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PABTC 2-(((Butylthio)carbonothioyl)thio)propanoic acid 

pBzMA Poly(benzyl methacrylate) 

pCTA Poly(chain transfer agent) 

pHEA Poly(2-hydroxyethyl acrylate) 

PISA Polymerisation-induced self-assembly 

pLA Poly(lauryl acrylate) 

pLMA Poly(lauryl methacrylate) 

pMMA Poly(methyl methacrylate) 

pNAM Poly(4-acryloylmorpholine) 

PNR Polarised neutron reflectometry 

PTFE Polytetrafluoroethylene 

QCM-D Quartz crystal microbalance with dissipation 

RAFT Reversible addition-fragmentation chain transfer 

RI Refractive index 

RT Retention time 

SAXS Small-angle X-ray scattering 

SEC Size-exclusion chromatography 

SEM Scanning electron microscopy 

SLD Scattering length density 

TEM Transmission electron microscopy 

TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 

THF Tetrahydrofuran 

TMS Tetramethylsilane 

UV Ultraviolet 

UV-Vis Ultraviolet-visible 

V-40 1,1'-Azobis(cyclohexane-1-carbonitrile) 

V-601 Dimethyl 2,2'-azobis(2-methylpropionate) 

VS Viscometer 
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Abstract 

This thesis investigates new synthetic methods for preparing graft copolymers 

using reversible addition-fragmentation chain transfer (RAFT) polymerisation, their 

solution self-assembly, and use as friction modifier additives in oil. 

In the first study two new synthetic routes are described, which make use of 

the dynamic addition and fragmentation of grafts to and from the backbone in the 

previously reported Z group approach polymerisation mechanism. The first synthetic 

route involves an interchange of grafts between distinct graft copolymer starting 

materials, yielding a product with a mixed graft distribution. In the second method 

linear chains are transferred to a RAFT agent-decorated polymer, giving a graft 

copolymer product. The unique RAFT process provides a convenient means to prepare 

heterograft copolymers and extensive graft copolymer libraries by simply adjusting 

the stoichiometry of each reaction. 

The second study investigates the polymerisation-induced self-assembly of 

sparsely grafted polymers during reactions in which grafts are polymerised in a 

backbone-selective solvent. The phase separation of grafts is shown to result in the 

formation of clustered particles and various multicore morphologies due to the ability 

of the branched architecture to freeze chain entanglements and bridge separate core 

domains. The graft copolymer architecture offers a straightforward route to less 

commonly encountered morphologies and gives additional handles for controlling the 

polymer structure and the properties of the obtained materials. 

In the third study, various oil-soluble graft copolymers with a surface active 

polar segment are assessed for use as friction modifier oil additives. The incorporation 

of a polar segment into the polymer structure is shown to promote mass deposition 

onto steel, ideal for forming lubricating boundary films. Macrotribological tests 

indicate a significant friction reduction efficacy for all tested polymers but no clear 

distinction between the different architectures. 
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Chapter 1  

Introduction to Graft Copolymers 
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1.1 Complex Polymer Architectures in Materials Design 

Polymeric materials are all around us, ranging from natural polymers such as 

proteins and carbohydrates responsible for the structure and function of living 

organisms to synthetic polymers such as vinyl polymers and polyesters used in 

infrastructure, packaging, and consumer products. The basis of the suitability of each 

polymer for its function is an appropriate macromolecular structure which includes 

chemical, sequential, and topological components. Polymer properties may be 

changed drastically by varying its constituent monomers, their placement along the 

chain, and the overall molecular architecture (Scheme 1.1).1 

While the use of linear homopolymers alone has allowed an extensive selection 

of materials to be utilised in everyday life, the potential benefits of employing 

copolymers and branched architectures became apparent and a focal point of materials 

development very early on.2-4 For example, the preparation of block copolymers, in 

which two or more chemical components are segregated into their respective 

segments, can be used to incorporate complementary functionalities or physical 

properties into a single material. Some uses of block copolymers have included the 

employment of thermodynamically incompatible components to induce microphase 

separation in the bulk or in selective solvents to achieve tailored mechanical, optical 

or other physical properties5 or to facilitate encapsulation of small molecular weight 

cargo.6 Research in this field has resulted in various block copolymers being produced 

on an industrial scale for use as dispersants, adhesives, energy storage, and in oil 

recovery, amongst other applications.7 

 

Scheme 1.1 Examples of complex polymer architectures. A) Linear di-, tri-, and pentablock 

copolymers. B) Three-arm star polymer with block copolymer arms, a miktoarm star, and a 

homopolymer star. C) A dendrimer and a dendritic polymer. D) A densely grafted diblock copolymer, 

loosely grafted polymer, and a graft copolymer network. E) Brush-coil architectures.  
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Branched architectures have been widely studied and put to use for their 

properties, which differ from those of linear polymers – and at times defy the general 

perception of polymer characteristics. For example, star polymers with compact, 

globular topologies exhibit unique rheological properties,8 while perfectly branched 

dendrimers with fractal-like topologies have near-monodisperse structures and well-

defined outer surfaces.9 A key component in the exploration of such complex 

architectures has been the diligent development of synthetic strategies to continuously 

improve the level of control that may be achieved over structural detail. The versatile 

synthetic toolbox available to materials scientists today allows intricate architectures 

to be employed routinely in polymer research.  

Amongst branched architectures, graft copolymers have been of interest for 

decades due to their unique properties, with some of the earlier studies dating back to 

the 1980s.10 Their useful characteristics include and arise from their rigid, cylindrical 

topology, high chain density, and the various opportunities this architecture offers for 

tailoring the overall chemical composition. In recent years, graft copolymers have 

been researched for use in medical applications11-13 and soft electronics,14 as well as 

compatibilizers,15 emulsifiers,16 and elastomers,17 amongst other uses.18  

1.2 Graft Copolymers 

Graft copolymers consist of a number of oligomeric or polymeric side-chains 

(grafts) attached to a polymeric main chain (backbone). The conformation of such 

molecules is highly dependent on the number of grafts per backbone repeat unit (the 

grafting density) and the relative lengths of these two components. Dense grafting of 

side-chains to a backbone results in steric repulsion between adjacent grafts and 

consequent extension of the backbone (Figure 1.1A). These interactions give the 

molecule a cylindrical – or a bottlebrush-like – topology, with flexibility only on the 

scale of the distance between neighbouring grafts.19 At length scales longer than the 

grafts, the molecule behaves like a semiflexible cylinder. Sparse grafting allows the 

backbone and grafts to exhibit Gaussian behaviour.20 The topology and conformation 

of graft copolymers may therefore be described by their backbone length, graft length, 

and grafting density, as well as their contour length, diameter, and persistence length.18 

The influence of graft length on the persistence length can be visualised in atomic 

force microscopy images, wherein a gradual extension of the backbone has been 

observed with increasing graft length (Figure 1.1B).21, 22   
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Figure 1.1 A) The cylindrical topology of a densely grafted bottlebrush-like polymer may be described 

by its contour length (L), Kuhn length (λk), and radius (r). The molecular conformation is influenced 

by the grafting density (ng
-1) and the degree of polymerisation of side-chains (nsc) and transitions from 

loosely grafted combs (LC) to densely grafted combs (DC) and loosely grafted bottlebrushes (LB) with 

Gaussian side-chains. Densely grafted bottlebrushes (DB) exhibit extended backbones and side-chains. 

B) AFM height images of bottlebrush polymers with the same backbone but different side-chain 

lengths. Adapted from refs. 21, 22. 

The molecular conformation of graft copolymers is strongly reflected in their 

physical properties. A notable example is the graft-graft repulsion and backbone 

rigidity of bottlebrush polymers resulting in reduced chain entanglements, and 

strongly influencing their mechanical and rheological properties.23 This feature has 

been harnessed to produce super-soft elastomers based on bottlebrush-like strands 

between crosslinks, which exhibit lower moduli than most synthetic polymers in 

which the lower limit has generally been defined by chain entanglements.18, 22 The 

softness and strain stiffening of such materials could be adjusted by tuning chain 

entanglements and backbone extension, respectively. Rheological studies of graft 

copolymer melts have sought to understand the relationship between entanglement 

density and the polymer’s structural parameters (i.e., backbone length, graft length, 

and grafting density).24-26 The entanglement density is thought to result from an 

interplay between backbone dilution by grafts (the number and molecular weight of 

which may be varied), backbone stiffening caused by steric repulsion between the 

grafts, and an architecture-dependent packing number, defined as the ratio of graft size 
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to the length of a backbone segment between the grafts.26 Loosely grafted polymers 

have been described by reptation theory, which takes into account both backbone and 

side-chain entanglements, with the latter retarding the reptation of backbone segments 

due to a strong frictional effect.27 Densely grafted polymers retain mobility in 

condensed phases,28 which combined with large domain sizes up to several hundred 

nanometers29, 30 makes them an intriguing subject of study in the field of polymer self-

assembly. 

1.2.1 Synthetic Strategies 

Three synthetic strategies may be used for the preparation of graft copolymers, 

commonly referred to as the grafting through, grafting to, and grafting from 

approaches (Scheme 1.2). Each approach offers some practical benefits – such as 

straightforward isolation of the product or ease of characterisation of the grafts and 

the backbone – and superior control over certain structural parameters. Most 

importantly, some polymerisation techniques are better suited for certain approaches 

than others and care should be taken in selecting a synthetic approach for the desired 

polymerisation technique. A combination of polymerisation techniques may also be 

used in conjunction with the selected approach. 

Grafting through involves the (co)polymerisation of macromonomers and is 

arguably the most straightforward approach of the three. The approach is the only one 

guaranteed to yield a fully grafted backbone if only macromonomers are used in the 

polymerisation, however statistical copolymerisation of small molecular weight 

monomers may also be used. The selection of an appropriate polymerisation technique 

is key to ensure good control over the backbone length. Grafting through 

polymerisations are often conducted using atom-transfer radical polymerisation 

(ATRP)31, 32 and has become increasingly popular with the development of ring- 

 

 

Scheme 1.2 Illustration of the three synthetic strategies used for preparing graft copolymers. Adapted 

from ref 33. 
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opening metathesis polymerisation (ROMP),34, 35 both of which are well-suited to this 

approach. In contrast, reversible addition-fragmentation chain transfer (RAFT) 

polymerisation of macromonomers tends to suffer from the sterically hindered chain-

end functionality, leading to loss of control even at moderate backbone lengths. The 

selected polymerisation technique may also impact backbone flexibility and spacing 

between adjacent grafts. For example, ROMP of norbornene-terminated 

macromonomers results in a graft copolymer with five C−C bonds across a repeat unit, 

whereas radical polymerisation of vinyl macromonomers can generate a graft spacing 

of only two C−C bonds. Regardless of the selected polymerisation technique, the 

polymerisation of macromonomers is generally challenging due to their low enthalpy 

and unfavourable entropy of polymerisation, and therefore sensitivity to reaction 

conditions such as polymerisation temperature.36, 37 The concentration of the 

polymerisable functionality is generally limited to moderate to low concentrations due 

to the large size of the macromonomer, even when conducted as a bulk polymerisation. 

The grafting to approach involves the preparation of a multifunctional polymer 

(the backbone precursor) and an end-functional oligomer/polymer (the grafts), 

followed by a reaction between the two in which the grafts are coupled to the 

backbone. The modularity of preparing each component individually allows for a good 

control over their molecular weight and structure, and convenient mixing and 

matching for preparing multiple products from a selection of starting materials. The 

polymerisation techniques may be selected to best suit the chemical and structural 

requirements of the final product. The most significant drawback of the approach is 

that achievable grafting densities are limited by chain diffusion and steric hindrance 

near the reactive sites, the latter of which may be generally expected to increase with 

increasing graft length. These challenges may be reduced by introducing a spacer 

between the backbone and the coupling site, and by using robust coupling chemistries 

such as the commonly selected copper-catalysed azide-alkyne cycloaddition.38-40 

The grafting from strategy involves the preparation of a linear polymer with 

multiple initiating sites along the chain, which are subsequently used to conduct 

polymerisation of grafts. Examples of commonly selected initiating groups include 

thiocarbonylthio chain transfer agents used for RAFT polymerisation,41, 42 alkyl 

halides used in ATRP,43, 44 and hydroxy groups used in ring-opening 

polymerisations.43, 45 This strategy is well suited for the preparation of large graft 

copolymers with a long backbone and grafts. However, the polymerisation of grafts 
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can exhibit reduced control due to steric congestion and close proximity of other 

initiating groups. The approach is generally deemed suitable for preparing densely or 

even fully grafted polymers. However, the grafting density depends on the initiation 

efficiency of the initiating sites and may be challenging to quantify with sufficient 

accuracy. Termination of grafts may lead to a reduced grafting density, a broad 

molecular weight distribution, and bimolecular coupling. Careful optimisation of 

reaction conditions allows the preparation of polymers with astonishing complexity, 

such as the recently reported bottlebrush copolymer comprising a nonablock 

copolymer backbone, pentablock copolymer grafts, and 29 separate domains overall 

across a single molecule.41 

1.2.2 Prospective Applications 

Current literature on graft copolymers presents diverse opportunities for their 

applications. Motivations for their use include the vast possibilities to tailor their 

chemical composition and molecular topology. For example, in the field of polymer 

colloids this creative freedom may be used to fine-tune particle size, structure, and 

chemistry,46-48 molecular packing,43, 49 and solvophobicity.50 Graft copolymers have 

also been widely used to prepare hybrid materials of natural and synthetic polymers 

such as cellulose to achieve materials with improved chemical or physical 

properties.51, 52 

Arguably the most evident incentive for employing the graft copolymer 

architecture is its unique physical properties. For instance, conformational restrictions 

have been envisioned to be advantageous in materials such as organic electronics, 

which generally benefit from long-range order.53 Reduced entanglements have been 

harnessed to prepare solvent-free polymer networks with reduced physical crosslinks 

between chemical crosslinking points to yield tissue-mimicking materials with an 

unprecedented combination of high softness and deformability.17, 22 Limited chain 

entanglements have also been reported to result in the formation of highly ordered 

nano-objects in selective solvents due to increased chain mobility.28 The energetic 

penalties of chain bending have also been demonstrated to have an impact on particle 

morphologies,45, 54 which could offer an additional handle for directing self-assembly 

pathways. The large size of the molecules has been used to aid nanoparticle 

visualisation with microscopic techniques by promoting the formation of larger core 

domains than those formed by linear polymers.55 
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One of the best known properties of graft copolymers is their extraordinary 

ability to provide lubrication and wear protection between moving surfaces.56 Inspired 

by nature’s lubricating biomacromolecule, lubricin, a pursuit to prepare synthetic 

analogues has given rise to studies involving water-soluble bottlebrush-like polymers 

attached to surfaces via ionic interactions.44, 57 While the astounding performance of 

nature’s design has been challenging to replicate, recent literature has shown great 

success in aqueous systems. In contrast, lubrication in non-polar solvents appears to 

be unexplored. 

1.3 Motivation, Objectives and Outline of This Work 

Graft copolymers continue to be of great interest to materials scientists due to 

their extraordinary physical properties and various real-world applications.11, 58-60 

Their relevance has become increasingly significant with the gradual development of 

polymerisation techniques and processes, which have made even such complex 

architectures easily accessible. The work presented in this thesis aims to contribute to 

the field by developing new methods for graft copolymer synthesis, by investigating 

their self-assembly behaviour during a polymerisation process in which nanoparticles 

are formed in situ, and by assessing their structure-property relationships and 

performance as friction modifier additives in oil. In particular, the work will focus on 

the use of RAFT polymerisation for graft copolymer synthesis due to this technique’s 

versatility61, 62 and industrial incentives to develop RAFT technologies for commercial 

use.7 

The research presented in the first part of this thesis involves the development 

of new synthetic routes for preparing graft copolymers. Chapter 2 describes two newly 

developed strategies based on the so-called Z group approach reaction mechanism 

previously described in the literature,63 which allows graft radicals to be fragmented 

off the backbone. These dynamic bonds between the grafts and the backbone may be 

used to conduct intermolecular graft exchange reactions between graft copolymers 

with different graft lengths or chemical structures. The work provides a modular 

approach for preparing heterograft copolymers by simply reinitiating a mixture of 

graft copolymers or a mixture of graft copolymers and linear polymers capable of 

forming a chain radical. The second strategy employs the same mechanistic principles 

to prepare a graft copolymer by transferring linear chains to a RAFT agent-decorated 

polymer. 
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The work presented in Chapter 3 explores the self-assembly characteristics of 

graft copolymers during a process in which grafts are polymerised in a solvent that is 

selective for the backbone. Specifically, poly(benzyl methacrylate) was grafted from 

a poly(lauryl methacrylate) backbone via RAFT dispersion polymerisation in n-

dodecane to induce polymer self-assembly during the reaction. The resulting polymer 

particles and gel-like materials were studied in detail with electron microscopy and 

scattering techniques to understand underlying phenomena that dictated the fate of the 

reactions. A clear distinction could be made between the materials obtained in this 

work, and those reported for linear diblock copolymers using the same approach. 

Finally, the concept of graft copolymer lubricants – widely studied in aqueous 

solvents – was extended to non-polar media to assess their prospective use as friction 

modifiers in engine oils. Building on previous research conducted in our group, 

Chapter 4 describes the synthesis, characterisation and preliminary performance tests 

of oil-soluble graft copolymers designed to adhere to metal surfaces via a polar anchor 

group. The surface adsorption and lubrication properties were studied in detail to 

understand key parameters for designing effective lubricants. The architectural 

intricacies and anchor group placement is shown to strongly influence the formation 

of lubricating boundary films. 
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Chapter 2  

Dynamic Intermolecular Graft Exchange of  

Bottlebrush Polymers 

 

 

 

 

 

Advances made in controlled polymerisation techniques have given rise to various 

synthetic strategies for making graft copolymers, each of which have their strengths 

and limitations. Reversible addition-fragmentation chain transfer (RAFT) 

polymerisation has been shown to be well-suited for preparing graft copolymers and 

continues to hold undiscovered possibilities due to the versatile chemistry of RAFT 

agents. We envisioned the already established Z group grafting from polymerisation 

mechanism to offer two unexplored routes for graft copolymer synthesis that could 

find use as a convenient modular strategy for the preparation of extensive polymer 

libraries. The reactions involved dynamic addition-fragmentation grafting of linear 

chains between starting materials, which could be graft copolymers, linear polymers, 

or a mixture thereof. In this study, the new approaches were successfully used to 

provide a proof of concept for heterograft copolymer synthesis. A critical assessment 

of the limitations and benefits of the presented synthetic strategies was provided to 

guide the use and further exploration of similar systems. 
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2.1 Introduction 

The discovery and continuous development of controlled polymerisation 

techniques have allowed the construction of macromolecules with intricate 

architectures and topologies. Amongst the architectures of interest, graft copolymers 

hold promise and have to some extent already been commercialised as viscosity 

modifiers, emulsifiers, defoamers, lubricants, tissue mimetic materials, and drug 

delivery vehicles.1-3 There are three synthetic strategies for their preparation – the 

grafting through, grafting to, and grafting from approaches – which may be used in 

conjunction with one or more polymerisation techniques.4 Further exploration of new 

synthetic routes is needed to expand the horizons of functional materials to gain access 

to well-defined materials, to reveal new opportunities in structure-property design, and 

to make complex architectures more accessible through industrial processes. The use 

of RAFT polymerisation is well suited for this purpose due to its versatility and 

applicability for industrial-scale processes. 

2.1.1 Preparation of Graft Copolymers Using RAFT Polymerisation 

Even two decades after its invention,5-7 the development of new RAFT 

polymerisation methods continues to attract attention due to this technique’s 

adaptability and nondemanding reaction conditions.8, 9 The RAFT process allows the 

preparation of polymers with predictable molecular weights, reduced dispersities, 

active end-groups to facilitate further propagation, and complex architectures. One of 

the most notable benefits is that RAFT polymerisations are akin to conventional free 

radical polymerisations conducted in the presence of a chain transfer agent, thus 

making them easy to carry out from an industrial standpoint.10 The controlling species 

used in RAFT polymerisations are typically thiocarbonylthio compounds that contain 

a reactive C=S double bond for radical addition, a Z-substituent to adjust the C=S bond 

reactivity and intermediate radical stability to suit the monomer of interest, and an R-

substituent selected for efficient radical fragmentation and reinitiation (Scheme 2.1A). 

Numerous RAFT agents have been described in the literature,8, 11 and suitable R and 

Z groups have been identified for “more activated monomers” (MAMs) with a vinyl 

group conjugated to a double bond, an aromatic ring, a carbonyl group, or a nitrile 

group (e.g., isoprene,12 methacrylates,5 styrene,5 acrylamides13, and acrylonitrile14) 
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Scheme 2.1 A) General formulas of four RAFT agent classes commonly used for controlling radical 

polymerisations. B) Proposed mechanism of RAFT polymerisation. Adapted from ref. 8. 

and “less activated monomers” (LAMs) such as those with a vinyl group next to a 

heteroatom lone pair (e.g., vinyl acetate15, N-vinylpyrrolidone,16 and vinyl chloride17). 

The relatively stable radicals of MAMs require a RAFT agent with a high chain 

transfer constant to provide sufficient stabilisation of the intermediate radical, whereas 

less stable radicals of LAMs benefit from less stabilising Z groups to aid radical 

fragmentation. 

The mechanism of RAFT polymerisation involves an initiation step similar to 

conventional radical polymerisation in which an initiator-derived radical (I•) reacts 

with monomer to form a propagating chain radical (Pn
•) (Scheme 2.1B).5, 8, 11 In the 

early stages of the reaction, this radical can take part in a pre-equilibrium step, in which 

radical addition to the RAFT agent results in the formation of an intermediate radical 

and fast fragmentation of an R group radical (R•). The newly formed radical may 

reinitiate the polymerisation, thus forming a new chain radical (Pm
• ). Once all R groups 

have been consumed in the reaction, the system enters the main equilibrium in which 

a rapid exchange of the thiocarbonylthio groups between propagating radicals allows 

all chains to grow at equal rates. The prerequisites for a successful RAFT 

polymerisation are rapid fragmentation of the intermediate radical (high 𝑘β), 

favourable fragmentation of the R group over the polymer chain radical (𝑘β ≥ 𝑘−add), 

a reactive C=S bond after the displacement of the original R group (high 𝑘add), and 
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efficient reinitiation by the R group radical (high 𝑘iR).11 Bimolecular termination of 

polymer chains may take place through disproportionation or combination. Since the 

number of polymer chains generated in a RAFT polymerisation equals the number of 

all initiating radicals (R• + I•) but the number of thiocarbonylthio groups available for 

chain-end capping is only equal to the number of R group-initiated chains (R•), the 

key to retaining high livingness is to keep the number of initiator-derived radicals 

small relative to the number of RAFT agents (I• ≪ R•). 

RAFT polymerisation may be used to prepare graft copolymers with any of the 

three general approaches.18 Its use to construct the backbone and/or side-chain 

polymers for grafting to offers the general benefits and limitations of RAFT 

polymerisation.8 In particular, its good compatibility with various functional groups 

and the reactivity of the thiocarbonyl end-group19 may offer useful advantages for 

selecting coupling chemistries. The main limitation of the approach is steric hindrance 

near the reactive sites, which sets a practical upper limit on the achievable grafting 

density. In contrast, grafting through RAFT polymerisation may be used to prepare 

densely grafted polymers. However, such reactions generally suffer from poor control 

even at moderate backbone lengths due to steric congestion near the propagating and 

dormant chain-ends.20 

The grafting from approach is very well suited for RAFT polymerisation and 

is a versatile strategy for constructing highly complex graft copolymer designs.21 A 

typical synthesis involves the preparation of a linear polymer, post-modification to 

introduce RAFT agents along the chain, and subsequent polymerisation to form the 

grafts. Recent discoveries in the field of RAFT polymerisation have allowed 

circumvention of the post-modification step by polymerising a chain transfer agent 

(CTA) -functionalised monomer directly into the backbone.22, 23 The CTA may be 

coupled to the backbone via the R group or the Z group, giving rise to two 

mechanistically distinct approaches (Scheme 2.2).24 Polymerisation of grafts with the 

R group approach involves propagating grafts staying attached to the backbone. A 

successful synthesis requires careful selection of reaction conditions as high radical 

concentrations may lead to intramolecular and intermolecular coupling.21, 25, 26 In the 

Z group approach – more generally referred to as transfer to polymerisation – the 

formation of propagating graft radicals involves their fragmentation off the backbone 
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Scheme 2.2 A comparison of R group and Z group approaches. Adapted from ref 27. 

and diffusion into the surrounding medium. Similar to grafting to reactions, such graft 

sites may be shielded by neighbouring chains and radical addition to the CTA becomes 

increasingly demanding with increasing graft lengths. Sterically hindered chain 

transfer kinetics may lead to poor control over the polymerisation. Freely diffusing 

chain radicals can undergo termination, thus leading to unattached linear side-products 

and a reduced grafting density. 

2.1.2 New Avenues for Heterograft Copolymer Synthesis 

As a result of the detachment of grafts in the transfer to polymerisation 

mechanism, intermolecular graft exchange will occur if the rate of radical diffusion is 

sufficiently high relative to the rate of chain transfer to the grafting site. We 

hypothesised this could allow the preparation of heterograft copolymers by mixing 

distinct graft copolymers prepared via transfer to polymerisations and by re-initiating 

fragmentation of the grafts. This will lead to an exchange of grafts between the 

backbones, resulting in a heterograft product with a composition dependent on the 

initial molar ratio of the starting materials. The preparation of a large graft copolymer 

library would only require two starting materials, and this strategy could therefore find 

use in systematic studies where a gradual change in a polymer property is of interest. 

Examples here include heterograft emulsifiers,28 self-assemblies29, and 

antimicrobials.30 Considering that arguably the most practical ways to prepare 

heterograft copolymers today are the grafting to and grafting through approaches, with 
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the latter suffering from the previously discussed limitations when conducted as a 

RAFT polymerisation, this new synthetic route may be a highly effective choice for 

graft copolymer synthesis. 

The prerequisite for successful exchange between backbones is the 

detachment, intermolecular diffusion, and chain transfer of graft radicals from one 

grafting site to another, despite steric congestion and some probability of termination. 

Detachment from the original grafting site involves breakage of a C−S bond and chain 

diffusion into the bulk solvent. This diffusion competes with radical addition back to 

the original grafting site, with the relative rate constants determining the frequency of 

successful detachment events. Diffusion sufficiently close to a new grafting site can 

be hindered by termination and excluded volume interactions of nearby grafts, and the 

rate of chain transfer may be further limited by the surrounding polymer segments.31 

A recent literature review by Foster et al. discussed various parameters that 

dictate the reaction kinetics of transfer to polymerisations and which may aid or 

disfavour intermolecular exchange.27 Detailed studies have investigated the effect of 

reaction stoichiometry, concentration, CTA selection, temperature, and shielding 

effects on the quality of the polymerisation product in the preparation of star polymers, 

graft copolymers, and polymerisations on solid substrates. The appropriate selection 

of a CTA for the selected monomer(s) is key to ensure the pre-equilibrium step and 

further radical addition to the substrate is fast enough to control the polymerisation.32 

As in any RAFT polymerisation, each initiating radical leads to a dead chain and the 

amount of consumed initiator should be kept small relative to the amount of CTA.33 

A relatively low instantaneous radical concentration reduces the probability of 

termination and may be achieved by slow decomposition of the initiator. While 

termination can be reduced by selecting appropriate reaction conditions, it cannot be 

avoided completely, inevitably leading to some reduction in the original grafting 

density. The relative rate of termination to chain transfer is known to increase with 

increasing graft length.34, 35 While this is undesirable, it should alleviate shielding 

effects and therefore aid intermolecular exchange for the remaining grafts. 

Solvent selection and reaction temperature have also been shown to impact the 

outcome of transfer to polymerisations. Monte Carlo simulations of polymerisations 

for four-arm star polymers have suggested that, while shielding effects near backbone 

are strongly graft length-dependent under good solvent conditions, they become less 
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pronounced in a theta solvent.36 An exponential relationship between the graft length 

(𝑛) and steric shielding was obtained, expressed as a factor 𝐾 for which it was found 

 𝐾 = 𝐴𝑛−0.45, (2.1) 

where 𝐴 is a scaling constant and 𝐾 is defined as the ratio of the rate constant of 

bimolecular polymer-polymer reaction and a similar reaction not located at a polymer 

chain (𝑘/𝑘0). The steric shielding factor was shown to decrease rapidly as 𝑛 → 100, 

after which rate of addition to substrate was ten times slower than in the absence of 

steric interactions. Temperature effects on such polymerisations are complex, 

influencing rates of propagation and termination, CTA stability, polymer solubility, 

and solvent viscosity, and need to be evaluated individually for each system.24 

2.1.3 Complex Architectures Using Photoiniferters 

Some of the focal points in the current development of RAFT polymerisation 

have involved a renaissance of using RAFT agents as the initiator, chain transfer agent, 

and terminator of a reaction – commonly referred to as an iniferter.  Inspired by recent 

literature in this field, we wanted to harness the photochemical properties of RAFT 

agents to realise our graft exchange concept. The discovery of photoiniferters was first 

reported by Otsu long before the invention of RAFT polymerisation, who showed the 

dissociation of di- and polysulfides into free radicals upon heating or under ultraviolet-

visible (UV-Vis) irradiation.37, 38 This phenomenon may be exploited in RAFT 

polymerisation to eliminate the need for exogenous initiators, yielding an α,ω-

bifunctional telechelic polymer with the R and Z groups of the RAFT agent 

incorporated into the polymer chain-ends.39 Our current understanding of the iniferter 

reaction mechanism is similar to that of a conventional RAFT polymerisation,8 except 

that the initiation and pre-equilibrium steps are replaced by the photolysis of the C−S 

bond to form two radicals (Figure 2.1A).39, 40 Radical formation may lead to 

subsequent propagation, degenerative chain transfer, termination, or reversible 

combination of the propagating chain and CTA radicals. While the inherent 

termination arising from added initiators is absent in iniferter polymerisations, chain 

termination and decomposition of the ω-end-group do occur and lead to dead chains.41 

Recent studies have found ways to suppress these reactions by optimising reaction 

conditions and introducing additives such as tertiary amines.42-45 
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Figure 2.1 A) Proposed reaction mechanism of photoiniferter RAFT polymerisation. Adapted from ref 

40. B) Various RAFT agents and their UV-Vis absorption spectra in DMSO at 0.1 mM (left) and 1.0 

mM (right) concentrations. Adapted from ref 45. 

