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Abstract

Amphiphilic copolymers composed of hydrophilic polyacrylic acid segments and
hydrophobic poly(alkyl methacylate) segments avésrgeted as adhesipnomoting
additives for usén printing inks.Methyl, butyl and lauryl methacrylates were chosen to
vary hydrophobicitylnitially, a phase transferatalysed backbone functiorstion and

a reversible additiofragmentation chairransfer(RAFT)-controlled grafting stepvere
employed to formgraft copolymes, although polyacrylic acid homopolymer was also
produced The lauryl methacrylateynthesis proved more difficulue tothe steric
effect of the longalkyl chain. Branched anthear poly(alkyl methacrylatacrylic acid)
copolymerswere thensynthesisedusing RAFT, in either a ongot polymerisation
producing random copolymersr a twostep procedwe forming block copolymers.
Molecular weights of close to 20 000 g Matere a@hieved, with métacrylate:acrylic
acid ratiosclose to 1:1, as targeteBranching was confirmed through calculation of
Mark-Houwink parameters using GPC with viscometric detectard a'’C NMR
method was developed to identify block or random monomguesee distribution
Due to their amphiphilic nature, the copolymers werand to seassemble in watdo
form macromolecular structures. These varied according to architecture, monomer
distribution, and hydrophobicity of the methacrylate segment. Samle neutron
scattering was used to study the copolymers in a range of solvent sy¥uiist
Gaussian coils were formed inTdHF and seHassembld spheres or muHamellar
micelles were formed in {®, the copolymers were found to aggregate into diact
structuresn intermediate solvency conditionBhe behaviour of the copolymenghen
coatedon polyolefin substrates was studied lyniact angle measuremengnd the
random materials createnore polar surfasecompared to theegmentednaloguesA
force spectroscoptechniqueshowed potentialfor accuratecomparson of copolymer
adhesionInk formulations containinghe buyl methacrylatecopolymes jetted wellon
both hermalinkjetand drop on émandprinters.Adhesion was assessed using industry
standard tests, andetter overall performance was observed for the branched

copolymers.
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1. Introduction

1.1 Introduction to Polymer Architecture and Synthesis

1.1.1 Polymer Architectures
The simplest polymers are linear chains formedmf 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 dependitige @hstribution of

the monomers within the polymer chain, as showrigure 1.1.

B
/
@ A g A A—A—B (d) /B
/B
(LA g A— B—A—- AAATAA
B
© A A—A—B—B— 58 AN

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

More complex polymer structures che produced with branched or crosslinked
chains, enabling the formation of more elaborate polymer architectures such ‘as stars

dendrimer§ canbs’ and pompoms?

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,
considerirg that many natural macromolecular systems incorporate branched structures;

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



which is a multibranched polysaccharide that stores glucose in the human body. The
structure ofthese biopolymers is shown kigure 1.2. A wide variety of branched
polymeric architectures are possible, some of which are shovngure 1.3. Each
structure possesses different physical and biological properties and therefore they lend

themselves to diverse range of possible applications.

OH

HO
OH OH OH
A © 7O 7O
o o o o
OH OH OH n

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 fyaent branching.
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Figure 1.3 Examples of branched polymer architectures (a) star (b) brush (ep@am
(d) dendrigraft (e) highly/hypdiranched (f) dendrimer. Reprintegith permission

from Englandet al®

Dendrimers are considered to be the perfect branched architecture, due to their
advantageous properties. They exist aglsi 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 factormake dendrimers ideal candidates for
applications ranging from drug carri®te catalyst supporfsHowever dendrimers have
one major drawback in that they are difficult to produce, requiring congyletheses
that involve many purification steps. These are costly and-ititeasive 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 dftegrsance
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 tunableosoluti



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 HBoly(N-isopropyl acrylamide) (PNIPAM) with glycine
arginineglycine-aspartic acieserine(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 surfdves

are drawback to HB materials, however, including irregular branching and uneven
statistical functional group distribution throughout the macromol&ctdB polymers

also tend to have broad molecular weight distributions. Disperse branched polymers can
be difficult to analyse, sometimes requiring themnsuming factionation 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 definitiol, 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 wEighhich can be used

to tune the polymers for specific applicationhese properties include wormlike
morphologies, compact molecular dimensions and notable chain end effects as a result

of their confined and compact structutés’

One feature of wormlike graft copolymers isathwhen 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® This possibility must be considered when designing surface
targeted maomolecules. 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 int&ct’

In addition to onadimensional 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 -tlumensional or three



dimensional graft copolymers, respectively. The study of the properties and preparation

of these surfacgrafted polymers is a particular focus for current rese&rch.

Another important area of research is the glesand 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 waleging fields, from
biomedical applications to nanoscierfi¢e®® Recent advances in controlled radical
polymerisation (CRP) have enabled the synthesis of-dedlhed polymers and
copolymers in a variety of branett 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 be dividedrito two groups step
growth polymerisation or chaimpolymerisation, depending on the mechanism of
polymerisation In step-growth polymerisationpolymersare formedfrom monomers

containing functional groups sué®H, -COOH andi COCI%*

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

molecules such as,® or HCI.

Chain polymerisation, also known as addition polymerisation, is used to
polymerise monomers ctaining vinyl groups. This occurs via the activation of a
double bond by either an ionic or fresdical initiator to produce a kinetic chain, which
grows through repeated monomer addition to the growing chain until it undergoes a
termination reaction. Theexamples of this polymerisation mechanism are ionic

polymerisationincluding both cationic and anionic, and free radical polymerisation.

lonic polymerisation encompasses both cationic and anionic techniques, where
polymerisation proceeds via a kineticagh mechanisrf? 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
CH,=CHR . For this reason, only a limited range of monomers can be polymerised by

ionic techniques due to electronic requirements: for successful cationic polymerisation,



electrondonating groups are necessary to stabilise the delocalisation of pokiinge

i n totbitals 6f 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 dwestd and low
temperature$> in addition to rapid reaction rates and a tendency to attaor p
reproducibility. Consequentlyonic polymerisation is unsuited to use in industry where

stringent reaction conditions are inconvenient for laagae use.

The most common method of polymerisation is free radical, which can be
performed under mildereaction conditions than ionic polymerisation using a much
wider range of monomers, including those with function&fttiRadical polymerisation
has been described as O0the most versatile an
available for the syntfihesarsdsalfantagaaf thisi onal po
technique is that it provides poor control over polymer propertiel as molecular
weight anddispersity. In recent years, living radical polymerisation techniques, also
known as controlled radical polymerisation, have beemrldped. 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 8ms experience no termination reactions except
those caused by impurities in the systérm living radical polymerisation or controlled
radical polymerisation (CRP) as it will be henceforth referred to, the reaction systems
still undergo bimoleglar 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 ben 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{likadashion and a

high degree ofontrol is possible, yielding wetlefined polymer$®

There are three principal mechanisms of CRP, which are nitroxétkated
polymerisation (NMP), atom transfer radical polymation (ATRP) and reversible

addition-fragmentation chain transfer polymerisation (RAFT).



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 dl.The mechanism of NMP proceeds with reversible
termination by coupling. The polymer radical is capped with a nitroxide, such as
2,2,6,6tetramethylpipadinyl-1-oxy (TEMPO), which combines with carbaentred

radicals to form stable alkoxyamines.

Figure 1.4 - 2,2,6,6tetramethylpiperidinyll-oxy (TEMPO)

NMP has been successfully used to polymerise a range of monomers including
acrylate8®, methacrylates, styrene® and vinyl acetaté Other alkoxyamine structures
have been developed, such as phosphdhatel aren& nitroxides, whit 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 £8owever, there are also disadvantages to
NMP. Relatively fewof 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 eersions, often accompanied by a loss of control over the

polymerisation.



1.1.4.1.2 Atom Transfer Radical Polymerisation
ATRP was developed in 1995 by Sawamoto anewotkers®, and also

separately by Wang and Matyjaszew&klt 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 thfe 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 te polymer’’ Typically copper (I) halide is used, together with a
nitrogenbased complexing ligandisc h  a s-ter¢tbutyll bipyl ATRP is a versatile
technique which can be carried out in bulk or in various solvents PASRery tolerant

of protic solvents, and polymerisations have been successfully conducted in alcohols
and even watel It has a high tolerance for functional gps on both monomer and
initiator, such as allyl, amino, epoxy, hydroxy and vinyl grotfpsn example of the
successful use of ATRP is the synthesis of low dispersity linear poig@xypropyl
methacrylate), which can be obtained in very higldyiwith a short reaction tini@.

The primary disadvantage of ATRP is that a relatively large amount of metal from the
catalyst (0.11% of the reaction mixture) needs to be removed from the final polymer

product™

1.14.1.3 Reversible Addition -Fragmentation Chain  Transfer
Polymerisation

The RAFT process was developed by Rizzaetw ceworkers in 19982
RAFT polymerisation differs from the other variations of CRFhitt 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 showigume 1.5.

w

R
N

O

Figure 1.57 General structure of a dithioester chain transfer agent



The mechanism for RAFT polymerisation is showrSichemel.1 below. The
polymerisation is initiated using a conventional free radical initiator, generally a
peroxide such as beyl peroxide (BPO) or an azo compound like azobisisobutyronitrile
(AIBN). This initiator decomposes, as in conventional free radical polymerisation, to
give two radical species&Which then go on to react with monomer, forming polymer
radicals, H& Thesepropagating 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,lRThis radical species is capable of initiating further polymerisation,
which occurs inthe reinitiation step producing another propagating radical polymer
chain, Fﬁnﬂf This results in the formation of the chaind transfer equilibrium, which is
an equilibrium between the dormant polymer chains and propagating radicals. It is this
equilibrium which confers the pseudiwing 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 shiematic diagram ifrigure 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
propagatiorf® This results in the formation of polymer chains with equal lengths, hence

nearmonodisperse polymer can be prepared.
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Figure 1.6. Schematic diagram ORAFT polymerisation showing the fraction of
polymer chains having each different end group derived from either initiator or CTA.

Redrawn from Thang et.&

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 @itA&igh 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 (B) of ldssn 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
conversiori* 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 needsato be
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 chaif,® which will form a stable radical R
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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 acrylat®s/hereas tertiary cyanoalkyl trithiocarbonates
are suited to methacrylate and styrenic monorffessdditionally the CTA can be
designed to contain a specific chemical functionality, which will be locatedhe
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 empl® these reagents is known as
macromolecular design via the interchange of xantffates MADIX. Xanthates hae
much lower chain transfer constants than the dithiobsteed reagents, 035
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 & easier to produce and can be used for the polymerisation of monomers

such as vinyl acetate which are inhibited by dithiobenzoate ¢ As.

|S

7 C R
\O/ N

Figure 1.77 General structure of a xdrate

RAFT is an extremely versatile technique and can be performed in a wide
variety of reaction conditions, including bufkpoth organic and aqueous solutighs,
and suspensiott.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 synthesisf @olymers 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 requireomplicated 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 8iBAB,,, where A and B are different
functional groups and condensation is restricted to only reactions between these two
groups> This led to the creation of unique branchedcitmes 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 siceacted. However the first synthe®f a hyperbranched
structure was not published until the work of Kim and Webster in 198Bis covered
the synthesis of hyperbranched polyphenylenes from polycoati@msof AB,
monomers, and initiated the recognition of the useful properties of branched polymers.

Most examples of hyperbranched polymers are synthesised grsteih
polymerisation through the polycondensation of,Ape monomers. For example an
AB, 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 AB>’ It was found thathe degree of branching (DB) increased
with increagng functionality, from 32% for ABto 84% for AB 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 dispeinss, low molecular weights and are often symmetrically
imperfect®™® °" The synthesis of branched polymers by sjapnvth polymerisation is
subject to a lack of control over the polymer size and structure, lesdiparticularly

broad molecular weight distributions.

Self condensingvinyl 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 Frétlet al. in 1995% It employs a monomer
with the geneal structure A=BC’, where Cis a group capable of initiating the
polymerisation of the vinyl group A=B. The activated groupc6uld be a radical,
anion, cation or carbanion. The process is initiated by the addition ofj@( to the
vinyl group of amther monomer, creating a dimer having one A=B vinyl group and two
active sites, Band C.>° Subsequently both 'Band Ccan react with the vinyl groups of

other monomersn 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 successfutlybtanched polymer synthesis using both
NMP®® and ATRP®! 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 CT#o ithe
polymerisation of styren® However, thisled to the creation of a weak link in the
polymer as the reactiveitdioester 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 dffettes.
approach was used to synthesise one of the first examplé$Bbkock copolymer, HB

poly(N-isopropyl acrylamidélockglycerol monomethacrylatéf.

(@ ~ (b) E/ E/
T

O O

Figure 1.8 (a) The RAFT branching monomer designed by Yang & aid (b) those
developed by Carter et #lwhich place the dithioester group at the chain ends

An important feature of RAFT polymerisation, as mentiopealiously, 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
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clearly even more significant for a HB polymer as they containymaore 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 groupe ipolymer
structure, or by pogtolymerisation modification of the dithioester chain ends to
achieve the target functionality.The first approach has been used to synthesise HB
polymers with imidazole groups at the chain ends, which have been apppectein
purificatior’® and have potential application in drug delivehylhe postmodification
approach has been used to convert the dithioester end groups of a HB PNIPAM polymer
to carboxylic acid endsthough r eact i on wazobi (4cganovaencc e s s
acid) (ACVA) initiator, allowing the subsequent attachment of a charged peptide
sequence, RGD (arginirglycine-aspartic acidf. This enabled the formation of stable
submicron stimuliresponsive péicles 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, definedsagraftingfrom, graftingonto and graftinghrough.Schemel.2
gives a pictorial representation of these approaches.
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Schemel.2. The three strategies for the synthesis of graft copolymers, redrawn from

Huang et af!

1.1.4.3.1 Grafting-Onto

The graftingonto 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 whe&hmethod 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 graftemgsidies and narrow molecular
weight distributions. A successful example of this technique is the-Catd)ysed 1,3
di pol ar cycloaddition reaction of an azide wi
which proceeds with high reaction efficiency, mi@hction conditions, good functional
group tolerance and few byprodu¥sMatyjaszewski et al reported tleynthesis of
PHEMA-g-PEO molecular brushes using a combination of ATRP and click reactions,
where the azidéerminated PEO side chains were coupled to the PHEMpne
backbone by the click reactiéh.

