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Abstract

Abstract

This work focuses on the use of copper-mediated polymerisation as a versatile method
to produce low molecular weight polymers with narrow dispersity (< 3000 Da, D <
1.20) for the specific aim of studying their self-assembly in the solid state via
microphase separation. By exploiting the theory of microphase separation of block
copolymers, separated polymer phases have been achieved by maximising the Flory-
Huggins interaction parameter () and minimising the total degree of polymerisation

(molecular weight, N).

The study of block copolymer behaviour has grown in prominence and academic
interest due to applications in the microelectronics industry, which has become a
significant driving force for obtaining smaller domains, as it can lead to higher density
data storage. This work focusses on the synthesis of highly amphiphilic polymers
produced by copper-mediated polymerisations and studying their self-assembly in
the solid state.

Initially an F,5initiator (perfluorooctyl bromoisobutyrate) was used as a pseudo block
to minimise N and maintain high p. The conditions of the polymerisation of
poly(acrylic acid) using this initiator were optimised and polymer morphologies and
domain sizes were inferred from Small-angle X-ray scattering (SAXS). The use of both
solvent and temperature annealing show different assemblies, and thermal annealing

was shown to alter the structures.

The work moved onto the investigation of an F,; and F., pseudo block (perfluorodecyl
bromoisobutyrate and perfluorododecyl bromoisobutyrate), While domain sizes were
found to be larger than those in Fi3-PAA films, F,,/F., polymers exhibited longer range
order and more crystallinity. Block copolymer models were used to predict the phase

behaviour of these polymers and a phase diagram was developed.

Finally, the scope of hydrophobic initiators and hydrophilic monomers possible for
use in the synthesis and microphase separation of high y, low N polymers was
investigated. The polymerisation conditions were optimised for targeting low degree
of polymerisation with both acrylates and methacrylates and included incorporation

of additional photo-responsive properties via an anthracene end group.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Basics of polymerisation

Fundamentally, there are two mechanisms for polymer synthesis: step growth and
chain growth. Step growth mechanisms involve a stepwise addition of monomer units
to a polymer chain, for example in a series of condensation reactions. The joining of
monomers to dimers and trimers and subsequent oligomers leads to an exponential
increase in molecular weight, hence, high molecular weight polymers require long
reaction times. Chain growth polymerisations, in contrast, grow by sequential
additions of monomer units to the end of a propagating polymer chain. This process
requires an initiating moiety, often an ionic or radical species, and leads to an
increasing exponential decay in molecular weight as the monomer feed is consumed.!
The short-lived nature of radicals means that achieving low molecular weight is
difficult, and it is usually impossible to make block copolymers. This concept is shown
in Figure 0-1, where molecular weight vs conversion is presented for chain growth,
step growth and living polymerisations. Efforts to control polymerisations have
provided the ability to predict molecular weight, add functionality and introduce

properties previously out of the reach of synthetic polymer chemists.

—— Chain Growth
— Living
—— Step Growth

Molecular Weight

Conversion (%)

Molecular Weight

v

0 20 40 60 80 100
Conversion (%)

Figure 0-1. Molecular weight with conversion for step growth, chain growth and living
polymerisations. Inset shows chain growth polymerisation at very low conversion.
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Chapter 1: Introduction

1.2 Controlled polymerisation

Removing the termination step from the mechanism of radical polymerisation can
lead to living polymerisation with greater control of polymer molecular weight and
dispersity (molecular weight distribution) and has previously been referred to as
“living radical” polymerisation. The first efforts in living polymerisation were by
Szwarc in 1956 in which a sodium-naphthalene complex was used as the initiator in
an anionic polymerisation of styrene.23 The description of the process as “living” was
introduced as the addition of another monomer feed continued the polymerisation.
The result was the synthesis of “block copolymers”, giving proof that the polymer was

“alive”, and polymerisation could continue with additional monomer addition.

1.2.1 Reversible-deactivation radical polymerisation (RDRP)

In practical terms, the absolute removal of all possible termination pathways is
impossible and especially so for an essentially radical based chain growth. Therefore,
the IUPAC-suggested term is reversible-deactivation radical polymerisation (RDRP),
which is an umbrella term for multiple controlled radical polymerisation types.4
RDRPs aim to reduce the concentration of radicals present during polymerisation,
however the short-lived nature of radicals enables infrequent termination. This can
be via abstraction of backbone protons which lead to branching points and increase
dispersity. Common examples of RDRPs are atom-transfer radical polymerisation
(ATRP), reversible addition-fragmentation chain transfer (RAFT),nitroxide-
mediated polymerisation (NMP) and Copper-mediated RDRP (Cu-RDRP).

1.2.1.1  Nitroxide-mediated polymerisation (NMP)

One of the first attempts to carry out stable radical-mediated polymerisation was by
Otsu in 1956-1957.5¢ The concept of “living” radical polymerisation was not
introduced until 1982,7 by work in which disulfide initiators were cleaved
photochemically at the C-S bond resulting in a propagating carbon radical and a
mediating sulfur radical. After propagation, these two radicals can reversibly
recombine to deactivate the reaction. Unfortunately the sulfur radical can also initiate
polymerisation which led to high dispersities, therefore the need for a stabilised
mediating radical became apparent. The observation that the same polymer made by
different polymerisation techniques exhibited differences in stability suggested that
structural irregularities develop during chain initiation and termination.8 This
prompted the development of a method by which to monitor the initiation of radical

polymerisation. Nitroxides were introduced through radical trapping in an attempt to
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Chapter 1: Introduction

quantitatively characterise radical reactions,® and ultimately led to the term
nitroxide-mediated polymerisation (NMP),° patented by Solomon et al. in 1985.%
The accepted IUPAC term is now aminoxyl-mediated radical polymerisation
(AMRP).®2 Nitroxides have been studied along with their derivatives, alkoxyamines,
as mediators in NMP.13 (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) is a
particularly well established alkoxyamine mediator, and was key in the development
of unimolecular NMP in which the requirement for a separate initiating molecule is

removed, Figure 0-2.14

) )

Argon

/ N \ 123 °C N / T
| .

Figure o0-2. Example of a unimolecular initiator used in nitroxide mediated
polymerisation.4

1.2.1.2 Reversible addition-fragmentation chain transfer (RAFT)

First reported in 1998, reversible addition-fragmentation chain transfer (RAFT) is
an RDRP mechanism and relies on an equilibrium between dormant and active
chains.’® Whereas NMP and ATRP rely on the persistent radical effect” i.e. the
radicals do not undergo self-termination which leads to reversibility, RAFT is a
degenerative transfer mechanism meaning that the number of radicals in the
activation-deactivation process is constant and therefore there is a need for a radical
initiation source.!8 The initiating species adds to a chain transfer agent (CTA) or RAFT
agent thus creating the equilibrium between dormant and active radical species,
Figure 0-3. RAFT agents often contain a thiocarbonylthio group (Z-(C=S)-SR), in
which monomer units are added between the R* and the Z-(C=S)-S: group of the RAFT
agent. The dispersity can be narrow due to the rate of addition/fragmentation being
higher than the rate of propagation, ultimately resulting in a similar degree of
polymerization (DP) for all polymer chains at any point in time. A perceived

advantage of RAFT over NMP or ATRP is the range of monomers which are
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compatible, although custom RAFT agents must be synthesised, and polymers are
produced with dithioester end groups which cause red-yellow colouring unless the

end group is removed.

i) Radical source — I

ii) "+ M — P’

vii 1" R" P P, —— termination

Figure o0-3. Mechanism of reversible addition-fragmentation chain transfer
polymerisation (RAFT).19

1.2.1.3 ATRP

Atom-transfer radical polymerisation (ATRP, coined by Matyjaszewski) was first
reported independently by Sawamoto2° and Matyjaszewski2' in 1994 and 1995, who
demonstrated “living” polymerisation of methyl methacrylate (MMA) and styrene (S),

respectively.

A linear plot of In[M],/[M] versus time suggested that the mechanism could be
considered “living”, owing to a constant concentration of growing radicals throughout
the polymerisation, and the rate of termination was negligible due to the equilibrium
between proposed active and dormant radical species. Matyjaszewski’s group used 1-
phenylethyl chloride (1-PECI) as the alkyl halide initiator and Cu(I)Cl complexed with
2,2’-bipyridine (bpy) formed the mediating species. Removal of these reagents
produced an uncontrolled polymerisations and the necessity of these reagents led to

the proposal of the mechanism (Figure 0-4) which is widely accepted today.
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In general terms, an alkyl halide (R-X) is activated by a redox-active transition metal
complex (M™-L), to form an active species. The metal, often copper (0) (although
ruthenium,?3 iron,24, nickel,?s palladium2¢ and molybdenum?7 are also effective) will
undergo single electron transfer oxidation (X-M™+:-L) and generate the active species
(R*) which is free to polymerise (P*) or recombine with the metal complex to form the
dormant species (P-X).2%29 The rate constant of activation (kac) is much smaller than
deactivation (kgeact) therefore propagation occurs intermittently. The complex X-
Mm+1-1, deactivates the radical and returns the polymer to its dormant state (P-X) and
the metal to its active state M™-L.28 This equilibrium is strongly shifted to the left,
favouring dormant species and thus there are a minimal number of radicals present
at any time leading to a reduced probability for termination events and very low
dispersities can be achieved with this system. Termination reactions can occur in
ATRP, which are often via disproportionation or radical coupling, but a successfully

controlled ATRP reaction will have less than a few percent of terminated polymer

chains.29
Kact
Pp-X + MM-L ~==— P + X-M™L
kdeact

Figure 0-4. The widely accepted mechanism for atom transfer radical polymerisation
(ATRP) by Cu(I) complexes.

Ultimately, it is the choice and properties of the metal catalyst and the relative
stabilities of the M™ and M™*! oxidation states which determines the position of
equilibrium position, Keq, where Keq = kact/kdeact. The complex needs to have readily
available n and n+1 oxidation states (to facilitate a single electron redox process), an
affinity to form bonds to halogens and space in the coordination complex to
accommodate the halogen. However, the initiator also has some influence on
equilibrium position due to the relative strength on the R-X bond, and various alkyl
halides have been studied as polymerisation initiators.29-3° Halogenated alkanes,2°0-2!
benzylic a-haloesters,3%:32 a-haloketones, a-halonitriles,33 and sulfonyl halides34 have
shown good initiating properties because they help facilitate the homolytic
dissociation of the R-X bond, and inform the types of monomers that are
polymerisable.3s Many monomer types are compatible with this type of

polymerisation, particularly those which stabilise the propagating radical with an
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electron withdrawing group conjugated to the sp2 carbon orbital containing the
unpaired electron.29:3¢ These include styrene,’” acrylates,3® methacrylates and
acryonitrile3?; each monomer has its own equilibrium constant for atom transfer and

radical propagation which can alter the equilibrium constant.

The role of the ligand is to improve the solubility of the complex in addition to
controlling the equilibrium between oxidation states of the metal: different ligands
may be more suitable for a given monomer as the stability of the radical will be
monomer dependant and not amenable to be changed. For copper complexes,
nitrogen containing ligands usually give optimal results as when compared to oxygen,
sulfur and phosphorus donor ligands, which have less suitable electronic properties
and binding constants.4° Other important factors include lability, number of binding
sites and the electronic withdrawing/donating ability of substituents on the ligand. A
labile ligand allows for easier reorganisation of the complex, activity increases with
the number of binding sites and is reduced with strongly electron withdrawing
substituents. Inappropriate ligand choice can lead to unwanted chain transfer of the
terminal halogen to the ligand which deactivates the macromolecule by leading to a

high concentration of radicals or a dormant reaction with a stable alkyl halide.

1.2.1.4 Importance of the initiator

Features of an appropriate ATRP initiator include: presence of multiple halogens at
the carbon where the radical is formed, presence of carbonyl, ester or phenyl groups
which stabilise the radical and help facilitate homolytic dissociation of the halogen
and finally steric congestion around the radical carbon to reduce side reactions.4!
Therefore a-haloesters and o-haloketones with tertiary o-carbons are the most
commonly used initiators. Other useful chemical functionality can be incorporated
into these initiators, providing a facile route to a-functional telechelic polymer chains.
The choice of halogen leaving group is also important, due to the difference in
strength of the carbon-halogen bond. Initiators with Bromine or Chlorine are often
the most suitable, as the C-F bond is too strong to undergo cleavage and C-I is too

weak.

The role of the initiator is the starting point of polymer chain growth. In a living
polymerisation the degree of polymerisation (DP) is determined by the monomer to
initiator ratio (Equation 1), where a higher concentration of initiator leads to a
polymer of shorter chain length. The R group on the a-carbon strongly affects kinitiation
and influences how controlled polymer growth is considered to be as it controls the

stability of the ensuing radical. The R group at the Q-end of the initiator can be chosen
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to be hydrophilic, hydrophobic and/or incorporate specific functional groups. The
importance of choice of initiator is more significant at lower DP, as the volume/weight
fraction of the initiator becomes larger with respect to the whole polymer. Careful
consideration must be given to this when designing polymers for self-assembly (or to
avoid self-assembly), as the polymer may be undesirably amphiphilic and lead to

undesirable polymerisation-induced self-assembly (PISA).

_ [M] :
DP = —— x conversion D

[1]

1.2.1.5 Cu(o)-RDRP

Cu(o)-mediated RDRP is a versatile technique allowing polymerisations of various
activated monomers in both organic and aqueous media.4> Universal conditions have
been developed for the polymerisation of acrylates, methacrylates and styrene. The

importance and role of ligand and initiator have been widely investigated.3543.44

The accuracy of two alternative models for the mechanism of Cu(0)-RDRP have been
debated: supplemental activator and reducing agent (SARA ATRP) and single-
electron transfer (SET LRP), Figure 0-5.45 In SARA ATRP, activation (of the initiator
in the first step and the propagating chain from then on) by Cu(I) is the major
contribution to the mechanism. Cu(0) is a supplemental activator of alkyl halides and
deactivates excess Cu(II) via comproportionation.4® In SET LRP, Cu(0) is the primary
activator of alkyl halides and Cu(I) does not contribute, instead instantaneously
disproportionating to Cu(o) and Cu(II). In both mechanisms, Cu(II) is the major

deactivating species.
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SARA ATRP
P,-X P,-X
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Figure 0-5. SARA ATRP and SET LRP mechanisms. Bold arrows indicate major reactions,
solid lines indicate supplemental/contributing reactions and dashed lines indicate
minor/neglected reactions. Image taken from literature.45

In 1997, Matyjasewski proposed that Cu(o) can reduce Cu(II) to Cu(I), which removes
deactivating species and generates activating species, maintaining a controlled

polymerisation.47

Later, in 2006, Percec proposed that Cu(o) species donate an electron to the alkyl
halide, generating Cu(I) which can rapidly disproportionate into Cu(o) and Cu(II)
which mediate the initiation and reversible termination.48 Percec labelled this
mechanism as a single-electron transfer living radical polymerisation (SET-LRP) that
occurs via an outer-sphere mechanism. The disproportionation of Cu(I) has since
been utilised to polymerise monomers in aqueous systems.495° Kinetic studies of
Cu(0) in organic solvent (such as DMSO) with amine ligands by both Matyjaszewskis
and Haddletons2 disagree with the proposed SET LRP mechanism, however it is

supported in aqueous systems.53
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1.2.1.6  Photo-induced copper-mediated RDRP

Photo-induceds+55 (and electrochemically induceds®57) polymerisation can
beneficially add spatial and temporal control by providing or removing stimuli.s8.59
Particularly with light stimulus, faster rates of reaction and lower activation energy
pathways are observed without the need for additional chemical components.49-6° In
2000, ATRP was found to have higher conversion in visible light than in dark
conditions.22 This observation led directly to the use of UV light for initiation, initially
tested with methyl methacrylate (MMA)¢ and styrene (S)°* using 2,2-dimethoxy-2-
phenylacetophenone (DMPA) as a photoinitiator, Figure 0-6. In this system either of
the radicals R* could initiate polymerisation which lead to poor initiation efficiency

and broad molecular weight distributions.

- R(/)\\OR/L;/\ 5% J/ j X /JOLCH CH
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N ~

DMPA R’ R’

Figure 0-6. DMPA as a photoinitiator.

More recently, work has focused on utilising light stimuli to directly influence the
ATRP equilibrium.®2 Tertiary amine containing ligands/substrates such as
tris(pyridylmethyl)amine = (TPMA)®  or tris[2-(dimethylamino)ethyl]-amine
(MesTREN)%4 readily absorb high energy light. In copper systems, this results in a
photo mediated reduction of Cu(II) to Cu(I) via an excited state complex, thereby
driving the equilibrium to be favourable for polymerisation without the presence of

Cu(o) or a photoinitiator.

MesTREN and Cu(Il) are a particularly effective combination that require low
concentrations copper/ligand, with the ability to polymerise many acrylate
monomers using UV light (A = 360 nm), with near quantitative conversions and low
dispersities across a variety of targeted molecular weights. This system also tolerates
multifunctional alkyl halide initiators which, combined with excellent end group
fidelity, produces o,w-telechelic polymers and allows for the synthesis of block

copolymers via chain extension.%

29



Chapter 1: Introduction

Low dispersities in final polymer materials are ideal for microphase separation
(section 0), as this positively influences morphology and/or prevents complex
ordering.%¢ This is especially important at low molecular weights where dispersity is
harder to control, as dispersities are higher in early stages of polymerisation.® Photo-
induced copper-mediated RDRP has been frequently used in this thesis, due to the
ability to target low molecular weight polymers with low dispersity and use functional

initiators.