The UV-Vis absorption characteristics of RAFT agents depend mainly on the 

selected R and Z groups and also on solvent polarity (Figure 2.1B).45-48 A strong 

absorption is generally seen around 280-350 nm corresponding to the  𝜋 → 𝜋∗ 

transition, with a roughly constant absorption maximum for all RAFT agents 

regardless of their structure.46 A second absorption band is found between 380-550 nm 

corresponding to the 𝑛 → 𝜋∗ transition, which may shift markedly and typically has a 

molar absorptivity of 2-3 orders of magnitude smaller than the 𝜋 → 𝜋∗ transition.46 

The photolysis of trithiocarbonates and dithiobenzoates was recently studied in detail 

to show that their lowest singlet and triplet excited-state energies lie near or below 

their C−S bond dissociation energies.47  While the quantum yields are low and the 

excitation of trithiocarbonates to S1 only leads to a small number of radicals, the 

corresponding wavelengths of 520 nm (green) and 465 nm (blue) have nonetheless 

been successfully used for photoiniferter RAFT polymerisations of acrylates and 
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methacrylates.22 The addition of photocatalysts have also been used to aid radical 

generation via electron or energy transfer.40 

Photoinitiated systems are appealing to polymer chemists due to the 

convenience of using an external stimulus to regulate the polymerisation, the 

capability of attaining spatiotemporal control over the reaction, and low operation 

temperatures. Various studies have already utilised the versatile photochemical 

properties of RAFT agents to construct complex architectures such as block 

copolymers and branched polymers,23, 42, 49, 50 and there is growing interest in 

externally regulated polymerisations.9 Notably, the wavelength-dependent electronic 

transitions and various possibilities for fine-tuning the RAFT agent structure likely 

holds many opportunities for achieving orthogonal polymerisations via divergent 

stimuli, and may provide more straightforward synthetic protocols for preparing 

complex architectures in the future. 

2.1.4 Project outline 

The Z group approach was envisioned to provide two new synthetic routes for 

preparing heterograft copolymers. The first route involved a graft exchange reaction 

between two graft copolymers prepared separately using the Z group approach. A 

library of graft copolymers with different backbone and graft lengths were prepared 

to conduct graft exchange reactions initiated either by a thermal initiator or by blue 

light irradiation. Reactions were monitored with SEC and the products were visualised 

by AFM to study changes in size due to intermolecular exchange. Alternatively, graft 

exchange could be conducted between a graft copolymer and a linear polymer capable 

of forming a radical. The second route involved chain transfer of linear polymers 

directly to a linear polymer carrying Z group-tethered RAFT agents, thus eliminating 

the need for graft copolymer starting materials. The fraction of transferred chains was 

quantified with SEC by monitoring changes in the mass ratios of reactants and the 

formation of UV-active by-products. The effect of reaction stoichiometry on the 

degree of linear chain transfer was evaluated to estimate the achievable grafting 

densities. Finally, the graft length control provided by the approach was compared to 

that of the Z group polymerisations.  
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2.2 Results and Discussion 

2.2.1 Synthesis and Characterisation of Starting Materials 

A library of linear polymers, CTA-functionalised backbones (pCTAs), and 

graft copolymers were prepared to be used as the starting materials in graft exchange 

reactions and those involving grafting of pCTAs with linear polymers (transfer to 

reactions) (Scheme 2.3A). The degrees of polymerisation (DPs) of the polymers were 

selected to suit SEC analysis such that the instrument resolution was sufficient to 

separate the starting materials in each reaction. Graft copolymer pairs with identical 

backbones but distinct graft lengths were prepared from short to moderate pCTAs 

(DP 23 and 133) for the SEC studies, and a longer backbone (DP 300) was used to 

prepare larger graft copolymers for easier visualisation by AFM. Linear chains 

(DP 20-44) used in transfer to reactions were kept sufficiently long to resolve them 

from small molecule peaks, but short enough to avoid overlap with the pCTA300. 

Monomers were selected from acrylate and acrylamide families for their fast rates of 

propagation8 and applicability to photoiniferter RAFT polymerisations.42, 44 The 

reactions were controlled by readily-synthesised trithiocarbonate RAFT agents, which 

were known to be suitable for the selected monomers.8 

The precursors of the three pCTAs with DPs of 23, 133, and 300 were prepared 

via photoiniferter RAFT polymerisation of 2-hydroxyethyl acrylate (HEA) with 

 

 

Scheme 2.3 A) An illustration of the synthetic approach used in this work to prepare all starting 

materials, including linear polymers (1), functionalised backbones (2), and graft copolymers (3).  

B) Reaction scheme for the preparation of graft copolymers. The synthesis involved photoiniferter 

RAFT polymerisation of 2-hydroxyethyl acrylate, subsequent functionalisation with a RAFT agent, and 

a polymerisation of grafts via the Z group approach. 
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2-(((butylthio)carbonothioyl)thio)propanoic acid (PABTC) under blue light 

irradiation (Scheme 2.3B). Monomer conversion was quantified with 1H NMR 

spectroscopy (Figure 2.2A) and the products were characterised by SEC in DMF 

(Figure 2.3A). The reactions proceeded to 80-90% conversion in roughly 15 h, 

yielding polymers with reasonably narrow dispersities (Table 2.1). The hydroxy 

groups were subsequently functionalised with 3-((((1-methoxy-1-oxopropan-2-

yl)thio)carbonothioyl)thio) propanoic acid (MPPATC) to create initiating sites for 

graft polymerisation. 1H NMR spectroscopy confirmed successful functionalisation as 

a downfield shift of poly(2-hydroxyethyl acrylate) (pHEA) side-group protons  

(−CH2-OH, 4.0 ppm) (Figure 2.2B). DMF SEC profiles of the pCTAs showed a high 

molecular weight shoulder, possibly due to a side-reaction of HEA with oxalyl 

chloride to form the oxalic acid ester51 or reaction between pHEA α-end and a hydroxy 

group which resulted in bimolecular coupling (Figure 2.3). 

Using such pCTAs as photoiniferters, a series of graft copolymers was 

prepared via polymerisation of 4-acryloylmorpholine (NAM) under blue light 

irradiation. All but one reaction was stopped at 64-85% conversion to avoid monomer-

starved conditions in order to minimise termination reactions between graft radicals. 

DMF SEC analysis showed the presence of terminated grafts in all products (Figure 

2.3B), the mass fraction of which was found to be highest for reactions 

 

 

Figure 2.2 1H NMR spectra of the crude pHEA133 backbone (A), the backbone after functionalisation 

(B), and pNAM133x29 graft copolymer prepared using the functionalised backbone (C). 
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Figure 2.3 A) SEC profiles of all pHEA backbones, functionalised backbones (pCTAs) and graft 

copolymers employed in this study. pNAMaxb denotes the number-average backbone, a, and graft 

lengths, b, calculated from conversion. Analysis was carried out in DMF with DRI detection and 

PMMA calibration. B) SEC profiles of each graft copolymer before and after removal of terminated 

grafts. 

targeting long grafts (pNAM23x87 and pNAM300x50, 30 wt% and 20 wt% respectively) 

and a reaction continued under monomer-starved conditions (pNAM23x10, 8 wt%) 

(Table 2.1). To compare the number of grafts terminated in each reaction, the relative 

number of terminated chains (𝑛rel) – descriptive of the loss in grafting density – was 

calculated from the RI vs. retention time (RT) plots as 

 
𝑛rel =

𝐴RI,T

𝐴RI,tot
∙

1

DPG
 , (2.2) 

where 𝐴RI,T is the area of terminated grafts, 𝐴RI,tot is the total area of the sample and 

DPG is the number-average DP of grafts based on conversion. In all reactions stopped 

at moderate monomer conversions, the number of terminated chains was found to 

increase with increasing chain length. This was in agreement with the literature, as 

longer polymer chains have been reported to suffer from shielding effects around the  
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Table 2.1 Structural information and characterisation details of all polymers synthesised in this work. 

 Structure A Conv. B 

(%) 

DPp C mT 
D 

(%) 

nrel E 

·103 

Mn,th C 

(g/mol) 

Mn,SEC F 

(g/mol) 

Đ F 

.1 pHEA23 60 23 - - 2,900 11,800 1.07 

.2 pHEA133 85 133 - - 15,700 23,300 1.23 

.3 pHEA300 91 300 - - 35,100 56,400 1.08 

1 pCTA23 - 23 - - 8,700 12,800 1.14 

2 pCTA133 - 133 - - 48,800 29,500 1.14 

3 pCTA300 - 300 - - 110,000 75,600 1.11 

1a pNAM23x10 98 10 8 8.1 41,100 28,000 1.14 

1b pNAM23x87 85 87 30 G 3.5 285,000 178,000 1.56 

2a pNAM133x8 64 8 ≤2 ≤2.5 189,000 56,700 1.32 

2b pNAM133x29 82 29 4 1.4 562,000 157,000 1.34 

3a pNAM300x50 80 50 20 4.1 2,230,000 548,000 1.43 

3b pNAM300x35 85 35 9 2.6 1,590,000 368,000 1.51 

4 pNAM20 65 20 - - 3,100 2,900 1.12 

5 pNAM30 80 30 - - 4,500 4,500 1.12 

6 pNAM44 87 44 - - 6,500 6,100 1.10 

7 pyr-pNAM15 95 15 - - 2,600 2,800 1.19 

A pNAMAxB denotes the DPs of the backbone (A) and grafts (B). 

B Monomer conversion based on 1H NMR spectroscopy. 

C Degree of polymerisation calculated from conversion  

D Mass percent of terminated grafts in the crude product as given by RI vs RT data. 

E Relative number of terminated chains determined from RI vs RT plots as 𝑛rel = (𝐴T/𝐴tot )/DP. 

F Determined by SEC analysis in CHCl3 (7) or DMF (all other polymers) with DRI detection and PMMA 

calibration. The values reported for graft copolymers were obtained after the removal of terminated grafts. 

G Estimated by Gaussian distribution fitting of the overlapping distributions. 

 

chain radicals31 and the graft attachment sites,34 therefore reducing the number of 

collisions between the two and increasing the probability of termination. The lower 

concentration of CTA when targeting longer grafts likely also contributed to 

termination by increasing the cumulative time each growing chain spent as a 

propagating radical.8 Isolation of the products involved repeated precipitation to 

remove residual monomer and a selective precipitation to remove terminated chains. 

1H NMR analysis was used to ensure no monomer remained in the product (Figure 

2.2C). DMF SEC analysis confirmed successful removal of terminated chains (Figure 

2.3B). 

Linear polymers needed for transfer to reactions were prepared via 

photoiniferter RAFT polymerisation of NAM using PABTC (Table 2.1). While the 
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photoiniferter approach offered practical advantages such as convenient temporal 

control and a simpler experimental protocol, one notable disadvantage compared to 

the use of added initiators was our inability to estimate chain livingness. Recent studies 

have used chain extensions to demonstrate that high living character may be achieved 

in photoiniferter RAFT polymerisations.42 However, the rate of termination and end-

group decomposition can be highly dependent on the reaction conditions and therefore 

difficult to predict.45 In this study, dead chains would not be reactive yet would 

contribute to the total mass detected with DRI in SEC. This issue could be 

circumvented by quantifying transfer to reactions using the characteristic UV 

absorption of the trithiocarbonate end-group at 309 nm, which is only present in living 

chains. Finally, 4-(pyren-1-yl)butyl 2-(((butylthio)carbonothioyl)thio)propanoate was 

used to conduct the RAFT polymerisation of NAM. The resulting polymer posessed 

pyrene functionality at the α-end, thus enabling UV detection at 265 nm, where the 

trithiocarbonate ω-end showed very little absorption (vide infra). 

2.2.2 Intermolecular Graft Exchange Between Graft Copolymers 

Intermolecular graft exchange via the Z group grafting from mechanism was 

studied by employing various backbone and graft lengths and a thermal initiator or 

photoiniferter chemistry. A successful reaction required the generation of graft 

radicals, their diffusion away from the original binding site, and sufficiently close to 

a CTA on another molecule to react with it (Scheme 2.4). The possible outcomes of 

graft radical formation include: 

I. addition to / recombination with the original grafting site, 

II. addition to a reactive site of the same molecule, 

III. addition to a reactive site of another molecule, or 

IV. termination, 

with I leading to no exchange, II leading to intramolecular exchange, III leading to 

intermolecular exchange and therefore being the desired outcome, and IV leading to a 

reduced grafting density. 

Graft radical formation involves breaking of a trithiocarbonate C−S bond 

photolytically or through an addition-fragmentation event triggered by an initiator- 

derived radical. The rate of radical formation could be controlled by adjusting the light 
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intensity (photolysis), reaction temperature (photolysis and thermal initiator), and the 

CTA or initiator concentration (photolysis and thermal initiator, respectively). 

Instantaneous radical concentration is known to affect the probability of biradical 

  

 

Scheme 2.4 A) Proposed graft exchange mechanism. Radical addition to a grafting site (i) leads to graft 

fragmentation and intermolecular addition to CTA (ii), consequently fragmenting the original graft. 

Repeated events give a homogeneous product. B) Possible fates of a trithiocarbonate side-chain radical 

in photoiniferter reactions: recombination with original graft (i), combination with another graft radical 

(ii), reaction with a trithiocarbonate or a trithiocarbonate radical (iii), and decomposition and other 

irreversible reactions (not shown). A and B may represent grafts on shared or individual backbones. 
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termination and should be kept low to moderate.27 While determining the rate of 

radical formation was straightforward for a thermal initiator,52 it could not be 

estimated quantitatively for the photoiniferter system. It is known, however, that the 

quantum yield for radical formation through the 𝑛 → 𝜋∗ excitation of 

trithiocarbonates, corresponding to the blue light regime, is low (<10-4).47 

Furthermore, the relative stabilities of the initiator-derived radicals and the graft 

radicals were known to determine the direction of RAFT equilibrium.8 Graft radicals 

should ideally be more stable than initiating radicals to favour graft fragmentation. 

Initiation with the selected methacrylate-like radicals of V-601 was expected to favour 

re-fragmentation of the initiating radical over the acrylamide-type graft radicals, 

leading to a poor fragmentation efficiency. 

After radical formation, diffusion was expected to compete with cage 

reactions53 (photolysis) or chain transfer back to the original CTA (thermal initiator). 

The relative rates of reaction and diffusion were anticipated to determine the 

probability of a successful detachment event. Recombination rate constants are 

challenging to measure directly. However, the magnitudes of recombination and chain 

transfer rate constants found in the literature could be used as a qualitative guide. Rate 

constants of the order of 1010 M-1 s-1 have been reported for methyl radical 

recombination in liquids,54 while some rate constants for polymer radical combination 

in solution have been measured to be in the range of 108-109 M-1 s-1.31, 55 The values 

are in stark contrast to the 10-6 M-1 s-1 values reported for monomer addition to 

dithioesters.56 Thus the diffusion limit is likely to be much more stringent in 

photoiniferter reactions. Considering the diffusivities of small molecules in liquids are 

about 10-5 cm2 sec-1 and those of large molecules such as polystyrene about  

10-7 cm2 sec-1,55 the rate of diffusion could be expected to vary considerably depending 

on the mean chain length. Finally, longer chain radicals may be shielded by 

surrounding polymer segments, leading to a reduced reaction rate.31 

To test our hypothesis of intermolecular graft exchange taking place in the Z 

group approach, an exchange reaction was performed between graft copolymers 

pNAM23x10 (1a) and pNAM23x87 (1b) under typical RAFT polymerisation conditions 

with V-601 ([CTA]/[I]0=20) at 75 °C in dioxane. An equal mass of each polymer was 

used in the reaction, corresponding to a roughly 7:1 molar ratio of short and long 

grafts. The polymers comprised identical backbones (DP 23) but different graft lengths 

(DPs 10 and 87) and were therefore expected to exhibit a unimodal molecular weight 
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distribution (MWD) upon successful exchange. Samples were withdrawn from the 

reaction mixture at various time points over 15 h and analysed by DMF SEC to 

monitor the reaction. 

The chromatogram of a sample taken before initiation showed two distinct 

MWDs, corresponding to pNAM23x10 with short grafts at the lower end and pNAM23x87 

with longer grafts at the higher end of the molecular weight range (Figure 2.4A). A 

significant change in the MWD was observed after 15 minutes, indicating successful 

initiation of intermolecular graft exchange. The change became more apparent after 

45 min as the smaller and larger species shifted further towards higher and lower 

molecular weights, respectively. The hydrodynamic volume of the largest polymers 

seemed most affected, likely due to a significant increase in their backbone flexibility. 

After 3 h and 50% initiator decomposition the extent of graft exchange was sufficient 

to result in a nearly uniform MWD with a small peak split still visible in the 

chromatogram. Terminated grafts were discernible below 5,000 g/mol, and their 

amount increased up to 4 wt% with further initiator decomposition. Their mass was 

equal to the expected quantity of termination products calculated from [CTA]/[I]0 and 

mass fraction of grafts in the reaction (88 wt%), which predicted the termination of 

5 mol% of grafts to lead to a 4 wt% mass loss. 

The data indicated a successful graft exchange reaction, yielding a product 

with a slightly reduced grafting density and a dispersity comparable to that of the high- 

molecular weight starting material (Table 2.2). The main distribution exhibited subtle 

 

 

Figure 2.4 SEC data of graft exchange reactions between graft copolymers pNAM23x10 and pNAM23x87 

at an equal mass ratio of the two polymers. Reactions were initiated by thermal initiator (A) and under 

blue light irradiation (B). Analysis was performed in DMF with DRI detection and PMMA calibration. 
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peak asymmetry after the reaction. This is most likely due to the different degrees of 

termination in the polymerisations of the starting materials, which lead to slightly 

different grafting densities and therefore distinct chain volumes despite having 

uniform graft length distributions after the exchange. Considering that the number-

average backbone length in this reaction was much shorter than the average graft 

length, the latter was thought to make a more significant contribution to the overall 

hydrodynamic volume. Furthermore, since the backbone dispersity (Ð=1.14) was 

lower than the expected overall graft dispersity, the dispersity of the exchange product 

was thought to primarily depend on the latter. Graft dispersity could be expected to 

increase in Z group reactions with an increasing graft length (vide infra), and therefore 

the dispersity of the longer grafts would set a rough lower limit for the dispersity of 

the exchange product. 

 

Table 2.2 SEC analysis results for all graft exchange reactions conducted in this study. Analysis was 

carried out in CHCl3 (E4) or DMF (all other reactions) using DRI detection and PMMA calibration. 

    Before exchange After exchange  

 Initiation Starting 

materials 

Mixing ratio Mn,SEC
 

(g/mol) 

Đ Mn,SEC
 A 

(g/mol) 

Đ A mT 
B

 

(%) 

E1 Δ 
pNAM23x10 

pNAM23x87 
1:1 mass 

28,000 

169,000 

1.14 

1.51 
39,600 1.46 4 

E2 hv 
pNAM23x10 

pNAM23x87 
1:1 mass 

28,000 

169,000 

1.14 

1.51 
42,400 1.48 6 

E3.1 hv 
pNAM133x8 

pNAM133x29 
1:1 mass 

56,700 

157,000 

1.32 

1.34 
101,000 1.16 4 

E3.2 hv 
pNAM133x8 

pNAM133x29 
1:2 mass 

56,700 

157,000 

1.32 

1.34 
120,000 1.13 7 

E3.3 hv 
pNAM133x8 

pNAM133x29 
2:1 mass 

56,700 

157,000 

1.32 

1.34 
88,200 1.16 N/A C 

E4 hv 
pNAM23x10 

pyr-pNAM15 

1:1 mol 

grafts 

37,800 

2,800 

1.12 

1.19 

37,800 

2,100 

1.11 

1.23 
- 

E5 Δ 
pNAM23x10 

pNAM300x51 

1:1 mol 

grafts 

28,000 

480,000 

1.14 

1.42 
N/AD N/AD 12 

A Reported for the main distribution. 

B Mass percent of terminated grafts. 

C Below the detection limit. 

D Not analysed due to significant overlap, see Figure 2.6. 
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The reaction was repeated in the absence of added initiator under blue light 

irradiation at 40-50 °C. SEC data showed that a nearly identical transformation of the 

MWD took place over 15 h; however, the apparent rate of graft exchange was slower 

than in the initiator-driven reaction (Figure 2.4B). This slower reaction rate implied a 

reduced frequency of successful detachment events, likely due to a slower rate of 

radical formation, cage reactions and/or a reduced chain diffusivity due to a reduced 

temperature and higher solvent viscosity. Repeated attempts at lower temperatures 

(20-30 °C) resulted in no apparent exchange over 15 h. This observation was ascribed 

to elevated temperatures aiding bond dissociation. Photoiniferter exchange resulted in 

roughly 6 wt% terminated chains, which was slightly higher than what was found in 

the initiator-driven reaction. Given that the MWD of grafts was the same in each 

reaction, chain length could be excluded as a contributing factor in the probability of 

termination. Instead, the small difference was attributed to changes inradical 

concentration, chain diffusivity, and possibly solubility. 

The resemblance of the MWD evolution in the two reactions – in particular the 

comparable amount of termination products – was notable considering their 

mechanistic differences (vide supra). The initiator-driven reaction involved addition-

fragmentation events wherein each fragmented graft radical leaves behind a stable 

side-group which remains dormant until subsequent radical addition. Regardless of 

the amount of initiator used, an ideal system should retain side-group livingness as 

initiator-derived radicals may change the original R group but should leave the side-

group reactive to further addition-fragmentation. The relative stabilities of the original 

or initiator-derived R group and graft radicals will, however, dictate the direction of 

the RAFT equilibrium.8 While the side-group activity towards incoming radicals may 

theoretically be preserved even at high initiator concentrations, each initiator-derived 

radical taking part in the reaction results in a dead graft, therefore reducing the grafting 

density. These mechanistic considerations are in contrast with the photoiniferter 

exchange, in which photolytic formation of a graft radical leaves behind a 

trithiocarbonate side-group radical. Due to their high reactivity the lifetime of both 

species is expected to be short, raising questions about the fate of the side-group 

radical when recombination does not occur. The side-group radical may be envisioned 

to combine with a graft radical fragmented off another side-group thus leading to intra- 

or intermolecular exchange, to react with another trithiocarbonate or a trithiocarbonate 

radical to form a disulfide bond, or to undergo decomposition or other irreversible 
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reactions leading to a dead side-group. While both disulfide formation and 

decomposition pathways lead to a reduced grafting density, the effect may be 

reversible in the former case as the bond may be cleaved photolytically or fragmented 

via radical addition. Given that disulfide formation should result in graft termination, 

it seemed this reaction did not occur to any large extent. Observations made in some 

grafting from polymerisations of pNAM grafts in which extensive intermolecular 

coupling took place at high monomer conversions could support the hypothesis of 

disulfide bond formation taking place under favourable reaction conditions. Due to the 

backbone CTA still being present, the possibility of backbone-graft coupling could 

not be excluded, but its probability should be considerably smaller than disulfide bond 

formation considering steric and statistical factors. Another plausible side-reaction 

was chain transfer to polymer, which is known to occur with acrylates57, 58 but may 

also take place with acrylamides.59 A low reaction temperature should, however, 

disfavour such reactions.8 

One of the advantages of the presented synthetic strategy is that the graft 

distribution may be conveniently adjusted with reaction stoichiometry. This could be 

particularly advantageous for carrying out systematic studies across large polymer 

libraries in which one or multiple properties of the polymer, such as the aspect ratio, 

rigidity, solubility, charge, or a functionality, are systematically varied. To this end, a 

series of photoiniferter graft exchange reactions between pNAM133x8 (2a) and 

pNAM133x29 (2b) was carried out using 1:1, 1:2, or 2:1 mass ratios over 15 h. SEC 

analysis indicated the reaction to yield three products with distinct hydrodynamic 

volumes (Figure 2.5A). Some termination was observed in all reactions (≤7 wt%), the 

amount of which increased with increasing average graft length. 

Another benefit of this approach is that the reaction mechanism may be used 

to exchange grafts for any linear polymers capable of forming a chain radical. This 

was demonstrated by exchanging grafts of pNAM23x10 (1a) for pyrene-functional 

linear pNAM15 (7) under blue light irradiation. Equimolar amounts of linear chains 

and grafts were used in an attempt to exchange 50% of the original grafts for pyrene-

functional grafts. The exchange was monitored with SEC using DRI and multiple-

wavelength UV detection. The transfer of pyrene-functional chains to the graft 

copolymer was monitored at a wavelength of 265 nm at which trithiocarbonate groups 

absorb only weakly but pyrene has a strong absorption. The data showed a gradual 
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Figure 2.5 A) SEC data of graft exchange reactions between pNAM133x8 and pNAM133x29 conducted at 

varying mass ratios of the starting materials. B) SEC data showing exchange of pNAM23x10 grafts for 

pyrene-functional linear pNAM10 chains. UV detection wavelength (265 nm) was selected to be 

strongly absorbed by pyrene and only weakly absorbed by the trithiocarbonate groups. Areas under UV 

vs. MW plots were normalised. Analysis was conducted in CHCl3 with PMMA calibration. 

increase in the UV absorption of the graft copolymer relative to the linear polymer 

over 24 h (Figure 2.5B). DRI detection showed a slight change in the MWDs due to 

the average DP of the grafts being slightly less than that of the linear chains, resulting 

in the relative area of the linear chain distribution getting smaller and shifting towards 

lower molecular weights with increasing reaction time. Formation of low-molecular 

weight products was not observed at 309 nm, suggesting that the photolytically 

cleaved trithiocarbonate ω-ends of pyr-pNAM15 combined with graft radicals 

fragmented off the backbone. The data confirmed successful functionalisation of the 
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original graft copolymer with a fluorescent probe. Using this method, the degree of 

functionalisation may be conveniently adjusted by varying the reaction stoichiometry. 

Graft exchange products were further visualised with AFM on mica to 

complement SEC analysis. An initiator-driven graft exchange reaction between 

pNAM133x8 (2a) and pNAM300x50 (3a) with dissimilar backbone and graft lengths was 

monitored using DRI and UV detection at 309 nm to distinguish the UV-active graft 

copolymers from terminated grafts. UV vs RT plots showed two MWDs after the 

reaction due to the large difference in the backbone lengths and some 12 wt% 

terminated grafts (Figure 2.6A). AFM imaging of the diluted reaction mixture before 

the reaction showed two distinct graft copolymers, differing in length, width, and 

rigidity (Figure 2.6B). After the reaction, the two could only be distinguished by their 

backbone lengths, while their graft lengths appeared similar. A considerable number 

of terminated grafts were also visible on the substrate after the reaction. 

The reactions discussed thus far proved the hypothesis of an interchange of Z 

group tethered grafts leading to uniform products. The reaction mechanism was 

successfully harnessed to exchange the grafts of distinct starting materials as a proof 

of concept for heterograft copolymer synthesis. Both external initiators and 

photoiniferter chemistry were successfully employed as the initiating strategy. This 

novel, modular approach could find use in systematic studies for which extensive 

polymer libraries are needed to study gradual changes in polymer structure and 

properties. In applying the presented approach, particular attention should be paid to 

the amount of initiator used and its rate of decomposition (or light intensity) to 

minimise termination reactions, which may be expected to increase with increasing 

graft length. The dependence of reaction and diffusion rates on the reaction medium 

and temperature should be considered as parameters that may be used for optimisation. 

Given that the chain length dependence of shielding effects near the grafting sites has 

been shown to be less pronounced in a theta solvent than in a good solvent,36 the effect 

of solvent quality on the reaction rate and termination remains as a key parameter to 

explore further. While in this work all exchange reactions were conducted in the 

absence of monomer, the reactions could alternatively be carried out as a block 

extension of the original grafts. In reactions employing various monomer families 

(e.g., methacrylic and acrylic monomers), the relative reactivities of each should be 

taken into consideration in designing each system. 
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Figure 2.6 A) SEC data of an initiator-driven graft exchange between pNAM133x8 and pNAM300x51 at 

an equimolar ratio of grafts. Analysis was conducted in DMF. B) AFM images and height profiles show 

the starting materials to have distinct backbone and graft lengths before the reaction. After 3 h, all 

polymers appeared to have a similar width, indicating a successful graft exchange. 