16



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 yoh@asation 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 (ROPY, ring opening metathesis polymerisation (ROMPERP? and

living anionic polymerisatiof®

Theoretically, graft copolymers with 100% grafting density could be prepared
using the graftinghrough strategy, meaning that every repeating unitatoed 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 regctiviaddition
to steric hindrance between the functionalised chain end of the macromonomer and the
reactive site of the propagating graft copolyrfeiThe 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 growgontaining monomer or through thetroduction of
initiating functional groups to a precursor. This is a particularly attractive strategy for
the synthesis of welllefined graft copolymers when using CRP, since the low
concentration of instantaneous propagating species limits the coaplthtermination
reactions and the gradual growth of the side chains means that the steric effect is
reduced’ For the graftingpnto and graftinghrough strategies this is inevitable.
Additionally the graftingirom approach avoids the need to remove unreacted
macroinitiator, which complicates the other techniques. Graft copolymers have been
formed using this strategy employing ATRPNMP-ATRP® and RAFFATRP’®,

among other techniques.
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1.2 Introduction to Inkjet Printing

1.2.1 Types of Printing

Printing itee pobessiontestbrring sk alto a substrate via a
pri nt i A gNanp tifferere printing technologies have been developed over the
years. Thesa al | ed O6conventional printingdé tecl
cakgories depending on tiype of image carriensed: letterpress, gravure, lithography
and screen printingzigure 1.9 shows a schematic diagram of the image carrier in each

of these cases.

Letterpress printing Lithography
image carrier image carrier
Gravure printing Screen printing
image carrier ink
AA A A A |
ink mesh image carrier (stencil)

Figure 19. The principles of the main O6convent

from Kipphan'’

In letterpress printing, also known as relief printing, the printing elements such
as lines, dots and letters are raised on the printing plate. This rhaamsktadheres 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 agoflexagraphy, 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 primy and norprinting elements are
planographic, i.e. at the same level, but are composed of different materials with

correspondingly different chemical and physical surfpogperties. Wetting is firstly
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carried out to render the ngminting elements inkepellent, 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 comsetly from there to the substrate.

Gravure printing involves the use of recessed printing elements on the printing
pl at e. The surface of the gravure <cylinder i
subsequently passed under a doctor blade which remmwestess 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 copperpléaenping and diestamping.

Finally in the fourth technology, screen printing, the printing plate is composed
of a fine mesh. The neprinting elements of the mesh are blocked by a coating known
as the O0stencil 6. Si mi | aatd igycovered wighrirkwovwerr e  pr i nt i
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 caefrs 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 teehmpaalcagypriisntkmgwn eaéndhno
technology where eithem 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 apertu@n a printheado a specific position on the
substrate to create an imaddne basis of modern inkjet printindiscovered by Felix
Savart in 1833, is that a laminar flow jet can be broken up into a train of droplets by
acoustic energ{? The breakup 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 v6lume.
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Inkjet printing enables the delivery and precise positioning of small volumes of
liquid at high rates of repetition under digital conffbThere 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 taronary groups: drop on demand (DOD) and
continuous inkjet (CI3¥" # These inkjet printers produce ink droplets with sizes in the
range 101 50 e m and pi c ofigure £.3® shdws the division otiinke s .
printing technologies into these two groups followed by further classification into sub

groups.

[ Inkjet Technology }

[ Continuous } [ Drop on demand }

[Undeﬂected [ Deflected] [Unvibrated] [ Acoustic ] [ Piezo ] [ElectrostaticJ [ Thermal ]

J

Binary Multiple [ Top shooter] [ Side shooter]

[Bend] [Shear] [Push] [Squeez}

Figure 1.10. Classification of inkjet printing technologies, adapted from Geexutal

Yuen/®

1.2.2.1 Continuous Inkjet
Continuous inkjetprinting produces droplets through the useaaf electric
chargewhich is applied selectively to the drops of ink, whose size and spacing is

controlled through the application of a pressure wave pattern to the aférfive.
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chaged 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*trithie.
process is illustrated iRigure 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
80100 em di amet er Wand printisggreqaetcies af dver 25D kHn.s

C1J is mostly used in codingnd marking applicationd.he 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.

piezo element
pump

ink

nozzle —

charge electrode

J O image signal
d

o eflector

o0
7_/ @— ink droplet
recycling gutter o

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

000000
[

substrate

website?

1.2.2.2 Drop on Demand

In drop on demand printing, ink droplets are produced in response to a digital
waveform. he ejection of ink dropletsccursonly when they are required to credte
image on the media. When a voltage pulse is applied, mechanical motion of the
piezoelectric ceramic creates a pressure wave which ejects ink drédplkethematic

diagran of DOD printing is shown ifrigure 1.12. There are four different modes for
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the generation of droplets using a piezoelectric device, as sEggune 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 pieam@mic polarisatiof

A development of DO printing is the bubble jet or thermal inkjet (T1J) printer.
In this system ink droplets are gjed from the nozzle by the growth and subsequent
collapse of a water vapour bubble, whisHocated above a thermal transducear the
nozzle® This heats the ink above its boiling point causing a lexpansion of the ink

and therefore the formation of a droplet.

In DOD printing he printhead is integral with the cartridge and therefore is
replaced evwg time the cartridge is empty. This solves certailiability issues as the
printheal does not hav to sustainong term useTypically, droplets of 1555 & m
diameter are produced with drop speeds-@63ms' and printing frequencies of up to

100 kHz. DOD is mostly applieid graphics and text printing.

ink image data

thermal or piezo

nozzle element
@—ink droplet
[

substrate

Figure 1.12. Schematic diagim 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 haas 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 asafety 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 througkhe 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 heasl 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 cPn order to meet these conditions, the achievable

amount of solids in the ink is often below 10 peréént.

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 unabkptead 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 anebaweing. Additionally
drops may become too large, adversely affectingt pasolution, 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 canposed of a functional material and a liquid vehicle which is a
carrier for this functional materi&f. 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 selectiaof 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 & dispersed in the form of micror nanoparticles. The function of
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both is to impart colour to the ink. In the case of pigrteE#ed inks, a stabilising agent

or dispersant is also required to improve colloidal stability and prevent aggregation of
the pignent particles. To minimise the likelihood of nozzle blocking, the particle size
needs to be significantly smaller than the diameter of the n¥zzle.

Polymersarea component ofnanyprinting 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, whereaDD®inters generally use
waterbased inks. Polymersan be sed in various wgs 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 sibstrate.
Otherexample of the use of polymers in printing doeact as dyes to impartloor to
the ink or to enabl&V curing of the ink! Additionally in some cases the polymers
themselves compose the functional part of the fluid, for example in additive
manufacturing where printing wolves direct deposition of the final materidlhis
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
seiously affect the breakp of liquid jets which are generated by flow through a
nozzle, even when present at low concentrafidifsHigh extensional strains are
experienced in these flowshich means that the mence of polymers can significantly
delay the breakip of jets,particularly linear polymers which unfold in extensional
flow. This can be a probleraven when the polymers are present at concentrations
below c’, the critical overlap concentratih.Below this concentration, individual
polymer coils rarely overlap, whilst above it the coils penetrate deeply into each other
and thechains 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 thwn back up towards the nozzle, meaning that there is a critical polymer
concentration at which jetting completely fails for each drive stimtfiughere is

therefore a need to understand the behaviour of polymers in inkjet printing.
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1.2.4 Future Applications for Inkjet Printing

Inkjet printing wasoriginally 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 fuational fluid can be delivered in very precise quantities at a
specific location within a defined working volurfieln graphics printing theuhctional
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 thy@ienensional objects in an additive maraitaing process,

with accurate control over printed features in three orthogonal directidhs.

Additive manufacturing is attractive due to the lack of limits to the complexity
and repeats of the pattern, thdligbto 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 aterial 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, ® plastic electronic®® microelecronics®
microelectromechanical systems (MEM$) microfluidics!®? and sensor®? It has
been used in manufacturing applications such as rapidotppaig:® and the
manufacture of ceramic componeHtsinkjet printing also offers great potential in the
life sciences fields including medicin® regenerative medicine and tissue

engineering® % biology**° and enzymévased sensofs!

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 regments 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 ithplementation of

inkjet printing is the requirement for odefree inks which are safe if ingested,

26



experience low migration of monomers and other components, and are able to withstand
the processing, packaging and distribution process while still proyitthie 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 isctest 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 thuéhe 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 confentoffset 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®. 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

performancé?

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 repehtsactual rate of ink delivery
is in general slower than in conventional printing processes. For example the typical
linear throughput of inkjet printing is 1 Msompared with 5 mfor offset lithography
and 10 m3 for flexography. Inkjet printings 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 inkjetripting systems is the
formation of small drops in addition to the main printing drops, known as satellite
drops'*? The ejected drop of ink emerges as a jet which is followed by a ligament or
6tail 6 which is stildl connected to the i
some of the ink returning to the nozzle. The rest of the ligamidrer joins the drop or

breaks up into smaller satellite drops, as shovfigare 1.13'*
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Figure 1.13. High-speed photograph of a jet-flight after it has detached from the
nozzle, showing the brealp of the ligament to form satellites. Reprintadth

permissiorfrom Hutchings et al*®

Although all inkjet technologies are susceptible to satellite formatiddD D
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 bu
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 ofNmwtonian inks and optimised
drive waveforms* Satellite drops formed in CIJ printing possess a higher charge
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 phietheads 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 amplitdde.

Another factor which can adversely affect the implementation of inkjet printing
i's its suitability for c asubsiratenis goverbesibyr at e s . T
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 olilastsate to absorb inks.
Uncoated papers are magyorous whereas coated papers and cardboards are- micro
porous and synthetic and nabsorbent substrates are either slightly mmomous or
completely nomorous'*® The surface condition of a substrate is defined by parameters
including smoothness or roughness, cleanliness or the presence of impurities, and
surface energ}y’’ 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 amh 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 aergy than the ink, with attractive forces strong enough to promote good
transfer and spreading, which itself enables good adh&§i@ther fators 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 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 &plored 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? It is a topic which encompasses many scientific disciplines
including surface chemistry, polymer chemistry, gihg and rheology. In recent years
the need for a better understanding of adhesion has increased as a thsulteofiands
of industry. According to current literature, there are three main mechanisms of
adhesion: mechanical coupling, molecular bondind #irermodynamicadhesiort?
The mechanism of mechani cal coupling 1is
substrate surfa¢&, sothe adhesive and substrate are interlocked. There is some debate,
however on one side of thergument it is believed that greater adhesgprovided by
mechanical interlocking whilst other researchers believe that surface roughening simply

increases theurface area for more molecular bonding interactiéhs.

Molecular bonding is the most widely accepted adhesion mechanism. It involves
intermolecular forces between the substrate and the adhesive, comprising van der Waals
forces, dipoladipole interactions and chemical interaots, 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 gtBupke major

requrement for molecular bondg mechanisms is that theranémate contat 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 intéfface.

The third proposed mechanisof adhesion between the liquid and surface is
thermodynamic adsorptionPolymer surfaces, particularly those involving polar
constituents, have a tendency to respond ¢oatfientational 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 nonpolar substituents of the polymearto 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 adhesidA® The advantage of this mechanism over the others is that it
does not requir@a molecular interaatn to obtain good adhesion, ban equilibrium
process at the interfa®

1.2.7 Polymers for the Promotion of Adhesion
There are a variety of methods which have been dewtlmppromote polymer
adhesion, involving either modification of the surface itself (frequently polypropylene

(PP) or polythylene (PE)) or the usd an additive to promote the adhesion process.

1.2.7.1 Surface Modification

Onefrequently used technigue the chemicatreament ofthe 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 bes&own to increase the polarity of the surfaces.
This causes an increase in molecular forces between the materials and therefore
increases the strength of adhesiAn.example of this was reported Man Calster et
al. who introduced amine groups to thefage 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 fabricatféGolvents caralsobe
used to chemically treat the surfaces, as they canecaudecular changes at an

interface which strengthen adhesion. For example, Chen ethale usedX-ray
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photoelectron spectroscopfXPS) and wetting angle measurements to show that
rearrangement®ccur at the surface of polyurethane when the environment at the
surface is changed from air to watétIf 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 mot#itof 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 naturdllax 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 arfthx layers. This occurred due to the amphiphilic nature of the zein
meaning it can interact strongly with both the polar flax fibres and thepolan PP

matrix 12

Another technique which improves adhesion throdlgh alteration of the
surface is plasma treatment. This often induces the formation of oxpgé¢aining
functional groups which cause increased wetting of the surface and therefore better
adhesion. It has been reported that C=0 groups in particular, but-&s®C=0, -OH
and -OOH, aid adhesion at the surface of polymers such a¥’PRijusting 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 thenaterial*?® Boschmans et astudied the surface composition of
PP films as a function of plasma treatment time using Tfrdight (TOF) static
secondary ion mass spectrometrySiS)1?° They found that even short atmospheric
plasma treatments of less than écands 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 eil. 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 mdfrixConversely, a
comparisa of PP modification by a purargon plasma and a mixed argon/oxygen
plasma found that while bothetitments increased the surface free enertfyecsample,
use of only the argogas introduced slightly more oxygeontaining functional groups

onto the surface, in addition to producing a smoother, more wettable surface as
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determined by AFMBoronat et kb 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 dfi¢ material, however this improvement deteriorated over an

ageing period of 21 days"

Better adhesion can also be obtained by the use of chlorinated polyiness
can be formeceither via the polymerisation of chlorinated monomers or by the post
polymerisation chemical modification of polymerwith chlorinated reagents
Chlorinated polyethylene (CPE) resins and chlorinated paraffins have been used as
adhesie layers between polyolefins and coatings or synthetic resins. For example,
Steenbakkerd/enting et al successfully used powder chlorinated PE to improve the
adhesion between ultrahigh molecular weight PE (UHMB) and nitrile rubber
(NBR).**? Abdullin et al also found that the chlorination of polymers improved their
adhesive properties; in this case by theitawid of chlorine atoms to the unsaturated
bonds of low molecular weight E@blybutadiene, which was shown to improve
adhesion to substrates such as st8dn alternative approach is to modify the surface
of the substrate itself. This was done by Aronson.ahal twostep process involving
the immersion of HDPE in an aqueous solution containing sodium hypochlorite and
acetic anhydridé®* They showed that the surface chlorine concentration at the
molecular level is proportional to s® 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 showningprove 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 ket adhesion performanc®.