The system developed at Warwick using 365 nm irradiation of excess free primary
amine ligand followed by energy transfer to complexed ligand results in efficient
photoreduction of Cu(IT) to Cu(I). This polymerisation process has been shown to give
unprecedented narrow dispersities especially at very low DP, these are normally
difficult to access via RDRP. In addition, there is no evidence of termination by any
method from MALDI-TOF making this ideal, and probably the only way, to access the
low DP required and to be able to realistically differentiate between DP = 5, 10, 14, etc

due to this narrow dispersity at such low DP.
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1.3 Microphase separation

1.3.1 Block copolymers

A homopolymer is a polymer comprised of only one monomer. The concept of
copolymers (more than one monomer), has been discussed since the 1950s,%7 and
these are synthesisable in the form of alternating (ABABAB), random/statistical
(AABABABB) or block copolymers (AnBm). Block copolymers (BCPs), which can be
easily synthesised via RDRP techniques by sequential monomer addition,®® are of
commercial interest as adhesives, foams, thermoplastic elastomers and, particularly,
surfactants.®® Other areas of interest for BCPs include: drug delivery,7o-72
superhydrophobic materials,”3-75 nanolithography,”6-78 photonics,” actuators,30-83

water filtration,%4 and thermoplastic elastomers.85-87

These molecules consist of a hydrophilic and a hydrophobic block, which often results
in their self-assembly into nanostructures. For example, PMAA-b-PS cannot
macrophase separate (oil and water) as blocks are bound by a covalent bond.
Therefore, the polymer chains assemble into structures that maximise and minimise
the contact between similar and dissimilar blocks, respectively.8 Large differences in
polarity or electrostatics can also drive microphase separation due to thermodynamic
incompatibility. One theoretical study suggests that a blend of oppositely charged
polymer electrolytes (immiscible) allows microphase separation, in which the
microstructures are stabilised (and do not macrophase separate) by excess Coulomb

energy and follow the strong segregation limit, Figure 0-7.89

0.22 .35 Theory
: : lam 0 5
+ /// /’ Nulatlons
ex bicontinuous perf. lam lam

Figure o0-7. Diagram of blend morphologies in the strong segregation limit, when the
boundary ¢+ values are found to be independent of x; ¢+ is the polycation volume fraction
in the blend. Top and bottom parts of the scheme show theoretical predictions for the
binodals of the conventional morphologies and dissipative particle dynamics simulations
data. The snapshots were obtained for the following incompatibilities: ¥ = 15.18 for ¢+ =
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0.166; ¥ = 7.59 for ¢+ = 0.25; x = 7.084 for ¢+ = 0.33; X = 5.06 for ¢+ = 0.36; ¥ = 3.1625 for
¢+ = 0.5. The box size for the bce phase was changed to L = 38.4 to fit an integer number
of periods. Figure has been reproduced from ref. 89.

The Flory-Huggins interaction parameter (x) describes the cost of free energy
between contact of dissimilar blocks.® There are competing forces between the
enthalpic contribution of mixing and the entropic penalty associated with elongation
of polymer chains, and the structures formed are a result of balancing these forces.8°
The reorganisation of block copolymer chains is known as microphase separation.
High x polymers are those with highly incompatible segments and have attracted
significant attention owing to their potential to form sub-10 nm (Amylose-b-
poly(styrene)),o sub-5 nm (poly(cyclohexylethylene)-b-poly(methyl
methacrylate)),92 and sub-3 nm domain sizes when using low molecular weight
species. This is of significant interest in the field of microelectronics due to the
potential for using these materials for lithography.?3 Hillmyer and co-workers93
suggested that domain sizes as small as 2 nm could be achieved, with well-defined
features, using a low molecular weight BCP with fluorinated and ionic blocks.
Fluorinated BCPs have been used to achieve microdomains smaller than 40 nm94 and
fluorinated ATRP initiators have also been synthesised for use in microphase
separation, however, the molecular mass of these polymers ranged from 7000-

30,000 Da.%

Alongside y, factors that most directly influence the microphase separation are total
degree of polymerisation (V) and volume fraction of the blocks (fa).9¢ Extensive
theory has been developed to understand the behaviour of block copolymer
assembly,9” the theoretical phase diagram and possible structures for a symmetrical
block copolymer in the solid phase is shown in Figure 0-8. A minimum segregation
limit is given by yN >10.5, values lower that this only produced disordered states and

materials.
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Figure 0-8. Phase diagram of possible block copolymer phases in the solid state. Image
taken from literature.8°

Microphase separation of block copolymers has also been widely investigated in
solution but is often just referred to as “block copolymer self-assembly”, particularly
as controlled RDRP techniques allow the use of a wider range of monomers than was
previously possible with anionic polymerisation.%. It is now possible to target
different morphologies including micelles, cylindrical micelles and bilayers/vesicles98
(and complicated structures in-between)99 according the packing parameter, p, given
in equation (2).
v
p=— (2)

Where v and [ are the volume and length of the hydrophobic chain, and a is the area
of the head group. This equation is derived from the competing forces that result in
self-assembly of molecules. Hydrophobic attraction of like-chains brings molecules
together, and hydrophilic repulsion of ionic/steric head groups forces contact with
water.1°° These interactions occur mainly around the interfacial regions, changing the
interfacial area (a) per molecule in contact with the aqueous phase. Calculations show
that spherical micelles are favoured when p < 1/3, cylindrical micelles when 1/3 < p

< 12 and vesicles when 2 < p < 1.101
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1.3.2 Dispersity

Dispersity (D), by definition, is the ratio of the weight- and number-average
molecular weight (M./M,) and is used as the standard measure of the range of
molecular weights in a polymer sample (the molecular weight distribution), and it is
noted that to be a polymer there inherently must be such a mass distribution.
Generally, low dispersities are ideal for microphase separation, and increasing
dispersity can alter morphology or prevent complex ordering.¢ The dispersity of
BCPs has a significant effect on microphase structure, generally, increasing P
increases domain size which is predicted by self-consistent field theory.2 It has been
shown that what is normally considered a low dispersity for controlled radical
polymerisation actually has a significant standard deviation e.g D = 1.25 has a relative
standard deviation of 50% of the polymer M,.13 This is especially Important at low
molecular weights where dispersity is harder to control and particularly with ATRP,

dispersities are higher in early stages of polymerisation.®s

Considering a BCP with a minor block with P = 1, and a major block where P is varied,
the composition and morphology changes dramatically. As P is increased in the major
block, the microphase structure changes from cylinders to gyroid to lamellar, which
is reversed when D is increased in the minor block.'°4 Also, high dispersity decreases
the order-disorder temperature (Topr) due the disordered phase becoming favoured
i.e. when heating the BCP, it will enter the disordered phase at a lower temperature.
This is reflective of the degree of polymer crystallinity. Topr can be determined from
small angle x-ray scattering (SAXS) measurements (See section 1.4.1), wherein rapid
broadening of the principal peak with temperature indicates the Topr. Discrete
polymers show higher order peaks while disperse samples do not, suggesting

dispersity reduces attainability of long-range order.°5

1.3.3 Inducing microphase separation

Following Moore’s Law, the number of components in integrated circuits have, more
or less, doubled every 2 years.'°¢ The microelectronics industry has developed around
lithographic techniques and been dominated by photolithography,©7 however, the
resolution of feature sizes is limited by the wavelength of the beam used (KrF = 248
nm and ArF = 193 nm excimer lasers)8. Shorter wavelength lithography lasers have
been developed (F. = 157 nm) and extreme UV lithography (EUV) use wavelengths at

13.5 nm, although thermal instability then becomes an important factor.09
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The microphase separation of BCPs has become an area of interest that addresses the
issue of minimum obtainable feature size and has lower production costs. Usually, a
BCP will require an external stimulus to induce microphase separation. These include
solvent vapour,'©-112 thermal (including microwave),3-5 combination of both,16.117

laser, 18119 shear flow,!8120 and electric field annealing.*2!

There is a demonstrable need to reducing the defect density of unguided BCP self-
assembly. Defects are a particular challenge with small molecular weight BCPs with
high Flory Huggins interaction parameters which produce sub-20 nm

periodicities.122-126

1.3.3.1 Directed self-assembly (DSA)

Directed self-assembly (DSA) requires a substrate which is often pre-patterned to
guide the formation of nanoscale features. Two methods of implementing DSA are
most widely used; graphoepitaxial/physical epitaxy which relies on the selective
wetting of the substrate by one of the blocks. (contains elements of chemical
interaction to produce topographic structures/patterns) and chemoepitaxy (substrate
is chemically patterned to define affinity with a particular block of the BCP).*27 In both
cases a “top-down” method, used to define a chemical or topographic pattern of
differences, is combined with a bottom-up self-assembly process where synthetically

designed molecules assemble through controlled interactions.:28129

The microphase separation of BCPs can be controlled purely by molecular design and
solvent choice on flat and untemplated surfaces, but the limits of ordering are defined
by the grain boundaries of crystalline structures and the density of defects. This often
prevents the use of purely bottom-up approaches in situations where response to
individual stimuli is required”*2® Qutside of continuum self-assembly (when any solid
surface is used to drive assembly) the feature density (including roughness) and the
strength of physical or chemical interactions between surface and molecule are of

great importance.3°

1.3.3.2 Thermal annealing

When annealing a block copolymer, the temperature must be raised above the glass
transition temperature (7,) of both polymer blocks to allow efficient reorganisation

of an ensemble of polymer chains.3:132

Annealing tends to move a collection of polymer chains away from kinetically or

thermodynamically trapped states and closer to thermodynamic equilibrium. This is
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typically achieved by thermal or solvent annealing, and less frequently solvent vapour
annealing is used to access Kkinetically-trapped morphologies.’33 Despite this
distinction, careful tuning of parameters and combinations of types of annealing can
allow access to a broad selection of kinetically or thermodynamically unfavourable
morphologies. Microwave annealing is used infrequently in the field, partly due to the
inextricable link between heating and the application of microwave radiation to
solutions.'34 Microwave annealing, for the reason mentioned previously, tends to be

realised on faster timescales than purely thermal methods.35

1.3.3.3 Solvent annealing

In solvent annealing, polymer films are submerged or exposed to quantities of solvent
vapour,3¢ the rate of solvent evaporation can be used to affect changes to polymer
which, even if induced at the surface, can propagate through the entire film. The
literature suggests that solvent presence imparts mobility to the polymer chains,
which in turn enables a rapid removal of defects.s” Extended periods of solvent
annealing leads to higher intensity second order structural peaks in SAXS, which

implies higher crystallinity and longer range order being introduced.8

1.3.4 Photo-switchable molecules

Molecules that exhibit photochromic reactions are of interest due to the repeatable
control over material properties (self-assembly, conductivity, solubility, wettability,
polarity, fluorescence, viscosity)39-142. The photo-alignment of liquid crystal (LC)
polymers has been investigated for the last 2.5 decades and becomes important in
liquid crystal displays.43 Tkeda44 and Seki groups4s reported photo-controlled
alignment using visible light to align LC nanocylinders, which led to the observation
of photo-induced microphase separation in block copolymers.4¢ Linear polarised
light is an effective light source which aligns polymers depending on irradiation angle
and can induce morphology changes if polarisation is removed.!45147 Photo-induced
microphase separation is a clean and reliable method to obtaining long range order

in BCP systems.

Photoswitching can occur by different reactions, some reversible examples include:
isomeric change in conformation (stilbenes,48 azobenzenes,'48-15° cinnamtes'49), ring
closure (chromenes, diarylethenes,'s° fulgides,49*5¢ dimerization (anthracene,48:15!
cinnamates,’s! coumarin,49 thymine,s° stilbenes) and donor-acceptor Stenhouse

adducts (DASA), which cyclise to form a compact, hydrophilic, zwitterionic species
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from an extended, hydrophobic, neutral species.'52-154 Irreversible photoswitches also

exist; sulfonium triflate based PAG and o-Nitro-benzyl derivatives.149

If a photoresponsive molecule was synthesised as an alkyl halide initiator (and was
also hydrophobic), it could be used to polymerise a low molecular weight
(amphiphilic) polymer. This would either allow microphase separation by polarity
difference, photo-induced microphase separation, or a change in morphology with

light irradiation.

Azobenzene is a photo-switchable molecule that has been used numerous times, due
to a simple switch between cis and trans isomers with different wavelengths of
light.146:147.155-157 This reaction allows a change in molecular volume, and can allow a
reversible change between physical states.'58 Coumarin is a dye's® which undergoes a
[2+2] cycloaddition dimerization when irradiated with UV light. Coumarin
derivatives show numerous biological benefits'¢® and find use as fluorescent probes.6
It has also been used as an ATRP initiator to synthesise an end-capped photosensitive
polymer, however, the dimerization reaction was incomplete.’2 Similarly to
coumarin, anthracene and its derivatives undergo a [4+4] cycloaddition with UV
light, which has shown use as a photocrosslinker,¢3.164 a coupling agent, 65 and light-
erasable systems.’® Anthracene (non-dimerised) has a conjugated electron system
and is, therefore, highly hydrophobic and exhibits pi-pi stacking,®7 which can

contribute to anthracene self-assembly.

1.3.5 Industrial uses and wider literature

Large scale industrial lithography processes have not implemented block copolymer
self-assembly to produce consumer related products, however research groups active
in the area mention the advantages this technology would bring. The most promising
areas for industrial use of BCP self-assembly include biomedical applications,

nanocomposites, nanoporous membranes and lithography.168

Nanoparticles and nanostructures in solution are beneficial for use in biological
applications. Vesicles or hydrogels made by BCP self-assembly can be used for drug
release, in which complex mesophase structures are ideal for encapsulating

therapeutic agents.169

Nanocomposites can be combined with nanoparticles that would not normally form
nanostructures, allowing control of catalytic activity, optoelectric and magnetic

properties. Alternatively, they can be used as strengthening agents when they
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assemble in thermosets which exhibit improved mechanical properties due to

toughening, which is dependent of the morphology adopted by the BCP.170

Nanoporous membranes have been employed in fuel cells that require membranes
with selective permeability, which can be modified by BCP composition. Membranes
have also been used for water filtration to remove microplastics (5-100 nm),
desalination and as artificial kidneys. This diverse range of property control is
obtained by tuning pore size, morphology, stimuli-response, size distribution etc

which is only achievable with BCPs.7*

BCP self-assembly is particularly prominent for use in lithography, as BCPs can
obtain smaller feature sizes than current techniques used in industry. For example,
Hawker. et al. showed that the self-assembly of a cyclic polystyrene-b-polyethylene
oxide polymer reduces domain size by ~30% compared to its linear analogue due to a
reduced hydrodynamic radii.?”2 Furthermore, bottom-up BCP lithographic processes

are fully compatible with industry standard technologies.¢8
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1.4 Characterisation

1.4.1 Small-angle X-ray scattering SAXS

Small-angle X-ray scattering (SAXS) is an accurate and non-destructive analytical
technique in which many structural properties of materials can be determined,
including; molecular weight, particle structure, microphase structure, domain
spacing and dispersity of particles. This presents a wide field of applications, SAXS is
particularly useful in polymer and colloid research but also used in biological
materials, nanocomposites, food, pharmaceuticals and in quality control. In a typical
SAXS set-up, structural information can be resolved in the range of 0.1-5 nm although

this can be extended to 100 nm, known as wide-angle x-ray scattering (WAXS).173

A SAXS pattern is obtained by recording the X-rays that have been scattered by
electrons in a sample, relative to the incident wave. X-rays that are scattered and lose
energy become out of phase with the incident wave and as a result are not detected.
Occasionally, the oscillation frequency of the electrons matches that of the incident
wave, known as Thomson scattering. Consequently, there is no loss of energy during
the collision and these constructive waves carry the structural information which are
detected in SAXS.74 All substances will scatter X-rays, therefore, solid or liquid phase
materials with solid, liquid or gaseous domains can be examined. However, air also
contributes to scattering meaning measurements must be performed in vacuum or a

background measurement is subtracted from data, depending on sample stability.75

Microscopy and scattering techniques both require the interaction of matter with
radiation and a degree of contrast (a difference in electron density between the
particles and the continuous medium) to study an object. Despite these similarities,
they are complementary techniques due to the method in which data is reconstructed.
Microscopy uses lenses to magnify an image, which results in loss of wave phases,
whereas scattering investigates the whole illuminated sample volume. X-rays are
measured relative to the wavelength of incident radiation. To become independent
from wavelength, scattering patterns are often presented as a function of g, where g
is the displacement from the incident wave or “scattering vector”. Equation 3
illustrates how scattering patterns are often considered in reciprocal space and
particles have structure in real space. Hence, why scattering and microscopy
techniques are complementary, and both should be used for a more complete

characterisation.
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Chapter 1: Introduction

4

q = —sin (6) ©)

Scattering patterns are comprised of two components, the form factor and structure
factor. The form factor, P(q), is considered per particle where the distance between
particles is larger than the wavelength. The detected waves for each particle can be
summed if the sample is dilute and monodisperse (same size and shape particles).
This scenario would produce data with sharp minima which represent the particle
radius, however, in practical terms, samples size often exhibits a degree of dispersity.
The result of this is a broadening of the minima from which the dispersity can be
calculated.7¢ The structure factor, S(q), is considered when intra- and inter-molecular
distances are of the same order of magnitude (i.e. concentrated samples), this
additional interference multiplies with the form factor and provides information
about particle position with respect to one another. Attractive and repulsive
interactions are indicated by an increase or decrease in intensity, respectively. Finally,
pronounced peaks form due to highly ordered and crystalline structures.

Incorporation of Bragg’s law of diffraction into the previous equation presents:

q=— 4)

where d is the particle separation or domain size. These peaks in the structure factor
occur at well-defined angles, indicative of crystal symmetry and long-range order.
Bragg’s law can therefore be used to calculate domain spacing, lattice parameters and

miller indices and ultimately, morphology.'77

The ratio of g-values of typical structures are:
Lamellar — 1, 2, 3, 4, 5...

Hexagonally packed cylinders”8 — 1, V3, V4, V7, V9...
Cubic —1,V2,V3, 2, V5...

1.4.2 Atomic Force Microscopy (AFM)

Microscopy techniques give data that is complementary to scattering data, Table
0-1.75 In both (optical) microscopy and scattering, waves are scattered from an object
but the processing step differentiates the information which is extracted. Scattering
data records the intensity of scattered waves, whereas microscopy uses a lens to

reconstruct the waves as an image (this is the optical method of reconstruction,
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Chapter 1: Introduction

scattering data can be processed mathematically to reconstruct an image as well,

however, 3D information is lost as phase data is lost when recording data).

Table 0-1. Comparison of information obtained from microscopy and scattering data.

Feature Microscopy Scattering
Small details Visible Not visible
Results Unique, not representative Representative, integrated
Local structure Extractable Not extractable
Average structure Hard to obtain Always obtained
Preparation artifacts Inherent Scarce (in vitro)

Atomic force microscopy (AFM) is a scanning probe technique primarily used to
determine topology but is also capable of calculating adhesion, indentation, stiffness,
and dissipation etc. In AFM a sample is imaged in either contact mode (which risks
tip collision with tall structures), non-contact or tapping mode, (which was used in
this thesis), and nanometre resolution is obtainable. During measurements a sharp
tip oscillates in the z direction while scanning in the x and y directions, which is
monitored by a feedback loop that detects changes in oscillation frequency as the tip
interacts with the surface and maintains the distance between tip and sample (set-
point). A laser beam is directed at the top of the cantilever and reflected onto a
position-sensitive four-segment photo-detector which tracks the position of the laser
spot.79 Compared to electron microscopy techniques, AFM provides 3D information,
equipment is much less costly and soft/sensitive samples are measurable as AFM can

be used in various environments.
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1.5 Objectives

The purpose of this thesis was to synthesise highly amphiphilic (high y) low molecular
weight polymers using controlled copper-RDRP for use in microphase separation.
With the specific aim of obtaining small domain sizes, polymers must have low
molecular weight, but also have a high Flory-Huggins interaction parameter to
compensate for degree of polymerisation. Therefore, a sufficiently hydrophobic alkyl
halide initiator was used to synthesise a sufficiently hydrophilic polymer chain,
allowing low dispersity and low molecular weight to be obtained. Polymer films were
prepared (and annealed) then Small-angle X-ray scattering measurements

determined morphology and domain size.