2.2.3 Transfer of Linear Chains to Functionalised Backbones 

The Z group approach mechanism was envisioned to offer an alternative 

synthetic route for making graft copolymers wherein linear polymer chain radicals are 

added to a pCTA. Using this approach, the graft copolymer architecture could be 

accessed directly from a mixture of linear polymers in a similar fashion to the grafting 

to approach. Similar, albeit irreversible grafting strategies with polymeric radicals 

have been previously studied, for example by grafting TEMPO-functionalised 

poly(ethylene oxide) to a functionalised pHEA.60, 61 

Both thermal initiators and iniferters were considered applicable to the 

reactions. In initiator-driven reactions, grafting involves forming a radical on the linear 

polymer which may add to a backbone CTA and lead to R group fragmentation 
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(Scheme 2.5A). The R group radical should be selected to be more stable than the 

linear polymer chain radical to favour R group fragmentation.8 The newly added graft 

may be later fragmented off as a result of radical addition to the same CTA. Each 

grafted chain was expected to produce a UV-active by-product via combination with 

an initiator-derived or an R group radical. In photoiniferter reactions, initiating 

radicals may be formed via photolysis of the linear polymer chain-end and/or the 

backbone CTAs, depending on the selected wavelength. The grafting step involves an 

addition-fragmentation event between the linear chain and backbone CTA (Scheme 

2.5B) or a radical combination. However, at low radical concentrations the probability 

of combination is expected to be lower than that of chain transfer. Under a suitable 

irradiation wavelength, the attached graft may be re-fragmented by photolysis. The 

expected by-products of graft addition were formed via end-group combination with 

an R group radical or another end-group to form a disulfide bond. The UV-active by-

products provide a convenient way to monitor the reaction with SEC. 

Due to the ability of grafts to continuously fragment off the backbone, the 

reaction was expected to reach an equilibrium wherein the addition and fragmentation 

of grafts would take place at equal rates. Therefore, the reactions were expected to 

 

 

Scheme 2.5 Reaction schemes for transferring linear polymers to a functionalised backbone using a 

thermal initiator (A) and the photoiniferter approach (B) and expected by-products (A1-2, B1-2). 

Product B2 may also be formed through combination of methyl propionate and trithiocarbonate 

radicals. 
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result in a mixture of graft copolymers and linear chains which would need to be 

separated to isolate the desired product. The ratio of linear chains to backbone CTAs 

was expected to determine the number of linear chains attached to the backbone at the 

end of the reaction. In the absence of an initiator, the theoretical maximum number of 

grafts per backbone repeating unit was 

 𝑛G,max =
𝑛L

𝑛L + 𝑛CTA
 , (2.3) 

where 𝑛L and 𝑛CTA are the number of linear chains and backbone CTAs, respectively. 

To this end, linear pNAM44 (6) was reacted with pCTA300 (3) in a 1:1 mol ratio 

of linear chains to backbone CTAs in the presence of V-601 ([CTA]0/[I]0=20,) in 

dioxane at 75 °C. SEC showed a rapid increase in the hydrodynamic volume of 

pCTA300 within the first 30 min as linear chains were grafted to the polymer (Figure 

2.7A). Samples taken at longer reaction times showed very little change in the MWD 

as the reaction reached an equilibrium. 

The fraction of grafted chains was quantified by comparing the areas of the 

three peaks in UV vs. RT plot, corresponding to pCTA300 or the graft copolymer, 

linear polymer, and the end group-derived by-products. The molar ratio of pNAM44 to 

backbone CTAs (RL/CTA) at 𝑡 = 0 was estimated as 𝐴UV,pNAM0
/𝐴UV,pCTA0

. However, 

the molar absorptivities of the CTA and pNAM44 end-group were not known to be 

equal and the relative areas were only used here as an approximation.46 The relative 

fraction of transferred linear chains (𝑓Rel), which is descriptive of the grafting density, 

was calculated for each time point as 

 
𝑓Rel,UV = RL/CTA 𝑓pNAM,UV =

𝐴UV,pNAM0

𝐴UV,pCTA0

·
𝐴UV,CTA

𝐴UV,CTA + 𝐴UV,pNAM
 , (2.4) 

where 𝑓pNAM,UV is the fraction of consumed pNAM44 at time 𝑡 estimated with UV 

detection, and 𝐴UV,pNAM and 𝐴UV,CTA are the areas of peaks corresponding to pNAM44 

and end-group derived by-products, respectively. Equation 2.4 approximates the molar 

absorptivities of the by-products to be equal to that of pNAM44 and therefore 

𝐴UV,pNAM0
= (𝐴UV,CTA + 𝐴UV,pNAM)

𝑡
 at any time 𝑡. The reaction appeared to plateau 

after 39% of the original backbone R groups had been exchanged for a pNAM44 chain 

(Figure 2.7B). To complement the quantification based on UV detection, the relative 
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Figure 2.7 A) SEC data for the transfer of pNAM44 to pCTA300 in the presence of V-601 at 75 °C in 

dioxane. B) Relative fraction of transferred linear chains (fRel,UV), descriptive of the grafting density, 

plotted against reaction time in reactions with 1:1, 3:1 and 4:1 pNAM to backbone CTA ratios. 

 

fraction of transferred chains was estimated from the RI vs. RT plots by calculating 

the change in the mass fraction of the linear chains, Δ𝐴RI,pNAM/𝐴RI,tot. The result was 

in reasonably good agreement with the UV data, suggesting a plateau at 31% (Table 

2.3). Due to the weak RI signal intensity, UV detection was considered more reliable 

despite the approximations of equal absorptivity. 

An excess of linear chains was used in subsequent reactions to yield polymers 

with higher grafting densities. Steric shielding effects near the reactive sites were 

anticipated to set a practical upper limit for the number of grafts per backbone. 

Grafting was conducted using 3:1 and 5:1 molar ratios of linear chains to backbone 

CTAs, reaching 67% and 72% relative transfer efficiencies after 4 h, respectively 

(Figure 2.7B). The data suggested that, even with a large excess of linear polymer, 

roughly 30% of backbone repeating units remained without a graft, and that an 

increase from a 3-fold to a 5-fold excess had little effect on the relative transfer 

efficiency. The results suggested grafting densities above 70% would be challenging  
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Table 2.3 Transfer efficiencies observed in reactions between linear pNAMs and pCTA300. SEC 

analysis with DRI and UV309 nm detection was used to follow reaction kinetics. 

     
DRI detection UV detection 

 Initiation Linear  

polymer 

 

[pNAM]/ 

[CTA] 
t 

(h) 
% Transferred 𝒇𝐑𝐞𝐥

A % Transferred 𝒇𝐑𝐞𝐥
 A 

T1.1 Δ pNAM44 1:1 4 24 31 31 39 

T1.2 Δ pNAM44 3:1 4 13 35 24 67 

T1.3 Δ pNAM44 5:1 4 0 2 15 72 

T2.1 hv pNAM44 1:1 15 20 23 31 36 

T2.2 hv pNAM44 3:1 24 7 20 33 103 

T2.3 hv pNAM44 5:1 15 6 30 17 77 

T3.1 hv pNAM20 1:1 1.5 28 35 31 40 

T3.2 hv pNAM30 1:1 1.5 25 31 31 38 

T3.3 hv pNAM44 1:1 1.5 23 28 27 34 

A The relative fraction of transferred linear chains was calculated as ([pNAM]⁄[CTA])·(%Transferred chains). 

 

to reach with this graft length. The data collected with UV and DRI detection were in 

considerable disagreement due to the poor sensitivity of the DRI detector for the small 

amount of pCTA300 employed in these reactions (Table 2.3). Therefore, quantification 

with UV was considered more reliable despite the assumption of equal molar 

absorptivities. 

The reactions were repeated under blue light irradiation in the absence of 

initiator (Figure 2.8). UV detection suggested a reaction with RL/CTA = 1 to result in 

roughly 36% transfer of linear chains, which was very close to the 39% transfer 

observed in the equivalent initiator-driven reaction. However, the degree of linear 

transfer calculated from DRI detection was found to be considerably lower (Table 2.3). 

Most notably, when an excess of linear chains was used, 𝑓Rel,UV seemed not to plateau 

with increasing reaction time, implying that UV-active by-products were generated 

continuously by photolysis. DRI detection revealed the formation of a third polymeric 

species at RT=13 min, with Mn,SEC ≈ 45,000 g/mol. Considering the higher 

concentration of linear chains in these reactions, a possible explanation is the 

combination of two ω-end-groups to form disulfide B1, followed by 
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Figure 2.8 SEC data for blue light-induced transfer of pNAM44 to pCTA300 in dioxane. Analysis was 

carried out in DMF. 

disproportionation of the linear chains and subsequent polymerisation of the newly 

formed vinyl groups.62 Due to the overlap in the RI vs RT plots, the relative fraction 

of transferred chains could not be quantified reliably using these data. 

While the presented approach sets a practical upper limit for achievable 

grafting densities, it was found to give better control over graft dispersity than Z group 

polymerisation. A comparison was made between graft copolymers synthesised via 

photoiniferter Z group polymerisations and those prepared by transferring linear 
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pNAM chains with DPs of 20, 30, and 44 to pCTA300. Transfer reactions were 

conducted photolytically over 1.5 h using an equimolar ratio of linear chains to 

backbone CTAs, resulting in a 30-35% grafting density (Table 2.3). Both UV and DRI 

detection suggested the fraction of transferred chains to decrease some 6% across the 

two-fold increase in chain length due to increased steric shielding. After isolating the 

graft copolymers from linear chains through repeated precipitations, the grafts were 

fragmented off the backbone with blue light irradiation in the presence of a hydrogen 

donor and subsequently analysed by SEC (Figure 2.9). The cleaved grafts prepared 

through the Z group approach exhibited broad MWDs (Ɖ=1.58-1.98) regardless of the 

graft or backbone length (Table 2.4), suggesting chain growth was overall poorly 

controlled in these reactions. Consequently, the experimental number-average 

molecular weights of the grafts deviated significantly from their theoretical values. As 

an example, the Mn,SEC = 4,500 g/mol of linear pNAM30 (5) was in good agreement 

with Mn,th = 4,500 g/mol, whereas the experimental molecular weight of pNAM29 

grafts cleaved off pNAM133x29 (2b) was much higher, Mn,SEC = 6,900 g/mol. 

 

 

Figure 2.9 A) Reaction scheme for cleaving grafts off the backbone under blue light irradiation using 

1-ethylpiperidine hypophosphite as a hydrogen donor. B) SEC data for graft copolymers prepared via 

the Z group approach. C) SEC data for graft copolymers prepared by transferring linear pNAM to 

pCTA300. Linear pNAMs used in the reactions are shown as a reference. Data were collected in DMF 

with DRI detection and analysed with PMMA calibration. 
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The poor control was to be expected from descriptions of similar systems in the 

literature,27 and ascribed to a combination of steric effects near the CTAs and the fast 

propagation rate of NAM. The transferred linear chains of T3.1-3.3 were found to 

retain their size distributions rather well and the hydrodynamic volumes of the graft 

copolymers obtained from the reactions increased systematically with increasing graft 

length. 

The newly described linear chain transfer strategy was successfully used to 

prepare graft copolymers with moderate grafting densities (≤70%) using a range of 

graft lengths. The approach allows for the separate preparation of the grafts prior to 

attachment, enabling improved control of molecular weight and structure over the Z 

group approach. Since the linear polymers used for grafting may be prepared or 

functionalised with any available RAFT agent or other radical-forming group, the 

method may be used to overcome the limitation of poor availability of Z group 

functional CTAs needed for the preparation pCTAs.27 Furthermore, the approach is 

applicable to any polymer that may be coupled to a radical-forming functionality and 

can therefore be used when the selected materials cannot be polymerised through the 

grafting from method. The versatile UV absorption characteristics of RAFT agents 

and radical stabilities may be further explored to develop more sophisticated or even 

orthogonal grafting strategies. 

 

Table 2.4 Experimental molecular weights (Mn,SEC) and dispersities (Ɖ) found in the graft cleavage 

reactions. Analysis was carried out in DMF with DRI detection and PMMA calibration. 

  Bottlebrush Linear polymer Cleaved grafts 

  Mn,SEC  

(g/mol) 

Đ  Mn,SEC  

(g/mol) 

Đ  Mn,SEC  

(g/mol) 

Đ 

 Linear transfer to pCTA       

C-T3.1 pCTA300 

pNAM20 

138,000 1.17 2,900 1.12 2,850 1.22 

C-T3.2 pCTA300 

pNAM30 

148,000 1.29 4,500 1.12 4,150 1.24 

C-T3.3 pCTA300 

pNAM44 

182,000 1.22 6,100 1.10 5,930 1.18 

 Z group approach       

C-3b pNAM300x35 368,000 1.51 - - 7,700 1.74 

C-3a pNAM300x50 548,000 1.43 - - 10,400 1.98 

C-1b pNAM23x87 178,000 1.56 - - 17,500 1.79 

C-2b pNAM133x29 157,000 1.34 - - 6,900 1.58 
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2.3 Conclusions and Outlook 

In this work the Z group approach was harnessed to realise two new synthetic 

routes, akin to grafting to reactions with reversible radical addition, for preparing graft 

copolymers. RAFT polymerisation was used to prepare graft copolymers and linear 

polymers to explore the new synthetic routes, and to provide a proof-of-concept for 

heterograft copolymer synthesis. The first approach involved an intermolecular graft 

exchange reaction between distinct graft copolymers prepared via the Z group 

approach. The reaction was successfully conducted with a range of backbone and graft 

lengths by re-fragmenting the existing grafts using a thermal initiator or blue light 

irradiation. Despite the mechanistic differences between the two initiating methods, 

changes in the MWDs monitored by SEC over the course of the reactions were found 

to be nearly identical. Grafts were also successfully exchanged for fluorescent-labelled 

linear polymers to demonstrate a convenient way to introduce functionality into the 

graft copolymer structure. The most notable limitation of the new approach was the 

inevitable termination of some grafts due to steric shielding near the grafting sites, 

commonly encountered in any Z group polymerisations. The modular approach 

provides a convenient means to prepare extensive graft copolymer libraries by simply 

adjusting the stoichiometry in each exchange reaction. 

The second approach involved reversible grafting of linear chains to CTA-

functionalised backbones. Grafting efficiencies could be estimated with SEC by 

following the formation of UV-active by-products, which showed that different 

grafting densities could be obtained by varying the amount of linear polymer added to 

the reaction. The achievable grafting densities were limited by the graft length using 

this method. However, depending on the desired properties of the product the 

limitation may be outweighed by the superior control over graft dispersity compared 

to conventional Z group polymerisations. The most notable benefit of this strategy is 

its applicability to any polymer capable of forming a chain radical, such as 

functionalised commercial polymers or those prepared through other controlled 

polymerisation techniques. The presented work successfully expanded the toolbox for 

graft copolymer synthesis by utilising the unique features of RAFT chemistry.  
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2.4 Experimental 

2.4.1 Instrumental Methods 

2.4.1.1 Size-Exclusion Chromatography 

SEC was carried out using the following two instrument setups and solvent 

conditions (Table 2.5). All analyte samples were filtered through a syringe filter prior 

to injection. Experimental molar mass (Mn,SEC) and dispersity (Đ) values were 

determined by employing conventional calibration with poly(methyl methacrylate) 

(PMMA) standards (Agilent EasyVials) using Agilent GPC/SEC software. 

 

Table 2.5 Instrument conditions used in SEC analysis. 

 DMF CHCl3 

Instrument Agilent Infinity II MDS Agilent Infinity II MDS 

Detectors A DRI, VS, DALS,  

single-wavelength UV 

DRI, VS, DALS,  

multi-wavelength UV 

Guard column PLgel 5 µm PLgel 5 µm 

Analytical columns 2 x PLgel Mixed D 

300 x 7.5 mm, 

200-400,000 g/mol  

linear operating range B 

2 x PLgel Mixed C 

300 x 7.5 mm, 

200-2,000,000 g/mol  

linear operating range B 

Calibration C PMMA 

500-900,000 g/mol 

PMMA 

600-2,200,000 

Eluent DMF,  

cont. 5 mmol NH4BF4 

CHCl3, 

no additives 

Sample filter Nylon membrane, 

0.22 μm pore size 

PTFE membrane, 

0.22 μm pore size 

Flow rate 1 ml/min 1 ml/min 

Temperature 50 °C 30 °C 

A DRI, VS and DALS stand for differential refractive index, viscometry and dual-angle light scattering detectors, 

respectively. DALS was detected at 15° and 90° angles. 

B Polystyrene equivalent. 

C Calibration range is given as a representative example on a given month. 
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2.4.1.2 Atomic Force Microscopy 

Samples were prepared by drop-casting a 0.005 mg/ml polymer solution in 

chloroform onto freshly cleaved mica and drying under a gentle N2 flow for 10 s. 

Images were collected directly after sample preparation using a Bruker Dimension 

Icon instrument with ScanAsyst in Air and PeakForce tapping and ScanAsyst-Air 

probes. Images were processed with Gwyddion software. 

2.4.1.3 Nuclear Magnetic Resonance Spectroscopy 

1H Nuclear Magnetic Resonance (NMR) spectra and 1H-13C Heteronuclear 

Single Quantum Coherence (HSQC) spectra were recorded in CDCl3 or CD3OD on 

Bruker Avance III HD (300 MHz or 400 MHz) spectrometer at 300 K. Chemical shift 

values (δ) are reported in ppm. Solvent residual signals were used for calibration. 

 

2.4.2 Materials 

Acetonitrile (Sigma), 4,4′-azobis(4-cyanovaleric acid) (ACVA, 98%, Alfa 

Aesar), carbon disulfide (CS2, ≥99.9%), 1,4-dioxane (≥99%, Sigma-Aldrich), 

dichloromethane anhydrous (DCM, 99.8%, Sigma-Aldrich), N,N-

Dicyclohexylcarbodiimide (DCC, 99%, Acros Organics), 4-(dimethylamino)pyridine 

(DMAP, ≥99.0%, Alfa Aesar), diethyl ether (≥99.8%, Sigma-Aldrich), N,N-

dimethylformamide (DMF, HPLC-grade, Merck), 1-ethylpiperidine hypophosphite 

(EPHP, 95%, Sigma-Aldrich), magnesium sulfate (drying agent, anhydrous, Sigma-

Aldrich), methanol (≥99.9%, HPLC grade, Sigma-Aldrich), methyl 2-

bromopropionate (99%, Acros Organics), 3-mercaptopropionic acid (99+%, Acros 

Organics), methanol-d4 (CD3OD, 99.8 atom% D, Sigma-Aldrich), chloroform-d 

(CDCl3, 99.8 atom% D, Sigma-Aldrich), oxalyl chloride solution (2.0 M in methylene 

chloride, Sigma-Aldrich), 1-pyrenebutanol (99%, Sigma-Aldrich), sodium methoxide 

solution (25 wt% in methanol, Sigma-Aldrich), were used as received from the 

supplier. 

2-Hydroxyethyl acrylate (HEA, ≥96%, Sigma-Aldrich) and 4-

acryloylmorpholine (NAM, 97%, Sigma-Aldrich) were passed through aluminium 

oxide (activated, basic, Brockman I standard grade) to remove the inhibitor. 2-

(((Butylthio)-carbonothioyl)thio)propanoic acid (PABTC) was synthesised according 

to the literature63 and recrystallised twice from hexane before use. 
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Blue LED lights (exact wavelength not known) were purchased from 

Amazon.com and attached around the inner surface of a metal mesh cylinder (Ø=8 cm) 

(Figure 2.10). Vials containing the reaction mixtures were placed at the bottom of the 

holder at roughly 4 cm distance from the light source. The reactor was placed inside a 

fume hood under 0.5 m/s air flow. The temperature was controlled using a cardboard 

housing and measured with a thermometer in contact with the bottom of the reactor. 

 

Figure 2.10 LED reactor used for photoiniferter reactions. 
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2.4.3 Synthetic Protocols and Characterisation 

2.4.3.1 Synthesis of 3-((((1-methoxy-1-oxopropan-2-yl)thio)carbonothioyl)thio) 

propanoic acid (MPPATC) 

 

Scheme 2.6 Reaction scheme for the preparation of the Z group functional RAFT agent used in the 

functionalisation of pHEA. 

In a 500 ml round-bottom flask immersed in an ice bath, mercaptopropionic 

acid (12.3 ml, 0.14 mol, 1.0 eq.) was dissolved in acetonitrile (250 ml) and sodium 

methoxide solution (25 wt% sol. in methanol) (66 ml, 0.29 mol, 2.1 eq.) was added 

dropwise. After 5 min, carbon disulfide (9.3 ml, 0.16 mol, 1.1 eq.) was added 

dropwise to the reaction mixture, the flask was removed from the ice bath and stirring 

was continued at room temperature for 1 h. Methyl 2-bromopropionate (17.4 ml, 

0.16 mol, 1.1 eq.) was added and stirring was continued at room temperature 

overnight. 

The product was isolated by adding concentrated HCl (1.5 eq.) to the stirred 

reaction mixture, followed by the addition of deionised water until an oil separated. 

The oil was dried over MgSO4 in DCM and volatiles were removed with rotary 

evaporation (30 °C) to give the product as an orange oil. The structure was confirmed 

by 1H NMR spectroscopy in CDCl3 (Figure 2.11). The product was used for 

functionalisation without further purification. 
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Figure 2.11 1H NMR spectrum of the synthesised RAFT agent, MPPATC, in CDCl3. 
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2.4.3.2 Synthesis of 4-(pyren-1-yl)butyl 2-(((butylthio)carbonothioyl)thio) 

propanoate 

 

Scheme 2.7 Reaction scheme for the synthesis of pyrene-functional RAFT agent, pyr-PBTC. 

1-Pyrenebutanol (250 mg, 0.911 mmol) and PABTC (239 mg, 1.00 mmol) 

were dissolved in anhydrous DCM (5 ml) under nitrogen and cooled with an ice bath. 

DMAP (1.11 mg, 0.091 mmol) and then DCC (216 mg, 1.05 mmol) were added to the 

reaction mixture and the mixture was stirred overnight at room temperature. Solids 

were filtered off, the solution was passed through a silica plug using a hexane/ethyl 

acetate (2:1) eluent and volatiles were removed with a rotary evaporator to give a 

yellow oil (440 mg, 97%). The structure was confirmed with 1H NMR spectroscopy 

in CDCl3 (Figure 2.12). 

 

 

Figure 2.12 1H NMR analysis of pyrene-functionalised RAFT agent, pyr-PBTC, in CDCl3. 
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2.4.3.3 Synthesis of MPPATC-functionalised poly(2-hydroxyethyl acrylates) 

(pCTAs) 

 

Scheme 2.8 Reaction scheme for the preparation of CTA-functionalised backbone precursors. 

The following general protocol was used to prepare all functionalised 

backbones. To prepare the functionalised pHEA133 (pCTA133, 2) PABTC (39.9 mg, 

0.167 mmol) and HEA (3.22 g, 27.7 mmol) were weighed into a 25 ml vial and 

dissolved in DMF (13.1 g, [M]0=2 M). A sample was taken for 1H NMR analysis. The 

vial was sealed with a rubber septum and the solution was deoxygenated by bubbling 

N2 into the solution for 15 min. Polymerisation was carried out over 15 h by subjecting 

the vial to blue LED irradiation (20-30 °C). Samples were taken after the reaction for 

SEC analysis in DMF and 1H NMR analysis in CD3OD. 

A fraction of the reaction mixture (7.4 mmol −OH, 1 eq.) was transferred into 

a dry round-bottom flask and anhydrous DMF was added. In a separate dry round-

bottom flask, MPPATC (3.00 g, 11.2 mmol, 1.5 eq.) was dissolved in anhydrous DCM 

and oxalyl chloride (1.1 ml, 13 mmol, 1.8 eq.) and anhydrous DMF (2 drops) were 

added. Solution was stirred for 1 h and volatiles were removed under vacuum. The 

residue was redissolved in anhydrous DMF and added dropwise to the polymer 

solution. Stirring was continued overnight. The reaction mixture was concentrated, 

and the polymer was collected through precipitation into methanol followed by 

centrifugation. The polymer was further redissolved in DCM, reprecipitated twice and 

dried under vacuum to yield a yellow tacky product. The structure was confirmed with 

1H NMR and 1H-13C HSQC in CDCl3 (Figure 2.14). 

Conversion of HEA was determined by 1H NMR spectroscopy in CD3OD 

using monomer −CH2OH signal at 3.76 ppm as a reference and by monitoring the 
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disappearance of vinyl protons at 5.90 ppm (Figure 2.13). The mean degree of 

polymerisation was calculated as  

 
DP𝑝 =

[HEA]0

[PABTC]0
 𝑝HEA , (2.5) 

and the theoretical number-average molar mass as 

 𝑀n,th = 𝑀PABTC + DP𝑝𝑀HEA + DP𝑝𝑀MPPATC , (2.6) 

where [HEA]0 and [CTA]0 are the initial HEA and CTA concentrations, respectively, 

𝑝 is the monomer conversion as determined by 1H NMR spectroscopy, and 𝑀HEA, 

𝑀PABTC, and 𝑀MPPATC are the molar masses of HEA, PABTC and MPPATC, 

respectively. 

 

 

Figure 2.13 1H NMR analysis of the RAFT polymerisation of 2-hydroxyethyl acrylate at t=0 (top) and 

after the reaction (bottom). Spectra were acquired in CD3OD. 
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Figure 2.14 1H NMR (top) and 1H-13C HSQC (bottom) spectra of MPPATC-functionalised pHEA133 

in CDCl3. 
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2.4.3.4 Photoiniferter Polymerisation of Graft Copolymers 

 

Scheme 2.9 General reaction scheme for the photoiniferter Z group polymerisation used to prepare graft 

copolymers. 

The following general procedure was used for polymerising graft copolymer 

side-chains. For preparing pHEA133x8 (2a), pCTA133 (2) (49.76 mg, 0.136 mmol) and 

NAM (240.34 mg, 1.70 mmol) were weighed in a 2 ml vial. Dioxane (1.55 ml, 

[M]0 = 1 M) and DMF (30 μl) were added and sealed vial was left on a stirring plate 

to solubilise reactants. A sample as taken for 1H NMR analysis, and the vial was sealed 

with a septum cap and purged with N2 for 10 min. Polymerisation was carried out by 

placing the vial under blue LED light for 3 h. Samples were taken after reaction for 

SEC analysis in DMF and 1H NMR analysis in CDCl3. 

The polymer was precipitated in diethyl ether, collected by centrifugation, 

redissolved in DCM and reprecipitated twice to remove residual monomer. The 

product was dried in a vacuum oven (38 °C, 30 min) to give a pale yellow powder. 

To remove the linear by-product of terminated grafts, 120 mg of polymer was 

dissolved in DCM (10 mg/ml) in a 15 ml centrifuge tube. While agitating on a vortex 

mixer, diethyl ether was added dropwise until polymer separated from the solution. 

After centrifugation the supernatant was discarded, and the pellet was redissolved in 

DCM to repeat the procedure. The glassy polymer was redissolved in DCM, 

precipitated into diethyl ether and vacuum dried (38 °C, 30 min) to give a pale yellow 

powder (90 mg, 75%). 

Conversion of NAM was determined by 1H NMR spectroscopy in CDCl3 using 

DMF as an internal standard and by monitoring the disappearance of vinyl protons at 

5.68 ppm. The mean DP of the grafts was calculated as  
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DP𝑝 =

[NAM]0

[MPPATC]0
 𝑝NAM (2.7) 

and the theoretical number-average molar mass of the graft copolymer as 

 𝑀n,th = 𝑀pCTA + DPpCTADP𝑝𝑀NAM (2.8) 

where [NAM]0 and [MPPATC]0 are the initial NAM and side-chain MPPATC 

concentrations, respectively, 𝑝 is the monomer conversion as given by 1H NMR 

analysis, and 𝑀pCTA and 𝑀NAM are the molar masses of the pCTA and NAM, 

respectively. The final structure was confirmed with 1H NMR spectroscopy in CDCl3 

(Figure 2.2). 
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2.4.3.5 Photoiniferter Polymerisation of Linear Polymers 

 

Scheme 2.10 Reaction scheme for the synthesis of linear poly(4-acryloylmorpholines). 

The following general protocol was used to prepare linear poly(4-

acryloylmorpholines) without a fluorescent tag. To prepare pNAM44 (6), PABTC 

(33.74 mg, 0.14 mmol, 1 eq.) and NAM (1.013 g, 7.18 mmol, 51 eq.) were dissolved 

in 2.65 ml dioxane ([M]0=2 M) in an 8 ml vial. DMF (30 μL) was added as an internal 

standard and a sample was taken for 1H NMR analysis. The reaction mixture was 

deoxygenated by bubbling N2 into the solution for 15 min and the vial was irradiated 

with blue LED light (20-30 °C) for 3 h. After the reaction was stopped, a sample of 

the crude product was taken for 1H NMR and SEC analysis. The polymer was isolated 

by precipitating into diethyl ether three times and drying in a vacuum oven (30 min, 

38 °C). The product was characterised by 1H NMR in CDCl3 and by SEC in DMF. 

