly 

and co-workers (ÐM = 1.36-1.46).14 Therefore, it was proposed that a switch in the RAFT 

agent from CPET to MCETP may afford greater control for the RAFT 

homopolymerization of DEGMA and subsequent chain extension of the resultant macro 

chain transfer agent (macroCTA). 

To this end, a series of RAFT homopolymerizations of OEGMA and DEGMA were 

conducted in 1,4-dioxane at 70 °C with either CPET or MCETP as the chosen RAFT 

agent (Scheme 4.7). 
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Scheme 4.7: RAFT homopolymerization of OEGMA and DEGMA with either 2-cyanopropan-2-yl ethyl 

carbonotrithioate (CPET) or methyl 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoate (MCETP) to 

produce two p(OEGMA)n homopolymers (macroCTA 4v-4vi) and two p(DEGMA)n homopolymers 

(macroCTA 4vii-4viii). AIBN = 2,2’-azobisisobutyronitrile. 

 

Monomer conversion was monitored throughout using 1H NMR spectroscopy with RAFT 

homopolymerizations quenched by immersion in liquid nitrogen upon reaching the 

desired block length (DP = 65). Upon purification, four thermoresponsive macroCTAs 

(4v-4viii) were isolated; characterization data for which is summarized in Table 4.3. 
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macroCTA RAFT agent Corona-Forming 

Monomer 

ρa 

(%) 

DPb Mn, NMR
b 

(kDa) 

Mn, SEC
c 

(kDa) 

ÐM
c 

4v MCETP OEGMA 71 64 19.5 18.4 1.24 

4vi CPET OEGMA 72 65 19.7 21.0 1.44 

4vii MCETP DEGMA 74 67 12.9 12.3 1.18 

4viii CPET DEGMA 75 68 13.0 12.8 1.26 

Table 4.3: Characterization data for thermoresponsive p(OEGMA)n homopolymers (macroCTA 4v-4vi) 

and p(DEGMA)n homopolymers (macroCTA 4vii-4viii). Key: a monomer conversion was calculated by 

1H NMR spectroscopy of the crude polymerization mixture (300 MHz, CDCl3); b determined by end group 

analysis using 1H NMR spectroscopy (400 MHz, CDCl3); c obtained by SEC analysis based on p(MMA) 

standards with CHCl3 as the eluent. 

 

Upon SEC analysis, all four thermoresponsive homopolymers (4v-4viii) displayed 

symmetrical and unimodal molecular weight distributions which indicated relatively 

good control over the RAFT homopolymerization for both OEGMA and DEGMA using 

either CPET or MCETP. However, appreciably higher dispersity values were obtained 

for thermoresponsive macroCTAs 4vi (ÐM = 1.44) and 4viii (ÐM = 1.26) synthesized 

using CPET in comparison to their respective thermoresponsive analogues 4v (ÐM = 1.24) 

and 4vii (ÐM = 1.18) for which MCETP was used. Importantly, the molecular weight 

distributions determined by SEC using an RI and UV detector (recorded at 309 nm) 

overlapped appreciably for both thermoresponsive macroCTAs 4v and 4vii which 

confirmed that the trithiocarbonate end group was retained for both homopolymers 

(Figure 4.11).  
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Figure 4.11: Molecular weight distributions determined by SEC (CHCl3 as the eluent and calibrated against 

p(MMA) standards) using both an RI and UV (recorded at 309 nm) detector for the following 

thermoresponsive homopolymers: a) p(OEGMA)64 (macroCTA 4v); b) p(DEGMA)67 (macroCTA 4vii). 

 

Next, p(OEGMA)64 macroCTA 4v and p(DEGMA)67 macroCTA 4vii were chain 

extended via RAFT copolymerization of nBA and DMAc at 70 °C in ethanol following 

the experimental conditions previously employed by O’Reilly and co-workers (Scheme 

4.8).14 Note, that the solvent for RAFT copolymerizations was switched from 1,4-dioxane 

to ethanol as the former resulted in the production of diblock copolymers that displayed 

bimodal RI traces upon SEC analysis as a result of inefficient chain extension of the 

thermoresponsive macroCTAs. Core-forming blocks of total DP = 40 were targeted and 

the initial monomer feed selected such that the percentage composition of hydrophobic 

nBA in the core-forming block was 50% to match the respective thermoresponsive 

diblock copolymer analogues 4iii and 4iv (Section 4.3.1, Table 4.1). 

 

A) B) 
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Scheme 4.8: Chain extension of p(OEGMA)n macroCTA 4v and p(DEGMA)n macroCTA 4vii via RAFT 

copolymerization of nBA and DMAc to produce amphiphilic thermoresponsive diblock copolymers 

p(OEGMA)n-b-p(nBAx-co-DMAc1-x)m (4ix) and p(DEGMA)n-b-p(nBAx-co-DMAc1-x)m (4x) respectively. 

 

In this case, monomer conversion was monitored via 1H NMR spectroscopy using an 

internal standard of trioxane with chain extensions quenched upon reaching the desired 

block length (DP = 40). Upon purification, two thermoresponsive diblock copolymers 

(4ix-4x) were isolated; characterization data for which is summarized in Table 4.4. 

 

Diblock 

Copolymer 

macroCTA Corona na xb mb Mn, NMR
b 

(kDa) 

Mn, SEC
c 

(kDa) 

ÐM
c 

4ix 4v p(OEGMA) 64 0.47 34 23.3 22.8 1.38 

4x 4vii p(DEGMA) 67 0.50 30 16.3 15.2 1.18 

Table 4.4: Characterization data for the following amphiphilic thermoresponsive diblock copolymers: 

p(OEGMA)n-b-p(nBAx-co-DMAc1-x)m (4ix) and p(DEGMA)n-b-p(nBAx-co-DMAc1-x)m (4x). Key: 

a determined by end group analysis using 1H NMR spectroscopy (300 MHz, CDCl3); b monomer conversion 

was calculated by 1H NMR spectroscopic analysis of the crude polymerization mixture using an internal 

standard (300 MHz, CDCl3); c obtained by SEC analysis based on p(MMA) standards with CHCl3 as the 

eluent. 
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Due to overlapping peak integrals corresponding to the polymer’s side chain proton 

resonances and the trithiocarbonate end group CH2S resonance, final diblock copolymer 

compositions were calculated from the conversion of DMAc and nBA via 1H NMR 

spectroscopic analysis of the crude polymerization mixtures. 

Thermoresponsive diblock copolymers 4ix and 4x displayed relatively symmetrical 

molecular weight distributions upon SEC analysis, with a distinct increase in number 

average molecular weight (Mn, SEC) relative to their respective macroCTAs, 4v and 4vii 

(Figure 4.12). The presence of a high molecular weight shoulder in the obtained RI trace 

for 4ix could be attributed to a small amount of termination upon the chain extension of 

p(OEGMA)64 macroCTA 4v (Figure 4.12 a). Despite this, the product of such a 

recombination event would be a p(OEGMA)n-b-p(nBA-co-DMAc)2m-b-p(OEGMA)n 

triblock copolymer which would be expected to exhibit similar thermoresponsive and 

self-assembly behavior in aqueous solution with respect to the corresponding diblock 

copolymer analogue 4ix. Good agreement between the molecular weight distributions 

obtained using an RI and UV detector (recorded at 309 nm) for both diblock copolymers 

(4ix-4x) indicated that chain extensions were relatively efficient, with a negligible 

population of initiator-derived copolymer chains and dead macroCTA chains present 

(Figure 4.12). 
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Figure 4.12: Molecular weight distributions determined by SEC (CHCl3 as the eluent and calibrated against 

p(MMA) standards) using both an RI and UV (recorded at 309 nm) detector for the following 

thermoresponsive diblock copolymers: a) p(OEGMA)n-b-p(nBAx-co-DMAc1-x)m (4ix); b) p(DEGMA)n-b-

p(nBAx-co-DMAc1-x)m (4x). Respective RI traces for p(OEGMA)64 macroCTA 4v and p(DEGMA)67 

macroCTA 4vii are shown for comparison. 

 

Significantly, thermoresponsive p(DEGMA)-b-p(nBA-co-DMAc) diblock copolymer 4x 

possessed a lower dispersity (ÐM = 1.18) than the respective thermoresponsive diblock 

copolymer analogue 4iii (ÐM = 1.41), thereby confirming that the change in RAFT agent 

from CPET to MCETP resulted in greater control over the RAFT polymerization of 

DEGMA. Critically, comparison of thermoresponsive diblock copolymers 4ix and 4x 

with their respective diblock copolymer analogues 4iv and 4iii revealed that diblock 

copolymer compositions were near identical as targeted (Table 4.4 and Table 4.5). 

 

 

 

 

 

 

 

 

A) B) 

4v 

ÐM = 1.24 

4ix 

ÐM = 1.38 
4vii 

ÐM = 1.18 

4x 

ÐM = 1.18 
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Diblock Copolymer Corona na xa ma Mn, NMR
a 

(kDa) 

Mn, SEC
b 

(kDa) 

ÐM
b 

4iii p(DEGMA) 66 0.46 35 16.4 15.8 1.41 

4iv p(OEGMA) 65 0.44 39 24.2 20.1 1.34 

Table 4.5: Characterization data previously obtained by O’Reilly and co-workers for the following 

amphiphilic thermoresponsive diblock copolymers: p(DEGMA)n-b-p(nBAx-co-DMAc1-x)m (4iii) and 

p(OEGMA)n-b-p(nBAx-co-DMAc1-x)m (4iv).14 Key: a determined by end group analysis using 1H NMR 

spectroscopy; b determined by SEC analysis based on p(MMA) standards with DMF as the eluent.14 

 

4.3.3. Blending thermoresponsive diblock copolymers with brush-like 

chain architectures 

 

In Section 4.3.1, the successful formation of blended diblock copolymer micelles 

composed of a p(nBA-co-DMAc) core and a blend of brush-like p(DEGMA) and 

p(OEGMA) thermoresponsive corona-forming blocks was discovered, with 

comicellization resulting in cooperative behavior being observed for this system. In light 

of this, a similar investigation was conducted for thermoresponsive homopolymers 4v 

and 4vii to ascertain whether the introduction of statistical p(nBA-co-DMAc) 

core-forming blocks into the final diblock copolymer structures of 4iii and 4iv was 

required to enable the two thermoresponsive corona-forming blocks to interact in a 

cooperative manner. 

To this end, a series of homopolymer mixtures (UB-E-n) were prepared by blending 

brush-like thermoresponsive p(OEGMA) (4v) and p(DEGMA) (4vii) homopolymers 

together at various molar mixing ratios to target a range of intermediate cloud points 

(Scheme 4.9 and Table 4.6). Note, that a similar study has been previously conducted 

within the literature by Gibson and co-workers.65 
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Tcp:    

80 °C p(OEGMA) (4v) 

H2O 

 
(Direct Dissolution) 

 

 
UB-E-n 

 
  

25 °C p(DEGMA) (4vii) 

 
  

    
Scheme 4.9: Preparation of blended homopolymer solutions UB-E-n: thermoresponsive homopolymers 4v 

and 4vii were first blended in the powder state to target the desired OEGMA n % and then directly dissolved 

in aqueous solution. 

 

In a similar manner to blended diblock copolymer mixture UB-D, blended homopolymer 

solutions UB-E-n were formed via unimer blending which involved blending the 

constituent homopolymers 4v and 4vii together in dry powder form to target the desired 

n % OEGMA incorporation, followed by direct dissolution into water. Note, that a solvent 

switch from acetone was not required for the preparation of blended homopolymer 

solutions UB-E-n as the absence of an associative block in the thermoresponsive 

polymers ensured the production of free unimer chains in solution. 

 

Blended Homopolymer 

Sample 

Mole fraction 

4v 

Mole fraction 

4vii 

Theoretical % 

OEGMA 

Target Tcp 

(°C) 

UB-E-30 0.3 0.7 30 41.5 

UB-E-50 0.5 0.5 50 52.5 

UB-E-70 0.7 0.3 70 63.5 

Table 4.6: Molar mixing ratios for a series of blended thermoresponsive homopolymer samples (UB-E-n) 

prepared via unimer blending (UB) of 4v and 4vii with n % OEGMA incorporation in the unimer solution. 

 

 

 



  Chapter 4 

 

221 

Blended homopolymer mixtures UB-E-30, UB-E-50 and UB-E-70 were analyzed via 

variable temperature turbidimetry with their thermoresponsive behavior compared to pure 

homopolymer solutions of p(OEGMA) (4v) and p(DEGMA) (4vii) (Figure 4.13). 

 

 

Figure 4.13: Variable temperature turbidimetry analysis of blended homopolymer solutions UB-E-30 

(purple), UB-E-50 (orange), UB-E-70 (blue), p(DEGMA) homopolymer solution 4vii (black) and 

p(OEGMA) homopolymer solution 4v (red) at 3 mg mL-1. In each case, the solid trace represents the heating 

cycle and the dashed trace represents the cooling cycle. Heating and cooling rate = 1 °C min-1. 

 

For blended homopolymer solutions UB-E-30, UB-E-50 and UB-E-70, two relatively 

broad cloud point transitions were observed in each case which corresponded to the 

macroscopic precipitation of p(DEGMA) chains (4vii) followed by p(OEGMA) chains 

(4v) in solution (Figure 4.13). Whilst a slight increase in the measured Tcp for 4vii and 4v 

with respect to increasing OEGMA percentage incorporation was discovered, no change 

in percentage transmittance was observed at the targeted temperatures of 41.5 °C, 52.5 °C 

and 63.5 °C for UB-E-30, UB-E-50 and UB-E-70 respectively. Therefore, the two 

thermoresponsive homopolymers 4v and 4vii exhibited non-cooperative behavior upon 

unimer blending, which matched the thermoresponsive behavior previously observed by 

Gibson and co-workers.65 Overall, turbidimetry analysis of blended homopolymer 
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solutions UB-E-n indicated that the introduction of statistical p(nBA-co-DMAc) 

core-forming blocks into the final diblock copolymer structures of 4iii and 4iv played a 

key role in facilitating the cooperative behavior observed for UB-D (Section 4.3.1). 

Previously, turbidimetry analysis confirmed that comicellization was achieved for UB-D 

with the corresponding cloud point transition measured at an intermediate temperature 

with respect to the constituent pure diblock copolymer micelles (4iii and 4iv). 

Furthermore, the measured Tcp for blended diblock copolymer micelles prepared in a 1:1 

molar mixing ratio was in good agreement with the theoretical Tcp. Therefore, it was 

envisaged that the cloud point transition of blended diblock copolymer micelles could be 

modulated in a controlled manner over a wider temperature range via simple manipulation 

of the molar mixing ratio for UB-D. To this end, a series of diblock copolymer mixtures 

(UB-F-n) were prepared by blending thermoresponsive diblock copolymers 4ix and 4x 

together at various molar mixing ratios to target a range of intermediate cloud points 

(Scheme 4.10 and Table 4.7). 

 

Tcp:a    

57.5 °C p(OEGMA)-b-p(nBA-co-DMAc) (4ix) 

Self-Assemble

 
(Unimer Blending) 

 

 
UB-F-n 

 
 

20.2 °C p(DEGMA)-b-p(nBA-co-DMAc) (4x) 

 
 

    
Scheme 4.10: Preparation of blended diblock copolymer solutions UB-F-n: thermoresponsive diblock 

copolymers 4ix and 4x were first blended in the powder state to target the desired OEGMA n % in the 

micelle corona and then subsequently self-assembled via a solvent switch technique into aqueous solution. 