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

architectureadhesion relationship which accounts for the influence of surface
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architecture on block copolymer adhestdhA 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 nfttwas 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, alterrgtand blocky structures, with the best adhesion
observed for diblock and triblock copolymer arrangem&Hti another study of the
effects of copolymer structure on adhesion, Ilvis tcase 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 theaisafé 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®

One instance of the use of block copolymer additives to improve adhesion
behaviour rakes use of maleic anhydridecopolymeras a coupling agent® The
adhesion between PP and amorphous polyamide (aPA) was hugely improved by the
addition of maleic anhydride grafted PP {§R®A), which underwent acoupling
reaction with the primary amine groups on aPA. Similarly, Boyer.amgroved the
adhesion of PP onto poly(vinylidene fluoride) (PVDF) by usinggHFPMMA graft
copdymers’*! Peel testsvere carried out tquantify adhesion anid wasfound 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 af** the mechanical strength of the interface between
immiscible polymers is very weak since there is little chain entanglement between the
polymers as a redubf the large enthalpic pelsion between the componenté?
Copolymer additives can be used as reactive interfacial agents to compatibilise
immiscible and incompatible polymers through improvement of the interfacial
properties. Theeactive 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 wa improved by the addition of an amihee r mi nat ed -gmnby st y
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PS) as a reactive compatibiliser. In another instance of reactive compatibilisation, a
styrene maleic anhydride random copolymer (P(S81Awt% MA)) and
poly[methylene(pheylene isocyana)] (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 REGFPMPlco-PSMA copolymers at

the interface with PS. This was found to improve thecimanical properties of the
material** Reactive compatibilisation has become a widedgd method to reduce the
interfacial tesion between two immiscible materials through thsitn formation of

copolymers-**

As an alternative method to the usedidcreteblock or graft copolymers as
additives, polymer grafts can be formed in situhat interface. This can be achieved
using plasma graft polymerisation, where plasma treatment is used to activate the
suface so that the desired monomer can be polymerised onto or from it to form grafts.
Gupta et alused this technique to graft acrylic acid onto PET fitfi<haracterisation
by atomic force microscopyAFM), XPS and contact angle measurements confirmed
that surfaceoughness 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 hydropilic monomers acrylamide (AAm), glycidyl methacrylate (GMA) and 2
hydroxyethyl methacrylate (HEMA) onto expanded poly(tetrafluoroethylene) (ePTFE)
film. A significant increase in peel strength was repotfédnother example of in situ
graft polymerisation without the use of plasma was the creation of reactive polymer
blends of polystrene modified with carboxylic acid (PECOOH) and random
copolymers of poly(methyl methacrylate-glycidyl methacrylate) (PMMAGMA).**’

A reaction occurred between the carboxylic acid imi&O0OH and PMMA in PMMA
GMA to form the copolymer PMMAg-PS, which was found to stabilise the interfacial

morphology and therefore improttee adhesion between the two polymers.

1.2.7.2.1 Use of Amphiphilic Graft Copolymers as Adhesion Promoters

There are several recent examples in thealitee concerning the synthesis of
amphiphilic graft copolymers and their use in the promotion of adhesion. Fu et al
synthesi sed a range o -Dlefinecoparamethyistytene- pol y ( hi g
poly(ethyl ene gl yotefnicdacrdimadid}gppoly(sthildne gycad)r U
graft copolymers using Ziegltatta catalytic polymerisatioti® 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 cating, 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 wa 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 increasesurface wettability.

Another example made use of the grafithgough approach tqorepare
amphiphilic poly(cycloocteng-PEG), with polycyclooctene as the hydrophobic
backbone and PEG as the hydrophilic side ch4itihe first stage of the synthesis was
to prepare the macromonomer cyclooct®es, which was then copolymerised with
cyclooctene bying opening metathesis polymerisati®@OMP). 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 copolymens, this case
consisting of a hydrophobic polysulfane (PSU) backbone and hydrophilic PAA side
chains'® These were made by the synthesis'Bf¥Pvia ATRP which was subsequently
grafted onto azidefunctionalised PSU by click chemistry. Finally the R§UWP'BA
polymers were hydrolysed using trifluoroacetic acid to give BSRAA. The
hydrophilicity of the copolymers was shown to increase on grafting, which reduced the
protein fouling and cell adhesion peagies of the materials compared to the
unmodified PSU precursor. This shows that amphiphilic graft copolymers can also be
used to prevent adhesion, depending on 8taicture and characteristics.

This thesis aims to investigate the effect of amphipludpolymer additives of
varying architecture on the adhesion of printed ink to low energy polyolefinic

substratesThe aims and objectives of the warkl be introduced in the next chapter
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2. Aims and Project Outline

2.1 Aims

The overall aim of His work is the design of polymeric additives which will
i mprove t he adhesi on of i nk t o odi f fi
polyethylene and polypropylene, which pose problems due to their low surface energy
and hydrophobic nature. This adhesigiti occur via migration of the additive to the
interface between the dye and the substrate following deposition&recanrier fluid

during the inkjet printing process.

These additives will consist of amphiphilic copolymers, with hydrophobic
backbones ahcharged pendant chains. The aim is to design such materials so that they
can form interacial layers with the hydrophabbackbone adsorbed to the polyolefin
substrate and the charged groups adsorbed to the dye or pigment particles. In this way
they carbe 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 behavioand 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 adaptaifcthe
method used by Carter et ‘al. These materials will consist of a lineaikyl
methacrylate and vinylbenzyl chloride copolymer backbone with poly(acrylic acid) side
chains, synthesised via a graftifrgm gproach 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 prepatén branched architectures, again following and
modifying the previous work of Carter et®d1®in addition to linear analogues of the
materials. Random and block versions of these copolymer materials wilhtheesiged
in a simple modification of the pol ymeri

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

polymeisation.

Thi s set of omodel 6 amphiphilic copol yme

techniques including NMR spectroscopy, GPC and &RCometry. They will be

dispersed int@aqueous solutioand 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 stact 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 graftiigpm polymerisation.

2. Synhesise amphiphilic polg{kyl methacrylateg-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 blocknd 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

In this chapter, methyl, butyl and lauryl methacrylate versions of poly(alkyl
methacrylateg-acrylic acid) graft copolymers are synthesised. The application o
phase transfer catalysis to the functionalisation of poly(alkyl methacigdate
vinylbenzyl chloride) backbonesith 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.

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 copolyme™? and star polymerS® *** Branched polymer
architectures have also been produced using RAFT, initially by Yang®%tuaing a

RAFT agent containing a dithioester group and an additional polymerisable double
bond. The branching mechanism followed the -setdensing vinyl polymerisation
principle introduced by Fréch&.A similar route was used to prepare HB pbhy(

4 135 geparating  the

isopropyl acrylamide)s with a range of applicagd® °
copolymerisation and branching reactions in a similar manner toettative grafton-
graft polymeristions employed by Frechet et @ Deffieux etal.**® and Hirao et a*”
1% can be achieved by functionalising a linear polymer chain with dithioate ester

groups. This method can be usegtoduce graft polymers.

4-Vinylbenzyl chloride (VBC), also known as-chloromethyl styrene, is an
important dual functional monomer containing a benzyl chloride group that can undergo
functionalisation reactions before or after polymerisatfotVBC polymers react with
various nucleophilic reagents at fairly high yieldspending 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 RAE®. This built on earlier work where the
thiocarbonylthio goup was incorporated pendant to an existing polymer chain to
provide sites from which more sophisticated polymeric architectures could be
assembled® *1Quinn et al. however used VBC as a comonomer along wstigrene
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
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branches were then grown from thesaiin RAFT agent moieties to form polymenk
various architecture$® Vosloo et al. used a similar approach to synthesise comblike
PBMA, but usingN-acryloxysuccinimide (NAS), an activated ester, as a comonomer
instead of VBC with BMA in the backbort&: This backbone was then functionalised
with the RAFT agent benzyl -@-hydroxyethylamino)l-methyl2-oxoethyl
trithiocarbonate, allowing the subsequent controlled growth of BMA branches via
RAFT polymerisation. Carteet al. went on to adapt this technique for the synthesis of
functional graft PNIPAM, using P(NIPAMo-VBC) copolymers to form the backbone
which was then functionalised with 4{Bhidazole dithioic acid oN-pyrrole dithioic

acid to give linear dithioatefunctional polymerd® 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
protectinggroup chemistry® The methacrylate clasof monomers are also suitable for
use in RAFT polymerisatiotf* These were chosen to form the hydrophobic portion of
the amphiphilic copolymers. The dspphobicity 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 fornfiean 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 copolymé&ts 1

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 problasing quaternary ammonium and
phosphonium salts to catalyse gbase organic reactioh¥. Thecatalyst 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 ofeethand 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 largescale reaction¥? It is one of the most important synthetic methods
used in various fields of organic chemistry, and widespread industrial applications have
also been establishét.

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 aBdith reported the first phase transfer
catalysed free radical polymerisation which was carried out on butyl acrylate using
various crown ethers as PT catalysfsThe 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 watesoluble initiators-"

It was reported in some of the early work combining PTC with polymer
modification that PTC can be successfully emptbyor the reaction of amines and
alcohols with chloromethylated polymers and copolym&rin some cases this led to
100% conversion of chloromethyl groups. A wide variety of functionalities were
introduced into chloromethylated PS resins using PTC technt§liasiogen 464 and
tetran-butylammonium chloride and hydroxide were employed as catalysts, and
excellent yields of functionaksl polymer were reported. Similar modification of

chloromethylcontaining 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 methodologyvasdhe functionalisation of
poly(methacrylateeo-VBC) (P(nMA-co-VBC)) backbones using a dithioic acid,
creating an irsitu CTA. This is followed by the growth of poly(acrylic acid) grafts from
the styryl branch points in a RAFTiediated polymerisation, asitlined inScheme 3.1
Phase Transfer Catalysis was investigated as a way to improve thEojyosérisation
modification of the P(hnMAco-VBC) backbone, as the success of this step dictates the
extent of grafting that can be achieved to form the finpbtoner.
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PT catalyst
CSch3, Kl
H,O/toluene

Cl

P(nMA-co-VBC) backbone
with Cl leaving groups

RAFT polymerisation of
PAA grafts from branch
points

Scheme 3.1.Procedure for the synthesis of graft copolymers from a copolymer
backbone containing functionalisable groups

3.2 Synthesis of P(hMAco-VBC) Backbones

Linear backbones were synthesised using-cuntolled 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 syntliésesgraft copolymers
and the properties of the polymer materidigble 3.1shows the molecular weight data
obtained for these copolymer backbones. The presence of the comonomer was
confirmed via’'H NMR spectroscopy and chlorine content, which was obthafnom

elemental analysis.
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Table 3.1.Results of Free Radical Polymerisation of Alkyl Methacrylates with Vinyl
Benzyl Chloride to Form P(nM#&o-VBC) Backbones

polymer feedratio polymer  M,°/g M,°g B° Cl conversiof

nMA:VBC ratio mol*  mol* content /%
nMA:VBC? 1%

P(MMA 15:1 16.5:1 10700 29700 2.78 1.93 96.1

-co-

VBC)

P(BMA- 15:1 15.4:1 9700 21700 2.22 1.49 98.3

co-

VBC)

P(LMA- 15:1 16.9:1 23100 59200 2.56 1.03 99.8

co-

VBC)

2 determined byH NMR ° determined by GPC (THF, PMMA standards)etermired

by elemental analysis

A molar mass of approximately 20000 g thelas 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 betwagator concentration
and molecular weight for polymers synthesised by-camtrolled conventional free

radical polymerisation follows the relation:

X, o [1]

3| —

Equation 3.1

where X is the kinetic chain length, related to molecular weight, and [1] isnitiator
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 concentrationsitdtor were
used, although lower molecular weight polymers were produced, product yields fell

making the process impractical.
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Integration of theH NMR spectra was used to calculate the actual ratios of
comonomers that were incorporated into theotyper, as demonstrated Bygure 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 grajtdensity 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.

r T T T T T T T T T T T T T T T 1

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 05 ppm

Figure 3.1."H NMR spectrum of P(LMAco-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 chawhich 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 moye iflikieé
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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* It was concluded thathe 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 VBE, is

more than twiceuva, the reactivity ratio of MMA. This sugests that the copolymer
composition will be similar for the P(nM&o-VBC) backbone copolymeré& 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 ansitu RAFT agent, providing an active site

for the growth of poly(acrylic acid) (PAA) grafts. The synthesis of pyriele
carbodithio#e involved first using sodium hydride to promote the formation ef 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 sh@&eheme

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

Scheme 3.2Synthesis of Pyrrold-carbodithioic Acid

f \ 1 NaH — 2 1. H20
2. cs2 ~ N% B 2. HCl 4{
N DMSO, RT S

The next step was to functionalise the backbone polymers by the nucleophilic
substitution of the Npyrrole dithioester groups of pyrrolé-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 retion. Previous work by Carter et al. was carried out on
PNIPAM.*! 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 ngwolar nature and ability to complex ions via the
oxygen atom, led to crosslinking of the material rendering it unprocessableatfarfu
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 reactionld be carried

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

methylene chloride groups to dithioester groups were low, as s&aiblm 3.2

Table 3.2.Summary of Results From Reaction Time Study of the Functiotiahsaf
P(LMA-co-VBC) Backbones with Pyrroté-carbodithioic Acid in Toluene at Room

Temperature

o degree of functionaligion® S content
reaction time /hours

1% 1%
8 6 0.87
24 9 0.11
72 25 0.93
120 8 0.88

%calculated frontH NMR, Pfrom elemental argsis

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(nM&-VBC) backbone with the pyrrolg-carbodithioic
acid. The aqueous phase contained the base, caesium carbonate, in addition to
potassiumodide 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 -phtyge
reaction system, specifically the use of a phase tnamsf@alyst, would increase the

degree of functionalisation of the polymer. The results are summarisedlim 3.3

Table 3.3. Summary of Results for the Functionalisation of P(Lidé&VBC)
Copolymer Backbones With and Without the Use of a Phase Tr&Pestfalyst

reagents yield /% degree of functionalisatidhi%
CsCO; 94 37
CsCOy/KI 71 49
CsCOJ/KI/HTAB 98 60

2from 'H NMR

All three reaction mixtures contained both toluene and aqueous phases, with
caesium carbonate base dissolved in the water.itidddlly 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 ofitnttteonalisation 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 Kl produced a clear
increase in the degree of functionalisation, and thatuse 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 transfecatalysts 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 dtvating 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 st effective-®®

1 X =Br, Cl

\ﬁ/ §
P N PN P NP

2 X=Br, Cl

iﬁ;\/\
N and 7»

Figure 3.2. Structures of phase transfer catalysts that were used to aid the
functionalisation of P(LMAco-VBC) backboned. HTAB/HTAC and2. TBAB/TBAC

Table 3.4. Summary of Results for the Functionalisation of P(Lid#\VBC)

Copolymer Backbnes Using a Range of Phase Transfer Catalysts

degree of functionalisatidh yield
catalyst  class

1% 1%
HTAC accessible 57.6 88
HTAB accessible 46.4 95
TBAC anion activating 63.9 97
TBAB anion activating 65.6 100

2from *H NMR
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The results infable 34 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 thie-pyrrole dithioester groups was confirmed by the pyrrole
CH resonances at 'HBMRispecta,rasshawd Figur2 3.3 Thet h e
pyrrole signals occur far enough upfield and downfield from the broad aromatic region
arising from the benzyl protons tallow accurate calculation of conversion by
comparative integration of these pyrrole protons compared teSHiH,- methylene
protons at u4. 55, with an estimated unce
used to assess functionalisation since ttaenmls 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 comfation 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 funmtialised materials.
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Figure 3.3. 'H NMR spectrum of functionalised P(LM&o-VBC). The degree of
functionalisation of the vinylbenzyl chloride units in the backbone is calculated by
comparing the integrals of the pyrrole resonance i agairstS{CH,- methylene

resonance d of VBC

Following these optimisations, the reaction was carried out on a set of methyl,
butyl and lauryl P(nMAco-VBC) backbones to yield functionalised materials. The
results are summarised Trable 3.5 Under the same coitidns the highest degree of
functionalisation was achieved for P(BM&-VBC). P(LMA-coVBC) gave a

substantially lower degree of functionalisation.
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Table 3.5.Results of Functionalisation of P(nM&o-VBC) Backbones Using TBAB as
the Phase Transfer @dyst

polymer M2/gmolt  M,°/gmol* D°  degree of

functionalisatiofi/%

P(MMA-co- 13400 25900 1.93 64.0
VBC)

P(BMA-co-VBC) 26300 34800 2.32 73.7
P(LMA-coVBC) 20700 44800 2.17 45.3

2 determined byH NMR, ® determined by GPC (THF, PMMA standayds

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 RAi6htrolled
polymerisation from the backbones ®r e at e-l i6kceobmb meable B.6 al s .

summarises the results of the backbone modification and grafting step.
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Table 3.6. Results of Synthesis of Graft P(nM#-VBC-g-AA) Copolymers from

Functionalised Backbones

polymer M2 /g M.°/g p° degree of ratio
mol* mol* functionalisatioA/% nMA:AA?