To prepare pyrene-functional pNAM15 (pyr-pNAM15, 7), NAM (100 mg, 

0.71 mmol), pyr-PBTC (29.2 mg, 5.9·10-2 mmol) and ACVA (0.2 mg,  

7.08·10-4 mmol) were dissolved in dioxane (147 µl) in a 1.5 ml screw cap glass vial. 

The mixture was degassed with nitrogen for 10 min and placed in an oil bath heated 

to 75 °C for 24 h. Conversion was determined by 1H NMR in CDCl3. The reaction 

mixture was precipitated twice into ice-cold diethyl ether and dried overnight in a 

vacuum oven (40 °C). 
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2.4.3.6 Graft Exchange Using a Thermal Initiator 

 

Scheme 2.11 General reaction scheme for graft exchange reactions conducted using a thermal initiator. 

The following general protocol was used for all reactions. For exchanging 

short and long pNAM grafts at an equal mass ratio (E1), pNAM23x10 (12.61 mg, 

3.1·10-4 mmol) and pNAM23x87 (12.58 mg, 4.4·10-5 mmol) were weighed into a 2 ml 

screw-cap septum vial. Dioxane (0.40 ml) and initiator stock solution (0.90 mg/ml in 

dioxane, [CTA]/[I]0 = 20) were added to dissolve the polymers and the solution was 

purged with nitrogen for 10 min. The vial was placed in a pre-heated oil bath set at 

75 °C. Samples were withdrawn for SEC analysis through the septum with a nitrogen-

flushed syringe. 
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2.4.3.7 Graft Exchange Using the Photoiniferter Approach 

 

Scheme 2.12 General reaction scheme for graft exchange reactions conducted using the photoiniferter 

approach. 

The following general protocol was used for all reactions. For exchanging 

short and long pNAM side-chains at an equal mass ratio (E2), pNAM23x10 (10.02 mg,  

2.4·10-4 mmol) and pNAM23x87 (10.05 mg, 3.5·10-4 mmol) were weighed into a 2 ml 

screw-cap septum vial. Dioxane (0.40 ml) was added to dissolve the polymers. The 

solution was purged with nitrogen for 10 min and the vial was placed in a photoreactor 

equipped with a blue LED light strip (40-50 °C). Samples were taken for SEC analysis 

through the septum with a nitrogen-flushed syringe. 
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2.4.3.8 Transfer of Linear Polymer to pCTAs 

 

Scheme 2.13 Reaction schemes for the transfer of linear chains to pCTAs using an added initiator (top) 

or the photoiniferter approach (bottom). Two UV-active by-products were expected in each case.  

The following general protocol was used for all reactions. For transferring 

pNAM44 side-chains to pCTA300 at an equimolar ratio of linear polymer to pCTA300 

repeat unit, pCTA300 (1.49 mg, 1.4·10-8 mol, 1 eq. with respect to MPPATC units) and 

pNAM44 (25.22 mg, 3.9·10-6 mol, 1 eq.) were weighed into a 2 ml screw-cap septum 

vial. Dioxane (ctot=50 mg/ml) was added to dissolve the polymers. For the reaction 

employing a thermal initiator, V-601 ([MPPATC]/[I]0=20) was added. The solution 

was purged with nitrogen for 10 min and the vial was either immersed in a pre-heated 

oil bath set at 75 °C for 4 h (with added initiator, T1.1) or placed under blue LED light 

(no added initiator, T2.1). Reaction was monitored by sampling through the septum 

with a nitrogen-purged needle. SEC analysis of the samples was carried out in DMF. 

Transfer efficiencies were calculated from the areas under the SEC UVλ=309nm 

detector responses arising from the pCTA300 (ApCTA), linear polymer (ALin), CTA-

derived by-product (ACTA), and the graft copolymer (ABB). The linear polymer to 

backbone CTA ratio was calculated as 
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R =

𝐴Lin

𝐴pCTA
 . (2.9) 

The fraction of linear chains consumed in the reaction was estimated as 

 
𝑓Lin,UV =

𝐴CTA

𝐴CTA+Lin
 . (2.10) 

The relative transfer efficiency, related to the grafting density, was calculated by 

taking into account the initial ratio of linear chains to backbone CTA as 

 𝑓Rel,UV = R 𝑓Lin,UV. (2.11) 

The transfer efficiencies could also be estimated using the DRI detector response when 

the signal-to-noise ratio was sufficiently large. When a large excess of linear chains 

was used, a small deviation in ApCTA could result in a significant error. The mass 

fraction of linear chains at time t was calculated as 

 % Lin𝑡 =
𝐴Lin,𝑡

𝐴tot,𝑡
 , (2.12) 

where 𝐴tot,𝑡 is the sum of all areas at time 𝑡. The change in the mass fraction of linear 

chains by time t was then 

 Δ Lin𝑡 =
𝐴Lin,𝑡

𝐴Lin,0
 , (2.13) 

where 𝐴𝐿𝑖𝑛,0 is the mass fraction at 𝑡 = 0. The fraction of linear chains consumed after 

time 𝑡 was then calculated as 

 𝑓Lin,RI =
∆Lin𝑡

% Lin𝑡
 (2.14) 

and the relative transfer efficiency as 

 𝑓Rel,RI = R 𝑓Lin,RI . (2.15) 
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2.4.3.9 Graft Cleavage Reactions 

 

Scheme 2.14 General reaction scheme for cleaving grafts off a backbone to study their dispersity with 

size-exclusion chromatography. 

Grafts were cleaved off the backbones by using blue light-induced 

fragmentation in the presence of 1-ethylpiperidine hypophosphite with the following 

general protocol adapted from the literature.64 To cleave the grafts of pNAM300x35, the 

copolymer (10.32 mg, 1.9·10-3 mmol CTA, 1 eq.) was dissolved with EPHP (5.2 mg, 

2.9·10-2 mmol, 15 eq.) in DMF (0.20 ml). The solution was deoxygenated for 10 min 

and the vial was irradiated under blue LED light (20-30 °C) for 12 h. The product was 

analysed by DMF SEC without isolation.  
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Chapter 3  

Polymerisation-Induced Self-Assembly of  

Graft Copolymers 

 

 

 

 

 

The field of polymer self-assembly has allowed the realisation of various functional 

polymer materials that find use in everyday life. Amongst the explored avenues of 

solution self-assembly, the role of polymer architecture has been studied as a 

parameter that may be used to direct the evolution of aggregate morphologies. In this 

study, the polymerisation-induced self-assembly of sparsely grafted copolymers was 

explored to understand how their self-assembly behaviour differs from those of linear 

diblock copolymers. Electron microscopy revealed the aggregation pathways to be 

strongly influenced by chain entanglements, immobilised by the phase separation of 

solvophobic grafts. Small-angle X-ray scattering suggested the graft copolymer 

architecture promoted formation of multicore aggregates, the core morphology of 

which evolved with increasing volume fraction of the solvophobe. The key 

characteristics of the reported system may be expected to apply to similar systems 

regardless of their chemistry and provides direction for further work.  
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3.1 Introduction 

Polymer self-assembly has been extensively studied both in bulk and solution 

and has been an active area of polymer research for decades.1, 2 A significant amount 

of work in this field has been driven by the search for three-dimensional, spatially 

periodic composition patterns in the 1-1,000 nm size range to be used in various 

applications in nanotechnology.3, 4 Microphase separation of polymers in selective 

solvents yields materials that have been envisioned for use in energy storage,5 drug 

delivery,6 thin films,7 and lubrication,8 amongst other applications. Wide-ranging 

work in this area has laid a good foundation for the exploration of new opportunities. 

3.1.1 Self-Assembly of Block Copolymers 

The self-assembly of amphiphilic molecules has intrigued scientists for over a 

century, with the first publications relating to the micellisation of surfactants dating 

back to the early 1900s.9 Attention later shifted towards macromolecular amphiphiles 

such as block copolymers. In a similar fashion to small molecule surfactants in 

solution, macromolecules in selective solvents or in the bulk are thermodynamically 

driven to self-assemble to minimise unfavourable polymer-solvent interactions. 

The microphase separation of diblock copolymers in the bulk depends on the 

volume fractions of the two blocks, the total degree of polymerisation (DP), and the 

Flory-Huggins interaction parameter, which describes the free-energy cost per 

monomer of contacts between A and B (i.e., the enthalpic incompatibility between the 

building blocks): 

 
𝜒AB = (

𝑍

𝑘𝐵𝑇
) [휀AB −

1

2
(휀AA + 휀BB)] , (3.1) 

where 𝑍 is the number of nearest neighbours per repeat unit in the polymer, 𝑘𝐵𝑇 is the 

thermal energy, and 휀AB, 휀AA, and 휀BB are the interaction energies per monomer 

between A−B, A−A, and B−B, respectively, with negative values indicating a free-

energy drive towards mixing.1  In contrast to small molecules, the entropic gain from 

mixing distinct polymer chains is relatively small and therefore even minor 

incompatibilities between their constituting blocks are sufficient to produce excess 

free energy contributions that disfavour mixing. Self-assembly in solution involves 

additional 𝜒-parameters to account for segment-solvent interactions between each type 

of monomer repeat unit and solvent involved. The free energy of aggregation involves 
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the competing factors of unfavourable loss in entropy owing to core chain stretching, 

interfacial energy at the separation boundary, and interchain interactions in the 

corona.10 

The solution self-assembly of block copolymers may be used to access a range 

of morphologies. In aggregates of linear AB diblocks, the morphology evolves with a 

change in the volume fractions of the two blocks and may generally be predicted by 

the packing parameter 𝑝, which relates the volume and length of the solvophobic 

segment and the contact area of the solvophile (Figure 3.1A).2, 5 The starting 

morphology encountered at a high fraction of the soluble block is typically a spherical 

micelle, which consists of a soluble corona surrounding a solvophobic core with a 

maximum radius of that of a fully stretched solvophobic block (Figure 3.1B). At 

smaller volume fractions of the soluble block the polymer may form rod or worm-like 

micelles, bicontinuous rods, bilayers including lamellae and vesicles, or phase- 

 

 

Figure 3.1 A) Dependence of packing parameter, p, on the relative block lengths and the resulting 

interfacial curvature. Parameters v, a0, and lc represent the volume and length of the hydrophobic 

segment and contact area of the hydrophilic block, respectively. B) Evolution of aggregate 

morphologies with changing volume fractions of the two blocks. Adapted from refs 2, 5.  
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inverted morphologies such as hexagonally packed hollow hoops and large compound 

micelles. The resulting morphology may be controlled by adjusting the three 

previously mentioned parameters contributing to the free energy of the system, for 

example by changing the solvent, polymer concentration, or through the use of 

additives such as salts. 

Advances in polymer synthesis have allowed the exploration of block 

copolymer aggregates by employing various polymer architectures with practically 

unlimited possibilities. The simplest and most studied block copolymer structure is the 

linear AB diblock, the self-assembly of which is well understood. The introduction of 

a second solvophobic block allows the preparation of more complex morphologies 

such as multicompartment micelles with separated core domains.4 Subtle changes in 

the polymer structure such as changing the block order from ABC to BAC may lead 

to different morphologies,4 and even more minor structural variations such as those 

arising from molecular weight and composition dispersity – inherent to all 

polymerisation techniques – have been shown to influence the outcome.11-13 The self-

assembly of branched architectures such as graft copolymers has also been widely 

studied and shown to provide access to striking morphologies which would be difficult 

if not impossible to access with linear copolymers.14-17 The increasing level of 

complexity in such systems imposes considerable challenges for achieving a 

comprehensive understanding, but offers many opportunities for new discoveries. 

3.1.2 Preparation of Block Copolymer Aggregates 

Block copolymer aggregates may be prepared through various methods.2 

Perhaps the most widely used conventional approach is the co-solvent method (also 

known as a solvent switch), in which a selective solvent is slowly added to a dilute 

copolymer solution prepared in a good solvent for each block. After sufficient solvent 

addition, the copolymer solution is typically dialysed to remove the good solvent. An 

alternative “solvent-free” approach involves the rehydration of a block copolymer film 

directly into a selective solvent.18 Other strategies such as microfluidic techniques19 

have also been developed. The main drawback of these methods is the low 

concentration of the self-assembled structures in resulting solutions, limiting the 

prospective applications of the resulting materials. 

Research involving controlled radical polymerisation techniques gave rise to 

an alternative self-assembly approach to conventional strategies whereby aggregation 
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takes place during polymerisation in a selective solvent. This polymerisation-induced 

self-assembly (PISA) strategy exploits the increasing solvophobicity of a propagating 

polymer chain to induce its self-assembly in situ, giving access to nanoparticles of 

various morphologies and chemistries in a wide range of reaction media at high 

concentrations without the need for post-polymerisation protocols.20, 21 A typical 

reaction involves the chain extension of a soluble polymer – commonly prepared via 

solution polymerisation or modification of a commercial polymer – with a second 

monomer in a dispersion or an emulsion polymerisation. The convenience of the 

method has been manifested in the substantial popularity of its exploration and the 

fast-growing number of publications that followed its discovery, as well as the 

versatile uses proposed for the materials.8, 22-24  Some recent points of interests and 

advances made in the field include the development of high-throughput processes,25, 

26 the employment of new initiation mechanisms,27, 28 and the preparation of 

organic/inorganic hybrid materials.29, 30 

3.1.3 Polymerisation-Induced Self-Assembly of Complex Polymer Architectures 

In recent years, the use of complex polymer architectures for PISA has sparked 

some interest and pioneering studies have revealed new possibilities using triblock31-

35 and star-like architectures.36-39 To highlight some of the discoveries, Armes and co-

workers found AB diblock copolymer vesicles formed framboidal vesicles upon chain 

extension to produce a double solvophobic ABC triblock terpolymer.34 The surface 

roughness of the vesicles could be controlled by varying the mean DP of the C block. 

On the other hand, the employment of double solvophobic BAB-type triblock 

structures have been reported to yield clustered particles, arising from the phase 

separation of B blocks into separate core domains and therefore A block bridges 

connecting adjacent particles.33, 35, 40 These examples amongst suggest that exploration 

of PISA systems beyond the classical AB diblock copolymer systems may broaden 

the scope of the obtainable materials. 

While the PISA of graft copolymers has not yet been the focal point of 

published studies, some research has been done at the boundary of linear and grafted 

polymers by using oligomeric ethylene glycol41 or polydimethylsiloxane42 

macromonomers, or monomers with large alkyl side-groups such as lauryl43 or 

stearyl44 methacrylates. Furthermore, Torres-Rocha et al. used a polynorbornene-

graft-poly(ethylene glycol) block to stabilise poly(cyclooctadiene) in water, thus 
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resulting in brush-coil type copolymers.45 During the course of our study, the first 

PISA of graft copolymers was reported for poly(vinyl alcohol)-graft-poly(2-

hydroxypropyl methacrylate) and poly(vinyl alcohol)-graft-poly(diacetone 

acrylamide) copolymers.46 The study did not reveal aggregation characteristics 

specific to the graft copolymer architecture, possibly due to inefficient 

functionalisation with initiating sites and therefore a low grafting density and an 

overall poorly controlled architecture. We hypothesised that a systematic study of the 

PISA of graft copolymers should reveal clear differences to their linear diblock 

analogues due to the influence of branching on core chain packing or other factors. 

3.1.4 Project Outline 

We set out to study the PISA synthesis of graft copolymers to learn how their 

self-assembly differs from that of linear diblock copolymers. To this end, RAFT 

dispersion polymerisation of sparsely grafted poly(lauryl methacrylate)-graft-

poly(benzyl methacrylate) (pLMA-g-pBzMA) copolymers was conducted in n-

dodecane using the grafting from approach. The linear diblock copolymer analogue, 

poly(lauryl methacrylate)-block-poly(benzyl methacrylate), has been studied in detail 

in non-polar solvents by Armes and co-workers, and shown to yield spherical micelles, 

worm-like micelles, and vesicles across a range of block ratios.43, 47, 48 The influence 

of structural parameters and concentration on the outcome of these reactions was 

examined by systematically varying the backbone length, graft length, grafting 

density, and copolymer concentration. The overall structures of the obtained 

dispersions and gel-like materials were screened using electron microscopy 

techniques, and the pBzMA core morphologies were studied in detail using small-

angle X-ray scattering (SAXS). A time-resolved SAXS experiment was used to 

observe morphological transitions in situ throughout a polymerisation to better 

understand the evolution of phase-inverted morphologies.   
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3.2 Results and Discussion 

To study the PISA behaviour of graft copolymers, a previously reported 

diblock copolymer/solvent system of solvophobic pBzMA and solvophilic pLMA in  

n-dodecane was adapted.43 In this work, pLMA constituted the graft copolymer 

backbone, thus making it the solvophile, whereas pBzMA grafts became gradually 

solvophobic with increasing DP. A backbone with pendent thiocarbonylthio grafting 

sites was constructed first using a two-step synthetic protocol, followed by the 

dispersion polymerisation of BzMA grafts to induce the self-assembly of the 

copolymer (Scheme 3.1). The effects of structural parameters on the self-assembly 

process were studied by systematically varying the backbone length, graft length, and 

grafting density. 

3.2.1 Preparation of Backbone Copolymers 

RAFT copolymerisation of LMA and HEMA was used to prepare linear 

poly[(lauryl methacrylate)-stat-(hydroxyethyl methacrylate)] (p(LMA-s-HEMA)) 

copolymers with controlled molecular weights to construct five backbone precursors 

(Table 3.1). HEMA was incorporated into the structure to introduce hydroxy groups, 

 

 

Scheme 3.1 Synthetic route used in this study: statistical RAFT copolymerisation of LMA and HEMA, 

functionalisation with a RAFT agent, and dispersion polymerisation of BzMA to conduct PISA. 
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later used for functionalisation with 4-cyano-4-(((dodecylthio)carbonothioyl)thio) 

pentanoic acid (CPADTC) and graft polymerisation of BzMA. The theoretical 

maximum number of branching points (nCTA) in each graft copolymer could therefore 

be adjusted in this step with comonomer stoichiometry. Three copolymers with 

dissimilar DPs of 206, 474, and 915 but similar comonomer contents (11-12 mol% 

HEMA) were designed for studying the effects of backbone length on the self-

assembly. Conversely, three copolymers with dissimilar comonomer ratios of 2.7, 5.9, 

and 12 mol% HEMA but similar lengths (DP=896-939) were designed to study the 

effects of grafting density. Monomer conversions were determined by 1H NMR in 

CDCl3 (Figure 3.2) and 1a was further isolated through repeated precipitations to 

collect a representative 1H-13C HSQC spectrum for resolving overlapping signals 

(Figure 3.3). SEC analysis of the copolymers 1a-5a showed unimodal molecular 

weight distributions and reasonable dispersities for all polymers (Figure 3.4A). 

Polymers 1a-3a exhibited a generous shift in the hydrodynamic volume across the 

series, indicating the three backbones were very different in length. A good overlap 

was observed for 1a, 4a, and 5a, confirming these polymers were similar in size. 

 

Table 3.1 Structural and characterisation details of backbone copolymers before and after 

functionalisation. 

Statistical copolymers 

 Structure A Conversion (%) DPtot  nHEMA 
A

 

(mol%) 

Mn,th  

(g/mol) 

Mn,SEC 
B 

(g/mol) 

Đ B 

LMA HEMA 

1a p(LMA816-s-HEMA99) 88 96 915 11 221,000 152,000 1.38 

2a p(LMA424-s-HEMA50) 90 97 474 11 115,000 80,400 1.24 

3a p(LMA182-s-HEMA24) 76 94 206 12 49,800 40,700 1.16 

4a p(LMA844-s-HEMA52) 84 99 896 6 222,000 140,000 1.32 

5a p(LMA914-s-HEMA25) 88 98 939 3 236,000 143,000 1.37 

Functionalised copolymers 

 Structure nCTA/nLMA 
C 

(%) 

nCTA D Mn,th 

(g/mol) 

Mn,SEC 
B 

(g/mol) 

Đ B 

1b pLMA915-CTA10% 10 82 254,000 207,000 1.48 

2b pLMA474-CTA10% 10 46 133,000 114,000 1.28 

3b pLMA206-CTA10% 10 19 57,200 55,900 1.16 

4b pLMA896-CTA5% 5 36 236,000 175,000 1.41 

5b pLMA939-CTA2% 2 17 243,000 162,000 1.36 

A Calculated from conversion. 

B SEC analysis in CHCl3 with DRI detection and PMMA calibration. 

C Theoretical maximum grafting density, quantified from the 1H NMR spectrum of the isolated product. 

D Number of CTA functionalities (i.e., grafting sites) per molecule, calculated from nHEMA and nCTA/nLMA. 



Polymerisation-Induced Self-Assembly of Graft Copolymers 

 

98 

 

 

Figure 3.2 Representative 1H NMR spectra of statistical copolymer precursors acquired in CDCl3. 

A) Reaction mixture before and after the reaction. B) Isolated p(LMA816-s-HEMA99) (1a). 
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Figure 3.3 1H-13C HSQC spectrum of p(LMA816-s-HEMA99) (1a) (400 MHz, 100 mg/ml in CDCl3). 

Spectra of LMA and HEMA monomers are shown as a reference. 

 

 

Figure 3.4 SEC profiles of statistical p(LMA-s-HEMA) copolymers before (A) and after (B) 

functionalisation. Analysis was conducted in CHCl3 with DRI detection and PMMA calibration. 
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A kinetic study of the statistical copolymerisation of 1a showed pseudo first-

order kinetics during the initial 6 h reaction time and a slightly higher rate of 

polymerisation for HEMA, suggesting some drift in the monomer distribution and 

therefore grafts along each chain (Figure 3.5A). SEC analysis showed an increasing 

Mn and a decreasing dispersity with increasing reaction time, which is indicative of a 

controlled polymerisation (Figure 3.5B).49  

To create the loci for the graft polymerisation of BzMA, CPADTC was 

coupled onto the hydroxy groups of the copolymer using the Steglich esterification 

method with 4-dimethylaminopyridine and dicyclohexylcarbodiimide,50 yielding 

CTA-functionalised backbones (pLMA-CTA) 1b-5b. After removing excess CTA 

through repeated precipitation, 1H NMR spectra were recorded to quantify the CTA to 

LMA ratio (nCTA/nLMA) (Figure 3.6). This ratio corresponded well to the HEMA/LMA 

molar ratio in the copolymer, suggesting near-quantitative functionalisation of the 

hydroxy groups. These data were supported by the absence of the −CH2OH signal 

assigned to HEMA repeat units in the 1H-13C HSQC spectra. SEC profiles of the 

functionalised copolymers showed a slight increase in Mn due to changes in molecular 

weight, solubility, and/or bulkiness of the side-groups but otherwise similar molecular 

weight distributions to that of their precursors (Figure 3.4B). 

 

 

Figure 3.5 A) Pseudo first-order kinetic plot for the statistical copolymerisation of lauryl methacrylate 

and 2-hydroxyethyl methacrylate (9:1) with [M]0 = 2 M, [CTA]0/[I]0 = 5, and V-40 at 90 °C in toluene. 

Linear fits (r2
 > 0.99) are indicated by solid lines. B) Corresponding SEC data shows the evolution of 

experimental molecular weight (Mn,SEC) and dispersity (Ð) as given by SEC in CHCl3 using DRI 

detection and PMMA calibration. 
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3.2.2 Polymerisation-Induced Self-Assembly of pLMA-g-pBzMA 

RAFT dispersion polymerisation of BzMA was conducted at 70 °C in n-

dodecane using the functionalised copolymers and dimethyl 2,2'-azobis(2-

methylpropionate) (V-601) as a thermal initiator. The conversion of BzMA was 

followed by 1H NMR (Figure 3.7). Total solids content (mpLMA-CTA + mBzMA) of 

20 wt% was used in all reactions unless otherwise specified. 

Owing to the design of the functionalised backbones, the polymerisation of 

 

 

Figure 3.6 1H NMR and 1H-13C HSQC spectra of pLMA915-CTA10% (5b) (400 MHz, 100 mg/ml in 

CDCl3). 
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pBzMA grafts took place via the R group approach in which propagating grafts 

remained covalently bound to the backbone.51 This grafting strategy is prone to 

intermolecular graft-graft coupling due to termination via combination especially at 

high radical concentrations and under monomer-starved conditions.52, 53 SEC analysis 

of graft copolymers prepared using backbones 1b-3b showed a unimodal distribution 

for polymers prepared using the shortest backbone regardless of the graft length 

(Figure 3.8). Prominent high molecular weight shoulders were observed for polymers 

with a long backbone. The data suggested that graft coupling could be suppressed in 

some reactions using moderate initiator concentrations and a slow radical flux, or by 

targeting very long graft lengths. However, at a constant backbone mass concentration, 

coupling events were very pronounced in the SEC profiles of longer backbones due to 

a higher probability of coupling events per molecule, and therefore affecting a larger 

fraction of the sample as a whole. Aggregation of the propagating grafts may have 

further increased the probability of coupling by bringing them into closer proximity. 

The statistical variation of graft lengths resulted in a considerable fraction of 

uninitiated CPADTC side-groups remaining after the reactions, particularly in the 

polymerisation of short grafts. To our surprise, 1H NMR analysis showed the presence 

 

 

Figure 3.7 Representative 1H NMR spectra of a RAFT dispersion polymerisation of BzMA before and 

after reaction using pLMA915-CTA10% (1b) and targeting graft length of 5 repeating units (400 MHz, 

CDCl3). Spectrum after reaction shows 42% unreacted pendent CTA (δ=3.32 ppm). 
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Figure 3.8 SEC profiles of pLMA-g-pBzMA copolymers analysed in CHCl3 with DRI detection and 

PMMA calibration. A-C) A comparison between different backbone lengths but similar grafting 

densities. D) A series of reactions targeting a wider range of graft lengths. 

of ~15% uninitiated CPADTC even at the highest attempted graft lengths, with 

reinitiation efficiency quickly plateauing at DP 15-25 and ranging from 30-85% for 

targeted DPs 1-46 (Figure 3.9). This trend was apparent in all PISA reactions 

regardless of backbone length, graft length or concentration and resulted in deviation 

from the targeted grafting densities. A series of solution polymerisation control 

experiments was carried out in toluene (a non-selective solvent) with pLMA915-

CTA10% (1b) to rule out effects of self-assembly. A lognormal cumulative distribution 

function was fitted to data gathered across 44 PISA reactions and used to calculate 

apparent graft lengths and apparent grafting densities resulting from incomplete 

reinitiation. 

3.2.2.1 Effect of Polymer Architecture on Macroscopic Transitions 

The self-assembly behaviour of pLMA-g-pBzMA graft copolymers was first 

assessed by conducting a series of reactions targeting a range of graft lengths 
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Figure 3.9 Reinitiation efficiency of side-chain CTA, CPADTC, as a function of graft DPp calculated 

from conversion. Data were gathered from 44 PISA reactions conducted in this work in n-dodecane. 

Lognormal cumulative distribution fit was made to the data with Origin software (r2=0.771). A series 

of reactions was carried out in toluene as a control experiment. 

(DP 1-100) at 20 wt% with pLMA915-CTA10% (1b) (Table 3.2). The solvophobe to 

solvophile ratio required for the self-assembly to take place was found to be very low 

(nBzMA/nLMA<0.1). The appearance of the reaction mixtures changed from dispersions 

with an increasing viscosity (DP≤5) into a gel-like consistency (DP 10), and further 

into a low-viscosity milky dispersion (DP 100) (Figure 3.10A). Within the gel-like 

regime, an increase in turbidity (DP 15) was followed by a partial expulsion of solvent 

from the polymer phase at longer graft lengths (DP 50). No changes in the consistency 

of these materials were observed over the course of several months. 

TEM, SEM and cryo-SEM imaging of the reaction mixtures revealed the 

presence of discrete spherical particles at the shortest and longest targeted graft lengths 

of DP 1 and 100, respectively, and a clustered/fused regime at moderate graft lengths 

(DP 10) (Figure 3.10C-E). The spherical particles formed at DP 1 were found to have 

an intricate internal structure and a rough surface with spherical protuberances. 

Detailed elucidation of the internal morphology of the spheres was unsuccessful due 

to the destructive effect of the electron beam. Cryo-SEM was used to image the gel-

like phase at DP 10, indicating polydisperse spheres and clusters thereof. Despite 

appearing gel-like at short time scales, such dispersions exhibited flow at long time 

scales (Figure 3.10B). 

Further reactions were carried out using functionalised backbones 2b-5b (see 

Experimental section 3.4.3.4 for details). TEM studies of the reaction mixture obtained  
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Table 3.2 Structural and characterisation details of pLMA915-g-pBzMAx graft copolymers prepared 

with pLMA915-CTA10% for studying the effect of graft length on PISA transitions. 