Key: a mean cloud point upon heating the micellar solutions determined using turbidimetry data from three 

heating runs. 
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Blended Diblock 

Copolymer Sample 

Mole fraction 

4ix 

Mole fraction 

4x 

Theoretical % OEGMA 

in the micelle corona 

Target Tcp 

(°C) 

UB-F-10 0.1 0.9 10 23.9 

UB-F-30 0.3 0.7 30 31.4 

UB-F-50 0.5 0.5 50 38.9 

UB-F-70 0.7 0.3 70 46.3 

UB-F-90 0.9 0.1 90 53.8 

Table 4.7: Molar mixing ratios for a series of blended thermoresponsive diblock copolymer samples 

(UB-F-n) prepared via unimer blending (UB) of 4ix and 4x with n % OEGMA in the micelle corona. 

 

In this case, blended diblock copolymer solutions UB-F-n were prepared in an identical 

manner to UB-D, where n refers to the desired OEGMA percentage incorporation in the 

blended diblock copolymer micelle corona. Moreover, blended diblock copolymer 

samples were prepared at 5 mg mL-1 to ascertain whether the broad nature of the cloud 

point transitions observed in Section 4.3.1 was due to inherent dispersity within the 

coronal compositions of blended diblock copolymer micelles or dependent upon the 

sample concentration. 

Note, that variable temperature turbidimetry for the following blended diblock copolymer 

mixtures was conducted using an Evolution™ 350 UV-Vis spectrophotometer instead of 

a Perkin-Elmer Lambda 35 UV-Vis instrument which was used in the preceding 

experiments. Importantly, the latter instrument uses an internal reference cell of water 

that is subjected to identical measurement conditions as the sample. Therefore, a greater 

amount of control over the rate of heating and cooling is achieved as well as improved 

accuracy in measured sample transmittance values with respect to the recorded sample 

temperature. On the other hand, the former instrument uses the temperature of the heating 

block as the reference temperature. As such, cloud point values obtained upon heating are 

somewhat comparable with cloud point values determined using the latter instrument 

providing identical experimental parameters are used. However, upon cooling the former 
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instrument is considerably less accurate in measuring sample transmittance values with 

respect to the recorded sample temperature owing to errors in overestimating the cooling 

rate of the sample. Consequently, a significant degree of thermal hysteresis is often 

observed when using the former instrument, even for thermoresponsive samples that have 

previously displayed no thermal hysteresis. For example, the differences between the 

method by which the respective instrument measures the reference temperature was 

reflected in the turbidimetry data obtained for thermoresponsive diblock copolymers 4ix 

and 4x (Figure 4.14). 

  

 

Figure 4.14: Variable temperature turbidimetry analysis conducted using either an Evolution™ 350 UV-

Vis spectrophotometer (purple) or a Perkin-Elmer Lambda 35 UV-Vis instrument (orange) for micelles 

comprised of thermoresponsive diblock copolymers 4ix (a) and 4x (b) at 5 mg mL-1. In each case, the solid 

trace represents the heating cycle and the dashed trace represents the cooling cycle. Heating and cooling 

rate = 1 °C min-1. 

 

In light of this, cloud point values for subsequent thermoresponsive polymer samples 

were solely determined using the turbidimetry curves obtained upon heating in order to 

minimize inconsistencies between different polymer samples. 

Blended diblock copolymer mixtures UB-F-n were initially analyzed via variable 

temperature turbidimetry with their thermoresponsive behavior compared to their 

respective constituent pure diblock copolymer micelles 4ix and 4x (Figure 4.15). 

A) B) 

Tcp = 57.5 °C 

Hysteresis = 2.2 °C 

Tcp = 60 °C 

Hysteresis = 1 °C 

Tcp = 20.2 °C 

Hysteresis = 3.1 °C 

Tcp = 20.1 °C 

Hysteresis = 0.4 °C 
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Importantly, a single cloud point transition was measured for each blended diblock 

copolymer solution (UB-F-n) which indicated the successful formation of blended 

diblock copolymer micelles as anticipated. Moreover, no change in percentage 

transmittance was detected for blended diblock copolymer solutions UB-F-n at 57.5 °C 

which would correspond to the macroscopic precipitation of pure p(OEGMA) diblock 

copolymer micelles 4ix. However, cloud point transitions for each of the blended diblock 

copolymer solutions UB-F-n occurred at significantly lower temperatures than targeted 

(Figure 4.15 and Table 4.7). Furthermore, in comparison to the theoretical increase in Tcp 

of 29.9 °C, a relatively small increase of 10.7 °C in the measured Tcp for blended diblock 

copolymer solutions UB-F-n with respect to increasing OEGMA percentage 

incorporation was discovered. Ultimately, the cloud point transition for blended diblock 

copolymer micelles (UB-F-n), composed of a p(nBA-co-DMAc) core and a blend of 

brush-like p(DEGMA) and p(OEGMA) thermoresponsive corona-forming blocks, could 

not be tuned in a controlled manner via simple manipulation of the molar mixing ratio. 

 

 

Figure 4.15: Variable temperature turbidimetry analysis of blended diblock copolymer solutions UB-F-10 

(red), UB-F-30 (blue), UB-F-50 (orange), UB-F-70 (green), UB-F-90 (purple), pure p(DEGMA) diblock 

copolymer micelles 4x (black) and pure p(OEGMA) diblock copolymer micelles 4ix (dark blue) at 

5 mg mL-1. Heating rate was 1 °C min-1. 
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Following this study, thermoresponsive blended diblock copolymer solutions UB-F-50 

and UB-F-90 were investigated further via microcalorimetry. Note, that the Nano DSC 

instrument used for microcalorimetry analysis directly uses the sample temperature as the 

reference and thus it was envisaged that the obtained microcalorimetry data would be 

much more accurate than the corresponding turbidimetry data for thermoresponsive 

diblock copolymer solutions. Typically, an endotherm is observed upon macroscopic 

precipitation due to an increase in the heat capacity of the polymer sample with the 

maximum of the peak defined herein as the transition temperature (Tp). Variable 

temperature turbidimetry and microcalorimetry data obtained for 4ix, 4x and blended 

diblock copolymer solutions UB-F-n is summarized in Table 4.8.  

 

Diblock Copolymer 

Sample 

Coronal Composition Target Tcp 

(°C) 

Tcp
a

 

(°C) 

Tp1
b 

(°C) 

Tp2
b 

(°C) 

4ix p(OEGMA) - 57.5 59.2 - 

4x p(DEGMA) - 20.2 21.1 28.6 

UB-F-10 10% p(OEGMA) 23.9 20.8 - - 

UB-F-30 30% p(OEGMA) 31.4 22.0 - - 

UB-F-50 50% p(OEGMA) 38.9 23.0 24.1 59.2 

UB-F-70 70% p(OEGMA) 46.3 25.7 - - 

UB-F-90 90% p(OEGMA) 53.8 31.5 28.7 59.2 

Table 4.8: Thermal analysis data obtained for pure diblock copolymer micelles 4ix, 4x and blended diblock 

copolymer solutions UB-F-n. Key: a) mean cloud point upon heating the micellar solutions determined 

using turbidimetry data from three heating runs; b) thermal transition temperatures determined via 

microcalorimetry upon heating the micellar solutions. Both variable temperature techniques were 

performed at 5 mg mL-1 with a temperature ramping rate of 1 °C min-1.  

 

Interestingly, microcalorimetry analysis of blended diblock copolymer mixtures UB-F-50 

and UB-F-90 revealed the presence of two thermal transitions (Tp1 and Tp2) in solution 
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upon heating, as shown in Figure 4.16 c and d respectively. In this case, the first thermal 

transition (Tp1) corresponded to the macroscopic precipitation of blended diblock 

copolymer micelles in solution. Significantly, an increase in the transition temperature 

from 24.1 °C to 28.7 °C was measured upon increasing OEGMA percentage 

incorporation in the micelle corona from 50% to 90%. For both blended diblock 

copolymer samples, the second thermal transition (Tp2) occurred at 59.2 °C which directly 

matched the transition temperature and thermal profile obtained for pure p(OEGMA) 

diblock copolymer micelles 4ix (Figure 4.16 b).  

However, two broad endotherms were dectected upon microcalorimetry analysis of pure 

p(DEGMA) diblock copolymer micelles 4x, with transition temperatures of 

approximately 21.1 °C and 28.6 °C (Figure 4.16 a). Following this, a pure homopolymer 

solution of p(DEGMA) (4vii) was measured to determine whether the second thermal 

transition for 4x corresponded to the presence of non-chain extended p(DEGMA) 

homopolymeric chains in solution (Figure 4.16 e). Critically, a single thermal transition 

with Tp = 25.4 °C was detected for 4vii which suggested that thermoresponsive diblock 

copolymer 4x consisted of p(DEGMA) homopolymer impurities upon chain extension 

which was not observed via SEC or 1H NMR spectroscopic analysis. Consequently, self-

assembly of thermoresponsive diblock copolymers 4ix and 4x via unimer blending would 

lead to the formation of blended diblock copolymer micelles coupled with a population 

of free p(DEGMA) homopolymer chains in solution. Upon heating the resultant solution, 

the collapse of free p(DEGMA) homopolymer chains in solution around 25.4 °C would 

likely lower the transition temperature at which the macroscopic precipitation of blended 

diblock copolymer micelles (UB-F-n) occurred at. 
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Figure 4.16: Microcalorimetry analysis of: a) pure p(DEGMA) diblock copolymer micelles 4x; b) pure 

p(OEGMA) diblock copolymer micelles 4ix; c) blended diblock copolymer solution UB-F-50; d) blended 

diblock copolymer solution UB-F-90; e) p(DEGMA) homopolymer solution 4vii. In each case, polymer 

solutions were prepared at 5 mg mL-1 and heated at three different ramping rates. For comparison purposes, 

overlaid heating traces (f) obtained via microcalorimetry are shown for 4x (purple), 4ix (light blue), 

UB-F-50 (orange) and UB-F-90 (red) at 5 mg mL-1. 

 

In fact, the sharp cloud point transitions observed for UB-F-10, UB-F-30 and UB-F-50 

(Figure 4.15) in comparison to the broad cloud point transition obtained for UB-D (Figure 

F) 

A) Tp1 = 21.1 °C 

Tp2 = 28.6 °C 

B) 
Tp1 = 59.2 °C 

C) 

Tp1 = 24.1 °C 

Tp2 = 59.2 °C 
Tp1 = 28.7 °C 

Tp2 = 59.2 °C 
D) 

E) Tp1 = 25.4 °C 
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4.10) further supported the former rationalization. Moreover, the presence of p(DEGMA) 

homopolymer impurities would also result in the OEGMA percentage incorporation for 

blended diblock copolymer solutions UB-F-n to be significantly lower than targeted 

owing to errors in calculating the molarity of 4x in each solution. Therefore, the removal 

of p(DEGMA) homopolymer impurities from 4x should enable the cloud point transition 

for blended diblock copolymer micelles (UB-F-n) to be tuned in a controlled manner via 

simple manipulation of the molar mixing ratio. 
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4.4. Conclusions 

 

In conclusion, this study revealed that the formation of blended diblock copolymer 

micelles was often favored upon copolymer blending providing that the chosen 

amphiphilic diblock copolymers were composed of short core-forming blocks, were 

relatively low in hydrophobic character and possessed a low core Tg. For blended diblock 

copolymer micelles with a coronal composition of brush-like p(DEGMA) with linear 

p(DEAm) or p(NIPAM), copolymer blending resulted in non-cooperative behavior with 

a broadening of the thermal transition at a Tcp corresponding to the chain collapse of the 

higher thermoresponsive corona-forming block. In contrast, blended diblock copolymer 

micelles composed of a p(nBA-co-DMAc) core and a blend of brush-like p(DEGMA) 

and p(OEGMA) thermoresponsive corona-forming blocks displayed cooperative 

behavior with a single thermal transition at an intermediate Tcp with respect to the 

constituent pure diblock copolymer micelles. Further investigation into the former 

diblock copolymer system revealed that incorporation of a statistical p(nBA-co-DMAc) 

core-forming block into the chemical structure of the constituent diblock copolymers was 

critical in facilitating this cooperativity. Significantly, the Tcp for brush-like blended 

diblock copolymer micelles could be systematically increased over a temperature range 

of 11 °C via simple manipulation of the molar mixing ratio. Overall, these findings 

highlight that the cloud point of a micellar solution can be modulated simply by blending 

two thermoresponsive amphiphilic diblock copolymers with similar coronal chemistry 

together. 

  



  Chapter 4 

 

231 

4.5. Experimental Section 

 

4.5.1. Methods and materials 

 

Materials. The following reagents were used as received: 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC∙HCl, Carbosynth, 98%); 2,6-diaminopyridine 

(Sigma-Aldrich, 98%); N,N-dimethylacrylamide (DMAc, Sigma-Aldrich, 99%); n-butyl 

acrylate (nBA, Sigma-Aldrich, 99%); di(ethylene glycol) monomethyl ether methacrylate 

(DEGMA, Sigma-Aldrich, 95%); poly(ethylene glycol) monomethyl ether methacrylate 

(OEGMA, Mn = 300 g mol-1, Sigma-Aldrich); 1,3,5-trioxane (Sigma-Aldrich, 99%). 

2,2’-azobisisobutyronitrile (AIBN) was received from Sigma-Aldrich (98%), 

recrystallized from methanol and stored in the dark at 4 °C. Solvents, including 

high-performance liquid chromatography (HPLC) grade solvents, were purchased from 

Fisher Scientific and used as received. Monomers and 1,4-dioxane were filtered through 

a plug of basic alumina prior to use and stored at 4 °C. Deuterated solvents and silica gel 

(40-63 μm) were used as received from Apollo Scientific. 

1H and 13C NMR spectroscopy. 1H NMR spectroscopy was performed at 300 MHz on a 

Bruker Avance AV-300 spectrometer or a Bruker Avance III HD-300 spectrometer, or at 

400 MHz on a Bruker Avance III HD-400 spectrometer. 13C NMR spectroscopy was 

performed at 100 MHz on a Bruker Avance III HD-400 spectrometer. 1H and 13C NMR 

spectra were measured in deuterated chloroform. Chemical shifts are reported as δ in parts 

per million (ppm) and are stated relative to the residual solvent peaks at 7.26 ppm or 

77.0 ppm for chloroform. Coupling constants (J) correspond to 3JH-H unless otherwise 

stated. All spectra were obtained at 25 °C. 

Size Exclusion Chromatography. SEC analysis was performed on a Varian PL-GPC 50 

system with a set of two PLgel Mixed-C columns plus one guard column and fitted with 
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an RI and UV detector measuring at 309 nm. SEC measurements were performed with 

HPLC-grade chloroform with 0.5% triethylamine at 40 °C at a flow rate of 1 mL min-1. 

The molecular weights of the synthesized polymers were calculated relative to 

poly(methyl methacrylate) (p(MMA)) standards and analyzed using Cirrus v3.3 software. 

Mass Spectrometry. High resolution electrospray ionization time of flight mass 

spectrometry (HRMS (ESI-ToF)) was performed on a Bruker UHR-Q-TOF MaXis 

spectrometer by Dr. Lijang Song, University of Warwick. 

Turbidimetry. Turbidimetry analysis was performed on either a Perkin-Elmer Lambda 35 

UV-Vis instrument or an Evolution™ 350 UV-Vis Spectrophotometer, both fitted with a 

Peltier heating and cooling system. Polymer samples were prepared at a suitable 

concentration with the transmittance of the sample measured at a wavelength of 500 nm 

over three heating and cooling cycles at a heating and cooling rate of 1 °C min-1. 

