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Abstract

This work has built upon previous surface initiated atom transfer radical polymerisatieAsRE)

of side chain liquid crystal polymers (SCLCPs) from cellulose (paper) biofibres utilising
developments in ATRP chemistry. Activator ReGenerated by Eléeotansfer (ARGET) ATRP has
been utilised to provide robust conditions for the grafting. Grafts with terminally attached and
more sterically restricted laterally attached mesogenic units have been achieved. A new mixing
protocol has been developed to allowrfthe polymerisations in the presence of regenerated
cellulose electrospun fibres. Adsorption has been confirmed for both laterally and terminally
attached SCLCPs to cellulose with ghafin polymerisations evidenced for the laterally attached
regime. Gaft-from polymerisations have been achieved with terminally attached mesogens as
side chains; however, for the terminally attached SCLCPs physisorption of the sacrificial polymer is
also observed. All adsorptions (graftings) were confirmed BWREFWith pecial attention given to

the carbonyl peak atp 1730 cm!. Cellulose (paper and electrospun fibres) surfaces were
characterised by SEM; in addition, the ESF surfaces were studied by polarising optical microscopy
(POM). Sacrificial initiator was used to mitor the extent of surface grafting and characterisation

of the sacrificial polymer was carried out by gel permeation chromatogradphiMR and POM.
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1. Introduction

Cheap versatile sensing devices are desirable for a wide range of applicktextisal operations

AY NBY2:0Ss ft2¢ LRLMAIGAZ2Y RSyairde IINBlLA | yR
restricted by the availability of economically viable sensing devices. Liquid crystals offer a route to
light weight, single unit devices. térest is growing about the potential of surface polymer
brushes for furthering sensor technologZellulose derived substrates offer a route to combine

the desirable properties of LCs with readily available support substrates.
1.1. Liquid Crystals

The liquid crystal state exists as an intermediate state betwden dolid and isotropic liquid
phases (states) of matter. Liquid crystal phases are closely linked to anisotropy (direction

dependence) in the molecular shape or distribution of change (microphase segregation).

Molecules in condensed phases pack to maxmibe favourable interactions between
neighbouring molecules and to minimise unfavourable interactions. The anisotropy of the
molecules introduces a packing preference which results in local direction dependent order. The
packing restraints caused by arispy result in a degree of loagnge order; additional

dynamics can result in orientational order and/or positional order.

Liquid crystals have the disorder associated with the liquid phase showing a degree of

translational freedom, but still retain cexin orientational order (akin to a crystal).

Orientational order is measured in terms of the favourability of a molecular axis to point in a
preferred direction. This statistically preferred direction is known as the director. In a case where
the moleculesare perfectly aligned the value of the director is 1; in a completely randomly
aligned sample the value is 0O; this is the case in the liquid state. Liquid crystals being an

intermediate phase exhibit intermediate degrees of orientational order.

Liquid crgtals can be classified by the stimulus that induces the phase transformations. In some
materials mesophase formation is driven by the presence of a solvent (lyotpric liquid crystals). In
other materials mesophase formation is driven by changes in temperathermotropic liquid

crystals).
1.1.1. Thermotropic Liquid Crystals

The term mesophase is a comprehensive temesomeaning middle reflects that mesophases

are stable between the solid and liquid phases. The structural properties of a liquid crystalline
phase are themesomorphigroperties, while molecular species capable of assembling in liquid
crystal phases are mesogenic. Mesogenic materials have sufficient rigidity and favourable

molecular shape properties to assemble to famesophases

20



Thermotropic liquid crystals can be classified by their molecular shape (aspect ratio) either as
calamitic (rodlike) or discotic (distike). Calamitic liquid crystals have a high aspect ratio resulting
from a long thin shape; discotic liquid crystals éakie alternative anisotropy of a short length

and large diameter (FigurB.

Figurel: Representation of the shape of calamitic and discotic liquid crystals.

The most abundant class of liquid crystals are calamitic liguigtals. Calamitic liquid crystals
exhibit a rich variety of liquid crystal phases, although the most commonly encountered phases

are the nematic and the smectic phases.

The intermolecular transformations that occur with increasing temperature in soomenmn
calamitic materials are shown in Figw2eA crystalline solid (a) has long range order acros®a 3
lattice and complete orientational order. On increasing temperature it transforms to a smectic
phase (b). The smectic phases maintain statisticarlaydering in 2D layers and orientational
ordering, but now show translational order within the layers. As the energy of the system is
further increased, molecules gain free translational order in all directions, resulting in a nematic
phase (c). Nematicmaintain their orientational order. When molecules do not have appropriate
interactions to promote the formation of layers only the nematic phases are exhibited. The final
phase in the continuum is the liquid phase (isotropic) where all ordering inyibieera breaks
down (d).

a0
000G

)

Figure2: Schematic representation of a simple series of thermotropic phase transformations. a. crystal, b. si

nematic and d. isotropic.

In order to exploit desirable phases an understandifighow structural modifications at the
molecular level can be utilised to impart favourable phase behaviour on a bulk must be obtained.
A common feature in thermotropic liquid crystals is the presence of a rigid core. If the core is

sufficiently rigiditwi £ KIF @S I AA3IYATFTAOFIYy (G Sy 2 didnotetheT f dzS
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formation of liquid crystalline phasedraditionally phenyl and/or cyclohexyl rings form part of

the mesogenic core (FiguB.

/N M\
XA -1~ B —

Figure3: Template of calamitic liquid crystal cores. Modified fr@n YWhere A and B are rigid elements (mesogenic
O2NBavsz - % YR 6KSNB RSLX 2@& SR andiNME Misdbsfifuentg.3 dzy A 1ax w

Mesogenic units with enhanced ability to support mesophases can be achieved by linking
additional core components or by supporting better polarisable conjugation with end

substituents.

Additional components can be included @vbur the formation of layers (lamellar phase), chiral

behaviour (chiral group inclusion) or tilting of molecular alignnient.

Anisotropic materials have, due to their shape, two or more refractive indices. For this purpose,
we will consider, rodike, calamitic liquid crystals with two refractive indices. In a-likel
moleculethe first refractive index is that parallel to the long axis of the molecule, this parallel
refractive index is known as the extraordinary refractive indexAnsecond refractive index exists
perpendicular to the long axis this is known as the ordinafyaotive indexn, - for a rodlike
molecule two degenerate ordinary refractive indices exist. Where the two refractive indiges,
and n,, are nondegenerate they refract light to different degree$he magnitude of the

difference is quantified by the bifgngence:

~

3 £ 3

When an incident ray of light encounters an anisotropic material, each polarisation component of
the incident light interacts with the different refractive indices perpendicular to each other with
different degrees ofefraction. The different routes of the two polarization components result in
path length of different multiples of the wavelength. The difference in phase velocity of the

extraordinary ray from the ordinary ray, results in constructive and destructiesference.

The interaction of the medium with the light is dependent on the angle at which the light
encounters the molecules, if the molecules are aligned with directional order a birefringence
affect can occur through the medium. By placing a cross igselaperpendicular to the incident
light polarization, only refracted light can be detected. This can be used to identify liquid crystal

phases and is used commercially for display deices.
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1.2. Polymers

Polymers areextended molecules constructed from large numbers of small fragments, known as
monomers. The construction of the simplest polymers is represented by the degree of

polymerisation® wherenis the number of repeat units.

Synthetic and natural polymers are known, the most abundant natural polymer on earth is
cellulose (Sectioi.4.1). Polymers show a huge range of tailorable properties; amongst these are
viscosity, stresstrain profiles (including plastics) and conductanée a result of their huge

tailorability and favourable economic factors, polymers have become the material of the modern

age.
1.2.1. Classification

There are two broad methods of synthesising polymers from their constituent monomers. Chain
growth polymerisatin, otherwise known as addition polymerisation, is the process where a

monomer adds to the living end of a propagating chain (Figufe

Initiation Propagation

R R
C=C ~c-C: g R
Ao R/ u\R E. AR’C R “ R
R
R R
Termination R R R m R IF%IR B/C" - :RC\R
R ® R _[A-¢- "u /C=C\ i\c/c\ " R R
R RRRLTUD A-C-CCERTR R VR —» AU R RR
R d-c-X R R
/ N \R R R

Figure4: General mechanism for chain growth polymerisation.

However, step growth polymerisation, historicaligown as condensation polymerisation, differs
from the above as a small molecule is eliminated as the reactive functional groups combine in the

polymerisation reaction; this is entropically favoured which drives the process (Bgure

1 2
S O G T
n
o O O O
+ R3-OH

Figure5: Example of step growth polymerisation with general diacid and diol monomers.
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1.2.2. Properties: Chain Distribution

Polymers exhibit a wide range of tuneable physical properties as well asigtimes properties.

These properties are determined by factors including size and intermolecular interactions.

Dispersity in polymer chain length means that different masses can be used to describe the

polymers properties.

The number average molar masshie simple mean of all mass of all polymer chains (Equaion
Bi "EE;
Bi'k

Equationl: Equation for number average molar mass.

Eq

The mass average molar mass better describes some properties a polymer exhibits, where they
are dominated by larger mass polymers, by assigning them a higher weighting (E@)ation

Bi "EE;
' B{'BE;

Equation2: Equation for mass average molar mass.

