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Abstract  

 

Amphiphilic copolymers composed of hydrophilic polyacrylic acid segments and 

hydrophobic poly(alkyl methacylate) segments were targeted as adhesion-promoting 

additives for use in printing inks. Methyl, butyl and lauryl methacrylates were chosen to 

vary hydrophobicity. Initially, a phase transfer-catalysed backbone functionalisation and 

a reversible addition-fragmentation chain transfer (RAFT)-controlled grafting step were 

employed to form graft copolymers, although polyacrylic acid homopolymer was also 

produced. The lauryl methacrylate synthesis proved more difficult due to the steric 

effect of the long alkyl chain. Branched and linear poly(alkyl methacrylate-acrylic acid) 

copolymers were then synthesised using RAFT, in either a one-pot polymerisation, 

producing random copolymers, or a two-step procedure forming block copolymers. 

Molecular weights of close to 20 000 g mol
-1

 were achieved, with methacrylate:acrylic 

acid ratios close to 1:1, as targeted. Branching was confirmed through calculation of 

Mark-Houwink parameters using GPC with viscometric detection, and a 
13

C NMR 

method was developed to identify block or random monomer sequence distribution. 

Due to their amphiphilic nature, the copolymers were found to self-assemble in water to 

form macromolecular structures. These varied according to architecture, monomer 

distribution, and hydrophobicity of the methacrylate segment. Small angle neutron 

scattering was used to study the copolymers in a range of solvent systems. Whilst 

Gaussian coils were formed in d-THF and self-assembled spheres or multi-lamellar 

micelles were formed in D2O, the copolymers were found to aggregate into fractal 

structures in intermediate solvency conditions. The behaviour of the copolymers when 

coated on polyolefin substrates was studied by contact angle measurements, and the 

random materials created more polar surfaces compared to the segmented analogues. A 

force spectroscopy technique showed potential for accurate comparison of copolymer 

adhesion. Ink formulations containing the butyl methacrylate copolymers jetted well on 

both thermal inkjet and drop on demand printers. Adhesion was assessed using industry 

standard tests, and better overall performance was observed for the branched 

copolymers.  
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(a) 

(b) 

(c) 

(d) 

1. Introduction  

1.1 Introduction  to Polymer Architecture and Synthesis  

1.1.1 Polymer Architectures  
 The simplest polymers are linear chains formed from a great number of 

monomer units, which can be either homopolymers, meaning that only one type of 

monomer is used, or copolymers consisting of two different monomers. Copolymers can 

be categorised as statistical, alternating, block or graft depending on the distribution of 

the monomers within the polymer chain, as shown in Figure 1.1.  

 

 

Figure 1.1 Possible copolymer architectures: (a) statistical (b) alternating (c) block (d) 

graft 

 

 More complex polymer structures can be produced with branched or crosslinked 

chains, enabling the formation of more elaborate polymer architectures such as stars
1
, 

dendrimers
2
, combs

3
 and pom-poms.

4
 

 

1.1.2 Branched Polymers  
 Branched polymers have become a focus of research in the field of polymer 

science, due to their interesting and versatile properties. This is not unexpected, 

considering that many natural macromolecular systems incorporate branched structures; 

such as amylopectin, which is one of the primary components of starch; and glycogen, 



2 
 

which is a multibranched polysaccharide that stores glucose in the human body. The 

structure of these biopolymers is shown in Figure 1.2. A wide variety of branched 

polymeric architectures are possible, some of which are shown in Figure 1.3. Each 

structure possesses different physical and biological properties and therefore they lend 

themselves to a diverse range of possible applications. 

 

Figure 1.2 Representative chemical structure of biopolymers amylopectin and 

glycogen. Both polysaccharides are composed of the same glucose repeat units but 

glycogen contains more frequent branching.   
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Figure 1.3 Examples of branched polymer architectures (a) star (b) brush (c) pom-pom 

(d) dendrigraft (e) highly/hyper-branched (f) dendrimer. Reprinted with permission 

from England et al.
5
  

 

 Dendrimers are considered to be the perfect branched architecture, due to their 

advantageous properties. They exist as single molecular species with a high degree of 

branching, conferring high degrees of symmetry to the molecule in addition to a large 

number of functional groups on the surface. They also have excellent solubility and 

very low solution viscosity. These factors make dendrimers ideal candidates for 

applications ranging from drug carriers
6
 to catalyst supports

7
. However dendrimers have 

one major drawback in that they are difficult to produce, requiring complex syntheses 

that involve many purification steps. These are costly and time-intensive processes 

which are hard to scale up. As a consequence, dendrimers are not suited to industrial 

use. 

 Highly branched (HB) polymers are therefore a more attractive alternative since 

they are far easier to synthesise and possess many of the properties which make 

dendrimers so desirable, as well as additional useful properties. In comparison to linear 

analogues, HB polymers have improved solubilities as well as tunable solution 
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behaviour and low solution and melt viscosities. They possess large numbers of 

functional end groups, which can potentially be further modified to suit specific 

applications. For example HB-poly(N-isopropyl acrylamide) (PNIPAM) with glycine-

arginine-glycine-aspartic acid-serine (GRGDS) peptide end groups has been used to 

develop a useful process in cell biology for lifting and releasing cells from their culture 

substrate, making use of the property that GRGDS groups bind to cell surfaces
8
. There 

are drawbacks to HB materials, however, including irregular branching and uneven 

statistical functional group distribution throughout the macromolecule
9
. HB polymers 

also tend to have broad molecular weight distributions. Disperse branched polymers can 

be difficult to analyse, sometimes requiring time-consuming fractionation steps in order 

to obtain full characterisation. Despite these issues, HB macromolecules are still an area 

of much current research.  

 

1.1.3 Graft Polymers  

 According to the IUPAC definition
10

, graft polymers consist of macromolecules 

in which one of several blocks (grafts) are attached to the main polymer chain 

(backbone) as side chains. In the case of graft copolymers, the backbone and grafts are 

formed from different monomers. These graft polymers possess interesting properties 

compared to their linear counterparts of similar molecular weight
11

, which can be used 

to tune the polymers for specific applications. These properties include wormlike 

morphologies, compact molecular dimensions and notable chain end effects as a result 

of their confined and compact structures.
12-15

  

 One feature of wormlike graft copolymers is that when they are spread on 

particular surfaces, the repulsion of the adsorbed side chains not only extends the 

backbone of the polymer, but in addition can induce spontaneous scission of backbones 

of graft copolymers.
16

 This possibility must be considered when designing surface-

targeted macromolecules. However, it can also be exploited to target specific weaker 

bonds in the copolymer structure, for example, by including disulfides which could be 

selectively broken while other bonds remain intact.
16, 17

  

 In addition to one-dimensional graft copolymers which are formed by tethering 

two different polymer chains together via a stable linkage, grafting to the surface of a 

planar, spherical or cylindrical solid is possible, forming two-dimensional or three-
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dimensional graft copolymers, respectively. The study of the properties and preparation 

of these surface-grafted polymers is a particular focus for current research.
18

 

 Another important area of research is the design and preparation of graft 

copolymers possessing desired functional groups, lengths of backbone and side chains, 

grafting densities and chemical compositions. This is due to the need for special 

molecular structures to suit specific applications in wide-ranging fields, from 

biomedical applications to nanoscience.
19, 20

  Recent advances in controlled radical 

polymerisation (CRP) have enabled the synthesis of well-defined polymers and 

copolymers in a variety of branched and graft architectures. These will be discussed in 

the following section. 

 

1.1.4 Methods of Polymer Synthesis  
 There are many different methods of polymerisation which can be used to create 

specific polymer architectures. These methods can be divided into two groups, step-

growth polymerisation or chain polymerisation, depending on the mechanism of 

polymerisation. In step-growth polymerisation, polymers are formed from monomers 

containing functional groups such ïOH, -COOH and ïCOCl.
21

 This generally involves 

a series of condensation reactions, sometimes resulting in the elimination of small 

molecules such as H2O or HCl. 

 Chain polymerisation, also known as addition polymerisation, is used to 

polymerise monomers containing vinyl groups. This occurs via the activation of a 

double bond by either an ionic or free-radical initiator to produce a kinetic chain, which 

grows through repeated monomer addition to the growing chain until it undergoes a 

termination reaction. The examples of this polymerisation mechanism are ionic 

polymerisation, including both cationic and anionic, and free radical polymerisation. 

Ionic polymerisation encompasses both cationic and anionic techniques, where 

polymerisation proceeds via a kinetic chain mechanism.
22

 In this method the formation 

and stabilisation of a carbonium ion or carbanion, for cationic and anionic 

polymerisations respectively, depend on the nature of the group R in the vinyl monomer 

CH2=CHR.
24

 For this reason, only a limited range of monomers can be polymerised by 

ionic techniques due to electronic requirements: for successful cationic polymerisation, 
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electron-donating groups are necessary to stabilise the delocalisation of positive charge 

in the ˊ-orbitals of the double bond, whereas anionic polymerisation requires electron-

withdrawing substituents.  Other drawbacks are the requirement for stringent reaction 

conditions often requiring high catalyst concentrations, rigorously dry solvents and low 

temperatures,
25

 in addition to rapid reaction rates and a tendency to attain poor 

reproducibility. Consequently, ionic polymerisation is unsuited to use in industry where 

stringent reaction conditions are inconvenient for large-scale use.  

 The most common method of polymerisation is free radical, which can be 

performed under milder reaction conditions than ionic polymerisation using a much 

wider range of monomers, including those with functionality.
23

 Radical polymerisation 

has been described as óthe most versatile and scalable chain growth polymerisation 

available for the synthesis of functional polymersô.
24

 The main disadvantage of this 

technique is that it provides poor control over polymer properties such as molecular 

weight and dispersity. In recent years, living radical polymerisation techniques, also 

known as controlled radical polymerisation, have been developed. These methods offer 

much greater control over the properties of the polymer produced. 

 

1.1.4.1 Controlled Radical Polymerisation  

 Living polymerisation was initially limited to anionic polymerisation and was 

so-called because the living anionic systems experience no termination reactions except 

those caused by impurities in the system.
24

 In living radical polymerisation or controlled 

radical polymerisation (CRP) as it will be henceforth referred to, the reaction systems 

still undergo bimolecular termination reactions but the rate of termination is suppressed 

relative to the rate of propagation of radical chains. This causes the formation of a rapid 

dynamic equilibrium between radical growing chains and dormant species where the 

radical has been capped. This reduces the overall concentration of the propagating 

radical chain ends and therefore minimises termination reactions such as combination 

and disproportionation. Consequently chain growth occurs in a living-like fashion and a 

high degree of control is possible, yielding well-defined polymers.
26

  

 There are three principal mechanisms of CRP, which are nitroxide-mediated 

polymerisation (NMP), atom transfer radical polymerisation (ATRP) and reversible 

addition-fragmentation chain transfer polymerisation (RAFT). 
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1.1.4.1.1 Nitroxide -Mediated Polymerisation  

 The first of the CRP techniques to be developed was NMP, which was first 

described by Rizzardo et al.
27

 The mechanism of NMP proceeds with reversible 

termination by coupling. The polymer radical is capped with a nitroxide, such as 

2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO), which combines with carbon-centred 

radicals to form stable alkoxyamines.  

 

 

 

 

 

Figure 1.4 - 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) 

 

 NMP has been successfully used to polymerise a range of monomers including 

acrylates
28

, methacrylates
29

, styrenes
30

 and vinyl acetate.
31

 Other alkoxyamine structures 

have been developed, such as phosphonate
32

 and arene
33

 nitroxides, which are more 

versatile than TEMPO and can be used in the polymerisation of acrylates, acrylamides 

and acrylonitrile monomers. These give much improved control and at low molecular 

weights can give dispersities as low as 1.05.
34

 However, there are also disadvantages to 

NMP. Relatively few of the nitroxide or alkoxyamine initiators are commercially 

available and the reactions require high temperatures compared to other CRP 

techniques. Rates of reaction are generally very slow and therefore long reaction times 

are necessary to reach high conversions, often accompanied by a loss of control over the 

polymerisation.  
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1.1.4.1.2 Atom Transfer Radical Polymerisation  
 ATRP was developed in 1995 by Sawamoto and co-workers

35
, and also 

separately by Wang and Matyjaszewski.
36

 It involves an alkyl halide initiator and a 

transition metal catalyst. Chain growth is controlled by the transfer of terminal halogen 

atoms from the chain ends of the polymer to the metal complex. This rapid reversible 

capping leads to suppression of the instantaneous concentration of propagating polymer 

radicals, thereby minimising termination and providing good control over the molecular 

weight distribution of the polymer.
37

 Typically copper (I) halide is used, together with a 

nitrogen-based complexing ligand such as 4,4ô di-tert butyl bipy.
38

 ATRP is a versatile 

technique which can be carried out in bulk or in various solvents. ATRP is very tolerant 

of protic solvents, and polymerisations have been successfully conducted in alcohols 

and even water.
39

 It has a high tolerance for functional groups on both monomer and 

initiator, such as allyl, amino, epoxy, hydroxy and vinyl groups.
24

 An example of the 

successful use of ATRP is the synthesis of low dispersity linear poly(2-hydroxypropyl 

methacrylate), which can be obtained in very high yield with a short reaction time.
40

 

The primary disadvantage of ATRP is that a relatively large amount of metal from the 

catalyst (0.1-1% of the reaction mixture) needs to be removed from the final polymer 

product.
41

  

 

1.1.4.1.3 Reversible Addition -Fragmentation Chain Transfer 

Polymerisation  

 The RAFT process was developed by Rizzardo and co-workers in 1998.
42

  

RAFT polymerisation differs from the other variations of CRP in that the chain growth 

is controlled by reversible chain transfer rather than chain capping. This is made 

possible due to the use of a chain transfer agent (CTA), which is typically a dithioester-

based compound with the general structure as shown in Figure 1.5. 

 

 

 

Figure 1.5 ï General structure of a dithioester chain transfer agent 
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 The mechanism for RAFT polymerisation is shown in Scheme 1.1 below. The 

polymerisation is initiated using a conventional free radical initiator, generally a 

peroxide such as benzyl peroxide (BPO) or an azo compound like azobisisobutyronitrile 

(AIBN). This initiator decomposes, as in conventional free radical polymerisation, to 

give two radical species I
Å
 which then go on to react with monomer, forming polymer 

radicals, Pn
Å
. These propagating radicals react with the CTA to form a radical adduct 

which then fragments to produce a dormant chain capped by the dithioester group and 

another species, R
Å
. This radical species is capable of initiating further polymerisation, 

which occurs in the reinitiation step producing another propagating radical polymer 

chain, Pm
Å
. This results in the formation of the chain-end transfer equilibrium, which is 

an equilibrium between the dormant polymer chains and propagating radicals. It is this 

equilibrium which confers the pseudo-living character of the polymerisation since there 

is only a small concentration of propagating species present at any time so the 

possibility of bimolecular termination reactions occurring is reduced. This is illustrated 

in a schematic diagram in Figure 1.6. The equilibrium also controls the chain length of 

the polymer produced. On average each chain grows simultaneously as the equilibrium 

between dormant and propagating chains is so rapid compared to the rate of 

propagation.
43

 This results in the formation of polymer chains with equal lengths, hence 

near-monodisperse polymer can be prepared.  
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Scheme 1.1. The mechanism of RAFT polymerisation: (a) initiation (b) addition-

fragmentation (c) reinitiation (d) chain-end transfer equilibrium 
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Figure 1.6. Schematic diagram of RAFT polymerisation showing the fraction of 

polymer chains having each different end group derived from either initiator or CTA. 

Redrawn from Thang et al.
43

  

 

 The fraction of polymer molecules with dithioester end groups is increased in 

comparison to the fraction of chains terminated by normal bimolecular termination by 

maximising the amount of chain transfer. This requires the use of CTAs with high chain 

transfer constants, and using these in high concentrations relative to the amount of 

initiator present. Under these conditions, RAFT polymerisation proceeds with narrow 

molecular weight distributions, usually with a dispersity (Ð) of less than 1.2 and 

sometimes below 1.1. Kinetic modelling experiments have shown that the effective 

transfer constant must be greater than 100 in order to achieve a dispersity of 1.1 at low 

conversion.
44

 Higher molecular weight polymers or block copolymers can be produced 

by further monomer addition.  

 The choice of groups Z and R in the CTA is important to the success of the 

RAFT process. To ensure the CTA has a high transfer constant, Z needs to be a 

substituent which activates the C=S bond towards radical addition. It also needs to 

stabilise the intermediate radical adduct formed by addition of the propagating radical. 

Common Z substituents are alkyl or aryl groups. R needs to be a good homolytic 

leaving group compared to the polymer chain Pn
ǒ
,
45

 which will form a stable radical R
ǒ
 

  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  

  
  

  

  

  
  

  
  

  
  

  

  

  
  

  
  

  

  
Initiator-
derived ends 

ΨwΩ w!C¢ 
ends 

Ψ½/{
2
Ω w!C¢ ŜƴŘǎ 

(dormant chains) 

Active 
chain ends 

  
  

Dead 
chains 



12 
 

capable of reinitiating polymerisation. The optimum choice of CTA depends on the 

class of monomer which is being polymerised. For example, benzyl dithiobenzoate is 

useful for the polymerisation of acrylates
46

 whereas tertiary cyanoalkyl trithiocarbonates 

are suited to methacrylate and styrenic monomers.
43

 Additionally the CTA can be 

designed to contain a specific chemical functionality, which will be located on the 

terminal chain ends of the polymer following polymerisation, enabling the simple 

introduction of functionality into a polymer. 

 Another family of CTAs is the xanthates, which have the general structure as 

shown in Figure 1.7. The process which employs these reagents is known as 

macromolecular design via the interchange of xanthates
47

, or MADIX. Xanthates have 

much lower chain transfer constants than the dithioester-based reagents, 0.6-3.5 

compared to values as high as 6000, and tend to produce polymers with broader 

molecular weight distributions. However, there are advantages to their use in that 

xanthates are easier to produce and can be used for the polymerisation of monomers 

such as vinyl acetate which are inhibited by dithiobenzoate CTAs.
48, 49

 

 

 

Figure 1.7 ï General structure of a xanthate 

 

 RAFT is an extremely versatile technique and can be performed in a wide 

variety of reaction conditions, including bulk,
50

 both organic and aqueous solutions,
51

 

and suspension.
52

 It is compatible with an extensive range of monomers including those 

with functionality, and is also tolerant of functionality in the CTA and the initiator. This 

allows the synthesis of polymers with pendant chain or end group functionality without 

any need for deprotection. The main disadvantage of RAFT polymerisation is that few 

RAFT agents are commercially available, so it is necessary to synthesise them. This can 

sometimes require complicated synthetic and purification procedures. 
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1.1.4.2 Branched Copolymer Synthesis  

 In 1952 Flory reported the synthesis of hyperbranched polymers from the 

condensation of monomers with the structures AB2 or ABn, where A and B are different 

functional groups and condensation is restricted to only reactions between these two 

groups.
53

 This led to the creation of unique branched structures which avoid gelation. 

Until this point, hyperbranched polymers were only formed as part of crosslinked 

networks, and the formation of intermolecular branching during polymerisations was 

considered an unwanted side-reacted. However the first synthesis of a hyperbranched 

structure was not published until the work of Kim and Webster in 1988.
54

 This covered 

the synthesis of hyperbranched polyphenylenes from polycondensation of AB2 

monomers, and initiated the recognition of the useful properties of branched polymers. 

 Most examples of hyperbranched polymers are synthesised by step-growth 

polymerisation through the polycondensation of ABn-type monomers. For example an 

AB2 monomer produces branching units every time both B groups on one monomer 

react with A groups on other monomers. Other monomers have been used with B 

functionalities up to AB8.
55

 It was found that the degree of branching (DB) increased 

with increasing functionality, from 32% for AB2 to 84% for AB8 monomers. However 

examples of hyperbranched polymers with a DB of 100% are limited and involve 

complicated reaction conditions and expensive catalysts in the production of polymers 

which have high dispersities, low molecular weights and are often symmetrically 

imperfect.
56, 57

 The synthesis of branched polymers by step-growth polymerisation is 

subject to a lack of control over the polymer size and structure, leading to particularly 

broad molecular weight distributions. 

 Self condensing vinyl polymerisation (SCVP) is a method of producing 

branched polymers that yields better control over both branching and molecular weight 

distribution. SCVP was first reported by Fréchet et al. in 1995.
58

 It employs a monomer 

with the general structure A=B-C
*
, where C

* 
is a group capable of initiating the 

polymerisation of the vinyl group A=B. The activated group C
* 

could be a radical, 

anion, cation or carbanion. The process is initiated by the addition of a C
* 

group to the 

vinyl group of another monomer, creating a dimer having one A=B vinyl group and two 

active sites, B
*
 and C

*
.
59

 Subsequently both B
*
 and C

*
can react with the vinyl groups of 

other monomers in the same manner to create a branched structure. The method has 
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been applied in conjunction with radical polymerisation, in particular CRP methods to 

allow control over molecular weight and minimisation of gelation. 

 SCVP has been applied successfully to branched polymer synthesis using both 

NMP
60

 and ATRP,
61

 but here the focus will be on the use of SCVP in RAFT 

polymerisations. The first work on RAFT SCVP covered the synthesis of branched 

polymers via the incorporation of a polymerisable dithioester CTA into the 

polymerisation of styrene.
62

 However, this led to the creation of a weak link in the 

polymer as the reactive dithioester group was incorporated into the main chain. The 

method was later adapted using different branching CTAs which placed the dithioester 

groups at the chain ends instead, where the chain strength is not affected.
63

 This 

approach was used to synthesise one of the first examples of a HB block copolymer, HB 

poly(N-isopropyl acrylamide-block-glycerol monomethacrylate).
64

 

 

 

 

 

 

 

 

 

 

Figure 1.8 (a) The RAFT branching monomer designed by Yang et al.
40

 and (b) those 

developed by Carter et al.
41

 which place the dithioester group at the chain ends 

 

 An important feature of RAFT polymerisation, as mentioned previously, is that 

the dithioester groups originating from the CTA are retained in the polymer structure, 

enabling the synthesis of block copolymers and more complex architectures. This is 

 

(a) (b) 
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clearly even more significant for a HB polymer as they contain many more end groups 

within the molecule. This can be exploited to great advantage as an opportunity to add 

useful functionality to a polymer. This can be achieved by either using a CTA 

containing the desired functional groups, which will become end groups in the polymer 

structure, or by post-polymerisation modification of the dithioester chain ends to 

achieve the target functionality.
65

 The first approach has been used to synthesise HB 

polymers with imidazole groups at the chain ends, which have been applied in protein 

purification
66

 and have potential application in drug delivery.
67

 The post-modification 

approach has been used to convert the dithioester end groups of a HB PNIPAM polymer 

to carboxylic acid ends through reaction with an excess of 4,4ô-azobis (4-cyanovaleric 

acid) (ACVA) initiator, allowing the subsequent attachment of a charged peptide 

sequence, RGD (arginine-glycine-aspartic acid).
8
 This enabled the formation of stable 

sub-micron stimuli-responsive particles above the lower critical solution temperature 

due to the additional stability afforded by the polar chain ends. 