 
Conversion 

(%) 

DPp 
A 

 

Ieff 
B 

(%) 

DPapp 
B 

 

ng,%
 B 

 

nBzMA/ C 

nLMA 

Mn,th 

(g/mol) 

Mn,SEC 
D 

(g/mol) 

Đ D 

 

6.1 76 1 30 3 3 0.086 266,000 206,000 1.82 

6.2 79 2 45 4 4 0.17 279,000 203,000 1.71 

6.3 82 3 53 5 5 0.28 293,000 199,000 1.76 

6.4 84 4 57 6 5 0.36 305,000 218,000 1.76 

6.5 84 5 60 8 5 0.47 321,000 221,000 1.73 

6.6 91 10 69 14 6 1.0 394,000 236,000 1.72 

6.7 96 15 73 21 7 1.6 477,000 288,000 1.56 

6.8 99 18 74 24 7 1.8 518,000 315,000 1.95 

6.9 97 24 77 31 7 2.4 598,000 341,000 1.68 

6.10 99 31 78 40 7 3.1 696,000 383,000 1.72 

6.11 98 53 N/A - - 5.3 1,018,000 481,000 1.50 

6.12 99 105 N/A - - 11 1,773,000 661,000 1.48 

A Calculated from conversion. 

B Reinitiation efficiency of side-chain CTAs (Ieff), apparent degrees of polymerisation (DPapp), and apparent 

grafting densities (ng,%) calculated from lognormal CDF fit (see Figure 3.9). 

C BzMA/LMA molar ratio in the graft copolymer. 

D SEC analysis in CHCl3 with DRI detection and PMMA calibration. 

 

at DP 10 with pLMA474-CTA10% (2b) revealed the presence of clustered spherical 

particles with a complex core morphology (Figure 3.10F), shining light on the origin 

of the observed high viscosities. The image was obtained after attempted dilution and 

vigorous vortexing of the reaction mixture with macroscopic agglomerates remaining 

afterwards, suggesting that the interactions holding individual particles together are 

relatively strong. Clustered spherical particles have been previously reported by other 

groups to result from the phase separation of B blocks in double solvophobic BAB 

triblock copolymers into separate core domains, thus forming solvophilic bridges 

between individual particles.33, 40 Similar phenomena were hypothesised to be at play 

in our system and the observed clusters were ascribed to physical crosslinks arising 

from backbone bridges and entanglements (Figure 3.10G). 

The initial observations made herein suggested that the graft copolymer 

architecture promoted different PISA transitions compared to the linear diblock 

equivalent, which has been reported to form spherical micelles, worm-like micelles 

and vesicles.43 These differences presumably arise from backbone entanglements and  
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Figure 3.10 A) Appearances of reaction mixtures after PISA targeting various graft lengths with 

pLMA915-CTA10%. B) Flow of gel-like material (DP 10) after agitation. C) SEM (top) and TEM 

(bottom) images of reaction mixture targeting graft DP 1. D) Cryo-SEM images of reaction targeting 

DP 10. E) TEM (top) and SEM (bottom) images of reaction targeting DP 100. F) Particle clusters 

obtained with pLMA474-CTA10% targeting DP 10. G) Illustration of clustered spheres held together by 

physical crosslinks arising from backbone bridging (left) and entanglements (right). 

the incorporation of insoluble grafts of one molecule into multiple core domains, 

resulting in physical crosslinks and directing the self-assembly process. At a constant 

mass concentration of the final product, the backbone concentration and therefore 

entanglements were greatly reduced in reactions targeting longer graft lengths and 

macroscopic gelation did not occur. At extremely short target graft lengths, the grafted 

chains may have retained sufficient mobility such that any clusters that may have been 
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formed in the reactions could break apart under shear during sample preparation, 

resulting in discrete spherical particles on substrates. 

Similar transitions from a dispersion to a gel-like consistency and TEM 

findings were observed with all five backbones, regardless of their length or grafting 

density. The physical appearance of the reaction mixtures suggested delayed gelation 

for shorter backbones; however, this could also result from subtle differences in graft 

length and graft-graft coupling. Partial expulsion of solvent from the polymer phase 

took place at shorter graft lengths with shorter backbones. For backbones of similar 

length but different grafting density, the gel-like consistency was reached at similar 

graft lengths (DP≈10) as opposed to similar nBzMA/nLMA ratios, suggesting that the 

solubility and thus mobility of pBzMA grafts was a predominant factor in this 

transition. The formation of precipitates at a reduced concentration (10 wt%) 

suggested intermolecular and/or interparticle interactions played a key role in the 

stabilisation of the dispersions. Attempts to employ a higher grafting density backbone 

pLMA194-CTA29% resulted in unstable aggregates even at short graft lengths (DP 5-

20), indicating a practical lower limit for the number of pLMA units per graft. 

3.2.2.2 Evaluation of Core Morphologies with SAXS 

Small-Angle X-ray Scattering (SAXS) was used as a complementary, non-

destructive technique to gain insight into the internal structure of the dispersions and 

gel-like materials obtained with pLMA915-CTA9% (1b) within the achievable Q range 

(0.005-0.24 Å-1), thus including the size, composition, and morphology of small 

features but not the larger structures observed with electron microscopy (Figure 3.11). 

Due to the similarity in the chemical composition and thus the SLD of n-dodecane and 

the pLMA backbone, solvated pLMA could not be differentiated from the solvent. 

Therefore, rather than probing the overall particle structure, these data described the 

structures formed by the phase-separated pBzMA grafts. To avoid compromising 

sample integrity, data were collected directly from the reaction mixtures without 

dilution. 

For the shortest graft lengths (DP 1-5), the data indicated the formation of 

small pBzMA spheres with substantially smaller radii (16-18 nm) than the overall 

particle radii observed by electron microscopy (Table 3.3). Some general trends could 

be identified in the fitted parameters. The radii of the spheres increased with increasing  
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Figure 3.11 SAXS data (points) and associated structural fits (lines) for the pLMA915-g-(pBzMAn)m 

graft copolymers. Graft DP was varied from 1-100 (bottom to top data, vertically offset for clarity). 

Scheme illustrates the suggested multicore micelle, rigid cylinder, flexible cylinder, vesicle, and inverse 

multicore micelle morphologies of the pBzMA cores (in white) against pLMA and n-dodecane (in 

black) (not to scale). 

graft length, with an associated increase in the radial polydispersity. For the shortest 

graft lengths, an increasing inter-sphere interaction was also observed, as indicated by 

the lower “stickiness” parameter of the sticky hard sphere structure factor. This 

interaction between the pBzMA cores could also be seen in the scattering patterns as 

a low-Q increase in the scattering intensity, possibly arising from the formation of new 

cores with the increasing number and solvophobicity of grafts. Combining the 

information obtained by electron microscopy and SAXS, the observed spherical 

particles were hypothesised to have a multicore micellar structure in which grafts of 

multiple main chains phase-separated into small spherical globules, stabilised by a 

large pLMA continuum. Undoubtedly, backbone entanglements and bridging effects 

played a key role in the formation of these structures. A decrease in inter-core 

interactions was observed at longer graft lengths (DP 10-15), as suggested by both a 

larger “stickiness” fitting parameter and a smaller increase in scattering intensity at 

low-Q. This observation could possibly be explained by the cores becoming 
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Table 3.3 Parameters obtained through fitting SAXS data for pLMA915-g-(pBzMAx)y samples of 

increasing graft length to models consisting of a spherical form factor and a sticky hard sphere structure 

factor (DP 1-15), cylinder (DP 18) or flexible cylinder (DP 24, 37) form factors, vesicle form factor 

(DP 53) and raspberry form factor (DP 100). Radii (r), radial polydispersities (PDI), volume fractions 

(χ), Kuhn lengths (b), and diameters (d) extracted from the fits. More detailed descriptions can be found 

in the experimental section 3.4.1.4. 

Sticky hard sphere 

DP r (Å) PDIr χV Stickiness 

1 16.0 ± 0.08 0.16 ± 0.004 0.09 ± 0.0005 0.22 ± 0.0014 

2 15.8 ± 0.07 0.21 ± 0.003 0.12 ± 0.0006 0.21 ± 0.0008 

3 16.4 ± 0.06 0.21 ± 0.003 0.13 ± 0.0006 0.16 ± 0.0003 

4 16.8 ± 0.09 0.26 ± 0.002 0.11 ± 0.0005 0.13 ± 0.0021 

5 17.9 ± 0.19 0.35 ± 0.003 0.12 ± 0.0003 0.12 ± 0.0004 

10 64.0 ± 0.05 0.45 ± 0.002 0.26 ± 0.0005 0.44 ± 0.0004 

15 67.2 ± 0.12 0.40 ± 0.001 0.19 ± 0.0004 0.59 ± 0.0063 

Cylinder 

DP r (Å) PDIr χV b (Å) 

18 48.0 ± 0.03 0.32 ± 0.001 0.25 ± 0.0001 - 

24 54.6 ± 0.02 0.25 ± 0.001 0.14 ± 0.0001 107.1 ± 0.2 

37 59.4 ± 0.12 0.35 ± 0.001 0.12 ± 0.0004 125.3 ± 1.3 

Vesicle 

DP rcore (Å) PDIr dbilayer (Å) PDId χ 

53 174 ± 0.04 0.60 ± 0.001 92.3 ± 0.04 0.26 ± 0.001 0.16 ± 0.00003 

Multicore inverse micelle 

DP rlarge (Å) rsmall (Å) PDIr χV,large χV,small χsurface 

100 569.5 ± 0.23 100.0 ± 0.06 0.25 ± 0.0002 0.25 ± 0.0003 0.21 ± 0.0003 0.25 ± 0.0018 

 

increasingly solvophobic, resulting in their further collapse, stretching of the main 

chain bridges, and thus a larger inter-domain distance. 

A further increase in graft length (DP 18) led to a substantial observable 

difference in the scattering pattern, especially at low values of Q where the scattered 

intensity scaled as Q-1, indicating the formation of elongated cylindrical structures. 

The total length of these rigid cylinders was not determinable within the achievable Q 

range and was therefore fixed throughout the analysis. The findings suggested a 

sphere-to-cylinder transition occurs through fusion of individual solvophobic cores, 

driven by a change in the packing parameter for each graft-backbone segment. Similar 

to the multicore micelles, these cylindrical pBzMA domains were hypothesised to 

exist within a larger pLMA continuum. As the graft length increased further (DP 24-

37), a flexible cylinder form factor was required to obtain adequate fits to these data, 

suggesting that continued growth of the grafts led to the formation of worm-like 
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structures, the radii and Kuhn lengths of which were found to increase with increasing 

graft length. 

Another large change in the scattering pattern was observed at DP 53 for which 

the best fit was obtained using a polydisperse vesicular form factor. These fits 

suggested a worm-to-vesicle transition for the pBzMA cores, whereby the length of 

the solvophobic component became too long to be stabilised in a micellar structure. 

The vesicle wall thickness was found to be smaller than the diameter of the cylindrical 

micelles, suggesting interdigitation of the pBzMA chains within the vesicle wall.54, 55 

The observed morphological transitions were hypothesised to take place within a 

physically crosslinked pLMA/solvent matrix. The partial expulsion of solvent that was 

observed for this reaction could be explained by vesicles growing inwards55 after the 

worm-to-vesicle transition had taken place. 

Finally, at DP 100 a further change in the observed scattering pattern was 

found. The best fits to these data were obtained with a model describing a large 

spherical particle consisting of a pBzMA continuum with smaller spherical pockets of 

pLMA situated within the particle, implying a transition to an inverted multicore 

micellar structure. With pBzMA now forming the continuous phase within the particle 

and providing a good contrast against the solvent, the overall particle size and shape 

could be observed in addition to the small spherical pLMA domains. While the total 

particle radius was found to be close to that observed by TEM (57 nm and 62 nm, 

respectively, see Experimental section 3.4.3.4 for details), due to the restricted Q range 

resulting in the lack of an observable Guinier region, the accuracy with which the total 

radius could be determined by SAXS was limited. Given the colloidal stability of these 

particles in solution, a substantial fraction of pLMA must be located at the surface. 

This was supported by the SAXS fitting parameters that suggested 25% of the particle 

surface comprised of pLMA. 

3.2.2.3 Time-Resolved SAXS Study of the Formation of Inverted Multicore Micelles 

In order to learn about the transitions leading up to the previously described 

inverse multicore micelles, the polymerisation targeting a DP 100 graft length was 

repeated to perform an in situ SAXS study of the reaction. A deoxygenated reaction 

mixture was introduced into a capillary to collect SAXS data continuously over 

320 min at 70 °C. The data binned to a 5-minute time resolution showed a clear 
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increase in scattering intensity throughout the reaction, indicating successful PISA 

(Figure 3.12A). 

The scattering patterns collected over the first 50 min showed no self-assembly 

and suggested that individual molecules remained as Gaussian chains. The increasing 

radius of gyration (Rg) of the chains and an increase in zero-angle intensity (I0) were 

consistent with the growth of the grafts (Figure 3.12B). After 50 min, a change in the  

 

 

 

Figure 3.12 A) Time-resolved SAXS data (black traces) collected in situ during PISA of pLMA-g-

pBzMA. Fits to the data are shown as coloured lines. Error bars have been omitted for clarity and 

datasets have been vertically offset. B) I0 and Rg values obtained through fitting time-resolved SAXS 

data to Gaussian coil models. C) Parameters obtained through fitting time-resolved SAXS data to an 

ellipsoidal model. D) Parameters obtained through fitting time-resolved SAXS data to a raspberry 

model describing inverse multicore micelles. 
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gradient of the scattering patterns could be identified at Q = 0.02 Å-1, indicating the 

onset of a coil-to-globule transition for pBzMA. Best fits to these data were obtained 

using a model describing oblate ellipsoids. A longer reaction time led to gradual 

growth of these ellipsoids with the equatorial radius increasing faster than the axial 

radius, indicating swelling towards a less oblate morphology (Figure 3.12C). This 

ellipsoidal phase was relatively short-lived, suggesting a narrow region within the 

phase diagram where these structures can be formed. Notably, the ellipsoidal 

morphology was not observed in our earlier SAXS measurements at full monomer 

conversion, and here the core volumes were substantially larger (1,400-13,000 nm3) 

than the spherical cores of the multicore micelles found previously (17-1,300 nm3). 

The differences in the observed morphologies were hypothesised to arise from 

differences in backbone concentrations and thus entanglements, the presence of 

BzMA in the solvent phase that may have influenced the solubility of grafts at low 

conversions in the in situ experiment, and possibly the measurement temperature. 

Between 90 and 135 min, the data lacked distinct features in the scattering 

patterns, suggesting a high polydispersity for the particles or the presence of multiple 

interacting form factors. Similar observations have been previously made for PISA 

reactions in the literature.55, 56 After 140 min, two minima were identified at Q = 0.02 

and 0.05 Å-1 that were consistent with the previously encountered inverse multicore 

micelle morphology. Fitting these data indicated the radii of the large pBzMA 

continuum and the small pLMA pockets grow in size over time, with an increase in 

volume fraction and reduction in radial polydispersity for both components (Figure 

3.12D). While the increase in radius and volume fraction of the pBzMA phase could 

be explained by an increase in DP, the reason for the increase in volume fraction of 

the pLMA phase was less evident. A possible explanation for this could be a change 

in solvation of the solvophilic pLMA domains, now embedded within the particle 

interior, resulting in their swelling or fusion. The data suggested the surface fraction 

of pLMA remained close to zero throughout this first phase. This observation could 

provide an explanation for why the previously discussed DP 50 reaction had an 

unusual ‘dry’ consistency, indicative of solvent encapsulation within the particles. 

While the transition from ellipsoids to the inverted structure remained somewhat 

unclear based on this experiment alone, previous works sharing some similarities 

could suggest the final morphology evolved through an ellipsoid fusion-type 

pathway.57 
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3.3 Conclusions and Outlook 

The PISA of graft copolymers was carried out to study their self-assembly 

behaviour and to reveal possible differences between their linear diblock copolymer 

counterparts reported in the literature. The system selected for this work comprised a 

stabilising pLMA backbone, core-forming pBzMA grafts and n-dodecane solvent. 

PISA was conducted by carrying out an R group grafting from dispersion 

polymerisation of BzMA using CTA-decorated pLMA backbones in n-dodecane. 

Regardless of the targeted graft length, the copolymers were found to form only 

spherical particles or spherical clusters, as opposed to the spherical and worm-like 

particles obtained with their linear diblock equivalent and many other comonomer-

solvent systems. The particle clusters were thought to arise from physical crosslinks 

due to the backbones entangling and forming bridges across several core domains. 

These physical crosslinks were identified as the key difference between the grafted 

and linear diblock architectures and had a considerable influence on the self-assembly 

pathway.  

SAXS studies of the pBzMA cores suggested morphological transitions took 

place within a pLMA backbone matrix. The physical constraints imposed by the 

backbone directed the overall particle/gel morphology to transition from a multicore 

spherical micelle to a multicore worm-like structure and further to vesicles and 

inverted multicore micelles. Similar multicore structures are not commonly 

encountered in PISA studies and the employment of the graft copolymer architecture 

could potentially provide a convenient way to access such morphologies in the future. 

Two critical structural parameters could be identified in this study: the 

backbone concentration influenced the degree of entanglements and thus macroscopic 

gelation, while the targeted graft length determined the core morphology. An inherent 

limitation of such copolymer syntheses was our inability to target much higher grafting 

densities, as each addition of a branching point to the structure effectively removed a 

stabilising LMA unit, making densely grafted polymers unstable. Alternative designs 

such as double-grafted structures could be used to study the self-assembly of rigid, 

bottlebrush-like polymers which may be anticipated to exhibit very different self-

assembly behaviour due to lack of backbone entanglements and limited 

conformational freedom. 
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3.4 Experimental 

3.4.1 Instrumental Methods 

3.4.1.1 Nuclear Magnetic Resonance Spectroscopy 

1H Nuclear Magnetic Resonance (NMR) spectra and 1H-13C Heteronuclear 

Single Quantum Coherence (HSQC) spectra were recorded in deuterated chloroform 

(CDCl3) on Bruker Avance III HD (300 MHz or 400 MHz) spectrometer at 300 K. 

Chemical shift values (δ) are reported in ppm. Tetramethylsilane (TMS) was used as 

the internal standard. 

3.4.1.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was carried out using a Zeiss SUPRA 

55-VP instrument operating at 2-12 kV accelerating voltage. Polymer samples were 

spin-coated or merely deposited onto silicon wafers directly from reaction mixtures 

and placed under vacuum overnight. Samples were coated with carbon using an 

Emitech K950X turbo-pumped evaporator prior to imaging. 

Cryo-SEM images were taken on a Zeiss Supra 55VP fitted with a Gatan Alto 

2500 cryo transfer system. 

3.4.1.3 Size Exclusion Chromatography 

Size Exclusion Chromatography (SEC) was carried out using an Agilent 

Infinity II MDS instrument equipped with differential refractive index (DRI), 

viscometry (VS), dual angle light scattering (DALS) and multiple wavelength UV 

detectors. The system was equipped with 2×PLgel Mixed C columns (300×7.5 mm, 

200 to 200,000 g/mol operating range for polystyrene equivalent) and a PLgel 5 µm 

guard column. Analyte samples were prepared in CHCl3 and filtered through a 

Fisherbrand PTFE syringe filter with 0.2 μm pore size before injection. Samples were 

run in CHCl3 at 1 ml/min at 30 oC. Experimental number-average molar mass (Mn,SEC) 

and dispersity (Đ) values were determined with Agilent GPC/SEC software by using 

Agilent EasyVial PMMA calibration. 

3.4.1.4 Small-Angle X-Ray Scattering 

Small-Angle X-ray Scattering (SAXS) measurements were performed using a 

Xenocs Xeuss 2.0 equipped with a micro-focus Cu Kα source collimated with 

scatterless slits providing a 0.8 mm diameter beam. SAXS patterns were recorded 
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using a Pilatus 300K detector with a pixel size of 0.172 mm×0.172 mm. The sample 

to detector distance was calibrated using silver behenate (AgC22H43O2) providing a 

value of 2.481(5) m, which gave an effective scattering vector Q range of  

0.005-0.24 Å-1, where Q is defined as 

 
𝑄 =

4𝜋 𝑠𝑖𝑛 𝜃

𝜆
 ,  (3.2) 

where 2θ is the scattering angle and λ is the X-ray wavelength. Reaction mixtures were 

mounted at 20 wt% without dilution in 1 mm (Ø) borosilicate glass capillaries or a 

Perspex holder with Kapton tape if too viscous for the capillaries. Data were collected 

for 20 min at 25 °C unless otherwise stated. A radial integration of the 2D scattering 

profile was performed using FOXTROT software and the resulting data corrected for 

the absorption, sample thickness and background.58 Finally, the scattering intensity 

was then rescaled to absolute intensity using glassy carbon as a standard.59  

SAXS data were analysed using model-dependent analysis implemented in 

SasView software.60 The scattering length density (SLD) is the “scattering power” of 

a material: it is defined as the sum of X-ray scattering lengths, bi, of N atoms within a 

given molecular or particle volume, Vm, as given by 

 
SLD =

∑ 𝑏𝑖
𝑁
𝑖=1

𝑉𝑚
 .  (3.3) 

The SLD of a material can also be calculated using the bulk density ρ, atomic molar 

mass Mi and Avogadro’s constant NA,61 where 

 
SLD =

𝜌𝑁𝐴 ∑ 𝑏𝑖
𝑁
𝑖=1

∑ 𝑀𝑖
𝑁
𝑖=1

.  (3.4) 

In this study, the SLD of n-dodecane, LMA and BzMA were calculated to be  

7.41×10-6 Å-2, 8.22×10-6 Å-2, and 9.52×10-6 Å-2, respectively, and fixed for the fitting 

procedure. 

Graft length series: Graft DP 1 to 15 were analysed using a spherical form 

factor with a Gaussian radial polydispersity applied and a sticky hard sphere structure 

factor (Table 3.4).62, 63 Graft DP 18 was analysed using a cylindrical form factor with 

a Gaussian radial polydispersity applied.64 Graft DPs 24 and 37 were analysed using 

a flexible cylinder form factor, describing a cylinder with a total persistence length 

which can be split into shorter rigid segments, as described by the Kuhn length (Table 

3.5).65, 66 Similar to the cylindrical form factor described above, a Gaussian radial 
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polydispersity was also applied to the flexible cylinder model. Graft DP 53 was 

analysed using a vesicular form factor with parameters describing the wall thickness 

and vesicle radius (Table 3.6).63 A Gaussian polydispersity was applied to the wall 

thickness and vesicle radius. Finally, graft DP 100 was analysed using a “raspberry” 

form factor,67 describing small spheres within a larger spherical structure (Table 3.7). 

In this case, the SLD of the small spheres was fixed to that of LMA, and the SLD of 

the larger spheres fixed to that of BzMA. The fractional penetration depth of small 

spheres within the larger spheres was set to 1, representing small spheres distributed 

throughout the larger sphere. Similar to models above, a Gaussian radial 

polydispersity was also applied. 

 

Table 3.4 Parameters obtained through fitting SAXS data for samples of increasing graft length to a 

model consisting of a spherical form factor and a sticky hard sphere structure factor. Values marked 

with * were held constant throughout the fitting procedure. 

 DP 1 DP 2 DP 3 DP 4 DP 5 DP 10 DP 15 

Solvent SLD (×10-6 Å-2) 7.41* 7.41* 7.41* 7.41* 7.41* 7.41* 7.41* 

Sphere SLD (×10-6 Å-2) 9.52* 9.52* 9.52* 9.52* 9.52* 9.52* 9.52* 

Volume fraction 0.09 ± 

0.0005 

0.12 ± 

0.0006 

0.13 ± 

0.0006 

0.11 ± 

0.0005 

0.12 ± 

0.0003 

0.26 ± 

0.0005 

0.19 ± 

0.0004 

Sphere radius (Å) 16.0 ± 

0.08 

15.8 ± 

0.07 

16.4 ± 

0.06 

16.8 ± 

0.09 

17.9 ± 

0.19 

64.0 ± 

0.05 

67.2 ± 

0.12 

Radial polydispersity 0.16 ± 

0.004 

0.21 ± 

0.003 

0.21 ± 

0.003 

0.26 ± 

0.002 

0.35 ± 

0.003 

0.45 ± 

0.002 

0.40 ± 

0.001 

Perturbation  0.05* 0.05* 0.05* 0.05* 0.05* 0.05* 0.05* 

Stickiness 0.22 ± 

0.0014 

0.21 ± 

0.0008 

0.16 ± 

0.0003 

0.13 ± 

0.0021 

0.12 ± 

0.0004 

0.44 ± 

0.0004 

0.59 ± 

0.0063 

 

Table 3.5 Parameters obtained through fitting SAXS data for increasing graft length from DP 18 to 37 

to models consisting of a cylinder (DP 18) or flexible cylinder (DP 24 and 37) form factor. Values 

marked with * were held constant throughout the fitting procedure. 

 DP 18 DP 24 DP 37 

Solvent SLD  (×10-6 Å-2) 7.41* 7.41* 7.41* 

Shell SLD (×10-6 Å-2) 9.52* 9.52* 9.52* 

Volume fraction 0.25 ± 0.0001 0.14 ± 0.0001 0.12 ± 0.0004 

Cylinder length (Å) 2000* 2000* 5000* 

Kuhn length (Å) - 107.1 ± 0.2 125.3 ± 1.3 

Cylinder radius (Å) 48.0 ± 0.03 54.6 ± 0.02 59.4 ± 0.12 

Radial polydispersity 0.32 ± 0.001 0.25 ± 0.001 0.35 ± 0.001 
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Table 3.6 Parameters obtained through fitting SAXS data for graft length DP 53 to a model consisting 

of a vesicle form factor. Values marked with * were held constant throughout the fitting procedure. 

  DP 53 

Solvent SLD (×10-6 Å-2)  7.41* 

Shell SLD (×10-6 Å-2)  9.52* 

Volume fraction  0.16 ± 0.00003 

Core radius (Å)  173.9 ± 0.04 

Wall thickness (Å)  92.3 ± 0.04 

Wall thickness polydispersity  0.26 ± 0.001 

Radial polydispersity  0.60 ± 0.001 

 

Table 3.7 Parameters obtained through fitting SAXS data for graft length DP 100 to a raspberry form 

factor describing small pLMA spheres within a larger pBzMA particle. Values marked with * were held 

constant throughout the fitting procedure. 

  DP 100 

Solvent SLD (×10-6 Å-2)  7.41* 

Large particle SLD (×10-6 Å-2)  9.52* 

Small particle SLD (×10-6 Å-2)  8.22* 

Volume fraction, large  0.25 ± 0.0003 

Volume fraction, small  0.21 ± 0.0003 

Surface fraction  0.25 ± 0.0018 

Radius, large (Å)  569.5 ± 0.23 

Radius, small (Å)  100.0 ± 0.06 

Fractional penetration  1* 

Radial polydispersity  0.25 ± 0.0002 

 

Time-resolved SAXS experiment: The reaction mixture was prepared in a 

septum-capped vial, deoxygenated with argon, and transferred into a 1 mm (Ø) 

borosilicate glass capillary. The capillary was kept at room temperature, in the dark 

and under an argon atmosphere until mounting (< 2 h). The capillary was mounted at 

room temperature, aligned, and then heated up to 70 °C at the rate of 5 °C/min to start 

the reaction using a Linkam HFSX 350 temperature stage. Data were collected at 

70 °C continuously over 320 min and binned to a 5 min time resolution. 

Data collected from 5 to 50 min were fitted using a Gaussian coil form factor 

describing individual polymer chains in terms of the zero-angle intensity, I0, 

proportional to the volume fraction of polymer chains in solution, the volume of an 

individual chain and the SLD contrast between polymer and solvent, and the radius of 

gyration, Rg.
68 Data from 55 to 85 min were fitted using an ellipsoidal form factor with 
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parameters describing the radii along the polar and equatorial axes.69 Data collected 

from 140 to 320 min were fitted using the raspberry form factor as described above. 

3.4.1.5 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was conducted using a JEOL 

2100Plus instrument operating at 80-200 kV and equipped with a Gatan Orius 11-

megapixel digital camera. Samples were deposited directly from reaction mixtures 

unless otherwise stated onto 300 mesh carbon-coated copper grids. Excess sample was 

blotted off using filter paper. 

3.4.2 Materials 

Chloroform-d (CDCl3, 99.8 atom % D) and dichloromethane anhydrous 

(DCM, ≥99.8%) were purchased from Sigma-Aldrich. 1,1’-Azobis(cyclohexane-

carbonitrile) (V-40, 98%), carbon disulfide (CS2, ≥99.9%), and 1-dodecanethiol 

(≥98%) were purchased from Aldrich. N,N-Dicyclohexylcarbodiimide (DCC, 99%) 

and iodine were purchased from Acros Organics. 4,4′-Azobis(4-cyanovaleric acid) 

(ACVA, 98%), 4-(dimethylamino)pyridine (DMAP, ≥99.0%), and n-dodecane 

(99+%) were purchased from Alfa Aesar. Diethyl ether, ethyl acetate, and toluene 

were purchased from Merck. Sodium hydroxide was purchased from Fisher Scientific. 

Dimethyl 2,2'-azobis(2-methylpropionate) (V-601) was purchased from Wako 

Chemicals. 

Benzyl methacrylate (BzMA, 96%), 2-hydroxyethyl methacrylate (HEMA, 

>99%), and lauryl methacrylate (LMA, 96%) were purchased from Sigma-Aldrich and 

passed through neutral aluminium oxide to remove inhibitors prior to use. 