The inability to assign a particular molecular weight to a polymer is one of the key distinguishing
features of polymerisation, since polymer chains with different numbers of repeat units are
formed. Recently effectivelgontrolled radical polymerisations have been developed, that made

it possible to significantly narrowed the range of molecular weights produced in the
polymerisation reactiof. However, variation does still lead to a distribution in chain lengths in

even the best controlled systems (Fig@ée
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Figure 6: Distribution & molecular weight produced by conventional radical polymerisation @adtrolled Radical

Polymerisatior{specificalyRAFY of the same substrate under comparable polymerisation conditions. [Reproduced].from

By comparing the difference between,Mnd M, we can quantify the polymer distributions. The
ratio of Mw to Mn is known as the polydispersity index, polydispersity or more broadly dispersity
(Equation3).1° The metric of polydispersity allows us to compare how well the two masses
correspond. An ideal polymer would have both represented by the same value and therefore a

ratio of one. The larger the variati the higher the polydispersity index.

"EAE Mg EqTE;

Equation3: Equation for polydispersity.

The relationship is not as rigorous in reverse, as such molecular weight distribution can only imply

a higherpolydispersity!!
1.2.3. Thermal and mechanical properties of polymers

In most applications the potential of polymers is reduced to utilisation of their mechanical
properties. The two most important mechanigatoperties are tensile strength and elasticity.
Increases in tensile strength are usually achieved with increases in chain length and cross linking.
Ly LRfEEYSNAO YIFIGSNRIf A GKS St I #)udtiQHe @lasticAinit, Y2 R
after the elastic limit some materials begin to deform irreversibly, this behaviour defines them as

plastics.
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A
Equation4: Hookes Law. Whereis the appliedstressE is thi

material constantYoung's modulus | Yy R ¥ A &traif K

Polymeric materials have a specific phase transition known as thetgdasgion temperature. In
application the glastransition temperature is a range over which polymer chains gain kinetic
freedom and pass froh W3t [ aaeQ adl 4S Ay dransiton tdipbirtuseSsNE Q
RSTAYSR o0& L!t!/ F+a WiKS GSYLISNEBRIEIINBIOQD s KAO
Branches in the polymer disturb the packing of the polymer chains. Increased levels of branching
result in reduced polymer transition temperaturdsiee radicals can abstract hydrogen from the

polymer backbonethis createsa new living enavhichcanleadto branching.

NI YyOKAY3I OFy o8 AdAIRt YOAER ALDRS WOKRAYA (23S
independently in multiple polymer chains restri¢ctee movement of thechains it is incorporated

in, thereby increasing the overall order of the system, increasing phase transitions.
1.2.4. Combshaped polymers

Combshaped polymers are a special class of branched polymers where the branches are
sufficiently long and regular to impart new specific propertiedtmpolymer. The branches, now
known as side chains, are in close special proximity, supporting sidesttiainhain interactions.

The backbone of the polymer maintains aspects of its linear properties, including flexibility. This
results in a duality otharacter. The spacing and nature of the side chains can influence how
much backbone character is exhibited. Where the side chains have a sufficiently large interaction,
the tight packing can result in the chain flexibility being constrained with the eshdEn
AYGSNI OGA2ya RNAGAY 3 -likenlcroX R | BISHdEIRNEB/R At G A YT AY

Figure7: Schematic representation of a corshaped sidehain polymer.

1.2.5. Blockco-polymers

Copolymers are polymers constituted of two or more polymer components. Copolymers can exist
as two joint regions of polymer with different composition or as polymer(s) of different
composition branching from a polymeric backbone (Fig8keAny conceivabl combination of
each type can exist, allowing continuous permutations. Like esinaped polymers, epolymers

show properties resulting from the competing or complementary properties of each component.
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When a comkshaped polymer contains sidiain polymes of different composition to that of

the main backbone, they are termed grafbpolymers.

[VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVY

S

Figure8: Schematic representation of linear and branched block copolymers.

1.3. Polymeric Liquid Crystal

Introduction of rigid units, such as mesogenic units, into either the backbone of the polymer or as
pendant groups limits the movement of the polymer chain and encourage more effective packing
this increases intermolecular interactions and in turn the phasansitions. A converse

relationship is seen with flexible side chains which increase the free space in the system and

favour higher energy phases.

Liquid crystal polymers combine the structural requirements of polymers and the mesogenic
properties of iquid crystals to create polymers exhibiting mesophases. The balancing of the
complex polymeric liquid crystal interactions results in property complexity that is more than the
sum of the two parts. Like conventional polymers, many polymeric liquid csystdlibit glass
transition temperatures; however, crystallinity has a requirement for stereoregularity which is
sometimes depressed by the mesogenic inclusion. This may lead to both crystalline and
amorphous regions. The inherent polydispersity of PLGdsléa wider phase transitions than
their lower molecular weight counterpartepending on the manner of the mesogenic unit

attachment, several structural types are formed.
1.3.1. Main-chain Liquid Crystal Polymers

Main-chain Liquid Crystal polymers includesogenic units within the backbone of the polymer
(Figure 9) either as a chain growth unit or as one/or both components of a step growth synthesis.
Consideration of MCLPs as a spectrum from conventional polymers to conventional liquid crystals
can be usedo consider the ratios of conventional backbone (spacer to mesogenic units. The
rigidity of mesogenic units means that increased mesogenic inclusion leads to increased polymer

rigidity as discussed with conventional polymers they can support more etfespiace filling.

Figure9: Schematic representation of a main chain liquid crystal polymer.
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1.3.2. Sidechain Liquid Crystal Polymers

Mesogenic units can be added as side chains either as an alternative to back bone inclirsion or
addition to main chain inclusion, this tends to add to further complexity in the phase beh&viour
1213 14 Mesogenic inclusion is best achieved by utilising the regularity associated with- comb
shaped polymers. Wheremesogenic unitsare used as the side chains, the ordered packing
associated with the mesogenic interactions can result in strong interactions between the

branches. The restricted branches can affect a strong effect on the chain properties.

In order for the mesophase toxest, the mesogenic components require freedom to arrange
according to the packing requirements of that phase. This is antagonistic to (in conflict with) the
preference of the mairchain (backbone) for which the preference is to maximise entrdyyy
adopted a coiled confirmatiod® When mesogenic units are atthed to the polymeric chain this
leads to an antagonism between the two alternative arrangements.-&idén liquid crystal
polymers offer the potential to decoupléhese two antagonistic factors, througbeparation
utilising spacers (Figurk)). Howeverthe backbone influence on the phase behaviour cannot be

eliminated completely>18

Trtpty

FigurelO: Schematicepresentation of side chain ligl crystal polymers with a. terminally attact

side groups, b. laterallgttached side groups.

Flexible spacers act to decouple the motions of the mesogenic units from those of the backbone
and, in so doing allow fanesomorphic behaviour to existVhere the spacers are still relatively
short the similarity to low molecular vight thermotropic liquid crystals is reflected in the edd

even relationship shown by the mesophases.

As has been discussed LCPs (regardless of type) include a backbone, mesogenic units an

potentially various degrees of mesogenic component separation. s Tdamplexity is
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supplemented in SCLPs by further options for the method of mesogenic attachment and
significantly affects the organisation of the mesogenic unitsidechain liquid crystal polymers

the effects of branching on glass transition temperasiappear to hold true.
1.3.2.1. Terminally attached mesogenic units

In terminallyattached sidechain LC polymers, the mesogenic units are attached to the polymer
backbone through a flexible spacer, to one end of the core (Fifj0ee. Since polymerisation
results in increased order, it is often observed that mesogenic monomers that show a nematic

phase, if polymerised often form a smectic phase.
1.3.2.2. Laterally attached mesogenic units

A different topology can be accomplished through the lateral attachment of the mesogen to the
core, normallyyia a flexible spacer (FigurkOb.).?® Laterally attached mesogenic units show very
different behaviour compared to their termatly attached counterparts. Regardless of the spacer
length smectic behaviour is poorly supported, and instead the nematic phase dominates. It has
been suggested that this is a result of the mesogenic units jacketing the backbone as a scaffold

and forminga sheath'®
1.4. Functional Materials

Functional materials are often synthesised or optimised with a specific application in mind. One
class of functional materials are intelligent materials, these materials can ddgisbehaviour to

respond to changes iniBINY I £ 2 NJ SEGSNY 2 WLI NI YSGSNEQ 04
1.4.1. Cellulose

Cellulose has been widely utilised as a material for several thousand years. In 1838 Anselme
Payen ascertained the chemical formula, knowjeaf the structure of cellulose and its chemistry
has been growing ever since. The greatest development in the chemical understanding of

cellulose was the determination of the polymeric structure, by Hermann Staudinger, in 1920.

OH OH
OH OH OH
HO o] ° Ho o} ° Ho o
T, 0] HO © © e ° ©
OH OH
OH OH OH

Figurell: Structure of a section of a cellulose polymer.
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Cellulose has long been known as a versatile material, it can be modified by mechanical and
chemical methods. Cellulose has very strong intermolecular chm@raction. High linearity
allows the chains to pack highly effectively in addition hydroxyl groups can form extensive

hydrogen bonding network&.
1.4.1.1. Morphology

There are five known forms of cellulose. Cellulose from natural sources has a form known as
cellulose I, consisting of parallel chains. These can be converted to the mdet@tadtalline

form, cellulose Il consisting of antiparallel chains, by hydrolgssderization)with aqueous
sodium hydroxideg?24

Figure 12: Crystal structure and hydrogén2 y RA y 3
diffraction [reproduced fron21].

Beyond any property considerations, cellulose is a favourable material igsaitrenewable
feedstock. It is only relatively recently in the history of anthropogenic cellulose use that we have
had the understanding to go beyond traditional uses and target value added materials by

introducing favourable chemical properties to thetearial.
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Crystalline cellulose can be encountered as one of four potential polymorphs. These polymorphs
constitute crystalline parts of elementary fibrils alongside amorphous regions. Cellulose adopts a
hierarchical structure with elementary fibrils armging into microfibrils (Figur&3). These then
wind together with a defined microfibril angle, but nalefined direction, to form nanscale fibres
which intertwine to form mechanical interlocks or fibril bridg@3hese nanoscale interactions of
locking and twisting give rise to bulk propertiespdadent on the cellulose source and
processing?®

Bundie of Cellulose Cellulose

cellulose fibrils microfibril molecule

»
..-0. ...