Beyond this, an investigation into the phase behaviour of these low molecular weight
polymers was undertaken and an experimental phase diagram was created, which
allows specific morphology/domain size targeting. Additional hydrophilic monomers
and hydrophobic initiators were investigated for this specific approach to microphase
separation, which include the incorporation of photo-responsive behaviour to add

functionality to the phase-separated films.

Overall, this work shows a novel approach - by which the initiator has a significant
role and should be considered in all polymerisations - to obtaining the smallest

domain sizes possible in block copolymer microphase separation.
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In this chapter, the concept of using an initiator to influence microphase separation
has been investigated. To achieve microphase separation, three factors need to be
considered: the Flory-Huggins interaction parameter, y, the molecular weight, N, and
the volume fraction of each block, fi/fs. Modifying these allows the tuning of
morphology and domain spacing. The minimisation of domain spacing has been
pushed by the microelectronics industry, which is achieved by maximising y, and
minimising N. High y is obtained by combining highly incompatible polymer blocks
and low N is obtained by incorporation of an initiator that consists of the first block
in an amphiphilic polymer. Small-angle X-ray scattering (SAXS) was used to
characterise morphology and domain spacing in polymer films, corroborated by

atomic force microscopy (AFM) images.
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2.1 Fluorinated initiator

2.1.1 Synthesis

The self-assembly of block copolymer materials has often been exploited to decrease
the lower size limit of microphase separation and obtain the smallest separations
between similar domains. Here a so-called “pseudo-block” polymerisation strategy
was used in which a novel, highly fluorinated, hydrophobic initiator was used as one
segment (Figure 2-1). Fluorocarbons are incredibly hydrophobic and have been used
extensively due to this attractive property.'8° Therefore, a fluorinated segment
combined with a highly hydrophilic repeating unit should generate a highly
amphiphilic polymer. It was hoped that the y parameter is high enough to allow
microphase separation to be observed with polymers of very low molecular weight. It
has been predicted in the literature that the combination of a fluorinated block with

a highly polar block could allow domain spacings as small as 2 nm.9

o)

O TEA
C6F13\/\0H + Br y CeF13\/\ Br
Br DCM, 36 hr, RT 0

Figure 2-1. Synthesis of a fluorinated initiator, perfluorooctyl bromoisobutyrate (F3).

Perfluorooctanol (PFO-OH) was chosen as a suitable starting material for the
synthesis of a fluorinated initiator due to its’ ready availability and low price,
especially when compared with longer-chain fluorinated relatives. The two methylene
units decouple the electronic effects of the electron withdrawing CF. groups from the
oxygen atom, leading to reactivity resembling an alkyl alcohol, such as ethanol. PFO-
OH was reacted with bromoisobutyryl bromide (BiB) to give the desired product in
good yield (78%), from a simple esterification reaction adapted for hydrophobic
initiators.8* 'H NMR characterisation data are given in Figure A 2-1 and Figure A 2-2
for both starting materials (BiB and PFO-OH). The fluorinated initiator,
perfluorooctyl bromosiobutyrate (F.3), was characterised by nuclear magnetic
resonance (NMR) spectroscopy, including *H, 3C & “9F NMR which are discussed

herein.
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2.1.2 NMR Characterisation

2.1.2.1 'HNMR

Br

L

I ! I ! ! I ! I ' 1

48 44 40 | 3!6 | 3!2 | 2!8 | 24 20 1.6
Chemical Shift (ppm)

Figure 2-2. 'TH NMR spectrum of F,3 in CDCl;.

The assignment for the proton NMR spectrum of Fy; is straightforward as there are
only 3 different proton environments, labelled as (a), (b) and (c) (Figure 2-2).
Environment (a) shows an interesting splitting pattern of a tt, exhibiting 3Jun and 3Jru
coupling constants, calculated to be 6.3 Hz and 18.2 Hz respectively. The coupling
constant for triplet (b) is 6.4 Hz, very close to the 3Jun coupling in (a). A full expansion
of the spectrum including peak positions and relative integrals is given in Figure A
2-3. The proton spectrum shows the product is highly pure as no peaks related to
impurities are evident. Although supplementary, further confirmation of these
assignments is given in COSY NMR (Figure A 2-4) which shows the coupling between
the two CH. groups.
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2.1.2.2 BCNMR

| |“ 'h A “‘_ | | I

U

T
,_;Lt_,J\JILI'LJ ;JJ,-‘J,___,L U.’.)\ ')_w_#_,,-'._. | 4’\;L__w{‘,]‘.'l':;u*.,.x_). |

122 120 18 116 114 108 106 104

T
A J J I

r T T T T T T T T T T T T T T T 1
180 160 140 120 100 80 60 40 20
Chemical Shift (ppm)

Figure 2-3. 3C NMR (inverse-gated) spectra of PFO-OH and Fi3 in CDCl;. Inset shows
expansion of chemical shift values 122 to 104 ppm.

13C NMR was necessary to provide an indication of the length of the fluorinated
carbon chain. An inverse-gated-decoupled spectrum gives more quantitative
integration values'®2 and therefore the chain length can be estimated. Figure 2-3
shows the 3C spectra for both PFO-OH and F,; as their comparison makes assignment
much simpler, Figure A 2-5. The expected peak multiplicity for the CH,-O
environment is a singlet due to decoupling of 2Jcn, which initially makes the singlet at
55.0 ppm a likely assignment. However, when compared to the 3C spectrum for PFO-
OH, this singlet is not present. As a result, the CH»-O peak can be assigned to the weak
triplet at 57.8 ppm, which is also present in the PFO-OH spectrum. This assignment
was corroborated in the HSQC spectrum, Figure A 2-6. This splitting pattern is
associated with an exhibited 3Jcr coupling of 4.5 Hz. The remaining simple
assignments include the singlet C=0 at 171.3 ppm, singlet C-Br at 55.0 ppm and the
triplet CH,CF. at 30.3 ppm with a 2Jcr coupling of 21.1 Hz, also seen in the PFO-OH
spectrum. Integration also helped assign the singlet at 30.5 ppm to (CH;). which is

the only environment to contain more than one carbon.

The remaining, unassigned, peaks in the region of 122 to 104 ppm include more than
60 individual peaks. This complexity is a result of numerous carbon-fluorine
couplings, consequently efforts have been made to predict the spectra and coupling
constants.83 It is integration of this region that gives an indication of the fluoro-alkyl
chain length.
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Figure 2-4. 13C NMR of Fy3 from 122 to 104 ppm, showing splitting from carbon-fluorine
coupling.

Decoupling from fluorine and hydrogen could not be carried out simultaneously,
meaning that 2Jcr coupling to CF, groups materialises as many overlapping triplets.
Despite this, some assignments can be made and Figure 2-4 shows a higher
magnification section of the spectrum. Highlighted in blue and red are two distinct
splitting patterns that are distinguishable from the remaining carbon environments,
regardless of overlapping splitting. Firstly, environment (a)/(red) is a quartet of
triplets. The quartet nature signifies that this peak must be caused by either the 7t or
8th carbon (counting from the ester group), because it must be either adjacent or
directly bonded to three fluorine atoms. By examining the coupling constants, the
correct environment can be determined. The most common carbon-fluorine coupling
constants are in the ranges of: Jcr = 250 — 300 Hz, 2Jcr = 20 — 40 Hz, 3Jcr =1 — 10
Hz, 4Jcr = 0 — 2 Hz, however, there are many cases outside these ranges and where 4-
bond coupling is larger than the 3-bond, which also has a strong dependence on the
CCCF dihedral angle.'8+185 The coupling constants for the quartet of triplets were
calculated at Jcr = 288 Hz for the quartet and 33 Hz for the triplet. This makes it clear
the 288 Hz is a 1-bond C-F coupling, and due to the quartet splitting, the 8t carbon
must be responsible. This same logic suggests a triplet of triplets multiplicity for
environment (b)/(blue), of which the coupling constants are *Jcr = 257 and 2Jcr = 32
Hz. In addition, the only notable differences in the peaks between F,; and PFO-OH
for the CF. carbons occur in the triplet of triplets (inset Figure 2-3), this is sensible as

(b) is the closest fluorocarbon to the alcohol which changes its electronic structure
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when converted to the ester. The 4 CF. groups lie in between an overlapping mixture
of multiplets ((¢)/(black)) and are therefore unassignable, due to numerous *Jcr and

2Jcr couplings.

2.1.2.3 YFNMR
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Figure 2-5. 9 F NMR spectra of F,3 with both coupling and decoupling from 3Jrn.

9F NMR also provided useful information for characterising F,;, these spectra are
decoupled from 2Jgr couplings with the additional option of decoupling from 3Jry,
both of which are shown in Figure 2-5. The most obvious feature is the presence of 6
individual peaks, which implies 6 separate fluorine environments. This agrees with
the desired structure shown schematically in the inset. Although 9F NMR is highly
sensitive and spectra can be integrated, it should be treated with caution. CF, units
tend to integrate well but CF; units often integrate to a relative 2.3 (rather than 3),
due to the wide spectral range of fluorine NMR. *H NMR is inherently quantitative,
however, 9F requires careful control of many parameters e.g. equal excitation for all
signals, optimisation of data processing and use of a suitable standard reference.86:187
All (relative) integrals are 2, other than the peak at -81.2 which is 2.3 and signifies the

CFs, fully integrated spectra are given in Figure A 2-7.
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Figure 2-6. Expansion of each peak in the 9F NMR spectra shown in Figure 2-5. Letter
labels indicate the fluorine environments depicted in Figure 2-5. Red shows decoupled
and black shows the coupled spectrum to hydrogen.

Expanded views of the peak fine structure are shown in Figure 2-6. The ppm range
for peak (a) is consistent with that expected for the CF; group,!88 and the prominent
triplet structure is caused by the single neighbouring CF. group. Peak (f) is the only
peak which shows differences when coupled or decoupled from 3Jrn; therefore, the
responsible carbon is the one adjacent the CH.. Peaks (d), (¢) and (e) are much
broader as a result of many 3Jrr couplings, and probably 4Jr as well. The exact
assignments of these three peaks were made with help from the full characterisation
of PFO-OH, which uses 2D correlations to inform peak assignment.'89 Finally, peak
(b) differs from the triplet-like multiplicity seen in the fine structure of the other
peaks. This is because the environment responsible for this peak is the CF. adjacent
the CF;, so 3Jrr induces quartet fine structure as well as triplet structure from the

other adjacent CF..
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2.2 Polymer synthesis

2.2.1 Polymerisation of tert-butyl acrylate (Fi3-PtBAn)

2.2.1.1 Synthesis and NMR

o” ~o
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Figure 2-7. Synthesis of Fi3-PtBAm polymers.

F.; was tested for its efficacy by polymerising methyl acrylate (MA) using a photo-
induced Cu(II)-RDRP system in DMSO. High conversions, good end-group fidelity,
predictable molecular weights and low dispersities for a range of molecular weights
(Figure A 2-8) were observed. This proved that the presence of fluorine does not
hinder polymerisation hence a series of low molecular weight poly(tert-butyl acrylate)
(PtBA) polymers were polymerised from Fy; (Fi3-PtBAy,) followed by deprotection to
poly(acrylic acid) (F.3-PAAw). Poly(acrylic acid) was used as the highly polar repeat
unit for the second block as it is hydrophilic (in contrast to a fluorocarbon chain), can
be easily deprotected from tBA,9° has been used widely in polymer self-assembly and
is suitable for microphase separation in bulk.29-193 Directly polymerising acrylic acid
was not possible due to the complications associated with an amine based catalytic
complex.94 A set of EBiB-initiated polymers were synthesised for comparison to a

polymers with no fluorinated segment, referred to as Fo-PAAn.
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Table 2-1. Molecular weight characteristics of Fi3-PAAm polymers. GPC was conducted on
the precursor Fi3-PtBAm polymers.

Sampler NP gmelde Do @S (gmald
Fi3-PAA, 9 1400 1.08 801 741
Fi3-PAA; 10 1450 1.06 873 N/A
Fi3-PAA¢ 11 1400 1.09 945 848
F.i5-PAA, 14 1900 1.11 1162 978
Fi3-PAA, 16 1950 1.10 1306 1317
Fi53-PAA; 20 2650 1.08 1594 N/A
Fi3-PAAss 23 3400 1.10 1810 1744
Fi3-PAA,; 30 4300 1.13 2515 2097

[a] Degree of polymerization calculated from Fi3-PtBAn (‘H NMR). [b] N = total degree of
polymerisation (see section 5.3.1 in Experimental, Methods & Calculations). [¢c] THF GPC of
Fi3-PtBAn against poly(methyl methacrylate) standards. [d] Dispersity calculated from GPC
of Fy3-PtBAm in THF. [e] My, nmr calculated from Nawr values.

DMSO is a popular solvent for Cu(II)-RDRP, as short reaction times are possible and
a wide variety of monomers and Cu(II)Br, are soluble therein. The Cu(II)-RDRP
photoinduced synthesis of F,;-PtBA,, was carried out in isopropanol (IPA) rather than
DMSO, to prevent problems associated with the biphasic system formed upon
polymerisation of tBA.195 These polymerisations required 24 hours in IPA at room
temperature and proceeded with high monomer conversions (all >99 %) yielding
products with low dispersities (1.06-1.13) (Table 2-1). The low dispersities are
inherent to this process, as there is no need for sequential monomer addition. A range
of molecular weights were synthesised, aiming for the lowest possible degree of
polymerisation (DP) to aim for the smallest achievable domain spacing. As the
fluorine block length is constant, the acrylic acid volume fraction (faa) increases with
molecular weight and an accompanying change in morphology is expected. DP was
calculated by integrating the peak for tert-butyl in the repeat unit and comparing to
the peak of the dimethyl group in the initiator. Conversion was calculated by
comparing the integral of the tert-butyl peak to the unreacted monomer vinyl peaks
(NMR spectra of F;-PtBAnwere obtained in CDCl,, Figure A 2-9).

2.2.1.2 Gel Permeation Chromatography (GPC)

GPC was performed in THF (rather than CHCI;) due to issues with the similarity of
the refractive indices of solvent and analyte. Fluorocarbons have low refractive
indices9® e.g. poly(tetrafluoroethene) = 1.35, perfluorohexane = 1.25,

perfluorooctane = 1.28 and CHCIl;97 has an RI of 1.45. This manifests as the unusual
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situation where lower molecular weight F,3-PtBA,, polymers (which have higher
fluorocarbon content) exhibit a negative RI trace (Figure 2-8). Polymers with a
smaller fluorocarbon content (higher PtBA content) give positive RI traces, molecular
weights in the mid-range show regions of positive and negative RI in the same trace,
which precludes dispersity and molecular weight calculations. For these reasons, THF
was used as a GPC solvent as it allowed consistent measurement of dispersity and
molecular weight. GPC traces in THF showed positive monomodal distributions with
no shouldering or tailing, the presence of which would indicate initiator inefficiency

(Figure A 2-10).

Normalised dw/dlogM

-11 T T T T T T T
15 16 17 18 19

Molecular Weight (g/mol)

Figure 2-8. Refractive index traces in GPC for Fi3-PtBAm polymers in CHCl;.

2.2.2 Synthesis and characterisation of poly(acrylic acid) (Fi3-PAAm)

2.2.2.1 Synthesis and NMR

Fi5-PtBA,, polymers were “deprotected” using trifluoroacetic acid (TFA) in DCM to
give poly(acrylic acid) (Fi;-PAAm) (Figure 2-7). Precipitation was not viable for
purification as these polymers are highly amphiphilic after deprotection, therefore
solvents in which both blocks are immiscible are rare. The reduction in molecular
weight (due to the loss to the tert-butyl group in the deprotection step), further
improves their solubility to the detriment of precipitation. Most of the TFA was

removed by rotary evaporation, then portions of acetone were repeatedly added to
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remove residual TFA as an azeotrope. The polymers began to precipitate as TFA was
removed/replaced but became swollen in the presence of acetone. Portions of acetone
were used to rinse out any impurities and the polymer was finally dried in a vacuum
oven, resulting in a white solid. 'H NMR spectra of the product lacked a tert-butyl
peak confirming the deprotection was complete (Figure 2-9). For clarity, the DP was
calculated before the deprotection step due to no appropriate protons being present
after deprotection. Further :H NMR spectra were only used to confirm the attachment

of the fluorinated segment (presence of methylene units) to the deprotected

poly(acrylic acid).
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Figure 2-9. 'H NMR comparison of F3-PtBA, (in CDCl;) and Fi3-PAA, (in MeOD).

GPC analysis was not successfully performed for the F.3-PAA,, polymers, as these
samples failed to elute correctly in both THF and DMF solvents. This was attributed
to high amphiphilicity and low molecular weight, which could easily result in
unwanted self-assembly or poor dissolution. The use of a column with unsuitable pore

size (column size C) would produce less accurate data for objects of this size.
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2.2.2.2 MALDI-ToF-MS
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Figure 2-10. MALDI-ToF-MS spectrum of Fi3-PAA;;.. Left = full spectrum, centre =
expanded region, right = end group key.

Matrix-assisted laser desorption/ionisation time of flight mass spectrometry
(MALDI-ToF-MS) is a soft ionisation mass spectrometry technique which was used
to reinforce structural characterisation. All spectra show a repeat unit mass of 72 g
mol™, consistent with an acrylic acid repeat unit. Multiple distributions of end group
masses were present in the data (example Figure 2-10, other polymer spectra given in
Figure A2-12 - Figure A2-17) and are consistent with the loss of bromine as might be
expected with the conditions used in the deprotection chemistry. Bromine must be
lost after polymerisation, but during the deprotection step, because these polymers
have narrow weight distributions and no tailing, meaning that end group exchange
must occur after polymerisation. The most abundant distribution cluster shows loss
of HBr which usually leads to a vinyl end group. In the current understanding of this
polymerisation route, there are no plausible reaction pathways to achieve this.
Alternatively, cyclisation may occur during the deprotection step (Figure 2-11).194
Residual TFA could, indeed, continue to deprotonate acrylic acid units and promote
this cyclisation and lead to elimination of HBr. Rigidity of polymer chains would be
expected to increase, which is more important at lower molecular weights. In this case
we can consider hydrogen bonding between lactone rings; it is thought that
microphase separation phenomena are minimally affected by chain rigidity.»98 The
remaining distributions most likely result from impurities induced during sample
preparation; addition of Nal enables carboxylic acid proton exchange (adding 1 or
more sodium acrylate units) and is not representative of the synthesised sample. M,
and P were also calculated from MALDI spectra (using the highest intensity peaks
(Table 2-1)) but were used only to confirm the success of the synthesis. Both GPC and
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'H NMR were found to be unreliable for pAA quantification, and MALDI is known to
underestimate molecular weight due to varying ionisation efficiencies. With these

caveats, MALDI-ToF-MS has been shown to give reliable values for polymers of low

dispersity and low N.199
T .f:lE.Er TFA e O
" 1 = ) ﬂ}_{oH
07 "0 07 "OH o7 ~Q

Figure 2-11. Suggested end group cyclisation route results in loss of ‘HBr”’.