Microcalorimetry. Microcalorimetry analysis was performed at 5 mg mL-1 on a TA 

instruments Nano DSC with samples degassed for 15 minutes prior to measurement and 

an injection volume of 600 µL used. After 10 minutes of equilibration at the initial 

temperature, diblock copolymer solutions were measured at multiple heating rates 

(0.4 °C/min – 1.5 °C/min) and over a wide range of temperatures (0–100 °C) with 

alternating heating and cooling cycles. Data was baseline subtracted to remove any 

thermal contributions from the solvent, in this case water.  
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4.5.2. Synthetic protocols 

 

Synthesis of methyl 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoate (MCETP). 

 

 

 

Methyl 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoate was prepared according to 

a modified literature procedure.14 To a solution of 4-cyano-4-(((ethylthio)carbonothioyl) 

thio)pentanoic acid (CETPA) (1.52 g, 5.76 mmol) and 2,6-diaminopyridine (352 mg, 

2.88 mmol) in methanol (50 mL), EDC∙HCl (2.21 g, 11.5 mmol) was added and the 

reaction mixture was left to stir at ambient temperature. After 16 h, methanol was 

removed in vacuo and purification was carried out using column chromatography (silica 

gel, 2:1 CH2Cl2/pet. ether) to yield methyl 4-cyano-4-(((ethylthio)carbonothioyl)thio) 

pentanoate (MCETP) as an orange red oil (1.28 g, 4.61 mmol, 80%). 1H NMR (300 MHz, 

CDCl3) δH/ppm: 3.70 (3H, s, H1), 3.34 (2H, q, J = 7.5 Hz, H9), 2.56-2.67 (2H, m, H3), 

2.30-2.55 (2H, m, H4), 1.87 (3H, s, H7), 1.35 (3H, t, J = 7.5 Hz, H10); 13C NMR 

(100 MHz, CDCl3) δC/ppm: 216.7 (C8), 171.8 (C2), 118.9 (C6), 52.0 (C1), 46.3 (C5), 

33.8 (C4), 31.3 (C9), 29.5 (C3), 24.8 (C7) 12.7 (C10); HRMS (ESI-TOF) m/z: [M + H]+ 

calculated for C10H16NO2S3: 278.0343; found: 278.0342. 
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General procedure for the RAFT homopolymerization of DEGMA to produce macroCTA 

4vii 

 

For a total target DPDEGMA = 65 at 72% conversion, an example synthesis is as follows: 

MCETP (52.0 mg, 1 eq), AIBN (3.00 mg, 0.1 eq) and DEGMA (3.17 mL, 90 eq) were 

dissolved in 1,4-dioxane (1:1 monomer volume/1,4-dioxane volume) and added to a dry 

ampoule containing a stirrer bar. The resulting solution was degassed using at least three 

freeze-pump-thaw cycles, back-filled with nitrogen, sealed and placed in a pre-heated oil 

bath at 70 °C. After 6 h, the polymerization was quenched by opening the reaction mixture 

to air and submerging the ampoule in liquid nitrogen. Purification was achieved via 

precipitation into a 1:9 diethyl ether/pet. ether solution three times before being 

re-dissolved in the minimum amount of 18.2 MΩ cm water. Subsequent lyophilization 

resulted in a yellow, viscous oil. 1H NMR (400 MHz, CDCl3) δH/ppm: 4.09 

(br s, 2H, COOCH2CH2), 3.50-3.77 (m, 6H, OCH2CH2OCH2CH2), 3.38 (br s, 3H, 

OCH3), 2.30-2.67 (m, 4H, CH2CH2COOMe of end group), 0.72-2.11 (m, backbone and 

end group). 

 

General procedure for the RAFT homopolymerization of OEGMA to produce macroCTA 

4v 

 

For a total target DPOEGMA = 65 at 72% conversion, an example synthesis is as follows: 

MCETP (34 mg, 1 eq), AIBN (2 mg, 0.1 eq) and DEGMA (3.34 mL, 90 eq) were 

dissolved in 1,4-dioxane (2:3 monomer volume/1,4-dioxane volume) and added to a dry 

ampoule containing a stirrer bar. The resulting solution was degassed using at least three 

freeze-pump-thaw cycles, back-filled with nitrogen, sealed and placed in a pre-heated oil 

bath at 70 °C. After 8 h, the polymerization was quenched by opening the reaction mixture 
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to air and submerging the ampoule in liquid nitrogen. Purification was achieved via 

precipitation into a 1:9 diethyl ether/pet. ether solution three times before being 

re-dissolved in the minimum amount of 18.2 MΩ•cm water. Subsequent lyophilization 

resulted in a yellow, viscous oil. 1H NMR (400 MHz, CDCl3) δH/ppm: 4.07 

(br s, 2H, COOCH2CH2), 3.45-3.81 (m, (OCH2CH2)4-5 of side chain), 3.36 (br s, 3H, 

OCH3), 2.30-2.67 (m, 4H, CH2CH2COOMe of end group), 0.63-2.13 (m, backbone and 

end group). 

 

General procedure for the preparation of diblock copolymers 4ix and 4x via RAFT 

copolymerization of DMAc and nBA 

 

For a target DPcore = 40 at 50% conversion, an example synthesis is as follows: A solution 

of 80 equivalents of a combination of the two monomers (nBA = x, DMAc = 80-x), 0.1 

equivalents of AIBN and 1 equivalent of macroCTA 4v or 4vii in ethanol (2:5 (monomer 

volume and macroCTA weight)/ethanol volume) was added to a dry ampoule containing 

a stirrer bar. 20 equivalents of trioxane was added to the polymerization mixture and used 

as an internal standard. The resulting solution was degassed using at least three freeze-

pump-thaw cycles, back-filled with nitrogen, sealed and placed in a pre-heated oil bath at 

70 °C. After 3 h, the polymerization was quenched by opening the reaction mixture to air 

and submerging the ampoule in liquid nitrogen. Purification was achieved via 

precipitation into a 1:9 diethyl ether/pet. ether solution three times before being 

re-dissolved in the minimum amount of HPLC grade tetrahydrofuran and dried under 

vacuum to yield a yellow, viscous oil. 1H NMR (400 MHz, CDCl3) δH/ppm: 3.90-4.24 

(m, 4H, COOCH2CH2 and CH2CH2CH2CH3), 3.45-3.81 (m, (OCH2CH2)2-5 of side chain), 

3.40 (br s, 3H, OCH3), 2.78-3.22 (m, 6H, CON(CH3)2), 2.30-2.77 (m, 4H, 

CH2CH2COOMe of end group), 0.75-2.06 (m, backbone and end group).  
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5. Fluorescent polymer nanostructures via polymerization-

induced self-assembly using an ABM-functionalized RAFT 

agent 

  



  Chapter 5 

 

240 

5.1. Abstract 

 

Polymerization-induced self-assembly (PISA) is a rapidly growing and industrially 

relevant technology, which allows the preparation of well-defined and predictable 

polymer nanostructures with a diverse range of morphologies at relatively high 

concentrations. Moreover, there is a limited number of reports for the synthesis of 

fluorescently-labelled polymer nanostructures via a PISA approach, especially for 

methodologies in which no post-polymerization modification steps are required. Herein, 

the use of a Z-group ABM-functionalized RAFT agent to synthesize a range of 

fluorescent diblock copolymer nano-objects via RAFT-mediated PISA in aqueous milieu 

will be investigated. The impact that the introduction of an ABM fluorophore has upon 

the PISA methodology will be explored by comparing fluorescent polymer nanostructures 

to literature predictions using a combination of TEM imaging and DLS measurements. 

Finally, pure phases of three block copolymer morphologies – spherical micelles, worm-

like micelles and vesicles – will be targeted with the resultant fluorescence emissive 

behavior measured via both steady-state and time-resolved fluorescence spectroscopy.  
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5.2. Introduction 

 

 Polymerization-Induced Self-Assembly (PISA) 

 

Conventional self-assembly methodologies such as solvent switch, thin-film rehydration 

and direct dissolution involve the introduction of a pre-synthesized amphiphilic block 

copolymer to a selective solvent in a post-polymerization process. An alternative and 

rapidly growing field for nanoparticle fabrication is polymerization-induced 

self-assembly (PISA). PISA involves the chain extension of a solvophilic block, often 

termed the stabilizer block, with a partially or fully miscible core-forming monomer in a 

selective solvent (Figure 5.1).1–3 Upon polymerization, the core-forming monomer 

becomes insoluble and at a critical degree of polymerization induces the self-assembly of 

the growing amphiphilic block copolymer chains in situ, which in turn continue to 

propagate. Moreover, the onset of micellization triggers a marked increase in 

polymerization kinetics due to a high localized concentration of monomer within the 

hydrophobic domain of the self-assembled polymer nanostructures, driving the 

polymerization to completion.4 

A plethora of different morphologies are accessible via this technique (Figure 5.2) and as 

with conventional amphiphilic block copolymer self-assembly, final morphologies 

obtained post-PISA are primarily dictated by the packing parameter i.e. the relative 

volume fraction of solvophilic and solvophobic blocks.5 A critical advantage of 

employing PISA to synthesize polymeric nanostructures is that it can be performed at 

much higher concentrations (10-50 weight percentage (wt%) of solids) in comparison to 

conventional block copolymer self-assembly (<1% concentration), thereby making it an 

economically viable and industrially relevant process. 
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Figure 5.1: Schematic representation for the synthesis of diblock copolymer nano-objects via 

polymerization-induced self-assembly (PISA). Figure and caption adapted from ref 6. 

 

Furthermore, the number of synthetic and purification steps required is significantly 

reduced due to combining both block copolymer synthesis and self-assembly together via 

a one-pot process with quantitative monomer conversions (>99%) often achieved. 

Overall, PISA offers an attractive route for the facile preparation of polymer 

nanostructure libraries with various functionalities and morphologies. Ultimately, PISA 

has revolutionized the field of block copolymer self-assembly with an aim towards 

fulfilling a wide range of applications, including nanomedicine and drug delivery.7–10 

 



  Chapter 5 

 

243 

 

Figure 5.2: Representative transmission electron microscopy (TEM) images for various morphologies that 

can be synthesized using RAFT-mediated PISA including: a) spheres, b) worms, c) unilamellar vesicles, d) 

lamellae, e) framboidal vesicles, f) multilamellar vesicles, g) jellyfish, and h) yolk/shell nanostructures. 

Figure and caption adapted from ref 6. 

 

Successful PISA necessitates a controlled polymerization technique with the vast 

majority of literature examples employing reversible addition-fragmentation chain 

transfer (RAFT) polymerization due its immense monomer scope and robust nature.1,10-13 

Alternative reversible-deactivation radical polymerization (RDRP) methodologies have 

also been shown to be successful for mediating PISA, including atom transfer radical 

polymerization (ATRP),14 nitroxide-mediated radical polymerization (NMP),15,16 as well 

as an initiators for continuous activator regeneration (ICAR) ATRP approach.17 

Moreover, ring-opening metathesis polymerization-induced self-assembly (ROMPISA) 

utilizing a peptide-based core-forming norbornene monomer and an oligoethylene glycol 

based stabilizer block was achieved to generate a range of nanostructures in situ in 

non-aqueous media.18 Recently, O’Reilly and co-workers developed a general strategy 

for the synthesis of block copolymers with excellent control in aqueous media using a 
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commercially available ROMP catalyst. Importantly, switching the core-forming 

monomers to ones which became insoluble upon polymerization afforded a range of block 

copolymer nano-objects via ROMPISA.19 In principle, PISA can be conducted in any 

solvent providing correct selection of the stabilizer block and respective core-forming 

monomer/s.6,12 For instance, benzyl methacrylate offers an excellent choice for the 

core-forming block in alcoholic dispersion PISA’s, as well as in non-polar solvents, but 

is immiscible in aqueous media and thus hinders the formation of higher order 

morphologies such as worm-like micelles and vesicles.20 On the other hand, 

2-hydroxypropyl methacrylate is widely utilized in RAFT aqueous dispersion PISA,21–23 

but is highly soluble in alcoholic media and thus the driving force for subsequent 

self-assembly upon polymerization is precluded. 

Preparation of block copolymer nanostructures in aqueous media is highly appealing for 

various reasons, including economic and environmental concerns, but principally because 

resultant polymer assemblies can be directly applied to potential biomedical 

applications.1 To this end, there is an abundance of literature reports concerning 

successful RAFT aqueous emulsion polymerizations for which the respective 

core-forming monomer is immiscible with water,24–33 and RAFT aqueous dispersion 

polymerizations for which the core-forming monomer is partially or fully miscible in 

aqueous media.4,9,34–41 However, due to monomer immiscibility in RAFT aqueous 

emulsion polymerizations, such systems typically result in the formation of 

kinetically-trapped lower order morphologies as a direct result of poor exchange 

dynamics.20,24,28,32,33 Consequently, the evolution of morphologies is significantly 

hindered and thus few literature examples exist in which worms or vesicles are accessed 

for aqueous emulsion PISA formulations.25,29–31,42,43 In contrast, RAFT aqueous 

dispersion polymerizations benefit from improved monomer solubility and in turn higher 

order morphologies can be accessed with relative ease.1,34,35,40,44 Controlled, reproducible 
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and facile synthesis of higher order morphologies is paramount for biomedical 

applications as the resultant polymer assemblies offer distinct advantages over lower 

order morphologies. For instance, vesicles and cylindrical micelles enable higher loading 

capacities with respect to spherical micelles; with the former capable of co-encapsulating 

both hydrophobic and hydrophilic compounds owing to its compartmentalized 

structure.45 Furthermore, more exotic morphologies (e.g. disc-shaped micelles) typically 

exhibit improved blood circulation lifetimes, cell targeting specificity and internalization 

behavior in comparison to their lower order counterparts.46,47 

An essential prerequisite for aqueous dispersion PISA is a core-forming monomer that is 

partially or fully miscible in water and upon subsequent polymerization, produces a 

water-insoluble polymer at the experimental temperature. Until recently, the number of 

vinyl monomers identified for RAFT aqueous dispersion polymerizations that 

successfully generate block copolymer nano-objects was limited.48 Non-ionic monomers 

such as 2-hydroxypropyl methacrylate (HPMA),23,44,49 2-hydroxybutyl methacrylate 

(HBMA),50 diethylene glycol monomethyl ether methacrylate (DEGMA),37 

2-methoxyethyl acrylate (MEA),10,34,36 N-isopropylacrylamide (NIPAM),51–53 N,N-

diethylacrylamide (DEAm),54 and diacetone acrylamide (DAAm) have been previously 

reported (Figure 5.3 b).55–61 Furthermore, cationic core-forming monomer 

2-aminoethylacrylamide hydrochloride (AEAm), in the presence of an anionic 

polyelectrolyte, induced in situ polyion complexation upon chain extension via RAFT 

aqueous dispersion PISA.62 

Whilst the range of compatible core-forming monomers for aqueous dispersion 

polymerizations is expanding,48 the range of suitable stabilizer blocks is already extensive 

and can conceivably be applied to any hydrophilic monomer (Figure 5.3 a). Select 

examples for successfully utilized corona-forming monomers include, glycerol 

methacrylate (GMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), poly(ethylene 
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glycol) monomethyl ether methacrylate (PEGMA), 3-dimethyl(methacryloyloxyethyl) 

ammonium propane sulfonate (DMAPS), 2-methacryloyloxyethyl phosphorylcholine 

(MPC), N-(2-hydroxypropyl) methacrylamide (HPMAm), 4-vinylpyridine (4VP), and 

N-N-dimethylacrylamide (DMAc).1,6 Notably, surface functionalization of resultant 

polymer assemblies can be manipulated simply by changing the chemical nature of the 

initial stabilizer block. Cationic,21,63 anionic,64–66 zwitterionic,35,67 and 

stimuli-responsive,51 corona-forming blocks have all been successfully utilized in PISA 

formulations. Therefore, block copolymer nano-objects can be designed for a variety of 

applications for which surface chemistry plays a vital role. Whilst the functionalization 

of both the hydrophobic and hydrophilic domains of polymer assemblies can be easily 

modified through monomer selection, restrictions regarding the correct order of monomer 

addition still apply and must be considered to ensure successful block copolymer 

synthesis.68 
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Figure 5.3: Chemical structures of a) hydrophilic corona-forming monomers compatible with PISA in 

aqueous systems, and b) core-forming monomers identified in the literature for use in RAFT-mediated 

aqueous dispersion PISA. 