Fiber surface

»
2
-~

..
N
~
>

Width > 15 nm Width 3.4 nm Width 0.4 nm
Length > 2 ym Length <500 nm

Crystallinity 70-90%

Figurel3: The hierarchical structure of cellulose modifiexif [27].
1.4.1.2. Microfibrillated cellulose

Microfibrilated (MFC) is a cellulosic material with a homogenous fibre diar&tgpjcally in the
range 1640 nm, placing it between microcrystallinelloéose and an individual microfibril which

are typically 16100 times larger, and-20 times smaller respectiveli.

Specific surface area (SSA) is a property of solids measuring the total sugacsf a material

per unit mass. Due to its composition of large numbers of nhanocomposites/cellulosic materials,
each with a small diameter and therefore high surface area, MFC has a much higher SSA thar
unprocessed cellulogg Specific surface area isiderstood to be quite hard to measure for

microfibrillated cellulose due to aggregation effeéts.
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1.4.1.2.1. Regenerated Cellulose Electrospun fibre

Electrospinning is one of the most versatile forms of microfibrillatfoRlectrospinning is capable

of producing extended fibres of homogenous diaméefetn the electrospinning process the
material to be fabricated, typically a polymer, is dissolved in solution and fed through a spinneret.
The solution is charged using a high voltage electrode. The charged solution develops repulsive
force greater than the surface tension, at the critical voltage a jet of solution is ejected from the
spinneret. The ejected jet is drawn across an electrochemical potential, stretching and drying in
the process, where it is deposited. Due to the difficulty adsdlving cellulose it is usually
electospun as cellulose acetate and subsequently regeneratdy dplysiswith aqueous sodium

hydroxide?® 332

Heat treated electrospun fibres have been shown to have potential as filtration membranes due
to the high porosity?* Electrospun poly(vinylpyrrolidone) fibres with a core of liquid crystals have
been developed?® and subsequently shown hawo have a sensing respon¥eincluding to

volatile organic compound8.Cellulose offers the potential to attach functionality covalently.
1.4.2. Cellulose derivatives

One way of creating a functional material is to integrate additional properties with those of a
WK2a0Q YL &SN teriale ha@ daged imade yirbni celibse with combinations of
economic and social factors, and material properties fuelling research. Some recent applications
of functional materials based on cellulose have included-feilfng paper®® 3" and low cost

sensors®including graphite coatingerived conductance controlled sensots.

The ability to modify cellulose chemically offers the potential to go beyond conventionsicghy
approaches to the synthesis of covalently functionalised materials. Cellulose is modified through
the reaction of OH groups of the glucose units. Steric effects in cellulose have been shown, in
esterification studies? to result in very marked trend in hydroxyl groups reactivity (Relationship
1).4% 42 The C6 Oigroup reats an order of magnitude faster than the other C2 and C3 OH
groups?®
#@ #c #o

Relationshifl: Hydroxygroup reactivity.
Cellulose is prone to crystallisatiéhThis has led to studies of cellulose considering it mostly as a
surface in heterogeneous conditis. Although under some conditions it can be involved in

homogeneous reaction as well. Homogeneous graft modifications of cellulose have mostly been

performed in DMAC/LICI or ionic liquitfs.
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Heterogeneous conditions do present the complication of reaction components aggregating; this
can lead to lower conversions and graft densities. By maintaining the mechanical strofcthee

cellulose precursor material heterogenous conditions can maintain large amounts of the material
properties which we associate with cellulose, some of which come from the complex hydrogen

bond networks.
1.5. Surface modification approaches

In order to mantain the favourable mechanical properties of cellulose and complement them
with other properties,either to introduce new character or to supress inherent character. It is

important to not adversely disturb the intermolecular forces and packing.

In order to maintain this character, the only viable route to functionalization is surface
modifications. Surface can be modified by mechanical or chemical m&assing surface
interactions to functional components including tailorable soft materials caimipeobilised onto
the surface- a process known as adsorption. Adsorption can take the form of physisorption or

chemisorption. Chemisorption involves a selective chemical interaction at the surface.

Physisorption is the attractive forces driven process Ictv molecules can be deposited on a
surface. As molecules are physisorbed they are attracted to the surface bycowatent
interactions. The principle of physisorption is utilised in electrospin coating surface modification.
The adsorption of polymers thi complementary surface units introduced onto cellulose
demonstrates the utility of the approacdfi. A potential future route to physisorption is Chemical

Vapour Depositiori
1.5.1. Polymer grafting at surface

In addition to the architecture of graft egolymers discussed it can be possible to introduce the

concept of a surface as covalently attadher in the block hierarchy.

In order to achieve a covalent bond between a surface and a polymeric chain either a graft
polymerization method draft-from) or graft coupling method gfaft-to) approach can be
undertaken (figurel4).4°
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Figue 14: Schematic comparison of the gréifom (a) and graftto (b) approaches.

1.5.1.1. Graft-to approaches

Graftto polymerisation is the linking of preformed polymer to a surface, typically this will be via a
condensation reaction fronboth the surface and the polymer. The use of preformed polymers
allows for low polydispersity and as such property control, however large steric repulsions limit

higher graft densitie&°

1.5.1.2. Graft-from approaches (surface initiated chain grown

polymerisations)

The highest @ft density is a polymer brusi,>! usually accesseda graft-from polymersatiorf™.
Graftfrom polymerization involves converting theurface into a macroinitiator. Polymerization
can then initiate from the initiator sites on the surface. As the polymer grows it is attached to the
surface by the initiation site. These have the potential to achieve high graft densities and grow
complexand sterically bulky architectures. Traditional polymers and higher generation dendrons

have been grafted from cellulose, producing sensitive biosensing substrates from filter’paper.

Grafting metrics can often be calculated accurately to quantify the extent of polymer grafting.
1.6. Covalent graft modification of Cellulose

Functionality has been conferredn cellulose surface through chemical modification of the

alcohol units on the cellulose surfat®’?® including tlrough polymerisation.

One of the most common methods of polymerisation is the free radical polymeris&fibmshe
homogenous approach, an initiator is produced as a radical. After the initiation the polymerisation
SYyGSNA GKS WLINRBLI IFGAZ2YQ aiSL) 6KSNB lontheyzyY
N} RAOFf A& WLHAKSRQ f2y3a GKS ol 0162yS 6KSN.
comes into contact with another source of a free electron radical and they terminate. This process

is much the same in the grafitom method which can & applied effectively to cellulose in both
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homogenous and heterogeneous conditions. The key aspect is that the initiator is covalently
bound to the cellulose polymer backbone. Free radical polymerisation, although favourable for its

simplicity, is also dé&lvantaged because of the lack of control of polydispersities.
1.6.1. Initiation

In order to capitalise on the potentiaf radical polymerisationfor cellulose graft copolymers
WNF RAOIFE F2NXNIGA2Yy 2ayOKBRS OO $t I dA(2AIITHID &REGEO0 0
using the chain transfer or radiation induced methods both ohiclw lead to high

polydispersitie 5°

A number of polymerisation approaches have been explored with respect to polymerisation from
surfaces. Some, such as ring opening polymerisation (ROP) and ionic polymerisation, have
stringentcriteria or conditions. A much more accessible class of polymerisations can be found in

the living radical polymerisations (LRPs).
1.7. Controlled Radical Polymerisation

G[ AGAY3IE NIRAOFE LRfE@YSNRAIFIGAZ2Y A I NB Nng@SNE
LR2fe@YSNraliGA2ya 6SNBE FANERG RSAONAROSR oe {14l
NEFOlGA2ya &adzOK Fa OKI Ay #NivingaadiGNdohgnedsatioadNdseaS NE
controlled radical polymerisation process, showing the transfer of an active radical site along a
growing polymer chaif€ Living radical polymerisations are controlled by limiting the number of

active chains through equilibrium of the active and dormant chain teafs?®

The most popular living radicpolymerisation techniques are nitroxide mediated polymerisations
(NMP), atom transfer radical polymerisation (ATRP) and radical adflitigmentation chain
transfer polymerisation (RAFT) the different strengths of the alternative techniques determines
the synthetic approach adopted (FigutB).>® The® areradical processes and therefore have an
inevitable degree of termination processes, therefore the term "living" is not strictly appropriate.
When the active chains in the equilibrium are at sufficiently low concentrations the statistical
deviation of chains can be narrowed preventing broad polydispersity profiles. By limiting the chain
growth of all chains, by equilibrium to the dormant spegieach chain is given an opportunity to
polymerise. More accessible chains, with the same chemistry, are more likely to be activated
however they also have a shorter active lifetime, with quicker deactivation, resulting in
comparable molecular weights. econd condition, to achieve narrow polydispersity is the fast
initiation relative to propagation to allow for simultaneous growth of all polymers. Living radical

polymerisations, by limiting the number of active species, also limiteetiination reactons.
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An additional benefit of living radical polymerisation is that they can serve to prevent the
Trommsdorf effect, an auto acceleration event which can occur in free radical polymerisations

due to the localised viscosity increases preventing terminas@ctions®°

In some cases multiple LRP polymerisation techniques can be used interchartgdigymost

comprehensively studied polymerisation technique is ATRP due to its robust and versatile

New RAFT
Reagents

nature %2

CTA
Displacement/
Recovery

Micro/ \ Hmw New Ligands

inverse
emulsion

Figurel5: Comparison of NMP, ATRP and RAFT in the areas related to the synthesis of high molecular weight polymers
(HMW), low molecular weight polymers (LMWid functional polymers (End Funct), block copolymers (Blocks), range
of polymerizable monomers (Mon Range), synthesis of various hybrid materials (Hybrids), environmental issues (Env)

and polymerization in aqueous media (Watenpfifiedfrom 8].