2.2.2.3 Differential Scanning Colorimetry (DSC)
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Figure 2-12. T for Fn-PAAm determined by DSC.

Differential scanning calorimetry (DSC) is a thermal analysis technique used to
determine thermal transitions (7, and Tw) of polymers. The difference in energy
required to maintain constant temperature (of an empty pan and one with sample) is
measured, revealing T3’s as slopes and Tw/T. as peaks or troughs. All traces (Figure
A) showed no T, or T and 1 T} for each polymer which is unusual. Block copolymers
are expected to exhibit a T; for each block and although the formal synthetic route of

these polymers is the same for producing homopolymers, they are expected to behave
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as low molecular weight block copolymers. The trend in T; with N (Figure 2-12) shows

logarithmic growth, which agrees with the Flory-Fox equation,2°° below:

Ty = Ty — (1

Here, T, is the theoretical glass transition temperature at infinite molecular weight
and K is an empirical parameter related to the free volume in the polymer sample.
Chain ends hold greater free volume than backbone units therefore a higher
molecular weight polymer (higher backbone unit to chain end ratio) exhibits a smaller

free volume and a higher T.

2.2.2.4 Thermogravimetric Analysis (TGA)
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Figure 2-13. TGA traces for Fi3-PAAm.

Thermogravimetric analysis (TGA) is an analytical technique which records mass as
a function of temperature and provides information about purity, composition,
thermal stability, and degradation temperature. TGA data for F.3-PAA,, polymers are
shown in Figure 2-13, all give a similar profile with a large mass loss at ~320 °C. There
are multiple, smaller, mass losses at lower temperatures suggesting that alternative

degradation pathways produce other small molecules (as these polymers were
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purified well). The F,5-PAA,, isotherms show similar features to those in literature, in
which the degradation pathways were corroborated by FTIR.20t In this study the
behaviour is divided into three stages, the first (70-142 °C) is accompanied by a 2.5%
mass loss which is mostly attributed to the loss of water but also anhydride formation
and release of residual acrylic acid monomer (however no acrylic acid monomer peaks
were present in *H NMR spectra for F,;-PAAn, polymers). The second stage (142-335
°C) is accompanied by a mass loss of 27.4% and likely due to loss of acrylic acid, CH,
and CO,, which is reflective of the anhydride formation and intermediate species
which lead to ketones, ketenes and unsaturated compounds.2°2 In another study,
Mgz2+/Ca2+ poly(acrylic acid) salts were shown to produce CO. and acetone as major
thermal degradation products.2°3 The third stage (335 °C and above) is accompanied
by a mass loss of 55.2% which represents depolymerisation, leaving a residual carbon
residue of 14.9%. These features are all present in Figure 2-13, implying that the small
mass losses are due to degradation of poly(acrylic acid) rather than presence of
impurities. Also, poly(tetrafluoroethene) thermally degrades above 400 °C which

suggests that the fluorinated moiety in F;3-PAA,, remains stable.

2.2.2.5 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) is a further thermal analysis technique in which
T, can be observed. Here, the viscoelastic properties of polymers are examined by
applying a sinusoidal stress and measuring the resulting strain. In viscoelastic
materials, stress (o) can lag behind strain (e) by a varying amount. Purely elastic
materials, for example, have an immediately measurable response as both stress and
strain are in phase. Purely viscous materials, in contrast, have a 90° out-of-phase lag
of stress. Stress can be considered to be comprised of two components, an elastic
component, ocosé (storage modulus) and a viscous component, osiné (loss
modulus).204 These two components can be combined to give tand, which gives the
degree of phase lag in a viscoelastic material i.e. tané > 1 has dominating viscous
properties. When recording a temperature sweep, T, causes a large increase in

viscosity and is observed by a peak in loss modulus, which reflects an increase in tand.

DMA can also exploit the frequency dependence of stress and strain, by measuring a
frequency sweep. Here, the change in storage modulus results in a change in tand.
The storage modulus is high at higher frequencies as there is less time for
uncoiling/rotation of the main chain and the material exhibits glassy behaviour. At
lower frequencies the storage modulus is low as chains have more time to rearrange,

showing rubbery behaviour. When the test frequency matches the natural frequency
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of the main chain rotations in the material, the phase lag is strongest and indicates
T,. Not only do polymers display main chain rotations, but side chains and end groups
also produce their own frequency, known as secondary transitions. These transitions
often occur at lower temperatures and lower intensity than the glass transition.2°5s The
ability to distinguish these frequencies makes DMA a powerful method for polymer
characterisation and has the potential to show the change from an ordered

microphase-separated phase to a homogeneous state.206
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Figure 2-14. tand data from DMA for Fi3-PAAm.

Fi3-PAA., polymers were heated from -30 to 180 °C (Figure 2-14) and DMA data
shows two peaks in tand (storage modulus and loss modulus shown in Figure A -
Figure A2-20). Due to the block-like structure of these polymers, the two peaks are
assigned to the T; of each block. The first peak (lower temperature) is assigned to the
discrete fluorocarbon block because the initiator is a liquid at room temperature and
has a melting point lower than the T, of poly(acrylic acid).2o7 Also, the relative
intensity of this peak to the second decreases with increasing molecular weight/block
length, a direct result of increasing viscosity in the second (acrylic acid) block. This
further supports assignment of the first peak to the fluorinated block. Following this
notion, a homopolymer (e.g. Fi3-PAAio0) should not show this first peak unless it
could be considered a secondary interaction. If this were true, the free volume of the
lower DP polymers must be more dominant than the frequency of main chain

rotation. This may explain why DSC data showed only 1 peak per polymer, as they
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were treated as homopolymers. The first peak gradually shifts to higher temperatures
with DP which suggests mixing of phases; peak position should not change if the block

does not change or was fully segregated from the other.

2.2.3 Poly(sodium acrylate) (Fi3-PNaA.5)

o o)
CoF1an g Br NaOH, Milli-Q CoFran g Br

n n
30 min, RT
(@) OH (0] O'Na*

Sinturel et al. investigated the requirements for theoretically achieving the smallest
possible domain size, concluding that the combination of a fluorinated block and a
highly ionic block could achieve this.’ Inspired by this proposition, poly(acrylic acid)
was neutralised to the ionic poly(sodium acrylate) with the prospect of increasing .
Fi3-PAA.; was dissolved in Milli-Q water, followed by dropwise addition of NaOH )
for 30 mins at room temperature. The resulting solution was dialysed and freeze dried
to produce a white solid. Poly(sodium acrylate) was not polymerised directly due to

increased reaction time, low conversion and poor dispersity.208.209
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Figure 2-15. FT-IR spectra of Fi3-PAA:; and Fi3-PNaA.s.

Figure 2-15 shows the FT-IR spectra of both F.5;-PAA,; and F,3-PNaA.;. The broad
peak at 3056 cm shows the O-H stretch in Fi3-PAA.;, which is not present in Fi5-
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PNaA.; (nor O-H bend) and indicates full conversion. The change in wavenumber of
the carbonyl stretch from 1703 cm™ to 1560 cm™ with neutralisation indicates a
change of vibration in that bond. Carboxylate ions have a negative charge which is
delocalised across the double bond and forms a resonance structure, which decreases

the double bond character and agrees with a decrease in wavenumber.21°

SAXS measurements were performed on F.5-PAA.; and F,53-PNaA.,; after both solvent
and thermal annealing (Figure 2-16). Fi;-PNaA,; showed a smaller domain size than
F.3-PAA,; for both annealing types which indicate stronger segregation between
domains and is corroborated by the higher intensity principal peaks. For both
polymers, there was an increase in domain spacing when thermal annealing
compared to solvent annealing, these data are shown in Table 2-2. There was no
presence of higher order peaks, suggesting no change (or formation) in morphology
(full SAXS profile (q = 0 — 1.8) shown in Figure A2-21). Poly(sodium acrylate) was not
studied further as the differences in data were not thought to be of importance for this

study.
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Figure 2-16. SAXS profiles for F.3-PAA-; and Fi3-PNaA.;, prepared by solvent and thermal
annealing.
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Table 2-2. Scattering vector and domain spacing of solvent and thermal anneal samples
for Fi3-PAA>; and Fi3-PNaA.;.

Scattering Domain Scattering Domain
Polymer | (givent)  (3ohvent)  (thermal  (thermal)
A5 Cnm) &% (nm)
Fi3-PAA,; 0.099 6.4 0.001 6.9
Fi5-PNaA,; 0.110 5.7 0.099 6.4

2.3 Polymer self-assembly

2.3.1 Annealing

Bulk polymer samples may exist in an unwanted amorphous or crystalline state, so
annealing may be required to induce microphase separation. This can be achieved
either by thermal annealing (to reach thermodynamic equilibrium), or the same
samples may be annealed under alternative conditions to obtain alternative
kinetically trapped morphologies.'33 One example of this is solvent vapour annealing
in which solvent type, concentration and evaporation rate are important factors which
all influence the microphase separation process. The ultimate goal is to obtain a
defect-free, single grain morphology (long range order), highlighting the importance
of the annealing process and understanding the factors that influence microphase
separation. long range order is obtained by removed grain boundaries, formed by
slow coarsening kinetics that can prevail over a thermodynamic driving force. A block
copolymer’s ability to produce a defect-free structure is given by the coarseness of the

template and the degree of coupling between the template and block copolymer.13°

2.3.1.1 Solvent vapour annealing

Fi3-PAA,, polymers were dissolved in a solvent in which both segments are soluble,
(methanol and THF are suitable) to prevent self-assembly before the solvent
evaporation process, and to prevent preferential swelling of one of the blocks which
can lead to morphologies away from thermal equilibrium. 3 ml of saturated polymer
solution was left in a PTFE boat inside a sealed solvent vapour environment (same
solvent type as the polymer solution) to slow the evaporation rate. This allowed the
polymer to reorganise into a low energy conformation (microphase separated) and

produces a thick film of polymer (ca. 250 microns).

2.3.1.2 Thermal annealing

Thermal annealing involved heating the polymer films in a controlled manner and
allowing it to cool. Heating above the polymers T provides energy and mobility for

polymer chains to reorganise in its rubbery state.2" F,3-PAA,, solvent vapour annealed
62



films were heated to 120 °C for 24 hours then cooled to room temperature, trapping
the polymer in a low energy conformation. Generally, thermal annealing is preferred
to solvent annealing as variables such as evaporation rate, solvent concentration,

solvent type/selectivity are mitigated.

2.4 Small-angle X-ray scattering (SAXS)

There are many modes of operation in SAXS experiments as many sample geometries
and morphologies can be probed with a SAXS instrument. This data was recorded in
transmission mode, which involves transmitting the entire x-ray beam through the
sample and measuring the scattering pattern. A 2D image of scattering intensity is
recorded (Figure 2-17) and the scattering vector (the difference between the scattered
wave vector and the incident wave vector) is determined, of which, a cross section is
used to determine morphology and domain spacing after fitting with idealised
models. These measurements were performed on both solvent vapour annealed films

and thermal annealed films.
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Figure 2-17. 2D image of scattering data of F»;-PAA; measured in transmission mode at 34
°C. Black bars indicates gaps between detectors.

SAXS profiles of annealed F.3-PAA;, polymers show a strong principal peak (g*,
indicated by red arrow, Figure 2-18), which is not present in EBIB-initiated polymers
(Fo-PAA.) (Figure A2-22 - Figure A 2-23) or in the F,3/F, initiators alone (Figure A
2-24). This can be translated to an interplane distance between similar domains
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(which is smaller than the chain length of polymers) and suggests that F,;-PAAn,
polymers have a y value large enough for microphase separation. Intensity is given as

a function of scattering vector (q) which results from a photon of wavelength (A)

21sin6
A

scattering off a sample at angle of 20 (q = ). When incorporated into Bragg’s

law, this equation allows for the direct calculation of domain spacing from principal

21sin60

peak values (d = 27” for lamellar, d = for hexagonally packed cylinders (see

calculation in Experimental, Methods & Calculations)). Peaks at higher g (second
order) occur at well-defined values due to long-range crystalline symmetry and give
therefore indicate specific morphologies. Peaks occurring at q/q* = 1, 2, 3, 4 etc. are
representative of lamellar (LAM) and q/q* = 1, V3, 2, V7 etc. are representative of

hexagonally packed cylinders (HEX).

| | N 1 L 1 N
] v L
v ] B
v _ i B
: - \LL&
> D ] .
< < v 10
> =1, -
‘0 ) v
: 5 ‘ -
€ E ] iy
2 Q
e g L
£ £ v\ Yy 14 |
% il T w 16 [
3 L 9 Y B
] 20 |
1 \v B
23 1 N\ -
L 1\ 23|
30
- - ] 30 [
— : : .
0.0 0.2 0.4 0.6 0.0 052 054 0.6
q/A? q/A?

Figure 2-18. Left: SAXS profiles of solvent vapour annealed (in MeOH) and Right: thermal
annealed Fi3-PAAm polymers. Numbers above traces are N = total degree of
polymerisation. Red arrow = principal peak (g*), blue arrow = theoretical positions of
higher order peaks (2q and/or v3q based on g*).

Polymer morphology was determined from fitting the higher order peak positions to

those predicted from theoretical models. The theoretical position of LAM/HEX peaks
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based on the principal peak position (labelled by blue arrows in Figure 2-18) were
compared to experimental peak positions from SAXS profiles. Depending on the
percentage error between these, the morphologies were assigned LAM, HEX or DIS

(disordered) if no higher order peaks are present (Table 2-3).

Table 2-3. Assembly properties of annealing F13-PAAm polymers.

Solvent Interplane Thermal Interplane

Polymer Anneal spacing anneal spacing

morphology nm) morphology nm)
Fi5-PAA, LAM 3.34 LAM 3.38
Fi3-PAA; HEX 3.66 LAM 3.81
Fi3-PAA¢ HEX 3.59 LAM 4.02
Fi3-PAA, HEX 4.27 HEX 4.16
Fi;-PAA, HEX 4.22 HEX 4.46
Fi3-PAA,; DIS (4.59) DIS (4.60)
Fi3-PAAs DIS (5.28) DIS (5.10)
Fi3-PAA,; DIS (5.71) DIS (5.80)

As DP increased, morphology changed from LAM to HEX to DIS which is the expected
trend as molar fraction (faa) increases based on theoretical phase diagrams. As faa
increases further (and molecular weight, concomitantly), morphology becomes
disordered (hence bracketed interplane distances in Table 2-3) as y is no longer large
enough to realise microphase separation. As the poly(acrylic acid) DP increases, the
interplane spacing increases, ranging from 3.3 nm to 5.8 nm. If the F; group were the
only consideration for domain size, it should remain fixed as it is a discrete moiety in
all polymers, so the increase in interplane distance is a result of PAA chains forcing
the F.3 domains apart. This is apparent in both thermal and solvent vapour annealed

SAXS data and interplane spacing is similar for both types of annealing (Figure 2-19).
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Figure 2-19. Interplane spacing (nm) vs. N (total degree of polymerisation).

2.5 Atomic force microscopy (AFM)

Microscopy gives complementary results to scattering methods and both must be
used to fully analyse a sample. For example, microscopy can provide details of specific
regions of small detail and methods of preparation largely affect topology. However,
scattering provides data that is representative of the whole sample and local structure

cannot be determined, but sample preparation is straightforward.

AFM images of F.3-PAA,; on Mica were prepared by spin coating a 5 wt% solution of
polymer in MeOH prior to solvent vapour annealing with various solvents for 24
hours, Figure 2-20. The solvents chosen for annealing were a) no annealing, b) H,O,
¢) 1:1v/v H,O:MeOH and d) MeOH, as block copolymer thin films may form different
morphologies with different annealing solvents when different blocks have increased
mobility. 33 H.O and MeOH were chosen because H.O is a good solvent for PAA and
a poor one for the fluorocarbon, and MeOH is a good solvent for both segments. F,;-
PAA,; with no annealing shows an amorphous topology, and acts as a control for other
solvent annealed samples. Annealing in pure H.O shows a fine hair-like structure,
which is typically reported as lamellae.2*2213 Similarly when annealed in 1:1 v/v
H.0:MeOH, these fine structures are present but appear more fibrous and rod-like,
which can also be considered lamellae. These fine features are present only when
water is in the solvent vapour, it can be reasoned that the fluorocarbon chains are

forced together by the water which is a poor solvent for the fluorocarbon segment.
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Annealing in pure MeOH, (a good solvent for both segments) shows aggregates/loss
of structure or could be argued that the hexagonally packed cylinders align end-end
to the substrate, which would agree with morphology determined from SAXS

measurements for Fi;-PAA,.
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Figure 2-20. Atomic force microscopy (AFM) topography (Bruker Icon) of Fi3-PAAj,
annealed for 1 day by a) no anneal b) H-0 c¢) 1:1 vol. H:20:MeOH d) MeOH. Solution
conditions: 20 pl of 5 wt% polymer in MeOH on Mica.

The same F,3-PAA;; solutions were spin-coated on Mica but annealed for a longer
period of 4 days, Figure 2-21. The purpose of this experiment was to determine the
effect of longer exposure to solvent vapour. Overall, all samples showed much larger
features, whether these are larger aggregated structures or dust particles is unknown.
Again when water is in the solvent vapour (Figure 2-21a & b), fibre-like features are
present. When annealed in MeOH, polymer aggregation formed large pillars
perpendicular to the substrate, which also supports the HEX morphology from SAXS.
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Figure 2-21. Atomic force microscopy (AFM) topography (Bruker Icon) of Fi3-PAAn,
annealed for 4 days by a) H.O b) 1:1 vol. H20:MeOH c) MeOH. Solution conditions: 20 pul
of 5 wt% polymer in MeOH on Mica.
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2.6 Conclusions

An alkyl halide initiator was synthesised with a fluorinated tail due to the
hydrophobicity of fluorinated compounds. This, in conjunction with a hydrophilic
block (poly(acrylic acid)), provides an amphiphilic polymer with inherently low
dispersity and lower molecular weights can be targeted, which is beneficial for
microphase separation. A series of poly(acrylic acid) polymers were synthesised using
the fluorinated initiator with low molecular weight (M, 1400 — 4300 g mol*) and low
dispersity (1.06 - 1.13). Polymer films were prepared by different annealing methods,
and their morphology and domain spacing studied using small-angle X-ray
scattering. With increasing polymer chain length, morphology changed from lamellar
to hexagonally packed cylinders and domain spacing increased from 3.38 — 5.80 nm.
This work shows that typical block copolymers are not the only route to microphase
separation, and that more consideration should be given to the initiator in polymer

assembly, particularly with polymers of low molecular weight.
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2.7 Appendix
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Figure A 2-2. '"H NMR spectrum of perfluorooctanol in CDCl3, including integrals.
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Figure A 2-4. COSY spectrum of perfluorooctyl bromoisobutyrate (Fi3) in CDCl;.
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Figure A 2-5. Full 3C NMR spectrum of F;3 in CDCl; including integrals and coupling
constants.