 

Construction of phase diagrams for each specific block copolymer system is essential to 

enable the reproducible targeting of desired pure block copolymer morphologies.6 Three 

major variables principally dictate the final morphology obtained via PISA; monomer or 

total solids concentration (often referred to as the weight percentage); resultant 

core-forming block length upon polymerization; and molecular weight of the stabilizer 

block employed.40 For instance, for the p(GMA)n-b-p(HPMA)m system depicted in Figure 

5.4, higher order morphologies were generally observed when a shorter stabilizer block 

(p(GMA)47) was used (Figure 5.4 a). In comparison, lower order morphologies were often 

observed for respective diblock copolymer nano-objects prepared at identical copolymer 

concentrations and core-forming block lengths using a longer stabilizer block (p(GMA)78) 

(Figure 5.4 b). 
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Figure 5.4: Phase diagrams for an aqueous p(GMA)n-b-p(HPMA)m system using a short p(GMA)47 (a) or 

long p(GMA)78 (b) stabilizer block. Key: S = spheres, W = worms, BW = branched worms, and V = 

vesicles. Figure adapted from ref 40. 

 

Unsurprisingly, both phase diagrams showed that higher order morphologies are 

generally observed with respect to increasing core-forming block length. Interestingly, 

increasing copolymer concentration for nano-objects prepared with a shorter stabilizer 

block resulted in no change in the observed morphology, whilst the opposite behavior 

was true when the stabilizer block was nearly double in length. This difference in block 

copolymer self-assembly was attributed to the relative steric stabilization of the p(GMA) 

corona-forming block leading to the generation of both kinetically-trapped and at 

equilibrium nanostructures. 

As demonstrated in Figure 5.4, constructed phase diagrams for PISA-derived systems can 

contain a mixture of kinetically-trapped, near-equilibrium or at equilibrium 

nanostructures for similar block copolymer compositions. Moreover, the chosen initiation 

method for RAFT PISA can have a significant impact upon the observed morphologies 

post-PISA. The majority of reported PISA processes rely on thermally-initiated methods 

such as those employed in conventional RAFT polymerizations i.e. use of a thermal azo 

initiator.1,6,11,12 However, photoinitiated RAFT PISA has recently garnered interest with 

several advantages over thermally-initiated PISA, such as increased reaction kinetics and 

milder experimental conditions i.e. requires lower experimental temperatures.13,49 More 

A) B) 
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recently, O’Reilly and co-workers highlighted that obtained morphologies for identical 

block copolymer compositions were distinctly different for PISA formulations prepared 

via the two different initiation methods, thermally-initiated and photoinitiated.69 In this 

case, the authors discovered that photoinitiated PISA formulations often generated higher 

order morphologies with respect to their analogous thermally-initiated formulations.69 

 

 Fluorescent nanoparticle labelling via PISA 

 

Currently, there is a limited number of reports of fluorescently tagged polymer assemblies 

via a PISA approach. One such example was conducted by An and co-workers in which 

a fluorescein dye was used to label p(DMAc)35-b-p(DAAm)300 diblock copolymer 

vesicles via hydrazone chemistry of the pendant ketone groups of the core-forming 

block.55 Subsequently, the authors found that the vesicle solution displayed a strong green 

fluorescence emission upon functionalization, with the degree of fluorophore 

incorporation calculated to be one fluorescent molecule per two diblock copolymer chains 

(Figure 5.5 a).55 Furthermore, dynamic light scattering (DLS) analysis before and after 

functionalization revealed little change in both the hydrodynamic diameter and size 

distribution for fluorescently-labelled vesicles (Figure 5.5 b).55 However, no investigation 

into the difference in fluorescence emission between different morphologies, in this case 

spherical micelles and vesicles, was made by the authors. 
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Figure 5.5: a) Fluorescence emission spectrum of fluorescently-labelled p(DMAc)35-b-p(DAAm)300 

vesicles with an inset image of the vesicle solution under irradiation with 365 nm UV light. b) DLS analysis 

in phosphate-buffered saline solution of p(DMAc)35-b-p(DAAm)300 vesicles before and after 

functionalization with fluorescein-5-thiosemicarbazide. Figure adapted from ref 55. 

 

In another study conducted by Armes and co-workers, galactose-functionalized diblock 

copolymer nano-objects were synthesized via RAFT PISA using a binary mixture of 

p(GMA)51 and poly(galactose methacrylate) (p(GalSMA)34) stabilizer blocks.9 The 

internalization behavior of Rhodamine B loaded (1:9 p(GalSMA)34/p(GMA)51)-b-

p(HPMA)270 vesicles with respect to primary human dermal fibroblast (HDF) cells was 

subsequently investigated by the authors.9 Confocal microscopy of live HDF cells 

confirmed efficient internalization of fluorescently-loaded vesicles with subsequent 

release of the respective dye leading to extensive staining of the HDF cell membranes 

(Figure 5.6 a and c).9 Once again, a post-polymerization approach was utilized in this 

example to fashion fluorescently-tagged polymer assemblies after initial RAFT PISA. 

 

A) B) 
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Figure 5.6: Confocal microscopy images of live HDF cells incubated for 16 h with a 1 mg mL-1 (1:9 

p(GalSMA)34/p(GMA)51)-b-p(HPMA)270 vesicle solution. a) Rhodamine B dye (red) loaded vesicles; b) 

non-Rhodamine B dye loaded vesicles; c) higher magnification image obtained for (a): white arrows 

highlight the selective staining of the nuclear membrane. Scale bar: 50 µm. Figure adapted from ref 9. 

 

Fluorophores that exhibit aggregation-induced emission (AIE) have also been 

successfully utilized to probe polymer self-assemblies synthesized via RAFT PISA. In 

one report by Lu and co-workers, salicylaldehyde groups located in the nanoparticle core 

were reacted via a one-step post-polymerization modification process to produce 

fluorescently-labelled diblock copolymer nano-objects.70 Upon functionalization, the 

authors discovered that self-assembled nanostructures displayed strong orange 

fluorescence emission with measured fluorescence quantum yields for spheres, worms 

and vesicles of 11% in both aqueous and organic media.70 

To date, only one report has used a combinatorial approach whereby 

fluorescently-labelled diblock copolymer nano-objects were prepared via PISA with no 

post-polymerization modification steps. Yuan and co-workers synthesized a range of 

fluorescent self-assembled nanostructures with different molecular weights via RAFT 

dispersion copolymerization of benzyl methacrylate (BzMA) and AIE-active 1-ethenyl-

4-(1,2,2-triphenylethenyl)benzene (TPE) in ethanol mediated by a p(DMAc)39 stabilizer 
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block.71 Importantly, the authors found that both fluorescence emission and fluorescence 

quantum yield demonstrated a direct dependence on the resultant diblock copolymer 

morphology with the following trend observed: vesicles > worms > spherical micelles 

(Figure 5.7).71 Interestingly, the AIE effect was enhanced with respect to increasing the 

size and wall thickness for fluorescent p(DMAc)39-b-p(BzMA-co-TPE)360 vesicles.71 

 

 

Figure 5.7: a) Fluorescence emission spectra of fluorescently-labelled p(DMAc)39-b-p(BzMA-co-TPE)x 

assemblies in H2O. b) Fluorescence quantum yields (QY) of p(DMAc)39-b-p(BzMA-co-TPE)x assemblies 

in EtOH and H2O. Note: Micelles, worms and vesicles for x = 120, 240, and 360 respectively. Figure 

adapted from ref 71. 

 

Overall, this study highlights the possibility of using an environmentally-sensitive 

fluorophore as an effective probe for the investigation and understanding of polymer 

assemblies produced via a PISA approach. In this Chapter, the use of an 

aminobromomaleimide (ABM) fluorophore, as a potential alternative to bulky aromatic 

fluorophores, to achieve similar understanding of PISA-derived nanostructures via core 

functionalization will be explored. 

  

A) B) 
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5.3. Results and Discussion 

 

As outlined in the introduction to this Chapter, RAFT dispersion PISA involves the chain 

extension of a solvent soluble macro chain transfer agent (macroCTA) with an initially 

solvent soluble monomer. Subsequently, the solvent soluble monomer becomes 

solvophobic upon polymerization resulting in the formation of a block copolymer with a 

corona- and a core-forming block respectively. At a critical degree of polymerization, 

spontaneous self-assembly of the growing block copolymer chains occurs which is 

dependent on a multitude of variables highlighted above. As discussed in previous 

Chapters, the optimum location for an aminobromomaleimide (ABM) fluorophore is 

directly adjacent to or within the hydrophobic core-forming block as this ensures 

minimum solvent interactions upon self-assembly thereby promoting fluorescence 

emission. 

With regards to producing fluorescent polymer nanostructures via a PISA methodology 

in aqueous media, one research avenue would be to synthesize a water soluble 

ABM-functionalized monomer which demonstrates the typical characteristics of a PISA 

monomer. Subsequent copolymerization with a second water soluble PISA monomer 

would result in incorporation of the fluorophore within the core-forming block. 

Consequently, the ABM fluorophore would be sequestered into the hydrophobic domain 

of the polymeric nanostructures upon self-assembly. One critical advantage of this 

approach is that the degree of functionalization, in this case fluorophore incorporation, 

can be tuned by simple manipulation of the monomer feed ratios of the two respective 

core-forming monomers. However, it was envisaged that the successful synthesis of a 

partially or fully water miscible ABM-functionalized monomer which becomes 

solvophobic during RAFT aqueous polymerization would be synthetically challenging. 

Furthermore, extensive studies into the effect of the ABM-functionalized monomer upon 
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both the PISA mechanism and subsequent microstructure of the core-forming block 

would need to be conducted. For instance, the relative reactivity ratios for the 

copolymerization of the ABM-functionalized monomer with respect to the second 

core-forming monomer would need to be calculated to determine whether the resultant 

core-forming block is statistical, gradient or alternating in nature. Moreover, changing the 

inherent nature of the core-forming block due to the introduction of a new fluorescent 

comonomer could result in significant deviation between the morphology obtained and 

the anticipated morphology; the latter of which is determined by the respective phase 

diagram for the non-fluorescent block copolymer analogues. As a result, fluorophore 

incorporation via this method was considered unsuitable due to intensive synthetic 

requirements and limited versatility. 

As alluded to in previous Chapters and in the introduction to this Chapter, an alternative 

method for the production of fluorescent polymer nanostructures entails introduction of 

the fluorophore via a post-polymerization modification process. It is worth noting that the 

principal advantages of using PISA to synthesize polymer nanostructures are that a high 

weight percentage of reagents can be used thereby minimizing wastage and cost, a 

one-pot approach is employed in which both polymerization and self-assembly are 

achieved, and the necessity of laborious purification steps and post-polymerization 

handling is precluded. Therefore, the production of fluorescent polymeric nanostructures 

via PISA which requires post-polymerization modification negates the majority of the 

formerly outlined advantages. Ultimately, the requirement for highly efficient reactions 

in which an excess of reagents is typically necessary to achieve a high degree of 

functionalization is in stark contrast to the inherent benefits of employing PISA to 

produce polymer nanostructures. 

Herein, employment of a fluorescent RAFT agent to afford fluorescent polymer 

nanostructures via PISA provided the most suitable option. In Chapter 2, the successful 
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design and synthesis of a RAFT agent whereby the R group was functionalized with an 

ABM fluorophore was described, with the controlled polymerization of more activated 

monomers (MAMs) to fashion fluorescent diblock copolymers achieved in Chapter 3. 

However, for fluorescent diblock copolymers produced utilizing an R group 

ABM-functionalized RAFT agent, the ABM fluorophore is located adjacent to the first 

block synthesized i.e. α-functionalized polymers. In a PISA process, the first block 

synthesized is typically the corona-forming block to fashion a solvent soluble macroCTA 

which is subsequently chain extended via PISA. Consequently, if the same R group 

ABM-functionalized RAFT agent was used to synthesize fluorescent diblock copolymers 

via PISA, the ABM fluorophore would not be sequestered into the hydrophobic domain 

of the resultant self-assembled nanostructures, but instead be located in the hydrophilic 

domain and thus fluorescence emission would be quenched. 

In light of this, one of the Z group ABM-functionalized RAFT agents that was designed 

and synthesized in Chapter 2 will be utilized herein. Benzyl (2-(3-bromo-4-

(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl) carbonotrithioate (2vi) 

facilitates the controlled RAFT polymerization of acrylate, acrylamide and styrenic 

monomers to produce ω-functionalized fluorescent polymers. Consequently, the ABM 

fluorophore will be located adjacent to the core-forming block upon chain extension of a 

solvent soluble macroCTA synthesized via RAFT polymerization using 2vi. During 

PISA, the ABM fluorophore will be sequestered into the hydrophobic domain of the 

resultant polymer nanostructures, thereby ensuring better protection from solvent 

quenching and thus greater fluorescence emission and longer fluorescence lifetimes 

should be observed. 

This Chapter focuses on the synthetic efforts made towards achieving the following two 

research goals. Namely, to use a well-defined PISA system from the literature with a 

previously mapped out phase diagram and focus upon targeting a pure phase of the three 
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main morphologies – spherical micelles, cylindrical or worm-like micelles and vesicles. 

Subsequently, to confirm the obtained morphologies by transmission electron microscopy 

(TEM) imaging and DLS analysis and compare to literature predictions to ascertain if 

there is any effect of the ABM fluorophore upon the PISA mechanism. Finally, the 

fluorescence emission of the resultant polymer nanostructures will be measured via both 

steady-state and time-resolved fluorescence spectroscopy to confirm whether there is an 

anticipated difference in fluorescence emission and fluorescence lifetime of the ABM 

fluorophore for each morphology.71 

The secondary research aim was to develop a PISA system whereby a low weight 

percentage of solids (e.g. 5 wt%) can be used to successfully synthesize fluorescent 

polymer nanostructures of various morphologies without an observed onset of turbidity 

for the polymerization mixture. Subsequently, to determine whether the polymerization 

kinetics and onset of micellization can be measured via in situ steady-state fluorescence 

emission for any successful system. It was anticipated that an increase in fluorescence 

emission will be observed with respect to both increasing degree of polymerization and 

self-assembly state to reflect the corresponding changes with regards to the local 

environment of the ABM fluorophore. 

 

 Fluorescent PISA – initial screening 

 

As outlined above, the Z group ABM-functionalized RAFT agent 2vi (Scheme 5.1) 

should be capable of producing ω-functionalized polymers via the controlled RAFT 

polymerization of acrylate, acrylamide and/or styrenic monomers. Furthermore, 

photoinitiated RAFT PISA was avoided to preclude any possible side reactions or 

photobleaching of the ABM fluorophore during the PISA process. Therefore, the criteria 

for an ideal model PISA system from the literature was as follows; conducted in aqueous 
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media, comprehensive phase diagram with pure phases of each main morphology, 

comprised of water-soluble monomers from any of the three formerly outlined monomer 

classes, and thermally initiated.  