  

1.1.4.3 Graft Copolymer Synthesis  

 There are three different strategies which can be employed to synthesise graft 

copolymers, defined as grafting-from, grafting-onto and grafting-through. Scheme 1.2 

gives a pictorial representation of these approaches. 
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Scheme 1.2. The three strategies for the synthesis of graft copolymers, redrawn from 

Huang et al.
11

 

 

1.1.4.3.1 Grafting -Onto 

 The grafting-onto approach involves attaching certain side chains onto a linear 

backbone via a coupling reaction. The backbone and side chains are prepared 

independently so they can be synthesised by whichever method of polymerisation is 

most appropriate for each one, and the chain lengths can be easily modified. However, 

the method of coupling does need to be very efficient and any unreacted side chains 

need to be removed in order to achieve high grafting densities and narrow molecular 

weight distributions. A successful example of this technique is the Cu(I)-catalysed 1,3-

dipolar cycloaddition reaction of an azide with an alkyne, known as a óclick reactionô, 

which proceeds with high reaction efficiency, mild reaction conditions, good functional 

group tolerance and few byproducts.
68

 Matyjaszewski et al reported the synthesis of 

PHEMA-g-PEO molecular brushes using a combination of ATRP and click reactions, 

where the azide-terminated PEO side chains were coupled to the PHEMA-alkyne 

backbone by the click reaction.
69

  

Grafting through 

Grafting onto 

Grafting from 



17 
 

1.1.4.3.2 Grafting -Through  

 Another way to synthesise graft copolymers is to polymerise macromonomers 

which have a polymerisable end group. This approach allows control of the grafting 

density and the length of side chains by adjusting the degree of polymerisation of the 

side chains and the backbone. Many graft copolymers have been prepared by this 

method using a combination of polymerisation techniques such as ring opening 

polymerisation (ROP)
70

, ring opening metathesis polymerisation (ROMP)
71

, CRP
72

 and 

living anionic polymerisation.
73

 

 Theoretically, graft copolymers with 100% grafting density could be prepared 

using the grafting-through strategy, meaning that every repeating unit contained one 

side chain. However, in controlled radical polymerisations it is difficult to completely 

eliminate side reactions, particularly at high conversions. Moreover, the complete 

conversion of macromonomers is difficult, due to issues with low reactivity in addition 

to steric hindrance between the functionalised chain end of the macromonomer and the 

reactive site of the propagating graft copolymer.
11

 The separation of unreacted 

macromonomers is also not simple. 

 

1.1.4.3.3 Grafting -From  

 This strategy involves the formation of side chains from a macromonomer 

containing an initiation group, also called a macroinitiator, which can be obtained either 

directly from the initiation group-containing monomer or through the introduction of 

initiating functional groups to a precursor. This is a particularly attractive strategy for 

the synthesis of well-defined graft copolymers when using CRP, since the low 

concentration of instantaneous propagating species limits the coupling and termination 

reactions and the gradual growth of the side chains means that the steric effect is 

reduced.
11

 For the grafting-onto and grafting-through strategies this is inevitable. 

Additionally the grafting-from approach avoids the need to remove unreacted 

macroinitiator, which complicates the other techniques. Graft copolymers have been 

formed using this strategy employing ATRP
74

, NMP-ATRP
75

 and RAFT-ATRP
76

, 

among other techniques. 
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1.2 Introduction  to Inkjet Printing  

1.2.1 Types of Printing  

 Printing is defined as óthe process of transferring ink onto a substrate via a 

printing plateô.
77

 Many different printing technologies have been developed over the 

years. The so-called óconventional printingô technologies can be divided into four main 

categories depending on the type of image carrier used: letterpress, gravure, lithography 

and screen printing. Figure 1.9 shows a schematic diagram of the image carrier in each 

of these cases. 

 

 

 

 

 

 

Figure 1.9. The principles of the main óconventional printingô technologies. Redrawn 

from Kipphan.
77

 

  

 In letterpress printing, also known as relief printing, the printing elements such 

as lines, dots and letters are raised on the printing plate. This means that ink adheres to 

the printing elements when the printing plate is inked and is then transferred to the 

substrate under pressure. The main examples of this technology are letterpress, which 

was the primary printing technology until a few decades ago, and flexography, which is 

widely used in the printing of packaging. Traditional letterpress printing uses a hard 

printing plate, usually made of lead, whereas in flexography a soft, flexible rubber or 

plastic plate is used. 

 In lithography, however, the printing and non-printing elements are 

planographic, i.e. at the same level, but are composed of different materials with 

correspondingly different chemical and physical surface properties. Wetting is firstly 

image carrier 

ink 
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carried out to render the non-printing elements ink-repellent, so that when the plate is 

inked the ink is only taken up by the printing areas. Offset printing is the primary 

example of lithography, and is an indirect printing technology where the ink is 

transferred first to an intermediate carrier and consequently from there to the substrate. 

 Gravure printing involves the use of recessed printing elements on the printing 

plate. The surface of the gravure cylinder is ófloodedô with low viscosity ink and 

subsequently passed under a doctor blade which removes the excess ink and leaves only 

ink remaining in the recesses. The printing substrate is then pressed against the gravure 

cylinder and takes up the ink from the recesses. The main examples of this technology 

are rotogravure printing, as well as copperplate stamping and die-stamping. 

 Finally in the fourth technology, screen printing, the printing plate is composed 

of a fine mesh. The non-printing elements of the mesh are blocked by a coating known 

as the óstencilô. Similarly to gravure printing, the screen plate is covered with ink over 

which a blade is passed over. The pressure of the blade causes the ink to be pushed 

through the screen onto the substrate below. 

 The conventional printing technologies all possess a common feature which is 

that the image carriers have a physically stable structure. This means that they are not 

variable but rather are used to reproduce the same image many times. An alternative 

type of printing technology is known as ónon-impact printing technologyô or NIP 

technology where either a new printing plate is imaged for each print, as in 

electrophotography, or the ink is directly transferred onto the substrate without the need 

for a carrier, as in inkjet printing. This allows the printing of subsequent pages with 

different content. 

      

1.2.2 Inkjet Printing  

 Inkjet printing encompasses a range of technologies which all involve the jetting 

of ink droplets from a small aperture on a printhead to a specific position on the 

substrate to create an image. The basis of modern inkjet printing, discovered by Felix 

Savart in 1833, is that a laminar flow jet can be broken up into a train of droplets by 

acoustic energy.
78

 The break-up of a liquid jet stream occurs because the surface energy 

of a liquid sphere is smaller than that of a cylinder but has the same volume.
79
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 Inkjet printing enables the delivery and precise positioning of small volumes of 

liquid at high rates of repetition under digital control.
80

 There are two key advantages to 

inkjet printing technologies, which are the noncontact method of deposition and the 

precise control over both the amount and position of the deposited material. Of the 

range of inkjet technologies there are two primary groups: drop on demand (DOD) and 

continuous inkjet (CIJ).
81, 82

 These inkjet printers produce ink droplets with sizes in the 

range 10-150 ɛm and picolitre drop volumes. Figure 1.10 shows the division of inkjet 

printing technologies into these two groups followed by further classification into sub-

groups. 
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Figure 1.10. Classification of inkjet printing technologies, adapted from Goedde and 

Yuen.
79

  

 

1.2.2.1 Continuous Inkjet  

 Continuous inkjet printing produces droplets through the use of an electric 

charge which is applied selectively to the drops of ink, whose size and spacing is 

controlled through the application of a pressure wave pattern to the aperture.
83
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charged drops are deflected into a gutter and then recirculated back into the ink 

reservoir, whilst the uncharged drops travel onto the media to create the image.
81

 This 

process is illustrated in Figure 1.11 below. The droplet separation is determined by both 

the frequency of modulation and the speed of the jet. CIJ generally produces droplets of 

80-100 ɛm diameter with speeds of 20 ms
-1

 and printing frequencies of over 250 kHz. 

CIJ is mostly used in coding and marking applications. The major issue with this type of 

printing is that it can be unreliable due to concerns such as nozzle clogging and issues 

with the ink recirculation system. 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Schematic diagram of CIJ printing system, redrawn from DP3 Project 

website.
84

 

 

1.2.2.2 Drop on Demand  

 In drop on demand printing, ink droplets are produced in response to a digital 

waveform. The ejection of ink droplets occurs only when they are required to create the 

image on the media. When a voltage pulse is applied, mechanical motion of the 

piezoelectric ceramic creates a pressure wave which ejects ink droplets. A schematic 

diagram of DOD printing is shown in Figure 1.12. There are four different modes for 
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the generation of droplets using a piezoelectric device, as seen in Figure 1.10. These are 

the squeeze method, which uses a hollow tube of piezoelectric material to squeeze the 

ink chamber when a voltage is applied; the bend mode, which ejects droplets through 

the bending of a wall of the ink chamber; the push mode, in which a piezoelectric 

element is used to push against an ink chamber wall and eject drops; and also the shear 

mode, where the electric field is perpendicular to the piezo-ceramic polarisation.
85

  

 A development of DOD printing is the bubble jet or thermal inkjet (TIJ) printer. 

In this system ink droplets are ejected from the nozzle by the growth and subsequent 

collapse of a water vapour bubble, which is located above a thermal transducer near the 

nozzle.
86

 This heats the ink above its boiling point causing a local expansion of the ink 

and therefore the formation of a droplet.  

 In DOD printing the printhead is integral with the cartridge and therefore is 

replaced every time the cartridge is empty. This solves certain reliability issues as the 

printhead does not have to sustain long term use. Typically, droplets of 15-55 ɛm 

diameter are produced with drop speeds of 3-15 ms
-1

 and printing frequencies of up to 

100 kHz. DOD is mostly applied in graphics and text printing. 

 

 

 

 

 

 

 

 

 

Figure 1.12. Schematic diagram of DOD printing system, redrawn from DP3 Project 

website.
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1.2.3 Ink Formulations and the Use of Polymers in Inkjet Printing  

 Inkjet inks tend to have complex formulations. In order to appeal to customers, 

inks need to possess a combination of consistency and reliability, desired colour 

properties and good print image quality. In addition to conventional design 

requirements such as long shelf life and safety considerations, there are required 

physicochemical properties for each intended printing application. Inks need to have 

viscosities within the right range to provide appropriate flow properties; if the viscosity 

is too low the ink will leak through the print head, whereas if the viscosity is too high 

the ink may not flow from the print head. The maximum viscosity of an ink which can 

be used in inkjet printing restricts the achievable amount of solids possible in the 

formulation. Industrial print heads typically require ink viscosities of below 25 cP, 

depending on the inkjet technology used. The ideal viscosity range for piezoelectric 

actuation is between 8 and 15 cP whilst thermal print heads require inks with much 

lower viscosity, often below 3 cP. In order to meet these conditions, the achievable 

amount of solids in the ink is often below 10 percent.
87

  

Surface tension is another important parameter which governs the spread and 

penetration of ink drops on the substrate. Excessively high surface tension results in 

drops which are too small meaning they are unable to spread properly. Consequently, 

white gaps may be seen within the printed image. Conversely, if the surface tension is 

too low then drops may spread too far causing bleeding and over-banding. Additionally 

drops may become too large, adversely affecting print resolution, as a combination of 

viscosity and surface tension determines the ink drop size. Conductivity is also an 

important consideration for ink formulations, in addition to particle size, component 

solubility and colour intensity.  

 Inkjet ink is composed of a functional material and a liquid vehicle which is a 

carrier for this functional material.
88

 This vehicle is composed of solvent; additives; and 

usually a binder which acts to bind the functional materials to the substrate after 

printing. Additives impart a specific function, for example surfactants, preservatives or 

photoinitiators. The selection of the various components of the vehicle depends on both 

the printing technology being used and the ultimate function of the printed pattern.  The 

functional materials are generally either dyes, which are dissolved in the ink vehicle, or 

pigments, which are dispersed in the form of micro- or nanoparticles. The function of 
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both is to impart colour to the ink. In the case of pigment-based inks, a stabilising agent 

or dispersant is also required to improve colloidal stability and prevent aggregation of 

the pigment particles. To minimise the likelihood of nozzle blocking, the particle size 

needs to be significantly smaller than the diameter of the nozzle.
89

  

 Polymers are a component of many printing ink formulations. Their use tends to 

be more common in inks developed for application in CIJ printers as these are 

predominantly formulated in organic solvents, whereas DOD printers generally use 

water-based inks. Polymers can be used in various ways within the field of printing. 

Polymers are commonly incorporated into ink formulations both to stabilise dispersions 

of particles and to control the behaviour of the ink drops once they reach the substrate.
80

 

Other examples of the use of polymers in printing are to act as dyes to impart colour to 

the ink or to enable UV curing of the ink.
81

 Additionally in some cases the polymers 

themselves compose the functional part of the fluid, for example in additive 

manufacturing where printing involves direct deposition of the final material. This 

project, however, will focus on the use of polymers as additives to improve the adhesion 

of ink onto the printing substrate. 

 It has long been known that the addition of long chain macromolecules can 

seriously affect the break-up of liquid jets which are generated by flow through a 

nozzle, even when present at low concentrations.
90-92

 High extensional strains are 

experienced in these flows, which means that the presence of polymers can significantly 

delay the break-up of jets, particularly linear polymers which unfold in extensional 

flow. This can be a problem even when the polymers are present at concentrations 

below c
*
, the critical overlap concentration.

93
 Below this concentration, individual 

polymer coils rarely overlap, whilst above it the coils penetrate deeply into each other 

and the chains become entangled. At low concentrations, high molecular weight 

polymers are useful in preventing the formation of satellite drops, although this reduces 

jet speeds. However at higher concentrations the main ink drops fail to detach and can 

even be drawn back up towards the nozzle, meaning that there is a critical polymer 

concentration at which jetting completely fails for each drive stimulus.
94

 There is 

therefore a need to understand the behaviour of polymers in inkjet printing.  

 



26 
 

1.2.4 Future Applications for Inkjet Printing  

 Inkjet printing was originally developed for use in graphical printing. However 

there are significant features of the technology which lend it to application in other 

areas. Inkjet printing has the potential to provide the foundations of a manufacturing 

process in which a functional fluid can be delivered in very precise quantities at a 

specific location within a defined working volume.
80

 In graphics printing the functional 

fluid is an ink which delivers defined amounts of colour to certain locations on a two-

dimensional substrate. It has now been demonstrated that inkjet printing technology can 

also be used to produce three-dimensional objects in an additive manufacturing process, 

with accurate control over printed features in three orthogonal directions.
95, 96

 

 Additive manufacturing is attractive due to the lack of limits to the complexity 

and repeats of the pattern, the ability to rapidly change the inks, the fact that no mould is 

required and that only small capital investment is required. Also, significantly, since the 

process is additive rather than subtractive and also because materials are selectively 

deposited, less material is wasted, leading to greater sustainability and reduced costs. 

This technology has already been applied as a fabrication tool in various areas of 

technology, for example: displays,
97, 98

 plastic electronics,
99

 microelecronics,
100

 

microelectromechanical systems (MEMS),
101

 microfluidics,
102

 and sensors.
103

 It has 

been used in manufacturing applications such as rapid prototyping,
104

 and the 

manufacture of ceramic components.
105

 Inkjet printing also offers great potential in the 

life sciences fields including medicine,
106

 regenerative medicine and tissue 

engineering,
107-109

 biology,
110

 and enzyme-based sensors.
111

  

 

1.2.5 Limitations and Challenges of Inkjet Printing  

 Inkjet printing faces competition from other technologies even in the more 

traditional field of graphic printing. Consequently the capabilities of inkjet printing need 

to be extended to meet the requirements already fulfilled by competing technologies. 

Some of the limiting factors affecting inkjet printing technology are ink performance, 

printing speed, reliability and problems with substrates. 

 In terms of ink performance, the main obstruction to the implementation of 

inkjet printing is the requirement for odour-free inks which are safe if ingested, 
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experience low migration of monomers and other components, and are able to withstand 

the processing, packaging and distribution process while still providing the necessary 

print quality. Many years were needed to develop such inks for conventional printing 

technologies, and the achievement of these conditions is harder within the constraints of 

inkjet ink formulations. For example the substrate speed is restricted for inkjet printing, 

in part due to the greater volume of ink required to reach the necessary colour density 

compared to traditional printing methods. Also, inkjet inks can lack some of the opacity 

and brilliance displayed by other technologies due to the limits on viscosity for inkjet 

printing inks, which in turn limit the solid content. The final functionality is governed 

by the pigment. Inkjet inks typically contain less than 10 per cent pigment compared to 

greater than 25 per cent pigment content for offset lithography inks. Inkjet inks need to 

achieve high solid loadings in order to improve coverage and therefore increase 

throughput. Overall the development of appropriate inks is the biggest challenge facing 

inkjet printing
80

. An understanding of ink rheology and its effect on the formation of 

droplets has only recently developed far enough to allow accurate predictions about ink 

performance.
82

 

 Despite several advantages that inkjet printing holds over conventional printing 

processes, namely its versatility and level of digital control leading to quicker 

turnaround times and ability to print long pattern repeats, the actual rate of ink delivery 

is in general slower than in conventional printing processes. For example the typical 

linear throughput of inkjet printing is 1 ms
-1

 compared with 5 ms
-1

 for offset lithography 

and 10 ms
-1

 for flexography. Inkjet printing is able to achieve excellent print quality but 

at the expense of print speed. To address this issue, inkjet printing needs to produce 

smaller drop sizes while managing to maintain the volume flow rate. 

 The major factor affecting the reliability of inkjet printing systems is the 

formation of small drops in addition to the main printing drops, known as satellite 

drops.
112

 The ejected drop of ink emerges as a jet which is followed by a ligament or 

ótailô which is still connected to the ink inside the nozzle. The ligament then parts, with 

some of the ink returning to the nozzle. The rest of the ligament either joins the drop or 

breaks up into smaller satellite drops, as shown in Figure 1.13.
113
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Figure 1.13. High-speed photograph of a jet in-flight after it has detached from the 

nozzle, showing the break-up of the ligament to form satellites. Reprinted with 

permission from Hutchings et al.
113

 

 

 Although all inkjet technologies are susceptible to satellite formation, DOD 

systems tend to form them more readily meaning that satellite avoidance is more 

problematic for these systems than for CIJ printers. In DOD printing the satellites tend 

to be small and lacking in momentum, meaning that they do not reach the substrate but 

instead are attracted to the nearest surface such as that of the nozzles. Nozzle 

contamination can affect the formation of the main drops leading to printing failures. 

Satellite avoidance can be achieved by the use of non-Newtonian inks and optimised 

drive waveforms.
114

 Satellite drops formed in CIJ printing possess a higher charge-to-

mass ratio than the main drops as a result of the charging geometry; this can result in the 

satellites being attracted to the charging plates within the printheads causing 

contamination and ultimately printhead failure when the buildup prevents ink delivery 

to the substrate. Satellites can be avoided by attaining the right combination of 

frequency, viscosity, jet velocity and drive amplitude.
115

 

 Another factor which can adversely affect the implementation of inkjet printing 

is its suitability for certain substrates. The óprintabilityô of a substrate is governed by 

both the nature of the substrate and its surface condition. The nature of a substrate is 

characterised by its porosity, which determines the permeability and therefore 

printability of a substrate, and governs the capacity of a substrate to absorb inks. 

Uncoated papers are macro-porous whereas coated papers and cardboards are micro-

porous and synthetic and non-absorbent substrates are either slightly micro-porous or 

completely non-porous.
116

 The surface condition of a substrate is defined by parameters 

including smoothness or roughness, cleanliness or the presence of impurities, and 

surface energy.
117

  Smoothness tends to be the dominating factor in the case of printing 

on paper and cardboard, while for synthetic substrates the surface energy dominates. 
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The transfer and spreading of an ink is dependent on the surface energy of the material 

delivering the ink, the surface tension of the ink itself and the surface energy of the 

substrate. In order to facilitate good printability, the substrate must have a higher 

surface energy than the ink, with attractive forces strong enough to promote good 

transfer and spreading, which itself enables good adhesion.
118

 Other factors affecting 

adhesion include the substrate composition and the structure of the substrate layer 

surface. Adhesion will be discussed in the next section. 

 As a consequence of this requirement, the adhesion of inks to low surface 

energy substrates such as polyolefins presents a problem for the printing industry, and 

creates an obstacle to the adoption of inkjet printing technology for applications such as 

packaging where polyolefinic substrates are commonplace. Possible solutions to this 

problem will be explored in the rest of this thesis. 

 

1.2.6 Mechanisms of Adhesion  

 Adhesion results from the interatomic and intermolecular interaction at the 

interface of two surfaces.
119

 It is a topic which encompasses many scientific disciplines 

including surface chemistry, polymer chemistry, physics and rheology. In recent years 

the need for a better understanding of adhesion has increased as a result of the demands 

of industry. According to current literature, there are three main mechanisms of 

adhesion: mechanical coupling, molecular bonding and thermodynamic adhesion.
120

 

The mechanism of mechanical coupling is based on the adhesive ókeyingô into the 

substrate surface
121

, so the adhesive and substrate are interlocked. There is some debate, 

however; on one side of the argument it is believed that greater adhesion is provided by 

mechanical interlocking whilst other researchers believe that surface roughening simply 

increases the surface area for more molecular bonding interactions.
122

 

 Molecular bonding is the most widely accepted adhesion mechanism. It involves 

intermolecular forces between the substrate and the adhesive, comprising van der Waals 

forces, dipole-dipole interactions and chemical interactions, which include ionic, 

covalent and metallic bonding. This mechanism describes the strength of the adhesive 

interface by both interfacial forces and the presence of polar groups.
120

 The major 

requirement for molecular bonding mechanisms is that there is intimate contact between 
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the two substrates; however this contact alone can be insufficient for good adhesion due 

to the presence of cracks, defects and air bubbles at the interface.
121

  

 The third proposed mechanism of adhesion between the liquid and surface is 

thermodynamic adsorption. Polymer surfaces, particularly those involving polar 

constituents, have a tendency to respond to the orientational forces of the medium to 

which the polymer is exposed. In this manner, in neutral environments such as air, the 

thermodynamics of the system attempt to minimise the surface free energy by orienting 

the non-polar substituents of the polymer into the surface region. However when in 

contact with polar substances such as water or polar organic solvents, thermodynamics 

requires that the interfacial tension between medium and polymer is minimised in order 

to obtain good adhesion.
123

 The advantage of this mechanism over the others is that it 

does not require a molecular interaction to obtain good adhesion, but an equilibrium 

process at the interface.
120

 

 

1.2.7 Polymers for the Promotion of  Adhesion  

 There are a variety of methods which have been developed to promote polymer 

adhesion, involving either modification of the surface itself (frequently polypropylene 

(PP) or polyethylene (PE)) or the use of an additive to promote the adhesion process.  

 

1.2.7.1 Surface Modification  

 One frequently used technique is the chemical treatment of the surfaces which 

are undergoing adhesion, resulting in the creation of new functional groups at the 

interface of the two materials. Reagents such as oxidisers and acids have been used to 

treat polymer surfaces and have been shown to increase the polarity of the surfaces. 

This causes an increase in molecular forces between the materials and therefore 

increases the strength of adhesion. An example of this was reported by Van Calster et 

al. who introduced amine groups to the surface of dielectric epoxy resin surfaces in a 

two-step wet chemical process, leading to improved adhesion with electrochemically 

deposited metals, for application in electrical circuit fabrication.
124

 Solvents can also be 

used to chemically treat the surfaces, as they can cause molecular changes at an 

interface which strengthen adhesion. For example, Chen et al. have used X-ray 
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photoelectron spectroscopy (XPS) and wetting angle measurements to show that 

rearrangements occur at the surface of polyurethane when the environment at the 

surface is changed from air to water.
125

 If the polyurethane is immersed in a suitable 

organic solvent for a short amount of time first, the rearrangement in water can be 

stimulated since the motility of the molecular chains near the surface is increased, and 

consequently polar group formation on the surface of the polyurethane is augmented. 