P(MMA-co- 13400 25900 1.93 64.0 -

VBC)

P(MMA-co- 10500 46700 445 - 0.77:1

VBC-g-AA)

P(BMA-co- 26300 34800 232 73.7 -

VBC)

P(BMA-co- 5200 57300 10.98 - 1.11:1

VBC-g-AA)

P(LMA-co- 20700 44800 2.17 453 -

VBC)

P(LMA-co- 18800 54400 290 - -

VBC-g-AA)

2 determined byH NMR, ® determined by GPC (THF, PMMA standayds

Analysis of the MMA and BMA graft copolymers showed peaks due to PAA in
the 'H NMR spectra, which were not observed in the P(L-MAVBC-g-AA) spectra.
In order to analyse the carboxylic a@dntaining materials using a GPC system with
THF eluent, the acid groups were methylated with trimethylsilyldiazometfrare
prevent the acid groups interacting with the column, which would distort the results.
Figure 3.4 shows a comparison of the GPC amatograms 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(MWIA-co-VBC) backbone from which it is derived (dashed i)
P(BMA-co-VBC-g-AA) graft polymer (solid line) and the functionalised P(BMA-
VBC) backbone from which it is derived (dashed li@3)P(LMA-co-VBC-g-AA) graft
polymer (solid line) and the funomalised P(LMAco-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 moletar 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 ofthich appear to correspond to the dithie@tectional
backbone materials. This is particularly evident for the P(M&®dA/BC-g-AA) and
P(BMA-co-VBC-g-AA) polymers, whilst the P(LMAco-VBC-g-AA) polymer shows
only a slight shoulder at the low molecular gli 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 backbond,this controls the molecular weight,

yielding low molecular weight PAA. The mechanism is illustrate8cheme 3.3

CN

OH

CN

HO HO

Scheme 3.3Formation of linear PAA during grafting from a dithioesfienctionalised

backbone

The mohr 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 shovgire 3.5 Meanwhile

Table 3.7shows the calculated results for the molar masses of the graft copolymers and

the PAAhomopolymer 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 ofdeconvolution of molar mass distributions of the P(nbtA

VBC-g-AA) graft copolymers shown in Figure 3.4: raw data for graft copolymer (dotted

line), Gaussian fit to graft copolymer (alternating dotiedhed 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 Mw/g b % Graft
mol* mol* IWt%

P(MMA-co- graft copolymer 30500 61700 2.02 79
VBC-g-AA)

homopolymer 3200 5300 1.66
P(BMA-co- graft copolymer 33700 95200 2.82 58
VBC-g-AA)

homopolymer 23000 34800 1.51
P(LMA-co- graft copolymer 30400 62600 2.06 89
VBC-g-AA)

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 anuch 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 dwent 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(LM&o-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 lecgcid

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 hydrophiliyliacacid

monomer.

In order to test this theory, we attempted to synthesise P(LM¥BC-g-AA)
via an alternative route involving grafting obtityl acrylate '8A) to the P(LMAco-
VBC) backbone, as tBA and P(LM£o-VBC) are both hydrophobic and therefcany
inherent incompatibility would be avoided. This would be followed by hydrolysis of the
P'BA side chains to PAA. The results of these reactions are summariSedhla 3.8
with the molecular weight distributions of each polymer overlaiBigure 36. The'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
manneras carried out on the P(nMéo-VBC-g-AA) copolymers in the previous
section. The results can be seenTiable 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 casesitw86% by mass graft copolymer present in the P(L80A
VBC-g-tBA) material, increasing to 97% following hydrolysis to P(LM&VBC-g-
AA). The results of this alternative synthetic route to P(L-RAVBC-g-AA) yielded
very similar results to the initial stmetic 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 polym@olymer incompatibility effect. However, as the GPC
data appears to suggest that graftiag occurred, and that homopolymer has also been
formed, it is possible that the lack of evidence of PAA in'th&IMR 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(LMéo-VBC-g-AA) Copolymers from

Functionalised Backbones

Polymer M2 /g Mw>/g P®  degree of ratio
mol* mol* functionalisatioA nMA:AA?
1%

P(LMA-coVBC) 23100 59200  2.56 - -

functionalised 20700 44800 2.17 45.3 -
P(LMA-co-VBC)

P(LMA-co-VBC- 36500 81400 2.23 - NA
g-tBA)
P(LMA-co-VBC- 33600 99800 2.97 - NA
g-AA)

2 determined byH NMR, ® determined by GPC (THF, PMMA standayds

*+ P(LMA-co-VBC)
functionalised
P(LMA-co-VBC)

==+ P(LMA-co-VBC-g-tBA)

— P(LMA-c0o-VBC-g-AA)

1.04

dw/dlogM

Figure 3.6. Molecular weight distributions determined by GPC (THF, PMMA
standards) for: P(LMAco-VBC-g-tBA) graft polynmer (dashed line), P(LMA&o-VBC-
g-AA) graft polymer (solid line), the functionalised P(LM#o-VBC) backbone from
which it is derived (alternating dotted and dashed line) and the starting RPEOMA
VBC) polymer (dotted line)
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Figure 3.7.Results ofdeconvolution of molar mass distributions of the A) P(Lid&
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
dotteddashd 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 Mw /g b % Graft

mol? mol* Iwt%

P(LMA-co-VBC- graft copolymer 60700 96100 1.58 86

0-tBA)
homopolymer 12400 18600 1.50

P(LMA-co-VBC- graft copolymer 40200 93100 2.31 97
g-AA)

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.
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Table 3.10.Results of Synthesis of Graft P(HM#&o-VBC-g-AA) Copolymers from

Functionalised Backbones

Polymer M2 /g Mw>/g P®  degree of ratio
mol* mol* functionalisatioA nMA:AA?
1%

P(HMA-coVBC) 17200 37200 2.16 - -

functionalised 31100 70200 2.26 53.1 -
P(HMA-co-VBC)

P(HMA-co-VBC- 27100 60600 223 - 5.90:1
g-AA)

2 determined byH NMR, ® determined by GPC (THF, PMMA standayds

The results are summarised ifable 3.1Q with Figure 3.8 showing a
comparison of the molecular weight distributions for the three copolyiheras found
that grafting was stcessful for the HMA polymer but the ratio of methacrylate to
acrylic acid inthe material increased from 1110 for P(BMA-co-VBC-g-AA) to 5.9:10
for P(HMA-co-VBC-g-AA), indicating that the amount of acrylic acid grafted on to the
HMA backbone was les®ian 20% of the amount achieved for BMA. This suggests that
the steric effect of the alkyl chain length begins to have significancealky

methacrylate monomers with chains longer than BMA.

1.0 *© P(HMA-co-VBC)

_. functionalised
P(HMA-co-VBC)
— P(HMA-c0-VBC-g-AA)

dw/dlogM

Figure 3.8. Molecular weight distribubns determined by GPC (THF, PMMA
standards) for: P(HMAC0-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 deconva@d to investigate the presence of homopolyrRgure

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.

1.0 1

dwW/dlogM

==+ Peak 2
— Peak1

-+= Gaussian fit

*+ Graft Copolymer

Figure 3.9. Resultsof deconvolution of molar mass distributions of the P(HgIA

VBC-g-AA) graft copolymers shown in Figure 3.8: raw data for graft copolymer (dotted

line), Gaussian fit to graft copolymer (alternating dotiedhed line), peak 1

corresponding to graft copolyn (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 Mw/g b % Graft
mol™* mol* IWt%
P(HMA-co- graft copolymer 36800 69700 1.89 88
VBC-g-AA)
homopolymer 11000 13400 1.23
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3.6 Conclusions

Graft poly(alkyl methacrylateo-acrylic acid) copolymers were synthesised in a
threestep procedure whereby firstly alkyl methacrylate was copolymerised with VBC
to form the backbone. This was then functionalised with pwtetarbodithioic acid to
create insitu RAFT functional groups pendant to the main chain. It was found that the
degree of functionalisation could be much improved by using a heterogeneousreactio
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
methacrylateanalogues of P(nMA&o-VBC-g-AA) were produced.

The presence of PAA followinghe grafting reaction was confirmed for
P(MMA-co-VBC-g-AA) and P(BMAcoVBC-g-AA) by *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 disereed,
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 tihe 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 glagtd 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 BMAakgues. 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

Poly(alkyl methacrylatacrylic acid)copolymers are synthesised in a range of
architectures and monomer sequence distributions: linear and branchBanerpo
are produced using variations on the same synthesis with a oroticfunctional
RAFT agent, whilst random copolymers are produced in gpohsynthesis and
block copolymers are made by sequential bladkition.”*C NMR is used to
confirm block or random monomer sequence distribution, and GPC with viscon

detection is used to verify linear, branched or graft topology.

4.1 Introductio n

As previously mentioned, branched polymers, encompassing dendritic,
multibranched and highly branched (HB) architectures, exhibit unique properties in
terms of solution behavim and rheology due to the largemiber of chain ends per
moleculethat theypossess in comparison to linear analodd2s” In addition to the
utility of these material properties, the chain ends offer the possibility of adding further
chemical functionality to the polyméf® These branched materials can bedoiced by
chain growth polymergtion via the use ad branching monomer which acas either
monomer and transfer agéfitor monomerand initiator>® These two functions can be
combined in approaches using the add#fi@gmentation mechanism to form branched

180

polymers.®" RAFT polymerisation uses this approach with the additional advantage of

being able to modify the end groups of the branched polymer.

Carter et al. sed RAFT to synthesise HB copolymers of NIPAM and- 1,2
propandiol3-methacrylate (P(NIPAMo-GMA)) (GMA = glycerol monomethacrylate)
in block and statistical distributions, and proceeded to demonstrate the dependence of
the thermal response of these materta copolymer composition, copolymer sequence
distribution and degree of branchiffgThis wasone of the first exampls of the
synthesis of HB block copolymerssing RAFT More examples have been reported
since, such as the work of Peleshanko etwalo synthesisd amphiphilic HB
polyethylene oxiddo-polystyrene (PE&-PS) copolymers by both RAFT and NMP and

found RAFT to give more control over dispersity.
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Scheme 4.1shows 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 R®&FT chain transfer agent
(CTA) at the start of polymemdion 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 nizerocCTA,
which is then further chain extended by a second monomer to yield HB block
copolymer architecture.

MACRO-CTA
0 S

) JLNﬁ
O —
ACVA ” :>: o
dioxane ACVA

())

60°C dioxane\ HO
60°C
) =§: q

— ACVA BLOCK
O | dioxane
60°C

RANDOM (>)

Scheme 4.1Synthesis of HB P(nMA-AA) block and HB P(nMAco-AA) random
copolymers with pyrrole chain ends peged 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, bénzyl
pyrrolecarbodithioate. This has the same structure as the branching RAFTiset
prepare the HB polymers;vnylbenzytl1-pyrrolecarbodithioate, but without the vinyl
group meaning that it possesses only one polymerisation site and therefore linear

polymers are formedcheme 4.2lemonstrates the methodology.
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Scheme 4.2.Synthesis of linear P(nMA-AA) block and linear P(nMAco-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 polymersas enabled by the use of the RAFT
CTA 4-vinylbenzyl1-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 nucleophiliaddition 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 Gbdolymerigtion of the
styryl double bond and reversible additfvagmertation chain transfer with the
dithioate group.