Armes and co-workers recently constructed a phase diagram which allowed the accurate 

targeting of pure block copolymer morphologies (spheres, worms and vesicles) for an 

extensive range of p(DMAc)n-b-p(DAAm)m diblock copolymer compositions via RAFT 

PISA at 20 wt% in aqueous media at 70 °C.60 Well-defined spherical micelles were 

formed from a p(DMAc) macroCTA with an average degree of polymerization (DP) of 

>68 (a); whilst pure phases of both worms (b) and vesicles (c) were identified by the 

authors when relatively short p(DMAc) macroCTAs (DP = 40-58) were utilized – with 

an extremely narrow phase space observed for worms (Figure 5.8).60 

 

 

Figure 5.8: Transmission electron microscopy images (top) showing pure sphere (a), worm (b) and vesicle 

(c) morphologies. Phase diagram (bottom) constructed for a series of p(DMAc)n-b-p(DAAm)m diblock 

copolymer compositions, where S = spheres, S + W = mixed spheres and worms, W = worms, W + V = 

mixed worms and vesicles, and V = vesicles. Figure and caption adapted from ref 60. 
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To allow for comparison with the results obtained from the literature, three fluorescent 

water soluble p(DMAc) homopolymers were synthesized via RAFT polymerization in 

1,4-dioxane at 70 °C using the Z group ABM-functionalized RAFT agent 2vi (Scheme 

5.1). The following degrees of polymerization were targeted to match the respective phase 

spaces depicted in Figure 5.8; 68 to target spherical micelles (S), 58 to target vesicles (V), 

and 40 to target both vesicles (V) and worms (W). 

 

 

Scheme 5.1: RAFT polymerization of DMAc with the Z group ABM-functionalized RAFT agent 2vi to 

produce three p(DMAc) homopolymers (macroCTA 5i-5iii). AIBN = 2,2’-azobisisobutyronitrile. 

 

Upon purification, three p(DMAc)n macroCTAs (5i-5iii) were isolated; characterization 

data for which is summarized in Table 5.1. 

 

macroCTA Target DP 

of DMAc 

ρa 

(%) 

DPb Mn, NMR
b  

(kDa) 

Mn, SEC
c 

(kDa) 

ÐM
c 

5i 68 88 60 6.4 6.5 1.21 

5ii 40 90 36 4.0 3.9 1.22 

5iii 58 81 47 5.2 6.0 1.21 

Table 5.1: Characterization data for ABM-functionalized p(DMAc)n homopolymers (macroCTA 5i-5iii). 

Key: a monomer conversion was calculated by 1H NMR spectroscopy (300 MHz, CD3OD); b determined 

by end group analysis using 1H NMR spectroscopy (300 MHz, CD3OD); c obtained by SEC analysis based 

on poly(methyl methacrylate) (p(MMA)) standards with dimethylformamide (DMF) as the eluent. 
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1H NMR spectroscopy was utilized to determine the degree of polymerization through 

end group analysis by comparing the peak integrals corresponding to the polymer methyl 

and methine resonances (H7 and H6 respectively) to that of the benzyl end group aromatic 

(H1, H2 and H3) and trithiocarbonate end group CH2S resonances (H8) (Figure 5.9). 

 

 

Figure 5.9: 1H NMR spectrum (300 MHz, CD3OD) of the ABM-functionalized p(DMAc)60 macroCTA 5i. 

 

Upon SEC analysis, all three p(DMAc) homopolymers showed symmetrical and narrow 

molecular weight distributions which indicated excellent control over the RAFT 

polymerization using the Z group ABM-functionalized RAFT agent 2vi (Figure 5.10). 

Importantly, the molecular weight distributions obtained using an RI and UV detector 

(recorded at 309 nm) overlap appreciably which indicated that the trithiocarbonate end 

H1 – H3 

H7 

H6 

H4 H5 

H2O 

CH3OH 

H8 H11 H10 H9 

H7 

H7 

H5 H12 
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group was retained which was essential for subsequent chain extension. Unfortunately, at 

the time of measurement the UV lamp of the GPC system had to be replaced and thus 

polymer samples could not be remeasured with the UV detector recording at 400 nm to 

confirm retention of the ABM moiety. However, when placed under the hand-held long 

wave UV lamp (365 nm) all three p(DMAc) homopolymers (macroCTA 5i-5iii) were 

emissive which was a good indication that the ABM functionality was retained to some 

degree.  

 

 

Figure 5.10: Molecular weight distributions determined by SEC (DMF as the eluent and calibrated against 

p(MMA) standards) using both an RI and UV (recorded at 309 nm) detector for the following ABM-

functionalized p(DMAc)n homopolymers: a) 5i, b) 5ii, and c) 5iii. 

 

Note, that all three RAFT polymerizations did not reach >90% conversion after 16 hours 

which was unexpected. Near quantitative conversion was anticipated for a DMAc 

A) 

B) C) 

ÐM = 1.21 

ÐM = 1.22 ÐM = 1.21 
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homopolymerization due to the monomer’s high propagation rate and propensity to not 

undergo side reactions such as backbiting which can prevent high conversions from being 

reached.72 Moreover, in Chapter 2 kinetic analysis of the RAFT homopolymerization of 

DMAc using 2vi revealed that whilst a relatively small induction period existed, a loss in 

polymerization control and/or reduction in the polymerization rate was not observed. 

Considering this, it was unclear as to why the RAFT homopolymerization of DMAc using 

the Z group ABM-functionalized RAFT agent 2vi did not reach the target monomer 

conversion within the experimental timeframe. 

Next, a series of chain extensions of p(DMAc) macroCTAs 5i-5iii were conducted via 

RAFT aqueous dispersion polymerization of DAAm at 70 °C and 20 wt% solids (Scheme 

5.2). A pure phase of vesicles was targeted in most cases with polymerization conditions 

initially reflecting those employed in the paper.60 Note, that 0.01 M NaOH was required 

to solubilize the azo initiator 4,4’-azobis(4-cyanovaleric acid) (ACVA) prior to addition 

to the initial polymerization solution. Furthermore, HCl was not required to lower the 

solution pH to pH 2.5, as the p(DMAc) macroCTAs (5i-5iii) do not have terminal 

carboxylic acid groups unlike their literature analogues.60 

 

 

Scheme 5.2: RAFT aqueous dispersion polymerization of diacetone acrylamide (DAAm) with 

ABM-functionalized water soluble p(DMAc)n macroCTAs 5i-5iii at 20 wt% solids to produce 

ABM-functionalized p(DMAc)n-b-p(DAAm)m diblock copolymers 5iv-5viii. ACVA = 4,4’-azobis(4-

cyanovaleric acid). VA-044 = 2,2'-azobis(2-(2-imidazolin-2-yl)propane dihydrochloride. 



  Chapter 5 

 

262 

 

DAAm conversion for all formulations was monitored via 1H NMR spectroscopy by 

comparing the peak integrals corresponding to residual vinyl resonances at 6.1-6.3 ppm 

to that of the terminal polymeric methyl resonance at 2.18 ppm (H12, Figure 5.11). 

 

 

Figure 5.11: Example crude 1H NMR spectrum (400 MHz, CD3OD) taken after a RAFT aqueous dispersion 

polymerization had been quenched by exposure to air. DAAm conversion was calculated to be 99%. 

 

A detailed summary of the experimental conditions and measured monomer conversions 

for all PISA formulations is provided in Table 5.2. For the majority of PISA formulations 

in which ACVA was used as the azo initiator, quantitative conversion after 4 hours was 

not reached as targeted and, in certain cases, low or even no conversion of DAAm was 

observed (Table 5.2, entries 1-7). With regards to the addition of the azo initiator to the 

polymerization solution, the required quantities necessitated a stock solution of ACVA 

with a known concentration to be used. However, ACVA is poorly water soluble and 

H1 – H3 

Residual monomer 

vinyl peaks 

H2O, H15 

CH3OH 

H13 H14 

H12 

H10 

H4 H5  
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thus required either basic pH or elevated temperatures to ensure complete dissolution. As 

a result, it was postulated that the presence of base in the PISA formulations was leading 

to competition during the RAFT aqueous dispersion polymerization between the loss of 

the trithiocarbonate end group via base hydrolysis and conversion of DAAm. 

Furthermore, for PISA formulations for which the stock solution of ACVA had been 

prepared at elevated temperatures, negligible monomer conversions were measured 

which was attributed to azo initiator degradation prior to the onset of polymerization 

(Table 5.2, entry 4). Two alternative water-soluble azo initiators that have been utilized 

previously within the literature for RAFT aqueous dispersion polymerizations are 2,2'-

azobis(2-(2-imidazolin-2-yl)propane dihydrochloride (VA-044) and 2,2'-azobis(2-

methylpropionamidine) dihydrochloride (V-50) (Figure 5.12).1,6,55,57,59 

 

 

Figure 5.12: Chemical structures of water-soluble azo initiators 2,2'-azobis(2 (2 imidazolin-2-yl)propane 

dihydrochloride (VA-044) and 2,2'-azobis(2-methylpropionamidine) dihydrochloride (V-50). 

 

Consequently, the azo initiator was switched from ACVA to VA-044 and the reaction 

temperature was lowered to 60 °C to account for the difference in the half-life 

decomposition temperature. Subsequent RAFT polymerization solutions became 

distinctly turbid within 90 minutes which was a qualitative indication of the onset of 

micellar nucleation. Moreover, all PISA formulations using VA-044 as the azo initiator 

reached near quantitative conversion after 4 hours (Table 5.2, Entries 8-12), which was 

in good agreement with the polymerization kinetics previously reported for this system 

in the literature.55,60 
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Entry 

 

p(DMAc) 

macroCTA 

p(DAAm) 

Target DP 

[DAAm] 

(wt%) 

Azo Initiator Temperature 

(°C) 

ρa 

(%) 

1 5i 200 20 ACVAb 70 65 

2 5i 120 20 ACVAb 70 64 

3 5i 80 20 ACVAb 70 49 

4 5i 200 20 ACVAc 70 0 

5 5iii 170 20 ACVAb 70 3 

6 5iii 100 20 ACVAb 70 4 

7 5iii 75 20 ACVAb 70 1 

8 5i 200 20 VA-044 60 99 

9 5i 120 20 VA-044 60 94 

10 5i 80 20 VA-044 60 94 

11 5ii 150 20 VA-044 60 98 

12 5iii 170 20 VA-044 60 98 

Table 5.2: Experimental data obtained for a series of RAFT aqueous dispersion polymerizations of DAAm 

with an ABM-functionalized p(DMAc)n macroCTA (5i-5iii) to produce ABM-functionalized p(DMAc)n-b-

p(DAAm)m diblock copolymers. Key: a monomer conversion was calculated by 1H NMR spectroscopy of 

the crude polymerization mixture (300 MHz, CD3OD); b stock solution of ACVA was prepared using 

0.01 M NaOH; c stock solution of ACVA was prepared at 40 °C. 

 

To qualitatively ascertain the relative environment of the ABM fluorophore, 

polymerization solutions were placed under the hand-held long wave UV lamp (365 nm) 

prior to PISA and post-PISA. As expected, pre-PISA formulations displayed negligible 

fluorescence emission (Figure 5.13 a) which mirrored the behavior previously observed 

for ABMs in water, whereby the quantum yield is extremely low and fluorescence 

emission red shifted due to fluorescence quenching via electron drive proton transfer 

(EDPT).73,74 In contrast, post-PISA formulations were visibly emissive (Figure 5.13 b) 

with a clear blue shift in fluorescence emission which indicated a distinct change in the 
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relative environment of the ABM fluorophore as a result of improved protection from 

fluorescence quenching. 

 

 

Figure 5.13: Images of a p(DMAc)n-b-p(DAAm)m formulation under a UV lamp (λ = 365 nm): a) prior to 

RAFT aqueous dispersion polymerization, and b) post RAFT aqueous dispersion polymerization.  

 

Upon purification of the successful PISA formulations (Table 5.2, entries 8-12), five 

ABM-functionalized p(DMAc)n-b-p(DAAm)m diblock copolymers (5iv-5viii) were 

isolated; characterization data for which is summarized in Table 5.3. 

 

Diblock Copolymer DP DMAca DP DAAma Mn, NMR
a 

(kDa) 

Mn, SEC
b 

(kDa) 

ÐM
b 

5iv 60 198 39.9 49.2 2.09 

5v 60 113 25.5 29.4 1.95 

5vi 60 75 19.1 21.4 1.85 

5vii 36 147 28.9 38.5 5.65 

5viii 47 167 33.4 50.6 1.67 

Table 5.3: Characterization data for ABM-functionalized p(DMAc)n-b-p(DAAm)m diblock copolymers 

5iv-5viii. Key: a determined by end group analysis using 1H NMR spectroscopy (300 MHz, CD3OD); 

b obtained by SEC analysis based on p(MMA) standards with DMF as the eluent. 

 

 

A) B) 
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High dispersity values (ÐM > 1.67) were obtained for all five p(DMAc)n-b-p(DAAm)m 

diblock copolymers (5iv-5viii) with very broad molecular weight distributions and, in 

some cases, bimodal RI traces observed upon SEC analysis (Figure 5.14). Consequently, 

TEM imaging and DLS analysis was not conducted for any of the five purified PISA 

formulations due to poor control over the RAFT aqueous dispersion polymerization of 

DAAm. Following these poor results, it was postulated that the R group chosen, in this 

case benzyl, was not the optimal choice for polymerizing acrylamides in a controlled 

manner in aqueous solution. Furthermore, the number of equivalents of azo initiator used 

was potentially too high, resulting in an uncontrolled rate of polymerization (Rp) coupled 

with an increased probability of termination events hindering the overall control over the 

RAFT polymerization. 
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Figure 5.14: Molecular weight distributions determined by SEC (DMF as the eluent and calibrated against 

p(MMA) standards) using an RI detector for the following ABM-functionalized p(DMAc)n-b-p(DAAm)m 

diblock copolymers: a) 5iv, b) 5v, c) 5vi, d) 5vii, and e) 5viii. Respective RI traces for p(DMAc)n 

macroCTAs (5i-5iii) are shown for comparison. 

  

A) ÐM = 1.21 

ÐM = 2.09 

B) ÐM = 1.21 

ÐM = 1.95 

C) ÐM = 1.21 

ÐM = 1.85 

E) D) 
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 Fluorescent PISA optimization 

 

Several examples exist in the literature regarding the successful RAFT aqueous 

dispersion polymerization of DAAm to produce block copolymer nano-objects via PISA. 

In almost all cases, the R group of the RAFT agent used was either propionic acid, 

isobutyric acid, or their respective methylated ester analogues (Figure 5.15).55,57,60,61 

 

 

Figure 5.15: Chemical structures of RAFT agents that have been successfully used within the literature to 

produce well-defined p(DMAc)n-b-p(DAAm)m diblock copolymer nano-objects via RAFT PISA.55,57,60,61 

 

In light of this, a revised Z group ABM-functionalized RAFT agent was designed and 

synthesized by the three step route detailed in Scheme 5.3. Ethyl 2-((((2-hydroxyethyl) 

thio)carbonothioyl)thio)propanoate (5ix) was synthesized following the literature 

protocol previously used for the synthesis of benzyl (2-hydroxyethyl) carbonotrithioate 

(BHET) in Chapter 2,75 with benzyl bromide switched to ethyl 2-bromopropionate. 