E a0

F1 Chemical Shift (ppm)

T T T T I T T T T T T T T T T T T T T T T T T
60 55 50 45 40 is 30 25 20 15 10

F2 Chemical Shift (ppm)

Figure A 2-6. HSQC spectrum of perfluorooctyl bromisobutyrate (Fi3) in CDCl;.
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integrals.

Figure A 2-8. Initiator efficacy characteristics for Fis.

Reaction Mu,~nvr (8 Conversion End (}rou‘}) Dispersity
mol) (%) Fidelity (%)

Fi5, DMSO, methyl 5400 99 1.19
acrylate

F.5, DMSO, methyl 27400 >99 1.15
acrylate

Fi3, DMSO, methyl 54100 99 1.32
acrylate

*note — intensity of single terminal backbone proton is lost to noise with increasing molecular weight.
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Figure A 2-9. *H NMR spectrum (400 MHz, CDCl3) of Fi3-PtBAm in MeOD. m = 4, 5, 6, 9,
11, 15, 18 & 25 from top to bottom.
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Figure A2-15. MALDI spectrum of Fi3-PAA.;. Key of end groups in Figure A2-11.
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Figure A2-18. DSC traces for Fi3-PAAm.
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Figure A2-19. Loss modulus data from DMA for Fi3-PAAm.

78



2.4x10°

2.2x10° ]
2.0x10° ]
1.8x10° ]
1.6x10° —-
1.4x10° ]
1.2x10° ]

1.0x10°

Storage Modulus (Pa)

8.0x108

6.0x108 -

4.0x108 - =

2.0x108 T T T T T T y T
-50 0 50 100 150 200

Temperature (°C)

Figure A2-20. Storage modulus data from DMA for Fi3-PAAm.
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Figure A2-21. Full SAXS profiles for F.3-PNaA.; prepared by solvent anneal (methanol)
and thermal anneal.
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Figure A2-22. SAXS profiles for EBiB-initiated poly(acrylic acid) (Fo-PAAm) prepared by
solvent annealing in methanol.
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Figure A 2-23. SAXS profiles for EBiB-initiated poly(acrylic acid) (Fo-PAAm) prepared by
thermal annealing.
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Chapter 3: Phase behaviour of short-chain fluorinated polymers

Following the success of utilising the perfluorooctyl bromoisobutyrate (F,3) initiator
(introduced in chapter 1) in the synthesis of polymers which undergo microphase
separation, this chapter introduces fluoro-acrylic acid polymers with larger fluorine
content designed to modify the Flory-Huggins interaction parameter, y, and to
investigate their bulk phase behaviour. By increasing the length of the fluorinated tail
in the initiator, the volume fraction of the hydrophobic “block” increases, in turn
changing the value of y and with it, morphology and domain spacing. This allows the
comparison of an increasing fluorinated segment (with constant PAA chain length)
on SAXS data and corroborating the effect of increasing PAA chain length (with
constant but higher fluorine content than F,3;) with observations made in Chapter 1.
With this and theoretical modelling, an experimental phase diagram was created
which allows the reproducible targeted of specific morphologies with desired domain

sizes.
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Chapter 3: Phase behaviour of short-chain fluorinated polymers

3.1 Fi, & Faoy initiator

Initiators with 17 and 21 fluorine atoms, perfluorodecyl bromoisobutyrate (F,,) and
perfluorododecyl bromoisobutyrate (F..), were synthesised via the same protocol as
F.; using 1H,1H,2H,2H-perfluoro-1-decanol and 1H,1H,2H,2H-perfluoro-1-
dodecanol as starting material (Figure 3-1, Figure A3-1), respectively (yield = 75.7%
(F1;) and 50.5% (F2,)). Chloroform was required for the synthesis of F., as the increase
in halogen affinity increased solubility of 1H,1H,2H,2H-perfluoro-1-dodecanol. 'H,
3C and “YF NMR spectra (Figure A3-2 - Figure A3-4) were used to determine
molecular mass and allowed an approximate comparison of fluorine content (relative
sensitivity of “F is ~88% of 'H).24 The difference in number of fluorine atoms
between these 3 initiators provides a variety of polymer volume fractions and

hydrophobicity, allowing experimental access to a significant portion of a phase

(o)
C6F13 Br
\/\0)J><
(o]
C8F17 Br
\/\o)%
(o]
C10F21 Br
\/\0

Figure 3-1. Structure of perfluoroalkyl bromide initiators, Fi3 (top), Fi; (middle), F,
(bottom).

diagram.

3.1.1 Fy-PAAn synthesis and characterisation

Synthesis of F,,-PAAn, and F.;-PAAn, followed the same procedure as was used for Fi3-
PAA, polymers. All polymer syntheses (F,-PAAr,) involved the polymerisation of F-
PtBAm, as characterised by GPC (THF eluent) (Figure A3-5 - Figure A3-7) and NMR
(Figure A3-8 - Figure A3-13), followed by the same deprotection conditions used for
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F.5-PAA, to give the acid. Table 3-1 shows the molecular mass data for all F,-PAAR,
polymers including molecular mass calculated from GPC and '*H NMR, dispersity,
volume fraction, total degree of polymerisation and glass transition temperature.
MALDI-ToF-MS (Figure A3-14 - Figure A3-17) also showed the same end groups were
present, a cyclised lactone distribution being the most abundant. These sets of
polymers allow the independent comparison of increasing PAA length and increasing

fluorocarbon length to probe their individual effects on microphase separation.

Table 3-1. Molecular characteristic of Fn-PAAm polymer sets.

Polymers  MOleTUMr e py | Volume Ty
Fn-PAAL, /mol) (Nl\’ﬁl) a/mol) (GPné) fraction (fr) (&(9)]
Fi3-PAA, 801 1400 1.08 0.42 9 52.0
Fi5-PAA; 873 1450 1.06 0.37 10 59.2
Fi5-PAA¢ 945 1500 1.11 0.34 1  57.0
Fi5-PAA, 1160 1900 1.11 0.26 14 80.0
Fi3-PAA, 1310 1950 1.10 0.23 16  80.0
Fi3-PAA. 1380 2000 1.17 0.21 17  83.3
Fi3-PAA; 1590 2650 1.08 0.18 20 88.a1
Fi3-PAA,, 1740 2700 1.14 0.17 22 100.7
Fi3-PAAs 1810 3400 1.10 0.16 23  96.0
Fi3-PAA,, 2100 3300 1.14 0.13 27 107.1
Fi3-PAA,; 2520 4300 1.13 0.12 30 103.8
Fi53-PAA,, 2460 3900 1.17 0.11 32 1124
F,-PAAs 1050 1600 1.13 0.39 12 52.1
F.,-PAA 1410 2400 1.11 0.27 17 78.8
F.,-PAA,; 1840 2600 1.24 0.20 23 100.0
F.-PAA,, 2270 4000 1.15 0.16 290 1084
F-PAA5 2780 4600 1.21 0.13 36 111.6
F.:;-PAA; 1070 2000 1.04 0.47 12 77.9
Fo-PAA,o 1430 2200 1.13 0.33 17  86.9
Fo1-PAAse 1870 2800 1.14 0.24 23  99.5
F21-PAA,, 2150 3900 1.16 0.20 27  109.6
F.i-PAA,, 2440 4100 1.15 0.18 31 110.0

a) Degree of polymerisation and number-average molecular mass determined by 'H NMR of Fn-PtBAm
polymers in CDCls. b) THF GPC data against poly(methyl methacrylate) standards. ¢) Total polymer
degree of polymerisation. d) Taken from DSC data.
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3.1.2 Methanol transesterification

3.1.2.1 MALDI-ToF-MS study
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(THF)

3000 1 1 1 1 1 1

No anneal

5 2000 -
<
% 600 700 800 900 1000 1100 12
E m/z
E 1 1 1 1 1 1 1
1000 L
Thermal anneal
(THF)
04 =
600 700 800 900 1000 1100 1200
m/z 6
5 °
[ ]
4 7
° [ ]
A A 8
A \‘ A ° 9
i L 4 o
T T T

600 700 800 900 1000 1100 1200 1300

m/z

Figure 3-2. MALDI-ToF-MS spectra of F.;-PAA; samples after different THF annealing
conditions.

The Fn,-PAA, polymers were annealed by various means prior to SAXS
measurements. Transesterification of methanol, during the solvent annealing
process, was highlighted as a possible adverse effect of annealing. MALDI-ToF-MS
was used to investigate the effect of annealing in methanol as compared to THF by
direct comparison of data. Figure 3-2 shows the MALDI spectra of F,-PAA,; with no
annealing (powder), after solvent annealing (film) in THF and after thermal
annealing (whereby the solvent-annealed film is heated). Red circles show the most
abundant distribution, corresponding to the cyclised end group which is present in all
polymers. Green triangles show the distribution relating to a singly substituted

sodium acrylate unit and can be disregarded as this occurs during MALDI sample
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preparation. No other end group distributions are present indicating no detectable

transesterification occurs when PAA is exposed to THF.
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Figure 3-3. MALDI-ToF-MS spectra of Fi,-PAA. samples after different MeOH annealing
conditions.

Figure 3-3 shows MALDI spectra from F,-PAA,, after solvent annealing in MeOH and
after thermal annealing. The most obvious difference between these spectra and those
in Figure 3-2 is the additional mass distributions, which are evidence of a poly(acrylic
acid)-statistical-poly(methyl acrylate) copolymer, indicating a certain amount of
transesterification does occur in methanol. The spectrum of the solvent annealed film
has been coloured to show the number of methyl acrylate units present, which range
from 2 to 7 units (18 — 63% of polymer transesterified). The fact that poly(methyl
acrylate) enters the gaseous state more easily when irradiated by the laser within the
MALDI and shows a higher degree of detection (due to higher ester group affinity with
sodium salts compared to poly(acrylic acid) must also be borne in mind. This could
give the misconception that a greater number of acrylic acid units have transesterified
than have actually been. This assertion is corroborated by the larger peak intensity

recorded for the methanol-annealed samples than the THF equivalent.
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3.1.2.2 'H NMR study

— Ohr— 48 hr -

55 5.0 4.5 4.0 35 3.0 25 2.0
Chemical Shift (ppm)

Figure 3-4. 'H NMR spectra (400 MHz) of Fi3-PAA; in MeOH/MeOD at o hrs and after 48
hrs. Highlighted areas indicate changes in peak intensity.

A 'H NMR experiment was also conducted, where F;-PAA,; was dissolved in a 1:1
MeOH/MeOD mix to saturation to best reproduce the conditions for film preparation.
'H NMR was performed every 1 hour for 48 hours, as this was the longest period of
solvent annealing, after which a solid film would remain, rendering further
transesterification unlikely. Figure 3-4 show the 'H NMR spectra of F,3-PAA;; at o
hours and 48 hours after dissolution and the highlighted areas show peaks that
changed in intensity. The most relevant change is the formation of peaks in the region
of 3.6 — 3.8 ppm, which indicate the presence of methyl acrylate units due to
transesterification. Other regions of the spectra also showed peak changes at 4.0 —
4.2 ppm (also possibly methyl acrylate), 2.7 — 2.8 ppm, 2.1 — 2.2 ppm and 1.2 — 1.3

ppm with unknown origins.
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m  Methyl protons
®  Miscellaneous protons
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Figure 3-5. 'H NMR (400 MHZz) of Fi3-PAA.; in methanol over 48 hours. Number of protons
were calculated from NMR spectra integration (Figure 3-4). Methyl protons = 3.6-3.8
ppm, miscellaneous protons = 4.0—4.2 ppm.

Figure 3-5 shows the change in proton number (peak integration) with time for peaks
in the spectra (Figure 3-4) corresponding to methyl protons (3.6 — 3.8 ppm) and
miscellaneous peaks (4.0 — 4.2 ppm). The spectra were integrated in the same ppm
range, however, a degree of human error is associated with the baseline treatment
which could not be batch-processed. Peak integrals were referenced to 6H from the
(CHs;). group which should remain unaffected. During the first 30 hours, there is a
linear increase in the number of methyl protons, which eventually plateaus at an
approximate average of 2.25 protons i.e. 5.8% of AA units were transesterified with
MeOH, less than a single methyl acrylate unit per polymer. These experiments were
not done to quantify the exact percentage of esterified units and this calculation is
purely statistical on existing data. This observation agrees with the conclusion made
from MALDI spectra, that transesterification is not significant enough to cause

concern when moving forward with this project.
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3.2 Small-Angle X-ray Scattering (SAXS)

Two methods of SAXS measurement were performed on F,-PAA., polymers; single
acquisition after thermal annealing, and time-resolved measurements during thermal
annealing. The former provided morphology and domain spacing while the latter
provided information allowing investigation into thermal transitions between

morphologies and elucidation of an experimental phase diagram

3.2.1 Single acquisition after thermal annealing

L L L L L L L L
4 * ——F13 initiator |-
51 F 51 o« X * % 51 # N
< £ <4 <]
EE SEE 8]
T T T T T 3 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.0 0.2 0.4 0.6 0.8 1.0 12 14 16 0.0 0.2 0.4 0.6 0.8 1.0 12 14 16
F21-PAAn F17-PAAm F13-PAAm
L \L L L L L
——F,,-PAA, —— F,-PAA, —— F-PAA,
v T Py PAAL — Fu-PAALL FisPAAL, |
— Fu-PAA — Fi-PAAy; Fia-PAA;
Y ——FyPAA,| — F-PAA, L FiaPAA, |
FarrPAAy, M F17-PAA,, Fia-PAA,;
LAMY | LAM
~1 ~
> S »
< < DIS
<A N -
=) o 4
o | o

L L L
—— F21l initiator |-

L L L
—F17 initiator

log | (A.U.)

HEX|

DIS
\V~e‘v\ DIS

DIS

T T T T T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4

q(Ah q(A? q (&Y

Figure 3-6. Single data SAXS measurements for thermally annealed Fn-PAAm telechelic
homopolymers using F21, F17 and F13 initiators (left to right). Open arrows show
principal peak (g*) position. Shaded arrows indicate theoretical peak positions of the
labelled morphology (LAM = lamellar, HEX = hexagonal cylinders, DIS = disordered).
SAXS profiles of F21, F17 and F13 initiators (DP = 0) given above. Blue stars indicate
artefacts from between detectors, red stars indicate Kapton.

Samples were prepared for single data acquisition by solvent annealing (5.1.15) to
initially prepare the polymer as a film, this was followed by thermal annealing at 120
°C for 24 hours. These samples were removed from the heat source and allowed to
cool to room temperature and SAXS measurements were performed on the resulting
films, Figure 3-6. SAXS measurements for the three fluorinated initiators (F2;, Fi7, Fi3)
are shown above their respective data sets. F., is a solid at room temperature and LAM

peaks are observed in the scattering pattern, indicating crystallinity. Other peaks (of
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lower intensity) are visible but have no clear correlation to an alternative morphology.
A larger image of this is given in Figure A3-18. F,; and F,, are liquids are room
temperature and were measured in capillary tubes using Kapton which shows a peak
at ~0.45 A, indicated by red star. Artefacts are also present (indicated by blue stars)
that result from integrating from 1D to 2D due to gaps in detector ranges. These two
initiators have no other indication of order other than a slight difference in intensity
of the amorphous peak at ~1.2 A+, a profile for the blank capillary is shown in Figure
A3-19. The initiators were not thermally annealed (or solvent annealed) and used as

a control for comparison to the polymers.

As mentioned in 1.4, the principal peak position allows the direct calculation of
domain spacing (d), which are calculated differently for lamellar and hexagonally
packed cylinders. This can also be given as domain size (d*) (where d* = d/2), which
gives the upper limit for the minimum single domain size assuming both domains are
equal. Disordered morphologies are treated as LAM domain spacings (d) before
conversion to domain size (d*), therefore, domain sizes show a ‘step’ in the F,3-PAAnL

polymers (Figure 3-7).
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Figure 3-7. Domain size (d*) versus total degree of polymerisation (N) for all Fu-PAAn sets.

The domain size increases with increasing PAA chain length for all F,-PAA, polymers.

The influence of increasing fluorinated segment length is also considered, there is an
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increase in domain size with increasing fluorocarbon length, Figure 3-7. This implies

a larger fluorinated segment behaves similarly to shorter segments, allowing a

correlated increase in fluorinated domain size with increasing the chain length.

Table 3-2. Characteristics of Fn-PAAm polymers from SAXS measurements.

Nano- ) Nano- Nano-
Polymer morpholo d*» (single morphology morphology
Fn-PAAn sinlgl,e datg‘z’ data) (nm) | before thermal | after thermal

annealing® annealing®

Fis-PAA, LAM 17 - -
Fi5-PAA; LAM 1.9 - -
F.s-PAAs LAM 2.0 - -
F.s-PAA, HEX 2.4 - -
F.s-PAA,, HEX 2.6 - -
Fi;-PAA,, DIS (2.2) - -
F.5-PAA;; DIS (2.3) - -
F.s-PAA,, DIS (2.5) - -
Fi-PAAs DIS (2.6) - -
Fs-PAA. DIS (2.7) - -
F.5-PAA., DIS (2.9) - -
F.3-PAA,, DIS (2.9) - -
F.,-PAA¢ LAM 2.1 LAMc¢ LAMc
F.,-PAA, HEX 3.0 HEXc¢ DIS/HEX¢
F.,-PAA,, HEX 3.1 HEX° HEXc
F.-PAA,, HEX 3.4 HEXc HEXc
F.-PAA, HEX 3.7 DIS¢ DIS¢
F..-PAA; LAM 2.0 LAM LAM
F.i-PAAo LAM 2.8 LAM HEX
F..-PAAs6 LAM 2.9 LAM HEX
Fo-PAA, HEX 3.8 HEX HEX
F.-PAA,, HEX 3.9 HEX HEX

DIS = disordered, LAM = lamellar, HEX = hexagonally packed cylinders, calculation for HEX given in

Experimental, Methods & Calculations. a) Determined by SAXS measurements of single data acquisition

samples. d* = domain size (half-pitch). Domain sizes, bracketed, for disordered morphologies are

calculated from the principal peak for completeness, but long-range order is not observed in these

samples due to the lack of higher order peaks. b) Morphology observed before and after time-resolved

measurements. ¢) Temperature measurements were recorded with heating/cooling rates of 5 °C/min.