Renewable materials have recently become a focus in polymer science. A composite of 

PP reinforced with natural flax fibres was treated with a zein coupling agent, which is a 

protein consisting of a mixture of amino acids and glutamic acid. Zein treatment was 

found to confer improved mechanical properties as a result of better interfacial adhesion 

between the PP and flax layers. This occurred due to the amphiphilic nature of the zein 

meaning it can interact strongly with both the polar flax fibres and the non-polar PP 

matrix.
126

 

 Another technique which improves adhesion through the alteration of the 

surface is plasma treatment. This often induces the formation of oxygen-containing 

functional groups which cause increased wetting of the surface and therefore better 

adhesion. It has been reported that C=O groups in particular, but also C-O, O-C=O, -OH 

and -OOH, aid adhesion at the surface of polymers such as PP.
127

 Adjusting the 

parameters of the plasma treatment including the power, pressure, gas flow and the 

length of the treatment allows for changes to be made to the surface without altering the 

bulk properties of the material.
128

 Boschmans et al. studied the surface composition of 

PP films as a function of plasma treatment time using Time-of-Flight (TOF) static 

secondary ion mass spectrometry (S-SIMS).
129

 They found that even short atmospheric 

plasma treatments of less than 6 seconds were enough to significantly change the 

surface via the formation of oxygen functionalities. The type of plasma used in the 

surface modification significantly affects both the wettability and the overall adhesion 

properties of the polymer. Dilsiz et al. demonstrated that both allylcyanide and a 

mixture of xylene, air and oxygen plasmas can be used to improve the degree of 

adhesion between polymeric carbon fibres and their matrix.
130

 Conversely, a 

comparison of PP modification by a pure argon plasma and a mixed argon/oxygen 

plasma found that while both treatments increased the surface free energy of the sample, 

use of only the argon gas introduced slightly more oxygen-containing functional groups 

onto the surface, in addition to producing a smoother, more wettable surface as 
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determined by AFM. Boronat et al. optimised the sample distance and treatment rates of 

the plasma treatment of LDPE in a simulation of industrial conditions. Plasma exposure 

was found to increase the polar component of the surface energy and therefore improve 

the surface properties of the material; however this improvement deteriorated over an 

ageing period of 21 days.
131

  

 Better adhesion can also be obtained by the use of chlorinated polymers. These 

can be formed either via the polymerisation of chlorinated monomers or by the post-

polymerisation chemical modification of polymers with chlorinated reagents. 

Chlorinated polyethylene (CPE) resins and chlorinated paraffins have been used as 

adhesive layers between polyolefins and coatings or synthetic resins. For example, 

Steenbakkers-Menting et al. successfully used powder chlorinated PE to improve the 

adhesion between ultrahigh molecular weight PE (UHMW-PE) and nitrile rubber 

(NBR).
132

 Abdullin et al. also found that the chlorination of polymers improved their 

adhesive properties; in this case by the addition of chlorine atoms to the unsaturated 

bonds of low molecular weight 1,2-polybutadiene, which was shown to improve 

adhesion to substrates such as steel.
133

 An alternative approach is to modify the surface 

of the substrate itself. This was done by Aronson et al. in a two-step process involving 

the immersion of HDPE in an aqueous solution containing sodium hypochlorite and 

acetic anhydride.
134

 They showed that the surface chlorine concentration at the 

molecular level is proportional to some extent to the strength of adhesion at the 

macroscopic mechanical level, and additionally the adhesion strength can be increased 

through optimisation of the reaction conditions and reactants used for surface treatment. 

Fluorination has also been shown to improve the adhesion and printability of polymer 

substrates. Kharitonova et al. studied the effects of direct fluorination and found that it 

can be effectively used to enhance the commercial properties of a range of polymers in 

several ways, including better adhesion performance.
135

 

  

1.2.7.2 Copolymer Adhesives  

 Rather than modifying the substrates themselves, copolymer additives can be 

added to the interface to improve adhesion. The influence of copolymer architecture on 

adhesion has been investigated. Tirrell et al. concluded that there exists a chain 

architecture-adhesion relationship which accounts for the influence of surface 
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architecture on block copolymer adhesion.
136

 A Monte Carlo simulation was performed 

to investigate the effect of random, alternating or blocky structure within an AB 

copolymer chain where A denotes a monomer that was adhesive to the surface and B 

denotes a monomer that was not. It was found that the structure of the adsorbed 

copolymer film was influenced not only by the fraction of adhesive monomers A within 

the chain but also their arrangement. With fixed composition, genuine differences were 

seen between the random, alternating and blocky structures, with the best adhesion 

observed for diblock and triblock copolymer arrangements.
137

 In another study of the 

effects of copolymer structure on adhesion, in this case focusing on multiblock 

polyurethane graft copolymers, it was found that the adhesion depended on the hard 

segment content within the polymer, with the association of crystallised domains 

improving both the adhesiveness and cohesiveness of the materials.
138

 Block and graft 

copolymers have been used to improve adhesion through their addition to the interface 

between two surfaces, where they act as a molecular bridge between the two 

polymers.
139

 

 One instance of the use of block copolymer additives to improve adhesion 

behaviour makes use of a maleic anhydride copolymer as a coupling agent.
140

 The 

adhesion between PP and amorphous polyamide (aPA) was hugely improved by the 

addition of maleic anhydride grafted PP (PP-g-MA), which underwent a coupling 

reaction with the primary amine groups on aPA. Similarly, Boyer et al. improved the 

adhesion of PP onto poly(vinylidene fluoride) (PVDF) by using PP-g-PMMA graft 

copolymers.
141

 Peel tests were carried out to quantify adhesion and it was found that the 

peel forces increased by a factor of 15 with the use of the adhesion promoter compared 

to adhesion without promoters.  

 According to Cho et al.
142

 the mechanical strength of the interface between 

immiscible polymers is very weak since there is little chain entanglement between the 

polymers as a result of the large enthalpic repulsion between the components. 
142

 

Copolymer additives can be used as reactive interfacial agents to compatibilise 

immiscible and incompatible polymers through improvement of the interfacial 

properties. The reactive interfacial agent possesses specific functional groups and can 

engender the formation of block or graft copolymers at the interface. For example, the 

interfacial adhesion strength between PS and a styrene maleic anhydride (SMA) random 

copolymer was improved by the addition of an amine-terminated polystyrene (ɤ-amino 



34 
 

PS) as a reactive compatibiliser. In another instance of reactive compatibilisation, a 

styrene maleic anhydride random copolymer (P(SMA-8 wt% MA)) and 

poly[methylene(phenylene isocyanate)] (PMPI) were demonstrated to bridge the 

interface of PET and PS, as PSMA is completely miscible with PS, and PMPI can react 

with PET and PSMA simultaneously to form PET-co-PMPI-co-PSMA copolymers at 

the interface with PS. This was found to improve the mechanical properties of the 

material.
143

 Reactive compatibilisation has become a widely-used method to reduce the 

interfacial tension between two immiscible materials through the in-situ formation of 

copolymers.
144

   

 As an alternative method to the use of discrete block or graft copolymers as 

additives, polymer grafts can be formed in situ at the interface. This can be achieved 

using plasma graft polymerisation, where plasma treatment is used to activate the 

surface so that the desired monomer can be polymerised onto or from it to form grafts. 

Gupta et al. used this technique to graft acrylic acid onto PET films.
145

 Characterisation 

by atomic force microscopy (AFM), XPS and contact angle measurements confirmed 

that surface roughness was increased and contact angles decreased after grafting. This 

allowed the immobilisation of collagen onto the films to provide a substrate for the 

growth of human muscle cells. Plasma graft polymerisation has also been used to graft 

the hydrophilic monomers acrylamide (AAm), glycidyl methacrylate (GMA) and 2-

hydroxyethyl methacrylate (HEMA) onto expanded poly(tetrafluoroethylene) (ePTFE) 

film. A significant increase in peel strength was reported.
146

 Another example of in situ 

graft polymerisation without the use of plasma was the creation of reactive polymer 

blends of polystyrene modified with carboxylic acid (PS-mCOOH) and random 

copolymers of poly(methyl methacrylate-co-glycidyl methacrylate) (PMMA-GMA).
147

 

A reaction occurred between the carboxylic acid in PS-mCOOH and PMMA in PMMA-

GMA to form the copolymer PMMA-g-PS, which was found to stabilise the interfacial 

morphology and therefore improve the adhesion between the two polymers. 

1.2.7.2.1 Use of Amphiphilic Graft Copolymers as Adhesion Promoters  

 There are several recent examples in the literature concerning the synthesis of 

amphiphilic graft copolymers and their use in the promotion of adhesion. Fu et al. 

synthesised a range of amphiphilic poly(higher Ŭ-olefin-co-para-methylstyrene)-g-

poly(ethylene glycol) and poly(higher Ŭ-olefin-co-acrylic acid)-g-poly(ethylene glycol) 

graft copolymers using Ziegler-Natta catalytic polymerisation.
148

 It was found that these 
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could be used to modify the surface of linear low density polyethylene (LLDPE) film by 

spin coating, which was shown to improve the wettability of the surface. The higher the 

PEG content of the copolymer, the lower the water contact angle was. Initially the 

adhesion between the amphiphilic graft copolymer and the LLDPE film was poor so 

annealing was carried out to induce crystallisation. This led to enrichment of the PEG 

segments at the interface and therefore fixing of the copolymer at the interface with 

LLDPE, which further increases surface wettability. 

 Another example made use of the grafting-through approach to prepare 

amphiphilic poly(cyclooctene-g-PEG), with polycyclooctene as the hydrophobic 

backbone and PEG as the hydrophilic side chains.
149

 The first stage of the synthesis was 

to prepare the macromonomer cyclooctene-PEG, which was then copolymerised with 

cyclooctene by ring opening metathesis polymerisation (ROMP). Again it was found 

that the higher the PEG content, the lower the water contact angle meaning that the 

surface has been rendered more hydrophilic.  

 Yilmaz et al. also synthesised amphiphilic graft copolymers, in this case 

consisting of a hydrophobic polysulfane (PSU) backbone and hydrophilic PAA side 

chains.
150

 These were made by the synthesis of P
t
BA via ATRP which was subsequently 

grafted onto azide-functionalised PSU by click chemistry. Finally the PSU-g-P
t
BA 

polymers were hydrolysed using trifluoroacetic acid to give PSU-g-PAA. The 

hydrophilicity of the copolymers was shown to increase on grafting, which reduced the 

protein fouling and cell adhesion properties of the materials compared to the 

unmodified PSU precursor. This shows that amphiphilic graft copolymers can also be 

used to prevent adhesion, depending on their structure and characteristics. 

 This thesis aims to investigate the effect of amphiphilic copolymer additives of 

varying architecture on the adhesion of printed ink to low energy polyolefinic 

substrates. The aims and objectives of the work will be introduced in the next chapter.  
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2. Aims and Project Outline  

2.1 Aims   

The overall aim of this work is the design of polymeric additives which will 

improve the adhesion of ink to ódifficultô polyolefin substrates, for example 

polyethylene and polypropylene, which pose problems due to their low surface energy 

and hydrophobic nature. This adhesion will occur via migration of the additive to the 

interface between the dye and the substrate following deposition from a carrier fluid 

during the inkjet printing process. 

These additives will consist of amphiphilic copolymers, with hydrophobic 

backbones and charged pendant chains. The aim is to design such materials so that they 

can form interfacial layers with the hydrophobic backbone adsorbed to the polyolefin 

substrate and the charged groups adsorbed to the dye or pigment particles. In this way 

they can be used to form an adhesive bridge between the dye and the substrate.  

These copolymer additives will be prepared with equivalent monomer 

composition but with a range of different architectures and monomer distributions, in 

order to compare their behaviour and allow investigation of the effect of copolymer 

structure on material properties, both in solution and in the solid state, in addition to 

comparison of their printing performance.  

Initially, graft copolymers will be synthesised, employing an adaptation of the 

method used by Carter et al.
151

 These materials will consist of a linear alkyl 

methacrylate and vinylbenzyl chloride copolymer backbone with poly(acrylic acid) side 

chains, synthesised via a grafting-from approach using the RAFT polymerisation 

technique. Different analogues will be prepared using methyl, butyl and lauryl 

methacrylate monomers to allow study of the effect of varying the hydrophobicity of the 

methacrylate block. 

Copolymers will also be prepared in branched architectures, again following and 

modifying the previous work of Carter et al,
63, 64

 in addition to linear analogues of the 

materials. Random and block versions of these copolymer materials will be synthesised 

in a simple modification of the polymerisation procedure where a óone potô reaction 

dictates random copolymer formation whilst sequential monomer addition allows the 
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synthesis of block copolymers due to the pseudo-living character of RAFT 

polymerisation. 

This set of ómodelô amphiphilic copolymers will be characterised using 

techniques including NMR spectroscopy, GPC and GPC-viscometry. They will be 

dispersed into aqueous solution and their behaviour studied using: Phase Analysis Light 

Scattering (PALS) to measure particle size and zeta potential; TEM to measure 

morphology and an alternative measure of particle size; and SANS to allow further 

study of solution conformation and size. The surface behaviour of the copolymers will 

be characterised by contact angle measurements. Finally the suitability of the materials 

for the intended application in inkjet printing will be assessed by a range of printing 

techniques. 

  

2.2 Project Outline  

1. Optimise a method of RAFT grafting-from polymerisation.  

2. Synthesise amphiphilic poly(alkyl methacrylate-g-acrylic acid) graft copolymers 

using methacrylate monomers with varying alkyl chain length. 

3. Synthesise analogous copolymers with linear and highly branched structures using 

RAFT polymerisation, in both block and random monomer distributions. 

4. Explore the solution properties of these materials.    

5. Investigate the adhesion behaviour of these materials at surfaces using contact angle 

measurements. 

6. Test materials in printing studies. 
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3. Synthesis of Poly( Alkyl Methacrylate -g-Acrylic Acid) Graft 

Copolymers  
 

 

 

 

 

 

3.1 Introduction  

 As previously described, a major advantage of the RAFT polymerisation 

technique is that it can be used to produce complex macromolecular architectures, 

including both block copolymers
152

 and star polymers.
153, 154

 Branched polymer 

architectures have also been produced using RAFT, initially by Yang et al.,
62

 using a 

RAFT agent containing a dithioester group and an additional polymerisable double 

bond. The branching mechanism followed the self-condensing vinyl polymerisation 

principle introduced by Fréchet.
58

 A similar route was used to prepare HB poly(N-

isopropyl acrylamide)s with a range of applications.
63, 64, 155

 Separating the 

copolymerisation and branching reactions in a similar manner to the iterative graft-on-

graft polymerisations employed by Frechet et al.,
75

 Deffieux et al.
156

 and Hirao et al.
157, 

158
 can be achieved by functionalising a linear polymer chain with dithioate ester 

groups. This method can be used to produce graft polymers. 

 4-Vinylbenzyl chloride (VBC), also known as 4-chloromethyl styrene, is an 

important dual functional monomer containing a benzyl chloride group that can undergo 

functionalisation reactions before or after polymerisation.
159

 VBC polymers react with 

various nucleophilic reagents at fairly high yields, depending on the steric hindrance. 

Quinn et al. made use of this property in their work involving the synthesis of comb, 

star and graft polymers using RAFT.
160

 This built on earlier work where the 

thiocarbonylthio group was incorporated pendant to an existing polymer chain to 

provide sites from which more sophisticated polymeric architectures could be 

assembled.
152, 161

 Quinn et al., however, used VBC as a comonomer along with styrene 

to form a linear backbone, which was converted into a polyfunctional RAFT agent by 

nucleophilic substitution of the benzyl chloride of VBC with dithiobenzoate. Styrene 

In this chapter, methyl, butyl and lauryl methacrylate versions of poly(alkyl 

methacrylate-g-acrylic acid) graft copolymers are synthesised. The application of 

phase transfer catalysis to the functionalisation of poly(alkyl methacrylate-co-

vinylbenzyl chloride) backbones with a dithioic acid is found to improve the 

efficiency of this step. Poorer grafting is observed for the lauryl methacrylate 

analogue and is found to be due to the steric effect of the long chain.   
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branches were then grown from these in-situ RAFT agent moieties to form polymers of 

various architectures.
160

 Vosloo et al. used a similar approach to synthesise comblike 

PBMA, but using N-acryloxysuccinimide (NAS), an activated ester, as a comonomer 

instead of VBC with BMA in the backbone.
162

 This backbone was then functionalised 

with the RAFT agent benzyl 2-(2-hydroxyethylamino)-1-methyl-2-oxoethyl 

trithiocarbonate, allowing the subsequent controlled growth of BMA branches via 

RAFT polymerisation. Carter et al. went on to adapt this technique for the synthesis of 

functional graft PNIPAM, using P(NIPAM-co-VBC) copolymers to form the backbone 

which was then functionalised with 4(5)-imidazole dithioic acid or N-pyrrole dithioic 

acid to give linear dithioate functional polymers.
151

 These were then used as 

macromolecular transfer agents to grow PNIPAM grafts via controlled RAFT 

polymerisation. 

 Acrylic acid is a weak polyelectrolyte which has frequently been used as a 

hydrophilic component of block and graft copolymers, as demonstrated in the examples 

previously mentioned in Chapter 1. Unlike the other CRP techniques, the RAFT method 

allows the polymerisation of acidic monomers such as AA without the need for 

protecting group chemistry.
163

 The methacrylate class of monomers are also suitable for 

use in RAFT polymerisation.
164

 These were chosen to form the hydrophobic portion of 

the amphiphilic copolymers. The hydrophobicity can be varied depending on the choice 

of methacrylate monomer. Lauryl methacrylate (LMA) was chosen as the initial 

hydrophobic monomer since it is the last, and therefore most hydrophobic, of the 

amorphous alkyl methacrylates. Polymers formed from the polymerisation of higher 

methacrylate monomers with alkyl chains longer than 12 carbon atoms can crystallise 

and are therefore more difficult to process. LMA has also been used previously as a 

non-polar component of amphiphilic block copolymers.
165, 166

   

 Reactions between substances located partly in an organic phase and partly in an 

aqueous phase are often slow and inefficient. Phase Transfer Catalysis (PTC) was 

developed as a method to solve this problem using quaternary ammonium and 

phosphonium salts to catalyse two-phase organic reactions.
167

 The catalyst facilitates the 

migration of anions across the interface between the two phases. PTC can be applied to 

reactions including nucleophilic substitution, carbene reactions, alkylation of ketones 

and nitriles, Wittig reactions, and the formation of ethers and esters. There are many 

advantages of the technique, such as mild experimental conditions, simple experimental 
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procedures, inexpensive and environmentally benign reagents and solvents and also the 

potential for large-scale reactions.
168

 It is one of the most important synthetic methods 

used in various fields of organic chemistry, and widespread industrial applications have 

also been established.
169

 

 Although initially developed as a technique for organic synthesis, PTC has also 

been applied to polymer chemistry, both in polymer synthesis and the chemical 

modification of polymers. Rasmussen and Smith reported the first phase transfer 

catalysed free radical polymerisation which was carried out on butyl acrylate using 

various crown ethers as PT catalysts.
170

 The use of PTC to aid polymerisation has 

subsequently become more widespread since it provides high reaction rates at low 

temperatures. The use of PTC has been mostly restricted to free radical polymerisations 

with vinyl monomers using water-soluble initiators.
171

 

  It was reported in some of the early work combining PTC with polymer 

modification that PTC can be successfully employed for the reaction of amines and 

alcohols with chloromethylated polymers and copolymers.
172

 In some cases this led to 

100% conversion of chloromethyl groups. A wide variety of functionalities were 

introduced into chloromethylated PS resins using PTC techniques.
173

 Adogen 464 and 

tetra-n-butylammonium chloride and hydroxide were employed as catalysts, and 

excellent yields of functionalised polymer were reported. Similar modification of 

chloromethyl-containing polymers using PTC will be attempted in this work. 

  The procedure for graft copolymer synthesis developed by Carter et al. 

was used as the basis for this work. The methodology involves the functionalisation of 

poly(methacrylate-co-VBC) (P(nMA-co-VBC)) backbones using a dithioic acid, 

creating an in-situ CTA. This is followed by the growth of poly(acrylic acid) grafts from 

the styryl branch points in a RAFT-mediated polymerisation, as outlined in Scheme 3.1. 

Phase Transfer Catalysis was investigated as a way to improve the post-polymerisation 

modification of the P(nMA-co-VBC) backbone, as the success of this step dictates the 

extent of grafting that can be achieved to form the final copolymer.  
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Scheme 3.1. Procedure for the synthesis of graft copolymers from a copolymer 

backbone containing functionalisable groups 

 

3.2 Synthesis of P(nMA-co-VBC) Backbones  

 Linear backbones were synthesised using non-controlled conventional free 

radical polymerisation of alkyl methacrylates and VBC. Three different alkyl 

methacrylate monomers with varying lengths of alkyl chain; methyl, butyl, and lauryl, 

were used to investigate the effect this had on both the synthesis of the graft copolymers 

and the properties of the polymer materials. Table 3.1 shows the molecular weight data 

obtained for these copolymer backbones. The presence of the comonomer was 

confirmed via 
1
H NMR spectroscopy and chlorine content, which was obtained from 

elemental analysis. 
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Table 3.1. Results of Free Radical Polymerisation of Alkyl Methacrylates with Vinyl 

Benzyl Chloride to Form P(nMA-co-VBC) Backbones 

polymer feed ratio 

nMA:VBC 

polymer 

ratio 

nMA:VBC
a
 

Mn
 b 

/g 

mol
-1
 

Mw
 b
/g 

mol
-1
 

Ð
b
 Cl 

content
c
 

/% 

conversion
a
 

/% 

P(MMA

-co-

VBC) 

15:1 16.5:1 10700 29700 2.78 1.93 96.1 

P(BMA-

co-

VBC) 

15:1 15.4:1 9700 21700 2.22 1.49 98.3 

P(LMA-

co-

VBC) 

15:1 16.9:1 23100 59200 2.56 1.03 99.8 

 
a
 determined by 

1
H NMR 

b
 determined by GPC (THF, PMMA standards) 

c
 determined 

by elemental analysis 

 

 A molar mass of approximately 20000 g mol
-1

 was targeted, since the polymers 

currently used in printing inks tend to be of low molecular weight in order to minimise 

viscosity, as detailed in Section 1.3. The relationship between initiator concentration 

and molecular weight for polymers synthesised by non-controlled conventional free 

radical polymerisation follows the relation:  

         Equation 3.1 

where xn is the kinetic chain length, related to molecular weight, and [I] is the initiator 

concentration. Therefore a greater amount of initiator is required to make shorter 

polymer chains. An initiator concentration of 4 wt% was used for these polymerisations 

following initial studies which showed that when higher concentrations of initiator were 

used, although lower molecular weight polymers were produced, product yields fell 

making the process impractical.    
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 Integration of the
 1

H NMR spectra was used to calculate the actual ratios of 

comonomers that were incorporated into the copolymer, as demonstrated by Figure 3.1. 

The copolymers were found to contain slightly more methacrylate than expected but the 

final product ratios are very similar to the monomer feeds. Changing the ratio of 

methacrylate to VBC allows control over the grafting density of the graft copolymers, 

as the VBC units provide the grafting points. A ratio of 15:1 nMA:VBC was used for all 

further polymerisations to maintain consistency. 

 

Figure 3.1. 
1
H NMR spectrum of P(LMA-co-VBC). The actual ratio of comonomers in 

the backbone is calculated by comparing the integrals of the LMA methylene peak c 

against the benzyl peak b of VBC.  