Transformation of the hydroxyl group to the pro-fluorescent dibromomaleimide (DBM) 

moiety was achieved via a modified Mitsunobu reaction to produce 5x in an isolated yield 

of 38%. Subsequent reaction between the pro-fluorescent Z group DBM-functionalized 

precursor (5x) and isopropylamine afforded the desired Z group ABM-functionalized 

RAFT agent 5xi in an overall yield of 13% (Scheme 5.3). 
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Scheme 5.3: Synthesis of a revised Z group ABM-functionalized RAFT agent 5xi, whereby the R group is 

ethyl propionate and the Z group is N-mercaptoethyl aminobromomaleimide. 

 

Overall, the sole difference between 5xi and the RAFT agent used for previous PISA 

formulations, 2vi, was the change in R group structure from benzyl to ethyl propionate. 

Furthermore, the Z group ABM-functionalized RAFT agent 5xi was designed to closely 

match the chemical structure of one of the RAFT agents successfully used for the 

preparation of well-defined p(DMAc)-b-p(DAAm) diblock copolymer nano-objects from 

the literature (Figure 5.15, RAFT agent B).55,57 As a result, it was envisaged that 

reproducing the experimental conditions employed in the highlighted literature examples 

would help to determine the effect from the introduction of the ABM fluorophore into the 

Z group structure of 5xi upon the PISA methodology. 

To allow for comparison with the previously obtained experimental results in Section 

5.3.1, RAFT homopolymerization of DMAc using the Z group ABM-functionalized 

RAFT agent 5xi was conducted in 1,4-dioxane at 70 °C, as outlined in Scheme 5.4. 
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Scheme 5.4: RAFT polymerization of DMAc with the Z group ABM-functionalized RAFT agent 5xi to 

produce four fluorescent ABM-functionalized p(DMAc)n homopolymers (macroCTA 5xii-5xv). 

 

Upon purification, a series of ABM-functionalized p(DMAc)n macroCTAs were isolated 

(5xii-5xv); characterization data for which is summarized in Table 5.4. 

 

macroCTA Target DP 

of DMAc 

ρa 

(%) 

DPb Mn, NMR
b 

(kDa) 

Mn, SEC
c 

(kDa) 

ÐM
c 

5xii 70 84 59 6.3 7.4 1.13 

5xiii 55 80 44 4.8 6.4 1.11 

5xiv 50 84 42 4.6 6.6 1.12 

5xv 90 86 77 8.1 11.7 1.10 

Table 5.4: Characterization data for ABM-functionalized p(DMAc)n homopolymers (macroCTA 5xii-

5xv). Key: a monomer conversion was calculated by 1H NMR spectroscopy of the crude polymerization 

mixture (400 MHz, CDCl3); b determined by end group analysis using 1H NMR spectroscopy (400 MHz, 

CDCl3); c obtained by SEC analysis based on p(MMA) standards with CHCl3 as the eluent. 

 

For the synthesis of macroCTAs 5xii and 5xiii, RAFT polymerizations failed to reach full 

conversion after 4 hours despite the change in the R group structure for the revised Z 

group ABM-functionalized RAFT agent 5xi. Therefore, the number of monomer 

equivalents with respect to RAFT agent concentration was increased for subsequent 

RAFT homopolymerizations of DMAc using 5xi. 1H NMR spectroscopy was used to 

monitor the conversion of DMAc throughout, with the RAFT polymerizations quenched 
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once the target degree of polymerization was reached to prevent further propagation. As 

discussed in Section 5.3.1, the main aim of this Chapter was to reproduce diblock 

copolymer nano-objects of spherical micelles, worm-like micelles and vesicles according 

to the relative phase spaces depicted in Figure 5.8.60 Consequently, macroCTAs 5xiv and 

5xv were synthesized with p(DMAc) chain lengths that closely matched the desired DPs 

of 40 to target vesicles and worms, and >68 to target spherical micelles. 

Retention of both the ABM and trithiocarbonate functionalities was determined by SEC 

analysis. Importantly, excellent agreement between the molecular weight distributions 

obtained using an RI and UV detector (recorded at 309 nm and 400 nm) for p(DMAc) 

macroCTAs 5xii and 5xiii confirmed that both functional groups were appreciably 

retained (Figure 5.16). Moreover, p(DMAc) macroCTAs 5xii-5xv synthesized using the 

revised Z group ABM-functionalized RAFT agent 5xi exhibited lower dispersities (ÐM = 

1.10-1.13) than their analogous counterparts, macroCTAs 5i-5iii analyzed in Section 

5.3.2 (ÐM = 1.21-1.22). 

 

 

Figure 5.16: Molecular weight distributions determined by SEC (CHCl3 as the eluent and calibrated against 

p(MMA) standards) using both an RI and UV (recorded at 309 and 400 nm) detector for the following 

ABM-functionalized p(DMAc)n homopolymers: a) 5xii, and b) 5xiii. 

 

A) B) 
ÐM = 1.13 ÐM = 1.11 
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In Section 5.3.1, it was theorized that a relatively high azo initiator concentration coupled 

with an unsuitable R group choice led to poor control over the RAFT aqueous dispersion 

polymerization of DAAm, with the formation of highly disperse diblock copolymers 

during PISA. Subsequently, a revised Z group ABM-functionalized RAFT agent (5xi) 

has been designed, synthesized and utilized to produce fluorescent p(DMAc)n 

macroCTAs 5xii-5xv with low dispersities, as described above. An and co-workers 

reported the successful formation of well-defined vesicles in a reasonable experimental 

timeframe using DAAm as the core-forming monomer, a p(DMAc)35 stabilizer block, and 

V-50 as the water-soluble azo initiator.55 Primarily, this study focused upon the change 

in both the vesicles’ dimensions and size distribution with respect to the following 

variables; core-forming block length, number of equivalents of azo initiator used (0.02-

-0.05 eq), and reaction temperature (60 °C or 70 °C).55 

As discussed previously, the Z group ABM-functionalized RAFT agent 5xi was designed 

to closely match the chemical structure of the RAFT agent employed in this paper (Figure 

5.15, RAFT agent B).55 Therefore, subsequent chain extensions of p(DMAc)44 

macroCTA 5xiii were conducted via RAFT aqueous dispersion polymerization of DAAm 

at 70 °C with V-50 as the water soluble azo initiator, to reflect the experimental conditions 

used in the paper (Scheme 5.5).55 
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Scheme 5.5: RAFT aqueous dispersion polymerization of DAAm with ABM-functionalized water soluble 

p(DMAc)44 macroCTA 5xiii at various weight percentages to produce ABM-functionalized p(DMAc)44-b-

p(DAAm)m diblock copolymer nano-objects. 

 

Initially, a series of RAFT aqueous dispersion polymerizations were conducted at various 

weight percentages with the target DP of the p(DAAm) core-forming block varied 

systematically in order to investigate the research aims discussed below. Firstly, to 

determine whether switching the R group of the Z group ABM-functionalized RAFT 

agent 2vi, coupled with a change in azo initiator and respective concentration, facilitated 

the controlled RAFT aqueous dispersion polymerization of DAAm. Secondly, to 

ascertain whether the observed morphologies for specific diblock copolymer 

compositions directly matched their respective literature analogues for successful PISA 

formulations. Finally, to probe the limitations of this PISA system with regards to 

lowering the weight percentage of solids used to such a degree whereby fluorescence 

spectroscopy could be used to monitor the polymerization kinetics and self-assembly state 

of the growing block copolymer chains.  

To this end, p(DMAc)44 macroCTA 5xiii was selected as the stabilizer block to reflect the 

respective p(DMAc) chain length used in the literature, p(DMAc)35.
55 Due to the 

relatively short nature of the former stabilizer block, it was anticipated that higher order 

morphologies should be obtained for lower p(DAAm) DPs with respect to longer 

stabilizer blocks. Consequently, it was envisaged that resultant p(DMAc)44-b-p(DAAm)m 

diblock copolymer nano-objects will have sufficiently small enough dimensions to 
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prevent an onset of turbidity for the respective polymerization solutions. However, it 

should be taken into consideration that the latter is also highly dependent upon the final 

concentration of self-assembled nanostructures. Therefore, a low weight percentage of 

solids combined with a short p(DMAc) stabilizer block could enable successful in situ 

steady-state fluorescence analysis without the inner filter effect or sample turbidity 

preventing accurate measurement. 

A detailed summary of the experimental conditions, calculated monomer conversions, 

observed morphology, respective hydrodynamic diameters, and size distributions for all 

PISA formulations is provided in Table 5.5. Overall, three different weight percentages 

were investigated for this PISA system; 20 wt%, 10 wt% and 5 wt%.  

For PISA formulations at 20 wt% (Table 5.5, entries 1-3), quantitative conversion was 

reached within 4 hours with the onset of turbidity observed after 60 minutes which was 

in good agreement with the polymerization kinetics recorded in the literature.55 However, 

for PISA formulations at 5 or 10 wt% (Table 5.5, entries 4-11), extended reaction times 

were required to reach high conversion with no onset of turbidity observed within 6 hours. 

Surprisingly, for PISA formulations prepared at 5 wt%, turbid dispersions formed even 

though quantitative conversion was not reached within the experimental timeframe. 

Moreover, increasing the number of azo initiator equivalents from 0.05 to 0.10 for a 

5 wt% PISA formulation did not result in a significant improvement in the measured 

monomer conversion (Table 5.5, entry 7). PISA formulations that reached >75% DAAm 

conversion (Table 5.5, entries 1-5 and 8-10) were purified by dialysis with half of the 

resultant dialyzate lyophilized for 1H NMR spectroscopic and SEC analysis. 
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Entry p(DAAm) 

Target DP 

[DAAm] 

(wt%) 

Time 

(h) 

ρa 

(%) 

Mn, SEC
b 

(kDa) 

ÐM
b Dh

c 

(nm) 

PDc Morphologyd 

1 100 20 6 96 29.6 1.44f
 190 0.26 Worms/Vesicles 

2 200 20 5 97 78.8 1.49f 307 0.19 Vesicles 

3 400 20 5 96 18.1 1.32 299 0.09 Vesicles 

4 200 10 24 95 36.7 1.40 - - - 

5 400 10 24 95 73.0 1.49 - - - 

6 200 5 24 52 - - - - - 

7e 200 5 24 60 - - - - - 

8 400 5 24 87 18.0 1.62 120 0.05 Spheres 

9 500 5 24 95 94.4 1.83 147 0.01 Spheres 

10 600 5 24 77 94.7 1.71 133 0.02 Spheres 

Table 5.5: Summary of RAFT aqueous dispersion polymerizations of DAAm with a p(DMAc)44 

macroCTA (5xiii) to produce ABM-functionalized p(DMAc)44-b-p(DAAm)m diblock copolymer 

nano-objects at various weight percentages. Key: a monomer conversion was calculated by 1H NMR 

spectroscopy of the crude polymerization mixture (300 MHz, CDCl3); b obtained by SEC analysis based on 

p(MMA) standards with CHCl3 as the eluent; c determined by DLS analysis; d determined by TEM imaging; 

e 0.1 equivalents of azo initiator V-50 was used instead of 0.05 equivalents; f obtained by SEC analysis 

based on p(MMA) standards with DMF as the eluent. 

 

Importantly, improved control over the RAFT aqueous dispersion polymerization of 

DAAm to produce well-defined p(DMAc)44-b-p(DAAm)m diblock copolymer 

nano-objects via PISA was confirmed upon SEC analysis. Previously, p(DMAc)n-b-

p(DAAm)m diblock copolymers 5iv-5viii displayed high dispersity values (ÐM = 

1.65-2.10) and asymmetrical molecular weight distributions with significant low 

molecular weight shoulders (Figure 5.14). In contrast, for p(DMAc)44-b-p(DAAm)m 

diblock copolymers prepared at 10 wt% and 20 wt% using the revised Z group 

ABM-functionalized RAFT agent 5xi, monomodal RI traces with relatively low 

dispersity values (ÐM = 1.32-1.49) were obtained (Figure 5.17 a, b and c). Whilst an 
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increase in dispersity was observed for diblock copolymer nano-objects prepared at 

5 wt% (ÐM = 1.62-1.83), a clear increase in molecular weight for all analyzed diblock 

copolymers indicated that relatively efficient chain extension of the p(DMAc)44 stabilizer 

block was achieved (Figure 5.17). 

 

 

Figure 5.17: Molecular weight distributions determined by SEC using an RI detector for 

ABM-functionalized p(DMAc)44-b-p(DAAm)m diblock copolymers (where m is denoted in each 

chromatogram) prepared at the following weight percentages: a) 20 wt%, b) 20 wt%, c) 10 wt%, and d) 

5 wt%. DMF was the eluent for (a) whilst CHCl3 was the eluent for (b), (c) and (d). SEC data was calibrated 

against p(MMA) standards in all cases. RI trace for p(DMAc)44 macroCTA 5xiii is shown for comparison. 

 

Critically, the obtained SEC results compared favorably to the literature.55,60 For instance, 

for a series of p(DMAc)77-b-p(DAAm)m diblock copolymers prepared at 20 wt% by 

A) B) 

m = 96 

ÐM = 1.44 

m = 194 

ÐM = 1.49 

5xiii 

 ÐM = 1.15 

5xiii 

 ÐM = 1.11 

m = 384 

ÐM = 1.32 

C) D) 

5xiii 

ÐM = 1.11 

m = 348 

ÐM = 1.62 

m = 475 

ÐM = 1.83 

m = 462 

ÐM = 1.71 

m = 190 

ÐM = 1.40 

5xiii 

 ÐM = 1.11 

m = 380 

ÐM = 1.49 
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Armes and co-workers using RAFT agent A (Figure 5.15), the measured dispersity values 

(ÐM = 1.35-1.57) were in good agreement with those obtained herein.60 Ultimately, the 

marked improvement in polymerization control could be principally attributed to the 

change in the R group for the Z group ABM-functionalized RAFT agent 5xi from benzyl 

to ethyl propionate. 

Following SEC analysis, dialyzed PISA formulations prepared at 5 wt% and 20 wt% were 

diluted to a suitable concentration to be further analyzed via TEM imaging and DLS 

measurements. Observed morphologies from TEM micrographs were compared to 

literature predictions for various p(DMAc)n-b-p(DAAm)m diblock copolymer 

compositions to determine the effect of the ABM fluorophore upon the PISA process. 

Representative TEM images for each fluorescent p(DMAc)44-b-p(DAAm)m diblock 

copolymer composition (Table 5.5, entries 1-3 and 8-10) are shown in Figure 5.18, with 

corresponding intensity-weighted DLS size distributions displayed in Figure 5.19.  
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Figure 5.18: Dry-state stained TEM images and observed morphologies for the following p(DMAc)44-b-

p(DAAm)m compositions: a) worms/vesicles (20 wt%, m = 96); b) vesicles (20 wt%, m = 194); c) vesicles 

(20 wt%, m = 384); d) spheres (5 wt%, m = 348); e) spheres (5 wt%, m = 475); f) spheres (5 wt%, m = 462). 

Formvar-coated copper grids were stained using a 1 wt% uranyl acetate (UA) solution. 

 

A) B) 

C) D) 

E) F) 
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Figure 5.19: Intensity-weighted size distributions by DLS for the following p(DMAc)44-b-p(DAAm)m 

compositions: a) 20 wt%, m = 96; b) 20 wt%, m = 194; c) 20 wt%, m = 384; d) 5 wt%, m = 348; e) 5 wt%, 

m = 475; f) 5 wt%, m = 462. Morphology obtained from TEM imaging is stated above for reference. 