The domain sizes range from 1.7 nm to 3.9 nm across all F,-PAA,, polymers (Table

3-2) and the morphology changes through LAM, HEX and DIS are shown, typical for

block copolymers due to an increase in volume fraction of one block, in this case the

fluorinated segment.
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3.3 Theoretical modelling

To gain insight into these materials, specifically the dependence of the d on N, a
mathematical investigation into the phase behaviour of F,-PAA, polymers was

conducted using theoretical models.

The very short length of the molecules means that the theoretical treatment for
standard block copolymer,2:s which rely on N being large, are unlikely to be
appropriate in the present case. To take the shortness of the molecules into account,
and the crystalline nature of the F., initiator, it is supposed that the fluorinated
segment can be treated as a rod and the PAA segment as a coil. This assumption is
supported by simulations of PTFE,2® which find that these polymers have a Kuhn
length of 2.3 nm, which is longer than the molecular length of the fluorinated segment
itself and 4-5 times longer than the Kuhn length found for PAA in simulations27 and
experiments.2'8 Muller and Schick developed a simple model for block copolymers
which includes the limit where incompatibility is high between the two blocks (as
proposed for these polymers) based purely on competition between the interfacial
free energy and the stretching cost of the coil block,29 that provides formulae which
have been used to fit the domain spacing data for the different F,-PAA, morphologies.
The formulae have one adjustable parameter which is common to all morphologies
(c). The domain spacings of F.,-PAA,, polymers in LAM phase were fitted to obtain
this parameter, where the justification for the rod-coil model is strongest, this value

was then used to predict the domain spacings of all other samples.
The domain spacing in the LAM phase is given by Equation 1:

N2/3

W=y

€Y

Here, c is the adjustable parameter. The repeat unit volumes of PAA and PTFE are
similar therefore, values of N were used as listed in Table 3-1 and there was no need
to normalise it to the repeat unit of one of the segments (as is often used in fits to
domain spacing data)22°. The result of fitting the F.,-PAA,, LAM phase is shown with

ared line in Figure 3-8.

The calculated value of ¢ was then used to predict the domain spacings for all other
Fn-PAA,, polymers. This is suitable as ¢ does not depend on N nor fr. Polymers with

LAM morphologies were predicted using Equation 1, shown as a solid black line
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through square data points in Figure 3-8. The prediction for LAM agrees well with the
experimental domain spacing for both F,,-PAA, and F,3-PAA, polymers.

The prediction of the rod-coil model for domain spacing in the HEX phase given by

equation 2:

1/6(1 _ fp)2/3N2/3

dy = 413c =L , (@
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Figure 3-8. Domain spacing (d) versus N for the thermally annealed (a) F2:-, (b) Fir- and
(c) Fi3-PAAm samples. The experimental values are shown by squares for LAM, circles for
HEX and triangles when the morphology is uncertain/disordered. For the purposes of
comparison with the prediction of the model for the domain spacing in the HEX phase,
the inter-plane spacings for the uncertain morphologies have been converted to centre-
to-centre distances by multiplication by 2/V3. The solid red line in (a) shows a fit found
using a model of strongly segregated rod-coil polymers. The black solid lines show the
predictions of this model, using the value of the fitting parameter from the first fit, for the
domain spacing in the other samples. The dashed line in (b) shows a fit assuming the
domain spacing is given by d « N2/3, The prediction for the spacings in (c¢) whose
morphology is uncertain is shown with a dotted line.

The prediction of domain spacing for all HEX F,-PAA., polymers, using Equation 2,
are shown in Figure 3-8 as a solid black line through circular data points, and is
accurate for F.,-PAA,, polymers in the HEX phase. Although the numerical values of
the prediction for F,,-PAAy, are slightly too high, the gradient is reproduced well on a
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log-log plot, this is also seen for F,5-PAA. For comparison, the same HEX data (Fy;-
PAA.) were fitted to a standard block copolymer coil-coil model which is applicable

to all morphologies and under a strong segregation regime using Equation 3221
dcoil,strong x N2/3, (3)

The result of this fit is shown in Figure 3-8 as a black dashed line and has a larger
gradient than the experimental data and the rod-coil model prediction. The rod-coil
model also gives a better result for the gradient than in the coil-coil weak segregation

regime (e.g. due to lower N),222 Equation 4:
dcoil,weak x Nl/zr (4)

Figure 3-9 shows the two coil-coil model fits to the F,,-PAA, data (dashed lines) and
the rod-coil model prediction using the fitting parameter c, obtained from fitting the
F..-PAA, LAM data. The vertical misalignment of the prediction (solid line) is a result
of using ¢, whereas the dashed lines are a result of fitting directly to the F,,-PAA, data.
However, the rod-coil model (where approximately d «< N°3) has a shallower slope
than either the strong or weak segregation models. The rod-coil model has a better
agreement with the experimental data than either (coil-coil) fit despite a linear offset
ind.

d/nm

Figure 3-9. Domain spacing (d) versus N for the thermally annealed HEX Fi-PAAm
samples. The solid black line shows the prediction of domain spacing using a model of
strongly segregated rod-coil copolymers in the HEX phase, using the value of the fitting
parameter (c) from the fit to LAM F.;-PAAm polymers. The dashed black line shows the fit
using the strong segregation regime for coil-coil copolymers and the dashed blue line the
fit using the weak segregation regime for coil-coil copolymers.
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The low intensity higher order peaks of the seven F;5-PAA,, polymers where N > 17
makes morphology assignment ambiguous. There is evidence from TEM that F,3-
PAA.s (N = 23) forms weakly ordered hexagonally packed cylinders (Figure A3-20),
therefore, it is reasonable to compare the domain spacing of these samples with the

prediction of the HEX model (Equation 2). These inter-plane distances have therefore

been converted into HEX centre-to-centre distances by multiplication by 2/v/3 before
plotting, which show good agreement with the HEX model (black dotted line in Figure
3-8). The HEX model prediction agreed well with the nine data points (N > 14) and

shows a shallow slope (d « N%%).

Considering only one fitting parameter is used, and the simplicity of the model, the
agreement found between experimental data and modelling for all morphologies is
very good. The model does not account for the location of the LAM-HEX transition in
the current data and predicts it to lie at a much higher value of fr than seen here,
possibly because anisotropic interactions2!9 and “shortness” of molecules223 are not
taken into account. Nevertheless, these fits have suggested that all F,-PAA,, polymers
show phase behaviour more like a rod-coil block copolymer than a coil-coil block

copolymer in the strong or weak segregation regime.
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3.4 Thermal transition investigations

Investigations into order-disorder transitions (ODT) and order-order transitions
(OOT) were carried out, as these give insight into the phase behaviour of polymers
with a fluorinated segment and a poly(acrylic acid) segment. The transitions are most
obvious when the temperature is changed, hence the temperature at which these
occur are considered order-disorder and order-order temperatures (Topr and Toor).
Time-resolved SAXS measurements were performed on bulk polymer samples (as
prepared for single acquisition data with no subsequent heating) during thermal
annealing. Samples were heated (and then cooled) at 0.5 °C/min from 30 °C to 150
°Cto 30 °C and data were collected every 1 minute (i.e. every 0.5 degrees). 0.5 °C/min
was the slowest possible ramp rate for the experimental setup, chosen to provide the
best chance for the system to attain thermal equilibrium during this thermal anneal

process.

3.4.1 F2;-PAAL Time-resolved SAXS measurements

Figure 3-10 shows the heating and cooling cycles for F.,-PAA,, (other F.,-PAA,, data
shown in Figure A3-21 - Figure A3-24) measurement progression is given by a colour
change from green to red (video representations were created to assist visualising the
time-resolved SAXS data224). At 30 °C (effectively t = 0 mins), relative peak positions
indicate LAM morphology and peak intensity of all peaks is lost as temperature
increases. This suggests a loss of ordered morphology, occurring at the Topr. As y has
an inverse relationship with temperature (y = A+ B/T, where A and B are the
enthalpic and entropic contributions for a pair of given entities, respectively), the loss
of morphology is expected. Peak intensity returns during the cooling cycle, higher
order peaks also reappear which suggests good thermoreversibility (see 3.4.1.1 for a
thermoreversibility investigation). All F.,-PAA, samples return to their original
morphology (before the thermal anneal process), except F.,-PAA,, and F2,-PAA;6. The
higher order peaks of these samples change from the relative positions q = g*, 2q*,
3q*to q=q*, v3q* 2q* demonstrating a change in morphology from lamellar (LAM)
to hexagonally packed cylinders (HEX). This indicates that HEX is the more
thermodynamically stable morphology, and that these samples were kinetically

trapped in LAM before the annealing process.
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Figure 3-10. Time-resolved SAXS measurements for F2;-PAA,o. Colour scale from green to
red shows the (a) heating cycle (30 °C to 150 °C at 0.5 °C/min) and (b) cooling cycle (150
°Cto 30 °C at 0.5 °C/min).

The position of the principal peak (g*) shifts to higher g values with increasing
temperature. This translates to a decrease in domain spacing during heating, which
returns to its original position on cooling (F.,-PAA,, shown in Figure 3-11, other Fy-
PAA., data shown in Figure A3-25). During the heating cycle, there is an interruption
to the steady decrease in domain spacing in the form of a small peak at ~ 90 °C, which
is unexpected. This is likely due to an OOT which was calculated to occur at 83.5 °C
(see section 3.4.2). An explanation for this could be the peak broadening at the OOT
has a detrimental effect on the fitting and causes peak position to be altered, which
determines domain spacing. There is also evidence of hysteresis, as the domain
spacing and principal peak intensity don’t fully return to previous values. This
evidence, along with the morphology changes stated in the data (Table 3-2) suggests
that the polymers are in a kinetically trapped state before thermal annealing and

attain (or become closer to) thermal equilibrium when heated.
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Figure 3-11. Data from time-resolved SAXS measurements of F2;-PAA;o showing Domain
Spacing (d) (calculated from fitting of principal peak) against Temperature.

3.4.1.1  F;,-PAA,, thermal anneal SAXS measurements

Like the time-resolved SAXS measurements of F.,-PAA,, polymers, a preliminary set
of thermal anneal experiments were performed using F,,-PAAn. Unlike the F.,-PAAn,
experiment, samples were heated/cooled at 5 °C/min and measurements were taken
every 30 °C. For these reasons, imposed by equipment time constraints, these will be
referred to as ‘thermal anneal’ measurements, not ‘time-resolved’ measurements.
Table 3-3 shows the morphology data obtained from SAXS measurements for all F,,-
PAA,, polymers.

Table 3-3. Characteristics of Fi,-PAAm polymers from SAXS measurements

Nano- ) Nano- Nano-
Polymer morpholo d*» (single morphology morphology
Fn-PAA,, siangll)e datgz data) (nm) | before thermal | after thermal

annealing? annealing?

Fi,-PAA¢ LAM 2.1 LAMce LAMc¢
F.,-PAA, HEX 3.0 HEXc¢ DIS/HEX¢
F.-PAA,, HEX 3.1 HEXc HEXc
Fi-PAA., HEX 3.4 HEXc HEXc
Fi-PAAso HEX 3.7 DIS¢ DIS¢

DIS = disordered, LAM = lamellar, HEX = hexagonally packed cylinders, calculation for HEX given in Experimental, Methods &
Calculations. a) Determined by SAXS measurements of single data acquisition samples. d* = domain size (half-pitch). b) Morphology
observed before and after time-resolved measurements. ¢) Temperature measurements were recorded with heating/cooling rates of 5

°C/min.
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In order to study the thermoreversibility of these polymers’ morphology, F.,-PAA¢
was subjected to two heating and cooling cycles (Figure 3-12). Principal peak intensity
was found to decrease/increase and peak position moved to higher/lower g values
during both heating/cooling cycles, as expected. The higher order 2q peak also
disappeared and reappeared for F,-PAAs, indicating an ODT. Principal peaks for
other F,,-PAA, polymers (Figure A3-26 - Figure A3-30) show low intensity, due to
inherently lower N (lower molecular weight initiator than F,, initiator). The lower
affinity for microphase separation renders morphology assignment and Topr
calculation troublesome. For this reason, these measurements were not performed

on Fi3-PAA,, polymers.
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Figure 3-12. Thermal anneal SAXS measurements for F,,-PAAs. Samples were heated (30
°C to 150 °C) and cooled (150 °C to 30 °C) at 5 °C/min, twice.

As F,,-PAAs was the polymer with the highest expected value of y, it was anticipated
it would have the best chance of microphase separation. For this reason, a second
thermal cycle was performed, but only on this polymer. Principal peak intensity and
peak position (converted to domain spacing) were determined, Figure 3-13. After the
first heating/cooling cycle, both peak intensity and position did not completely revert
to starting values, however, full recovery was observed after the second cycle. This

implies that the polymer begins in a kinetically trapped state and finds partial thermal
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equilibrium after the first heating cycle and completely recovers after the second. This
also suggests this process is fully reversible after equilibrium is reached and adjusting

heating or cooling parameters could remove the observed hysteresis.
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Figure 3-13. Domain spacing and peak intensity calculated from fits (to principal peak) of
thermal anneal SAXS measurements of F:,-PAAs, across two heating and cooling cycles
(30 °Cto 150 °C to 30 °C at 5 °C/min).

3.4.2 Toor/Tobr calculation

The temperatures at which order-order and order-disorder transitions (Toor/Topr)
occur were calculated from plots of peak intensity (Ieak) and full-width half maximum
(FWHM, o) of the principal peak from thermal anneal SAXS measurements (heating
cycle only) against 1/temperature. This plot for F.,-PAA; is shown in Figure 3-14
(other F.-PAAn plots in Figure A3-31). The sharp decrease in Ipeax signifies the
temperature in which a transition occurs, corroborated by a sharp increase in 1/c2at

the same temperature.
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Figure 3-14. Peak intensity (Ipeak) and full-width half maximum (o) of the principal peak
from thermal SAXS heating cycle vs 1/temperature for F»:-PAA;. Transition temperatures
=73.6 °C and 94.0 °C (Topbr).

In order to determine a value for the transition temperatures, linear trendlines were
fitted before, during and after the sharp change in intensity (Figure A3-32 - Figure
A3-35). The two intersections were calculated and in addition to a midpoint between
them, this was converted to Celsius and stated as the transition temperature value in
Table 3-4. Transitions were only calculated for 4 samples (those with highest fr and
lowest N) as polymers with higher PAA content are less ordered. The change in g*
intensity is insufficient to fit three distinguishable straight lines, due to the lack of

discernible phase transition.

Table 3-4. Fn-PAAm polymer thermal characteristics.

gl:)_ll))lzn[;: TOOT, midpoint (OC) TODT, midpoint (OC) :rga (OC)
F.-PAAs - - 52.1
F.,-PAA, - - 78.8
F.,-PAA,; - - 100.0
F.-PAA,, - - 108.4
F.,-PAA,o - - 111.6
Foi-PAA; 73.6 94.0° 77-9
F..-PAA; 83.5¢ 87.4 86.9
F.-PAAs6 - 102.9 99.5
F..-PAA,, - 105.8 109.6
F.-PAA,, - - 110.0

a) Taken from DSC data. b) Calculated from FWHM of fitted principal peak in time-resolved SAXS measurements. c¢) Calculated from
FWHM of fitted second (first higher order) peak in time-resolved SAXS measurements.
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As F,;-PAA,, is a special case in which an OOT and ODT can be seen by eye when
examining the first higher order peak, the OOT was calculated from this peak. Figure
3-15 shows an expansion of the second peak from Figure 3-10a (at ~0.22 A1), Before
the heating process, the peak has a relative position at 2g* indicating LAM
morphology. During heating, a peak at V3q* appears at approximately 79 °C while the
2q* peak is still present, suggesting a gradual change in morphology to HEX, an OOT
and gives a degree of confidence in the phase boundaries presented in the phase
diagram (see section 3.5). Such thermally induced transitions can be understood
using the phase diagram, since an increase in temperature corresponds to a
downwards move in the phase diagram (as y = A + B/T). At temperature >84.4 °C,
the 2q* peak disappears with the V3g* still present (still HEX), the V3g* peak then
disappears at between 84.4-100 °C, this is the ODT.

——53.7°C
——65.3°C
——69.2°C ||
72.1°C |
75.1°C
77 °C
79 °C
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Figure 3-15. Expansion of the second peak in Figure 3-10, showing the order-order
transition.

Peak fits were obtained for all traces in the heating cycle of the time-resolved SAXS
experiment. This makes the FWHM particularly useful, which is largest when two
peaks are present but are fit as one. Figure 3-16 shows the FWHM and intensity with
increasing temperature, during the heating cycle. As the fitted peak decreases in
intensity until it disappears, all data points above approximately 100 °C can be

ignored (these fits either have a very large error or are fitting noise).
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Figure 3-16. Peak intensity (Ipeak) and full width half maximum (o) of the second peak (first
higher order peak) from thermal SAXS heating cycle vs 1/temperature for F::-PAAjo.
Transition temperatures = 83.5 °C (Toor) and 87.4 °C (Toor). Data points >100 degrees
can be ignored due to peak loss.

The OOT occurs as 1 peak (2¢*) becomes 2 peaks (2¢* and V3¢*) in the SAXS profile,
during the morphology change from LAM to HEX, followed by an ODT occurring as
2 peaks (2¢* and V3¢*) become 1 (V3¢*) then disappear altogether during the change
from HEX to DIS. The peak intensity is invariant up to ~79 °C, after which it decreases
sharply up to ~88 °C, the midpoint of these two changes is the Toor (83.5 °C). The
intensity then begins to plateau before another sharp decrease at ~97.4 °C,
corresponding to the loss of the 2q* peak and the Topr (which cannot be determined
from this plot due to the error associated with data >100 °C). The FWHM also remains
constant up to ~79 °C, then increases as the V3g* peak appears. As the 2¢* decreases
in intensity until it disappears, the FWHM decreases to reflect the presence of the
V3q* peak only. Above this temperature (~84.4 °C), the ODT occurs and the v3g*
peak fully disappears. Again, no value can be calculated for the Topr from this plot as
data becomes unreliable >100 °C; the Topr value reported in Table 3-4 was obtained

from fits to the principal peak. The linear fit used to obtain the Toor are shown in

Figure A3-36 — Figure A3-37.
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3.5 Experimental phase diagram

An experimental phase diagram was constructed using the morphology data obtained
from single-acquisition SAXS measurements (Table 3-2), including the data for F,;-
PAA., polymers mentioned in Chapter 1 (Figure 3-17). Typical phase diagrams use yN
as the y-axis, on the basis that y is a constant value, at a given temperature, for a set
of polymers with the same type of block interaction i.e., PAA and PTFE. Therefore,
the shape of this phase diagram (plotted N versus Ff) can be directly compared to
those in the literature. The colour bar indicates domain size (d*) for samples that
phase separated into ordered morphologies, disordered samples are shown as open
data points. Domain sizes typically decrease on decreasing N and increasing Fr across
the range of polymers in this study, attributed to the shorter molecular lengths

associated with low N and tighter packing of rod segments.
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Figure 3-17. Phase diagram for the Fn-PAAm polymers. Morphologies taken from single
data SAXS acquisition after thermal annealing. DIS = disordered, HEX = hexagonally
packed cylinders, LAM = lamellae. Note that the phase boundaries are not absolute and
are only a guide to the eye. *The domain size (d*) is estimated as the half-pitch, which
provides the upper limit for the minimum single domain size assuming that both domains
are equal.