The structures ischeme 4.-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 ofethe polymers byH NMR showed the presence of
the pyrrole groups at the ends of the pol ymer
peaks due to the styryl units were also observed between 7.30 and 7.45 ppm. These can
be seen in the expanded regionFagure 4.1 Averagevalues 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 .32 ppm to
give the average number of repeat units per brgR®). 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 +8%.
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Figure 4.1.'"H NMR spectrum of HB PBMA, with the expanded region showing the
peaks de to the pyrrole groups (F and G) and the peaks due to the styryl group (H and
1)
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Table 4.1.Results of RAFT Polymeradion of Alkyl Methacrylates to Form HB PnMA
Macro-CTAs and HB P(nMAb-AA) Block Copolymers

_ molar feed _ b b
conversion _ molar ratio Mn'/ My b
polymer ratio DB® L ., b
1% nMA:AA g mol* g mol
nMA:AA
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- 93 0.7:1.0 1.1:1.0 0.24 29500 118300 4.00
AA)
HB
P(BMA-b- 97 0.5:10 1.4:1.0 0.12 40000 139900 3.50
AA)
HB P(LMA-
99 0.3:1.0 0.7:1.0 N/A 34800 328000 9.44
b-AA)

2 determined byH NMR ° determined by GPC (THF, PMMA standards)

Table 4.1displays the results of the syntheses of both the homopolymer-macro
CTAs, and also theopolymers.*H NMR analysis showed the appearance of peaks in
the'H NMR spectra of the copolymers at U = 1.63
of methacrylate to acrylic acid within the copolymers could also be calculated from the
'H NMR spectra. The ammt of PAA in all three copolymers was less than the feed
ratio, although thedB 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 thdB P(BMA-b-AA) and HB P(LMA-b-AA) materials, with
2.8 times as much PBMA in tHéB 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 o& tAA monomer to approach the

68



active sites. Howevethis does not explain why more PAA was observed inHBe
P(LMA-b-AA) material than theHB P(BMA-b-AA), despite the longer alkyl chain of

LMA. DB was calculated for all of the maef@TAs and the block cappymers, except

for HB P(LMA-b-AA) where the pyrrole and styryl groups could not be clearly seen in
the'H NMR spectrum meaning that the calculation could not be performed. HB PBMA
was the most branched of the ma€rdAs but the corresponding block copolenwas

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 trimethylsilyldiazomethanégasribed
previously in Chapter 3, to allow analysis by GPC using THF as the eluent without
column interactions becoming a probleAn increase in molar massas observed
following addition of the second block to the copolymers. Much larger dispersities were
also seen for the copolymers compared to the madws. These are presented in
Figure 4.2 where the traces with the dashed line show the natro data and the
solid lines siow the copolymer data. The HB P(LM&AAA) 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 exangpthe 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 obtainesmfrGPC: A)
HB PMMA (dashed line) and HB P(MMA-AA) (solid line), B) HB PBMA (dashed
line) and HB P(BMADb-AA) (solid line) and C) HB PLMA (dashed line) and HB
P(LMA-b-AA) (solid line)
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4.3 Highly Branched Block P(AA -b-nMA) Copolymers

The previous synthesisvas adapted to form a block copolymer with the
hydrophobic and hydrophilic segments reversed. Firstly a HB PAA r@GTA was
synthesised to form the core, followed by the addition of PnMA chains to form the
second blocks of the HB copolymers. The resaftshe syntheses are summarised in
Table 4.2 Calculation of integrals from thtH NMR spectra showed that a greater
degree of branching was seen than for the PnMA m@gibs, possible due to the
smaller size of the AA monomer. Again thd NMR analysis sbwed RAFT groups

remaining in the polymer, enabling the addition of the second block.

Table 4.2.Results 6 RAFT Polymerisition of Acrylic Acid to Form HB PAA Macro
CTA and HB P(AAb-nMA) Block Copolymer

_ molar feed . b b
conversiof . molar ratio Ma'/g Muw' /g
polymer ratio DB? L L
1% nMA:AA? mol mol
nMA:AA
HB PAA 88 - - 0.33 13600 84200 6.10
HB P(AA-
78 0.7:1.0 1.1:1.0 0.13 12600 119200 9.43
b-MMA)
HB P(AA-
0.5:1.0 1.7:1.0 0.09 13000 146000 11.20
b-BMA)
HB P(AA-
0.3:1.0 0.4:1.0 0.26 23000 7520 3.26
b-LMA)

2 determined byH NMR ° determined by GPC (THF, PMMA standards)

The dispersity of the PAA maci@TA is much larger than those of the alkyl
methacrylate macr@€TAs shown in Table 4.1. The PAA madtdA had to be
methylated before GPC analysis wasried out. As the PAA maciGTA 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 irdetion 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 si¢edbe optimized for the
desired systertf? Clearly this is not trivial for the synthesis of copolymers comprised

of monomers such as acrylic acid and alkyl metHateg with vastly different
properties. As a result, some compromises in reactivity are required to allow the desired
materials to be synthesised.

Table 4.2also summarises the results of the copolymer syntheses. In the case of
these copolymers it wahd HB P(AAb-LMA) analogue which had a molar ratio
closest to the feed ratio, as determined by measuring the integrals th tR&R
spectra. HB P(AAb-MMA) and HB P(AA-b-BMA) showed a greater amount of
methacrylate in the polymers than the proportiorhanfeed. All three copolymers have
a lower DB than the maci@GTA, 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. TBEPKAA-b-LMA) copolymer had
the lowest decrease in DiBom that of the macr€TA, since this copolymer haithe

least amount of methacrylate added.

Comparison of the molecular weight distributions obtained from GPC analysis
of the macreCTA and block coplymers are shown iRigure 4.3 It can be clearly seen
that the PAA macr&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 copotgrs. A larger higher molecular weight shoulder is
seen for the HB P(AA-MMA) and HB P(AAb-BMA) copolymers. This is not
observed for the HB P(AA-LMA) copolymer, and consequently no real increase is

observed in Mand M, 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-MMA) (solid line), B) HB PAA (dashed line) and
HB P(AA-b-BMA) (solid line) and C) HB PAA (dashed line) and HBAR(-b-LMA)
(solid line)

4.4 Highly Branched Random P(nMA -co-AA) Copolymers

The same synthetic route was used to successfully synthesise HB fMMA
AA) random copolymers by adding both monomers into apmesynthesis, as shown
in Scheme 4.1Table 4.3summarises 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 drnis therefore more compatatwith the rate
of AA polymerisation. This is also why the DB is higher for the P(LM&AA)
copolymer. DB is the reciprocal of RB, and P(LM&AA) will have shorter branches

as the rate of polymerisation is slower.
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Table 4.3.Results ofSyntheses of HB & dom P(nMAco-AA) Copolymers

polymer conversioA molar feed molarratio DB* M,/ M,/ D
1% ratio nMA:AA? g mol* g mof*
nMA:AA
HB P(MMA- 55 0.7:1.0 6.1:1.0 0.14 7400 31300 4.23
CO-AA)
HB P(BMA- 52 0.5:1.0 51:1.0 0.14 6500 20000 3.07
CO-AA)
HB P(LMA- 55 0.3:1.0 0.8:1.0 0.28 4100 13200 3.22

CO-AA)

2 determined byH NMR ° determined by GPC (THF, PMMA standards)

The molecular weight distributions of the three random copolymers are shown in

Figure 4.4 These were dhined 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(BMAco-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-potereaction allows a greater degree

of control over the polymerisations compared to thewvase 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(LM&o-
AA) (dotted line)

4.5 Linear Block P(nMA-b-AA) Copolymers

An analogous synthetic proag@ was carried out to synthesiknear versions
of the block copolymers. A different RAFT agent was used, behzyl
pyrrolecarbodithioate, which has the same structure as that used for the HB polymers,
vinylbenzyt1-pyrrolecarbodithioate, but without the vinyl group which allows
polymerisation from a second sit€igure 4.5 shows a comparison of the two

structures.

O D T D

Figure 4.5 A comparison of the structures of the bitang RAFT agent, 4
vinylbenzytl-pyrrolecarbodithioate, and the linear RAFT agent befzyl

pyrrolecarbodithioate
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Table 4.4 summarises the results of the ma@®A and block copolymer
syntheses. All three polymerisations of the maCiAs went to fairly hgh conversion.
The molecular weights of the PMMA and PBMA materials are consistent, although
much higher values were obtained for the PLMA polymer. All polynexisibit a
dispersityof between 2 and 3, whichfairly high for linearchains

'H NMR showedthat the actal molar ratios of PnMAand PAA in the
copolymers were similar to the molar feed ratios, althoughRasswas present in the
P(LMA-b-AA) polymer. The polymerisations of P(MMB-AA) and P(BMAb-AA)
went to very high conversion, whilst the R{A-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&-AA) and P(BMADb-AA),
accompanied by larger dispersities. An increase in lower molecuightgpecies was
also observedior 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 R{AAA
polymer, however, which actuallgecrease in molecular weight. This could beud to
the very high hydropobicity of the long alkyl unitof 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

macreCTAs and block copolymers.
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Table 4.4.Results of RAFT Polymeraion of Methacrylate Monomer to Form Linear
PnMA MacraCTAs and Block Copolymers

polymer  convesiorf molarfeed molarrato M./ M,/ B°

1% ratio nMA:AA?  gmol' g mol*
nMA:AA
PMMA 82 - - 20700 40400 1.95
PBMA 88 - - 21200 43900 2.07
PLMA 92 - - 59700 137500 2.30
P(MMA-b- 99 0.7:1.0 0.8:1.0 10600 43100 4.06
AA)
P(BMA-b- 99 0.5:10 0.4:1.0 9200 50300 5.47
AA)
P(LMA-b- 40 0.3:1.0 1.1:1.0 46000 104200 2.27
AA)

2 determined byH NMR ° 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-AA) (solid line), B) PBMA (dashed line) and
P(BMA-b-AA) (solid line) and C) PLMA (dashed line) and P(LMAAA) (solid line)
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4.6 Linear Random P(nMA -co-AA) Copolymers

Linear random copolymers were synthesised using the lIRRA&T agent in
onepot syntheses, the results of which are displaye@ainle 4.5 In contrast to the
linear block materials, less PAA was present in the copolymer for the PotviA)
and P(BMAco-AA) and more PAA in the P(LMACo-AA) polymer. The molecular
weight data, shown in Figure 4.7, indicates that these reactions wereomedlled as
the M, and M, 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 ofSyntheses of Lineardddom P(nMAco-AA) Copolymer

polymer conversbr® molar actual M/ MW/ PP
1% feed ratio ratio g mol* g mol*
nMA:AA nMA:AA?

P(MMAco- 65 0.71.0 1.7:1.0 12000 23400 1.95
AR)

P(BMA-cCO-AA) 87 0510 22:1.0 10000 19800 1.96
P(LMA-co-AA) 71 0.31.0 051.0 8600 16100 1.86

2 determined byH NMR ° determired by GPC (THF, PMMA standards)

— P(MMA-co-AA)
--- P(BMA-co-AA)

1.0

- P(LMA-co-AA)
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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&G-AA)
(dotted line)
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4.7 13C NMR to Study Monomer Sequence Distribution

The statistical analysiof polymers was developed by BoV&yand Price®*
who slowed that copolymer statistics could be used to analyse the abundance of
monomer sequences within polymer chains using NMR spectrostip\NMR has
been shown to be an effective technique for measuring or estimating the triad
composition of a copolyméf™ *# The differential nuclear Overhauser effect (NOE)
enhancement is approximately equal for similar carbons within different chemical
sequence¥’ Additionally, it is generally accepted that for nprotonated carbons with
restricted mobility, such athose within polymers, the residual sfattice relaxation
times {T1) are of similar ordet®” These assumptions form the basis of the study of

copolymer structure usingC NMR spectroscopy.

Triads are a sequence of three monomer units wahpolymer 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 reed 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 considerimgthis case contain the monomers acrylic
acid and butyl methacrylate. Therefore bothnomers contain a carboxfdinctional
group. This group is sensitive to the effects of the chain microstructure, enabling the
identification of triads® 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 tli@o 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 expesee few peaks due to the presence of few of

the possible triads.
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Figure 4.8.An example of 8°C NMR spectrum of a P(BMA&-AA) copolymer: in this
case HB P(AAb-BMA)

3C NMR studies were carried out on the set of PABMb-AA) copolymers
which were synthesised for use in printing studies. The synthesis and characterisation of
these materials is reported in Sect®n of ChapteB. Figure 4.8shows an example of
the *C NMR spectra obtained from the copolymers. The spesks 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 pure 4.9 below shows
an expansion of this region for each copolymer, demonstratimgjstrdution of peaks

observed.

Fine structure was observed in the carboxyl peaks dfth&IMR spectra of the
PBMA and PAA homopolymers. This arises due to the effects of polymer tadfttity.
Unfortunately as a result, the fine structure in the copolymer carbonyl peaks cannot be
attributed solely to the copolymeric effect of the triads. Howetles, 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
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compared with those of the block and graft materials, it is seen tlemaropolymers
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 Shlespape
seen. This enables a facile method of identification between block and random

copolymers.
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Flgure 4.9. Carbonyl region of*3C NMR spectra of P(BMAb AA) copolymers
showing the distribution of triageaks: A) linear P(BMA-AA) B) linear P(BMA-co-
AA) C) graft P(BMA-co-VBC-g-AA) D) HB random P(BMAco-AA) E) HB block
P(BMA-b-AA) F) HB block P(AAb-BMA). The scale represents chemical shift in

ppm.

81



4.8 GPCGViscometry

Conventional Gel Permeation Chromatghy (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 coldrhos 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 sepsu@eponents by size.

Full characterisation of polymer systems can be obtained by using a triple
detection systemmwhich combines RI detection with viscometric and light scattering
detectors. This allows determination of the distributions of moleculaghtveintrinsic
viscosity and size over the full molecular weight rafiyédowever this equipnme 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 i ntrinsic vi swveighsto the hydfodydgmic o r V),
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 USédhis solves one main issue with
conventional calibration wbh 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 disributions 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 Chapte3.

Further infomation can be obtained from thedata. Equation 4.1 gives the
Mark-Houwi nk r el ation, where [ d] i's the intrinsi
and U ar-Houwirk paraMetarsk

7] = KM” Equation 4.1
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The val ue of t he U par ameter provi
conformation of the polymemand hence the level of branching. For an ideal polymer
coil in solution the U value is typicall
such as branched pol ymers have | ower V E
Construction of a Madouwink plotof log IV against log MW allows determination

of U from calculation of the gradient.

==+ HBR1 fit
— HBR1

0.01 = . —rrr
10000 100000

logMW

Figure 4.1Q Mark-Houwink plot of log intrinsic viscosity (IV) against log molecular

weight (MW) showing comparison of raw data (solid line) &itidd data (dashed line)

Figure 4.10 shows the MarHouwink 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 fittecagatased in the
following graphs to enable clearer representation of the results.

Figure 4.11is a combined MarHouwink plot of the full set of copolymers.
The key is explained in the figure caption. The three groups of materials, linear,
branched and gft, 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 thee 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 brached 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)

Calcul ated values of U Figure4.82aTbehthreeop ol ymer
sets of branched copolymers, HBM (HB block with methacrylate core), HBR (HB
random) , and HBA (HB block with acrylic acid
0.4. This is cosistent with a compact, branched structure. The graft copolymers, G, had
val ues of U between 0.4 and 0.6 meaning that
structures are more compactnhan ideal linear chain but dotngossess a high degree
of branchng. However, the linear copolymers, LB (linear block) and LR (linear

random), were found to have U between 0.6 and
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Figure 4.12 A graph showing the values of the Mdtko u wi nk par amet er
the gradient ofie MarkHouwink 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) = 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,
g OThis is given bya 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 ikquation 4.2

, U1 branched Equation 4.2

[}?]!m«m‘

Values ofg @vere calculated for each of tbeanched and graft copolymers. The
equivalent linear block copolymer was used as the linear analogue for the HB block and
graft copolymers (P(MMAb-AA) for HB P(MMA-b-AA) and P(BMAb-AA) for HB
P(BMA-b-AA) etc.). The equivalent linear random copolymer wagd for the HB

random copolymers.
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Figure 4.13demonstrates the relationship between contraction fgc@nd log
molecular weight. The data would be expected to scale according to degree of
branching, with the polymers having the most extensive branettitige bottom of the
graph and the least branched polymers at the top. Valugsdof all polymers are
expected to converge ® & 1 at the low molecular weight limit. However the data
from this set of copolymers show significant deviations from theeeted behavig.