 

 The distribution of the grafts along the copolymer backbone depends on the 

distribution of the VBC and nMA monomer units within the chain, which in turn 

depends on the reactivities of the two monomers. The grafts should be randomly 

distributed along the backbone if the reactivity ratios of the two monomers are similar 

and are both close to one, whereas an alternating copolymer is more likely if the 
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reactivity ratios are similar and close to zero. Luo et al. carried out a study on the 

copolymerisation of methyl methacrylate and VBC and found the reactivity ratios to be 

0.3 for MMA and 0.7 for VBC.
174

 It was concluded that the system tended towards 

random copolymer formation, with VBC more likely to be polymerised in the initial 

stages and MMA later on in the polymerisation as the reactivity ratio for VBC, rVBC, is 

more than twice rMMA , the reactivity ratio of MMA. This suggests that the copolymer 

composition will be similar for the P(nMA-co-VBC) backbone copolymers. A method 

of confirming copolymer composition will be explored in Section 4.7. 

 

3.3 Functionalisation of P(nMA -co-VBC) Backbones using Phase 

Transfer Catalysis  
 Pyrrole-1-carbodithioic acid was used to modify the VBC group in the backbone 

via nucleophilic substitution to create an in-situ RAFT agent, providing an active site 

for the growth of poly(acrylic acid) (PAA) grafts. The synthesis of pyrrole-1-

carbodithioate involved first using sodium hydride to promote the formation of N-

pyrrole anions, which then reacted with carbon disulphide to form dithioate anions. The 

reaction underwent an acid work up to give the desired product, as shown in Scheme 

3.2. Both 
1
H NMR and elemental analysis were used to confirm product purity. 

 

Scheme 3.2. Synthesis of Pyrrole-1-carbodithioic Acid 

 

 The next step was to functionalise the backbone polymers by the nucleophilic 

substitution of the N-pyrrole dithioester groups of pyrrole-1-carbodithioic acid at the 

methylene chloride position of the VBC moieties. Initial studies were carried out using 

the P(LMA-co-VBC) backbone in a variety of solvent systems to investigate the 

optimal conditions for this reaction. Previous work by Carter et al. was carried out on 

PNIPAM.
151

 Dioxane was used as the reaction solvent, with potassium iodide and 

caesium carbonate as additive and base respectively. Toluene was found to be the most 

suitable solvent for the new system since dioxane, although yielding the highest degrees 
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of functionalisation due to its non-polar nature and ability to complex ions via the 

oxygen atom, led to crosslinking of the material rendering it unprocessable for further 

reactions. Temperature studies showed that increasing the reaction temperature had little 

positive effect on the degree of functionalisation, and in some cases actually led to a 

reduction in functional group conversion, indicating that the reaction should be carried 

out at room temperature. Despite these optimisation steps, initial conversions of 

methylene chloride groups to dithioester groups were low, as seen in Table 3.2.  

 

Table 3.2. Summary of Results From Reaction Time Study of the Functionalisation of 

P(LMA-co-VBC) Backbones with Pyrrole-1-carbodithioic Acid in Toluene at Room 

Temperature 

reaction time /hours 
degree of functionalisation

 a
 

/% 

S content
 b
 

/% 

8 6 0.87 

24 9 0.11 

72 25 0.93 

120 8 0.88 

a
calculated from 

1
H NMR, 

b
from elemental analysis 

 

 It was proposed that these low conversions occurred due to the heterogeneous 

nature of the reaction, since the base was insoluble in the reaction solvent. Therefore the 

reaction was repeated using phase transfer catalysis (PTC), which involves a 

heterogeneous reaction system. In this particular reaction system the organic phase was 

toluene and contained the P(nMA-co-VBC) backbone with the pyrrole-1-carbodithioic 

acid. The aqueous phase contained the base, caesium carbonate, in addition to 

potassium iodide which was added to promote the reaction. The phase transfer catalyst, 

when used, was also added to the aqueous phase. 
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A study was carried out to test the hypothesis that the use of a two-phase 

reaction system, specifically the use of a phase transfer catalyst, would increase the 

degree of functionalisation of the polymer. The results are summarised in Table 3.3.  

 

Table 3.3. Summary of Results for the Functionalisation of P(LMA-co-VBC) 

Copolymer Backbones With and Without the Use of a Phase Transfer Catalyst 

reagents yield /% degree of functionalisation
 a
 /% 

Cs2CO3 94 37 

Cs2CO3/KI  71 49 

Cs2CO3/KI/HTAB  98 60 

a
 from 

1
H NMR 

 

 All three reaction mixtures contained both toluene and aqueous phases, with 

caesium carbonate base dissolved in the water. Additionally the second reaction 

contained potassium iodide and the third both potassium iodide and a phase transfer 

catalyst, hexadecyl trimethyl ammonium bromide (HTAB). For all compositions the 

two-phase processes proved to be a clean way to carry out the functionalisation as the 

layers could be easily separated at the end of the reaction and high mass yields of the 

polymer could be recovered. The results showed that the addition of KI produced a clear 

increase in the degree of functionalisation, and that the use of a phase transfer catalyst 

caused a significant further increase.  

 Following these preliminary experiments, more work was undertaken to 

compare the suitability of different types of phase transfer catalysts for this reaction 

system. Phase transfer catalysts can be classified into two groups: accessible and anion 

activating. The same reaction was carried out using two accessible catalysts, hexadecyl 

trimethyl ammonium chloride (HTAC) and hexadecyl trimethyl ammonium bromide 

(HTAB), and two anion activating catalysts, tetrabutyl ammonium chloride (TBAC) and 

tetrabutyl ammonium bromide (TBAB). Figure 3.2 shows the structure of these 
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catalysts. For nucleophilic substitution, or displacement, reactions, anion activating 

catalysts are usually found to be most effective.
168

  

 

 

Figure 3.2. Structures of phase transfer catalysts that were used to aid the 

functionalisation of P(LMA-co-VBC) backbones 1. HTAB/HTAC and 2. TBAB/TBAC 

 

Table 3.4. Summary of Results for the Functionalisation of P(LMA-co-VBC) 

Copolymer Backbones Using a Range of Phase Transfer Catalysts 

catalyst class 
degree of functionalisation

 a
 

/% 

yield 

/% 

HTAC accessible 57.6 88 

HTAB accessible 46.4 95 

TBAC anion activating 63.9 97 

TBAB anion activating 65.6 100 

a
 from 

1
H NMR 
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The results in Table 3.4 show that the anion activating catalysts were indeed the 

most suitable for this system. TBAB provided both the highest conversion and the 

highest product yield of the four reactions, making it the clear choice for further use.  

The presence of the N-pyrrole dithioester groups was confirmed by the pyrrole 

CH resonances at ŭ6.46 and ŭ7.72 in the 
1
H NMR spectra, as shown in Figure 3.3. The 

pyrrole signals occur far enough upfield and downfield from the broad aromatic region 

arising from the benzyl protons to allow accurate calculation of conversion by 

comparative integration of these pyrrole protons compared to the -S-CH2- methylene 

protons at ŭ4.55, with an estimated uncertainty of Ñ5%. Elemental analysis was also 

used to assess functionalisation since the materials should contain sulfur in place of 

chlorine. In addition, Gel Permeation Chromatography (GPC) shows changes to the 

materials on functionalisation, as there is an apparent increase in the size of the polymer 

backbone as a result of its altered conformation in solution due to the introduction of the 

more hydrophobic dithioester groups into the structure. Another indicator of 

functionalisation is the dramatic change in the colour of the materials, from clear 

P(nMA-co-VBC) backbones to dark brown functionalised materials. 
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Figure 3.3. 
1
H NMR spectrum of functionalised P(LMA-co-VBC). The degree of 

functionalisation of the vinylbenzyl chloride units in the backbone is calculated by 

comparing the integrals of the pyrrole resonance i against the -S-CH2- methylene 

resonance d of VBC 

 

Following these optimisations, the reaction was carried out on a set of methyl, 

butyl and lauryl P(nMA-co-VBC) backbones to yield functionalised materials. The 

results are summarised in Table 3.5. Under the same conditions the highest degree of 

functionalisation was achieved for P(BMA-co-VBC). P(LMA-co-VBC) gave a 

substantially lower degree of functionalisation.  
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Table 3.5. Results of Functionalisation of P(nMA-co-VBC) Backbones Using TBAB as 

the Phase Transfer Catalyst 

polymer Mn
b 
/g mol

-1 
 Mw

b 
/g mol

-1 
 Ð

b
 degree of 

functionalisation
a 
/% 

P(MMA-co-

VBC) 

13400 25900 1.93 64.0 

P(BMA-co-VBC) 26300 34800 2.32 73.7 

P(LMA-co-VBC) 20700 44800 2.17 45.3 

a
 determined by 

1
H NMR,

 b 
determined by GPC (THF, PMMA standards) 

 

3.4 Grafting Polyacrylic Acid Side Chains from Functionalised 

Backbones 
 Following modification of the polymer backbones with pyrrole dithioester 

groups, grafts of poly(acrylic acid) (PAA) were added by RAFT-controlled 

polymerisation from the backbones to create ócomb-likeô materials. Table 3.6 

summarises the results of the backbone modification and grafting step. 
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Table 3.6. Results of Synthesis of Graft P(nMA-co-VBC-g-AA) Copolymers from 

Functionalised Backbones 

polymer Mn
b 
/g 

mol
-1 

 

Mw
b 
/g 

mol
-1 

 

Ð
b
 degree of 

functionalisation
a 
/% 

ratio 

nMA:AA
a
 

P(MMA-co-

VBC) 

13400 25900 1.93 64.0 - 

P(MMA-co-

VBC-g-AA)  

10500 46700 4.45 - 0.77:1 

P(BMA-co-

VBC) 

26300 34800 2.32 73.7 - 

P(BMA-co-

VBC-g-AA)  

5200 57300 10.98 - 1.11:1 

P(LMA-co-

VBC) 

20700 44800 2.17 45.3 - 

P(LMA-co-

VBC-g-AA)  

18800 54400 2.90 - - 

a
 determined by 

1
H NMR,

 b 
determined by GPC (THF, PMMA standards) 

 

 Analysis of the MMA and BMA graft copolymers showed peaks due to PAA in 

the 
1
H NMR spectra, which were not observed in the P(LMA-co-VBC-g-AA) spectra. 

In order to analyse the carboxylic acid-containing materials using a GPC system with 

THF eluent, the acid groups were methylated with trimethylsilyldiazomethane
175

 to 

prevent the acid groups interacting with the column, which would distort the results. 

Figure 3.4 shows a comparison of the GPC chromatograms for the functionalised 

backbones and the resulting graft copolymers.  
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Figure 3.4. Molecular weight distributions determined by GPC (THF, PMMA 

standards) for: A) P(MMA-co-VBC-g-AA) graft polymer (solid line) and the 

functionalised P(MMA-co-VBC) backbone from which it is derived (dashed line) B) 

P(BMA-co-VBC-g-AA) graft polymer (solid line) and the functionalised P(BMA-co-

VBC) backbone from which it is derived (dashed line) C) P(LMA-co-VBC-g-AA) graft 

polymer (solid line) and the functionalised P(LMA-co-VBC) backbone from which it is 

derived (dashed line) 

 

 The graft copolymers had broad molar mass distributions and hence large 

dispersities due to the branched nature of the graft copolymers. The graft materials show 

an increase in molecular weight from the functionalised backbones, indicating the 

growth of PAA chains from the functionalised sites. From the bimodal distribution of 

the chromatograms it can be seen that the graft copolymer products contained two 

different species, neither of which appear to correspond to the dithioate-functional 

backbone materials. This is particularly evident for the P(MMA-co-VBC-g-AA) and 

P(BMA-co-VBC-g-AA) polymers, whilst the P(LMA-co-VBC-g-AA) polymer shows 

only a slight shoulder at the low molecular weight side of the peak. The observed lower 

molecular weight peak is due to the presence of linear PAA homopolymers which are 

produced as a byproduct of the RAFT reaction. Propagating linear PAA chains attack 
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the dithioester groups on the polymer backbone, and this controls the molecular weight, 

yielding low molecular weight PAA. The mechanism is illustrated in Scheme 3.3.  

 

 

Scheme 3.3. Formation of linear PAA during grafting from a dithioester-functionalised 

backbone 

  

 The molar mass distributions were deconvoluted to allow calculation of the 

molecular weight averages for the two species. This involved assuming that the peaks 

were the sum of two Gaussian distributions, and performing an initial Gaussian fit to the 

full distribution followed by deconvolution into the two peaks. Good fits to the raw data 

were achieved. The results of this deconvolution are shown in Figure 3.5. Meanwhile 

Table 3.7 shows the calculated results for the molar masses of the graft copolymers and 

the PAA homopolymer for each material. A measure of grafting was also reported by 

calculating the mass fraction of graft copolymer in each product mixture.  
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Figure 3.5. Results of deconvolution of molar mass distributions of the P(nMA-co-

VBC-g-AA) graft copolymers shown in Figure 3.4: raw data for graft copolymer (dotted 

line), Gaussian fit to graft copolymer (alternating dotted-dashed line), peak 1 

corresponding to graft copolymer (solid line), peak 2 corresponding to PAA 

homopolymer (dotted line). 
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Table 3.7. Results of Deconvolution of Molecular Weight Distributions of Graft 

P(nMA-co-VBC-g-AA) Copolymers 

Polymer component Mn /g 

mol
-1
 

Mw /g 

mol
-1
 

Ð % Graft 

/wt% 

P(MMA-co-

VBC-g-AA)  

graft copolymer 30500 61700 2.02 79 

homopolymer 3200 5300 1.66  

P(BMA-co-

VBC-g-AA)  

graft copolymer 33700 95200 2.82 58 

homopolymer 23000 34800 1.51  

P(LMA-co-

VBC-g-AA)  

graft copolymer 30400 62600 2.06 89 

 homopolymer 5800 8200 1.41  

 

 Deconvolution showed that each graft copolymer product also contained a 

proportion of PAA homopolymer, with the BMA material containing both the largest 

amount of PAA and the highest molar mass PAA. However the graft copolymer was the 

major fraction in each case. The molar mass averages obtained from the deconvoluted 

peaks show a much clearer increase in molecular weight from the initial functionalised 

backbones following grafting. Attempts to remove this remaining homopolymer 

through various techniques including: repeated reprecipitation; dialysis against water, 

which is a good solvent for PAA but not for the graft copolymer; and preparative HPLC 

all proved unsuccessful. Therefore the presence of this extra homopolymer will be noted 

in the testing of the graft copolymer materials in the following chapters.  

 

3.5 Investigation into the Effect of Alkyl Methacrylate Monomer on 

Grafting of Polyacrylic Acid Side Chains from Functionalised Backbones  

Although the presence of graft copolymer was confirmed for all three materials, 

MMA, BMA and LMA, the amount of grafting was lower for P(LMA-co-VBC-g-AA) 

as evidenced by the smaller increase in molecular weight from backbone to graft 
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copolymer compared to the other materials. This suggested that the long alkyl chains of 

LMA were likely to be affecting the growth of grafts by preventing the acrylic acid 

units from diffusing to the growing chain ends, so little growth of grafts occurred. We 

proposed this effect to be due to either sterics or an inherent incompatibility of the 

extremely hydrophobic nature of the lauryl chain with the hydrophilic acrylic acid 

monomer.  

 In order to test this theory, we attempted to synthesise P(LMA-co-VBC-g-AA) 

via an alternative route involving grafting of t-butyl acrylate (
t
BA) to the P(LMA-co-

VBC) backbone, as tBA and P(LMA-co-VBC) are both hydrophobic and therefore any 

inherent incompatibility would be avoided. This would be followed by hydrolysis of the 

P
t
BA side chains to PAA. The results of these reactions are summarised in Table 3.8, 

with the molecular weight distributions of each polymer overlaid in Figure 3.6. The 
1
H 

NMR spectra showed no evidence of PtBA and additionally no PAA resonances 

following hydrolysis, despite the apparent increase in molecular weight following the 

grafting step. The molecular weight distributions were deconvoluted in the same 

manner as carried out on the P(nMA-co-VBC-g-AA) copolymers in the previous 

section. The results can be seen in Table 3.9 and Figure 3.7. The presence of 

homopolymer was detected for these polymers too. The graft copolymer was the major 

component in both cases, with 86% by mass graft copolymer present in the P(LMA-co-

VBC-g-tBA) material, increasing to 97% following hydrolysis to P(LMA-co-VBC-g-

AA). The results of this alternative synthetic route to P(LMA-co-VBC-g-AA) yielded 

very similar results to the initial synthetic method. This suggests that if grafting is 

prevented for this polymer, it is the steric effect of the lauryl chain which prevents 

grafting rather than a polymer-polymer incompatibility effect. However, as the GPC 

data appears to suggest that grafting has occurred, and that homopolymer has also been 

formed, it is possible that the lack of evidence of PAA in the 
1
H NMR is an artefact and 

does not mean that there is no PAA in the copolymer.  
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Table 3.8. Results of Synthesis of Graft P(LMA-co-VBC-g-AA) Copolymers from 

Functionalised Backbones 

Polymer Mn
b 
/g 

mol
-1
 

Mw
b 
/g 

mol
-1
 

Ð
b
 degree of 

functionalisation
a
 

/% 

ratio 

nMA:AA
a
 

P(LMA-co-VBC) 23100 59200 2.56 - - 

functionalised 

P(LMA-co-VBC) 

20700 44800 2.17 45.3 - 

P(LMA-co-VBC-

g-tBA) 

36500 81400 2.23 - NA 

P(LMA-co-VBC-

g-AA)  

33600 99800 2.97 - NA 

a
 determined by 

1
H NMR,

 b 
determined by GPC (THF, PMMA standards) 
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Figure 3.6. Molecular weight distributions determined by GPC (THF, PMMA 

standards) for: P(LMA-co-VBC-g-tBA) graft polymer (dashed line), P(LMA-co-VBC-

g-AA) graft polymer (solid line), the functionalised P(LMA-co-VBC) backbone from 

which it is derived (alternating dotted and dashed line) and the starting P(LMA-co-

VBC) polymer (dotted line)  
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Figure 3.7. Results of deconvolution of molar mass distributions of the A) P(LMA-co-

VBC-g-AA) and B) P(LMA-co-VBC-g-AA) graft copolymers shown in Figure 3.6: raw 

data for graft copolymer (dotted line), Gaussian fit to graft copolymer (alternating 

dotted-dashed line), peak 1 corresponding to graft copolymer (solid line), peak 2 

corresponding to PAA homopolymer (dotted line). 

 

Table 3.9. Results of Deconvolution of Molecular Weight Distributions of Graft 

P(LMA-co-VBC-g-tBA) and P(LMA-co-VBC-g-AA) Copolymers 

Polymer component Mn /g 

mol
-1
 

Mw /g 

mol
-1
 

Ð % Graft 

/wt% 

P(LMA-co-VBC-

g-tBA) 

graft copolymer 60700 96100 1.58 86 

homopolymer 12400 18600 1.50  

P(LMA-co-VBC-

g-AA)  

graft copolymer 40200 93100 2.31 97 

 homopolymer 8200 9500 1.15  

 

 Additionally, P(HMA-co-VBC-g-AA) was synthesised to investigate whether an 

increase in alkyl chain length from BMA, with 4 carbon atoms, to HMA, with 6 carbon 

atoms, would have any effect on the amount of PAA in the material. 

 

A B 
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Table 3.10. Results of Synthesis of Graft P(HMA-co-VBC-g-AA) Copolymers from 

Functionalised Backbones 

Polymer Mn
b 
/g 

mol
-1 

 

Mw
b 
/g 

mol
-1
 

Ð
b
 degree of 

functionalisation
a
 

/% 

ratio 

nMA:AA
a
 

P(HMA-co-VBC) 17200 37200 2.16 - - 

functionalised 

P(HMA-co-VBC) 

31100 70200 2.26 53.1 - 

P(HMA-co-VBC-

g-AA)  

27100 60600 2.23 - 5.90:1 

a
 determined by 

1
H NMR,

 b 
determined by GPC (THF, PMMA standards) 

 The results are summarised in Table 3.10, with Figure 3.8 showing a 

comparison of the molecular weight distributions for the three copolymers. It was found 

that grafting was successful for the HMA polymer but the ratio of methacrylate to 

acrylic acid in the material increased from 1.1:1.0 for P(BMA-co-VBC-g-AA) to 5.9:1.0 

for P(HMA-co-VBC-g-AA), indicating that the amount of acrylic acid grafted on to the 

HMA backbone was less than 20% of the amount achieved for BMA. This suggests that 

the steric effect of the alkyl chain length begins to have significance for alkyl 

methacrylate monomers with chains longer than BMA. 
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Figure 3.8. Molecular weight distributions determined by GPC (THF, PMMA 

standards) for: P(HMA-co-VBC-g-AA) graft polymer (solid line), the functionalised 

P(HMA-co-VBC) backbone from which it is derived (dashed line) and the starting 

P(HMA-co-VBC) polymer (dotted line)  
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 The data was deconvoluted to investigate the presence of homopolymer. Figure 

3.9 demonstrates that a small amount of homopolymer was present but as a minor 

component, with the graft copolymer comprising 88% of the polymer by mass. 
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Figure 3.9. Results of deconvolution of molar mass distributions of the P(HMA-co-

VBC-g-AA) graft copolymers shown in Figure 3.8: raw data for graft copolymer (dotted 

line), Gaussian fit to graft copolymer (alternating dotted-dashed line), peak 1 

corresponding to graft copolymer (solid line), peak 2 corresponding to PAA 

homopolymer (dotted line). 

 

Table 3.11. Results of Deconvolution of Molecular Weight Distributions of Graft 

P(HMA-co-VBC-g-AA) Copolymers 

Polymer component Mn /g 

mol
-1
 

Mw /g 

mol
-1
 

Ð % Graft 

/wt% 

P(HMA-co-

VBC-g-AA)  

graft copolymer 36800 69700 1.89 88 

 homopolymer 11000 13400 1.23  
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3.6 Conclusions 

 Graft poly(alkyl methacrylate-co-acrylic acid) copolymers were synthesised in a 

three-step procedure whereby firstly alkyl methacrylate was copolymerised with VBC 

to form the backbone. This was then functionalised with pyrrole-1-carbodithioic acid to 

create in-situ RAFT functional groups pendant to the main chain. It was found that the 

degree of functionalisation could be much improved by using a heterogeneous reaction 

system combined with the use of a phase transfer catalyst. The third step involved the 

growth of PAA grafts from the pendant RAFT groups. Methyl, butyl and lauryl 

methacrylate analogues of P(nMA-co-VBC-g-AA) were produced. 

 The presence of PAA following the grafting reaction was confirmed for 

P(MMA-co-VBC-g-AA) and P(BMA-co-VBC-g-AA) by 
1
H NMR and by the 

appearance of higher molecular weight material in the molecular weight distributions 

obtained from GPC. Lower molecular weight PAA homopolymer was also observed, 

however deconvolution of the GPC chromatograms confirmed that the graft copolymer 

was the main component in all cases. 