1.7.1. Atom Transfer Radical Polymerisation (ATRP)

Progression of atom transfer radical addition (ATRA) reactions to polymer synthesis was achieved
independently by two groups in 1995Both of these initial studies used methyl methacrylate.
¢CKS TFANRG 2yS> o6& YFYAIlLAG2Q4a *“IThPsdonit onedtiyS R
Matyaszewslat al., used the now popular copper halide catal§fsiMatyaszewski describeSTRP

&4 WI  &LISOA Fand gbkesiob to Becride that ATRP requires the reactivation of the
initial adduct and additionally discuss the requirement for propagation of growth by additional

monomers from the radical terminated polymer growth sités.

ATRP initiates with the catalytic abstraction of a halogen atom from an initiator, the abstraction of
a halogen forms a radical terminated chain. This radical then propagates themdjtion of

2f STAY dzyAGax gAGK | NIRAOIET 0SAy3a O2yiGAydz f
AAGS5Q 19.{ OKSYS
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® K R
R-X +Cu'-X/Ligand ~ —— = R+Cu'X,/ligand —— » ¢

Rl/\ X

polymerisation propogation cycle

LJ
P,-X + Cu'-X/Ligand ~—— = P, + Cu'-X,/Ligand

Kda K
t X = Halogen atom

Rl Rl P, = Polymer of chain with n

R repeat units
. X

Schemd.: General Mechanism for above. ATRA, and below A&Fied from £6].

The distinguishing feature of ATRPproaches is the low number of active growth sites. This
results from a fast deactivation of the active growth sites. By combining this with an appropriately
slow rate of reactivation, an equilibrium can be established with a sufficiently low concentratio
of intermittent active sites. The position of the equilibrium can be tailored; the choice of

equilibrium constant is a compromise between rate and polydispersity.

The robustness and living chain ends of ATRP makes it highly suited to the growth of block
copolymers. ATRP has been adopted for the purpose of cellulose modification both surface

(heterogeneous) and of dissolved fibres (homogeneous).

Good degrees of control can be achieved over polymerisation with ATRP using an appropriate
choice of initiator,solvent, catalyst and ligand are all important as well as general considerations

such as temperature and concentration.
1.7.1.1. Initiator

Extensive work has been reported regarding the structural properties of the initiator on the rates
of activation for ATRP.%° A good overview of this work can beuhd in a review by Braunecker

and Matyjaszewski.The stands out trends are that effective stabilisation of the radical and
leaving group are key. More substituted alkyl groupsvide a high rate of dissociation as do
more deactivating groups. The larger halogens with alkyl bromide (and iodide) having rates

several times those of chlorides.
1.7.1.2. Catalyst

Upon abstracting a halide ion, in the chain activation process, the oxidatiorc@mdiination
numbers of the metal will increase by one. ATRP of acrylates has been reported using several

transition metals (copper, ruthenium and iron). The fast deactivation of acrylic radical by cupric
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halides has been suggested as favouring lowerdisersity polyacrylates than those obtained
with ruthernium or iron®L i Kl & 06SSy &adzZa3SadiSR GKI{G WGEKS |
coordinatecomplex bearing no halide ligands in order for the reaction to be truly catalytic and
NEJSNEAOGE SQO

A wide range of ligands have been explored for the complexation of copper(l), in order to
understand and optimise the equilium conditions for the cataly$f Most polymerisations are
performed using tis[2-(dimethylamino)ethyllamine(MesTREN) or ris(2-pyridylmethyl)amire
(TPMA)(Figurel6) due to the high rates of activation alongside the maintenance of favourable
equilibria wth high rates of deactivation. ddvever these are not always the optimal ligands, the
choice of ligand is application specifieach ligand has ggs specific operatinganges, over
which they offer catalytic contro] reflecting differences in ligand stability and active

concentrationgFigurel?).

~pn N
N N\ /
N N N
\
| | 7 N\ _
MegTREN TPMA
Figurel6: Structures of the two widely favoured ATRP ligands.
"l cwTtPmMA | T P
|
|
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oV u/PMDETA
Cu/Me, TREN :
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Increasing control J .
0."2 03m
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1.5 0 M Increasing control

<—\_f.5 § 5 :
< 5 8
pH intervals ——
of catalyst stability

Figurel7: Example of the concept of regions of catalyst control, in the case of aqueous sydtearexample shows
restrictions imposed on catalyst choice by bromide concentration, solution pH and the thermodynamics of ttie cataly

complex disassociatioReproduced from7p].
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1.7.1.3. Solvent

More polar solvents have been shown to favour higher activation rates and lower deactivation
rates in ATRP in experiments with a Cu()Br and 1,1,4,7;h@xd@methyltriethylenetetramine
(HMTETAJ It appears that the interactions with the more substituted catalyst are more

important than those with the polymer or initial inorganic compoufd.
1.7.1.4. Reducing agents (ARGET)

In ATRP reactions the catalyst is unavoidably converted to theaotive Cu(ll) species in the
termination process of active chains. This redox reaction can be reversed through a reaction with
a reducing agent3cheme2).” Typically tin(ll) Zthylhexanoate or ascorbic acid have been used

for this purpose, as well as excess of the nitrogen based ligénds.

Propogation cycles

®
P.-X + Cu'-X/ligand —— = P_+Cu'-X,/Ligand

-

Wy /1
Oxidised agent Cu'-X,/Ligand

X = Halogen
P, = Living polymer chain
Reducing agent

Scheme: Mechanism for ARGET ATRP as proposed by JakubowskKi et al.

The choice of reducing agent is important to avoid significant reductions in control for the
underlying ATRP process. Uncontrolled reduction of Cu(ll) to Cu(l) results in an increased
concentration of dissociated radical halides and reduces polymerisation control. Ascorbic acid, as
a strong reducing agent, performs this process with a high rate, potentially disturbing the Cu(ll)
concentration balance ideally involving no terminatio2 i NBRdzOG A2y LINROSaa
AAGSQ OFLILAY3I 68SAy3a R2YAYLYydo ¢KS NXraGS 27F 1

limited solubility of ascorbic acid in organic solvents such as arifsole.
1.8. Surface initiated ATRP,-8ITRP

Surface functionalised materials can provide accessible routes for complex or novel architectures.
Surface iniated ATRP provides a very efficient route to attach polymeric species to surfaces in a
controlled and predictable way. The potential of-ASIRP extends to brushes and block

copolymers3? capable of enhancing the surface properties of substrdtes
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Surface initiated ATRP {8TRP) was first described in 1998&his is a special case of graft from
polymerizations. Since then-BTRP has been successfully conducted from a wide range of
organic, polymeric, inorganic and metallic substratds, both homogeneous and heterogeneous

conditions.

In order to set up a graft ATRP from a surface, the initial halogen abstraction to generate the
radical initiator must occur from the surface. In order to allow this, most surfaces require the

introduction of appropriate initiator units (Figudes).

Initiation 9 9 9 9
_
0 ( ( 0

Figurel8: Schematic representation oéllulose substrate initiation with grafted initiators.

1.8.1. Surface initiated ATRP from cellulose

The hemiacetal and glycol hydroxyl groups offer potential sites on celltdosadical formation
(Figurell). It is also possible to affix an initiator faiomal unit onto the cellulose to support
favourable initiation protocols. For cellulose this is often done with alkyl halides, typically the
halogen atom will be chlorine or bromine but iodine is also kn&KTRP was first reported from

a cellulose substrate by Carlmark and Malmstrém in 2002 and habliskied predominance
since then(Figure19). 8 SIATRP has been successfully conducted from a number of cellulosic

substrates, including nanocrystd&fanicrofibrils and regenerated cellulose electrospun fibte¥.

R T T T

Figurel9: Schematic representation of grafom polymerisation using a cellulose macroinitiator via ATRP.
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1.9. Pairing surface grafting and liquid crystals for the functionalisation of

cellulose.

1.9.1. Properties of liquid Crystals at Surface Interfaces
LYGSNY OGA2y 0S0G6SSy &dzNFIFOS IyR fAljdAR ONEaAI
or more localised interactions at the interface.

At the interface the interactions are predicted by the semipirical relationship presented in the
FriedetCreaghkKmetz (FCK) rule (RelationsB)p

rr OETIT AT OO BEIAI AT O
r r OPAOOAITEAIT AT O
Relationshi®2: FriedelCreaghkKmetz (FCK) rule, wheteis the surface

substrate energy and, cis the surface tension of the liquid crystal.

The combined surface tension/energy of the liquid crystals and the surface is minimised. Where
the surface tension of the liquid crystals is greater homeotropic alignment is favoured to
maximised the interm@cular interactions between the molecules. Where the surface tension of
the substrate is greater than that of the liquid crystals the molecules align parallel to the surface

to maximise the interactions with the surface.

Surface anisotropy from the polyme@rientation can propagate an alignment in the bulk in a

manner analogous to epitaxial layer groufth
1.9.2.Grafting liquid crystals from surfaces

Direct covalent grafting of liquid crystal monomeric species has been successfully performed
directly onto surface8’ As discussed with SCLCPs for the mesophase to successfully develop, the

mesogenic units require the freedom to selfganize.

Surface initiatediving radical polymerisations have been successfully deployed in the growth of
liquid-crystalline polymer brushes on silica substratesncluding successful utilisation of
SIATRP. Among the varied monomers polymerised from cellulosic surfaces,-fgoatt liquid

crystal polymers were reported by Malmstrém and S¥ez.