An almost linear relationship is seen for the set of graft copolymers,gvifalues

converging tog & 1 at low molecular weight as expected. Conversglgs seen to

decrease with increasing molecular weight for the three sets afhem@rcopolymers.

The data sets are not ordered according to th
values, as would have been expected, but rather appear to be grouped according to
composition. This appears to show that there are differences insiotiwiscosity

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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Figure4.13 A graph showing the contraction fz¢
each copolymer (key: letters refer to architecture and distribution HBR = highly
branched random (blue), HBM = highly branched methacrylate core (red), HBA =
highly braached acrylic acid core (green), G = graft (purple), numbers refer to
methacrylate monomer 1 = MMA, 2 = BMA and 3 = LMA)

4.9 Conclusions

Poly(@alkyl methacrylateco-acrylic acid) copolymers have been successfully
synthesised in a range of architecturesariBhed 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 ditheregroup. A twestep
polymerisation procedure enabled the production of block copolymers by first creating a
macreCTA by polymerising the first monomer followed by chain extension with the
second monomer to form a diblock. Two versiai the branched btk 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 oepet reaction. Methyl, butyl and lauryl metitglate version
of each copolymer were made, resulting in a set of 15 different copolymers.
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An M, of 20000g mol* was targetedecause this ifow enough for printing
applications. Variation in Mand M, 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
particdarly broad distribution of the HB PAA macfTA, 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, howeveit would be difficult to optimise a reaction system to suit both.

3¢ NMR provides m empirical method of confirming a block or random
monomer sequence distribution within a copolymer chain through studying the
distribution of peaks in the carbonyl reg. 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 Rl and
viscometry was used to analyse the copolymelteviing methylation. Values othe
MarkHouwi nk parameter U were calculated and fo
copolymers and less than 0.5 for the branched copolymers, as expected. The graft
copolymers had intermediate U values as woul c
combination of linear and branched structure in terms of the backbone and side chains.
The relationship between contraction fac@rpand copolymer molecular weight was
investigated. The graft copolymers behaved as expectedgv@tnverging to 1 at low
molecular weight. Significant deviations were observed for the branched copolymers,
however, withg @ncreasing 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

In this chapter, the pofsilkyl methacrylateacrylic acid)copolymers are dispersed

into water using the solvent swit method. Their solution behaviour is studied us
Transmission Electron Microscopy and Phase Analysis Light Scattering to allo
comparison of particle size, morphology and zeta potential. Additionally, SANS

used to study the copolymers in a rangdifférent solvent systems.

5.1 Introduction

Amphiphilic copolymers are known to selfsemble intomacromolecular
structures in a solvent which is selective for one block of the copol§iEhnis occurs
due to association of the insoluble blocks to form goneth the soluble blocks forming
outer corona. The structures formed are most commonly spherical mi¢&iesmlike
micelles® or vesicles® depending on the composition of the block copolymers, the
solvent polarity, and the relative solubilities of the blocks in the sol&ffhis work
has largely been carried out with limedi- and triblock copolymers.lt has been
proposedthat n these cases the morphology of the -asfembled structures is
determined by the ratio of the volumes of the dorening block and the outer block,

therefore packing of the hydrophobes influencesabservednorphology'®’

Relatively much less research into the -ssl$embly behaviour of copolymers
with more complex arctectures has appeared in the literature, although this area has
seen progress in recent years. The-asfembly behaviour of complex structures
including graft'® hyperbranched® and stai® polymers has been studie 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 offleiBhese provide unique advantages in
supramolecular selissembly. As a result, HB polymers in particular have found
applications in biomedicine, ranging from druglieery, purification, detection and

delivery of proteins to antifouling materi&f&.
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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 copolymerfi TH
followed by evaporation of the THF to form an aqueous dispersion of copolymer. This
procedure is represented in the schematic diagrafigare 5.1. A combination of
transmission electron microscopy (TEM), particle sizing and zeta potential
measurementand 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 mateials would display some kind of sedssembly behaviour.

The structures formed by block copolymers during-asfembly depend on the
balance between thermodynamic and kinetic control. Thermodynamic control results in
the formation of stable equilibriuretructures whereas kinetic trapping can result in
6freezingd of intermedi ate structures.
including solution pH, ionic strength and concentration. These studies were carried out
at the pH of the deionised waterthout 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%).

Addition of Evaporation
water of THF
o
o @ _
O | +HO [ -THF
S S S
Copolymer Copolymer
solution (THF) dispersed in water

Figure 5.1. Schematic illustration of method for the pregieon of copolymer

dispersions involving a solvent switch from THF to water
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TEM was carried out on carbawated copper grids which were plastreated
to allow the dispersions to be adsorbed onto the surface. Any remaining water from the
dispersions waszmoved by vacuum drying, meaning that TEBtmits visualisation of
the dried dispersions. This means that it cannot be assumed that the images are
accurately depicting the solution structure of topatymers. Mean particle sizes mge
obtained by usingnhageJ image analysis software to enable the measurement of enough
particles to represent a statistically significant sample; where possible this was at least
100 patrticles.

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 wih the associated standagdor. Thedispersity indexDI) is also obtained
through producing a fit to the correlation data using cumulants analysis. A
dimensionless number ibt@ined which indicates thaispersity of the sample: values
below 0.05 are dy seen for very highlyniform 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 sthn 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 eixpents are further discussed in
Section 5.3.

Table 5.1andFigure 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 aAll$ 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 spharesnore 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 belowB0 mV which is generallyonsidered to be the threshold
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below which dispersions can be considered to be stable. Howeeet MA graft

copolymer does not display the same behaviour. The measured zeta potentials and

results of the SANS and the particle sizing indicate a stableerdisp of particles
slightly larger than those of the MMA and BMA materials. Conversely the TEM images

show much larger oijooking structures, with sizes of some patrticles approaching the

micron range. These could be formed by the coalescence of spatietes. 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 Chaptefhe dispersion

preparation procedure was attempted using the functionalised RAdWABC)

backbone but was unsuccessful as the polymer precipitated out of solution. This

suggests that there must be som P A A

agueous dispersion to be formed.

present I n

the O6grafté

Table 5.1.Summary of Results for the Characterisation of Dispersions of Graft R(nMA

co-VBC-g-AA) Copolymers in Water Using Particle Sizing and Zeta Potential
MeasurementsSTEM and SANS

sample mean mean DI mean zeta  mean
diameter diameter potential /mV diameter
(TEM) /nm (PALS) /nm (SANS) /nm

P(MMA-coo 27.7+0.4 106.5+1.7 0.187£0.025 -38+2 1145+0.2

VBC-g-AA)

P(BMA-coo 324+04 1129+11 0.236+£0.006 -31+1 109.3+0.2

VBC-g-AA)

P(LMA-co-  471.4+23.2 159.9+05 0.140+0.007 -45+4 116.4+0.5

VBC-g-AA)
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Figure 52. TEM micrographs of dispersions of graft P(hM&VBC-g-AA)
copolymers in water, stained with uranyl formate: 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 ihable 5.2andFigure 5.3. For the MMA and BMA materials,
larger diameters were observed bythHlee 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(LM#&-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 withueh higher standard error,
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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 segmemirddes 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
MeasurementsSTEM and SANS

sample mean mean DI mean zeta mean
diameter diameter potential /mV diameter
(TEM) /nm (PALS) /nm (SANS) /nm

HB P(MMA- 181.8+12.4 205.8+0.8 0.091+0.011 -50+1 276.6 £4.9

CO-AA)

HB P(BMA- 263.9+6.9 271.1+0.8 0.122+0.010 -53%+1 277445

CO-AA)

HB P(LMA- 302.1+23.4 404.2+12.1 0.381+0.013 -13+7 355.2+5.6

CO-AA)

94



Figure 53. TEM micrographs of dispersions of HB random P(nHd&AA)
copolymers in water, stained with uranyl formafe:HB P(MMA-co-AA), B HB
P(BMA-co-AA) andC HB P(LMA-co-AA).

Stable dispersions were observed for all three HB block copolymers with PAA
cores, with measured zeta potentials close3@mV. A range of particle sizes were
seen between the samples, showiable 53, with the same trends observed in mean
diameters measured by both TEM and PALS. Again the TEM resultsswistantially
smaller due to the drying of the particles onto the grid\NSAlata wereaot obtained
for these samples. The HB P(AABMA) copolymea formed particles smaller than
those of the MMA analogue. HB P(ABLMA) however formedmuchlarger particles

with a higher standard error and larger dispersity. Well defined spheres with some
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dispersity can be seen in the image&igure 54 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 mean Dl mean zeta
diameter diameter potential /mV
(TEM) /nm (PALS) /nm

HB P(AA-b- 33.1+0.9 124.8+0.9 0.156 +£0.008 -33+1

MMA)

HB P(AA-b- 29.6 +0.6 77.0+£05 0.188 £ 0.007 -31+1

BMA)

HB P(AA-b- 49.8x1.1 279.5+16.1 0.224+0.010 -30x1

LMA)
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Figure 54. TEM micrographs of dispersions of HB block P(AAMA) copolymers in
water, stained with uranyl formata: HB P(AA-b-MMA), B HB P(AA-b-BMA) andC
HB P(LMA-b-AA).

The linear block dispersions of all three copolymers showed veilasirasults
in terms of particle sizing, with measured diameters between 245 and 280 nm by PALS
and 100and 140 nm by TEM. SANS data waret obtained for these samples. All three
dispersios displayed very narrow dispersity values. The measured zetatiglste
indicated high stability as all were beled0 mV. Howeverthe 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 measuringeboth th
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 collaps# structures. These results da agree with the very low dispersities
seen fom 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 eRtul

Measurements and TEM

sample mean diameter mean diameter DI mean zeta
(TEM) /nm (PALS) /nm potential /mV
P(MMA-b-AA) 140.6 + 6.8 261.4+1.3 0.068 £0.014 -47zx1
P(BMA-b-AA) 108.9+4.1 2788+ 1.5 0.068 +0.016 -42z+1
P(LMA-b-AA) 133.1+£13.3 2449+ 1.6 0.069 £0.015 -73+2
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Figure 55. TEM micrographs of dispersions of linear block P(nMA\A) copolymers
in water, stained with uranyl format& P(MMA-b-AA), B P(BMA-b-AA) and C
P(LMA-b-AA).

The solution charderisation 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 seHassembled structuresjth the P(MMA-co-AA) forming the smallest of the
set and P(LMAco-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 gimdicating 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(LMACo-AA) which confirms more variation in the sedésembled

structures formed from this material.

Table 5.5. Summary of Results for the Characterisation of Dispersions of Linear

Random P(nMAco-AA) Copolymers in Water Using Particle Sizing and Zeta Potential

Measurements, TEM and SANS

sample mean Dl mean zeta mean
diameter potential /mV diameter
(TEM) /nm (PALS) /nm (SANS) /nm

P(MMA-co- 360.6+12.3 215.4+0.9 0.099+ 0.013 -47+2 286.5+ 1.2
AR)

P(BMA-co- 354.1+ 18.6 238.1+ 0.7 0.088+ 0.011 -49%2 251.0+4.7
AR)

P(LMA-co- 245.7£15.1 140.8+£19.6 0.361+0.014 -11+4 181.4+ 1.3
AR)
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Figure 56 TEM micrographs of dispersions of linear random P(RBAAA)
copolymers in water, stained with uranyl formateP(MMA-co-AA), B P(BMA-co-
AA) andC P(LMA-co-AA).

Dispersions of the HB block copolymerstiwiPnMA forming the cores were
also studied by TEM, PALS and SANS. The results are summarisebla 5.6 This
set of copolymers is a particularly notable example of the effect of changing the
hydrophobicity of the hydrophobic block through varying tHkyla methacrylate
monomer used. The TEM images kiigure 5.7 show that vastly different structures
were formed from each copolymer. The HB P(MN8AAA) formed spherical micelles
with an apparent rough surface, whereas the HB P@{UvhA) formed the smaller
structures of the three, elliptical micelles with a central dimple. The most interesting

structur es, however, were t he | amedl ar
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AA) copolymers. All three dispersions were shown to be stable by the zeta potential
realts. In this casethe mean diameters measured from the TEM imagesatr all
considerablysmaller than those measured from the scattering techniqueswvérege
PALS result forHB P(BMA-b-AA) is smaller due to the presence of two species within
the sarple resulting in a bimodal distribution; hence the resulting overall mean is
between the diameters of the larger and smaller partidles. behaviar of the
dispersions of this set of HB P(nM#&AA) copolymers will be studied in more detalil

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 mean DI mean zeta mean
diameter diameter potential /mV diameter
(TEM) /nm (PALS) /nm (SANS) /nm

HB P(MMA- 168.9+5.3 159.4+ 0.9 0.129+ 0.011 -55%1 136.8+ 4.9

b-AA)

HB P(BMA- 164.1+55  825+0.7 0.100+ 0.015 -50%1 162.7+ 5.4

b-AA)

HB P(LMA- 43.8+0.6 59.5+ 0.8 0.019+ 0.016 -41+10 70.7£ 0.2

b-AA)
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Figure 5.7. TEM micrographs of dispersions of HB block P(nMWAA) copolymers in
water, stained with uranyl formatd: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 monatis¢ribution and the choice of
alkyl methacrylate controlling the hydrophobicity of the hydrophobic block all have an
effect on the selassembled structures formed by the copolymers when dispersed in
water. These observed differences between copolynma@gass particle structure,
size and surface roughne$sgure 5.8 shows a comparison of the spherical particles
formed by HB P(AAb-BMA) and HB P(BMA-co-AA). Both copolymers are composed
of the same monomers in the same architecture but one has a rdreiobution
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
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smooth spheredt should be noted that it is not necesdarlave a sgmented struare

to form spheres: an aspect that is often not alluded to in the block copolymer literature.

Figure 58. TEM micrographs of dispersions of P(nM#®A) copolymers in water,
stained with uranyl formate, showing the difference inamafroughness between the
block and random HB structures:HB P(AA-b-BMA) andB HB P(BMA-co-AA).