 However, little evidence was found to confirm the successful synthesis of 

P(LMA-co-VBC-g-AA). An alternative synthetic route to the target was attempted via 

grafting of tBA and subsequent hydrolysis to PAA, to investigate whether there was an 

inherent incompatibility between AA and the hydrophobic backbone. Again, the success 

of this reaction could not be confirmed and it was postulated that there is a steric effect 

arising from the long alkyl chain of LMA which is inhibiting grafting. The synthesis of 

P(HMA-co-VBC-g-AA) was attempted and found to be successful, although 

significantly less PAA was grafted than for the MMA and BMA analogues. This 

suggested that the alkyl chain length could be beginning to have an effect.        
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4. Synthesis of Poly(Alkyl Methacrylate -co-Acrylic Acid) Block and 

Random Copolymers with Highly Branched and Linear 

Architectures  

 

 

 

 

 

4.1 Introductio n 

 As previously mentioned, branched polymers, encompassing dendritic, 

multibranched and highly branched (HB) architectures, exhibit unique properties in 

terms of solution behaviour and rheology due to the large number of chain ends per 

molecule that they possess in comparison to linear analogues.
176, 177

 In addition to the 

utility of these material properties, the chain ends offer the possibility of adding further 

chemical functionality to the polymer.
178

 These branched materials can be produced by 

chain growth polymerisation via the use of a branching monomer which acts as either 

monomer and transfer agent
179

 or monomer and initiator.
58

 These two functions can be 

combined in approaches using the addition-fragmentation mechanism to form branched 

polymers.
180

 RAFT polymerisation uses this approach with the additional advantage of 

being able to modify the end groups of the branched polymer.  

 Carter et al. used RAFT to synthesise HB copolymers of NIPAM and 1,2-

propandiol-3-methacrylate (P(NIPAM-co-GMA)) (GMA = glycerol monomethacrylate) 

in block and statistical distributions, and proceeded to demonstrate the dependence of 

the thermal response of these materials on copolymer composition, copolymer sequence 

distribution and degree of branching.
64

 This was one of the first examples of the 

synthesis of HB block copolymers using RAFT. More examples have been reported 

since, such as the work of Peleshanko et al. who synthesised amphiphilic HB 

polyethylene oxide-b-polystyrene (PEO-b-PS) copolymers by both RAFT and NMP and 

found RAFT to give more control over dispersity.
181

  

Poly(alkyl methacrylate-acrylic acid) copolymers are synthesised in a range of 

architectures and monomer sequence distributions: linear and branched copolymers 

are produced using variations on the same synthesis with a mono- or di-functional 

RAFT agent, whilst random copolymers are produced in a one-pot synthesis and 

block copolymers are made by sequential block-addition. 
13

C NMR is used to 

confirm block or random monomer sequence distribution, and GPC with viscometric 

detection is used to verify linear, branched or graft topology. 
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 Scheme 4.1 shows how it is possible to prepare HB block and random 

copolymers with pyrrole dithioester groups at the chain ends. Combination of both 

monomers, alkyl methacrylate and acrylic acid, with the RAFT chain transfer agent 

(CTA) at the start of polymerisation leads to random copolymerisation with monomer 

sequence dictated by reactivity, as discussed in Chapter 3. Sequential monomer 

addition, however, initially produces the HB homopolymer, called the macro-CTA, 

which is then further chain extended by a second monomer to yield HB block 

copolymer architecture. 

  

 

Scheme 4.1. Synthesis of HB P(nMA-b-AA) block and HB P(nMA-co-AA) random 

copolymers with pyrrole chain ends prepared by RAFT polymerisation 
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 The same synthetic procedure can be used to prepare analogues of these 

copolymers with linear architectures using a different RAFT agent, benzyl-1-

pyrrolecarbodithioate. This has the same structure as the branching RAFT agent used to 

prepare the HB polymers, 4-vinylbenzyl-1-pyrrolecarbodithioate, but without the vinyl 

group meaning that it possesses only one polymerisation site and therefore linear 

polymers are formed. Scheme 4.2 demonstrates the methodology. 

  

Scheme 4.2. Synthesis of linear P(nMA-b-AA) block and linear P(nMA-co-AA) 

random copolymers with pyrrole chain ends prepared by RAFT polymerisation 
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4.2 Highly Branched Block P(nMA -b-AA) Copolymers  

 The formation of the HB PnMA polymers was enabled by the use of the RAFT 

CTA 4-vinylbenzyl-1-pyrrole carbodithioate, a dithioate ester that also possesses alkene 

functionality. This was synthesised via base mediated nucleophilic addition of pyrrole 

to carbon disulfide, followed by nucleophilic addition with vinylbenzyl chloride. 

Copolymerisation of each alkyl methacrylate (methyl, butyl and lauryl) with the RAFT 

CTA produced HB polymers due to the dual action of the CTA: copolymerisation of the 

styryl double bond and reversible addition-fragmentation chain transfer with the 

dithioate group.  

 The structures in Scheme 4.1 demonstrate that the pyrrole groups are situated at 

the chain ends of the polymer whereas the styryl groups create a branching point within 

the polymer structure. Analysis of these polymers by 
1
H NMR showed the presence of 

the pyrrole groups at the ends of the polymer branches at ŭ = 6.34 and 7.72 ppm. Broad 

peaks due to the styryl units were also observed between 7.30 and 7.45 ppm. These can 

be seen in the expanded region of Figure 4.1. Average values of degrees of branching 

(DB) were calculated by first comparing the methacrylate protons at around 0.90 ppm to 

the aromatic protons from the styryl and pyrrole groups in the region 6.34 - 7.72 ppm to 

give the average number of repeat units per branch (RB). DB is then calculated as the 

reciprocal of the RB value. The associated error in the measurement of the integration 

of NMR signals was estimated to be ±5%.
63
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Figure 4.1. 
1
H NMR spectrum of HB PBMA, with the expanded region showing the 

peaks due to the pyrrole groups (F and G) and the peaks due to the styryl group (H and 

I)  

 

 

 

 

 

 

 

 

E 

B 
C 

J 

D 

G 

H,I 

F 

A 

G F H,I 

K CDCl3 

dioxane 



68 
 

Table 4.1. Results of RAFT Polymerisation of Alkyl Methacrylates to Form HB PnMA 

Macro-CTAs and HB P(nMA-b-AA) Block Copolymers 

polymer 
conversion

 

a
 /%

 

molar feed 

ratio 

nMA:AA  

molar ratio 

nMA:AA  
DB

a
 

Mn
b 
/  

g mol
-1

 

Mw
b 
/  

g mol
-1

 
Ð

b
 

PMMA 55 - - 0.25 13500 27300 2.02 

PBMA 88 - - 0.36 18000 35800 1.99 

PLMA 77 - - 0.25 30800 64700 2.10 

HB 

P(MMA-b-

AA)  

93 0.7:1.0 1.1:1.0 0.24 29500 118300 4.00 

HB 

P(BMA-b-

AA)  

97 0.5:1.0 1.4:1.0 0.12 40000 139900 3.50 

HB P(LMA-

b-AA)  
99 0.3:1.0 0.7:1.0 N/A 34800 328000 9.44 

a
 determined by 

1
H NMR 

b
 determined by GPC (THF, PMMA standards) 

 

 Table 4.1 displays the results of the syntheses of both the homopolymer macro-

CTAs, and also the copolymers. 
1
H NMR analysis showed the appearance of peaks in 

the 
1
H NMR spectra of the copolymers at ŭ = 1.63 and 2.22 ppm due to PAA. The ratio 

of methacrylate to acrylic acid within the copolymers could also be calculated from the 

1
H NMR spectra. The amount of PAA in all three copolymers was less than the feed 

ratio, although the HB P(MMA-b-AA) had the closest results to the feed ratio with a 

factor of 1.6 times as much PMMA in the copolymer than was intended. However, less 

PAA was observed for the HB P(BMA-b-AA) and HB P(LMA-b-AA) materials, with 

2.8 times as much PBMA in the HB P(BMA-b-AA) copolymer and 2.3 times as much 

PLMA in the HB P(LMA-b-AA).  This could be due to the steric influence of the 

increasing alkyl chain length affecting the ability of the AA monomer to approach the 
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active sites. However, this does not explain why more PAA was observed in the HB 

P(LMA-b-AA) material than the HB P(BMA-b-AA), despite the longer alkyl chain of 

LMA. DB was calculated for all of the macro-CTAs and the block copolymers, except 

for HB P(LMA-b-AA) where the pyrrole and styryl groups could not be clearly seen in 

the 
1
H NMR spectrum meaning that the calculation could not be performed. HB PBMA 

was the most branched of the macro-CTAs but the corresponding block copolymer was 

much less branched, whereas the DB was fairly constant for HB PMMA and the 

corresponding copolymer. A decrease in DB would be expected, as linear PAA chains 

are being added to a branched PnMA unit, leading to a greater number of repeat units 

per branch.   

 The copolymers were methylated with trimethylsilyldiazomethane, as described 

previously in Chapter 3, to allow analysis by GPC using THF as the eluent without 

column interactions becoming a problem. An increase in molar mass was observed 

following addition of the second block to the copolymers. Much larger dispersities were 

also seen for the copolymers compared to the macro-CTAs. These are presented in 

Figure 4.2, where the traces with the dashed line show the macro-CTA data and the 

solid lines show the copolymer data. The HB P(LMA-b-AA) copolymer in particular 

exhibits a very broad and multimodal molecular weight distribution. This can be 

indicative of a highly branched polymer, but also suggests the possible presence of 

other species, for example the low molecular weight peak could be PAA homopolymer 

and the high molecular weight peak could be explained by the formation of copolymer 

di- or trimers.  
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 Figure 4.2. A comparison of molecular weight distributions obtained from GPC: A) 

HB PMMA (dashed line) and HB P(MMA-b-AA) (solid line), B) HB PBMA (dashed 

line) and HB P(BMA-b-AA) (solid line) and C) HB PLMA (dashed line) and HB 

P(LMA-b-AA) (solid line) 

A B 

C 

C 
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4.3 Highly Branched Block P(AA -b-nMA) Copolymers  

 The previous synthesis was adapted to form a block copolymer with the 

hydrophobic and hydrophilic segments reversed. Firstly a HB PAA macro-CTA was 

synthesised to form the core, followed by the addition of PnMA chains to form the 

second blocks of the HB copolymers. The results of the syntheses are summarised in 

Table 4.2. Calculation of integrals from the 
1
H NMR spectra showed that a greater 

degree of branching was seen than for the PnMA macro-CTAs, possible due to the 

smaller size of the AA monomer. Again the 
1
H NMR analysis showed RAFT groups 

remaining in the polymer, enabling the addition of the second block.  

 

Table 4.2. Results of RAFT Polymerisation of Acrylic Acid to Form HB PAA Macro-

CTA and HB P(AA-b-nMA) Block Copolymer 

polymer 
conversion

a
 

/% 

molar feed 

ratio 

nMA:AA  

molar ratio 

nMA:AA
a
 

DB
a
 

Mn
b
 / g 

mol
-1
 

Mw
b
 / g 

mol
-1
 

Ð
b
 

HB PAA 88 - - 0.33 13600 84200 6.10 

HB P(AA-

b-MMA)  
78 0.7:1.0 1.1:1.0 0.13 12600 119200 9.43 

HB P(AA-

b-BMA)  
93 0.5:1.0 1.7:1.0 0.09 13000 146000 11.20 

HB P(AA-

b-LMA)  
81 0.3:1.0 0.4:1.0 0.26 23000 75200 3.26 

a
 determined by 

1
H NMR 

b
 determined by GPC (THF, PMMA standards) 

  

The dispersity of the PAA macro-CTA is much larger than those of the alkyl 

methacrylate macro-CTAs shown in Table 4.1. The PAA macro-CTA had to be 

methylated before GPC analysis was carried out. As the PAA macro-CTA contains a 

much greater number of acid groups than materials with PAA grafted on or added as a 

second block, it is possible that they were not fully methylated and some acid 
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functionality remained, leading to column interaction and an inaccurate GPC result. 

Alternatively this RAFT CTA may be less well suited to acrylic acid than to the 

methacrylate monomers leading to a loss of control over the polymerisation and 

consequently a large dispersity; the choice of RAFT CTA needs to be optimized for the 

desired system.
182

 Clearly this is not trivial for the synthesis of copolymers comprised 

of monomers such as acrylic acid and alkyl methacrylates with vastly different 

properties. As a result, some compromises in reactivity are required to allow the desired 

materials to be synthesised.   

 Table 4.2 also summarises the results of the copolymer syntheses. In the case of 

these copolymers it was the HB P(AA-b-LMA) analogue which had a molar ratio 

closest to the feed ratio, as determined by measuring the integrals in the 
1
H NMR 

spectra. HB P(AA-b-MMA) and HB P(AA-b-BMA) showed a greater amount of 

methacrylate in the polymers than the proportion in the feed. All three copolymers have 

a lower DB than the macro-CTA, which is as expected since more linear units have 

been added onto the branched core so the number of repeat units per branch should have 

increased therefore incurring a decrease in DB. The HB P(AA-b-LMA) copolymer had 

the lowest decrease in DB from that of the macro-CTA, since this copolymer had the 

least amount of methacrylate added.  

 Comparison of the molecular weight distributions obtained from GPC analysis 

of the macro-CTA and block copolymers are shown in Figure 4.3. It can be clearly seen 

that the PAA macro-CTA, represented on the distributions as the dashed trace, has a 

very broad bimodal distribution. The lower molecular weight peak is not seen on the 

chromatograms of the block copolymers. A larger higher molecular weight shoulder is 

seen for the HB P(AA-b-MMA) and HB P(AA-b-BMA) copolymers. This is not 

observed for the HB P(AA-b-LMA) copolymer, and consequently no real increase is 

observed in Mn and Mw values for this material. 
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Figure 4.3. A comparison of molecular weight distributions obtained from GPC: A) HB 

PAA (dashed line) and HB P(AA-b-MMA) (solid line), B) HB PAA (dashed line) and 

HB P(AA-b-BMA) (solid line) and C) HB PAA (dashed line) and HB P(AA-b-LMA) 

(solid line) 

 

4.4 Highly Branched Random P(nMA -co-AA) Copolymers  

 The same synthetic route was used to successfully synthesise HB P(nMA-co-

AA) random copolymers by adding both monomers into a one-pot synthesis, as shown 

in Scheme 4.1. Table 4.3 summarises the results. It can be seen that the longer the alkyl 

chain of the methacrylate monomer, the more PAA was incorporated into the 

copolymer. This is likely to be because MMA reacts much faster than AA whereas 

LMA is much slower to react than MMA and is therefore more comparable with the rate 

of AA polymerisation. This is also why the DB is higher for the P(LMA-co-AA) 

copolymer. DB is the reciprocal of RB, and P(LMA-co-AA) will have shorter branches 

as the rate of polymerisation is slower.  

 

 

 

 

 

 

A B C 
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Table 4.3. Results of Syntheses of HB Random P(nMA-co-AA) Copolymers 

polymer conversion
a
 

/% 

molar feed 

ratio 

nMA:AA  

molar ratio 

nMA:AA
a
 

DB
a
 Mn

b 
/  

g mol
-1

 

Mw
b 
/ 

g mol
-1

 

Ð
b
 

HB P(MMA-

co-AA)  

55 0.7:1.0 6.1:1.0 0.14 7400 31300 4.23 

HB P(BMA-

co-AA)  

52 0.5:1.0 5.1:1.0 0.14 6500 20000 3.07 

HB P(LMA-

co-AA)  

55 0.3:1.0 0.8:1.0 0.28 4100 13200 3.22 

a
 determined by 

1
H NMR 

b
 determined by GPC (THF, PMMA standards) 

 

 The molecular weight distributions of the three random copolymers are shown in 

Figure 4.4. These were obtained following methylation of the copolymers. The HB 

P(LMA-co-AA) copolymer had the lowest molecular weight of the three materials. 

Again this is possibly due to the slower reaction rate of the LMA monomer. The HB 

P(MMA-co-AA) and HB P(BMA-co-AA) copolymers had much more similar 

distributions, and all three copolymers had significantly lower molecular weights than 

the HB block materials. This suggests that the one-pot reaction allows a greater degree 

of control over the polymerisations compared to the stepwise block copolymer 

syntheses. 
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Figure 4.4. A comparison of molecular weight distributions obtained from GPC: A) HB 

P(MMA-co-AA) (solid line), B) P(BMA-co-AA) (dashed line) and C) HB P(LMA-co-

AA) (dotted line) 

 

4.5 Linear Block P(nMA-b-AA) Copolymers  

 An analogous synthetic procedure was carried out to synthesise linear versions 

of the block copolymers. A different RAFT agent was used, benzyl-1-

pyrrolecarbodithioate, which has the same structure as that used for the HB polymers, 4-

vinylbenzyl-1-pyrrolecarbodithioate, but without the vinyl group which allows 

polymerisation from a second site. Figure 4.5 shows a comparison of the two 

structures. 

 

 

Figure 4.5. A comparison of the structures of the branching RAFT agent, 4-

vinylbenzyl-1-pyrrolecarbodithioate, and the linear RAFT agent benzyl-1-

pyrrolecarbodithioate 
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Table 4.4 summarises the results of the macro-CTA and block copolymer 

syntheses. All three polymerisations of the macro-CTAs went to fairly high conversion. 

The molecular weights of the PMMA and PBMA materials are consistent, although 

much higher values were obtained for the PLMA polymer. All polymers exhibit a 

dispersity of between 2 and 3, which is fairly high for linear chains. 

 
1
H NMR showed that the actual molar ratios of PnMA and PAA in the 

copolymers were similar to the molar feed ratios, although less PAA was present in the 

P(LMA-b-AA) polymer. The polymerisations of P(MMA-b-AA) and P(BMA-b-AA) 

went to very high conversion, whilst the P(LMA-b-AA) reaction only reached a 

conversion of 40%. This is likely to be due to the slower reactivity of LMA. Increases 

in molecular weight were observed for P(MMA-b-AA) and P(BMA-b-AA), 

accompanied by larger dispersities. An increase in lower molecular weight species was 

also observed for the P(MMA-b-AA) and P(BMA-b-AA) polymers, which is possibly 

due to the presence of PAA homopolymer. This was not the case for the P(LMA-b-AA) 

polymer, however, which actually decreased in molecular weight. This could be due to 

the very high hydrophobicity of the long alkyl unit of LMA affecting the solution 

conformation of the polymer. This would have an effect on the hydrodynamic volume, 

which is what is measured by GPC rather than the actual molecular weight of the 

polymer. Figure 4.5 presents a comparison of the molecular weight distributions of the 

macro-CTAs and block copolymers.  
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Table 4.4. Results of RAFT Polymerisation of Methacrylate Monomer to Form Linear 

PnMA Macro-CTAs and Block Copolymers 

polymer conversion
a
 

/% 

molar feed 

ratio 

nMA:AA  

molar ratio 

nMA:AA
a
 

Mn
b 
/      

g mol
-1

 

Mw
b 
/      

g mol
-1

 

Ð
b
 

PMMA 82 - - 20700 40400 1.95 

PBMA 88 - - 21200 43900 2.07 

PLMA 92 - - 59700 137500 2.30 

P(MMA-b-

AA)  

99 0.7:1.0 0.8:1.0 10600 43100 4.06 

P(BMA-b-

AA)  

99 0.5:1.0 0.4:1.0 9200 50300 5.47 

P(LMA-b-

AA)  

40 0.3:1.0 1.1:1.0 46000 104200 2.27 

a
 determined by 

1
H NMR 

b
 determined by GPC (THF, PMMA standards) 
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Figure 4.6. A comparison of molecular weight distributions obtained from GPC: A) 

PMMA (dashed line) and P(MMA-b-AA) (solid line), B) PBMA (dashed line) and 

P(BMA-b-AA) (solid line) and C) PLMA (dashed line) and P(LMA-b-AA) (solid line) 
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4.6 Linear Random P(nMA -co-AA) Copolymers  

Linear random copolymers were synthesised using the linear RAFT agent in 

one-pot syntheses, the results of which are displayed in Table 4.5. In contrast to the 

linear block materials, less PAA was present in the copolymer for the P(MMA-co-AA) 

and P(BMA-co-AA) and more PAA in the P(LMA-co-AA) polymer. The molecular 

weight data, shown in Figure 4.7, indicates that these reactions were well-controlled as 

the Mn and Mw values for the three polymers were similar and the dispersity values 

were much lower than those of the linear block copolymers. 

  

Table 4.5. Results of Syntheses of Linear Random P(nMA-co-AA) Copolymer 

polymer conversion
a
 

/% 

molar 

feed ratio 

nMA:AA  

actual 

ratio 

nMA:AA
a
 

Mn
b 
/    

g mol
-1

 

Mw
b 
/    

g mol
-1

 

Ð
b
 

P(MMA-co-

AA)  

65 0.7:1.0 1.7:1.0 12000 23400 1.95 

P(BMA-co-AA)  87 0.5:1.0 2.2:1.0 10000 19800 1.96 

P(LMA-co-AA)  71 0.3:1.0 0.5:1.0 8600 16100 1.86 

a
 determined by 

1
H NMR 

b
 determined by GPC (THF, PMMA standards) 
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Figure 4.7. A comparison of molecular weight distributions obtained from GPC: A) 

P(MMA-co-AA) (solid line), B) P(BMA-co-AA) (dashed line) and C) P(LMA-co-AA) 

(dotted line) 
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4.7 13C NMR to Study Monomer Sequence Distribution  
 

The statistical analysis of polymers was developed by Bovey
183

 and Price,
184

 

who showed that copolymer statistics could be used to analyse the abundance of 

monomer sequences within polymer chains using NMR spectroscopy. 
13

C NMR has 

been shown to be an effective technique for measuring or estimating the triad 

composition of a copolymer.
185, 186

 The differential nuclear Overhauser effect (NOE) 

enhancement is approximately equal for similar carbons within different chemical 

sequences.
187

 Additionally, it is generally accepted that for non-protonated carbons with 

restricted mobility, such as those within polymers, the residual spin-lattice relaxation 

times (T1) are of similar order.
187

 These assumptions form the basis of the study of 

copolymer structure using 
13

C NMR spectroscopy. 

 Triads are a sequence of three monomer units within a polymer chain. In a 

copolymer composed of two different monomer units, there are six different triad 

possibilities. If the monomers are represented by A and B, the possible triads are: 

AAA, BBB, ABA, BAB, AAB, BAA, ABB, BBA  

These eight triads can be reduced to six as AAB and BAA are equivalent and 

undistinguishable by spectroscopy since the sequences differ only by directionality. The 

same is true for ABB and BBA. Therefore the six triads are: 

AAA, BBB, ABA, BAB, AAB, ABB  

The copolymers we are considering in this case contain the monomers acrylic 

acid and butyl methacrylate. Therefore both monomers contain a carboxyl functional 

group. This group is sensitive to the effects of the chain microstructure, enabling the 

identification of triads.
188

 If a copolymer contained all of these sequences of monomer 

units, we would expect to see a distribution of six peaks. This would be more likely in a 

random copolymer where the two monomers would be randomly distributed throughout 

the sequence. In a block copolymer, on the other hand, we would expect there to be long 

sequences of AAA and BBB triads with only a very small region where the two 

sequences meet; hence we would expect to see few peaks due to the presence of few of 

the possible triads.  
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Figure 4.8. An example of a 
13

C NMR spectrum of a P(BMA-b-AA) copolymer: in this 

case HB P(AA-b-BMA)  

 

 
13

C NMR studies were carried out on the set of P(BMA-co-AA) copolymers 

which were synthesised for use in printing studies. The synthesis and characterisation of 

these materials is reported in Section 8.2 of Chapter 8. Figure 4.8 shows an example of 

the 
13

C NMR spectra obtained from the copolymers. The same peaks are seen for all 

materials as they are all composed from the same monomers. The region of interest is 

the carbonyl region, which occurs between 174 and 178 ppm. Figure 4.9 below shows 

an expansion of this region for each copolymer, demonstrating the distribution of peaks 

observed. 