Graft liquid crystals polymersdm cellulose (filter paper) have been explored with respect to
11-6 rcyanopheny#-phenoxy)undecyl acrylate monomers utilising ATRP (FIi@@e° The
methodology involved covalent attachment of bromoisobutyrate bromide, BBIBnto the
cellulose surface and initiation of polymer growth. The ATRP ligand used, in this case, was

PMDETA. The successful polymerisation resulted in value added cellulose with strong
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hydrophobicity. Higher graft densities were achieved through blookolymerisation by

introducing a PMA spacer close to the surface.
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Figure20: Schematic representation of grdfom polymerisation of 16 rcy@nopheny#-phenoxy)undecyl acrylate

monomers usig a cellulose macroinitiator via ATRP.

1.10. Applications

I LILX AOFGAZ2ya FT2N WLYGSEttA3aSydQ NBaLRyargsS O:
respect to their response to stimuli ranging from electricity, to pH and temper&ture.
Applications have been suggested for responsive cellulose from responsive menibranes
grafted polymers for drug delivery systefidriplology modification, shape memory materials as

well as sensors.

Responsive cellulose based on copolymers has been targeted for sensing applications. The higt
specific surface area of electospun fibres offers the potential for significant increases in graft per
cellulose unit. Byincreasing the loading of responsive units, it is envisaged that a stronger
response could be induced. Liquid crystals are a delicate state of matter, sensitive to purity and
guest host behaviour. Combining the sensitivity of liquid crystals with the mézdigproperties

of cellulose substrates and potentially high graft densities of electrospun fibres offers potential

for highly powerful sensing devices.
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It can be envisaged that surface initiated polymerisations from liquid crystalline electropsun fibres
could offer the potential for permeable alignment layers. A permeable alignment layer could be

used for inducing mesophase behaviour on a flowing liquid crystal.
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1.11. Characterisations Techniques

1.11.1. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) efpescopy can be used for the characterisation of organic
molecules and macromolecules and for the monitoring of polymerisations. NMR spectroscopy can
be used for the monitoring of the degree of polymerisation by comparing the integration of
monomer functonal units to that of the polymett In some cases end group analysis can also be
conducted to assess the degree of polymation by comparing the end group intensity to that of

the monomer backbone. For NMR to be truly quantitative all nuclei must be excited and allowed

to fully relax, therefore appropriately long Values must be used.
1.11.2. Differential Scanning Calorimetry &C)

The intermediate phase transitions of polymeric and liquid crystal liquid crystal behaviour can be
characterised by their changes in energy. The onsets, entropy and enthalpy of these transitions

can be attained by DSC.

A sample is run against a refemnstandard of known heat capacity. Differences in the heating
required to raise the temperature (heat flow) of a sample relative to the known reference is
plotted against temperature. On DSC plots the area under the peak can be calculated using
integration and with knowledge of the sample mass the enthalpy change of the transition can be

calculated. This can in turn be used to calculate the entropy of the transition.
1.11.3. Polarising Optical Microscopy

Polarising optical microscopy can be used to observe therdntions of polarised light with a
birefringent medium. Medium defects can often be used to infer the molecular alignment

properties and therefore phases of materials.
1.11.4. Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) is a spegifie bf size exclusion chromatography, used

to separate polymers into fractions based on size and measuring their abundance, it can be used
to determine a samples molar mass distribution (MMD). GPC is a widely used technique for
polymer analysis due to itapid data collection and effective resolution. GPC is favourable as the
full molar mass distribution can provide polydispersity, number average molar mass and number

average molar mass.

As a size exclusion chromatography method GPC works by passindyadiligh solution of the

polymer product through a column of naéanic spheres with a distribution of pore sizes. Smaller
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polymers penetrate the pores further and as such have their elution retarded to a greater extent

than larger polymers which cannoepetrate as far (Figurgl).

?«1zzezr«&%}

Figure21l: Schematic representation of pore retention in a GPC column [reproducefiSfom

GPC is at its most powerful when it is coupled with multiple in line detection techniques. Triple
detection is widely utilised and can be used to provide a very richcamprehensive data set
about the properties of the polymer. Triple detection couples at least one light scattering

detection, a viscometery detection and refractive index detection.
1.11.4.1. Refractive index

Refractive index detection is a form of concentrataetection. Solutions have a refractive index
dependent on their relative composition. The detector simultaneously analyses a reference
sample of solution and the column eluent. The response is proportional to the difference in

composition;this provides aoncentration dependent response.
1.11.4.2. Light scattering

Light scattering detectors complement the results of a concentration detector to better represent

the molecular weight of the elute, using a,Mroportional detection method.
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Right angle light scatterindetects at 90 degrees. This fails to account for the dissymmetry of
scattering caused by destructive interference at higher angles from the incident ray, thus

underestimating the scattering for larger molecules.
1.11.4.3. Viscometry detection

Viscometery detection masures the difference in the viscosity of reference solvent against the

viscometery of the column eluent.
1.11.4.4. Triple detection analysis

The response obtained from a refractive index detector is proportional to the sample
concentration. By coupling the RI resse with a light scattering detector we can obtain a

measurement of absolute molecular weight.

Viscometery detection uses a MaHouwink plot to correct the calculated molecular weight
achieved from light scattering using an estimate of the molecularcsilrailated from the directly

measured viscosity.
1.11.5. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a high performance microscopy technique capable of
resolution better than 1 nm. SEM works by moving an electron beam over a sardpteding

the sample response to the beam. The most common detection mode is secondary electron
mode. Low energy, secondary electrons are emitted by the sample as a result of inelastic
scattering of the electron beam. The low energy electrons are colleatetlpassed through a
photomultiplier, to enhance the signal, before detection. The detected beams are mapped onto
pixels corresponding to the position of the initial electron beam to produce an image of the
surface. In order to detect neoonducting surfaes, the surface must first be coated with a

conducting species.
1.11.6. Polymer Analysis

The use of sacrificial initiators offers complementary information about surface polymerisations.
Making the assumption that both the grafted and free polymer grow at theesazte the free
polymer formed in solution can be analysed to infer the properties of the grafted poly¥héfs.

The polymer can be analysed using solution phase analytical techniques stENM®& and GPC.
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2. Aims

Cellulose grafted side chain liquid crystal polymers have the potential to significantly increase the
value of the cellulose, and a number of applications have been disci¥édedvious work has
shown that terminally attached cyanobiphenyl (ead) mesogenic units can be grafted as a side
chain liquid crystal polymer on the surface of cellulpsper (filter paper, Whatmann No 1) and
inferred that smectic phases are exhibited, by analysis of the sacrificial polymer formed during the
SIATRP reaction. Progression from terminally attached mesogenic units towards laterally
attached (sideon) mesogaic units can be predicted to support the nematic phase and allow for
some new potentially sensing opportunities (Fig@®. On the other handlifferent cellulosic
susbtrates, such as electrospun fibres whigdve much higher surface to volume ratios than
paper can support much higher loading and potentially allows for intellegent devices with much

higher responses than paper devices.

T
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Figure22: Schematic representation of cellulose side ondr@fPtargets.
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This work will explore the synthesis and properties of new paper and electrospun cellulose

systems with liquid crystal polymer brushes attached to the cellulose substrates.

Work will be conducted to build upon the successfubhBRP otyanobiphenybased SCLP from
cellulose previous reportéfl and vary the substrates and the LC grafts. Liquid crystal acrylates

monomerswill be used to carry out the polymerisations.

1. To synthesis endn and sideon acrylates previously reported as favourable monomers
for SCLCPs.
2. To synthesis grafirom liquid crystal polymers with terminally attached side groups, using
ATRP from paper asgqviously reported in the literature.
3. To utilise recent advances in ATRP chemistry to establish robust conditions.
4. To attempt to synthesis graftom liquid crystal polymers with laterally attached side
groups?® from paper substrates.
5. To attempt to synthesis graftom liquid crystal polymers from electrospun fibre
substrates.
1. To attempt to synthesis graftom liquid crystal polymers with terminally
attached side groups, from electrospun fibre substrates.
2. To attempt to synthesis graffrom liquid crystal polymers with laterally attached
side groups, from electrospun fibre substrates.
6. To use the electrospun fibre grafted substrates to gain insights into the mesophase
behaviour of the LCP grafted paper surfaces.
7. Tocompare the properties of grafted LCP with laterally attached side groupsdside

acrylates) to their terminally attached side groups (@ndacrylates) analogues.

The literature monomers 11-0 reyanopheny#-phenoxy)undecyl acrylate and
2-((4-(acryloylxy)butoxy)carbonytl  4-phenylene  bis(4dutoxybenzoate) (Figure 23) will be
synthesised using preparations similar to those in the literat8ré® Surface initiated graffrom
polymerisations will be attempted in two stages: firstly converting the serfeellulose into a
macroinitiator using moisobutyryl bromide(bibb). The initiator sites on the surface of the
macroinitiator will then be used to conduct grdfom polymerisations of the target monomers

under ATRP conditions.
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Figure23: Structures of the target monomers a.-&Ircyanopheny#-phenoxy)undecyl acrylate ant

b. 2-((4-(acryloyloxy)butoxy)carbonyl),4-phenylene bis@butoxybenzoate).

Sacrificial initiator will be used to monitor the progress bé tsurface polymerisations. Surface
initiations will be analysed by AR and SEM, where appropriate the surfaces will be analysed by
POM. The sacrificial polymer will be analysed by GPC, 'BBISEMR and FIR to infer an

understanding of the surface and® to aid the interpretation of the DSC.
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3. Results and Discussion

Atom Transfer Radical Polymerisations (ATRPS) are a type of living radical polymerisation.