Zeta potential measurements were carried out on dispersions of all eighteen of
the poly(methacrylatacrylic acid) copolymers in water. The results of the®re seen
in Tables 5.15.6. Each value was obtained from 5 measurement cycles, which were
repeated in triplicate, and both mean values and standard errors calculated. Statistical
analysis onthese data was then carried out usinge analysis of variane test
(ANOVA). The procedure for the ANOVA test is explaineddppendix 1.

104



Table 5.7.Statistical Analysis oZeta Potential Measuremerits the Characterisation
of Dispersions of P(nMACo-AA) Copolymers in WateusingANOVA

Source of F Ferit P P <0.05?
Variation

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.

column factor: architecture >
T G HBA HBR LR LB HBM
MMA 1 2 312 3123123123123
row factor :
hydrophobicityBMA 1 231231231231231273
LIMA 1 2 3 1231231231 223123

A

interaction factarcomparison between column and row

The results of the ANOVA are summarised Table 5.7 Three mean zeta
potential values werebtaired for each combation of architecture and hydrophobicity.
In the ANOVA testthe data are analysed for differences between architecture (the
column factor), hydrophobicity (the row factor) and also for interaction between these
two variablesThis is illustrated irrable 5.8. The calculated value is larger thaf
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 mihacrylate is used) and copolymer architecture. However
there is also interaction between the two factors which makes comparison between
groups less clear. The Tukey ptsic analysis was carried out to identify between
which means the differences occiihe results of this are displayed graphically in
Figure 59. Where no significant difference is indicated, any differences observed are

within experimental error.
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Figure 59. A graph ofmean zeta potential valuésr the set of copolymers, showing

the results of Tukey poshoc analysis. Tie lines show significance level of compasison

between sets of copolymers: *** P<0.001, ** 0.001<P<0.01, * 0.01<P<0.5, ns (not
significant) P O 0.05. Her e, only significar

shown on he 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 studgodt matter systems such as polymers,
colloids, surfactants and proteirfsigure 5.10 shows the typical setp for a SANS
experiment. The detectors record scattering from the sample in terms of the number of
scattered neutrons as a function of the wawetor, Q. The background scattering is
then subtracted to yield reduced data represergaagtering by the sample. Fitting
mathematical models to the reduced data leads to the calculation of various parameters
which give information on bulk properties tife polymer sch as the size, structure,

dispersity and particle interaction.
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of wavelength< beam

Figure 5.10. Typical setup for a SANS experiment

SANS studies were carried out in two separate 48 hour beamtime allocations on
the LoQ instrument at the ISIS facilitipue 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 copolyrs changed in different solvency conditions.
Deuterated THF (@HF) is a good solvent for both poly(alkyl methacrylate) and
poly(acrylic acid) blocks. BD, however, is a good solvent for PAA but a poor solvent
for the PNMA blocks. The copolymers were séabin a 1:1 mixture of dHF and DO,
and also dispersed into,D. CDCE, on the other hand, is a good solvent for the PnMA
blocks but a poor solvent for PAA. A 1:1 mixture offHIF and CDC was used to
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reverse the solvent selectivity compared to tHEHEF:D,O mixture. The final solvent
was deuterated ethanol-EdOH), which was chosen to gain some information as to

how the copolymers may behave in the ink formulation, which is primarily ethanol
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Figure 5.11 Scattering prfiles for the reduced data obtained from P(nMA)
copolymers at 0.5% concentration iRTHIF. 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 sordata points (at lowp 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 randopmumbers 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 summarise the values of fitting parameters obtained from the fitting of
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various models to the data whilsppendix 3 presents the model fits to the scattering

data.

The best fit to thigparticulars et of data was found wusi
model, represendkeas solid lines on the graph. This provides an empirical for the
scattering from alisperse polymer chain in a good solvent, i.e. a GaussianTtail.

functional form for this modés given byEquation 5.32%% 2%

1
2[(1 +Ux) U+ x— l] Equation 5.3
1(O) = scale bk
(Q) scale X (l+U)x2 + OKg

I(Q) represerd the scattering intensitybkg the background,x is the
dimensionless chain dimensidaquation 5.4) andU is the SchultzZimm dispersion in

the molecular weight distributiofc§uation 5.5).

o RO Equation 5.4
142U
M, .
U=—-1 Equation 5.5
M”

Additionally, Ry represents the radius of gyration of the polym@r,the
scattering vectony,, the weightaverage molecular weight am, the numbeiaverage

molecular weight.

It would be expected foall of these madrials to adopt a Gaussian coil
conformation in dfHF as it is a good solvent for both blocks. The model provides
values for parameters includi®y and dispersityTable 59 summarises the values of
Ry and dispersity obtained. Full tables of calculatedampeters are provided in
Appendix 2. The R, values obtained for these copolymers range between 50 to 150 A
(5 to 15 nm) which are typical for Gaussian coils. Larger values of dispersity were
observed for both the linear and branched random materials cesmjgathe graft and
branched block copolymers. idpersities wereconsistent within architecture and
distribution groups (e.g.llathree HBR copolymers hadispersities between 4.10 and

5.00whilst all G copolymers hadispersities between 1.04 and 1.86).
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Table 59. SelectedResults of Model Fitting to SANS Data of P(nM®A)
Copolymers in eTHF

sample M/M, Ry/A
HBR1 5.00 87.4
HBR?2 4.10 74.2
HBR3 4.96 50.5
LR1 5.00 90.4
LR2 5.00 64.5
LR3 2.75 57.8
Gl 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 mixtureDH& and DO, to investigate
the effect of adding a bloeselective solvent. As the solvency conditions change, it
would be anticipated that the PAA segments waalchain welsolvated whilst the
PnMA segments would begin to collaps&gure 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 @wompared to the scattering in d
THF. This can indicate the presence of attractive interactions between particles causing
larger particles or aggregates to form.
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Figure 5.12. Scattering profiles for the reduced data obtaifieiin P(nMA-AA)
copolymers at 0.5% concentration in 1TdF:D,O 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\ &l thue to small size of

error bars, at higlQ 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 refenéthacrylate 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 HBRS3, fitted best to the Poly GausdQuobdel indicating that they were still
dissolved despite the,D 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 fractatlike aggregates coposed of spherical building block¥. Equation 5.6
represents the overall scattering intensity, wH&@) is a function of the form factor,

F(Q), andS(Q)is the structure factor, withkgthe background level.
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1(Q) = P(Q)S(Q) + bkg 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 F{Qpis the
Fourier transform of the contrast evaluated over the particle volume. If the particles are
approximated to uniform spheres of SiDradiusR, and volumeV (given byEquation
5.9for a sphere), theR(Q) can be represented IBquation 5.7. Here the function of
F(QRy) is expanded iEquation 5.8

a
L

P(Q) = scale X V(o — Paotvent) F(OR0) Equation 5.7
3[sincx — xcosco] Equation 5.8

Foo = <

X
Equation 5.9

4 5
V = -aRy
3

S(Q) the structure factor, describes the spatial distribution of the individual
scattering particles, through a Fourier transform of a pair correlatiation. It is given
by Equation 5.1Q whereD;i s t he fract al di mensi on, @ is th
the correlation lengthS(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 distace 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 aggreate, such as th, of a branched polymer nearing gelatigh ”°’

Dy'(Dy = 1)sin[(Dy = 1)tan™(Q0)]

S(Q)=1+ Equation 5.10

(Dy=1)

l ; (QRy)™r

1

| + ,
(Q0)

The significant fitting parameters obtained from this model are the radius of the
building blocks, the correlatiolength (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 fornigdbelow 3
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indicates mass fractals, wh are formed by clustering of smaller particles, wheias
greater than 3 is characteristic of surface fractalsaning particles with a rough
0fractal & surface. Di fferent tDfyakes, a9 f mé

demonstrated ifigure 5.13 below.

D;: 5/3 2 3
swollen Gaussian clustered
chains chains network

Figure 5.13. Schematic representation of the various fractal dimensions for mass fractal

systems. Adapted from NIST Center for Neutron Research wéffsite.

The second model which describes some of tié1H:D,O data is the sphere
model?® This provides the form factoR(Q), for a monodisperse spherical particle
having a uniform SLD, as shown Eguation 5.11, whereg}represents the difference
in SLD between the solvent and the polymer (the contBs@presents the radius of
the spherebkgis the background level and represents the volume of the scattering

object; in this way the scale represents the volume fraofitre scatterer.

scale [3V(Ap)[sin(OR) — OR cos(OR)]*

+bkg  Equation5.11
(QR)*

P(Q) =

The important parameters obtained from this model are the radius and the SLD
of the sphereTable 510 summarises the results of the model fitting for each polymer,

reporting the best modét 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(@ the poly(alkyl methacrylate) chains
will be less solvated and begin to collapse, but both the preseneEHif dnd the fact
that the poly(acrylic acid) segments remain well solvated prevents them from
precipitating entirely. Howeverthe chains begin tocaggregate to minimise the
interfacial energy and keep the hydrophobic PNMA segments away from@heTbe
fractal dimensions of albf the data were very close to 3, indicating the formation of
mass fractals in the configuration of clustered networks rodélls particles. The
calculated radii of the building blocks are close to 20 A (2 nm) representing the
collapsed copolymers, whilst the size of the larger aggregates ranges fre86@80
(20-35 nm) for G1 and HBM2 and between 1aD000 A (106170 nm) for IR2, LR3,

G3, HBR1, HBR2 and HBML1. In the case of the G2 and HBM3 copolymers, the
aggregation process has progressed further to the point of formingssethbled

structures, which are represented by the sphere model.
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Table 510. SelectedResults of Mdel Fitting to SANS Data of P(nMAA) Copolymers in 1:1 efHF:D,O Mixtures

sample model My/M, Ry/A correlation  fractal radius /A SLD block radius /A SLD sphere
| en gt hdimension 1A IA?

HBR1 fractal 1310.6 3.00 20.1 2.23 x10°

HBR2 fractal 1711.7 3.01 20.9 2.29 x10°

HBR3 Gaussian 5.00 65.2

LR1 Gaussian 2.95 69.1

LR2 fractal 1026.4 3.01 14.6 1.58 x10°

LR3 fractal 1292.4 3.00 11.4 1.41 x10°

Gl fractal 197.6 3.00 13.6 1.97x10°

G2 sphere 443.0 3.54 x10°

G3 fractal 1383.5 3.00 6.9 1.40 x10°

HBM1 fractal 1593.7 3.00 11.0 2.09 x10°

HBM2  fradal 347.2 3.05 17.7 2.00 x10°

HBM3  sphere 1236.9 1.67 x10°
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Figure 5.14 shows the scattering profiles obtained from the set of copolymers
when dispersed into MO, following the same solvent switch procedure as outlined in
section 5.2. Aseen in the dHF:D,O mixture, the scattering intensity is large for these
materials at lowQ, 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-AA).

There is also a noticeable increaseaise 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 backgronose. 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@HEAAA
copolymers at 0.5% concentration in@ 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 @wue to small size of errobs, 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 = MMABRIA and

3= LMA)

The overall scattering profiles appear similar for the same copolymers in d
THF:D,O and DO. However, peaks are visible in some of the scattering profiles at
medium Q. The most significant peak is seen in the scattering from HBM2,hwhic
appears to be a Bragige peak suggesting the presence of a muligjyered structure.
Less significant peaks were observed for LR3, G1, G2, HBM1 and HBM3.

The most suitable model to fit these dexdibiting peaks at mediu@ was the
Lamellar ParaCrstal modef™® 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 5.12is used to caldate the scattering, wheip} represents the
difference in SLD between the solvent and the polymer (the conZaff) represents
the interference effects where more than one bilayer is preseiit,dadhe mass per
area of the bilayer. In this application of the model, the deater is used instead &f,
and represents the volume fraction of the material forming the bilRy€R) is the
form factor of the bilayer, given bquation 5.13in which it is approximated as the
cross section of an infinite planar bilayahere trepresents the layer thickness.

. Pui(O) Equation 5.12
I(Q) = 2H(A/))Arm72;\’(Q)

(Q) ’ Equation 5.13

Pui(Q) = [sin or
2

Where there is a neimteger number of layerd\(), Equation 5.14is used to
calculate the value from a linear combination of tighér and lower values.

Ny = xyN+ (1 —xy)(N+ 1) 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
D,O and PAA segments on the eusurfaces. The SLD values of the sedsembled
structures are higher than those calculated for the copolymers alone, indicating the
presence of BD within the particles. LR3, G1, HBM1 and HBM3 are composed of
between two and three layers, hence theinteger 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 medetail 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 determineagthiather techniques,
as seen irFigure 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 isceeghehowever, 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.

500
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£ 350 . q SANS
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Figure 5.15. Comparison of particle sizes of P(nM®A) copolymers sedassembled

in HO (D,O 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 poinfisey: letters refer to architecture and distribution
HBR = highly branchedandom, 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. SelectedResults of Model Fitting to SANS Data of P(nM#®A) Copolymers inD,O

sample  model radius /A SLD sphere No. of SLD layer spacing thickness
1A layers 1A IA 1A

HBR1  sphere 1383.2  4.42 x10°

HBR2  sphere 1386.9  4.00 x10°

HBR3  sphere 1776.0 5.83x10°

LR1 sphere 1432.4  3.61 x10°

LR2 sphere 1255.2  4.16 x10°

LR3 Lamellar ParaCrysta 2.10 3.77 x10°®  653.1 259.9

Gl Lamellar ParaCrysta 2.00 1.40 x10° 169.6 171.6

G2 Lamellar ParaCrysta 1.61 1.81 x10° 167.6 167.6

G3 sphere 582.12  2.35x10°

HBM1 Lamellar ParaCrysta 2.44 3.71x10°  179.7 188.6

HBM2 Lamellar ParaCrysta 10.37 2.07 x10° 114.6 42.3

HBM3 Lamellar ParaCrysta 2.60 2.29 x10° 166.6 138.9
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The next solvent system to be investigated was a 1:1 mixtureTéfFdand
CDCls. This was intended as a reversal of the esoty conditions of @HF:D,0, as
CDCl; is a good solvent for the PnMA segments but a poor solvent for PAA. The
scattering profiles for this data set are showRigure 5.16.
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* HBR3
— HBR1 Gaussian fit £
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LR1 Gaussian fit
<o0.01
—— HBR2 Gaussian fit ooty
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e G1
. G2 1
e G3

* HBM1
* HBM2
* HBM3
— G1 fractal fit — HBM1 Gaussian fit

— HBM2 fractal fit

o
£
L
— G2 fractal fit ~
e

— G3 Gaussian fit — HBMS3 fractal fit

Figure 5.16. Scattering profiles for the reduced datatained from P(nMAAA)
copolymers at 0.5% concentration in 1:TldF:CDCk 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 datasp@t lowQ due to small size of

error bars, at higl®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, nunsbezfer 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 CDGlto d-THF, including all branched and linear random
materials in addition to G3 and HBM1.1GG2, 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 chamgblk 5.12
summarises the values of fitting parameters obtafired 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 copeiysmare smaller than those for the
fractals formed in €fHF:D,0, indicating a lesser degree of network formation.