 Fine structure was observed in the carboxyl peaks of the 
13

C NMR spectra of the 

PBMA and PAA homopolymers. This arises due to the effects of polymer tacticity.
189

 

Unfortunately as a result, the fine structure in the copolymer carbonyl peaks cannot be 

attributed solely to the copolymeric effect of the triads. However, the results can 

nevertheless serve as an empirical guide to the monomer sequence distribution within 

the copolymers. When the spectra of the branched and linear random copolymers are 

A B 

C D 

A 

B 

C 

D 

CDCl3 

d-DMSO 

E 

F 

E,F 

G 

G H 

H 

I 

I 



80 
 

compared with those of the block and graft materials, it is seen the random copolymers 

have much broader distributions of peaks with a lot more noise in the signal. However, 

in the block and graft copolymers where the BMA and AA monomers are present as 

long separate sequences of each monomer, discrete distributions of sharp peaks are 

seen. This enables a facile method of identification between block and random 

copolymers.   
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Figure 4.9. Carbonyl region of 
13

C NMR spectra of P(BMA-b-AA) copolymers 

showing the distribution of triad peaks: A) linear P(BMA-b-AA) B) linear P(BMA-co-

AA) C) graft P(BMA-co-VBC-g-AA) D) HB random P(BMA-co-AA) E) HB block 

P(BMA-b-AA) F) HB block P(AA-b-BMA). The scale represents chemical shift in 

ppm. 
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4.8 GPC-Viscometry  

 Conventional Gel Permeation Chromatography (GPC) typically employs a 

Refractive Index (RI) detector to obtain a measure of polymer size in terms of the 

hydrodynamic radius. The RI detector provides a signal which is proportional to the 

concentration of the sample as it elutes from the column. Thus a weight distribution is 

obtained as the signal voltage varies with elution time in response to the variation in 

sample concentration. However, RI detection alone does not provide information on the 

shape of the polymer molecules, as it only separates components by size. 

 Full characterisation of polymer systems can be obtained by using a triple 

detection system, which combines RI detection with viscometric and light scattering 

detectors. This allows determination of the distributions of molecular weight, intrinsic 

viscosity and size over the full molecular weight range.
190

 However this equipment was 

not available within the department, so a dual detection system coupling RI and 

viscometry was employed.  

 The principle of universal calibration is based on the direct proportionality of the 

product of intrinsic viscosity ([ɖ] or IV), and molecular weight to the hydrodynamic 

volume. This allows the creation of a calibration curve giving the size of polymer 

molecules over the retention volume, which is independent of the chemical structure 

and composition of the polymer standards used.
191

 This solves one main issue with 

conventional calibration which is the difficulty of finding appropriate standards with 

similar chemical structure to the sample being studied. This is particularly difficult for 

the study of copolymers. 

Analysis of the copolymer samples with the dual detection GPC system 

provided distributions of intrinsic viscosity and absolute molecular weight for each 

copolymer. Copolymers were methylated before analysis to prevent interaction between 

the column and the carboxylic groups on the PAA segments, using the same method 

outlined in Chapter 3. 

Further information can be obtained from these data. Equation 4.1 gives the 

Mark-Houwink relation, where [ɖ] is the intrinsic viscosity, M is the molar mass, and K 

and Ŭ are the Mark-Houwink parameters.  

         Equation 4.1 
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The value of the Ŭ parameter provides empirical information on the 

conformation of the polymer, and hence the level of branching. For an ideal polymer 

coil in solution the Ŭ value is typically between 0.6 and 0.8. More compact structures 

such as branched polymers have lower values of Ŭ; below 0.5 can be expected. 

Construction of a Mark-Houwink plot of log IV against log MW allows determination 

of Ŭ from calculation of the gradient. 

1 0 0 0 0 1 0 0 0 0 0
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Figure 4.10. Mark-Houwink plot of log intrinsic viscosity (IV) against log molecular 

weight (MW) showing comparison of raw data (solid line) and fitted data (dashed line) 

 

 Figure 4.10 shows the Mark-Houwink plot for one of the copolymers, HBR1 

(HB P(MMA-co-AA)). The raw data obtained from the viscometer is shown as the solid 

line and a fit to the data is shown as the dashed line. The fitted data are used in the 

following graphs to enable clearer representation of the results. 

 Figure 4.11 is a combined Mark-Houwink plot of the full set of copolymers. 

The key is explained in the figure caption. The three groups of materials, linear, 

branched and graft, are plotted in different colours for clarity. It can be observed that the 

linear copolymers, shown in purple, have steeper gradients than those of the branched 

copolymers, shown in blue. The graft copolymers, shown in green, have gradients 

between those of the linear and branched materials. This is reasonable as at a basic level 

a graft copolymer is a series of linear chains, with periodic branching; hence somewhere 

between a linear and a branched polymer.   
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Figure 4.11. Mark-Houwink plot of log intrinsic viscosity (IV) against log molecular 

weight (MW) showing comparison of linear copolymers (purple), graft copolymers 

(green) and branched copolymers (blue) (key: letters refer to architecture and 

distribution HBR = highly branched random, HBM = highly branched methacrylate 

core, HBA = highly branched acrylic acid core, G = graft, LB = linear block and LR = 

linear random, numbers refer to methacrylate monomer 1 = MMA, 2 = BMA and 3 = 

LMA)  

 

 Calculated values of Ŭ for each copolymer are plotted in Figure 4.12. The three 

sets of branched copolymers, HBM (HB block with methacrylate core), HBR (HB 

random), and HBA (HB block with acrylic acid core), were all found to have Ŭ below 

0.4. This is consistent with a compact, branched structure. The graft copolymers, G, had 

values of Ŭ between 0.4 and 0.6 meaning that they fall within the border region. The 

structures are more compact than an ideal linear chain but do not possess a high degree 

of branching. However, the linear copolymers, LB (linear block) and LR (linear 

random), were found to have Ŭ between 0.6 and 0.8, as expected for linear chains.   
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Figure 4.12. A graph showing the values of the Mark-Houwink parameter Ŭ obtained as 

the gradient of the Mark-Houwink plot of log IV against log MW for each copolymer 

(key: letters refer to architecture and distribution HBM = highly branched methacrylate 

core (red), HBR = highly branched random (dark blue), HBA = highly branched acrylic 

acid core (green), G = graft (purple), LB = linear block (light blue) and LR = linear 

random (orange), numbers refer to methacrylate monomer 1 = MMA, 2 = BMA and 3 = 

LMA)  

 

 Another quantitative measure of branching is provided by the contraction factor, 

gô. This is given by a ratio of the intrinsic viscosity of a branched polymer to the 

intrinsic viscosity of a linear polymer of equivalent chemical structure and molecular 

weight, as shown in Equation 4.2. 

 

         Equation 4.2 

 

 Values of gô were calculated for each of the branched and graft copolymers. The 

equivalent linear block copolymer was used as the linear analogue for the HB block and 

graft copolymers (P(MMA-b-AA) for HB P(MMA-b-AA) and P(BMA-b-AA) for HB 

P(BMA-b-AA) etc.). The equivalent linear random copolymer was used for the HB 

random copolymers. 
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Figure 4.13 demonstrates the relationship between contraction factor gô and log 

molecular weight. The data would be expected to scale according to degree of 

branching, with the polymers having the most extensive branching at the bottom of the 

graph and the least branched polymers at the top. Values of gô for all polymers are 

expected to converge to gô = 1 at the low molecular weight limit. However the data 

from this set of copolymers show significant deviations from the expected behaviour. 

An almost linear relationship is seen for the set of graft copolymers, with gô values 

converging to gô = 1 at low molecular weight as expected. Conversely, gô is seen to 

decrease with increasing molecular weight for the three sets of branched copolymers. 

The data sets are not ordered according to the degree of branching as assessed by the Ŭ 

values, as would have been expected, but rather appear to be grouped according to 

composition. This appears to show that there are differences in intrinsic viscosity 

between the different compositional groups of copolymers, as the three branched 

groups, HBM, HBA and HBR are clearly separated. This suggests that the intrinsic 

viscosity is influenced by copolymer composition. 
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Figure 4.13. A graph showing the contraction factor gô against log molecular weight for 

each copolymer (key: letters refer to architecture and distribution HBR = highly 

branched random (blue), HBM = highly branched methacrylate core (red), HBA = 

highly branched acrylic acid core (green), G = graft (purple), numbers refer to 

methacrylate monomer 1 = MMA, 2 = BMA and 3 = LMA) 

 

4.9 Conclusions 

Poly(alkyl methacrylate-co-acrylic acid) copolymers have been successfully 

synthesised in a range of architectures. Branched copolymers were produced via a 

combination of RAFT and SCVP employing a CTA with both dithioester and vinyl 

functional groups. The same synthetic route was used to synthesise linear copolymers 

using a version of the same CTA having only the dithioester group. A two-step 

polymerisation procedure enabled the production of block copolymers by first creating a 

macro-CTA by polymerising the first monomer followed by chain extension with the 

second monomer to form a diblock. Two versions of the branched block copolymer 

were synthesised, one with the hydrophobic block forming the core and hydrophilic side 

chains, and the other with the opposite structure. Random copolymer analogues were 

also produced through a one-pot reaction. Methyl, butyl and lauryl methacrylate version 

of each copolymer were made, resulting in a set of 15 different copolymers. 
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 An Mn of 20000 g mol
-1

 was targeted because this is low enough for printing 

applications. Variation in Mw and Mn values was observed, although the majority of the 

copolymers fell within the desired range. Broad molecular weight distributions were 

observed for the branched copolymers. The linear block copolymers also displayed 

much larger dispersity values than expected for linear copolymers. Coupled with the 

particularly broad distribution of the HB PAA macro-CTA, this suggests that this 

particular RAFT CTA does not provide good control over the polymerisation of PAA. 

Given the very different characteristics of acrylic acid and the alkyl methacrylate 

monomers, however, it would be difficult to optimise a reaction system to suit both. 

 
13

C NMR provides an empirical method of confirming a block or random 

monomer sequence distribution within a copolymer chain through studying the 

distribution of peaks in the carbonyl region. However, the effects of tacticity mean that 

statistical models need to be used to allow deconvolution of this region and the 

extraction of further information. GPC with a dual detection system of RI and 

viscometry was used to analyse the copolymers following methylation. Values of the 

Mark-Houwink parameter Ŭ were calculated and found to be above 0.5 for the linear 

copolymers and less than 0.5 for the branched copolymers, as expected. The graft 

copolymers had intermediate Ŭ values as would be expected for a structure which is a 

combination of linear and branched structure in terms of the backbone and side chains. 

The relationship between contraction factor, gô, and copolymer molecular weight was 

investigated. The graft copolymers behaved as expected, with gô converging to 1 at low 

molecular weight. Significant deviations were observed for the branched copolymers, 

however, with gô increasing as molecular weight decreased. The contraction factors did 

not scale according to degree of branching, as would be expected, but were found to 

group according to composition. This suggested that IV is influenced by copolymer 

composition.     
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5. Solution Behaviour of Poly( Alkyl Methacrylate -co-Acrylic Acid) 

Copolymers  

 

 

 

 

5.1 Introduction  

 Amphiphilic copolymers are known to self-assemble into macromolecular 

structures in a solvent which is selective for one block of the copolymer.
192

 This occurs 

due to association of the insoluble blocks to form cores, with the soluble blocks forming 

outer corona. The structures formed are most commonly spherical micelles,
193

 wormlike 

micelles
194

 or vesicles,
195

 depending on the composition of the block copolymers, the 

solvent polarity, and the relative solubilities of the blocks in the solvent.
196

 This work 

has largely been carried out with linear di- and tri-block copolymers. It has been 

proposed that in these cases the morphology of the self-assembled structures is 

determined by the ratio of the volumes of the core-forming block and the outer block, 

therefore packing of the hydrophobes influences the observed morphology.
197

 

 Relatively much less research into the self-assembly behaviour of copolymers 

with more complex architectures has appeared in the literature, although this area has 

seen progress in recent years. The self-assembly behaviour of complex structures 

including graft,
198

 hyperbranched
199

 and star
200

 polymers has been studied. These 

polymer architectures have shown unusual properties in comparison to linear block 

copolymers, including varieties of morphology, material properties, mechanisms of self-

assembly, and smart response among others.
201

 These provide unique advantages in 

supramolecular self-assembly. As a result, HB polymers in particular have found 

applications in biomedicine, ranging from drug delivery, purification, detection and 

delivery of proteins to antifouling materials.
202

 

 

 

In this chapter, the poly(alkyl methacrylate-acrylic acid) copolymers are dispersed 

into water using the solvent switch method. Their solution behaviour is studied using 

Transmission Electron Microscopy and Phase Analysis Light Scattering to allow 

comparison of particle size, morphology and zeta potential. Additionally, SANS is 

used to study the copolymers in a range of different solvent systems.  
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5.2 Poly(Alkyl Methacrylate-co-Acrylic Acid) Copolymers in Water  

 It was found that these copolymer materials could be dispersed into water using 

the solvent switch method. This involved the dropwise addition of water at a controlled 

rate using a syringe pump into a stirring solution of the amphiphilic copolymer in THF, 

followed by evaporation of the THF to form an aqueous dispersion of copolymer. This 

procedure is represented in the schematic diagram in Figure 5.1. A combination of 

transmission electron microscopy (TEM), particle sizing and zeta potential 

measurements, and small angle neutron scattering (SANS) was used to characterise the 

dispersions of each different copolymer. Since water is a good solvent for polyacrylic 

acid and a poor solvent for the hydrophobic polymethacrylates, it was hypothesised that 

the materials would display some kind of self-assembly behaviour. 

 The structures formed by block copolymers during self-assembly depend on the 

balance between thermodynamic and kinetic control. Thermodynamic control results in 

the formation of stable equilibrium structures whereas kinetic trapping can result in 

ófreezingô of intermediate structures. This balance is governed by several factors 

including solution pH, ionic strength and concentration. These studies were carried out 

at the pH of the deionised water without any addition of acid, base or salts to buffer pH 

(except where stated in the pH study) to simplify the system, and all dispersions were 

prepared at the same concentration (0.5 w/w%). 

 

 

 

 

 

 

 

 

Figure 5.1. Schematic illustration of method for the preparation of copolymer 

dispersions involving a solvent switch from THF to water 
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 TEM was carried out on carbon-coated copper grids which were plasma-treated 

to allow the dispersions to be adsorbed onto the surface. Any remaining water from the 

dispersions was removed by vacuum drying, meaning that TEM permits visualisation of 

the dried dispersions. This means that it cannot be assumed that the images are 

accurately depicting the solution structure of the copolymers. Mean particle sizes were 

obtained by using ImageJ image analysis software to enable the measurement of enough 

particles to represent a statistically significant sample; where possible this was at least 

100 particles.  

 Particle sizes and zeta potentials were measured on a ZetaPALS instrument, 

which uses Phase Analysis Light Scattering (PALS) to measure the electrophoretic 

mobility and therefore surface charge of samples through analysing their phase shift, 

avoiding the application of large electric fields. A mean particle size is measured 

together with the associated standard error. The dispersity index (DI) is also obtained 

through producing a fit to the correlation data using cumulants analysis. A 

dimensionless number is obtained which indicates the dispersity of the sample: values 

below 0.05 are only seen for very highly uniform standards whilst values greater than 

0.70 indicate a very broad size distribution. When used to measure zeta potentials, both 

a mean value and associated standard error are obtained. 

 A fourth method for the analysis of solution behaviour is SANS. Fitting of 

appropriate models to the neutron scattering profiles of the different copolymers leads to 

the calculation of particle sizes. SANS gives average diameters as the scattering is 

recorded from the whole sample. The SANS experiments are further discussed in 

Section 5.3. 

 Table 5.1 and Figure 5.2 show the results for the graft copolymer dispersions. 

The MMA and BMA materials appear to be forming spherical micelles in solution. 

Similar particle sizes are observed from SANS and PALS whereas the sizes measured 

from the TEM images are much smaller. This can be explained by the difference in the 

techniques, as the two scattering techniques measure the hydrated particle size whilst 

TEM measures the dried particle size. The BMA spheres are more disperse, as reflected 

in the particle sizing results. The TEM images show that both dispersions appear to be 

aggregating, which is often observed for PAA. The measured zeta potential values for 

both materials are below -30 mV which is generally considered to be the threshold 
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below which dispersions can be considered to be stable. However, the LMA graft 

copolymer does not display the same behaviour. The measured zeta potentials and 

results of the SANS and the particle sizing indicate a stable dispersion of particles 

slightly larger than those of the MMA and BMA materials. Conversely the TEM images 

show much larger oily-looking structures, with sizes of some particles approaching the 

micron range. These could be formed by the coalescence of smaller particles. It is also 

possible that these are artefacts caused by the drying process. 

 The P(LMA-co-VBC-g-AA) copolymer displayed different behaviour to the 

other graft materials previously, with difficulties experienced in determining whether 

PAA grafts were present in the material, as outlined in Chapter 3. The dispersion 

preparation procedure was attempted using the functionalised P(LMA-co-VBC) 

backbone but was unsuccessful as the polymer precipitated out of solution. This 

suggests that there must be some PAA present in the ógraftô polymer to enable an 

aqueous dispersion to be formed. 

 

Table 5.1. Summary of Results for the Characterisation of Dispersions of Graft P(nMA-

co-VBC-g-AA) Copolymers in Water Using Particle Sizing and Zeta Potential 

Measurements, TEM and SANS 

sample mean 

diameter 

(TEM) /nm 

mean 

diameter 

(PALS) /nm 

DI mean zeta 

potential /mV 

mean 

diameter 

(SANS) /nm 

P(MMA-co-

VBC-g-AA)  

27.7 ± 0.4 106.5 ± 1.7 0.187 ± 0.025 -38 ± 2 114.5 ± 0.2 

P(BMA-co-

VBC-g-AA)  

32.4 ± 0.4 112.9 ± 1.1 0.236 ± 0.006 -31 ± 1 109.3 ± 0.2 

P(LMA-co-

VBC-g-AA)  

471.4 ± 23.2 159.9 ± 0.5 0.140 ± 0.007 -45 ± 4 116.4 ± 0.5 
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Figure 5.2. TEM micrographs of dispersions of graft P(nMA-co-VBC-g-AA) 

copolymers in water, stained with uranyl formate: A P(MMA-co-VBC-g-AA), B 

P(BMA-co-VBC-g-AA) and C P(LMA-co-VBC-g-AA).  

 

 The HB random copolymer dispersions were studied by the same techniques. 

The results are found in Table 5.2 and Figure 5.3. For the MMA and BMA materials, 

larger diameters were observed by all three techniques compared to those of the graft 

copolymers. The TEM images show large spheres which appear to have smooth 

surfaces. The average zeta potentials indicate very stable dispersions. Conversely, very 

different results are seen for HB P(LMA-co-AA). The TEM image shows large 

collapsed structures instead of assembled micellar structures. Large mean diameters 

were obtained from all techniques and a high dispersity was observed, coupled with an 

average zeta potential which is much smaller and with a much higher standard error, 
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200 nm 200 nm 

200 nm 
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indicating the absence of a stable colloidal dispersion. This is likely to be due to the 

comparatively much larger hydrophobic component of the LMA copolymer due to the 

long alkyl chain. This means that the hydrophobic segment dominates and is unable to 

be sufficiently stabilised by the hydrophilic PAA segments. 

 

Table 5.2. Summary of Results for the Characterisation of Dispersions of HB random 

P(nMA-co-AA) Copolymers in Water Using Particle Sizing and Zeta Potential 

Measurements, TEM and SANS 

sample mean 

diameter 

(TEM) /nm 

mean 

diameter 

(PALS) /nm 

DI mean zeta 

potential /mV 

mean 

diameter 

(SANS) /nm 

HB P(MMA-

co-AA)  

181.8 ± 12.4 205.8 ± 0.8 0.091 ± 0.011 -50 ± 1 276.6 ± 4.9 

HB P(BMA-

co-AA)  

263.9 ± 6.9 271.1 ± 0.8 0.122 ± 0.010 -53 ± 1 277.4 ± 4.5 

HB P(LMA-

co-AA)  

302.1 ± 23.4 404.2 ± 12.1 0.381 ± 0.013 -13 ± 7 355.2 ± 5.6 

 

 

 

 

 

 

 

 

 

 

 

 



95 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. TEM micrographs of dispersions of HB random P(nMA-co-AA) 

copolymers in water, stained with uranyl formate: A HB P(MMA-co-AA), B HB 

P(BMA-co-AA) and C HB P(LMA-co-AA).  

 

 Stable dispersions were observed for all three HB block copolymers with PAA 

cores, with measured zeta potentials close to -30 mV. A range of particle sizes were 

seen between the samples, shown in Table 5.3, with the same trends observed in mean 

diameters measured by both TEM and PALS. Again the TEM results were substantially 

smaller due to the drying of the particles onto the grids. SANS data were not obtained 

for these samples. The HB P(AA-b-BMA) copolymer formed particles smaller than 

those of the MMA analogue. HB P(AA-b-LMA) however formed much larger particles 

with a higher standard error and larger dispersity. Well defined spheres with some 
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dispersity can be seen in the images in Figure 5.4 for all three copolymers, which form 

small aggregates.   

 

Table 5.3. Summary of Results for the Characterisation of Dispersions of HB Block 

P(AA-b-nMA) Copolymers in Water Using Particle Sizing and Zeta Potential 

Measurements and TEM 

 

 

 

 

 

 

 

 

 

 

 

 

 

sample mean 

diameter 

(TEM) /nm 

mean 

diameter 

(PALS) /nm 

DI mean zeta 

potential /mV 

HB P(AA-b-

MMA)  

33.1 ± 0.9 124.8 ± 0.9 0.156 ± 0.008 -33 ± 1 

HB P(AA-b-

BMA)  

29.6 ± 0.6 77.0 ± 0.5 0.188 ± 0.007 -31 ± 1 

HB P(AA-b-

LMA)  

49.8 ± 1.1 279.5 ± 16.1 0.224 ± 0.010 -30 ± 1 
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Figure 5.4. TEM micrographs of dispersions of HB block P(AA-b-nMA) copolymers in 

water, stained with uranyl formate: A HB P(AA-b-MMA),  B HB P(AA-b-BMA) and C 

HB P(LMA-b-AA).  

 

 The linear block dispersions of all three copolymers showed very similar results 

in terms of particle sizing, with measured diameters between 245 and 280 nm by PALS 

and 100 and 140 nm by TEM. SANS data were not obtained for these samples. All three 

dispersions displayed very narrow dispersity values. The measured zeta potentials 

indicated high stability as all were below -40 mV. However, the TEM images indicated 

the presence of mixed phases of both large networks and collapsed large spheres or 

vesicles. Mean diameters were calculated from the TEM images by measuring both the 

collapsed structures and the segments of the networks. These mixed phases were seen 
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for both P(MMA-b-AA) and P(BMA-b-AA), whilst P(LMA-b-AA) appeared to form 

isolated collapsed structures. These results do not agree with the very low dispersities 

seen from the PALS results, unless the structures seen in the TEM images are artefacts 

of the drying process. 

 

Table 5.4. Summary of Results for the Characterisation of Dispersions of Linear Block 

P(nMA-b-AA) Copolymers in Water Using Particle Sizing and Zeta Potential 

Measurements and TEM 

 

 

 

 

 

 

 

 

 

 

 

 

 

sample mean diameter 

(TEM) /nm 

mean diameter 

(PALS) /nm 

DI mean zeta 

potential /mV 

P(MMA-b-AA)  140.6 ± 6.8 261.4 ± 1.3 0.068 ± 0.014 -47 ± 1 

P(BMA-b-AA)  108.9 ± 4.1 278.8 ± 1.5 0.068 ± 0.016 -42 ± 1 

P(LMA-b-AA)  133.1 ± 13.3 244.9 ± 1.6 0.069 ± 0.015 -73 ± 2 
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Figure 5.5. TEM micrographs of dispersions of linear block P(nMA-b-AA) copolymers 

in water, stained with uranyl formate: A P(MMA-b-AA), B P(BMA-b-AA) and C 

P(LMA-b-AA).  