Methyl 4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoate (MCPDTC) 

had been previously synthesised in the group using the reported protocol and was 

verified spectroscopically prior to use.70 1H NMR (400 MHz, CDCl3, δ):  

0.88 (t, 3H, -CH3), 1.19-1.35 (br s + m, 16H, -CH2-(CH2)8-CH3), 1.40 (m, 2H,  

-S-CH2-CH2-CH2-), 1.70 (m, 2H, -S-CH2-CH2-), 1.89 (s, 3H, -S(CN)CH3-), 2.32-2.62 

(m, 2H, -OOC-CH2-CH2-), 2.63 (t, 2H, -OOC-CH2-CH2-), 3.33 (t, 2H, -S-CH2-), 3.71 

(s, 3H, H3C-COO-). 
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3.4.3 Synthetic Protocols and Characterisation 

3.4.3.1 Synthesis of 4-Cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic Acid 

 

Scheme 3.2 Synthetic scheme for the preparation of CPADTC. 

4-Cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic acid (CPADTC) was 

prepared by adapting a previously reported protocol.71 Ground NaOH (6.23 g, 

0.16 mol) was suspended in 500 ml diethyl ether using an overhead stirrer. 1-

Dodecanethiol (30.0 g, 0.15 mol) was added dropwise and stirred for 10 min. Carbon 

disulfide (11.9 g, 0.16 mol) was added in one shot and stirring was continued for 1 h. 

The mixture was cooled down in the freezer and solids were collected, washed with 

cold diethyl ether and dried, giving sodium dodecyl carbonotrithioate as a yellow solid 

(25.2 g, 57%). The product was used in the next step without purification. 

Sodium dodecyl carbonotrithioate (12.5 g, 42 mmol) was suspended in 250 ml 

diethyl ether using an overhead stirrer. Solid iodine (5.38 g, 21 mmol) was added 

portionwise and stirring was continued for 1 h. Salts were removed, and the filtrate 

was washed with aqueous sodium thiosulfate (0.4 M, 3x), deionised water (1x) and 

brine (1x). The organic layer was dried over MgSO4 and solvent was removed to give 

bis-(dodecylsulfanylthiocarbonyl) disulfide an orange solid (9.20 g, 17 mmol, 80%). 

Bis-(dodecylsulfanylthiocarbonyl) disulfide (9.20 g, 17 mmol) was dissolved 

in 250 ml ethyl acetate and 4,4′-azobis(4-cyanopentanoic acid) (6.97 g, 25 mmol) was 

added. The mixture was refluxed at 75 oC for 15 h. Solids and volatiles were removed, 

and 200 ml dichloromethane was added. The solution was washed with deionised 

water (5x) and brine (1x) and dried over MgSO4. Volatiles were removed and the 

product was recrystallised from hexane and dried under vacuum yielding CPADTC as 

a pale yellow solid (6.30 g, 16 mmol, 47%). 1H NMR (400 MHz, CDCl3, δ): 0.88 (t, 

3H, -CH3), 1.19-1.35 (br s + m, 16H, -CH2-(CH2)8-CH3), 1.40 (m, 2H,  

-S-CH2-CH2-CH2-), 1.70 (m, 2H, -S-CH2-CH2-), 1.89 (s, 3H, -S(CN)CH3-), 2.32-2.62 

(m, 2H, HOOC-CH2-), 2.69 (t, 2H, HOOC-CH2-CH2-), 3.33 (t, 2H, -S-CH2-). 
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3.4.3.2 Polymerisation of Backbone Copolymers 

 

Scheme 3.3 RAFT solution polymerisation of LMA and HEMA used in this work to construct graft 

copolymer backbones. 

A series of poly[(lauryl methacrylate)-stat-(2-hydroxyethyl methacrylate)] 

(p(LMA-s-HEMA)) copolymers (1-5) were prepared by RAFT polymerisation using 

the following general procedure. For preparing p(LMA816-s-HEMA99), MCPDTC 

(11.90 mg, 0.289 mmol), HEMA (394 mg, 3.03 mmol), LMA (7.00 g, 27.5 mmol) and 

toluene (6.18 ml, [M]0=2 M) were added to a 25 ml glass vial. V-40 initiator was 

added as a stock solution (70 μl, 20 mg/ml in toluene, [CTA]0/[I]0 = 5). The vial was 

sealed with a rubber septum and N2 gas was bubbled into solution for 20 min. 

Polymerisation was initiated by immersing the vial in a pre-heated oil bath set to 90 °C. 

Polymerisation was stopped at 70-98% conversion after ≥ 14 h by cooling to room 

temperature. A portion of polymer was precipitated in methanol three times to obtain 

a 1H NMR spectrum of an isolated product (Figure 3.3). The crude product was used 

directly for the functionalisation step. 

Monomer conversion was determined using 1H NMR spectroscopy in CDCl3 

by setting the area δ = 3.5-4.5 ppm as a constant and quantifying the disappearance of 

the vinyl signals, δLMA = 5.5 ppm and δHEMA = 5.6 ppm (Figure 3.2). SEC samples 

were sampled directly from reaction mixtures (Figure 3.4) and analysed in CHCl3. 

Theoretical number-average molar masses (Mn,th) were calculated as 

 
𝑀n,th = 𝑀CTA +

[LMA]0

[CTA]0
 𝑝LMA𝑀LMA +

[HEMA]0

[CTA]0
 𝑝HEMA𝑀HEMA , (3.5) 

where [LMA]0, [HEMA]0, and [CTA]0, are the initial LMA, HEMA, and CTA 

concentrations, respectively, 𝑝 is the monomer conversion as determined by 1H NMR 

spectroscopy and MLMA, MHEMA, and MCTA are the molar masses of LMA, HEMA, and 

the CTA, respectively. 
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3.4.3.3 Functionalisation of Backbone Copolymers 

 

Scheme 3.4 Synthetic route used in this work for backbone functionalisation. 

The Steglich esterification was used with the following general procedure to 

couple CPADTC onto p(LMA-s-HEMA) copolymers to yield functionalised 

backbones. An aliquot of the polymer solution from the copolymerisation step (4.00 g  

p(LMA424-s-HEMA50), 2.1 mmol HEMA) was added to a dry 250 ml round-bottom 

flask and toluene was removed by rotary evaporation at room temperature. CPADTC 

(1.26 g, 3.1 mmol) and a stir bar were added, and the flask was sealed with a septum. 

Anhydrous DCM (125 ml) was transferred via cannula into the flask and the mixture 

was stirred at room temperature until the polymer and CPADTC had fully dissolved. 

DMAP (25 mg, 0.2 mmol) was added as a solid and the flask was immersed in an ice 

bath. Solid DCC (0.612 g, 3.0 mmol) was quickly added and the flask was re-sealed. 

Stirring was continued for 15 minutes, during which time dicyclohexylurea started to 

precipitate out of solution. The flask was removed from the ice bath and stirring was 

continued overnight. 

The reaction mixture was filtered twice through cotton wool and concentrated 

using a rotary evaporator at room temperature. The product was precipitated into 

methanol, centrifuged, isolated, and redissolved in DCM. Precipitations (n ≥ 3) were 

carried out until no free CTA remained in the product, as indicated by UV detection 

at a 309 nm wavelength using SEC. The polymers were characterised with 1H NMR 

spectroscopy in CDCl3 (Figure 3.6) and SEC in CHCl3 (Figure 3.4). 

The extent of functionalisation, or the theoretical maximum number of grafting 

points per backbone (𝑛CTA), was calculated from the 1H NMR spectra of the isolated 

polymers as 

 

𝑛CTA =
𝑛CPADTC,NMR

𝑛CPADTC,ideal
 𝑛HEMA =

∫ H𝐻

∫ H𝑐′+𝑛′′+𝑚′′

2𝑛HEMA

4𝑛HEMA + 2𝑛LMA

 𝑛HEMA, (3.6) 
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where nHEMA and nLMA are the number of HEMA and LMA units, respectively, as 

given by conversion. The degree of functionalisation (nCTA%) of the backbone was 

defined as 

 𝑛CTA% =
𝑛CTA

DPtot
∙ 100 =

𝑛CTA

DPLMA+HEMA
∙ 100. (3.7) 

Theoretical number-average molar masses (Mn,th) of the functionalised backbones,  

pLMADP,tot-CTAnCTA%, were calculated as 

 𝑀n,th = 𝑀pre,th + 𝑛CTA𝑀CPADTC (3.8) 

where Mpre,th is the theoretical molar mass of the precursor copolymer,  

p(LMA-s-HEMA), and MCPADTC is the molar mass of CPADTC. 
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3.4.3.4 “Grafting from” Dispersion Polymerisation of Benzyl Methacrylate 

 

Scheme 3.5 Dispersion polymerisation conditions used in this work for studying PISA of graft 

copolymers. 

All RAFT dispersion polymerisations of BzMA were carried out at either 

10 wt% or 20 wt% (w/w) concentration. The following general procedure and 

[CTA]0/[I]0 = 40 was used for all reactions. To target a graft length of 5 repeating units 

at 20 wt% using pLMA915-CTA10%, a stock solution of pLMA915-CTA10% (211 mg, 

32.2 wt% in n-dodecane, 23.0 μmol CPADTC units) was weighed into a 2 ml septum 

screw-cap vial. BzMA (23.50 mg, 128 μmol), n-dodecane (145 μl), and V-601 stock 

solution (1.0 mg/ml in n-dodecane) were added, the mixture was homogenised 

thoroughly using a roller mixer, and purged with nitrogen through the septum for 

10 min. The vial was immersed in a pre-heated oil bath set at 70 °C. Reactions were 

carried out overnight (≤ 12 h) without stirring and stopped by letting the solutions cool 

to room temperature. The resulting dispersions were stored at room temperature (20-

30 °C). The graft copolymers were characterised using 1H NMR spectroscopy in 

CDCl3 (Figure 3.7) and SEC in CHCl3 (Figure 3.8 and Figure 3.14) by sampling 

directly from the reaction mixture. 

Conversion (𝑝) was calculated from the 1H NMR spectrum as 

 
𝑝 =

∫ H𝑞′

∫ H𝑞 + ∫ H𝑞′

=
∫ H4.60−5.16 ppm

∫ H4.60−5.30 ppm

. (3.9) 

Theoretical number-average molar masses (Mn,th) of the graft copolymers,  

pLMA-g-pBzMA, were calculated as 

 𝑀n,th = 𝑀mc,th + 𝑛CTADP𝑝𝑀BzMA (3.10) 
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where Mmc,th is the theoretical molar mass of the functionalised backbone, pLMADP,tot-

CTAnCTA%, and MBzMA is the molar mass of BzMA. Reinitiation efficiency of the 

CPADTC units (Ieff) was calculated as 

 
Ieff =

∫ H𝐻′

∫ H𝐻 + ∫ H𝐻′ 
=

∫ H3.07−3.25 ppm

∫ H3.07−3.42 ppm

 . (3.11) 

The apparent number of grafts (ng) was calculated by accounting for the maximum 

number of grafting points and the reinitiation efficiency of CPADTC as given by 

1H NMR. The apparent number of grafts was calculated as 

 𝑛g = 𝑛CTA ∙ Ieff . (3.12) 

The apparent grafting density was defined as 

 𝑛g,% =
𝑛g

DPtot
 , (3.13) 

where DPtot is the length of the backbone. The resulting apparent DP (DPapp) of the 

pBzMA grafts was calculated by correcting for the apparent number of grafts as 

 
DPapp =

𝑛CTA DP𝑝

Ieff
 , (3.14) 

where DPp is the graft length given by conversion assuming 100% reinitiation 

efficiency, that is 

 
DP𝑝  =

[BzMA]0

𝑛CTA
 𝑝BzMA . (3.15) 

 

 

Figure 3.13 Particle size analysis of pLMA915-g-pBzMA105. A) Original TEM image. B) Three areas 

selected for analysis. C) Particle size distribution as given by 240 manual measurements. Arithmetic 

mean was 62 nm (SD 15). 
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Figure 3.14 SEC profiles of pLMA-g-pBzMA graft copolymers prepared targeting various graft lengths 

and grafting densities. Analysis was conducted in CHCl3 with DRI detection and PMMA calibration. 

 

Figure 3.15 Appearances of the reaction mixtures obtained in the grafting density study using 

functionalised backbones 1b, 4b, and 5b 

 

Figure 3.16 Appearance of the reaction mixtures obtained in the concentration study using 

functionalised backbones 1-3b. 
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Table 3.8 Structural and characterisation details of graft copolymers prepared to study the influence of 

grafting density on their PISA. 

Main chain Entry Conversion 

(%) 

DPp 
A nBzMA/ B 

nLMA 

Mn,th 
A 

(g/mol) 

Mn,SEC 
C 

(g/mol) 

Đ C 

pLMA915-

CTA10% 

 

(6.13) 97 6 0.61 342,000 242,000 1.63 

(6.14) 97 12 1.2 426,000 282,000 1.66 

(6.8) 99 18 1.8 518,000 301,000 1.61 

(6.9) 97 24 2.4 598,000 333,000 1.63 

(6.10) 99 31 3.1 696,000 383,000 1.72 

pLMA896-

CTA5% 

 

(7.1) 86 6 0.23 271,000 156,000 1.57 

(7.2) 89 10 0.44 301,000 159,000 1.55 

(7.3) 89 15 0.65 332,000 166,000 1.50 

(7.4) 98 23 0.95 378,000 182,000 1.53 

(7.5) 98 30 1.3 427,000 197,000 1.66 

(7.6) 99 36 1.5 465,000 210,000 1.55 

pLMA939-

CTA2% 

(8.1) 83 4 0.076 255,000 155,000 1.74 

(8.2) 89 9 0.16 269,000 164,000 1.69 

(8.3) 92 13 0.25 283,000 169,000 1.64 

(8.4) 96 19 0.34 297,000 182,000 1.45 

(8.5) 97 92 1.71 519,000 N/A D N/A D 

A Calculated from conversion. 

B Molar ratio of BzMA and LMA in the graft copolymer. 

C SEC analysis in CHCl3 with DRI detection and PMMA calibration. 

D Could not be analysed due to crosslinking. 
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Chapter 4  

Graft Copolymers as Friction Modifier Additives  

in Non-Polar Media 

 

 

 

 

Industry seeks to develop next-generation friction modifier additives to increase fuel 

efficiency. Surface-tethered polymers have been shown to be an efficient lubrication 

strategy for boundary and mixed lubrication regimes by providing a viscoelastic fluid 

layer between interacting surfaces. The use of bottlebrush-like graft copolymers has 

recently sparked interest in this field due to their exceptional lubricant properties 

arising from their dense and extended structure. Graft copolymers capable of binding 

to surfaces via non-covalent interactions could find use in commercial oil-based 

lubrication as dynamic friction modifiers that may be easily replenished after 

degradation. Previous research in our group has assessed the performance of a range 

of surface-active densely-grafted copolymers as friction modifier additives and 

showed them to hold promise for this application. In this work, a library of sparsely 

grafted copolymers with analogous architectures was prepared to gain a better 

understanding of their structure-property relationships in lubrication applications. 

Detailed surface adsorption experiments showed the studied polymers to have distinct 

surface interaction and boundary film formation properties arising from their different 

architectures. Despite these significant differences, macrotribological tests showed 

only subtle dissimilarities between the new polymers and those studied previously. 
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4.1 Introduction 

Amongst various applications that have been envisioned and realised for graft 

copolymers is their use as lubricants. Surface-tethered bottlebrush-like polymers have 

shown remarkable lubrication properties by forming dense, solvated films with 

suppressed chain interpenetration, which are capable of retaining a solvent layer in a 

contact. Inspiration has been taken from nature’s own bottlebrush polymer lubricants, 

such as those protecting joints,1 to create synthetic analogues with equal 

performance.2-5 Thus far, such research has focused on aqueous systems but the field 

shows interest towards oil-soluble graft copolymer lubricants for industry and 

technology in which moving parts and machinery are lubricated with non-polar fluids. 

Some general guidelines have been established to direct the design of efficient 

polymer lubricants.1, 6, 7 Studies have demonstrated the impact of polymer architecture 

on lubricant performance by employing surface-active blocks, grafted segments, and 

various copolymer compositions – sometimes conjoined in a single design.3, 4, 8, 9 

Advances made in polymer synthesis over the past 20 years have made the exploration 

of complex architecture materials increasingly attractive due to the industrial 

applicability of controlled polymerisation techniques.10 Various polymers with 

complex architectures have already made their way into commercial products,11 and 

more will be undoubtedly seen in the future. 

4.1.1 Friction and the Field of Tribology 

Friction is a phenomenon that occurs between two surfaces sliding against each 

other and can be described using 

 𝐹 = 𝜇𝑁, (4.1) 

where 𝐹 is the frictional force, 𝜇 is the coefficient of friction, and 𝑁 is the normal 

force. The friction force resists the relative motion of the two surfaces and arises from 

molecular adhesion, surface roughness and surface deformation. Mechanical kinetic 

energy of the interacting surfaces may be transferred to their surroundings through 

various processes. At an atomic scale, the processes that mediate the dissipation of 

frictional energy include molecular vibrations of the surface atoms, electronic 

excitations and chemical reactions, manifested at the macroscopic scale as heat and 

sometimes wear.12 
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It has been estimated that one fifth of all the energy produced worldwide is 

used annually to overcome friction.13 Consequently, the study of friction plays an 

important part in pursuing reduced energy costs and emissions. In particular, the 

development and implementation of new friction-reducing technologies in road 

transport has been proposed to hold great promise for the reduction of energy 

consumption worldwide.14, 15 Generally, friction between solid surfaces is reduced by 

introducing a layer of viscous liquid into the contact, but solid and gaseous lubrication 

are also known.16 When liquid lubricants are used, friction is primarily controlled by 

modifying the rheological properties of the fluid but can be further reduced by 

employing small amounts of friction modifier additives.6 Rheological modifications 

typically involve reducing fluid viscosity to minimise friction arising from 

hydrodynamic shear, and generally result in a reduced film thickness in the contact. 

Such modifications come with a trade-off as thinner oils may be more easily displaced 

from the contact, therefore providing no lubrication or wear protection. Friction 

modifier additives are molecules that directly bind to the surface to form a nanoscale 

film and hence reduce the friction without affecting the bulk rheological properties of 

the lubricant. They are most beneficial when the distance between the surfaces is small 

and they complement the use of low-viscosity fluids well. The four general classes of 

friction modifier additives used today are surfactant-like organic friction modifiers 

such as glyceryl monooleate, organo-molybdenum compounds, functionalised 

polymers, and dispersed nanoparticles.6 Chemical compounds used as friction 

modifiers for oils generally carry a polar functionality for surface adsorption and a 

long hydrocarbon chain, and exhibit good chemical stability and compatibility with 

the base oil formulation.15  

Interactions between surfaces in relative motion, and related phenomena such 

as friction, adhesion, and wear, make up the field of tribology and may be studied 

across a range of scales with various instruments. Macrotribological studies involve 

forces in the range of newtons and are generally carried out using tribometers with 

pin-on-disk or ball-on-disk contact geometries. The former consists of a stationary pin 

and a rotating disk that holds the sample, and a fixed load that can be applied on the 

pin-sample contact. Modern instruments include mini traction machines for which 

various rolling and sliding conditions may be selected, thus simulating more complex 

applications such as rolling bearings and gears. Macroscopic measurements are prone 

to wear, which may result in the formation of debris and a subsequent increase in 
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measured friction.13 Until the 1980s, most of the research on friction modifier 

additives only involved friction measurements under various operating conditions. 

Some of the key problems standing in the way of fully understanding lubricant 

performance were – and to an extent still are – their thin film nature and weakly bound 

character, which made their direct observation challenging. The emergence of new 

experimental techniques eventually allowed thin films to be studied directly on 

surfaces and in contacts.6 New techniques such as atomic force microscopy and the 

surface force apparatus allowed nanotribological studies to be performed at the 

millinewton or nanonewton range with single asperity contact areas, thus excluding 

roughness effects.13 While the use of complementary tribological techniques may be 

generally considered advantageous, it has been reported that different types of friction 

measurements may involve different energy dissipation pathways, making results 

difficult to interpret.13 Other techniques such as the quartz crystal microbalance and 

neutron reflectometry have provided detailed information about the surface adsorption 

behaviour and molecular orientation of lubricants, as well as the nanoscopic structure 

of the resulting film. Techniques such as neutron and X-ray reflectometry have been 

combined with rheometers and tribometers to study lubricant performance and film 

formation in situ: this constitutes a powerful approach to solve problems associated 

with the correlation of data gathered across separate experiments with different 

techniques.17-19  

4.1.2 Lubricating Polymer Layers 

The lubricating effects of polymers in oil were noted long before they were 

used as friction modifiers. Linear polymers used as viscosity modifiers were known to 

have a friction-reducing effect in environments with considerable asperity contacts 

between interacting surfaces. However, due to the lack of appropriate techniques this 

observation could not be studied in depth until the 1990s.20, 21 It is now known that 

lubrication is provided by a polymer film adsorbed onto the surface which under good 

solvent conditions can retain a fluid interface in contacts from which solvent alone 

would be otherwise squeezed out.8 This lubricating effect has been ascribed to an 

increased viscosity in the contact resulting in hydrodynamic lift but a viscoelastic 

contribution has also been hypothesised.6 Systematic studies have aimed to understand 

the effects of polymer molecular weight, functionality, and the distribution thereof on 

lubricating properties.8, 22  
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In addition to the use of free polymer additives in the bulk phase, lubrication 

with surface-tethered linear polymers has been studied extensively.13 The earliest 

examples involved polystyrene tethered to mica via zwitterionic chain-ends.23 Surface 

modification may also be achieved covalently by using controlled radical 

polymerisation techniques to grow chains from initiating sites on the surface or by 

attaching polymer chains onto a functionalised surface using robust coupling 

chemistry. The non-covalent attachment and coupling strategies may be hindered by 

steric congestion near the surface, which limits the achievable grafting density. Sparse 

grafting may enable chain interpenetration and entanglement, leading to frictional 

dissipation.13 The grafting from approach allows for dense grafting at the surface, 

which drives the extension of the chains to form a film with an extremely high 

viscosity localised to the surface and a high load-bearing capacity. Glass transition and 

melting temperatures of the polymer have been suggested to influence film hardness 

and thus viscoelastic energy dissipation pathways.7 While covalent surface 

modification has been established as an effective way to reduce friction, this approach 

is not feasible for all applications. Dynamic alternatives are needed whereby the 

lubricating film is generated in situ so that it may be replenished after polymer 

degradation to maintain good performance over long time periods. 

Bottlebrush-like, densely-grafted copolymers with surface-active segments 

have been recently explored as efficient non-covalently tethered boundary  

lubricants.2, 3 Inspiration has been drawn from nature to design synthetic analogues of 

biomacromolecules such as lubricin and aggrecan – large bottlebrush-like 

glycoproteins that provide the lubrication of articular cartilages.1, 4, 24 The densely 

grafted, rigid structure of bottlebrush polymers provides a thick, viscoelastic, and 

highly solvated boundary layer with limited chain interpenetration, resulting in 

extremely low coefficients of friction. Efforts have been made to understand the 

performance of such lubricants in aqueous environments,2, 3, 24, 25 but bottlebrush 

polymer lubrication in non-polar solvents remains unexplored in the literature. Despite 

some of the focal points of aqueous lubrication such as charge and salt effects5, 26, 27 

not being applicable to non-polar formulations, parameters such as molecular 

orientation, graft length, grafting density, anchoring, and solvation2, 5, 28, 29 are 

universal, so what is known about aqueous lubrication can be used to direct the design 

of oil-soluble lubricants. The attention in this area of research may be soon expected 

to turn towards oil additives given the strong incentives for better fuel economy. 
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4.1.3 Project Outline 

Previous research conducted in our group showed bottlebrush-like graft 

copolymers to hold promise as next-generation friction modifier oil additives.30 

Macrotribological experiments involving 1 wt.% of the poly(lauryl acrylate)-based 

polymers in oil showed lower friction coefficients than plain base oil or commercial 

additives in boundary and mixed lubrication regimes. The addition of a polar poly(4-

acryloylmorpholine) linear segment into the graft copolymer structure was found to 

increase surface adsorption onto metal surfaces and hence promoted better lubrication. 

In this work we set out to assess the effect of grafting density (ng) on lubricant 

performance by testing a library of sparsely-grafted copolymers with analogous 

architectures to the fully-grafted polymers (ng = 100%) reported previously, but a 

reduced number of grafts (ng ≈ 35%). The interplay between architectural details, 

lubricant performance, and surface adsorption properties of the polymers was 

investigated via macrotribological testing, quartz crystal microbalance experiments, 

atomic force microscopy, and neutron reflectometry. 
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4.2 Results and Discussion 

4.2.1 Graft Copolymer Synthesis and Characterisation 

Four sparsely grafted (ng ≈ 35%) comb-like copolymers were prepared using 

RAFT polymerisation and the R group grafting from approach (Scheme 4.1). The four 

polymer architectures consisting of grafted, non-polar segments of poly(lauryl 

acrylate) (pLA) grafts separated by n-butyl acrylate units and linear, polar poly(4-

acryloylmorpholine) (pNAM) anchor segments were selected to complement 

previously studied polymers.30 The targeted degrees of polymerisation (DPs) of the 

grafted segments, linear pNAM segments, and pLA grafts were selected to match 

those reported previously, whilst targeting a reduced grafting density of 33%. 

The backbone precursors for the grafted segments were constructed by 

statistical RAFT copolymerisation of n-butyl acrylate (BuA) and N-hydroxyethyl 

acrylamide (HEAm) and subsequent esterification to functionalise the hydroxy groups 

of HEAm with 2-(((dodecylthio)carbonothioyl)thio)-2-methylpropanoic acid 

(MPADTC) (Scheme 4.2A). The BuA/HEAm molar ratio was adjusted to target a 

grafting density of 33% such that each functionalised HEAm repeat unit in the chain 

would serve as an initiating site for graft polymerisation. Kinetic data collected 

throughout statistical copolymerisation of these two monomers showed a small 

difference in their polymerisation rates (Figure 4.1). HEAm exhibited a slightly higher 

rate of propagation despite being the less activated monomer of the two. This resulted 

in a small drift in the comonomer distribution across the polymer, with HEAm being 

more abundant at the α-end. The polymerisations were stopped before all HEAm was 

consumed at roughly 80-90% conversion to ensure the incorporation of initiating sites 

across the whole chain length (Table 4.1). 

 

Scheme 4.1 A) The synthetic approach used in this study involved the preparation of a (block) 

copolymer backbone precursor (1), functionalisation with a RAFT agent to incorporate initiating sites 

along the chain (2), and finally graft polymerisation to yield a graft copolymer. B) The four polymer 

architectures explored in this study included the simple graft copolymer B and the three AB, BAB and 

ABA block copolymers with polar linear segments to promote adsorption to polar surfaces. 
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Scheme 4.2 A) RAFT copolymerisation of n-butyl acrylate and N-hydroxyethyl acrylamide, and 

subsequent functionalisation used to construct the backbones of grafted segments for all graft 

copolymers. B) Synthetic approach used for the preparation of diblock and triblock backbone 

copolymers. Each polymer was subsequently functionalised similarly to copolymer B. 

 

 

Figure 4.1 Kinetic data for the RAFT statistical copolymerisation of n-butyl acrylate and N-

hydroxyethyl acrylamide. Conversion data (A) were converted into a pseudo first-order linear plot (B). 

Linear fits (t = 0.25-1.25 h, r2 ≥ 0.995) and their extrapolations are indicated by solid and dashed lines, 

respectively. 
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Table 4.1 Conversion and SEC analysis details for the preparation of graft copolymer library. Graft 

copolymer structure notation p(LAn)x,y indicates the graft length (n), backbone length of the grafted 

segment (x) and the grafting density, i.e. the number of grafts per backbone repeating unit (y). 