Three regions of morphology were identified, and lines were placed as phase

boundaries between these regions as a guide to the eye but it is noted that these are
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not absolute. A solid line was used to discern more certain areas (where data points
either side show different morphologies), and dashed lines for uncertain areas. Fi5-
PAA.,, polymers where N = 14 & 16 are weakly ordered HEX according to SAXS data,
suggesting these points are close to the HEX-DIS phase boundary. The morphology
changes observed during the slow ramp rate give an approximate indication of the
phase boundaries. F.,-PAA,, shows an OOT, which is represented by a shift
downwards on the phase diagram due to a decrease in y on heating (Figure A3-38 and
section 3.4.2). The phase diagram shows a strong resemblance to the theoretical
phase diagram of a rod-coil block copolymer with no liquid crystal alignment,225
highlighting the similarity in phase behaviour between these amphiphilic
homopolymers and rod-coil block copolymers. Constructing this phase diagram
enables reproducible targeting of specific nanomorphologies with desired domain

sizes, a particularly powerful tool in material design and synthesis.
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3.6 Atomic force microscopy (AFM)

AFM is a complementary technique which can be used in combination with scattering
methods when investigating new and unknown samples/morphology. The F.,-PAAnL
series were investigated by AFM on different substrates and under different annealing
conditions. F.;-PAA,, was chosen as a standard for investigating differences in
annealing and comparisons to Fi;-PAA,; topography (section 2.5) due to the similar
length PAA.

Figure 3-18 shows AFM topography images of F.,-PAA,, prepared on Mica using
different solvent vapour annealing conditions. These images are comparable to Fi;-
PAA,; (Figure 19, Chapter 1) which were prepared in a similar manner, the difference
being the fluorinated tail length (fr = 0.23 vs 0.33) and the volume of solution spin-
coated (20 ul vs 50 pl). There is little difference observed between the samples
prepared with no annealing and annealing in H,O, which was not apparent for F,;-
PAA,.. Fibrous alignment is visible in the 1:1 vol. H,O:MeOH anneal, and no long-
range structure can be discerned within the methanol annealed sample, which is
similar to images obtained for F,3-PAA,;. Overall, smaller features are visible for F,;-
PAA,;, suggesting that either polymers with lower fr allow better microphase
separation on spin-coated substrates, the AFM tip was of poorer quality or damaged
(possibly due to different hydrophobicity levels on the surface), fralters the structure

in solution prior to spin-coating, or a combination of these points.
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Figure 3-18. Atomic force microscopy (AFM) topography (Bruker Icon) of F:;-PAAio
annealed by a) no anneal b) H-0 c) 1:1 vol. H:20:MeOH d) MeOH. Solution conditions: 50
pl of 5 wit% polymer in MeOH on Mica.

The influence of the type of supporting substrate was also investigated using AFM.
The same polymer (F.-PAA,,) was spin-coated using the same conditions but on a
glass slide with both 2.5 wt% and 5 wt% solutions (Figure A3-39 - Figure A3-40),
showing minimal differences. Despite the evidence of fibrous structure for the H.O
and 1:1 vol. H,O:MeOH annealed samples, all images show the same underlying
topography seen in the non-annealed sample. This implies the no anneal shows a
convolution of the topography of the glass slide itself and is present in all images.
Therefore, Mica as the substrate (due to a lower RMS roughness) and 2.5 wt%

solutions were used as standard conditions for the remainder of the work.

After considering the results of AFM measurements above, the annealing solvent mix
chosen to investigate the effect of increasing PAA chain length was 1:1 vol. H,O:MeOH
as it consistently showed visible fine structure in both F.-PAA, and F.3-PAA,
polymers. Figure 3-19 shows AFM topography images of all F.-PAAn polymers

annealed using this mixture. F.,;-PAA; shows large, flat terraces which are not present
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in other images and a height distribution was calculated, showing an average layer
height of 2.8 nm (Figure A3-41). In SAXS, this polymer showed lamellar morphology
with a domain size of 2.0 nm, in reasonable agreement with step heights in the
topography. F.,-PAA,, showed markedly different topology depending on the area of
the substrate being examined, the right image of Figure 3-19b shows a fairly flat
surface but with a random array of holes. The height profile (across the holes)
consistently shows a layer height of ~ 1 nm (Figure A3-42). The left image of Figure
3-19b shows fibre-like features. The presence of different local topologies (and
morphologies) is possible if this polymer is close to a phase boundary (for this sample
preparation), so evidence of both structures could be present in one sample. There is
little change to the topology when DP > 16, only less overall preferential orientation
of the rod-like structures. However, F.,-PAA,, shows a higher degree of long-range
ordered features than other samples F.,-PAA;6 & F.;-PAA.,, this may also be a result

of its location in the phase diagram.

Figure 3-19. Atomic force microscopy topography (Bruker Icon) of a) F2:-PAA; b/b’) Fx,-
PAAio ¢) F21-PAA6 d) F21-PAA:o €) F21-PAA:,, all annealed 1:1 vol. H-20:MeOH. Solution
conditions: 40 pl of 2.5 wt% polymer on Mica.

The long-range order present in F.,-PAA,, samples was further investigated. Figure
3-20a shows F.-PAA,, prepared in the same manner as Figure 3-19d, revealing the
same structures and long-range order over a larger scan area (1 pm). The same sample
analysed on an alternative microscope (Figure 3-20b) and using a different tip, shows

the same features and proves definitively that these hair-like features are real.
109



Chapter 3: Phase behaviour of short-chain fluorinated polymers

Mechanical properties were also tested on this sample (Figure A3-43) to determine if
different phases are discernible by their different physical properties. Adhesion and
energy dissipation images show areas of high and low pN and eV which directly
correlate; different phases are distinguishable by the methods used here (unless

peaks/troughs in topography have direct influence on these measurements).

Figure 3-20. Atomic force microscopy topography of F:.-PAA:o annealed 1:1 vol.
H-0:MeOH. Solution conditions: 40 pl of 2.5 wt% polymer on Mica. Images were recorded
on a) Bruker Icon and b) Bruker Innova.

A EBiB-initiated poly(acrylic acid) (Fo,-PAA;;) was also measured to study the
influence of the fluorinated tail on any morphology and phase transition. A sample
was prepared and annealed in 1:1 vol. H,O:MeOH and then compared to Fi;-PAA;,
and F.,-PAA,, which were prepared concomitantly. The topography (Figure A3-44) is
similar for all samples and shows fibre-like rods and is mostly likely produced (this
topographic feature) by this annealing method. These fibres appear, without
quantitative analysis, to be thicker in the F.,-PAA,, sample, likely due to the longer

fluorinated tail.

3.6.1 Fs;-PAAL (with NaOH) in water

The stability (and morphology) of the fluoro-acrylic acid polymers in water was
investigated via AFM imaging. NaOH was added to THF polymer solutions and
solvent exchanged for water to increase the ionic nature of the polymers. Five samples
were prepared using F.-PAA,,, where different volumes of NaOH were added to
neutralise different ratios of acrylic acid units. These ratios were R=0, 0.2, 0.4, 0.6, 1,
3, where R=3 represents a 3-fold excess of NaOH molecules to acrylic acid units and
R=0 included no addition of NaOH.
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Unfortunately, changing the molar ratio of neutralised acrylic acid units shows no
clear trend in the AFM images, Figure 3-21. All images show a holey membrane of
consistent height with some aggregates/crystallites depending on the location of the
imaging area. It’s possible that the holey membrane structures are an artifact of water
drying on the Mica, leaving a patterned residue. Though all images are shown with
the same dimensions (scale bar = 5 um), there is no consistency or trend in the size of
the holes or their uniformity. AFM samples were also measured 24 hours after the
solutions were prepared, as it was thought that given time the polymers may
reassemble into more thermodynamically stable structures. This only resulted in a
higher concentration of aggregates and a more clustered arrangement of holes, seen

across all samples, Figure 3-22.
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Figure 3-21. Atomic force microscopy topography of F::-PAA:c in water with different
molar ratios of NaOH to acrylic acid units. a) R=0. b) R=0.2. ¢) R=0.6. d) R=1. ¢) R=3. AFM
images were measured within 1 hour of solution preparation.
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Figure 3-22. Atomic force microscopy topography of F»;-PAA,o in water with different
molar ratios of NaOH to acrylic acid units. a) R=0.b) R=0.2. ¢) R=0.6. d) R=1. ¢) R=3. AFM
images were measured after 24 hours of solution preparation.
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3.7 Conclusions

In this chapter, fluorinated alkyl halide initiators with higher fluorine content were
synthesised and used to polymerise a library of fluoro-acrylic acid polymers of
differing segment volume fractions, which ranged from fr = 0.47 — 0.11, obtained with
low dispersity (P =1.06 — 1.24), low molecular weight (M, = 1400 — 4100 g mol) and
achieved high conversion (>99%) All were annealed into thick films and measured
using SAXS, showing lamellae, hexagonally packed cylinders and disordered phases
and polymers with larger fluorine content showed the strongest microphase
separation with lower domain spacings (1.7 — 3.9 nm accounting for morphology),
indicative of a high y value. Theoretical modelling was applied to single acquisition
SAXS measurements, which supported the rod-coil phase behaviour rather than the
coil-coil model, in both the strong and weak segregation regime. Time-resolved SAXS
measurements were performed on F.,-PAA,, polymers (those with highest fr), which
revealed order-disorder transition temperatures which increased with increasing
polymer chain length, and order-order transition temperature for F.,-PAA; and Fa;-
PAA,,. Also, two polymers changed morphology during the time-resolved
measurements, suggesting that the heating process (essentially a thermal anneal)
allowed the polymer to approach/attain thermal equilibrium. Finally, a phase
diagram was constructed from known morphology, fr, and N, which can be used as a

tool for targeting specific morphologies and domain sizes.
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3.8 Appendix

Chemcal Shift (ppm

Figure A3-1. 'H NMR spectrum (500 MHz, CDCIl;) of fluorinated alcohols (1H,1H,2H,2H-

perfluoro-1-octanol, 1H,1H,2H,2H-perfluoro-i-decanol,

dodecanol) in CDCl;.

Mormalized Intensity
e

F,q initiator ,.u’\J"I"wJ'L.

Fy5 initiator S,

1H,1H,2H,2H-perfluoro-1-

F,5 initiator JM‘UL

a7 46 45 44 43 42 4 40 s 38 37 36 35 34 33 32 kN 30 28 28 27 26 25 24 23 22

Chemical Shift (ppm)

Figure A3-2. 'H NMR spectrum (500 MHz, CDCIl;) of Fi3, Fi; & F2, initiators in CDCIl;. Inset

shows expansion of 2.7 — 2.4 ppm region.
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Figure A3-3.13C (APT) NMR spectrum (500 MHz, CDCl3) of Fi3, F1; & F»; initiators in CDCl;.
Inset shows expansion of 124 — 104 ppm region.
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Figure A3-4. 9F NMR (coupled) spectrum (400 MHz, CDCl;) of Fi3, Fi; & F2, initiators in

CDCl;.
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Figure A3-5. GPC traces of Fi3-PtBAm recorded in THF eluent.
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Figure A3-6. GPC traces of F1;-PtBAm recorded in THF eluent.
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Figure A3-7. GPC traces of F»1-PtBAm recorded in THF eluent.
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Figure A3-8. *H NMR spectrum (400 MHz, CDCl3) of F13-PtBAm in CDCl;. m = 6, 12, 17, 22,
27 from top to bottom.
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Figure A3-9. 'H NMR spectrum (400 MHz, CDCl3) of F1,-PtBAm in CDCl;. m = 6, 11, 17, 23,
30 from top to bottom.
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Figure A3-10. 'H NMR spectrum (400 MHz, CDCIl;) of F2:-PtBAm in CDCl3. m = 5, 10, 16,
20, 24 from top to bottom.
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Figure A3-11. 'H NMR spectrum (400 MHz, CDCl;) of Fi3-PAAm in MeOD. m = 6, 12, 17, 22,
27 from top to bottom.
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Figure A3-12. 'H NMR spectrum (400 MHz, CDCl3) of F1,-PAAm in MeOD. m = 6, 11, 17, 23,
30 from top to bottom.
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Chemical Shift (ppm)

Figure A3-13. 'H NMR spectrum (400 MHz, CDCl;) of F2;-PAAm in d>-DMSO. m = 5, 10, 16,
20, 24 from top to bottom.
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Figure A3-14. MALDI-ToF-MS spectra for Fi3-PAAm polymers.
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Figure A3-15. MALDI-ToF-MS spectra for F;,-PAAm polymers.
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Figure A3-16. MALDI-ToF-MS spectra for F2:;-PAAm polymers.
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Figure A3-17. End group structures determined from MALDI spectra for all Fy-PAAm
polymers.
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Figure A3-18. SAXS profile for F., initiator. Peaks indicated by blue arrows are present at
positions in agreement with a lamellar structure. Red arrows show no agreement with
theoretical peak positions. g* peak position translates to a domain spacing of 3.94 nm.
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Figure A3-19. SAXS profile for a blank (empty capillary) in liquid capillary measurements.
N.B. The Kapton peaks are present due to the Kapton windows used in the main SAXS
chamber. These windows are necessary to allow air into the chamber for liquid samples.
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Figure A3-21. Time-resolved SAXS measurements for F»:-PAA;. Colour scale from green
to red shows the (a) heating cycle (30 °C to 150 °C at 0.5 °C/min) and (b) cooling cycle (150

°Cto 30 °C at 0.5 °C/min).
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Figure A3-22. Time-resolved SAXS measurements for F2:-PAA;¢. Colour scale from green
to red shows the (a) heating cycle (30 °C to 150 °C at 0.5 °C/min) and (b) cooling cycle (150
°Cto 30 °C at 0.5 °C/min).
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Figure A3-23. Time-resolved SAXS measurements for F2;-PAA:o. Colour scale from green
to red shows the (a) heating cycle (30 °C to 150 °C at 0.5 °C/min) and (b) cooling cycle (150
°C to 30 °C at 0.5 °C/min).
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Figure A3-24. Time-resolved SAXS measurements for F2;-PAA:4. Colour scale from green
to red shows the (a) heating cycle (30 °C to 150 °C at 0.5 °C/min) and (b) cooling cycle (150
°C to 30 °C at 0.5 °C/min).
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Figure A3-25. Data from time-resolved SAXS measurements showing Domain Spacing (d)
(calculated from fitting of principal peak) against Temperature for a) F2.-PAAj;, b) Fas-

PAA16, C) F21'PAA20, d) F21'PAA24,
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Figure A3-26. Thermal anneal SAXS measurements for F,;,-PAAs. Sample was heated (30
°C to 150 °C) and cooled (150 °C to 30 °C) at 5 °C/min.
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Figure A3-27. Thermal anneal SAXS measurements for F;,-PAA;;. Sample was heated (30
°C to 150 °C) and cooled (150 °C to 30 °C) at 5 °C/min.

Intensity (A.U.)

0
30°C (start)
60°C
90°C

o
&
&QJ&

30°C (final)

0.05 0.10 0.15 0.20 0.25 0.30
-1
q(Ah

Figure A3-28. Thermal anneal SAXS measurements for Fi,-PAA,,. Sample was heated (30
°C to 150 °C) and cooled (150 °C to 30 °C) at 5 °C/min.
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Figure A3-29. Thermal anneal SAXS measurements for F.,-PAA.3;. Sample was heated (30
°C to 150 °C) and cooled (150 °C to 30 °C) at 5 °C/min.

2.0

15
<
1.0 >
D
c
9
£

05

S — 0.0

/ / 30°C (start)
g ) 60°C
o 90°C
120°C O
Q\
150°C
&
) 120°C
/ 90°C
p 60°C
30°C (final)
T T T T 1
0.05 0.10 0.15 0.20 0.25 0.30

q (A1

Figure A3-30. Thermal anneal SAXS measurements for Fi,-PAA3.. Sample was heated (30
°C to 150 °C) and cooled (150 °C to 30 °C) at 5 °C/min.
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Figure A3-31. 1/peak intensity and FWHMZ? (¢?) from time-resolved SAXS heating cycle vs
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Figure A3-32. Demonstration of calculation of phase transition temperatures (from
Figure 3-14). The midpoint of two intersections from linear fits before, during and after
the transition gives the transition temperature. a = transition at 94.0 °C, a’ = transition at
94.0 °C calculated from FWHMZ?2 (¢?) (95.7 °C), b = transition at 73.6 °C.
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Figure A3-33. Demonstration of calculation of order-disorder phase transition
temperature Topr (from Figure A3-31a). The midpoint of two intersections from linear fits
before, during and after the transition gives the transition temperature.
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Figure A3-34. Demonstration of calculation of order-disorder phase transition
temperature Topt (from Figure A3-31b). The midpoint of two intersections from linear fits
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Figure A3-35. Demonstration of calculation of order-disorder phase transition
temperature Topr (from Figure A3-31c). The midpoint of two intersections from linear fits
before, during and after the transition gives the transition temperature.
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Figure A3-36. Demonstration of calculation of order-order phase transition temperature
Toor from FWHM (from Figure A3-31Figure 3-16). The midpoint of two intersections from
linear fits before, during and after the transition gives the transition temperature.
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Figure A3-37. Demonstration of calculation of order-order phase transition temperature
Toor from peak intensity (from Figure A3-31Figure 3-16). The midpoint of two
intersections from linear fits before, during and after the transition gives the transition
temperature.
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Figure A3-38. Phase diagram for Fn-PAAm polymers, including data obtained in previous
research.226 Data point at N = 17 (F2:-PAA.o) showed an order-order transition from LAM
(lamellae) to HEX (hexagonally packed cylinders) during time-resolved measurements.
Dotted arrow indicates the data point shift across the phase boundary.
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Figure A3-39. Atomic force microscopy topography (Bruker Icon) of F»,-PAA,o annealed
by a/a’) no annealing b) H-O ¢) MeOH. Solution conditions: 20 pul of 5wt% polymer on a
glass slide.
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Figure A3-40. Atomic force microscopy topography (Bruker Icon) of F2;-PAA;0 annealed
by a) no annealing b) H-0 c¢) 1:1 vol. H-0:MeOH. Solution conditions: 40 ul of 2.5 wt%

polymer on a glass slide.
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Figure A3-41. a) atomic force microscopy topography (Bruker Icon) of F»:-PAA; annealed
1:1 vol. H-O:MeOH. Solution conditions: 40 pl of 2.5 wt% polymer on Mica. The white box
shows the area in which height distribution was calculated, masked were excluded. b)
height distribution calculated from area in the white box in Figure Ag1a. Insert table
shows x and y data for the vertical intersections, “Length” is the difference between these

points i.e. layer height.
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Figure A3-42. a) atomic force microscopy topography (Bruker Icon) of F»,-PAA,0 annealed
1:1 vol. H-O:MeOH. Solution conditions: 40 pl of 2.5 wt% polymer on Mica. White lines
show the cross-section in which height profiles were determined. b) height profiles
calculated from the white lines in Figure A42a.
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Figure A3-43. Atomic force microscopy mechanical property images (Bruker Icon) of F2:-
PAA:o annealed 1:1 vol. H-0:MeOH. Solution conditions: 40 pl of 2.5 wt% polymer on
Mica. a) topography b) indentation c¢) adhesion d) dissipation.
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Figure A3-44. Atomic force microscopy topography (Bruker Icon) of a) Fi3-PAA4 (20 pl,
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This chapter continues with the premise of using a hydrophobic initiator for
polymerisation of a hydrophilic monomer to give low molecular weight polymers
which can experience bulk microphase separation. Initiators with different
hydrophobic end groups were investigated as alternative possibilities to a
fluorocarbon tail, with a focus on the incorporation of additional functionality which
would allow microphase separation-induction/alteration properties. Photo-
responsive molecules would allow the temporal control of domain sizes or
morphology changes. This could also be made reversible depending on the molecule
incorporated into the initiator i.e. anthracene. Alternative hydrophilic monomers
have also been investigated opposed to poly(acrylic acid), including methacrylates.
These must be polymerised in their protected form, and so the deprotection

conditions were also investigated.
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4.1 Hydrophobic initiators

4.1.1 9-Anthracene methanol bromoisobutyrate (AMBiB)

Anthracene was chosen as a potential photo-switching molecule as it was expected to
have a dramatic influence on morphology when irradiated. Compared to a monomeric
unit, where a change in end group size (or polarity etc) would likely allow a change in
domain size only, dimerization of anthracene units would allow, for example, the

opening/closing of pores in a hexagonally packed array of cylinders.