 

 The solution characterisation of the dispersions of linear random copolymers 

shows that they are most similar to the HB random dispersions. The results of the 

different methods of measuring particle size show that these copolymers form the 

largest self-assembled structures, with the P(MMA-co-AA) forming the smallest of the 

set and P(LMA-co-AA) the largest. The zeta potentials for the MMA and BMA 

analogues show very stable colloids, whereas the zeta potential of the LMA material is 

much smaller and has a larger standard error, indicating instability in the surface charge. 

This same trend is seen in the HB random copolymer dispersions. The dispersity is also 
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much greater for P(LMA-co-AA) which confirms more variation in the self-assembled 

structures formed from this material. 

 

Table 5.5. Summary of Results for the Characterisation of Dispersions of Linear 

Random P(nMA-co-AA) Copolymers in Water Using Particle Sizing and Zeta Potential 

Measurements, TEM and SANS 

sample mean 

diameter 

(TEM) /nm 

mean 

diameter 

(PALS) /nm 

DI mean zeta 

potential /mV 

mean 

diameter 

(SANS) /nm 

P(MMA-co-

AA)  

360.6 ± 12.3 215.4 ± 0.9 0.099 ± 0.013 -47 ± 2 286.5 ± 1.2 

P(BMA-co-

AA)  

354.1 ± 18.6 238.1 ± 0.7 0.088 ± 0.011 -49 ± 2 251.0 ±4.7 

P(LMA-co-

AA)  

245.7 ± 15.1 140.8 ± 19.6 0.361 ± 0.014 -11 ± 4 181.4 ± 1.3 
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Figure 5.6 TEM micrographs of dispersions of linear random P(nMA-co-AA) 

copolymers in water, stained with uranyl formate: A P(MMA-co-AA), B P(BMA-co-

AA) and C P(LMA-co-AA).  

 

 Dispersions of the HB block copolymers with PnMA forming the cores were 

also studied by TEM, PALS and SANS. The results are summarised in Table 5.6. This 

set of copolymers is a particularly notable example of the effect of changing the 

hydrophobicity of the hydrophobic block through varying the alkyl methacrylate 

monomer used. The TEM images in Figure 5.7 show that vastly different structures 

were formed from each copolymer. The HB P(MMA-b-AA) formed spherical micelles 

with an apparent rough surface, whereas the HB P(LMA-b-AA) formed the smaller 

structures of the three, elliptical micelles with a central dimple. The most interesting 

structures, however, were the lamellar óonionô micelles formed by the HB P(BMA-b-
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AA) copolymers. All three dispersions were shown to be stable by the zeta potential 

results. In this case, the mean diameters measured from the TEM images are not all 

considerably smaller than those measured from the scattering techniques. The average 

PALS result for HB P(BMA-b-AA) is smaller due to the presence of two species within 

the sample resulting in a bimodal distribution; hence the resulting overall mean is 

between the diameters of the larger and smaller particles. The behaviour of the 

dispersions of this set of HB P(nMA-b-AA) copolymers will be studied in more detail 

in Chapter 6.  

 

 

Table 5.6. Summary of Results for the Characterisation of Dispersions of HB block 

P(nMA-b-AA) Copolymers in Water Using Particle Sizing and Zeta Potential 

Measurements, TEM and SANS 

sample mean 

diameter 

(TEM) /nm 

mean 

diameter 

(PALS) /nm 

DI mean zeta 

potential /mV 

mean 

diameter 

(SANS) /nm 

HB P(MMA-

b-AA)  

168.9 ±5.3 159.4 ± 0.9 0.129 ± 0.011 -55 ± 1 136.8 ± 4.9 

HB P(BMA-

b-AA)  

164.1 ± 5.5 82.5 ± 0.7 0.100 ± 0.015 -50 ± 1 162.7 ± 5.4 

HB P(LMA-

b-AA)  

43.8 ± 0.6 59.5 ± 0.8 0.019 ± 0.016 -41 ± 10 70.7 ± 0.2 
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Figure 5.7. TEM micrographs of dispersions of HB block P(nMA-b-AA) copolymers in 

water, stained with uranyl formate: A HB P(MMA-b-AA), B HB P(BMA-b-AA) and C 

HB P(LMA-b-AA).  

 

 It can be seen that the architecture, the monomer distribution and the choice of 

alkyl methacrylate controlling the hydrophobicity of the hydrophobic block all have an 

effect on the self-assembled structures formed by the copolymers when dispersed in 

water. These observed differences between copolymers encompass particle structure, 

size and surface roughness. Figure 5.8 shows a comparison of the spherical particles 

formed by HB P(AA-b-BMA) and HB P(BMA-co-AA). Both copolymers are composed 

of the same monomers in the same architecture but one has a random distribution 

whereas the other is a block copolymer. This difference appears to result in small rough-

surfaced spheres for the block copolymer whereas the random analogue forms larger 

A B 

C 

200 nm 

200 nm 200 nm 
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smooth spheres. It should be noted that it is not necessary to have a segmented structure 

to form spheres: an aspect that is often not alluded to in the block copolymer literature. 

 

 

 

 

 

 

 

Figure 5.8. TEM micrographs of dispersions of P(nMA-AA) copolymers in water, 

stained with uranyl formate, showing the difference in surface roughness between the 

block and random HB structures: A HB P(AA-b-BMA) and B HB P(BMA-co-AA).  

 

 Zeta potential measurements were carried out on dispersions of all eighteen of 

the poly(methacrylate-acrylic acid) copolymers in water. The results of these were seen 

in Tables 5.1-5.6. Each value was obtained from 5 measurement cycles, which were 

repeated in triplicate, and both mean values and standard errors calculated.  Statistical 

analysis on these data was then carried out using the analysis of variance test 

(ANOVA). The procedure for the ANOVA test is explained in Appendix 1. 

 

 

 

 

 

 

A B 

200 nm 200 nm 
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Table 5.7. Statistical Analysis of Zeta Potential Measurements for the Characterisation 

of Dispersions of P(nMA-co-AA) Copolymers in Water using ANOVA 

Source of 

Variation 

F Fcrit P P < 0.05? 

Interaction 23.71 2.16 <0.0001 Y 

Hydrophobicity 10.52 3.32 P = 0.0003 Y 

Architecture 25.52 2.53 <0.0001 Y 

 

Table 5.8. Schematic to illustrate how column factor and row factor are represented in 

two-way ANOVA analysis. 

 

 G HBA HBR LR LB HBM 

MMA  1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

BMA 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

LMA  1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

 

 

 The results of the ANOVA are summarised in Table 5.7. Three mean zeta 

potential values were obtained for each combination of architecture and hydrophobicity. 

In the ANOVA test the data are analysed for differences between architecture (the 

column factor), hydrophobicity (the row factor) and also for interaction between these 

two variables. This is illustrated in Table 5.8. The calculated F value is larger than Fcrit 

for each source of variation. This means that the null hypothesis is rejected and there are 

significant differences between the results in terms of both hydrophobicity (i.e. whether 

methyl, butyl or lauryl methacrylate is used) and copolymer architecture. However, 

there is also interaction between the two factors which makes comparison between 

groups less clear. The Tukey post-hoc analysis was carried out to identify between 

which means the differences occur. The results of this are displayed graphically in 

Figure 5.9. Where no significant difference is indicated, any differences observed are 

within experimental error. 

column factor: architecture 

row factor : 

hydrophobicity 

interaction factor: comparison between column and row 
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Figure 5.9. A graph of mean zeta potential values for the set of copolymers, showing 

the results of Tukey post-hoc analysis. Tie lines show significance level of comparisons 

between sets of copolymers: *** P<0.001, ** 0.001<P<0.01, * 0.01<P<0.5, ns (not 

significant) P Ó 0.05. Here, only significant relationships between copolymers are 

shown on the graph.
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5.3 Small Angle Neutron Scattering  

 Small Angle Neutron Scattering (SANS) is a powerful technique which can be 

applied to study the behaviour of materials on length scales between tens and hundreds 

of nanometres; hence it is suited to the study of soft matter systems such as polymers, 

colloids, surfactants and proteins. Figure 5.10 shows the typical set-up for a SANS 

experiment. The detectors record scattering from the sample in terms of the number of 

scattered neutrons as a function of the wave vector, Q. The background scattering is 

then subtracted to yield reduced data representing scattering by the sample. Fitting 

mathematical models to the reduced data leads to the calculation of various parameters, 

which give information on bulk properties of the polymer such as the size, structure, 

dispersity and particle interaction. 

 

 

 

 

 

 

Figure 5.10. Typical set-up for a SANS experiment 

 

 SANS studies were carried out in two separate 48 hour beamtime allocations on 

the LoQ instrument at the ISIS facility. Due to time constraints, only 4 of the 6 sets of 

copolymers were studied: graft, HB block with alkyl methacrylate core, HB random and 

linear random. A series of five different solvent systems were chosen to investigate how 

the conformations of the copolymers changed in different solvency conditions. 

Deuterated THF (d-THF) is a good solvent for both poly(alkyl methacrylate) and 

poly(acrylic acid) blocks. D2O, however, is a good solvent for PAA but a poor solvent 

for the PnMA blocks. The copolymers were studied in a 1:1 mixture of d-THF and D2O, 

and also dispersed into D2O. CDCl3, on the other hand, is a good solvent for the PnMA 

blocks but a poor solvent for PAA. A 1:1 mixture of d-THF and CDCl3 was used to 

 
 

 

transmitted 
beam 

detector 
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of wavelength ˂  

scattering 
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scattered 
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reverse the solvent selectivity compared to the d-THF:D2O mixture. The final solvent 

was deuterated ethanol (d-EtOH), which was chosen to gain some information as to 

how the copolymers may behave in the ink formulation, which is primarily ethanol-

based. 
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Figure 5.11 Scattering profiles for the reduced data obtained from P(nMA-AA) 

copolymers at 0.5% concentration in d-THF. Circles represent data points and solid 

lines represent optimal model fit. Error bars represent the standard error on each data 

point, but are not visible on some data points (at low Q due to small size of error bars, at 

high Q due to large size of error bars). (key: letters refer to architecture and distribution 

HBR = highly branched random, HBM = highly branched methacrylate core, G = graft 

and LR = linear random, numbers refer to methacrylate monomer 1 = MMA, 2 = BMA 

and 3 = LMA) 

 

 Figure 5.11 shows the scattering profiles obtained for the twelve copolymers in 

d-THF. SASView software was used to fit the scattering data to mathematical models. 

Appendix 2 summarises the values of fitting parameters obtained from the fitting of 
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various models to the data whilst Appendix 3 presents the model fits to the scattering 

data.  

The best fit to this particular set of data was found using the óPoly_GaussCoilô 

model, represented as solid lines on the graph. This provides an empirical form for the 

scattering from a disperse polymer chain in a good solvent, i.e. a Gaussian coil. The 

functional form for this model is given by Equation 5.3:
203, 204

 

 

                               Equation 5.3 

 

I(Q) represents the scattering intensity, bkg the background, x is the 

dimensionless chain dimension (Equation 5.4) and U is the Schultz-Zimm dispersion in 

the molecular weight distribution (Equation 5.5).  

                                          Equation 5.4 

 

                               Equation 5.5 

Additionally, Rg represents the radius of gyration of the polymer, Q the 

scattering vector, Mw the weight-average molecular weight and Mn the number-average 

molecular weight.  

 It would be expected for all of these materials to adopt a Gaussian coil 

conformation in d-THF as it is a good solvent for both blocks. The model provides 

values for parameters including Rg and dispersity. Table 5.9 summarises the values of 

Rg and dispersity obtained. Full tables of calculated parameters are provided in 

Appendix 2. The Rg values obtained for these copolymers range between 50 to 150 Å 

(5 to 15 nm) which are typical for Gaussian coils. Larger values of dispersity were 

observed for both the linear and branched random materials compared to the graft and 

branched block copolymers. Dispersities were consistent within architecture and 

distribution groups (e.g. all three HBR copolymers had dispersities between 4.10 and 

5.00 whilst all G copolymers had dispersities between 1.04 and 1.86).  
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Table 5.9. Selected Results of Model Fitting to SANS Data of P(nMA-AA) 

Copolymers in d-THF 

sample Mw/Mn Rg /Å 

HBR1 5.00 87.4 

HBR2 4.10 74.2 

HBR3 4.96 50.5 

LR1 5.00 90.4 

LR2 5.00 64.5 

LR3 2.75 57.8 

G1 1.04 98.7 

G2 1.70 148.0 

G3 1.86 68.7 

HBM1 3.11 145.0 

HBM2 3.43 90.5 

HBM3 3.00 106.1 

 

 

 The second solvent system was a 1:1 mixture of d-THF and D2O, to investigate 

the effect of adding a block-selective solvent. As the solvency conditions change, it 

would be anticipated that the PAA segments would remain well-solvated whilst the 

PnMA segments would begin to collapse. Figure 5.12 shows the scattering profiles for 

all twelve copolymers, with solid lines representing the model fits. The scattering 

intensity is much greater for these materials at low Q compared to the scattering in d-

THF. This can indicate the presence of attractive interactions between particles causing 

larger particles or aggregates to form. 

 

 



111 
 

0 .0 1 0 .1 1

0 .0 0 0 1

0 .0 0 1

0 .0 1

0 .1

1

1 0

Q  /Å
- 1

I(
Q

) 
/c

m
-1

H B R 1

H B R 2

H B R 3

H B R 1  fra c ta l f it

H B R 2  fra c ta l f it

H B R 3  G a u s s ia n  fit

0 .0 1 0 .1 1

0 .0 0 0 1

0 .0 0 1

0 .0 1

0 .1

1

1 0

1 0 0

Q  /Å
- 1

I(
Q

) 
/c

m
-1

LR 1

LR 2

LR 3

L R 1  G a u s s ia n  fit

L R 2  fra c ta l f i t

L R 3  fra c ta l f i t

0 .0 1 0 .1 1

0 .0 0 0 1

0 .0 0 1

0 .0 1

0 .1

1

1 0

1 0 0

Q  /Å
- 1

I(
Q

) 
/c

m
-1

G 1

G 2

G 3

G 1  fra c ta l f i t

G 2  s p h e re  fit

G 3  fra c ta l f i t

0 .0 1 0 .1 1

0 .0 0 0 1

0 .0 0 1

0 .0 1

0 .1

1

1 0

1 0 0

1 0 0 0

Q  /Å
- 1

I(
Q

) 
/c

m
-1

H B M 1

H B M 2

H B M 3

H B M 1  fra c ta l f it

H B M 2  fra c ta l f it

H B M 3  s p h e re  fit

     

Figure 5.12. Scattering profiles for the reduced data obtained from P(nMA-AA) 

copolymers at 0.5% concentration in 1:1 d-THF:D2O mixtures. Circles represent data 

points and solid lines represent optimal model fit. Error bars represent the standard error 

on each data point, but are not visible on some data points (at low Q due to small size of 

error bars, at high Q due to large size of error bars). (key: letters refer to architecture 

and distribution HBR = highly branched random, HBM = highly branched methacrylate 

core, G = graft and LR = linear random, numbers refer to methacrylate monomer 1 = 

MMA, 2 = BMA and 3 = LMA) 

 

 Differences between the behaviour of the copolymers due to both architecture 

and composition began to be seen in this solvent system. Whilst two copolymers, LR1 

and HBR3, fitted best to the Poly_GaussCoil model indicating that they were still 

dissolved despite the D2O addition, other models were found to best represent the rest of 

the data. 

 The first of these is the fractal model, which is used to calculate the scattering 

from fractal-like aggregates composed of spherical building blocks.
205

 Equation 5.6 

represents the overall scattering intensity, where P(Q) is a function of the form factor, 

F(Q), and S(Q) is the structure factor, with bkg the background level.               

     



112 
 

                               Equation 5.6 

The form factor depends on the spatial distribution of the scattering lengths of 

the atoms in the sample, known as the contrast; hence the form factor F(Q) is the 

Fourier transform of the contrast evaluated over the particle volume. If the particles are 

approximated to uniform spheres of SLD ɟ, radius R0 and volume V (given by Equation 

5.9 for a sphere), then P(Q) can be represented by Equation 5.7. Here the function of 

F(QR0) is expanded in Equation 5.8.  

                              Equation 5.7 

                             Equation 5.8 

                                                     Equation 5.9 

 

S(Q), the structure factor, describes the spatial distribution of the individual 

scattering particles, through a Fourier transform of a pair correlation function. It is given 

by Equation 5.10, where Df is the fractal dimension, ũ is the gamma function, and ɝ is 

the correlation length. S(Q) can be considered here as the form factor of a group of 

fractal objects distributed on a larger scale in space. The correlation length is introduced 

as a cutoff distance to describe how the pair correlation function behaves at large 

distances. It represents the distance above which the fractal law no longer applies to 

describe the mass distribution in the sample; in practice, it represents the size of the 

larger aggregate, such as the Rg of a branched polymer nearing gelation.
206, 207

 

 

                                       Equation 5.10 

 

 

The significant fitting parameters obtained from this model are the radius of the 

building blocks, the correlation length (representing the size of the larger aggregates), 

the scattering length density (SLD) of the polymer and the fractal dimension. The value 

of the fractal dimension indicates the type of fractal which is formed: Df below 3 
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indicates mass fractals, which are formed by clustering of smaller particles, whereas Df 

greater than 3 is characteristic of surface fractals, meaning particles with a rough 

ófractalô surface. Different types of mass fractals are also indicated by Df values, as 

demonstrated in Figure 5.13 below. 

 

 

 

 

 

 

Figure 5.13. Schematic representation of the various fractal dimensions for mass fractal 

systems. Adapted from NIST Center for Neutron Research website.
208

 

 

The second model which describes some of the d-THF:D2O data is the sphere 

model.
209

 This provides the form factor, P(Q), for a monodisperse spherical particle 

having a uniform SLD, as shown in Equation 5.11, where ȹɟ represents the difference 

in SLD between the solvent and the polymer (the contrast), R represents the radius of 

the sphere, bkg is the background level and V represents the volume of the scattering 

object; in this way the scale represents the volume fraction of the scatterer. 

 

                             Equation 5.11 

  

The important parameters obtained from this model are the radius and the SLD 

of the sphere. Table 5.10 summarises the results of the model fitting for each polymer, 

reporting the best model fit and the corresponding parameters obtained. 
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 The majority of the data fitted best to the fractal model. This is thought to 

represent the polymer chains beginning to collapse and aggregate as the solvency 

conditions change. Following the addition of D2O, the poly(alkyl methacrylate) chains 

will be less solvated and begin to collapse, but both the presence of d-THF and the fact 

that the poly(acrylic acid) segments remain well solvated prevents them from 

precipitating entirely. However, the chains begin to aggregate to minimise the 

interfacial energy and keep the hydrophobic PnMA segments away from the D2O. The 

fractal dimensions of all of the data were very close to 3, indicating the formation of 

mass fractals in the configuration of clustered networks of small particles. The 

calculated radii of the building blocks are close to 20 Å (2 nm) representing the 

collapsed copolymers, whilst the size of the larger aggregates ranges from 200-350 Å 

(20-35 nm) for G1 and HBM2 and between 1000-1700 Å (100-170 nm) for LR2, LR3, 

G3, HBR1, HBR2 and HBM1. In the case of the G2 and HBM3 copolymers, the 

aggregation process has progressed further to the point of forming self-assembled 

structures, which are represented by the sphere model.   
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Table 5.10. Selected Results of Model Fitting to SANS Data of P(nMA-AA) Copolymers in 1:1 d-THF:D2O Mixtures 

sample model Mw/Mn Rg /Å correlation 

length, ɝ /¡ 

fractal 

dimension 

radius /Å SLD block 

/Å
-2

 

radius /Å SLD sphere 

/Å
-2

 

HBR1 fractal   1310.6 3.00 20.1 2.23 x10
-6
   

HBR2 fractal   1711.7 3.01 20.9 2.29 x10
-6
   

HBR3 Gaussian 5.00 65.2       

LR1 Gaussian 2.95 69.1       

LR2 fractal   1026.4 3.01 14.6 1.58 x10
-6
   

LR3 fractal   1292.4 3.00 11.4 1.41 x10
-6
   

G1 fractal   197.6 3.00 13.6 1.97x10
-6
   

G2 sphere       443.0 3.54 x10
-6
 

G3 fractal   1383.5 3.00 6.9 1.40 x10
-6
   

HBM1 fractal   1593.7 3.00 11.0 2.09 x10
-6
   

HBM2 fractal   347.2 3.05 17.7 2.00 x10
-6
   

HBM3 sphere       1236.9 1.67 x10
-6
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Figure 5.14 shows the scattering profiles obtained from the set of copolymers 

when dispersed into D2O, following the same solvent switch procedure as outlined in 

section 5.2. As seen in the d-THF:D2O mixture, the scattering intensity is large for these 

materials at low Q, indicating the presence of attractive interactions between particles 

causing large particles or aggregates to form. This is particularly noticeable for the graft 

copolymers, and HB P(LMA-b-AA). 

There is also a noticeable increase in noise in this data set. This means that for 

the samples which exhibit low scattering, namely all three HBR samples and HBM1, 

the scattering is not clearly distinct from the background noise. As a result the data is 

more difficult to fit, and the model fits are not necessarily reliable but represent the best 

possible result.   
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Figure 5.14. Scattering profiles for the reduced data obtained from P(nMA-AA) 

copolymers at 0.5% concentration in D2O. Circles represent data points and solid lines 

represent optimal model fit. Error bars represent the standard error on each data point, 

but are not visible on some data points (at low Q due to small size of error bars, at high 

Q due to large size of error bars). (key: letters refer to architecture and distribution HBR 

= highly branched random, HBM = highly branched methacrylate core, G = graft and 

LR = linear random, numbers refer to methacrylate monomer 1 = MMA, 2 = BMA and 

3 = LMA) 

 

 The overall scattering profiles appear similar for the same copolymers in d-

THF:D2O and D2O. However, peaks are visible in some of the scattering profiles at 

medium Q. The most significant peak is seen in the scattering from HBM2, which 

appears to be a Bragg-like peak suggesting the presence of a multiple-layered structure. 

Less significant peaks were observed for LR3, G1, G2, HBM1 and HBM3.  

The most suitable model to fit these data exhibiting peaks at medium Q was the 

Lamellar ParaCrystal model.
210

 This is used to calculate the scattering from a stack of 

repeating lamellae, which is considered as a paracrystal to account for the repeat 

spacing. The model has also been used to model the scattering from multilamellar 
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vesicles. Equation 5.12 is used to calculate the scattering, where ȹɟ represents the 

difference in SLD between the solvent and the polymer (the contrast), ZN(Q) represents 

the interference effects where more than one bilayer is present and ũm is the mass per 

area of the bilayer. In this application of the model, the scale factor is used instead of ũm 

and represents the volume fraction of the material forming the bilayer. Pbil(Q) is the 

form factor of the bilayer, given by Equation 5.13 in which it is approximated as the 

cross section of an infinite planar bilayer, where t represents the layer thickness. 

                             Equation 5.12 

 

                             Equation 5.13 

 

  

Where there is a non-integer number of layers (NL), Equation 5.14 is used to 

calculate the value from a linear combination of the higher and lower values.  