Additionally, the radii of the fractal building blocks are smaller.
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Table 5.12. SelectedResults of Model Fitting to SANS Data of P(nM#A) Copolymers in 1:1 efTHF:CDCk Mixtures

sample  model Mw/Mpn Rq/A correlation fractal radius /A SLD block
| engt hdimension 1A
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
Gl fractal 328.1 2.36 4.9 3.19x 10°
G2 fractal 499.7 2.03 4.0 1.56 x 10P
G3 Gaussian 2.48 1168
HBM1 Gaussian 1.67 86.5
HBM2  fractal 364.7 2.10 5.0 4.34x10°
HBM3 fractal 102.7 3.01 3.8 2.31x 10°
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Finally, the behaviour of the copolymers d-EtOH was investigated, since the
ink formulations tested later in Chapter 8 are primarily ethbased. The copolymers
were dispersed into-HtOH from THF using the same solvent switch method as
employed for dispersion into,D. Only the BMA versionsf the copolymers were used
for SANS, as these were the materials used in printing studopse 5.17 shows the

scattering profiles for this set of copolymers.

® HBR2
10 3 ® LR2
® HBA2
¢ LB2
® G2
0.19
® HBM2

— HBR2 Gaussian fit

1(Q) /cm =

0.019
= LR2 Gaussian fit

0.001 4 — HBAZ2 fractal fit

o — LB2 fractal fit

0.0001 T T ' — G2 fractal fit

— HBM2 fractal fit

Figure 5.17. Scattering profiles for the reduced data obtainesmfrP(BMA-AA)
copolymers at 0.5% concentration ifEtOH. 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@gue to smallige 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 acidecand LB = linear block,

numbers refer to methacrylate monomer, 2 = BMA)

In this solvent systemthe scattering of the copolymers differed strongly

according to their monomer sequence distributidhe scattering of both random
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copolymers, HBR2 and LR2yas bestepresergd by the Gaussian model, indicating
that they remained dissolved inRElOH. However, the other four copolymers having
segmented structures, G2, HBM2, HBA2, and LB2, displayed higher scattering
intensities which were found to be bestefittby the fractal model. This indicated that
these copolymers have a tendency to begin aggregating into larger structuEa©I. d

This could have significance for the formulation of inks, as the formation of aggregates
in the ink prior to or during th@rinting 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 @&ble 5.13. Here, the fractal dimensions are close

to 5/3 which is the standardlue for swollen polymer chains, showing that the fractal

aggregates are composed of aggregated swollen ¢hsiead of clustered networks
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Table 5.13. SelectedResults of Model Fitting to SANS Data of P(BM®A) Copolymers in éEtOH

sample model Mw/M, Rg/A correlation fractal radius /A  SLD block
| engt hdimension IA?

HBR2 Gaussian 2.38 56.0

LR2 Gaussian 3.99 48.5

G2 fractal 499.9 1.49 6.0 1.40 x10°
HBM2 fractal 599.2 1.72 4.2 1.60 x1¢°
HBA2 fractal 499.9 1.48 5.7 1.47 xO°
LB2 fractal 166.1 1.57 53 1.40 x1¢°
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Table 5.14. Summary of SANS ResultsComparison of Models for P(nMAA)

Copolymers in each Solvent System

sample d-THF 1:1d D,O 1:1d d-EtOH
THF:D,O THF:CDCh

HBR1 Gaussian fractal sphere Gaussian

HBR2 Gaussian fractal sphere Gaussian Gaussian

HBR3 Gaussian Gaussian sphere Gaussian

LR1 Gaussia Gaussian sphere Gaussian

LR2 Gaussian fractal sphere Gaussian Gaussian

LR3 Gaussian fractal Lamellar Gaussian
ParaCrystal

G1 Gaussian fractal Lamellar fractal
ParaCrystal

G2 Gaussian sphere Lamellar fractal fractal
ParaCrystal

G3 Gaussian fractal sphere Gaussian

HBM1 Gaussian fractal Lamellar Gaussian
ParaCrystal

HBM2 Gaussian fractal Lamellar fractal fractal
ParaCrystal

HBM3 Gaussian sphere Lamellar fractal
ParaCrystal

LB2 fractal

HBA2 fractal

Table 5.14 summariseshe results of the model fits for the SANS data of each

copolymer in each solvent systefrhis allows identification of trends within the data.

In d-THF all copolyners 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 smdsembly behaviour are observed for different

copolymers. Overall, the ranth and segmented copolymers exhibit different responses

to solvent environment. This is seen most clearly-Et@H, in which the two random

copolymers form Gaussian coils whilst the four segmented copolymers form fractal

aggregates. The trend is less ewitlin the other solvent systems but still present: for

example, in RO all the random copolymers form spheres whilst the segmented
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copolymers form multilamellar micelles, with the notable exceptions of LR3 and G3.
These two copolymers, however, are amdmg 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 structurBor the most partthe 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-assémbledstructures 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, whereaheinrandom
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 methacrylatacrylic acid) copolymers were digged into water,

a blockselective 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 thasselihbly bedwviour of
the materials. Differences in the sasembled 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 tha rando
materials in both branched and linear architectures. The block and graft copolymers, on
the other handformed a greater range esfructuresincluding aggregates, spherical
mi cell es and more unusual structures such as
Small amgle neutron scattering was used to study the copolymer behaviour in a
range of different solvent systems. KTHF, 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 BO to form 1.1 dTHF:D,O mixtures, the majority of
copolymers were represented by a fractal model as the chains began to aggregate and
form clustered networksyhilst a couple of materials either remained Gaussian coils or

aggregated further to form spheres. All copolymers formeeassémbled structures in
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D,O. Most scattering profiles fitted well to the sphere model whilst some notable
examples exhibited larfiar behaviour similar to that of mullamellar vesicles. When
CDCls, a hydrophobic blockelective solvent, was added tdHF in a 1:1 mixture, the
copolymers primarily remained as Gaussian coils with four materials beginning to
aggregate into fractal®-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 welolvated as Gasmn 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

In this chapterwe show that the branched P(BM»¥AA) copolymer forms lamellar
ooniond micelles. The mechanism of
investigated. These micelles exhibit a temperatureresspwhich can be used to
encapsulate and release Rhodamine B, a model compound.

6.1 Introduction

The selfassembly of amphiphilic block copolymeirs solution has led to the
formation of many aggregates with interesting morphologies including spherical
micelles, vesicles, rods, tubes and lameltde?**?** For linear amphiphilic block
copolymers in a blockselective solvent, variation of copolymer morphology from
spheres to worms to vesicles can be obsenvdths been proposed that there exists a
packing parameteR, which can control the type of morphology form&this concept
was introduced to rationa# surfactant selissembl§*> and was later extended to
include the selassembly of diblock copolymef® A short stabiliser(hydrophilic)
block results in a low steric barrier to micelle fusion and therefore a drive to achieve
greater stability through theofmation of larger structures, whereas long stabiliser
blocks provide effective steric stabilisation, removing the drive for micelle fGSfon.

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 Eisenbergf® are formed by the primary aggaion of block copolymers in
a blockselective solvent due to microphase separation. Complex micelles, however, are
larger in size with a more complicated structtife”® These are large compound

micelles (LCMs)formed from the secondary aggregation of primary micelles.

Large micelles have also been reported from theassémbly of dendrimers
and highly branched (HB) copolymers in solution. Branching within copolymer
molecules leads to an overall globulausture. This results in the existence of different
mechanisms of selissembly compared to linear block copolynfét44iB copolymers
tend to form unimolecular micelles in solution, which undergo secondary aggregation

into multimicelle aggregates (MMASS?
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Selforganised precipttion (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 rembwd solvent from the disordered solvent
containing nanoparticléd® Thus, the evaporation of a good solvent from a gooof
solvent mixture results in the trapping of kinetic structdfé$hese inplane stactured
micelles are metastable arldcked in a kinetically trapped nonergodic state of
dispersion(i.e. a local equilibrium)vhich is stabilised by glassyomains 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 morphGfogy.

6.2 Sel-Assembly of HB P(nMA-b-AA) Copolymers in Water

As shown in Section 5.2, the three HB P(nMA\A) copolymers seHassemble
into very different structures when dispersed into water. Spherical micelles with a rough
appearance to the particle surface are fdrfnem the HB P(MMAb-AA) copolymer.
The BMA anal ogue, however , Figwe eishowsaamel | ar 00
larger TEM image of these structures. The HB P(L-BtAA) copolymer forms much
smaller particles which are more elliptical in shape and laademple in the centre.
These results clearly demonstrate the strong effect that changing the alkyl group on the
methacrylate monomer has on the sa§embly behaviour, as the architecture, degree
of branching and molecular weights were kept as constapbbsasible and could not
account for the differences in saésembled 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(BMAb-AA) sel-assembled into onion micelles in

water, negatively stained with uranyl formate.

SEM was used to investigate whether the onion micelles had flafildésc
structures or thredimensional spherical structures. SEVused to studthe surface of
the ample whereas TEM can enabisualisation ofthe internal structure. A TEM grid
to which astainedHB P(BMA-b-AA) dispersionwas adsorbed wasputtercoated with
Au and used for SEM imaging to allow direct comparison between the TEM and SEM
images. The SH images inFigure 6.2 show that the onion micelles are in fact
spherical,and the lamellar structure as sholynTEM isa series ofnternalconcentric

shells
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Figure 6.2 SEM images of the spheres formed by HB P(BMAA). A TEM grid
with adsorbed HB P(BMA-AA), stained with uranyl formate, was sputtarated with
Au and imaged by SEM

SANS was used to study dispersions of the copolymers »D. Diverse
scattering profiles were obtained for the three samples, as ségjune 6.3 A clear
Bragg peak was observed for the HB P(BMA\A) sample which is characteristic of a
multilayered structure. The simple relatiBquation 6.1
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Q:

Ay

Equation 6.1

can be used to predict the layer spacing. Usin@thealue of the Brag peak an average

spacing of 12 nm is predictédr HB P(BMA-b-AA). Despite the apparent differences
in the profiles, the scatteringdf all three copolymeréitted to a Lamellar ParaCrystal

model?'® Table 6.1summarises the vads of the fitting pammeters obtained from the

model.It must be noted that due to the greamerountof noise in the scattering of the
HBML1 particles, the model fit is much less reliable ttfawse ofthe othercopolymers

and therefore the parametersliable 6.1are subject to a large degree of error.

100
° HBM1
Lo ° HBM2
- 1 * HBMS3
E ___ HBM1 Lamellar
= 0.1 ParaCrystal fit
o4
=0.01 ___ HBM2 Lamellar
ParaCrystal fit
0ot ___ HBM3 Lamellar
0.0001 r — — ——rrrr ParaCrystal fit
0.01 0.1 1
Q /AT

Figure 6.3 SANS scattering profiles of I(Q) against Q for the reduced data obtained
from HB P(nMAb-AA) copolymers dispersed in D 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 fisto Lamellar ParaCrystal Model feach copolymer
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Table 6.1 Summary of Values Obtained for Fitting Parameters from Model Fit to HB
P(hMA-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 /A? 3.71 x 10° 2.07x 10° 2.29 x 10°
Spacing /A 179.7 114.6 166.6
Thickness /A 188.6 42.3 138.9

The model fit gives a layer spacifiy HBM2 of 11.4 nm which is veryclose to
the spacing obtained from the Bragg peak, amahstrates some associatkspersity
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 lengtly {&hsd) of
the layers is approximately 2X07.0° A This shows that there is water within the

onion structure as the calciddtSLD for the copolymer is 1.4 x $&2.

Interestingly, lamellar structures were also indicated for HBM1 and HBM3, but
with much fewer layers. The results suggest a mixture -oarul trilayered micelles,
with much thicker layers than calculated for HBM2. Increased values of SLD again

indicate the presence o0 within the micelle structure.
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Figure 6.4 Representative TEM images of copolymers A: HB P(MBIAA), B: HB
P(BMA-b-AA) and C: HB P(LMAD-AA) self-assembled in water and D: HB P(MMA
b-AA), E: HB P(BMA-b-AA) and F: HB P(LMADb-AA) following annealing at 4%

for 12 hous. 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 tubesimgntapolymer
dispersion in water were sealed and immersed in an oil bath heatedCido#512
hours. Samples were removed and imaged by TEM before and after the annealing
period, as shown iRigure 6.4. Particle sizing measurements were also perforiied.

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(BMAb-AA) micelles also underwent a small increase in particle size and the
errar increased. More significantly, the lamellar structure was no fomigsent, with a

more vesicldike structure observed.
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A second study was carried out to investigate the -tependence of the
annealing process. A sample of onion micelles in waterhwated at 40 °C and samples
were removed and analysed by TEM during the annealing prdégsse 6.5 shows

some of the images taken at time powit8, 14, 17 and 20 hours.

Figure 6.5 Representative TEM images of HB P(BMb-AA) onion micelles sel
assembled in water following annealing at°@after A) 8 h, B) 14 h, C) 17 h and D)
20 h Samples were negatively stained with uranyl form@teon micelles are still seen
after 8 h A) but reorganisation begins to be obsdrisg 14 h B) and is evident by 17 h
(C). Vesiclelike structures are observed after 20 h of annealing (

138



Lamellar structure was still observedthe images taken following eighburs
of annealing. By 14 hours, however, some evidence of unravelidgeorganisation
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 véiel@ppearance. The
final image shows the structures after 20 hours of heating. The majority of structures
observed adopted a vesidike structure with no visible lamellar structures, although a
few lamellar domains were observed such as the one sdla image inFigure 6.5
These results show that the annealing process does occur graceally period of
time, althoughthe mechanism of the annealing process of these onion micelles and how
the transition occurs from an ordered lamellar structure tlisardered vesickike

structureremains 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 strengthigure 6.6 showsTEM images of each dispersion at

each pH, andrigure 6.7 shows the particle sizing data represented graphically.
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Figure 6.6 Representative TEM images of copolymers A: HB P(MBIAA), B: HB
P(BMA-b-AA) and C: HB P(LMAD-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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