Corresponding polymers studied in previous work30 

B (pLA46)100,100%     

AB pNAM100-b-(pLA53)100,100%     

BAB (pLA46)100,100%-b-pNAM100-b-(pLA46)100,100%     

ABA pNAM50-b-(pLA48)100,100%-b-pNAM50     

Polymers prepared in this work 

 
Conversion 

(%) 

Structure HEAm A 

(%) 

Mn,th 
A

 

(g/mol) 

Mn,SEC 
B

 

(g/mol) 

Đ B 

B 

BuA 

HEAm 

62 

76 
p(BuA63-s-HEAm31) 33 12,100 9,800 1.14 

p(BuA63-s-CTA31)  22,800 16,600 C 1.14 C 

LA 76 p(LA42)94,33%  336,000 346,000 D 1.21 D 

AB 

NAM 79 pNAM104 

36 

15,100 8,000 1.22 

BuA 

HEAm 

65 

91 
pNAM104-b-p(BuA68-s-HEAm38) 28,200 21,100 1.37 

pNAM104-b-p(BuA68-s-CTA38)  42,000 36,900 C 1.37 C 

LA 72 pNAM104-b-p(LA40)105,36%  407,100 429,000 D 1.15 D 

BAB 

NAM 89 pNAM115 

33 

17,000 14,900 1.07 

BuA 

HEAm 

62 

77 

p(BuA62-s-HEAm31)-b-pNAM110-b-

p(BuA62HEAm31) 
39,000 39,600 1.15 

p(BuA62-s-CTA31)-b-pNAM110-b-p(BuA62CTA31)  61,600 47,400 C 1.37 C 

LA 75  
p(LA41)93,33%-b-pNAM110-b-

p(LA41)93,33% 
 673,000 1,050,000 D 1.42 D 

ABA 

BuA 

HEAm 

70 

82 
p(BuA70-s-HEAm32) 

31 

13,400 15,200 1.08 

NAM 88 
pNAM56-b-p(BuA70-s-HEAm32)-b-

pNAM56 
29,200 26,700 1.11 

After end-group removal  28,400 24,400 1.45 

pNAM56-b-p(BuA70-s-CTA32)-b-pNAM56  40,000 29,600 C 1.22 C 

LA 79 pNAM56-b-p(LA39)102,31%-b-pNAM56  340,000 573,000 D 1.29 D 

 

A Calculated based on conversion as given by 1H NMR analysis. 
B Determined by SEC with DRI in DMF using PMMA calibration. 
C Determined by SEC with DRI in CHCl3 using PMMA calibration. 
D Determined by SEC with triple detection in THF. 
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For the preparation of architectures with linear pNAM segments, a two-step 

polymerisation protocol was required to construct the copolymer backbone prior to 

functionalisation (Scheme 4.2B). The AB diblock structure was prepared by chain-

extending pNAM105 with a mixture of BuA and HEAm. A difunctional RAFT agent, 

ethane-1,2-diyl bis(2-(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate) (bis-

MPDTC), was used to synthesise the triblock backbone precursors for BAB and ABA 

in a two-step fashion either by chain-extending pNAM110 from both chain-ends with 

a mixture of BuA and HEAm (BAB), or by chain-extending p(BuA-s-HEAm)100 with 

NAM (ABA). The amount of initiator consumed in the polymerisation of each first 

block was kept low relative to the amount of added CTA to retain a high theoretical 

livingness (> 99%) of the chains.31 The theoretical livingness (𝐿) of each polymer was 

estimated as 

 
𝐿 =

[CTA]0

[CTA]0 + 2𝑓[I]0(1 − 𝑒−𝑘𝑑𝑡) (1 −
𝑓𝑐

2
)

 , 
(4.2) 

where [CTA]0 and [I]0 are the initial CTA and initiator concentrations, 

respectively, 𝑓 is the initiator efficiency,32 𝑘𝑑 is the decomposition rate coefficient of 

the initiator, 𝑡 is the reaction time, and 𝑓𝑐 is the coupling factor for radical-radical 

termination events with 𝑓𝑐 = 1 corresponding to 100% bimolecular termination by 

combination.33 Retention of the RAFT end-group was confirmed by SEC: chain 

extension was observed for each product as an increase in the experimental number-

average molecular weight (Mn,SEC) and absence of the starting material (Figure 4.2A). 

The ABA end-groups of were removed with a previously reported method to 

prevent chain extension of the pNAM55 segments during the graft polymerisation of 

LA.30, 34 Reaction with lauroyl peroxide and azobisisobutyronitrile successfully 

fragmented and terminated the chain-ends, as indicated by the disappearance of the 

characteristic UV309 nm absorption of the trithiocarbonate end-group in the SEC trace 

(Figure 4.2B) and the yellow colour of the polymer. Some chain termination via 

combination was apparent in the data, as indicated by a high-molecular weight 

shoulder. 

NMR spectroscopy was used to assess the degree of functionalisation of the 

polymers (Figure 4.3). Relative areas of monomer signals at 4.03 ppm and 4.16 ppm 

in the 1H NMR spectra corresponding to side-group protons −COOCH2− and 

−CONHCH2CH2− of BuA and HEAm, respectively, and the absence of −CH2-OH 
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signal at 3.7 ppm; 61 ppm in the 1H-13C HSQC spectra indicated successful 

functionalisation of the polymers. The data were corroborated by a significant increase 

in the characteristic UV absorption of the trithiocarbonate moiety at 309 nm in the 

SEC curves. 

The functionalised backbones were used to graft polymerise LA (Scheme 4.3). 

Due to the attachment of the CTA functionalities via the R group, the reactions 

involved the R group grafting from mechanism. A well-known drawback of the 

 

 

Figure 4.2 SEC data for all backbone copolymers (A) and the ABA backbone before and after end-

group removal (B). Analysis was carried out in DMF with DRI and UV309 nm detection and PMMA 

calibration. 
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Figure 4.3 Representative 1H NMR and 1H-13C HSQC spectra of the CTA-functionalised backbones at 

each intermediate stage, acquired in CDCl3 at 20 mg/ml and 100 mg/ml concentrations, respectively. 

Spectra for the AB diblock copolymer are shown. 

approach is the possibility of side-chain radicals terminating through combination, 

some of which may cause intermolecular coupling and loss of the bottlebrush-like 

topology.35 The selection of appropriate reaction conditions is the key to a successful  
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Scheme 4.3 Polymerisation of pLA grafts was conducted using the R group grafting from approach 

with functionalised p(BuA-s-HEAm) backbones. 

polymerisation in which such reactions are minimised. Intermolecular coupling 

may be prevented by selecting monomers for which disproportionation is preferred 

over combination, or by employing a low radical concentration (i.e., a high [CTA]0/[I]0 

and a slow rate of initiator decomposition), by keeping the concentration of initiating 

sites low to moderate (i.e. a low backbone concentration), and by stopping the 

polymerisation before the full consumption of monomer to maintain a slow rate of 

termination relative to the rate of propagation.36 In reactions where intermolecular 

coupling cannot be avoided by other means, a small amount of free CTA may be added 

to the reaction to mediate the transfer of chain radicals from one bottlebrush polymer 

to another, thus reducing the probability of graft-graft coupling.35 

The graft polymerisation of LA was conducted in the absence of a shuttle-CTA 

at 1 M monomer concentration with [CTA]0/[I]0 = 20-40, using V-601 initiator at 

70 °C to maintain a moderate radical concentration. Reactions were stopped below 

80% conversion to avoid monomer-starved conditions. SEC analysis showed 

reasonably well-controlled products for all reactions. The formation of a linear pLA 

by-product with a strong UV absorption at 309 nm suggested the presence of residual 

free CTA from the functionalisation step which effectively acted as a shuttle-CTA 

(Figure 4.4).35 Products B and AB showed a small high MW shoulder, which could be 

ascribed to intermolecular coupling but might also arise to some extent from the 

inherent branching of the acrylate-containing backbone becoming more pronounced 

in the chromatogram after grafting the side-chains. The latter hypothesis was 

supported by the high MW shoulder in the AB diblock before functionalisation of the 

backbone. ABA and BAB triblock copolymers showed pronounced high MW 

shoulders likely due to graft-graft coupling, and for the former partly as a result of  
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Figure 4.4 SEC data for graft copolymers and their precursors plotted as normalised differential log 

molecular weight distribution (dw/dLogM vs. MW). Functionalised backbones and graft copolymers 

were analysed in CHCl3 and THF, respectively, with DRI and UV (309 nm) detection and PMMA 

calibration. 
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intermolecular coupling in the end-group removal step. The analysis of all 

intermediate and final products was limited by their solubility after each step. Thus, 

three different instrument setups were used to analyse the polymers in either DMF, 

CHCl3, or THF. Comparison of the data was therefore made while bearing in mind the 

distinct polymer solubilities, solvent conditions, and separation ranges of each 

instrument. 

The ABA triblock was found to be insoluble in oil and was omitted from 

further experiments. The insolubility was attributed to the polar pNAM segments 

collapsing into physical crosslinks under poor solvent conditions. The network 

formation resulted in a spongy, opaque appearance of the polymer in its dry state, 

while the other three products had a viscous and transparent consistency. Similar bulk 

characteristics have been reported for ABA-type bottlebrush polymers which were 

employed as plastic elastomers for their tissue-like mechanical properties.37 

AFM was used to visualise the graft copolymers in the dry state by drop-

casting them from chloroform, a non-selective solvent, onto highly oriented pyrolytic 

graphite. The images showed somewhat different appearances for each polymer, with 

B appearing less cylindrical than AB. This suggests that the latter had a slightly longer 

backbone and/or shorter grafts while BAB appeared less rigid than the other two due 

to the flexible central linear block (Figure 4.5). Height profiles showed all polymers 

to have a roughly 20 nm end-to-end distance for the grafted chains, which was in good 

agreement with the predicted 22 nm end-to-end distance for extended pLA40 grafts 

attached to the backbone. Manual image analysis was used to measure the rigid 

backbones of B and AB to estimate an average contour length of 18 nm and 23 nm, 

respectively, which seemed reasonable for a backbone with a DP of 100 and some 

flexibility due to the reduced grafting density. 

4.2.2 Lubricant Performance Tests 

Lubricant performance of these graft copolymers was assessed using a mini 

traction machine (MTM). The instrument consisted of a 19 mm steel ball loaded 

against a 46 mm (Ø) steel disc with each having independent movement controls, and 

a force transducer to measure the frictional force between the surfaces (Figure 4.6A). 

The frictional force was described by Stribeck curves in which friction coefficient is 

plotted against the so-called Hersey number (𝑥), which is given by 
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 𝑥 =
𝜂𝑣

𝑁
 , (4.3) 

where 𝜂 is the viscosity, 𝑣 is the entrainment speed and 𝑁 is the normal load. Under a 

constant load and viscosity, the friction coefficient may be plotted as a function of the 

entrainment speed. A small Hersey number typically indicates a thin lubricant layer 

 

 

Figure 4.5 AFM images and height profiles of graft copolymers drop-casted from chloroform onto 

highly oriented pyrolytic graphite. Histograms show backbone lengths as given by 40 individual manual 

measurements per sample. 
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where the load rests primarily on asperity contacts leading to high friction, commonly 

referred to as the boundary lubrication regime (Figure 4.6B). Increasing the Hersey 

number leads to a mixed regime in which the distance between surfaces increases, the 

load becomes increasingly supported by the fluid, and the friction is reduced. The 

distance may increase further until eventually the load is fully supported by the fluid. 

The point of minimum friction is observed where fluid thickness exceeds the surface 

roughness, marking the beginning of the hydrodynamic lubrication regime. Past this 

point, a gradual increase in friction arises from shearing of the fluid. 

Performance tests were conducted with 1 wt.% additive in Yubase 4 mineral 

oil. Each sample was tested across 10-3,000 mm/s rolling speeds and a temperature 

range of 40-140 °C at 50% slide-to-roll ratio under a 37 N load. The Stribeck curves 

showed all treated oils to provide enhanced lubrication across the boundary and mixed 

lubrication regimes (Figure 4.7). The superior performance was particularly notable 

in the boundary lubrication regime in which asperity contacts were abundant and the 

role of friction modifiers generally becomes more pronounced.6 All treated oils 

provided a 20-30% reduction in the friction coefficient in the boundary regime at 

40 °C and a larger reduction of 30-50% at 140 °C when compared to base oil. The 

results were similar to previously reported tests carried out with densely grafted 

copolymers of corresponding architectures, for which the highest reduction of 50% 

was recorded at 120 °C for the densely grafted analogue of BAB, p(LA46)100-b-

pNAM100-b-p(LA46)100.
30 The greater improvement seen at elevated temperatures and 

 

 

Figure 4.6 A) Cross-sectional illustration of an MTM instrument. B) A Stribeck curve with fluid film 

lubrication and boundary film lubrication regimes. Adapted from refs. 13 and 38.  
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Figure 4.7 MTM data collected for pure base oil and 1 wt.% polymer blends across 10-3,000 mm/s 

rolling speeds at 50% slide-to-roll ratio and 37 N load. 

the extension of the boundary regime to higher rolling speeds was due to the reduced 

viscosity of the oil leading to a thinner layer in the contact. The treated oils seemed to 

transition from the mixed lubrication regime to boundary lubrication at lower rolling 

speeds, indicating the ability of the polymers to prevent the solvent from being 

squeezed out of the contact. The friction coefficients recorded for B and AB at low 

rolling speeds were found to be unstable and resulted in poor control of the slide-to-

roll ratio. While a stable reading was recorded for BAB across all measurements, at 

120-140 °C control over the slide-to-roll ratio was lost at low speeds due to slippage. 

Contrary to our hypothesis, the incorporation of surface-active pNAM 

segments into the polymer structure was not found to have a significant effect on the 

performance, which was overall comparable for all polymers. This was in stark 

contrast to the previous study in which densely grafted copolymers with pNAM 

segments were found to outperform those without one. The incorporation of polar 

segments into oil-soluble linear polymers has been reported to promote enhanced 

lubrication as a result of adsorption of onto metal surfaces, driving the formation of a 

solvated layer that is harder to displace than freely diffusing polymers.8 Furthermore, 

the effect has been found to be greater when polar units are introduced into the 

structure as a block rather than statistically distributed across the main chain. This was 
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explained in terms of the probability of desorption of the polar segment being much 

smaller for a block than for individual units. While polymer B carried no polar 

segment, the RAFT end-groups of the pLA grafts or the amide/ester groups of the 

backbone monomers may have conferred some surface activity to the polymer, with a 

mechanism of adsorption something akin to multivalent binding. 

Overall, the performance tests showed all three polymers to be promising 

candidates for next-generation lubricants. Given the complexity of the synthetic 

approach used in this study, polymer B seemed the most attractive option from a 

practical point of view based on these tests alone. Considering the data collected in 

the previous study, in which the incorporation of a pNAM segment was found to 

significantly improve the performance, further exploration of all three polymers 

seemed fitting. The MTM tests were generally found to suffer from poor repeatability 

which made direct comparison of data collected across the whole study unreliable. The 

synthetic approach set a limitation for sample quantity, due to which re-assessment of 

the most promising candidates was not possible. These limitations should inform 

future work, in which scaling up the synthetic protocols could allow more elaborate 

testing. 

4.2.3 Film Formation and Solution Behaviour 

Further experiments were carried out to gain a better understanding of the 

surface adsorption and solution properties of the three polymers. The aim was to reveal 

characteristics and phenomena that could aid the design and selection of polymers for 

future work, particularly for scaling up and further friction testing. Previous studies of 

graft copolymers in aqueous environments suggest that, to perform well as a lubricant, 

the polymer should be densely-grafted to avoid chain interpenetration between 

opposing surfaces, well-solvated to provide a fluid interface, and firmly anchored to 

increase load bearing capacity and to counteract energy dissipation arising from shear-

induced sliding.1-3 A selection of techniques was used in this work to assess these 

properties in more detail. A quartz crystal microbalance with dissipation (QCM-D) 

was first used to quantify polymer adsorption onto steel from bulk solvent to gain 

information on surface interactions, timescales of film formation, and the rigidity of 

the resulting film. Polarised neutron reflectometry (PNR) was then used to 

complement this data at the nanometre length scale to collect detailed information 

about film structure and surface coverage. AFM imaging was used to visualise 
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polymers adsorbed onto steel from solution in their dry state to reveal differences in 

their solution and adsorption behaviour. 

4.2.3.1 QCM-D Experiments 

The lubricant performance of these polymers was initially hypothesised to 

primarily depend on their surface adsorption characteristics, which in turn was 

anticipated to be dependent on the position of the polar pNAM segment. A linear 

segment attached to the end of a grafted segment was expected to be more exposed to 

the environment than one positioned between two grafted segments. In a non-polar 

environment, the insoluble pNAM block was envisioned to undergo intermolecular 

aggregation unless prevented by the steric bulk of the grafted segments.39 

Micellisation and screening of the polar segments by steric bulk were considered as 

factors that could reduce the probability of adsorption. 

To assess the role of incorporation and placement of the polar segment, surface 

adsorption of the polymers and the rigidity of the resulting films were studied with a 

QCM-D. The technique allows for highly sensitive, in situ monitoring of mass 

deposition onto a surface by employing a piezoelectric quartz crystal, the resonance 

frequency of which is dependent on the thickness, density, temperature and shear 

modulus of the crystal and the density or viscosity of the surrounding fluid.40 In the 

experiment, an alternating voltage is applied across the crystal, thus causing it to 

oscillate. By matching the frequency of the voltage to the resonance frequency of the 

crystal, a standing wave is formed which causes the electrodes to move in opposite 

directions relative to each other. Mass deposition onto the crystal changes its 

resonance frequency (𝑓) and can be quantified for rigid masses using the Sauerbrey 

model for which it holds 

 
∆𝑓 = −

2𝑓0
2𝑛

√𝜌𝑞𝜇𝑞
𝐴

∆𝑚 , (4.4) 

where 𝑓0 is the fundamental resonance frequency, 𝑛 is the overtone, and 𝐴 is the crystal 

area, 𝑝𝑞 is the crystal density, 𝜇𝑞 is the shear modulus of the crystal, and ∆𝑚 is the 

change in mass. The instrument may also be used to monitor the dissipation (𝐷) of a 

freely oscillating crystal. By recording the oscillatory decay after switching off the 

voltage, information about the energy losses at the surface may be obtained. Energy 

losses per oscillation are different for soft and rigid films and are defined as 
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𝐷 =

1

𝑄
=

𝐸𝑑

2𝜋𝐸𝑠
 , (4.5) 

where 𝑄 is the quality factor of the oscillator, 𝐸𝑑 is the dissipated energy, and 𝐸𝑠 is 

the stored energy. Hence, dissipation measurements may be used to describe the 

softness/rigidity of the material and to evaluate the validity of the Sauerbrey relation 

as an acceptable approximation. For soft films, the Sauerbrey model is not applicable, 

but mass deposition may be quantified using the Kelvin-Voigt model.41 

To conduct the QCM-D experiments, 0.01 wt.% polymer solution prepared in 

n-dodecane was passed over a stainless steel-coated chip at 50 μl/min flow rate at 

40 °C. The data show a sharp decrease in the resonance frequency for each polymer 

after injection, arising from mass deposition onto the steel surface (Figure 4.8). After 

reaching a plateau, pure n-dodecane was passed over the chip to remove any loosely 

adsorbed polymer and that remaining in the bulk phase. The rinse was found to have 

very little effect on the resonance frequency, suggesting that all adsorbed polymer was 

tethered to the surface tightly enough to not desorb at the selected flow rate. Each 

polymer showed distinct adsorption behaviour in both the magnitude of frequency 

change and its dependence on the overtone frequency. Polymer B was found to adsorb 

 

 

Figure 4.8 QCM-D data collected for the adsorption of comb polymers from n-dodecane onto steel. 

Starting point of rinse with pure solvent is indicated by a dashed line. 
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least out of the three polymers, as indicated by the smallest frequency change. The 

incorporation of a polar segment resulted in a substantial increase in adsorption as seen 

in the data collected for AB and BAB, the former of which was found to deposit on 

the surface most readily. Furthermore, the data for these two polymers showed 

considerable overtone splitting, suggesting the formation of a viscoelastic film. By 

plotting Δ𝐷 against Δ𝑓 a comparison of the viscoelasticities could be made whilst 

accounting for the overall mass deposition. The data showed AB and BAB formed 

films with comparable softness. Evidently, the incorporation and placement of a polar 

segment plays an important role in film formation. 

Mass deposition onto steel was quantified for each polymer by using the 

Sauerbrey or the Kelvin-Voigt model (Figure 4.9). Data collected for B was averaged 

across the overtones and fitted to the Sauerbrey model to find a total mass deposition 

of 350 ng/cm2. Data for AB and BAB were fitted to the Kelvin-Voigt model, giving 

total deposition of 1,200 ng/cm2 and 600 ng/cm2, respectively. The models are often 

used to calculate layer thicknesses if the density of the layer is known. However, this 

is only valid for homogeneous layers which cover the whole surface area and 

  

 

Figure 4.9 QCM-D data analysis was used to quantify mass of polymers adsorbed onto steel surface. 

Data for polymer B was fitted using the Sauerbrey model describing a rigid film, for which Δf ~ Δm. 

Data for AB and BAB were fitted using the Kelvin-Voigt model describing a viscoelastic film. Raw 

data is presented in black with fitted data plotted on top. 
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have a uniform thickness.42 While the density of the studied films could have been 

roughly estimated as the density of pLA, information regarding surface coverage was 

lacking and therefore film thickness could not be quantified with this technique. 

The data showed notable differences in the timescales of adsorption for the 

three samples, which had important implications for their application. While the 

sample concentration in the QCM-D experiments was two orders of magnitude smaller 

than that used in friction tests, the effective concentration may be considered as larger 

or equal to the MTM concentration due to the continuous injection until no further 

adsorption took place. This corresponded to roughly 8-20 mg total mass of injected 

polymer in each measurement. The total injection time varied between 23-53 min and 

equilibration was particularly slow for the AB sample. The data suggest that the 

pNAM segment was less exposed to the environment in the AB architecture than it 

was in BAB, leading to a longer equilibration time. This was contrary to the 

hypothesis, and could be explained by micellisation which should be more favourable 

for AB due to the sterically demanding topology of BAB. In addition to the polymer 

architecture, the adsorption rates may have been affected by differences in molar 

concentration. 

The adsorption study revealed distinct differences in surface activity for the 

three architectures, but these were not manifested in the MTM tests to any great extent. 

Considering the differences in the experimental conditions of the two techniques, 

including instrument sensitivity, surface roughness, and shear rate, direct correlation 

between the two datasets could be misleading. The higher shear rate of the MTM tests 

alone could potentially cause desorption and degradation of the polymer and affect its 

solution properties, thus influencing polymer-surface interactions. It may be 

concluded, however, that polymer B provides lubrication comparable to AB and BAB 

despite mainly existing in the bulk solvent. This implies that the improved lubrication 

achieved with all samples may have been only partially (or not at all) a result of 

boundary film formation. Overall, correlating lubricant performance with surface 

adsorption characteristics seems complicated unless the two can be observed 

simultaneously. The use of instruments combining the two could offer a significant 

advantage in future work. Advances have been made in this regard by using neutron 

and X-ray reflectometry in conjunction with rheometers, tribometers and other types 

of specialised instruments,17-19, 43 paving the way for a deeper understanding of 

boundary lubrication. 
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4.2.3.2 Polarised Neutron Reflectometry 

QCM-D studies showed that the AB and BAB polymers readily adsorb onto 

steel forming a viscoelastic film. However, the surface coverage, film thickness and 

polymer orientation on the surface remained unknown and have been identified as key 

parameters for high performance in some boundary lubricants. Both polymers could 

be envisioned to adopt flat, perpendicular, or tilted orientations on the surface, all of 

which would result in different layer thicknesses. The layer structure could be further 

complicated by micelle formation in the bulk phase. While the characterisation of 

solid-liquid interfaces is not a trivial task, techniques such as liquid-state AFM,44 

neutron reflectometry,45 and specialised tribometers46 may be used to collect structural 

information at a nanometre length scale. For this study, PNR was selected to elucidate 

the structural ambiguities of the AB layer. The nondamaging nature and high 

penetration of neutrons makes it a powerful technique for studying buried interfaces 

and complex sample environments.43 

Neutron reflectometry experiments involve illuminating the sample of interest 

with a collimated neutron beam at grazing incidence and measuring the reflected 

intensity as a function of momentum transfer. The sample consists of one or multiple 

interfaces of solids, liquids or gases, which cause the neutron beam to reflect and 

refract at ratios characteristic to the layers meeting at the interface. The reflected 

intensity is dependent on the structure and SLD (𝜌) of the material, which is related to 

the refractive index and may be defined for polymers as 

 
𝜌 =

𝜌𝑚𝑁𝐴 ∑ 𝑏𝑐
𝑛
𝑖=1

∑ 𝑀𝑛
𝑖=1

 , (4.6) 

where 𝜌𝑚 is the mass density, 𝑁𝐴 is Avogadro’s constant, 𝑛 is the number of nuclei 

within a molecule, 𝑏𝑐 is the atomic scattering length, and 𝑀 is the number-average 

molar mass.45 The measured reflectivity profile describes the reflected intensity as a 

function of momentum transfer perpendicular to the surface normal (𝑄𝑧), for which it 

holds 

 
𝑄𝑧 =

4𝜋

𝜆
sin 𝜃 , (4.7) 

where 𝜆 is the neutron wavelength, and 𝜃 is the incidence angle of the beam relative 

to the sample surface.45 Neutron reflection from the top and bottom interfaces of a 

layer may result in constructive and destructive interference which appear in the 
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reflectivity profile as peaks and troughs, respectively, and are generally known as 

Kiessig fringes. The distance between the fringes contains information about the 

thickness (𝑑) of the layer, which may be calculated as 

 
𝑑 =

2𝜋

𝑄𝑧,2 − 𝑄𝑧,1
 , (4.8) 

where 𝑄𝑧,2 − 𝑄𝑧,1 is generally the trough-to-trough distance. 

In this study, the sample of interest comprised a solvated layer of polymer AB 

adsorbed onto a solid substrate immersed in n-dodecane. The solid substrate was a 

silicon block polished to < 5 Å roughness and sputter-coated first with permalloy (4:1 

Ni:Fe) and then grade 316 stainless steel. The magnetic layers of the substrate 

provided an additional spin contrast to complement the isotopic solvent contrast when 

measured with spin-polarised neutrons. The instrument setup consisted of a polarised 

neutron beam directed at the sample within a laminar flow cell maintained at a 45 °C 

temperature, to which pure solvent or polymer solution could be injected using a 

syringe pump connected to a channel switch. Measurements were carried out at 0.5°, 

1.5°, and 2.5° incident angles to cover an effective 𝑄𝑧 range of 0.01-0.03 Å-1 using 

spin up (↑) and spin down (↓) polarised neutrons and two isotopic solvent contrasts, 

hydrogenated and deuterated n-dodecane. 

The clean substrate was first measured to give four reflectivity profiles 

describing the solid-solid interfaces within the substrate and the solid-liquid interface 

of the substrate and the solvent (Figure 4.10). Four layers were required to fit these 

data, corresponding to SiO2, permalloy, steel, and a thin oxide layer (Table 4.2), the 

parameters of which were then fixed for the analysis of the polymer layer. The fits 

were in good agreement with the expected 150 Å and 250 Å thicknesses of permalloy 

and steel, respectively. Only a single homogeneous layer corresponding to steel was 

required to obtain satisfactory fits to the data measured using hydrogenated n-

dodecane. The SLD of this layer did not split with respect to the neutron spin state and 

appeared smaller than that expected for pure iron, suggesting the presence of notable 

quantities of elements with lower neutron scattering lengths. This was in accordance 

with the steel grade, which includes elements such as chromium, molybdenum, and 

manganese. An additional thin surface layer was required to obtain satisfactory fits to 

the data measured with the deuterated solvent, suggesting the formation of 
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Figure 4.10 A) PNR data (points) and fits (lines) of clean silicon-permalloy-steel (Si-Py-Steel) 

substrates characterised in hydrogenated and deuterated n-dodecane with spin up (↑) and spin down (↓) 

magnetic contrasts. Data and fits of the deuterated contrast were vertically offset for clarity. B) SLD 

profiles corresponding to the fits. Shaded regions indicate discrete layers included in the model. Shaded 

line indicates the 95% confidence interval associated with the fit as given by Markov chain Monte Carlo 

analysis. 

a thin oxide layer from exposure to oxygen under either atmospheric or sputtering 

conditions. Due to the poor contrast of this layer against the hydrogenated solvent, a 

high level of uncertainty remained in its fitted parameters, most notably with the SLD 

and solvation which are intrinsically correlated. 

 

Table 4.2 Structural information obtained from PNR measurements for a silicon-permalloy-steel 

substrate before and after incubation with pNAM104-b-p(LA40)105,36%. The substrate was first 

characterised with both solvent contrasts using spin up (↑) and spin down (↓) neutrons, and the fitted 

parameters were fixed for analysis after incubation. Error values were calculated from the 95% 

confidence intervals estimated from Markov chain Monte Carlo analysis. 

Layer 
ρ · 10-6  

(Å-2) 

d 

(Å) 

Solvation 

(%) 

Roughness 

(Å) 

Si 2.07* - 0* 4−1
+2 

SiO2 3.47* 30−2
+2 0* 11−1

+1 

Permalloy ↑ 10.19−0.03
+0.03 

137−1
+1 0* 10−1

+1 
Permalloy ↓ 6.73−0.03

+0.03 

Steel 6.27−0.02
+0.03 260−2

+1 0* 11−1
+1 

Oxide 0.36−0.35
+0.65 15−2

+2 7.0−7
+9 9−1

+1 

pNAM 1.26* 47−7
+7 67−4

+4 19−2
+1 

pLA 0.14* 156−22
+21 95−1

+1 16−10
+4  

n-Dodecane −0.53−0.03
+0.07 

- - - 
n-Dodecane-d26 5.94−0.01

+0.01 

 

* Parameter was held constant throughout the fitting procedure. 
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To measure the layer formed by AB, 0.1 % w/v polymer solution prepared in 

hydrogenated n-dodecane was injected into the flow cell at a 0.5 ml/min flow rate and 

incubated for 2 h, after which pure n-dodecane was passed through to remove any 

weakly bound polymer and that remaining in the bulk phase. Data was collected with 

each spin contrast, after which deuterated n-dodecane was injected into the cell to 

repeat the measurements. For these data, an additional two layers were required to fit 

the data, corresponding to the linear pNAM and grafted pLA segments, respectively 

(Figure 4.11). The fits were in good agreement with the experimental data, showing a 

total film thickness of roughly 20 nm consisting of a 5 nm pNAM layer and a 16 nm 

pLA layer. The thickness and roughness of the former were much higher than would 

be expected of a linear polymer lying flat on a surface, suggesting the pNAM block 

adopts a different orientation. Considering the insolubility of pNAM in n-dodecane, it 

seems likely that the layer consists of aggregated pNAM chains, covering roughly 

30% of the surface as suggested by the degree of solvation. The surface coverage may 

be limited by steric constraints of the grafted pLA segment. The thickness of the pLA 

layer corresponds to roughly 60% of the length of a fully extended backbone, which 

seemed fitting for the sparsely-grafted chain. The 10% roughness of this layer suggest 

different chain orientations for the grafted segment. No off-specular intensity was 

observed in the data, indicating that if aggregation took place, it had no long-range 

order. 