                           Equation 5.14 

 These six copolymers fitted to the Lamellar ParaCrystal model, suggesting a 

structure composed of layers with the hydrophobic PnMA on the inside to avoid the 

D2O and PAA segments on the outer surfaces. The SLD values of the self-assembled 

structures are higher than those calculated for the copolymers alone, indicating the 

presence of D2O within the particles. LR3, G1, HBM1 and HBM3 are composed of 

between two and three layers, hence the non-integer value, and G2 has between one and 

two layers. The most interesting case is that of the HBM2 copolymers which appears to 

have 10 layers. These are much thinner compared to those of the other copolymers. This 

particular material will be studied in more detail in Chapter 6.  

 The scattering profiles of the rest of the copolymers fitted well to the sphere 

model. Table 5.11 summarises the important parameters obtained from the model fits. 

The particle sizes obtained agreed well with those determined through other techniques, 

as seen in Figure 5.15. The size by TEM, assessed through the use of ImageJ image 

analysis software to measure at least 100 particles in each case, is smaller than those 

measured by PALS and SANS for almost all materials. This is expected, however, as 
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TEM requires the particles to be dried onto grids before imaging whilst the other 

techniques are carried out in solution. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.15. Comparison of particle sizes of P(nMA-AA) copolymers self-assembled 

in H2O (D2O for SANS) measured by: TEM (blue diamonds), PALS (red squares) and 

SANS (green triangles). Error bars represent the standard error on each data point, but 

are not visible on some data points. (key: letters refer to architecture and distribution 

HBR = highly branched random, HBM = highly branched methacrylate core, HBA = 

highly branched acrylic acid core, G = graft, numbers refer to methacrylate monomer 1 

= MMA, 2 = BMA and 3 = LMA) 
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Table 5.11. Selected Results of Model Fitting to SANS Data of P(nMA-AA) Copolymers in D2O 

sample model radius /Å SLD sphere 

/Å
-2

 

No. of 

layers 

SLD layer 

/Å
-2

 

spacing 

/Å 

thickness 

/Å 

HBR1 sphere 1383.2 4.42 x10
-6
     

HBR2 sphere 1386.9 4.00 x10
-6
     

HBR3 sphere 1776.0 5.83 x10
-6
     

LR1 sphere 1432.4 3.61 x10
-6
     

LR2 sphere 1255.2 4.16 x10
-6
     

LR3 Lamellar ParaCrystal   2.10 3.77 x10
-6
 653.1 259.9 

G1 Lamellar ParaCrystal   2.00 1.40 x10
-6
 169.6 171.6 

G2 Lamellar ParaCrystal   1.61 1.81 x10
-6
 167.6 167.6 

G3 sphere 582.12 2.35 x10
-6
     

HBM1 Lamellar ParaCrystal   2.44 3.71 x10
-6
 179.7 188.6 

HBM2 Lamellar ParaCrystal   10.37 2.07 x10
-6
 114.6 42.3 

HBM3 Lamellar ParaCrystal   2.60 2.29 x10
-6
 166.6 138.9 
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 The next solvent system to be investigated was a 1:1 mixture of d-THF and 

CDCl3. This was intended as a reversal of the solvency conditions of d-THF:D2O, as 

CDCl3 is a good solvent for the PnMA segments but a poor solvent for PAA. The 

scattering profiles for this data set are shown in Figure 5.16. 
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Figure 5.16. Scattering profiles for the reduced data obtained from P(nMA-AA) 

copolymers at 0.5% concentration in 1:1 d-THF:CDCl3 mixtures. Circles represent data 

points and solid lines represent optimal model fit. Error bars represent the standard error 

on each data point, but are not visible on some data points (at low Q due to small size of 

error bars, at high Q due to large size of error bars). (key: letters refer to architecture 

and distribution HBR = highly branched random, HBM = highly branched methacrylate 

core, G = graft and LR = linear random, numbers refer to methacrylate monomer 1 = 

MMA, 2 = BMA and 3 = LMA) 

 

 The majority of the copolymers were found to remain as Gaussian coils 

following the addition of CDCl3 to d-THF, including all branched and linear random 

materials in addition to G3 and HBM1. G1, G2, HBM2 and HBM3 on the other hand 

fitted best to the fractal model, indicating that these copolymers were beginning to 
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aggregate into larger structures as the solvency conditions changed. Table 5.12 

summarises the values of fitting parameters obtained from these models. The calculated 

values of the fractal dimension were between 2 and 3, indicating that the mass fractal 

structures formed are in transition from Gaussian chains to clustered networks of 

particles. The correlation lengths for these copolymers are smaller than those for the 

fractals formed in d-THF:D2O, indicating a lesser degree of network formation. 

Additionally, the radii of the fractal building blocks are smaller.
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Table 5.12. Selected Results of Model Fitting to SANS Data of P(nMA-AA) Copolymers in 1:1 d-THF:CDCl3 Mixtures 

sample model Mw/Mn Rg /Å correlation 

length, ɝ /¡ 

fractal 

dimension 

radius /Å SLD block 

/Å
-2

 

HBR1 Gaussian 4.96 116.2     

HBR2 Gaussian 4.83 85.3     

HBR3 Gaussian 1.03 100.9     

LR1 Gaussian 1.56 101.2     

LR2 Gaussian 2.98 82.2     

LR3 Gaussian 2.00 56.7     

G1 fractal   328.1 2.36 4.9 3.19 x 10
-6
 

G2 fractal   499.7 2.03 4.0 1.56 x 10
-6
 

G3 Gaussian 2.48 116.8     

HBM1 Gaussian 1.67 86.5     

HBM2 fractal   364.7 2.10 5.0 4.34 x 10
-6
 

HBM3 fractal   102.7 3.01 3.8 2.31 x 10
-6
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 Finally, the behaviour of the copolymers in d-EtOH was investigated, since the 

ink formulations tested later in Chapter 8 are primarily ethanol-based. The copolymers 

were dispersed into d-EtOH from THF using the same solvent switch method as 

employed for dispersion into D2O. Only the BMA versions of the copolymers were used 

for SANS, as these were the materials used in printing studies. Figure 5.17 shows the 

scattering profiles for this set of copolymers. 
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Figure 5.17. Scattering profiles for the reduced data obtained from P(BMA-AA) 

copolymers at 0.5% concentration in d-EtOH. Circles represent data points and solid 

lines represent optimal model fit. Error bars represent the standard error on each data 

point, but are not visible on some data points (at low Q due to small size of error bars, at 

high Q due to large size of error bars). (key: letters refer to architecture and distribution 

HBR = highly branched random, HBM = highly branched methacrylate core, G = graft, 

LR = linear random, HBA = highly branched acrylic acid core and LB = linear block, 

numbers refer to methacrylate monomer, 2 = BMA) 

 

 

In this solvent system, the scattering of the copolymers differed strongly 

according to their monomer sequence distribution. The scattering of both random 
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copolymers, HBR2 and LR2, was best represented by the Gaussian model, indicating 

that they remained dissolved in d-EtOH. However, the other four copolymers having 

segmented structures, G2, HBM2, HBA2, and LB2, displayed higher scattering 

intensities which were found to be best fitted by the fractal model. This indicated that 

these copolymers have a tendency to begin aggregating into larger structures in d-EtOH. 

This could have significance for the formulation of inks, as the formation of aggregates 

in the ink prior to or during the printing process could lead to nozzle clogging and 

consequently a decrease in print quality.  The values of the fitting parameters obtained 

from these models are summarised in Table 5.13. Here, the fractal dimensions are close 

to 5/3 which is the standard value for swollen polymer chains, showing that the fractal 

aggregates are composed of aggregated swollen chains instead of clustered networks. 
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Table 5.13. Selected Results of Model Fitting to SANS Data of P(BMA-AA) Copolymers in d-EtOH 

 

 

sample model Mw/Mn Rg /Å correlation 

length, ɝ /¡ 

fractal 

dimension 

radius /Å SLD block 

/Å
-2

 

HBR2 Gaussian 2.38 56.0     

LR2 Gaussian 3.99 48.5     

G2 fractal   499.9 1.49 6.0 1.40 x10
-6
 

HBM2 fractal   599.2 1.72 4.2 1.60 x10
-6
 

HBA2 fractal   499.9 1.48 5.7 1.47 x10
-6
 

LB2 fractal   166.1 1.57 5.3 1.40 x10
-6
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Table 5.14. Summary of SANS Results: Comparison of Models for P(nMA-AA) 

Copolymers in each Solvent System 

 

Table 5.14 summarises the results of the model fits for the SANS data of each 

copolymer in each solvent system. This allows identification of trends within the data. 

In d-THF all copolymers are well solvated and therefore form Gaussian coils, since both 

PAA and PnMA segments experience a good solvent environment. In the other four 

solvent systems, changes in self-assembly behaviour are observed for different 

copolymers. Overall, the random and segmented copolymers exhibit different responses 

to solvent environment. This is seen most clearly in d-EtOH, in which the two random 

copolymers form Gaussian coils whilst the four segmented copolymers form fractal 

aggregates. The trend is less evident in the other solvent systems but still present: for 

example, in D2O all the random copolymers form spheres whilst the segmented 

sample d-THF 1:1 d-

THF:D2O 

D2O 1:1 d-

THF:CDCl3 

d-EtOH 

HBR1 Gaussian fractal sphere Gaussian  

HBR2 Gaussian fractal sphere Gaussian Gaussian 

HBR3 Gaussian Gaussian sphere Gaussian  

LR1 Gaussian Gaussian sphere Gaussian  

LR2 Gaussian fractal sphere Gaussian Gaussian 

LR3 Gaussian fractal Lamellar 

ParaCrystal 

Gaussian  

G1 Gaussian fractal Lamellar 

ParaCrystal 

fractal  

G2 Gaussian sphere Lamellar 

ParaCrystal 

fractal fractal 

G3 Gaussian fractal sphere Gaussian  

HBM1 Gaussian fractal Lamellar 

ParaCrystal 

Gaussian  

HBM2 Gaussian fractal Lamellar 

ParaCrystal 

fractal fractal 

HBM3 Gaussian sphere Lamellar 

ParaCrystal 

fractal  

LB2     fractal 

HBA2     fractal 
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copolymers form multilamellar micelles, with the notable exceptions of LR3 and G3. 

These two copolymers, however, are among the exceptions from the 1:1 PnMA:PAA 

molar ratio, with G3 having no detectable PAA and LR3 having much more PAA than 

PLMA (1.7:1.0), which may explain why they behave differently to the rest of the 

materials with equivalent structure. For the most part, the segmented structures show 

more response to the solvent system, meaning that they are quicker to form self-

assembled structures, whereas the random copolymers respond less: either by remaining 

as Gaussian coils or by forming less organised self-assembled structures, such as 

spheres instead of multilamellar structures. This is due to structural differences in the 

copolymers. In the segmented copolymers the separate blocks are able to move and 

respond more independently to the solvent conditions, whereas in the random 

copolymers the PAA and PnMA segments are distributed randomly and unable to move 

independently, therefore it is much more difficult for them to aggregate together. 

 

5.4 Conclusions 
 The poly(alkyl methacrylate-acrylic acid) copolymers were dispersed into water, 

a block-selective solvent for the hydrophilic block, using the solvent switch method 

starting from THF. A combination of TEM, PALS (including particle sizing and zeta 

potential measurements) and SANS was used to study the self-assembly behaviour of 

the materials. Differences in the self-assembled structures formed were observed due to 

architecture, monomer distribution and also the hydrophobicity of the alkyl 

methacrylate monomer. Larger, smooth sperical micelles were observed for the random 

materials in both branched and linear architectures. The block and graft copolymers, on 

the other hand, formed a greater range of structures including aggregates, spherical 

micelles and more unusual structures such as lamellar óonionô micelles. 

 Small angle neutron scattering was used to study the copolymer behaviour in a 

range of different solvent systems. In d-THF, a good solvent for both blocks, all the data 

fitted to the Gaussian coil model indicating that the copolymers were well solvated. 

Differences between the copolymers were observed in the other solvent systems. 

Following the addition of D2O to form 1:1 d-THF:D2O mixtures, the majority of 

copolymers were represented by a fractal model as the chains began to aggregate and 

form clustered networks, whilst a couple of materials either remained Gaussian coils or 

aggregated further to form spheres. All copolymers formed self-assembled structures in 
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D2O. Most scattering profiles fitted well to the sphere model whilst some notable 

examples exhibited lamellar behaviour similar to that of multi-lamellar vesicles. When 

CDCl3, a hydrophobic block-selective solvent, was added to d-THF in a 1:1 mixture, the 

copolymers primarily remained as Gaussian coils with four materials beginning to 

aggregate into fractals. D-EtOH was also studied to simulate the solvent base used for 

the printing ink formulation. The behaviour of the copolymers was found to vary 

according to monomer sequence distribution: both branched and linear random 

copolymers were well-solvated as Gaussian coils whilst the block and graft copolymers 

formed fractal aggregates of swollen chains.         
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6. Formation of Onion Micelles from the Self -Assembly of HB 

P(BMA-b-AA) in Water  

 

 

6.1 Introduction  

The self-assembly of amphiphilic block copolymers in solution has led to the 

formation of many aggregates with interesting morphologies including spherical 

micelles, vesicles, rods, tubes and lamellae.
195, 211-214

 For linear amphiphilic block 

copolymers in a block selective solvent, variation of copolymer morphology from 

spheres to worms to vesicles can be observed. It has been proposed that there exists a 

packing parameter, P, which can control the type of morphology formed. This concept 

was introduced to rationalise surfactant self-assembly
215

 and was later extended to 

include the self-assembly of diblock copolymers.
216

 A short stabiliser (hydrophilic) 

block results in a low steric barrier to micelle fusion and therefore a drive to achieve 

greater stability through the formation of larger structures, whereas long stabiliser 

blocks provide effective steric stabilisation, removing the drive for micelle fusion.
217

 

 The most widely studied of these supramolecular aggregates are micelles, which 

can be classified into simple and complex micelles. Simple micelles, called primary 

micelles by Eisenberg,
218

 are formed by the primary aggregation of block copolymers in 

a block-selective solvent due to microphase separation. Complex micelles, however, are 

larger in size with a more complicated structure.
196, 219

 These are large compound 

micelles (LCMs) formed from the secondary aggregation of primary micelles.  

 Large micelles have also been reported from the self-assembly of dendrimers 

and highly branched (HB) copolymers in solution. Branching within copolymer 

molecules leads to an overall globular structure. This results in the existence of different 

mechanisms of self-assembly compared to linear block copolymers.
201

 HB copolymers 

tend to form unimolecular micelles in solution, which undergo secondary aggregation 

into multimicelle aggregates (MMAs).
199

 

In this chapter, we show that the branched P(BMA-b-AA) copolymer forms lamellar 

óonionô micelles. The mechanism of formation of these unusual structures is 

investigated.  These micelles exhibit a temperature response which can be used to 

encapsulate and release Rhodamine B, a model compound.  
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 Self-organised precipitation (SORP) involves the evaporation of a good solvent 

from a mixture of both good and poor solvents, allowing the formation of well-

developed separation structures in block copolymer nanoparticles. The kinetically-

preferred morphology is formed on removal of solvent from the disordered solvent-

containing nanoparticles.
220

 Thus, the evaporation of a good solvent from a good-poor 

solvent mixture results in the trapping of kinetic structures.
221

 These in-plane structured 

micelles are metastable and locked in a kinetically trapped nonergodic state of 

dispersion (i.e. a local equilibrium) which is stabilised by glassy domains within the 

polymer. It was found that further annealing of the structures, either by the action of 

heat or solvent, led to formation of the thermodynamically preferred morphology.
222

   

 

6.2 Self-Assembly of HB P(nMA-b-AA) Copolymers in Water  

 As shown in Section 5.2, the three HB P(nMA-b-AA) copolymers self-assemble 

into very different structures when dispersed into water. Spherical micelles with a rough 

appearance to the particle surface are formed from the HB P(MMA-b-AA) copolymer. 

The BMA analogue, however, forms lamellar óonionô micelles. Figure 6.1 shows a 

larger TEM image of these structures. The HB P(LMA-b-AA) copolymer forms much 

smaller particles which are more elliptical in shape and have a dimple in the centre. 

These results clearly demonstrate the strong effect that changing the alkyl group on the 

methacrylate monomer has on the self-assembly behaviour, as the architecture, degree 

of branching and molecular weights were kept as constant as possible and could not 

account for the differences in self-assembled structures observed. Further experiments 

were therefore carried out on this set of copolymers to investigate the unusual behaviour 

observed. 
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Figure 6.1. TEM image of HB P(BMA-b-AA) self-assembled into onion micelles in 

water, negatively stained with uranyl formate.  

 

SEM was used to investigate whether the onion micelles had flat disc-like 

structures or three-dimensional spherical structures. SEM is used to study the surface of 

the sample whereas TEM can enable visualisation of the internal structure. A TEM grid 

to which a stained HB P(BMA-b-AA) dispersion was adsorbed was sputter-coated with 

Au and used for SEM imaging to allow direct comparison between the TEM and SEM 

images. The SEM images in Figure 6.2 show that the onion micelles are in fact 

spherical, and the lamellar structure as shown by TEM is a series of internal concentric 

shells.   

 

200 nm 
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Figure 6.2. SEM images of the spheres formed by HB P(BMA-b-AA). A TEM grid 

with adsorbed HB P(BMA-b-AA), stained with uranyl formate, was sputter-coated with 

Au and imaged by SEM 

 

SANS was used to study dispersions of the copolymers in D2O. Diverse 

scattering profiles were obtained for the three samples, as seen in Figure 6.3. A clear 

Bragg peak was observed for the HB P(BMA-b-AA) sample which is characteristic of a 

multilayered structure. The simple relation Equation  6.1: 
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           Equation 6.1 

can be used to predict the layer spacing. Using the Q value of the Bragg peak an average 

spacing of 12 nm is predicted for HB P(BMA-b-AA). Despite the apparent differences 

in the profiles, the scattering of all three copolymers fitted to a Lamellar ParaCrystal 

model.
210

 Table 6.1 summarises the values of the fitting parameters obtained from the 

model. It must be noted that due to the greater amount of noise in the scattering of the 

HBM1 particles, the model fit is much less reliable than those of the other copolymers 

and therefore the parameters in Table 6.1 are subject to a large degree of error.  
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Figure 6.3. SANS scattering profiles of I(Q) against Q for the reduced data obtained 

from HB P(nMA-b-AA) copolymers dispersed in D2O at 0.5% w/v (HBM1: HB 

P(MMA-b-AA), HBM2: HB P(BMA-b-AA), HBM3: HB P(LMA-b-AA)). Solid line 

shows fits to Lamellar ParaCrystal Model for each copolymer. 
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Table 6.1 Summary of Values Obtained for Fitting Parameters from Model Fit to HB 

P(nMA-b-AA) SANS Data 

Model Parameter HBM1 HBM2 HBM3 

Number of layers 2.44 10.37 2.60 

Dispersity of spacing 0.25 0.22 0.24 

SLD layers /Å
-2

 3.71 x 10
-6
 2.07 x 10

-6
 2.29 x 10

-6
 

Spacing /Å 179.7 114.6 166.6 

Thickness /Å 188.6 42.3 138.9 

 

 The model fit gives a layer spacing for HBM2 of 11.4 nm, which is very close to 

the spacing obtained from the Bragg peak, and demonstrates some associated dispersity 

which can be observed in the TEM images. The model suggests an average of ten layers 

which also seems to agree with the TEM results. The scattering length density (SLD) of 

the layers is approximately 2.07x 10
-6

 Å
-2

. This shows that there is water within the 

onion structure as the calculated SLD for the copolymer is 1.4 x 10
-6

 Å
-2

. 

 Interestingly, lamellar structures were also indicated for HBM1 and HBM3, but 

with much fewer layers. The results suggest a mixture of bi- and tri-layered micelles, 

with much thicker layers than calculated for HBM2. Increased values of SLD again 

indicate the presence of D2O within the micelle structure.    
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Figure 6.4. Representative TEM images of copolymers A: HB P(MMA-b-AA), B: HB 

P(BMA-b-AA) and C: HB P(LMA-b-AA) self-assembled in water and D: HB P(MMA-

b-AA), E: HB P(BMA-b-AA) and F: HB P(LMA-b-AA) following annealing at 45°C 

for 12 hours. Samples were stained with uranyl formate. Inset text displays the results of 

particle sizing measurements. 

 

 Annealing was carried out on the dispersions to investigate whether the self-

assembled structures responded to temperature. Sample tubes containing copolymer 

dispersion in water were sealed and immersed in an oil bath heated to 45°C for 12 

hours. Samples were removed and imaged by TEM before and after the annealing 

period, as shown in Figure 6.4. Particle sizing measurements were also performed. The 

HB P(MMA-b-AA) and HB P(LMA-b-AA) structures underwent a small increase in 

size and associated error, and their shapes appeared to become slightly more irregular. 

The HB P(BMA-b-AA) micelles also underwent a small increase in particle size and the 

error increased. More significantly, the lamellar structure was no longer present, with a 

more vesicle-like structure observed. 

100 nm 100 nm 100 nm 

100 nm 100 nm 100 nm 

89.6 ± 1.0 nm 164.3 ± 1.5 nm 57.3 ± 0.8 nm 

96.3 ± 1.9 nm 169.5 ± 3.0 nm 60.9 ± 1.7 nm 

A B C 

E F D 
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 A second study was carried out to investigate the time-dependence of the 

annealing process. A sample of onion micelles in water was heated at 40 ºC and samples 

were removed and analysed by TEM during the annealing process. Figure 6.5 shows 

some of the images taken at time points of 8, 14, 17 and 20 hours.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. Representative TEM images of HB P(BMA-b-AA) onion micelles self-

assembled in water following annealing at 40 °C after A) 8 h, B) 14 h, C) 17 h and D) 

20 h. Samples were negatively stained with uranyl formate. Onion micelles are still seen 

after 8 h (A) but reorganisation begins to be observed by 14 h (B) and is evident by 17 h 

(C). Vesicle-like structures are observed after 20 h of annealing (D). 

  

A B 

C D 

100 nm 100 nm 

100 nm 100 nm 
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Lamellar structure was still observed in the images taken following eight hours 

of annealing. By 14 hours, however, some evidence of unravelling and reorganisation 

was seen, with some of the structures no longer having visible layers. A much greater 

degree of unravelling of the onion structures was observed in the sample taken after 17 

hours of annealing, with some structures having a more vesicle-like appearance. The 

final image shows the structures after 20 hours of heating. The majority of structures 

observed adopted a vesicle-like structure with no visible lamellar structures, although a 

few lamellar domains were observed such as the one seen in the image in Figure 6.5. 

These results show that the annealing process does occur gradually over a period of 

time, although the mechanism of the annealing process of these onion micelles and how 

the transition occurs from an ordered lamellar structure to a disordered vesicle-like 

structure remains unclear. 

 The pH response of the micelles was also investigated. Dispersions were 

prepared in buffer solutions at pH 4, 7 and 10, with NaCl added as necessary to 

maintain constant ionic strength. Figure 6.6 shows TEM images of each dispersion at 

each pH, and Figure 6.7 shows the particle sizing data represented graphically. 
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Figure 6.6. Representative TEM images of copolymers A: HB P(MMA-b-AA), B: HB 

P(BMA-b-AA) and C: HB P(LMA-b-AA) self-assembled in water at different pH 

values: pH4, pH7 and pH 10. Samples are stained with uranyl formate. Samples were 

prepared by Joseph Ferner during his undergraduate summer placement. 
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