 

 

A) B) 

20 wt% / p(DAAm)96 / Worms and Vesicles 20 wt% / p(DAAm)194 / Vesicles 

C) D) 

20 wt% / p(DAAm)384 / Vesicles 5 wt% / p(DAAm)348 / Spheres 

E) F) 

5 wt%/ p(DAAm)475 / Spheres 5 wt% / p(DAAm)462 / Spheres 
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Crucially, the introduction of an ABM fluorophore using the Z group 

ABM-functionalized RAFT agent 5xi did not affect the final morphology obtained 

post-PISA, as confirmed via TEM imaging and DLS analysis. For instance, p(DMAc)44-

b-p(DAAm)96 and p(DMAc)44-b-p(DAAm)194 diblock copolymer compositions directly 

matched their respective predicted morphologies based upon the constructed phase 

diagram at 20 wt% for the same PISA system (Figure 5.8).60 Furthermore, increasing 

p(DAAm) DP from 194 to 384 for 20 wt% PISA formulations resulted in no significant 

change in hydrodynamic diameter (307 nm and 299 nm respectively), with an increase in 

membrane thickness for unilamellar vesicles observed instead (Figure 5.18 b and c 

respectively). This phenomenon has been previously observed for PISA-derived vesicles 

whereby membrane thickness has been shown to be directly dependent upon 

core-forming block length above a critical DP.71 For 5 wt% formulations, highly 

monodisperse spherical micelles (PD = 0.01-0.05) were formed for all three p(DMAc)44-

b-p(DAAm)m diblock copolymer compositions (Figure 5.18 d, e and f), with a linear 

increase in hydrodynamic size with respect to increasing core-forming block length 

observed.  

Finally, the limitations of this thermally-initiated PISA system was explored. Further 

experimental studies revealed that below 5 wt%, PISA formulations did not reach 

quantitative conversion within the experimental timeframe, regardless of the target 

core-forming block length. Moreover, PISA formulations prepared at 5 wt% with a target 

p(DAAm) DP lower than 200 failed to reach high conversion, with no evidence of any 

self-assembled polymer nanostructures upon DLS analysis. Without an onset of 

micellization, the corresponding marked increase in polymerization kinetics did not occur 

which ultimately prevented RAFT aqueous dispersion polymerizations from reaching 

completion. Therefore, no combination of experimental conditions was found whereby 

the onset of turbidity for the resultant polymerization mixture was precluded to allow for 
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in situ steady-state fluorescence analysis. Consequently, it was proposed that a 

significantly shorter stabilizer block (DP = 10–25) would be required to overcome the 

difficulties encountered herein. 

 

 Pure block copolymer morphologies via fluorescent PISA 

 

As outlined in Section 5.3.1, the principle aim for this Chapter was to target pure phases 

of the following block copolymer morphologies – spherical micelles, cylindrical or 

worm-like micelles, and vesicles. To this end, p(DMAc)42 and p(DMAc)77 stabilizer 

blocks (macroCTA 5xiv and 5xv respectively) were successfully synthesized using the Z 

group ABM-functionalized RAFT agent 5xi, with retention of the ABM moiety 

confirmed via SEC analysis (see Section 5.3.2). It was envisaged that the longer 

p(DMAc)77 stabilizer block would allow a pure phase of spherical micelles to be 

successfully targeted, whilst the shorter p(DMAc)42 stabilizer block would enable access 

to pure phases of both vesicles and worms. Consequently, it was anticipated that a 

difference in fluorescence lifetime with respect to block copolymer morphology would 

be observed upon time-resolved fluorescence spectroscopy. Moreover, by measuring the 

steady-state fluorescence emission and the corresponding fluorescence quantum yield for 

each block copolymer morphology, it was proposed that any change regarding the 

hydrated state of the ABM fluorophore would be observed. 

According to the phase diagram constructed at 20 wt% for this all acrylamide PISA 

system (Figure 5.8), the phase boundary for a pure phase of worms was extremely narrow 

with only one successful block copolymer composition found; p(DMAc)40-b-

p(DAAm)99. Note, that in this paper end group analysis for all five p(DMAc) macroCTAs 

produced via RAFT polymerization was conducted using UV spectroscopy instead of 

1H NMR spectroscopy.60 Whilst end group analysis using a calibration curve for the UV 
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absorption of the trithiocarbonate end group is a viable technique, evaluation of the 

experimental protocol utilized by Armes and co-workers for the RAFT 

homopolymerization of DMAc revealed potentially significant inaccuracies between the 

calculated and theoretical molecular weights.60 For instance, the ratio of monomer 

concentration with respect to RAFT agent concentration was [60]:[1] for the synthesis of 

a p(DMAc)68 stabilizer block, with 89% monomer conversion achieved as determined by 

1H NMR spectroscopic analysis.60 Therefore, upon purification the expected average 

degree of polymerization for this respective p(DMAc) macroCTA would be 53, which is 

significantly different to the calculated value of 68, this in turn is greater than the number 

of DMAc equivalents originally used.60 Considering that the isolated p(DMAc) 

macroCTA possessed a low dispersity (ÐM = 1.12) and efficient chain extension was 

achieved by the authors,60 it was unlikely that the initial RAFT homopolymerization was 

uncontrolled. In light of this, possible discrepancies regarding the DP of the p(DMAc) 

stabilizer block for the phase diagram constructed in this paper (Figure 5.8) should be 

considered with respect to directly reproducing specific diblock copolymer compositions 

and corresponding morphologies.60 

Using the experimental conditions employed in the previous section, a series of RAFT 

aqueous dispersion polymerizations of DAAm were conducted at 20 wt% in an attempt 

to target pure block copolymer morphologies (Scheme 5.6). Fluorescent 

ABM-functionalized water soluble p(DMAc)n macroCTAs 5xiv and 5xv were utilized, 

with a complete summary of the experimental and analytical data obtained for PISA 

formulations provided in Table 5.6. 
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Scheme 5.6: RAFT aqueous dispersion polymerization of DAAm with ABM-functionalized water soluble 

p(DMAc) macroCTAs 5xiv-5xv at 20 wt% to produce ABM-functionalized p(DMAc)n-b-p(DAAm)m 

diblock copolymer nano-objects. 

 

Initially, five different block copolymer compositions were selected using the shorter 

p(DMAc)42 stabilizer block in an attempt to obtain a pure phase of worms. Target 

p(DAAm) DP was varied systematically between 90 and 110 (Table 5.6, entries 1-5) with 

the formation of a viscous gel observed after 4 hours, thereby providing a qualitative 

indication of worm formation. Upon purification via dialysis, dry state stained TEM 

imaging of the diluted samples confirmed that a mixed phase of worms and vesicles was 

obtained in all cases. Interestingly, it appeared that the relative population of vesicles with 

respect to worms for each mixed phase lowered with respect to decreasing core-forming 

block length. Consequently, by methodically reducing the target p(DAAm) DP for 

subsequent PISA formulations (Table 5.6, entries 6-9), a critical p(DMAc)42-b-

p(DAAm)m diblock copolymer composition was discovered for which a pure phase of 

worms was obtained which had a respective p(DAAm) core-forming block length of 73 

(Table 5.6, entry 7). 
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Entry p(DMAc) 

DP 

p(DAAm) 

Target DP 

ρa 

(%) 

p(DAAm) 

DPb 

Dh
d 

(nm) 

Morphologye 

1 42 90 91 82 - Worms/Vesicles 

2 42 95 91 87 - Worms/Vesicles 

3 42 100 92 92 - Worms/Vesicles 

4 42 105 92 97 - Worms/Vesicles 

5 42 110 92 101 - Worms/Vesicles 

6 42 85 91 77 178 Worms/Vesicles 

7 42 80 91 73 191 Worms 

8 42 75 91 68 130 Worms/Vesicles 

9 42 70 91 64 94 Worms/Vesicles 

10 42 150 92 138 217 Vesicles 

11 42 200 85 170 226 Vesicles 

12 77 160 91 146 50 Spheres 

Table 5.6: Summary of RAFT aqueous dispersion polymerizations of DAAm with an ABM-functionalized 

p(DMAc)n macroCTA (5xiv-5xv) to produce ABM-functionalized p(DMAc)n-b-p(DAAm)m diblock 

copolymer nano-objects at 20 wt%. Key: a monomer conversion was calculated by 1H NMR spectroscopy 

(300 MHz, CDCl3); b determined by end group analysis using 1H NMR spectroscopy (400 MHz, CDCl3); 

d determined by DLS analysis; e determined by TEM imaging. 

 

Moreover, upon increasing the number of DAAm equivalents whilst keeping the same 

stabilizer block length, a pure phase of vesicles was achieved (Table 5.6, entries 10-11). 

Finally, a pure phase of spherical micelles was produced when a longer p(DMAc)77 

stabilizer block was used (Table 5.6, entry 12). Interestingly, the latter two morphologies 

directly matched the respective phase spaces predicted from the literature (Figure 5.8). 

Representative TEM images for pure block copolymer phases of fluorescent p(DMAc)n-

b-p(DAAm)m diblock copolymers are shown in Figure 5.20 with corresponding 

intensity-weighted DLS size distributions displayed in Figure 5.21. Note, that a mixed 
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phase of worms and vesicles is shown for comparison purposes (Figure 5.20Figure 5.19 a 

and Figure 5.21 a, Table 5.6, entry 6). 

 

  

Figure 5.20: Dry-state stained TEM images and observed morphologies for the following p(DMAc)n-b-

p(DAAm)m diblock copolymer compositions: a) worms/vesicles (n = 42, m = 77); b) worms (n = 42, m = 

73); c) vesicles (n = 42, m = 138); d) spheres (n= 77, m = 146). Formvar-coated copper grids were stained 

using a 1 wt% uranyl acetate (UA) solution. 

 

A) B) 

C) D) 
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Figure 5.21: Intensity-weighted size distributions by DLS for the following p(DMAc)n-b-p(DAAm)m 

diblock copolymer compositions prepared at 20 wt%: a) n = 42, m = 77; b) n = 42, m = 73; c) n = 42, 

m = 138; d) n= 77, m = 146. Morphology obtained from TEM imaging is stated above for reference. 

 

Unfortunately, at the time of measurement both the CHCl3 and DMF GPC systems were 

down for maintenance and thus SEC analysis of the lyophilized p(DMAc)n-b-p(DAAm)m 

diblock copolymers (Table 5.6) could not be carried out. Furthermore, due to unforeseen 

circumstances purified PISA formulations could not be analyzed for 6 months, at which 

point hydrolysis of the trithiocarbonate end group and/or amide bonds of the polymer 

backbone resulted in significant changes in the observed morphology upon reimaging. 

Consequently, the fluorescence lifetime, steady-state fluorescence emission, and 

fluorescence quantum yield of the ABM fluorophore with respect to each block 

p(DAAm)42-b-p(DAAm)77 = Worms/Vesicles 

A) 

p(DAAm)42-b-p(DAAm)73 = Worms 

B) 

p(DAAm)42-b-p(DAAm)138 = Vesicles 

C) 

p(DAAm)77-b-p(DAAm)146 = Spheres 

D) 
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copolymer morphology – spherical micelles, worm-like micelles and vesicles – could not 

be measured for the PISA formulations synthesized herein. 
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5.4. Conclusions 

 

In this Chapter, the successful synthesis of fluorescent p(DMAc)n-b-p(DAAm)m diblock 

copolymer nano-objects with well-defined molecular weights and relatively low 

dispersities utilizing a Z group ABM-functionalized RAFT agent was demonstrated. The 

importance of the chosen R group of the Z group ABM-functionalized RAFT agent was 

highlighted, with improved control over the RAFT-mediated PISA achieved with 5xi with 

respect to 2vi. Furthermore, the observed morphologies for fluorescent diblock 

copolymers formed via RAFT-mediated PISA closely matched literature predictions as 

confirmed via a combination of TEM imaging and DLS analysis. Importantly, the 

introduction of an ABM fluorophore appeared to not significantly impact the PISA 

methodology with pure phases of spherical micelles, worm-like micelles, and vesicles 

obtained upon systematic manipulation of the p(DAAm) core-forming block length. 

Unfortunately, the anticipated differences in the fluorescence lifetime and quantum yield 

of the ABM fluorophore with respect to each block copolymer morphology could not be 

determined thus far via time-resolved fluorescence spectroscopy. Overall, these findings 

highlight that the production of fluorescently-labeled polymeric nanostructures via 

RAFT-mediated PISA could be achieved without post-polymerization modification 

through the simple use of an ABM-functionalized RAFT agent.  
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5.5. Experimental Section 

 

 Methods and materials 

 

Materials. The following reagents were used as received: triphenylphosphine 

(Sigma-Aldrich, 99%); diisopropyl azodicarboxylate (DIAD, Alfa Aesar, 94%); 

neopentyl alcohol (Acros Organics, 99%); 2,3-dibromomaleimide (Sigma-Aldrich, 97%); 

isopropylamine (Sigma-Aldrich, 99.5%); 2-mercaptoethanol (Sigma-Aldrich, 99%), 

carbon disulfide (Sigma-Aldrich, 99%); ethyl 2-bromopropionate (Sigma-Aldrich, 99%); 

potassium phosphate tribasic (Sigma-Aldrich, 98%); N,N-dimethylacrylamide (DMAc, 

Sigma-Aldrich, 99%); diacetone diacrylamide (DAAm, Sigma-Aldrich, 99%); 

2,2'-azobis(2-methylpropionamidine) dihydrochloride (V-50, Acros Organics, 98%); 

2,2'-azobis(2-(2-imidazolin-2-yl)propane dihydrochloride (VA-044, Wako, 98%); 4,4′-

azobis(4-cyanovaleric acid) (ACVA, Sigma-Aldrich, 98%). 2,2’-azobisisobutyronitrile 

(AIBN) was received from Sigma-Aldrich (98%), recrystallized from methanol and 

stored in the dark at 4 °C. Solvents, including high-performance liquid chromatography 

(HPLC) grade solvents, were purchased from Fisher Scientific and used as received. 

N,N-dimethylacrylamide and 1,4-dioxane were filtered through a plug of basic alumina 

prior to use and stored at 4 °C. Tetrahydrofuran (THF) was purchased from Fisher 

Scientific and dried using an Innovative Technology Inc. Pure Solv MD-4-EN solvent 

purification system. Deuterated solvents and silica gel (40-63 μm) were used as received 

from Apollo Scientific. 

1H and 13C NMR spectroscopy. 1H NMR spectroscopy was performed at 300 MHz on a 

Bruker Avance AV-300 spectrometer or a Bruker Avance III HD-300 spectrometer, or at 

400 MHz on a Bruker Avance III HD-400 spectrometer. 13C NMR spectroscopy was 

performed at 100 MHz on a Bruker Avance III HD-400 spectrometer. 1H and 13C NMR 
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spectra were measured in deuterated chloroform or methanol. Chemical shifts are 

reported as δ in parts per million (ppm) and are stated relative to the residual solvent peaks 

at 7.26 ppm or 77.0 ppm for chloroform, and 3.31 ppm and 49.05 ppm for acetone 

Coupling constants (J) correspond to 3JH-H unless otherwise stated. All spectra were 

obtained at 25 °C. 

Size Exclusion Chromatography. SEC analysis was primarily performed on a Varian 

PL-GPC 50 system with a set of two PLgel Mixed-C columns plus one guard column and 

fitted with a viscometer, an RI light scattering detector and a UV detector measuring at 

309 nm or 400 nm. SEC measurements were performed with HPLC-grade 

dimethylformamide (DMF) with 5 mM NH4BF4 at 50 °C at a flow rate of 1 mL min-1. 