ATRP proceedda the homolytic transfer of a halide from the terminal of a polymer chain to an
active metal complex, increasing its oxidation state by one electron. In the course of the halide
transfer the polymer chain becomes terminated by a free radical which in turn activates the chain
to propagate the polymerisation. The polymerisation existslindeA f A 6 NA dzY T G KS 4 f
accept the return of the complexed halide, thus capping the chain. In this way the number of
active chains can be limited to control polydispersity. For chain propagation to proceed the chain

must be in the activate/rada form.
For this work an enddn monomer acrylatered a sideon monomer acrylate ere chosen.

The endon monomer2 was chosen for initial studies to build upon previous restil2olymers
with the end-on monomer,2, repeat unit areknown to havethe following transitionsTy 15 $nC
20-25 SmA 12840 Iso. The range of transition temperatures of thhage transitions is
dependenton the degree of polymerisation and chain lendgthBy using a well understood
monomer, greater potential exists for meaningfully interpreting results obtained from the grafting

protocol.

ATRP reactions have been conducted with the mesogen jacketed liquid crystal polymers, MJLCPS
a specal type of SCLCP with a laterally attached side group with little or, as in the case, of-the 2,5
bis[4-methoxyphenyHoxycarbonyl)styrene monomer, no spacé&. An unidentified liquid
crystalline mesophase waseported. The lack of spacer is understood to restrict the chain
movementviathe rigid and llky mesogenic units and cause a stiff chain conformation. Building
on the reported application of ATRP with no spacer, it is reasonable to expect polymerisation with

an increased spacer to be achievable.

The use of siden acrylate,6, has been reportedof the synthesis of LC elastoméPsUpon
polymerisation a nematielastomerwith the following transitions has been reported 71.9 N
98.3 Iso.Sideon acrylate,6, is used in this work to attempt to graft a matic liquid crystal

polymer from the surface.
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Structures of a. enrdn monomer2 and b. sideon monomei6.
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3.1. Synthesis of monomers

The monomers for this work were synthesisadl general routes similar to those previously

reported in the literature (Schen®,®and (Schem@&).*®
3.1.1.Endon acrylate monomer
0
CN CN C
O Howlar O VLG - O N
O KOH, O €N, J O
HO K, Hot}p 1 DCM ofjp 2

EtOH/H,0
Scheme 3: Total synthetic route for the synthesis of the cyanobiphenyl acrylage, from

n -©yancn -fydroxybiphenyl.

Compoundl ¢l & &ae8yiKSaAraSR TNRBY -cyagoN-Bardoiphehyl By | @

Williamson etherification with 1®romodecanol in thgresence of a strong base.

The endon acrylate monomer2, was synthesisedia the esterification of compound using an
acid chloride. The highly reactive acid chloride species means the reaction proceedsg guoitk

cleanly. Tiis made for a simple wokp, with no major byproducts or impurities.

The endon monomer was analysed by GPC and had a retention volume ofril7(Bigure24)
this was clearly distinguishable from the toluene internal standard at @@ igure25), all GPCs

in this work were rurwith THF as the solvent.

—RALS
—DP
—Rl

RV 17.62

Response

| 1 | | | J
5 10 15 20 25 30 35

Retention Volume

Figure24: GPC triple detection trace of the eod acrylate monomeR: showing right angle light scattering (RA

differential pressure (DP) and refractive index (RI).
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—RALS
—DP

—RlI

RV 20.32
RV 17.60

=S

5 10 15 20 25 30 35
Retention Volume

Response

Figure25: GPC triple detection trace of the eod acrylate monome2 with toluene as an internal standard: show

right angle light scattering (RALS), differential pressure (DP) and refractive index (RI).
g gle lig g p

Retention volume is shown dhe xaxis instead of time to remove the flow rate dependency. As
all traces in this work were recorded atriL min? the values are directly convertible into

minutes.
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3.1.2.Sideon acrylate monomer

O o) o)
o~ ) o~ )~ (o
HOQOH er HO oH OH o{%;o —
04,' 0] -
HO

DMF, BnG 3 EDAC, W
NaHCO, DMAP,
DCM

O~
9 o
Hy o o) o} o s A g~ OH T
— C o) o C o] o)
Pd/C, _/—/ \—\— EDAC, O/@WONOJ\%
THF OH DMAP,
of 5 DCM o 0 6

Schemel: Total synthetic route for the synthesis of saeacrylate 6, from 2,5dihydroxybenzoic acid.

The sideon acrylate monomer, -2(4-(acryloyloxy)butoxy)carbonyl),4-phenylene bis(4
butoxybenzoate)p, was synthesiseda successivearbodiimidecatalysed esterification usinty
ethyl-3-(3-dimethylaminopropyl)carbodiimide(EDAC), Scheme 3), according to the oute
reported in the literaturewith minor variations’® includng the carbodiimide used. In order to
prevent the 1,4dihydroxybenzoic acid from esterifying with itself, the carboxylic acid was

protected.

A benzyl protecting group was employed to selectively cap the carboxylic acid allowing
transformations to be exchively performed on the alcohols at the 1 and 4 positiditee benzyl
protecting group is introducedlia the nucleophilic substitution of the carboxylic acid with benzyl
bromide. The phenol groups were reacted by EDAC mediated esterification -Wittodybenzoic

acid. Following the esterification, the benzyl group was removed by hydrogenolysis catalysed by
Pd on carbon to yield compourid The sideon benzoic acid, compourts was esterified with the
commercially available acrylate terminated alcoholhytiroxybutyl acrylate, 90%, to yield the
side-on acrylate monomers. Electrospray ionisation (ESI) mass spectrometry showed a molecular
weight species with an additional 14 mass units, this was assigned to C5 spacer suspected to have
been introduced with theacrylate terminated alcohol; high performance liquid chromatography

(HPLC) was used to define a ratio of C4 to C5 of 13.8:1.

The sideon monomer was analysed by GPC and had a retention oflZ (Figure26) this was

clearly distinguishable from the tolue internal standard at 20.8\L (Figure27).
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Figure26: GPC triple detection trace of the siole acrylate monomer 6: showing right angle light scattering (R

differential pressure (DR refractive index (RI).
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Figure27: GPC triple detection trace of the sioie acrylate monome6 with toluene as an internal standard: show

right angle light scattering (RALS), differential pressure (DP) and refractive index (RI).
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3.2. Substrate Characterisation

3.2.1.Paper substrate (cellulose) characterisation

Figure28: SEM images of the washed Whatman (1) filter papef@t magnification showing visible fibreRegions

and 2 identified ahead of enlargement see Figid@& 31.

Washed paper was used as the substrate for variants of suiféitated atom transfer radical
polymerisation. The surface was prepared by washing with acetone and DCM to remove any
major contaminants from the surface. The pristine cellulose proceeded with is an inhomogenous
surface made of fibres with a wide rangd morphologies. The structure of the fibres is
hierarchical, consisting of internal structures and only exposed functionalities are chemically
active. Hence the surface is the reaction site of interest. The cellulose, and therefore the surface,
is comprisd of cellulose polymers (Figutkl). The alcohol units offer an accessible route to

chemical modification.
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Figure29: SEM images showing an enlargement of a smooth region of pristine cellulose paperXBigu 330>

b. 750x, c. 2000x%, d. 3000x%, and e. 8000x magnification.

Figure30: SEM images showing an enlargement of a haugegion of pristine cellulose paper (Fig2rg at a. 330x, |
750x, c. 2000x, d. 3000%, and e. 8000x magnification.

SEM images from the washed Whatman (1) filter paper show macrofibrils with the top end of the
length range extending well into the mm regime, the inhomogeneity of the substrate is visible at
all magnifications examined. There are two distinct surface tagiek; the first show a smooth
surface, the second a rougher surface. Two sets of SEM images are shown to illustrate the

morphology. Regiord and the accompanying enlargement series show a typical smooth region
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and how it is comprised of multiple fibregénsecting with amorphous areas filling the vacancies.
Region2 and the accompanying enlargement series show the boundary of a rougher surface. In
this rougher region the SEM images show grainy morphological features previously identified as
WY A ONRBH RE®KQ D2 6 K NBIA2ya GKSNB FNB wiz22a8Q
random that no suggestion of surface trenches are obseétv@tiese observations provide a
background for future interpretations of filter paper derived substrate surfac@he
inhomogeneous nature of the surface means that future observations are compared to similar

regions in the pristine filter paper.
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3.2.2.Covalently modified cellulose

As carbe seen fromFigure3l, it proved unviable to characterise the cellulose macta@ir by
infrared spectroscopy (HR). It might be expected that a carbonyl peak would develop on the
surface with the binding of initiator. This proved not to be the case because the carbonyl peak is
obscured by the strength of the bulk cellulose sigiiis is consistent with the loadings targeted
due to the low surface area to volume ratio. The initiation was retrospectively confitatedby
proceeding to the polymerisations where the cumulative carbonyl stretétmes the repeat unit

were visibleagainst the bulk of the cellulose backgrouigure3s).