 

 

Figure 4.11 A) PNR data (points) and fits (lines) of pNAM104-b-p(LA40)105,36% film on a silicon-

permalloy-steel (Si-Py-steel) substrate characterised in hydrogenated and deuterated n-dodecane with 

spin up (↑) and spin down (↓) magnetic contrasts. Data and fits of the deuterated contrast were vertically 

offset for clarity. B) SLD profiles corresponding to the fits. Shaded regions indicate discrete layers 

included in the model. Shaded line indicates the 95r% confidence interval associated with the fit as 

given by Markov chain Monte Carlo analysis. 
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After conducting the neutron reflectivity measurements, graft copolymers B, 

AB, and BAB were imaged with AFM in dry state after adsorption from n-dodecane 

onto the steel substrates to mimic the experimental conditions of PNR. Clean 

substrates were incubated in 0.1 w/v% polymer solution prepared in n-dodecane for 

1 h. The polymer solution was displaced with pure n-dodecane to remove loose 

polymer, and with n-hexane to remove n-dodecane for easier drying. The images 

revealed significant differences across the three architectures (Figure 4.12). Polymers 

AB and BAB were found to readily adsorb on the surface; however, no polymer was 

found on the substrate for B. This was in excellent agreement with QCM-D data in 

which very little mass deposition was measured for B, while AB and BAB adsorbed 

in larger quantities. Images of AB revealed the presence of star-like micelles with a 

dense pNAM core surrounded by grafted pLA segments extending radially outwards, 

corroborating the neutron reflectometry results. The pNAM segments of BAB also 

seemed to form intermolecular aggregates, however the average aggregation number 

of 3-4 was much lower than for AB, likely due to the steric bulk flanking both ends of 

the linear segment. Another stark contrast was the patchy deposition of AB micelles 

covering only a small part of the substrate, while BAB was found to cover nearly the 

whole surface in the imaged areas. It seemed the adsorption of AB was hindered 

 

 

Figure 4.12 AFM images collected for PNR substrates after incubation in polymer solution prepared 

in n-dodecane. The samples were rinsed with pure solvent to remove loose polymer and subsequently 

with n-hexane to remove n-dodecane to obtain a dry sample. 
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by the steric bulk around the polar core, whereas for BAB the main limitation was the 

steric bulk of neighbouring molecules on the surface. Overall, BAB seemed superior 

in forming uniform films, showed most consistent data in friction tests, and could be 

considered the most promising candidate for further testing.  
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4.3 Conclusions and Outlook 

This study involved the preparation and characterisation of graft copolymers 

and their assessment as boundary film-forming lubricants in oil to guide the design of 

next-generation friction modifier additives. RAFT polymerisation was combined with 

a post-modification strategy to prepare three oil-soluble, pLA-based graft copolymers 

with distinct architectures, two of which carried a linear, polar pNAM block to 

promote interactions with metal surfaces. Lubricant performance tests conducted with 

a MTM showed the treatment of base oil with 1 wt.% of polymer to provide a 

significant reduction of the measured friction coefficients in the boundary and mixed 

lubrication regimes. While the polymer architecture and the incorporation of a polar 

block did not result in significant differences in the friction tests, QCM-D experiments 

showed that both parameters affected the magnitude of surface adsorption and the 

softness of the polymer layer under low shear conditions. The incorporation of a polar 

block was found to significantly increase mass deposition onto steel. However, it also 

resulted in intermolecular aggregation, thus hindering surface interactions and slowing 

down film formation. PNR and AFM studies suggested that the polymers adsorbed 

onto the surface mainly as star-like micelles rather than individual molecules. 

The work presented herein completes a larger body of research carried out in 

the group in which the preparation and performance of oil-soluble graft copolymers 

were studied in detail. We found these polymers to be promising candidates for friction 

modification and highlighted possible directions for further work. Our research has 

revealed important structure-property relationships specific to non-polar systems 

which had not been previously reported and may be used to design polymers with 

improved performance. Perhaps the most significant limitation of our studies to 

consider in future work was limited sample quantity, which prevented more elaborate 

tribological studies to be carried out. The development of scalable synthesis protocols 

to yield larger sample quantities would allow for the assessment of repeatability, 

polymer degradation and testing under a range of conditions. Finally, the correlation 

of additive performance to film structure could be made more reliable by employing 

instruments that may be used to monitor film formation in situ under shear. 

  



Graft Copolymers as Friction Modifier Additives in Non-Polar Media 

162 

 

4.4 Experimental 

4.4.1 Instrumental methods 

4.4.1.1 Atomic Force Microscopy 

For imaging on highly oriented pyrolytic graphite, samples were prepared by 

drop-casting a 0.05 mg/ml polymer solution in chloroform onto freshly-cleaved 

substrate and dried under a gentle N2 flow for 10 s. For imaging on steel, the substrates 

were cleaned prior to use in the same manner as described for the neutron 

reflectometry. Samples were prepared by submerging the steel substrate in a polymer 

solution prepared in n-dodecane (0.1 wt%) for 30 min. The polymer solution was 

displaced with pure n-dodecane to remove excess sample while keeping the substrate 

submerged. The substrate was then placed in a beaker of pure n-hexane (x2) and left 

to dry for ≥ 10 min before analysis. 

Images were collected directly after sample preparation using a Bruker 

Dimension Icon instrument with ScanAsyst in Air and PeakForce tapping. Images 

were processed with Gwyddion software. 

4.4.1.2 Mass Spectrometry 

Mass spectra were acquired on an Agilent 6130B single quadrupole LC/MS 

system with electrospray ionisation and 50-3,000 m/z range. 

4.4.1.3 Mini Traction Machine Experiments 

MTM testing was carried out at Lubrizol using a PCS Instruments MTM. Each 

sample (1 wt% in Yubase 4 mineral oil) was measured using Stribeck step type 

between 40-140 °C in 20 °C increments at 1.0 GPa Hertz pressure. 

4.4.1.4 Nuclear Magnetic Resonance Spectroscopy 

1H NMR spectra and 1H-13C HSQC spectra were recorded in deuterated 

chloroform (CDCl3) on Bruker Avance III HD (300 MHz or 400 MHz) spectrometer 

at 300 K. Chemical shift values (δ) are reported in ppm. Tetramethylsilane (TMS) was 

used as the internal standard (δ = 0.08 ppm). 

4.4.1.5 Polarised Neutron Reflectometry 

Silicon-permalloy-steel substrates were cleaned by UV-ozone irradiation for 

20 min and extensively washed with ultrapure water. Substrates were then subjected 
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to successive sonication in aqueous 2% w/v sodium dodecyl sulfate, ethanol and 

toluene. After thoroughly drying under N2 flow, substrates were ozone-cleaned, rinsed 

with ethanol and mounted into PEEK laminar flow cells submerged in ethanol to avoid 

the introduction of air bubbles into the cells during assembly. 

PNR was performed on the POLREF reflectometer at the ISIS pulsed neutron 

and muon source, UK, operating in polarised mode using fast flipping such that the 

neutron spin state is reversed with every neutron pulse, giving ≥ 98% polarisation. A 

schematic representation of the measurement setup is presented in Scheme 4.4. Flow 

cells were mounted in horizontal geometry, connected to a glass syringe containing 

either hydrogenated or deuterated n-dodecane via PTFE tubing mounted in a syringe 

pump, calibrated, and set to a flow rate of 0.5 ml/min. Aluminium top plates of the 

flow cells were connected to a water bath and the temperature maintained at 45 °C. 

Iron yokes were placed over the flow cells to ensure a constant magnetic field 

experienced throughout the sample. Reflected radiation was measured at 0.5°, 1.5°, 

and 2.5° incident angles using an incident wavelength range of 2-15 Å covering an 

effective 𝑄𝑧 range of 0.01-0.3 Å-1, where 𝛿𝑄/𝑄 = 3%. Inefficiencies in neutron 

polarisation were corrected for as described by Wildes et al.47 The resultant reflectivity 

patterns were normalised to the incident flux measured in transmission through each 

substrate. 

The substrate was initially characterised by PNR in two isotopic contrasts, 

hydrogenated and deuterated n-dodecane, with spin up (↑) and spin down (↓) polarised 

neutrons, yielding four reflectivity curves describing the same interfacial structure. 

Sample solution (0.1 % w/v in n-dodecane) was then injected into the flow cell via the 

syringe pump and incubated for 2 h. The cell was then flushed with hydrogenated n-

dodecane to remove polymer remaining in the bulk phase and data was collected with 

both magnetic contrasts, after which deuterated n-dodecane was injected into the cell 

to repeat the measurements. 

Data were analysed using RasCAL.48 This software calculates a reflectivity 

pattern resulting from a theoretical SLD profile consisting of two bulk phases with a 

series of interfacial layers each treated as homogeneous ‘slabs’. Each layer within this 

model is defined by four parameters: thickness, SLD, roughness, and solvation. The 

four datasets corresponding to the bare substrate were fitted to include four layers, 

corresponding to SiO2, permalloy, steel and a thin oxide layer on the surface. These 

data were co-refined using a priori information, such as the SLD of silicon and SiO2, 
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to obtain a structural model corresponding to the substrate. The parameters associated 

with this model were then fixed in the analysis of the polymer layer. To fit the data 

acquired with the adsorbed polymer layer, two additional layers were required, 

corresponding to the linear pNAM and the grafted pLA segments, respectively.  

The error associated with the parameters in the model were estimated by 

Markov chain Monte Carlo analysis, enabling covariance between parameters to be 

accounted for. Here, a Gaussian prior distribution was assumed for all parameters. The 

posterior distribution was determined by performing 5,000 burn-in iterations for 

location of the global minima prior to a further 50,000 iterations used to define the 

posterior distribution. Three independent repeats of this analysis were used to calculate 

the asymmetric 95% confidence intervals associated with the fits and model 

parameters. 

 

Scheme 4.4 Experimental setup used in PNR measurements. 

4.4.1.6 Size-Exclusion Chromatography 

SEC was carried out using the following three instrument setups and solvent 

conditions (Table 4.3). All analyte samples were filtered through a syringe filter prior 

to injection. Experimental molar mass (Mn,SEC) and dispersity (Đ) values were 

determined by employing conventional calibration with poly(methyl methacrylate) 

(PMMA) standards (Agilent EasyVials) or triple detection using Agilent GPC/SEC 

software. 

 



Graft Copolymers as Friction Modifier Additives in Non-Polar Media 

165 

 

Table 4.3 Instrument conditions used in SEC analysis. 

 DMF CHCl3 THF 

Instrument Agilent Infinity II MDS Agilent Infinity II MDS Agilent Infinity II MDS 

Detectors A DRI, VS, DALS,  

single-wavelength UV 

DRI, VS, DALS,  

multi-wavelength UV 

DRI, VS, DALS,  

multi-wavelength UV 

Guard column PLgel 5 µm PLgel 5 µm  

Analytical columns 2 x PLgel Mixed D 

300 x 7.5 mm, 

200-400,000 g/mol  

linear operating range B 

2 x PLgel Mixed C 

300 x 7.5 mm, 

200-2,000,000 g/mol 

linear operating range B 

2 x PLgel Mixed C 

300 x 7.5 mm, 

200-2,000,000 g/mol 

linear operating range B 

Calibration C PMMA 

500-900,000 g/mol 

PMMA 

600-1,600,000 

PMMA 

1,000-1,500,000 g/mol 

Eluent DMF,  

cont. 5 mmol NH4BF4 

CHCl3, 

no additives 

THF, 

cont. 0.01% butylated 

hydroxytoluene 

Sample filter Nylon membrane, 

0.22 μm pore size 

PTFE membrane, 

0.22 μm pore size 

PTFE membrane, 

0.22 μm pore size 

Flow rate 1 ml/min 1 ml/min 1 ml/min 

Temperature 50 °C 30 °C 30 °C 

 

A DRI, VS and DALS stand for differential refractive index, viscometry and dual-angle light scattering detectors, 

respectively. DALS was detected at 15° and 90° angles. 

B Polystyrene equivalent. 

C Calibration range is given as a representative example on a given month. 

 

4.4.1.7 Quartz Crystal Microbalance with Dissipation 

QCM-D experiments were carried out at Lubrizol using a QSense E4 system 

equipped with a peristaltic pump (IPC-C, Ismatec), solvent resistant tubing, and flow 

cells with solvent resistant gaskets and O-rings. QSense stainless steel-coated (grade 

SS2343) QCM chips were used for the analysis. Solvent and solutions were filtered 

using Acrodisc Supor PES syringe syringe filters with 0.2 μm pore size and 32 mm 

diameter. Prior to the experiment, the chip was cleaned by sonicating in toluene for 

10 min, drying under N2, soaked in Hellmanex solution (1 wt% in deionised water) 

for 30 min, rinsing with deionised water, dried under N2, sonicating in ethanol for 

10 min and drying under N2. Finally, the chips were placed in an ozone cleaner for 

10 min. The chips were loaded into cells set to 40 °C and pure n-dodecane was passed 
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through the sample cell at a flow rate of 50 μl/min until a stable frequency reading was 

observed. The sample (0.01 wt% in n-dodecane) was then passed over the chip using 

the same flow rate until the frequency reading reached a plateau. Pure n-dodecane was 

then injected to rinse the system. Frequency and dissipation changes were monitored 

for all tuned overtones with data collection controlled by QSoft software. Data analysis 

was performed with QTools software. 

4.4.2 Materials 

4-Acryloyl morpholine (NAM, 97%, Sigma-Aldrich), azobisisobutyronitrile 

(AIBN, 98%, Sigma-Aldrich), n-butyl acrylate (BuA, ≥ 99%, Sigma-Aldrich), butyl 

2-(((dodecylthio)carbonothioyl)thio)-2-methylpropanoate (CTA-1, 70%, Lubrizol), 

deuterated chloroform (CDCl3, 99.8% D, Aldrich), anhydrous dichloromethane 

(DCM, 99.8%, Sigma-Aldrich), diethyl ether (≥ 99.8%, Sigma-Aldrich), 1,4-dioxane 

(≥ 99%, Sigma-Aldrich), N,N-dimethylformamide (DMF, HPLC-grade, Merck), n-

dodecane (99+%, Alfa Aesar), dodecane-d26 (98% D, Cambridge Isotope Laboratories 

UK), 2-(((dodecylthio)carbonothioyl)thio)-2-methylpropanoic acid (MPADTC / CTA 

acid, provided by Lubrizol), ethyl acetate (laboratory reagent grade, Fisher Chemical), 

ethylene glycol (anhydrous, 99.8%, Sigma-Aldrich), n-hexane (laboratory reagent 

grade, Fisher Chemical), N-hydroxyethyl acrylamide (HEAm, ≥ 97%, Sigma-

Aldrich), lauroyl peroxide (LPO, 97%, Aldrich), lauryl acrylate (LA, 90%), oxalyl 

chloride (2.0 M in methylene chloride, Sigma-Aldrich), magnesium sulfate (MgSO4, 

laboratory reagent grade, Fisher Chemical), methanol (≥ 99.8%, Merck), sodium 

bicarbonate (NaHCO3, laboratory reagent grade, Fisher Chemical), toluene 

(laboratory reagent grade, Fisher Chemical), and dimethyl 2,2'-azobis(2-

methylpropionate) (V-601, Wako) were used as received unless otherwise stated 

below.  

BuA, LA and NAM were passed through an aluminium oxide column to 

remove inhibitors prior to polymerisations. MPADTC was recrystallised from n-

hexane prior to use. 

Single crystal silicon substrates used in PNR experiments were purchased from 

Crystran Ltd (UK). The substrates were 80×50×15 mm in size with a single 80×50 

Si(111) face polished to < 5 Å root-mean-square roughness. The surface was sputter-

coated with permalloy (4:1 Ni:Fe) and 316-type steel films of 150 and 250 Å 
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thickness, respectively, by the NanoFab group at the Center for Nanoscale Science 

and Technology, NIST (USA). 

4.4.3 Synthetic Protocols and Characterisation 

4.4.3.1 Synthesis of Di-CTA 

 

Scheme 4.5 Reaction scheme for the preparation of difunctional RAFT agent, di-CTA. 

Dry glassware and anhydrous solvents were used for the reaction. CTA acid 

(1.5 g, 4.1 mmol, 1.5 eq.) was dissolved in DCM in a round-bottom flask. Under N2 

flow, oxalyl chloride solution (2 M in DCM, 4.1 ml, 8.2 mmol, 3 eq.) and a drop of 

anhydrous DMF catalyst were added under vigorous stirring and N2 flow. Stirring was 

continued for 2 h after which volatiles were removed under vacuum. The remaining 

oil was re-dissolved in anhydrous DCM and added dropwise to a stirred solution of 

ethylene glycol in DCM (85 mg, 1.4 mmol, 1 eq. with respect to −OH) immersed in 

an ice bath under gentle N2 flow. The flask was removed from the ice bath and N2 flow 

was removed after the reaction mixture had reached room temperature. Stirring was 

continued for 12 h. 

The solution was diluted to 50 ml and washed with NaHCO3 (1 M, 3×50 ml) 

and brine (2×50 ml). The organic phase was dried over MgSO4 overnight, filtered, and 

volatiles were removed under vacuum. A flash column was used to isolate the pure 

product by running an elution gradient of n-hexane to 5% ethyl acetate. Volatiles were 

removed and the product was dried in a vacuum oven at 40 °C overnight, giving a 

yellow crystalline product upon cooling. The product was characterised using 1H and 

13C NMR spectroscopy (Figure 4.13) and mass spectrometry (Figure 4.14). 
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Figure 4.13 1H NMR (A) and 13C NMR (B) spectra of the RAFT di-CTA, acquired in CDCl3. 
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Figure 4.14 Mass spectrum of the RAFT di-CTA. Sample was prepared in acetonitrile/methanol 

mixture (1:1 vol). 
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4.4.3.2 RAFT Polymerisation of Backbone Copolymers 

 

Scheme 4.6 Reaction schemes for the RAFT polymerisation to synthesise backbone precursors. 

To prepare the statistical p(HEAm31-s-BuA63) copolymer (B), BuA (1.00 g, 

7.80 mmol), HEAm (0.360 g, 3.13 mmol), CTA-1 (32.7 mg, 7.77·10-2 mmol) and  

V-601 (1.30 mg, 5.65·10-3 mmol) were dissolved in dioxane (3.3 ml) in a 7 ml vial 

fitted with a stirrer bar and rubber septum. The reaction mixture was degassed with N2 

for 15 min and placed in an oil bath heated to 70 °C. Samples were taken to monitor 

the consumption of monomers by 1H NMR and the reaction was stopped after 1.5 h at 

62% and 76% conversion of BuA and HEAm, respectively. The reaction mixture was 

diluted, and the polymer was precipitated three times into a methanol/water mixture 

(4:1) and dried in vacuum oven at 40 °C. 

To prepare the diblock copolymer pNAM105-b-p(HEAm39-s-BuA68) (AB), 

NAM (1.00 g, 7.08 mmol), BIBDTC (23.0 mg, 5.47·10-2 mmol), V-601 (0.63 mg,  

2.73·10-3 mmol) were first dissolved in dioxane (1.5 ml) and polymerised using the 

protocol described above. Reaction was stopped after 30 min at 77% conversion and 

the polymer was precipitated three times into diethyl ether and dried yielding a pale 

yellow powder. The polymer (0.530 g, 3.51·10-2 mmol) was then dissolved in dioxane 

(1.8 ml) along with BuA (467 mg, 3.64 mmol), HEAm (171 mg, 1.49 mmol) and  

V-601 (0.57 mg, 2.48·10-3 mmol). Polymerisation was carried out at 70 °C for 1.5 h 
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and the reaction was stopped at 65% and 91% conversion of BuA and HEAm, 

respectively. The polymer was purified through repeated precipitations into cold 

diethyl ether and dried under vacuum. 

Synthesis of p(BuA66-s-HEAm31)-b-pNAM115-b-p(BuA66-s-HEAm32) (BAB) 

was carried out by using the reaction conditions and protocols described above but 

using the difunctional CTA, di-BIBDTC. In the first step [M]0=3 M, 

[NAM]0/[CTA]0=130, and [CTA]0/[I]0=20. In the second step [M]0=2 M, 

[BuA]0/[HEAm]0/[mCTA]0=200/80/1, and [CTA]0/[I]0=14. 

Finally, pNAM55-b-p(BuA70-s-HEAm32)-b-pNAM55 (ABA) was prepared 

with the described protocols using di-BIBDTC. In the first step [M]0=3 M, 

[BuA]0/[HEAm]0/[CTA]0=100/40/1, and [CTA]0/[I]0=14. In the second step 

[M]0=2 M, [NAM]0/[mCTA]0=130, and [CTA]0/[I]0=20. The end-groups were 

removed by using the protocol described by Chen et al.34 Briefly, the copolymer was 

weighed into a vial and dissolved in dioxane. LPO and AIBN stock solutions were 

added (CTA:LPO:AIBN=1:3:30) and the mixture was deoxygenated by bubbling N2 

into the solution. Reaction was started by immersing the vial into an 80 °C oil bath. 

After 4 h, the reaction was stopped by letting the vial cool down to room temperature. 

The product was purified by precipitating twice into cold diethyl ether and dried. 

Products were characterised with 1H NMR spectroscopy in CDCl3 (Figure 4.3) and 

SEC in DMF (Figure 4.2). 
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4.4.3.3 Functionalisation of Backbone Copolymers 

 

Scheme 4.7 General reaction scheme for the functionalisation of backbone copolymers. 

The following general protocol was used to functionalise all copolymer 

backbones. In a dry round-bottom flask equipped with a stir bar, p(BuA-s-HEAm) was 

dissolved in anhydrous DCM. In a separate flask, MPADTC (2 eq. with respect to 

HEAm units) was dissolved in anhydrous DCM and oxalyl chloride solution (4 eq.) 

was added to the solution under N2 flow and vigorous stirring. A catalytic amount of 

anhydrous DMF was added to start the reaction (CO↑, CO2↑) and stirring was 

continued for 2 h, after which DCM and excess oxalyl chloride were removed using a 

Schlenk line. The red oil was redissolved in DCM and added dropwise to the polymer 

solution set in an ice bath. After 2 h, the ice bath was removed and stirring was 

continued overnight. The reaction mixture was concentrated by rotary evaporation and 

precipitated into methanol three times or until no free CTA remained in the product. 

Solvent residue was removed by rotary evaporation and the product was dried in a 

vacuum oven at 40 °C. Products were characterised with 1H NMR and 1H-13C HSQC 

in CDCl3 (Figure 4.3), and SEC in CHCl3 (Figure 4.4). 
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4.4.3.4 RAFT Polymerisation of Grafts 

 

Scheme 4.8 General reaction scheme for the graft polymerisation of lauryl acrylate. 

The following general protocol was used for all polymerisations. For all 

reactions, [M]0 = 1 M, [M]0/[CTA]0 = 55, and [CTA]0/[I]0 = 20-40. Lauryl acrylate, 

CTA-functionalised backbone, and solvent) were added to a round bottom flask and 

stirred until fully homogenised. V-601 was added and the reaction mixture was 

deoxygenated with N2 and placed in an oil bath set to 70 °C for 5 h, or until the desired 

monomer conversion was reached. The flask was cooled to room temperature and the 

polymer was precipitated three times into cold methanol and dried under vacuum. 

Products were characterised with 1H NMR spectroscopy in CDCl3 (Figure 4.3), SEC 

in THF (Figure 4.4), and with AFM on highly oriented pyrolytic graphite (Figure 4.5). 

 

Figure 4.15 Manual image analysis of AFM images collected for graft copolymers B and AB. 

Backbones of 40 polymers were measured in each image and plotted as histograms. The average 

backbone lengths, calculated as arithmetic means, were 18 nm and 23 nm for B and AB, respectively. 
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Chapter 5  

Conclusions and Outlook 

 

 

 

This thesis explored new synthetic strategies, the solution self-assembly 

behaviour, and lubricating properties of graft copolymers prepared using RAFT 

polymerisation. While the early motivation for this work was an industrial incentive 

to use RAFT polymerisation to produce state-of-the-art functional polymers for 

commercial use, it also led to fundamental research on RAFT polymerisation 

strategies for graft copolymer synthesis. A critical assessment of the benefits and 

challenges of this technique was provided throughout these studies. The versatility of 

the RAFT process is illustrated in the diversity of the chemistries and architectural 

details of the polymers prepared throughout the experimental work, which included 

sparsely grafted, densely grafted, brush-coil, and mixed graft architectures. Moreover, 

two new synthetic strategies were discovered by harnessing the unique RAFT 

mechanism for graft exchange reactions, providing a convenient route to heterograft 

structures. This approach may also be envisioned to find use in the preparation of 

bottlebrush polymer networks, which are easily accessible by conducting graft 

exchange reactions in the presence of a difunctional linear crosslinker chain. These 

reactions could potentially provide a unique level of dynamic control over the graft 

distribution, crosslinking density, and the general parameters of graft copolymers. 

Given that ROMP and ATRP of macromonomers currently appear to be the most 

commonly selected synthetic routes for producing bottlebrush polymer networks, the 

newly developed method is a valuable addition to the current-day synthetic toolbox. 

The adaptability of RAFT chemistry to different monomer-solvent systems 

allowed the self-assembly characteristics of graft copolymers to be studied during 

grafting from polymerisations to provide first examples of their PISA behaviour. 

Entangled sparsely grafted polymers were found to form clustered spherical particles 

and therefore steered the reaction towards a different outcome than that reported for 

the linear diblock equivalent. Furthermore, the physical constraints of the branched 

architecture promoted the formation of multicore morphologies, which are not 
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commonly encountered in PISA studies. Based on these observations, it is anticipated 

that the PISA of graft copolymers conducted through grafting from polymerisations 

may generally be dictated by chain entanglements if the backbone retains Gaussian 

behaviour and is sufficiently long. These findings are expected to differ significantly 

from the PISA behaviour of rigid, densely grafted polymers, which remains 

unexplored and is an intriguing subject for future studies. Despite chain entanglements 

being a well-known characteristic of polymers, it is generally not used for an 

advantage in polymer self-assembly. They could, however, provide a useful tool for 

preparing new functional materials such as the gel-like particle clusters which appear 

an intriguing subject for a rheological study. Furthermore, the multicore particle 

morphologies could make for an interesting alternative for conventional micelles in 

encapsulation and release studies. With this in mind, we have successfully re-designed 

the presented system for aqueous media, thus expanding the scope of potential 

applications. The synthetic route used in this study may be simplified into a one-pot 

protocol by constructing the functionalised backbone via copolymerisation of the 

stabilising monomer with a CTA-functional monomer (an inimer). This strategy 

circumvents the need for purification steps, therefore making the synthesis better 

suited for large-scale processes.  

Finally, the performance of graft copolymer lubricants was assessed in non-

polar solvents to gain insight into the role of grafting density and architectural details, 

and to evaluate their suitability for use as oil additives. While the reduction in grafting 

density and the positioning of the polar linear segment were found to have a large 

impact on the solution behaviour (i.e., micellisation) of the polymers, friction tests 

showed very little difference between the various polymers. The intricate interplay 

between the flexible and insoluble linear segment and the steric bulk of the grafted 

segments was identified as a key factor in governing micellisation and surface 

adsorption. Careful consideration of the observed relationships between polymer 

architecture and solvent/adsorption characteristics should allow the preparation of 

next-generation additives which readily adsorb to metal, forming a thick protective 

lubricating film. Given the considerable number of studies and patents involving 

aqueous bottlebrush polymer lubricants, publications involving oil-soluble lubricants 

may be expected to emerge soon and to provide further guidance for their design. 

Further work is needed to assess their performance under different operating 

conditions, the durability of the compounds, and the nature of any degradation 
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products. In particular, the degradation (as well as undesirable odour and colour) of 

RAFT agents is often of concern. While end-group removal could be used to eliminate 

the issue, it may not be a commercially viable approach due to its added cost. Although 

controlled radical polymerisation technologies are used industrially, the current price 

of RAFT agents greatly exceeds that of monomers; therefore, preparation of lubricants 

in this way may not be cost-effective. In-house technology for synthesising RAFT 

agents on a large scale, such as Lubrizol’s production of CTA-1, could possibly 

mitigate this issue. Nonetheless, RAFT and MADIX have been suggested to be 

especially promising for use in industrial processes due to their polymerisation 

protocols being practically the same as those of free radical polymerisations with an 

added transfer agent, and their wide range of compatible vinyl monomers, chain-end 

functionalities, and reaction conditions. 
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