The molecular weights of the synthesized polymers were calculated relative to 

poly(methyl methacrylate) (p(MMA)) standards and analyzed using Cirrus v3.3 software. 

Additional SEC analysis was performed on a Varian PL-GPC 50 system with a set of two 

PLgel Mixed-C columns plus one guard column and fitted with a RI and UV detector 

measuring at 309 nm or 400 nm. SEC measurements were performed with HPLC-grade 

chloroform with 0.5% triethylamine at 40 °C at a flow rate of 1 mL min-1. The molecular 

weights of the synthesized polymers were calculated relative to poly(styrene) (p(St)) or 

p(MMA) standards and analyzed using Cirrus v3.3 software. 

Mass Spectrometry. High resolution electrospray ionization time of flight mass 

spectrometry (HRMS (ESI-ToF)) was performed on a Bruker UHR-Q-TOF MaXis 

spectrometer by Dr. Lijang Song, University of Warwick. 

Dynamic Light Scattering (DLS). DLS analysis of the PISA samples was conducted using 

a Malvern Zetasizer Nano S instrument equipped with a 4 mW He-Ne 633 nm laser 

module at 25 °C and at a detection angle of 173°. Purified samples were diluted with 

18.2 MΩ cm water, with the diluted samples not filtered prior to analysis to ensure larger 
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nanostructures remained in solution. Average z-average hydrodynamic diameters (DH) 

were calculated from 5 repeat measurements using Malvern DTS 6.20 software. 

Transmission Electron Microscopy (TEM). Dry state stained TEM analysis was 

performed on a JEOL 2200 FX microscope operating at 200 kV. Purified samples were 

diluted with 18.2 MΩ cm water then deposited onto formvar-coated copper grids. After 

roughly 1 min, excess sample was blotted from the grid and the grid stained with an 

aqueous 1 wt% uranyl acetate (UA) solution for 1 min prior to blotting, drying and 

microscopic analysis. TEM images were collected alongside Mr. Spyridon Varlas 

(O’Reilly Group, University of Birmingham).  
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 Synthetic protocols 

 

Synthesis of ethyl 2-((((2-hydroxyethyl)thio)carbonothioyl)thio)propanoate (5ix). 

 

 

 

2-mercaptoethanol (5.00 mL, 71.4 mmol) was added to a stirred suspension of K3PO4 

(15.1 g, 71.4 mmol) in acetone (125 mL) and stirred for 10 min. Carbon disulfide 

(6.34 mL, 107 mmol) was added and the solution turned bright yellow. After stirring for 

10 min, ethyl 2-bromopropionate (10.5 mL, 71.4 mmol) was added and an instant 

precipitation of KBr was noted. After stirring for 10 min, the suspension was filtered and 

the precipitate washed with acetone. After removal of acetone in vacuo, purification of 

the crude mixture was carried out using column chromatography (silica gel, 1:1 pet. 

ether/ethyl acetate) affording ethyl 2-((((2-hydroxyethyl)thio)carbonothioyl)thio) 

propanoate (5ix) as an orange red oil (9.93 g, 39.0 mmol, 55%). 1H NMR (400 MHz, 

CDCl3) δH/ppm: 4.78 (1H, q, J = 7.2 Hz, H4), 4.19 (2H, q, J = 7.2 Hz, H2), 3.87 (2H, t, J 

= 6.4 Hz, H8), 3.59 (2H, t, J = 6.4 Hz, H7), 1.59 (3H, d, J = 7.2 Hz, H5), 1.27 (3H, t, J = 

7.2 Hz, H1); 13C NMR (100 MHz, CDCl3) δC/ppm: 221.9 (C6), 170.9 (C3), 61.9 (C2), 

60.3 (C8), 48.4 (C4), 39.3 (C7), 16.8 (C5), 14.0 (C1). 
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Synthesis of ethyl 2-((((2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)thio) 

carbonothioyl)thio)propanoate (5x). 

 

 

 

To a flame-dried round bottom flask, triphenylphosphine (10.2 g, 39.0 mmol) was added 

followed by the addition of dry THF (200 mL) and the resulting solution cooled to -78 °C. 

Diisopropyl azodicarboxylate (DIAD) (7.69 mL, 39.0 mmol) was added dropwise over 

2-3 min. The reaction mixture was stirred for 5 min after which ethyl 2-((((2-

hydroxyethyl)thio)carbonothioyl)thio) propanoate (5ix) (9.93 g, 39.0 mmol) dissolved in 

dry THF (50 mL) was added using air sensitive techniques and the resultant mixture 

stirred for 5 min. Neopentyl alcohol (1.72 g, 19.5 mmol) was added and the reaction 

mixture was left to stir for 10 min. 2,3-Dibromomaleimide (9.95 g, 39.0 mmol) was then 

added to the reaction mixture. The resulting suspension was allowed to remain at -78 °C 

for 10 min before the cooling bath was removed and the reaction was stirred overnight at 

ambient temperature under a nitrogen atmosphere. After removal of THF in vacuo, 

purification of the crude mixture was carried out using column chromatography (silica 

gel, 2:1 CH2Cl2/pet. ether followed by 1:1 CH2Cl2/ethyl acetate) affording ethyl 2-((((2-

(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)thio)carbonothioyl)thio) 

propanoate (5x) as an orange red oil (7.19 g, 14.6 mmol, 38%). 1H NMR (400 MHz, 

CDCl3) δH/ppm: 4.76 (1H, q, J = 7.2 Hz, H4), 4.18 (2H, q, J = 7.2 Hz, H2), 3.93 (2H, t, J 

= 6.8 Hz, H8), 3.61 (2H, t, J = 6.8 Hz, H7), 1.59 (3H, d, J = 7.2 Hz, H5), 1.26 (3H, t, J = 

7.2 Hz, H1); 13C NMR (100 MHz, CDCl3) δC/ppm: 220.4 (C6), 170.7 (C3), 163.4 (C9), 

129.5 (C10), 61.9 (C2), 48.5 (C4), 37.6 (C7), 34.1 (C8), 16.8 (C5), 14.0 (C1); HRMS 
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(ESI-TOF) m/z: [M + Na]+ calculated for C12H13Br2NNaO4S3: 511.8271; found: 

511.8268. 

 

Synthesis of ethyl 2-((((2-(3-bromo-4-(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-

pyrrol-1-yl)ethyl)thio)carbonothioyl)thio)propanoate (5xi). 

 

 

 

To a suspension of ethyl 2-((((2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-

yl)ethyl)thio)carbonothioyl)thio)propanoate (5x) (7.19 g, 14.6 mmol) and Na2CO3 

(1.71 g, 16.1 mmol) in THF (HPLC-grade, 125 mL), isopropylamine (1.38 mL, 

16.1 mmol) was added. The reaction mixture was stirred at ambient temperature with the 

conversion of 5x monitored by TLC. After 1 h, THF was removed in vacuo and the 

organic residue dissolved in dichloromethane (DCM) (50 mL) and washed with deionized 

water (3 × 50 mL). The organic layer was dried over MgSO4, filtered and evaporated to 

dryness. Purification was carried out using column chromatography (silica gel, 3:1 

DCM/pet. ether followed by 1:1 DCM/ethyl acetate) affording ethyl 2-((((2-(3-bromo-4-

(isopropylamino)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)thio)carbonothioyl)thio) 

propanoate (5xi) as an orange red oil (3.98 g, 8.47 mmol, 60%). 1H NMR (400 MHz, 

CDCl3) δH/ppm: 5.29 (1H, br d, J = 8.4 Hz, H13), 4.78 (1H, q, J = 7.2 Hz, H4), 4.40 (1H, 

d of sept., J = 6.4 Hz and 8.4 Hz, H14), 4.19 (2H, q, J = 7.2 Hz, H2), 3.83 (2H, t, J = 

6.8 Hz, H8), 3.59 (2H, t, J = 6.8 Hz, H7), 1.60 (3H, d, J = 7.2 Hz, H5), 1.29 (6H, d, J = 

6.4 Hz, H15), 1.27 (3H, t, J = 7.2 Hz, H1); 13C NMR (100 MHz, CDCl3) δC/ppm: 220.6 

(C6), 170.8 (C3), 167.3 (C9), 165.7 (C10), 146.9 (C12), 61.9 (C2), 48.4 (C4), 44.8 (C14), 
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36.5 (C7), 34.7 (C8), 23.7 (C15), 16.9 (C5), 14.1 (C1); HRMS (ESI-TOF) m/z: [M + Na]+ 

calculated for C15H21BrN2NaO4S3: 490.9745; found: 490.9749. 

 

General procedure for the RAFT homopolymerization of N,N-dimethylacrylamide 

(DMAc) with 2vi and 5xi 

 

2vi or 5xi (1 eq), AIBN (0.1 eq) and N,N-dimethylacrylamide (DMAc) (35 - 90 eq) were 

dissolved in 1,4-dioxane (1:1 monomer volume/1,4-dioxane volume) and added to a dry 

ampoule containing a stirrer bar. The resulting solution was degassed using at least three 

freeze-pump-thaw cycles, back-filled with nitrogen, sealed and placed in a pre-heated oil 

bath at 70 °C. After 6 h, the polymerization was quenched by opening the reaction mixture 

to air and submerging the ampoule in liquid nitrogen. Purification was achieved via 

precipitation into diethyl ether three times before being redissolved in the minimum 

amount of 18.2 MΩ cm water. Subsequent lyophilization yielded a fluorescent orange 

yellow polymer powder. The degree of polymerization was determined by 1H NMR 

spectroscopy by assessing the conversion of the monomer vinyl peaks at 6.59 ppm, 

6.31 ppm and 5.68 ppm to the polymeric peaks between 2.20-3.20 ppm. 

 

General procedure for thermally initiated aqueous PISA of p(DMAc)n-b-p(DAAm)m 

diblock copolymers 

 

A typical experiment, to achieve p(DMAc)42-b-p(DAAm)100 at 20 wt% DAAm, was as 

follows. p(DMAC)42 macroCTA (30 mg, 6.43 μmol), DAAm (109 mg, 64.3 µmol) and 

V-50 (87 µg, 0.322 µmol) were dissolved in 18.2 MΩ cm water (555 µL) in a sealed 7 mL 

scintillation vial with a magnetic stirrer bar. The mixture was degassed by sparging with 

N2 for 30 min. The sealed vial was heated to 70 °C with magnetic stirring for 4 h to ensure 
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high monomer conversion. After this time, the vial was opened to air and allowed to cool 

to room temperature before conversion 1H NMR spectroscopic analysis. 1H NMR 

spectroscopic and SEC analyses of the purified diblock copolymer were obtained after 

lyophilization of an aliquot of the post-polymerization solution. TEM and DLS analysis 

were performed on samples after dilution to an appropriate analysis concentration. 
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Conclusions and Future Work 

 

Overall, this thesis has explored the use of copolymer blending and fluorescence labelling 

with an ABM fluorophore for probing, understanding and controlling the self-assembly 

and/or stimuli-responsive behavior of amphiphilic block copolymers in solution. 

In Chapter 2, the design and synthesis of a range of ABM-functionalized RAFT agents 

was successfully achieved via both R and Z group functionalization. However, the 

synthetic route developed for the Z group ABM-functionalized RAFT agent 2xvii with a 

tertiary R group was extremely low yielding and thus alternative protecting group 

chemistries need to be explored in the future to optimize its synthesis. Furthermore, the 

feasibility of utilizing an ABM-functionalized RAFT agent to synthesize fluorescent 

α- and ω-functionalized block copolymers was demonstrated in this thesis. However, the 

monomer scope for the synthesized RAFT agents was principally limited to more 

activated monomers such as (meth)acrylamides and (meth)acrylates. Therefore, to 

improve the versatility of this approach a change in Z group functionality would be 

required to target the formation of less active RAFT agents, such as xanthates or 

dithiocarbamates, in order to facilitate the controlled RAFT polymerization of less 

activated monomers, and ultimately expand the range of block copolymer compositions. 

In Chapter 3, it was discovered that thermodynamic equilibrium was not reached for the 

series of pH-responsive p(DMAEMA)-b-p(n-BuMA-co-DMAEMA) diblock copolymer 

micelles analyzed and thus comicellization did not occur via unimer or micelle blending. 

Future work in this project would center upon targeting lower n-BuMA incorporations in 

order to reduce the energy barrier for unimer exchange and thus increase the dynamic 

nature of the diblock copolymers. Moreover, to determine whether a diblock copolymer 

system is under thermodynamic equilibrium, non-fluorescent and fluorescent micelles 

with similar block copolymer compositions could be blended together with the 



  Conclusions and Future Work 

 

301 

fluorescence lifetime of the ABM fluorophore measured to ascertain whether unimer 

exchange is facilitated. 

Steady-state fluorescence measurements of fluorescent diblock copolymer analogues also 

showed that the ABM fluorophore could prove to be a useful tool in probing the degree 

of core hydration of micellar solutions self-assembled from different block copolymers. 

As such, further research in this area could involve the synthesis of an extensive range of 

pH-responsive diblock copolymers for which the hydrophobic comonomer in the core-

forming block is varied (e.g. methyl, ethyl, propyl, n-butyl methacrylate), whilst the 

hydrophobic comonomer incorporation is increased across each comonomer series. 

Consequently, using a combination of steady-state and time-resolved fluorescence 

spectroscopy, the sensitivity of the ABM fluorophore could be investigated by comparing 

polymeric micelles with different hydrophobic comonomers but similar hydrophobic 

comonomer incorporations, or vice versa. 

In Chapter 4, blended diblock copolymers micelles composed of a p(nBA-co-DMAc) 

core and a blend of brush-like p(DEGMA) and p(OEGMA) thermoresponsive corona-

forming blocks displayed cooperative behavior with a single thermal transition measured 

over a range of intermediate Tcp
’s. However, microcalorimetry analysis suggested that the 

thermoresponsive diblock copolymer 4x consisted of p(DEGMA) homopolymer 

impurities and thus the resultant cloud point transitions occurred at significantly lower 

temperatures than targeted. Consequently, resynthesizing 4x may allow the successful 

formation of blended diblock copolymer micelles whose respective transition temperature 

can be modulated in a robust manner via simple manipulation of the molar mixing ratio. 

Further investigation into this thermoresponsive diblock copolymer system could also be 

conducted via fluorescence analysis. Through the synthesis of fluorescent diblock 

copolymer analogues using an ABM-functionalized RAFT agent, the collapse of the 

p(DEGMA) or p(OEGMA) coronal chains in solution could be monitored by 
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fluorescence spectroscopy providing the ABM fluorophore was situated adjacent to the 

thermoresponsive block. In addition, copolymer blending could potentially be confirmed 

via FRET measurements if the two constituent thermoresponsive diblock copolymers 

were functionalized with different fluorophores. 

Finally, in Chapter 5 pure phases of spherical micelles, worm-like micelles, and vesicles 

were obtained for a series of p(DMAc)-b-p(DAAm) diblock copolymers prepared via 

RAFT-mediated PISA using a Z group ABM-functionalized RAFT agent. Further work 

in this project would focus upon measuring the fluorescence lifetime, steady-state 

fluorescence emission, and fluorescence quantum yield of the ABM fluorophore with 

respect to each block copolymer morphology. If measured fluorescence lifetimes vary as 

a function of particle morphology as anticipated, then the differential uptake of these 

polymer nanostructures into cells could be monitored via FLIM in future studies. 

 

 



   

 

 

 


	Insert from: "WRAP_Coversheet_Theses_new.pdf"
	http://wrap.warwick.ac.uk/136728