In order to prove whether the polymerisation was successfully initiating from the surface the
resulting cellulosgolymer substrate it was washed to remove any sacrificial polymer and
unreacted monmer. The paper samples were isolated and washed sequentially with THF, water,
THF/Water (1:1), THF and ethanol (with sonication), three times each with ten millilitres of
solvent per wash. This has been shown to be an effective washing protocol for rgtben
sacrificial polymer by stirring pristine paper in dissolved sacrificial polymer to produce a control
sample and subsequently performing the same work up on the control sample. The sample stirred

in the sacrificial polymer did not show stretches usedharacterise the graftrom scenarict®*

Transmittance
/
\
|
r'e

— Washed filter paper

— Paper macroinitator
4000 3500 3000 2500 2000 1500 1000
Wavenumber / em™

Figure31: FFIR of a. pristine and b. initiator grafted filter paper.
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3.2.3.Establishing context for results

In order to probe the challenges of polymerisation with liquid crystal acrylates more meaningfully
the previously studied {(4-cyanc[1,1-biphenyl}4-yl)oxy)undecyl acrylate (compou) was
utilised®. For this work it was important to establish appropriate comparisons Wighprevious

work. %

) »

j C

Atom transfer radical polymerisations @fwith a variety of Cu(ll)/ligand systems as catalysts,

effect of different solvents and new variants of the ATRP process were investigated. Once
favourable conditions to conduct the polymerisation were established, for monoZpahe

polymerisation of siden acrylate 6, from the surface of cellulose paper substrates was studied.

b O\/\/
O

0

0 0]
/@)'LO/E I ,O\/\/\OJ\/

Literature comparison

In order to establish a meaningful comparison the polymers obtained by polymerisation in the
previous work were analysed by gel permeation chromeaphy (GPC) Figurg2.*®* GPC is a

comparative technique and as such meaningful comparisons are instrumentation dependent.

Figure 32 shows the GPC of the sacrificial polymer from the previously reported graft

polymerisation of enebn monomer from paper (cellulose), LCP 2).
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Figure32: GPC triple detection trace from the sacrificial polymer formed in experiment LCP 2 of the previc

showing right angle light scattering (RALS), differential pressure (DP) and refractive index (RI).

Figure 33 shows SEM images for a typical region of the surface obtained from the previously
reported graft polymerisation of erdn monomer from paper (cellulose), LCP 2) at various

magnifications.

Figure33: SEM images of the surface formed in experiment LCP 2 of the previous aak 3aB0x, b. 750x, c. 200
d. 3000x%, and e. 8000x magnification.

Figure 34 shows the GPC of the sacrificial polymer from the previously reported graft

polymerisation of enebn monomer from paper (cellulose), LCP 3).
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Figure34: GPC triple detection trace from the sacrificial polymer formed in experiment LCP 3 of the previou

showing right angle light scattering (RALS), differeqtiabsure (DP) and refractive index (RI).

Figure 35 shows SEM images for a typical region of the surface obtained from the previously
reported graft polymerisation of enrdn monomer from paper (cellulose), LCP 3) at various

magnifications.

Figure35: SEM images of the surface formed in experiment LCP 3 of the previous wbek 880x%, b. 750x, c. 2000>

d. 3000x%, and e. 8000x magnification.
Fresh GPC analysis of the previously analysed polygases Mn values of 16,587 and 48,852 for
the elutions at 13.8nLand 12.6mL respectively for the sacrificial polymers of LCP 2 and LCP 3
respectively (Tabl&). These results show that the calibration, against a polystyrene standard, for
the instrument varies from that achieved in the previous studies (it did not prove possible to
achieve a robust calibration). For LCP2 the Mn measured corresponds to the sgmee of
polymerisation as before for LCP3 the Mn measured is off by a scale factor of 1.48 the combined

erros of the Mn and Mw error an increase in the calculated PDI. This is attributable to machine
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error, the start delay is not functioning, efforts hatteen made to account for this with fresh
calibrations. Any interpretation of polydispersity for subsequent experiments must be taken with

extreme caution.

The surface obtained from the previous polymerisations (Fi@®& 35) begins to show the
smoothirg of the surface and flattening of microfibril bundles as well as a reduction in visible
loose nanofibrils as they become thicker. Both of these observations appear to result from the
FSFEGdzZNBa 06S02YAy3d Ay O02NLR NI SR nényfibrésknhe @eal LIS (

morphological enviroment.

Tablel: GPC data for the sacrificial LCPs previously reported as previously analysed ar

the same polystyrene calibration used for the analysis of subsequent polymers.

Entry MnNprev PDprev  DPRprev MnNmeas  MWmeas PDheas DRneas
LCPZz 16370 1.21 39 16,587 22,401 1.35 40
LCP & 33250 1.82 79 48,852 81,533 1.70 117
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3.3. SIATRP of the en@bn monomer without sacrificial initiator (Entry
1).

Surface initiated atom transfer radical polymerisatiorASRP) was conducted from a cellulose
OLI LISND YI ONRPAYAUGALF G2NJ dzA Ay 3 [-odzactylat& hoadn@r¢ | 60 m
(4.77 mmol) in toluene, with stirring (Schere

k

act

—_

Cu'/PMDETA . R—Br ~———  BrCu'/PMDETA
/” \
/,” \\\ kdeact
el N Toluene
Initiator CN
Br Br O
k,
j\t I Termination  * O O
0" Yo 0O "0 RR, RH, R” 0 0
I L T (/711 (/711
: “““““““ ) ¢} 0 0 0
Cellulose substrate
n =0 n =0
P N —— N

Cellulose substrate

Schemé: Reaction scheme for the Cu(l)Br/PMDETA activated ATRP of suBsieatke graft from polymerisation

substratela with compound? without sacrificial initiator.

In order to provide abenchmark for the polymerisations presented in this work, a graft was
conducted from a papeY  ONRPAYAGALF G2N) 6AGK y2 &az2fdziazy \
sacrificial initiator it can be anticipated that thermal polymerisations do not occthia@rsystem.
Therefore evidence of polymerisation would only be expected to occur on the cellulose

macroinitiatiator.

A stirred suspension of the ermh acrylate monomer in 0.B1L of toluene was heated to 100 °C
and worked up in the same manner as the eusbolution. The crude solution showed the

polymerisation was not occurring.

Solution polymerisation
The!H NMR of the crude isolated from the-STRP reaction shows exclusively the presence of

unreacted acrylate?, indicating that in the absence of sdwial initiator polymerisations did not

occur (Figure6).
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Figure36: IH NMR of the sacraficial polymer from the ATRP of comp@umith [Cu(I)/PMDETA] in toluene witt

macroinitiator and no sacrificial initiator.

AU baw WY2YAG2NRAY 3 NBIA2YyQ ¢ a -ddKé@nankyof3B5 NJ LJ2
4.20 ppm againsts.77-6.44 ppm. The'H NMR spectrum shows triplets in the i@g 3.85 4220

ppm assigned to the K& in the aliphatic chain next to the ether (4.00 ppm) and the ester (4.15
ppm) groups of the unreacted monomer. A ratio was taken of the total integration bet\8é&H

ppm and 4.20 ppm to the total integration betwe&n/7 ppm and 6.44 ppm of 1.36 this is very
similar to an equivalent ratifor the stirred suspension of the erwh acrylate monomer in 0.&L

of toluene was heated to 100 °C of 1.33 showing very little, if any change in the composition of

the sample wih respect to the olefin andHBO groups.

Whereas'H NMR provides an indication as to the degree of monomer conversion, it does not
provide information about the molecular weight or polydispersity of the polymers achieved. GPC
is used to ascertain polymemaracteristics (Mw, Mn and polydispersity). The analysis of the

polymers produced in the previous work confirms that the characteristics presented in this work
can only be meaningful when restricted to comparisons against other polymers produced within

this work. Figur&7 shows the GPC trace of the crude isolated from the polymerisation reaction.
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Figure37: GPC triple detection trace of sacraficial polymer from the ATRP of comgowitd [Cu(l)/PMDETA]
toluene with a papemacroinitiator and no sacrificial initiator: showing right angle light scattering (RALS), diffe

pressure (DP) and refractive index (RI).
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GPC showed the absence of polymer formed in solution, charaaleige single species eluting

at 17.6 mL this is consistent with the monomer. It can be concluded that there is no thermal
initiaition of the polymerisation in the solution under the conditions used, in the absence of
sacrificial initiation. Consequentlyt is appropriate to colclude that with sacrificial initiator,
polymer formed in solution results from the ATRRiated polymerisation and not from thermal
polymerisation of the acrylate monomer. Therefore it can be assumed that the characteristics of
polymer formed in solution, due to the presence of sacrificial initiator (the sacrificial polymer)
represent reasonably accurately (although not fully) the polymer on the substrate surface (formed

from the surfaceanchored initiator site¥.

Substrate polymerisation

The cellulose substrate was analysed byFFBnd SEM. FiguB8 shows the IR spectrum of the
paper substrate isolated from the polymerisation reaction (line e., blue). For comparison purposes
the spectrum of the cellulose paper loaded with initiator is also shown (lined), as well as the

IR spectra of the acnta monomer (line a., black), the crude product, unreacted monomer,

isolated from the polymerisation (line b, orange) and the washed filter paper (c., green).

8 ‘ - AW ™ ~ N
% S _ o o - , _ B s/ | Ta End-on monomer
= B RS W —~~_ ¥ |~ b.Unreacted monomer
€l - [ \_ | —c. Washed filter paper
a \\\ T - S " | —d. Paper macraoinitiator
[ ~_ 1728 A\ ol \ —e. Product substrate
V\u
= - — \ /
", S o
R \ e N
k \
\’\' ey \ _,/ /
“W“ \‘ \
1736
1800 1700 1600 1500 1800 1700 1600 1500 1800 1700 1600 1500
I I I 1 I 1
4000 3500 3000 2500 2000 1500 1000

Wavenumber / em™
Figure 38: FFIR of substrate achieved from the RH of compoun® with [Cu(l)/PMDETA] in toluene witr
macroinitiator and no sacrificial initiator, with insets showing the carbonyl region for the washed filter paper

papermacroinitiator (red) and product substrate (blue).

The resulting substratshown was washed using theepiously established protocol ¢dcribed in
Section3.2.2). In this and subsequent #R figures, product substrate (shown last) refers to the
paper substrate isolated from the reaction.-FR of the resulting substrate (s€égure38, line e

insert) shows the clear development of a broad absorption shouldeb1at30 cm', this was
assigned to the stretching vibration of the carbonyl (C=0) on the side of the background cellulose

O-H bend contributiof® (local transmittance minima was found to be 17367%rthis reflects a
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combination of the two signals, the C=0 stretch-{®end inflection point occurred at 1728 ¢m

en= 2230 cmt | Y R,= 1610 crd, previously observed in graft studies of the monomer from
cellulose® were not observed on the surfaagthis reflects their réative intensity relative to the
Vcod A Ay I € YR GKS £ 26SNI f 2 R tehdity codfardS@ s A

previously reported polymerisations.

SEM images of the paper substrate are shown in Figudisplaying a representative area ofeth
surface at 330x (a), 750x (b), 2000x (c), 3000x (d), and 8000x (e) magnifications these
enlargements will be presented for subsequent substrates. The SEM images showed the
systematic loss of microfibril bundles as they became engulfed in the wider mwlogh
Boundary edges continue to be observed between regions (see Fi3@dg at greater
magnifications (see Figu9d, €) trenches develop on the surface, these appear to be the result

of competitive coating of fibres with some increasing in diametdependently and others fusing
(Figure3%i0 ® ¢ KSNB Ff a2 FLILISEN G2 68 AyOARSydGa Ay
which have become too massive to favourably maintain a separation from theiguke39eii).

These extreme case obsenais can be used to consider how alternative polymerisation systems

demonstrate progress for the key analytical methods.

Figure39: SEM images of the surface obtained from thABRP reaction of compou@dvith [Cu(l)/PMDETA] in tolue
without sacrificial initiator (Entrit) at a. 330x, b. 750x, c. 2000x, d. 3000x, and e. 8000x magnification.

It was observed that the substrat@ass decreased, this is not chemically meaningful. The mass
loss is attributed to mechanical damage of the substrate. Observations of mass gain/loss

appeared sporadic throughout the work, potentially due to substrate degradation; as such no
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attempt was mae at calculating graft metricg as no confidence could be assigned to the

meaningfulness of such metrics.
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3.4. SIATRP of the en@dbn monomer with sacrificial initiator (Entry 2).

Sacrificial initiator is used throughout the rest of this work to producsaerificial polymer to
allow us to monitor the progress of the reaction on the surffcén additional benefit of
sacrificial initiator is the ability to achieve greater cont@old therefore reduced polydispersity in

reactions with sacrificial initiatot’.

Previously reported work was developed in order to developpgblymerisation methodology and

to ensure the robustness of the analysis methodology deployed, we carried out several scaled
down variants of the polymerisation of the eiwh cyanobiphenyl acrylat€. ATRP requires very
exacting condition, with very low\els of oxygen present. In order to achieve thorough degassing
under a normal laboratory envinment freezevacuumthaw degassingycles were employed
throughout this work. As well as providing confidence of thorough degag$iage restrict the

loss of wlatile components and therefore allow for greater reproducibility of concentrations.
Progressing from a robust experimental methodology allows more meaningful conclusions to be
drawn about the potential of the living radical polymerisations for controtiedfting of liquid
crystal polymers from surfaces. The previously reported work utilised/2MIDETA catalyst in

toluene and achieved well controlled polymerisations, noting that the conditions were yet to be

| |
AN T
|

Figure40: Structure of PMDETA.

optimised®.

Surface initiated atom transfer radical polymerisatiorASRP) was conducted from a cellulose
OLI LISND YI ONBAYAUGALFG2N) dzA Ay 3 /-azéadrylate mendnec | O H
(L.09mmol)intadzSy S Ay LINBaSyOS 2F al ONARFAOAL 6). Ay Al
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Schemes: Reaction scheme for the Cu(l)Br/PMDETA activated ATRP of substithe graft from polymerisation

substratelb with compound? in the presence of sacrificial initiator.

Solution polymerisation
Figure41 shows the'H NMR of the crude product isolated from EngyFigure4lb showsthe

monitoring region used to monitor the progress of the polymerisation

a.
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H,MO |
£ “ H, |
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L \ . R ” HH‘ .Ui J‘ U_ ) . I ‘ J,U"‘l "“‘“‘x““‘“.‘"’"ﬂ"‘ ‘ |
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chemical shift / ppm
b. | O 2
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6 5.5 5 45 4
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Figure4l: a. CompleteH NMR spectrum of the sacrificial polymer from the synthesis of subgtrai@ the ATR
polymerisation of compoun@ b.*H NMR sprectrum for the monitoring region of geerificial polymer used to moni

the progress of the reaction.
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The!H NMR spectrum shows that mostly monomer has been recovered from the polymerisation,
since no signals due to the polymer are observed. In attempting to reproduce the literature
experiment with scaled down conditions, no discernible polymerisation was seen in the
monitoring region of the'H NMR(Figure 4b). A monitoring ratio of 1.44 was calculated
suggesting a small change from the background integration ratio, this is not retiallence
given the size of the ratio change and the lack of discernible evidence in any of the Giigais

41a).

Figure42 shows the GPC trace of the reaction crude isolated from the reaction.
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Figure42: GPC triple detection trace of sacrificial initiator from the synthesis of subdtradethe ATRP polymerisat
of compound: showing right angle light scattering (RALS), differential pressure (DP) and refractive index (

shows the relative ponses of the signal at 14.31 mL compared to the negative system peaks.

GPC proved more successful in observing a higher molecular weight species, as a very broad sign:
with a lower retention volume of 14.3mL (shown in the expansion in figud?) compared to the
monomer at 17.61 ml. A lower retention volume value indicates a macromolecule with a higher
hydrodynamic volume; this allows us to deduce that some macromolecule has been formed. In
comparing the retention volume to those of the polystyrenenstards we make the assumption

that the polymer sample behaves similarly to the standard in terms of chemistry, density and
F2ft RAy3dx ¢S OFly OFtOdzA TGS I WwWt2feadadeNByS 9ld
(My) for this sample the relativenolecular weight was calculated as 1 because of the limitations

of universal calibration. The very low intensity of the peak on all three GPC detection channels,
with particular consideration given to the concentration (RI) channel, shows that the presénce

the higher molecular weight species is very low compared to the monomer.
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Substrate polymerisation
Analysis of the cellulose paper resulting from this polymerisation was carried outlBydfd

SEM. Figurd3shows the IR spectra of the reagents and subsequent species as before.
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Figure43: FTIR of the substrate obtained via the synthesis of substrai@ the ATRP polymerisation of compou;

with an inset showing the carbormgdgion for the product substrate (blue).

The FIIR of the substrate shows no distinct shoulder around 173¢,cwhere a peak has
previously been observed in reported functionalisations of cellulose paper by ATRP it has been
assigned to the carbonyl strettes?® the lack of identifiable carbonyl peak is in agreement with

the low levels of polymer formed in solution as ascertained by GPC. It may be possible that scarce
polymerisation occurred on the surface, below the signal to noise threshold resulting from the

relative cellulose backgroungraft polymer loadings.

Figure44 shows the SEM images of the paper surfata. 330x%, b. 750x%, c. 2000x%, d. 3000%, and

e. 8000x magnification, with the magnification regions indicated.
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Figure44: SEM images of the surface obtained from th&BRP reaction of compour2dwith [Cu(l)/PMDETA] in t
presence of sacrificial initiator in toluene (Erfywt a. 330x%, b. 750x, c. 2000x%, d. 3000x%, and e. 8000x magnifica

Potentially some degree of smoothing of the surface could be deduced as shown from SEM
images d. 300x and e. 8000x magnification, however this is not conclusive evidence. The
substrate surface appears broadly unchanged at low magnifications with Ifires fstill retained

widely throughout the sample.

Conclusions
The lack of evidence for polymerisation, judged by evidence of the polymer in solution or on the

paper substratecould suggests that the catalyst is not succesfully (re)generating the adége si
under the conditions used. The conditions vary significantly from the polymerisation in the
absence of sacrificial initiatdsy the presence of sacraficial initiator and scale and additionally
with the reagent ratios, and advantageously with the mtirerough degassing method. The lack

of catalytic activity could indicate catalyst death or oxygen poisoning or reflect one of the other
conditions varied. In order to gain an insight into the catalyst activity an alternative ligand was

used.
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3.5. Potential ofMesTREN as an alternative complexing ligand (Entry 3).

Alongside PMDETA, WIEREN has risen to prominence as a favoured ligand for ATRPs. In the

previous work PMDETA was chosen because of its higher stability at higher temperitures.

We employed MgeTRENO assess whether this ooern was warranted.

Schemer shows the surfacénitiated polymerisation of enan acrylate? using Cu(l)/MeTREN as

the catalytic system.

The sirface initiated atom transfer radical polymerisation-fJIRP) was conducted from a
cellulose (paper) macraittor using Cu(l)) Mgt w9 b oMy &1 > Y 2 { -§nHamrylateY 2 £ (
Y2Y2YSN)I ondynn YY2f0 Ay (G2fdSySx Ay LINBaSyos

Schemer: Reaction schemfor the Cu(l)/MeTREN activated ATRP of substfatda the graft from polymerisation

substratelcwith compound? in the presence of sacrificial initiator.

Solution polymerisation
Figure45 shows the'H NMR spectrum of the sacrificial polymer fonia this reaction, which

shows the complete disappearance of the olefinic protons of the acrylate group between 5.77 and

6.44 ppm and the appearance of a broad signal between 3.85 and 4.20 ppm.
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