Anthracene consists of 3 fused aromatic rings, is strongly hydrophobic, seemed
suitable for microphase separation and undergoes a reversible photo dimerisation by

[4+4] cycloaddition across its centre ring which is highly cited.48.227-229

365nm

——
-

254nm or A

Figure 4-1. Dimerisation of anthracene.

4.1.1.1 Initiator synthesis

An anthracene derivative with an available hydroxy group was needed for the initiator
synthesis (to remove additional synthesis steps). Hydroxyanthracenes are a
component of aloe extracts and are therefore relatively inexpensive and readily
available. While aloe extracts are typically considered beneficial to health (such as
improving bowel function)23°, more recent studies have shown that
hydroxyanthracenes may contribute towards the formation of cancer cells.23! 9-
Anthracene methanol is one such hydroxyanthracene derivative that is stable at room
temperature and pressure and has an available hydroxy group therefore, it was
suitable for the synthesis of the hydrophobic initiator 9-Anthracene methanol
bromoisobutyrate (AMBiB), Figure 4-2. The stability is due to the single methylene
group that acts as a spacer and inhibits tautomerisation. 9-hydroxyanthracene (with
no methylene spacer) exists as the ketone tautomer, whereas hydroxyl groups at the

1 or 2 positions exist as the alcohol.232
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Figure 4-2. Synthesis of 9-Anthracene methanol bromoisobutyrate (AMBiB).

9-Anthracene methanol was used as received (*H NMR, Figure A4-1) and reacted with
bromoisobutyryl bromide to synthesise the alkyl bromide initiator, AMBiB was
obtained in acceptable yield (64%) and high purity (Figure 4-3, Figure A4-2) after
additional purification. Environments (¢) and (d) in the 'H spectrum were
distinguishable when inspecting the COSY NMR spectrum (Figure A4-3). The 3C
spectrum (Figure 4-4) also supported the assignment of high purity and each peak
was assigned with support from HSQC (Figure A4-4) and HMBC (Figure A4-5).

Br
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Figure 4-3. 'H NMR (500 MHz, CDCI3) spectrum of 9-Anthracene methanol
bromoisobutyrate (AMBiB). Inset shows expansion of chemical shift values 8.6 to 7.2

ppm.
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Figure 4-4. 3C NMR (126 MHz, CDCI3) spectrum of 9-Anthracene methanol
bromoisobutyrate (AMBiB). Inset shows expansion of chemical shift values 133 to 123

ppm.

4.1.1.2 Dimerisation investigation

A key feature of anthracene, that influenced this initiator design, was the potential for
areversible [4+4] cycloaddition dimerisation reaction, Figure 4-5. The major product
is likely to be a head-to-tail or trans product due to steric hinderance, however the
possibility of head-to-head or cis product has not been overlooked, as polarity of the
solvent can affect which isomer is formed which has been shown in the literature.233-
235 Dimerisation occurs across the 9, 10- positions preferentially as the
thermodynamic product forms the highest number of benzene rings, which have a
higher resonance stabilisation per ring than a naphthalene ring.228 In this section
only, reference to monomer means a single unit of AMBiB and dimer refers to the 2-
unit dimer of AMBIB.
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Figure 4-5. Dimerisation of 9-Anthracene methanol initiator (AMBiB).

UV-Vis spectroscopy was used to investigate the dimerisation. A 3.125 x 103 mg ml
solution of AMBiB in DMF was irradiated for 1 minute with 320-390 nm light in a
vial. The solution was then transferred to a cuvette and UV-Vis absorption was
measured, this irradiate/measure process was repeated 10 times (Figure 4-6). The
region of 325-400 nm shows a pattern of fingers in the absorption, typical of
anthracene and other polycyclic aromatic hydrocarbons.23¢ With each interval of
exposure to 320-390 nm light, the absorbance decreases in this region. The decrease
in absorbance of the “fingers” is associated with the formation of the dimer product
(or the loss of the monomer). Simultaneously, there is a slight increase in absorbance

at ~275-310 nm.
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Figure 4-6. UV-Vis absorbance spectrum of AMBiB in DMF (3.125 x10-3 mg ml*) with
sequential exposures to 320-390 nm light. Legend indicates total amount of exposure
time.
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4.1.1.3 Reversibility by exposure to 254 nm light

This sample was then used to investigate the reversion of the dimerisation by
exposure to 254 nm light, Figure 4-7. It was expected that an increase in absorbance,
so that the spectrum resembles the monomer before irradiation, would be observed.
However, despite an increase in absorbance after a total of 15 mins exposure, the
height of the peak does not return to its starting value. The sample was left at room
temperature/pressure and out of direct sunlight for 14 days and measured a final
time. This measurement showed a further increase in absorbance, suggesting that any
reversion that occurred throughout the experiment may not have been caused by 254
nm light alone. This was previously thought to be an issue with the type of solvent
(which was changed to hexane), however, a more prevalent issue was that the UV cut-
off of borosilicate glass (approximately 290-300 nm or lower depending on
composition)237238 was likely inhibiting the 254 nm light from passing through the
vial. Therefore, Figure 4-7 actually shows the stability of the dimer when left in
standard temperature/pressure/lighting conditions. There is a slow increase in

absorbance, suggesting the gradual reversion to monomer of the AMBiB dimer.
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Figure 4-7. UV-Vis absorbance spectrum of AMBiB in DMF (3.125 x103 mg ml*) with
sequential exposures to 254 nm light. Legend indicates total amount of exposure time.

The experiment was repeated in a quartz cuvette to allow all wavelengths to pass

through. The cuvette was irradiated with 320-290 nm light for a total of 20 minutes
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with UV-Vis absorption measures taken at intervals, then 254 nm for a total of 30
minutes with interval measurements, Figure 4-8. As expected with exposure to 365
nm, the absorbance drops. With exposure to 254 nm, the absorbance did not increase
in the 325-400 nm region and resemble the monomer trace. While there is a small
increase in absorbance, the finger pattern did not reappear. Also, the trace in the
region of 225 — 270 nm continued to decrease in absorbance when exposed to 254 nm
light, a sign that the reversion to monomer was not occurring. It was reasoned that
the presence of oxygen in the sample could form a peroxide bridge across the 9 and
10 positions on the anthracene, therefore inhibiting monomer formation (reversion)
(Figure 4-9). It is uncertain whether this happens when exposed to 365 nm or 254 nm
or both.
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Figure 4-8. UV-Vis absorbance spectrum of AMBiB in hexane (1.25 x102 mg ml*) with
sequential exposures to 320-290nm light followed by 254 nm light. Legend indicates total
exposure time.

0/0

Br

=

Figure 4-9. Possible peroxide product formed when AMBIiB is exposed to either 320-390
nm or 254 nm light in the presence of oxygen.

145



A similar experiment was then performed, but with a deoxygenated solution of
AMBIB in hexane, Figure 4-10. Solid lines show traces recorded after exposure to 365
nm for 5 mins, and dashed show traces recorded after exposure to 254 nm for 5 mins.
This was repeated several times, until the solution was exposed to each wavelength
for a total of 30 minutes. In the 325-400 nm region, there is initially a large drop in
absorbance after the first exposure to 365 nm, followed by a small increase in
absorption after the first exposure to 254 nm, suggesting a small amount of reversion
to monomer. The steps of 365 nm/254 nm exposure were repeated and showed steady
increases/decreases in absorbance, in this region only, suggesting the dimerisation is
reversible. An expansion of the 350-400 nm region and a plot of the absorbance (at
wavelengths 355, 365, 375, 385 nm) with iterations help clarify this observation,
Figure 4-11. The region below 350 nm shows increasing absorbance after exposure to
365 nm and no change after exposure to 254 nm, resulting in an overall increase in
absorbance. As the sample was prepared in a cuvette, deoxygenated and sealed with
a Suba seal, there may have been some contamination caused by the sealing. This
could occur in multiple ways; the seal came in contact with the solution, or the
continuous exposure to high energy light caused progressive seal degradation, or
solvent vapours dissolved in the AMBIiB solution. Either of these points could feasibly

result in a non-reversible trend in the absorbance.

35 TV L
Iy UL
l);' ' min 0
| — 365nm min 5
3.0 - = 254nm min 5 B
—— 365nm min 10
— = 254nm min 10
—~ 254 365nm min 15 |-
- 254nm min 15
< 365nm min 20
Z)’ 204 254nmmin 20 |
O 365nm min 25
% 254nm min 25
o 365nm min 30
5 157 254nmmin30 [
[%2)
<
1.0 1 =
0.5+ =
0.0 T T T T T T = -
250 300 350 400 450

Wavelength (nm)

Figure 4-10. UV-Vis absorbance spectrum of AMBiB in hexane (2.5 x10-2 mg ml*) with
sequential exposures to 365 nm and 254 nm light. Legend indicates total amount of
exposure time for each wavelength.
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Figure 4-11. UV-Vis absorbance spectrum of AMBiB in hexane (2.5 x102 mg ml*) with
sequential exposures to 365 nm and 254 nm light. Legend indicates total amount of
exposure time for each wavelength. a) Expansion of 350-400 nm region in Figure 4-10. b)
Absorbance versus light exposure iteration taken at multiple wavelengths.

4.1.1.4 Reversibility by exposure to 40 °C

The dimerisation of anthracene compounds has also been shown to reverse at
elevated temperatures.48:227.229 A preliminary experiment was performed in which a
vial of AMBiB in hexane was exposed to 320-290 nm light, producing the
dimerisation, then placed in a water bath at 40 °C for a total of 20 minutes (Figure
A4-6). The elevated temperature showed some monomer formation by an increase in
absorbance and heating for longer than 10 minutes showed no further changes in the

spectrum.

An earlier iterative experiment, Figure 4-10, was repeated firstly with 365 nm/40 °C
cycles, followed by 254nm/40 °C cycles, Figure 4-12. During the 365 nm/40 °C cycle,
40 °C had little effect on the absorbance, this is more obvious in Figure 4-13. After 8
iterations, there was a gradual increase the absorbance, but this could be due to the
overarching increase in absorbance at 300-340 nm, therefore skewing the results.
Exposure to 40 °C resulted in an increase in adsorption in the 300-340nm region,
rather than the intended increase in the 340-400 nm region. When the same solution
was subsequently exposed to 254 nm light, an increase in absorption was observed
across the entire experimentally measured wavelength range. All subsequent
iterations showed a decrease in absorption in the 300-340 nm region. During the 254
nm/40 °C cycle, the temperature increase decreased absorbance rather than
increasing (as would be expected), implying it promotes the dimerisation (or another

unwanted reaction). Exposure to 254 nm then increases the absorbance, reversing the
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reaction caused by heating at 40 °C, i.e. 254 nm promotes reversion to monomer.
Overall, exposure to 365 nm promotes dimerisation, 254 nm promotes monomer
formation and 40 °C somewhat contributes to dimerisation but has no effect on

reversion to monomer.
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Figure 4-12. UV-Vis absorbance spectrum of AMBiB in hexane (2.5 x102 mg ml?) with
sequential exposures to 365 nm and 254 nm light. Legend indicates total exposure time
for each wavelength.
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Figure 4-13. Absorbance (taken at different wavelengths) versus light or heat exposure
iteration. UV-Vis absorbance spectrum of AMBiB in hexane (2.5 x102 mg ml?) with
sequential exposures to 365 nm and 254 nm light. Legend indicates total exposure time
for each wavelength.
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4.1.1.5 NMR investigation of the dimerisation reaction

In order to corroborate previous UV-Vis spectroscopy results, 'H NMR was used to
monitor the dimerisation of AMBiB. Figure 4-14a shows the spectrum of monomer
(AMBIB) in d6-DMSO, which shows no impurities. AMBiB was exposed to 320-390
nm light for 20 minutes in a borosilicate NMR tube, which should not affect the
dimerisation but would block 254 nm light to promote the reversion to monomer.
New peaks were visible in the spectrum (highlighted in blue) after irradiation, which
correspond with chemical shifts expected for the dimerised product, plus some
unknown peaks. Peaks highlighted in orange show that some of the AMBiB did not
dimerise and the ratio of dimer to monomer is less than ~38%, which is lower than
expected. The same NMR tube was then placed in a 40 °C bath for 45 mins and no
further change was observed in the spectrum. This agrees with the previous UV-Vis
data, despite initial expectations that heating to 40 °C would revert the dimer back to

monomer.
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Figure 4-14. 'H NMR spectra of AMBIiB in d®-DMSO a) pure b) after 20 mins irradiation of
320-290 nm light c¢) after subsequent heating at 40 °C for 45 mins.

4.1.1.6
4.1.1.7  Polymer synthesis with AMBIiB initiator

As preliminary results from UV-Vis spectroscopy suggested that the dimerisation

reaction of AMBIB is reversible, polymers were then synthesised using the AMBiB
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initiator. This was done to produce a low molecular weight PtBA that can be

deprotected to PAA, Figure 4-15. A table of reactions is given in Table 4-1.

£ ﬁiﬁ box

Figure 4-15. Proposed synthesis to poly(acrylic acid) with AMBiB initiator.

Firstly, standard copper-RDRP conditions (copper wire (Cu(0)) and photo-mediated
copper (UV)) were used to polymerise tBA to later deprotect to poly(acrylic acid).
Cu(o) in DMSO resulted in a biphasic reaction mixture with low monomer conversion
(32%), which is expected from DMSO and tBA polymerisations. The bottom layer was
found to be unreacted monomer and the top, polymer-rich layer was used for NMR
and GPC analysis (entry 1). IPA also proved to be a poor solvent for this
polymerisation, Cu(0) reactions (both DP10 and DP20) did not polymerise (entry 3,
4). UV polymerisation in IPA gave higher conversion (21%) however, this is
insufficient for our purposes and the dispersity was poor (entry 4). It is likely that the
UV reaction promotes the dimerisation of the initiator during the polymerisation,
resulting in poor dispersity. UV initiated reactions were, therefore, no longer used as
they did not represent a viable polymerisation technique. Entry 3 was repeated at 40
°C and there was a minimal increase in conversion (entry 5). Due to the inadequate
results in entries 1 — 5, an attempt was made to polymerise methyl acrylate in DMSO
to check that the polymerisation was possible at all. Entry 6 showed, again, low
conversion after 22 hours however, switching the ligand from MesTREN to
N,N,N’,N”")N”’-Pentamethyldiethylenetriamine (PMDETA) gave a significant
increase in conversion (entry 7) but higher dispersity (the copper wire seemed to be
fully oxidised to Cu(II) during the reaction, likely affecting the reaction equilibrium).
Higher temperature and PMDETA as ligand were combined (entry 8) in a final
optimisation attempt. This gave a higher conversion than entry 5 or 7, however was
still inadequate. TFE was also tested as an alternative solvent using MesTREN and

PMDETA at room temperature but resulted in no observable reaction.
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Table 4-1. Polymerisation optimisation (Cu(II)-RDRP) conditions and GPC data for
AMBIB initiator.

Entry Polymer Conditions Conversion oFC

M, (Da) b
1 PtBA.o DMSO, Cu(o) 32% - 20hr 700 1.4
2 PtBA.o IPA, Cu(0) 3% - 20hr - -
3 PtBA,, IPA, Cu(0) 1% - 20hr - -
4 PtBA,, IPA, UV 21% - 20hr 1500 1.4
5 PtBA,; IPA, Cu(0), 40 °C 9% - 22hr - -
6 PMA,; DMSO, Cu(o) 6% - 22hr - -
7 PMA.; Dl\gg/%gr}lgo)’ 30% - 22hr 2600 4.41
8 PtBA; IPA’P(f\}fl()‘ETiO °C 13%-22hr - -

Toluene was used as an alternative solvent with better solubility for the anthracene
initiator, but increased temperatures are required to increase the rate of reaction,
reduce the induction period and quickly form the Cu(I)/Cu(II) equililbriums36-239
Polymerisation in aromatic hydrocarbon solvents using copper (I)-ATRP is often used
when polymerising methacrylates, and was used for these polymerisations, Table 4-2.
All entries’ conditions using Cu(I) and were polymerised at 90 °C in a Schlenk tube,
the initiator was dissolved in a minimal amount of hot solvent before adding to the
reaction mixture. Firstly, DP 25 poly(methyl methacrylate) was targeted using
toluene and a pyridine imine ligand (entry 1), N-propyl-1-pyridin-2-ylmethanimine
(N-propyl), Figure A4-7. 99% conversion and a dispersity = 1.87 was obtained (due to
some unreacted initiator included in the trace, Figure A4-8) suggesting that either
using an aromatic hydrocarbon solvent and/or higher reaction temperatures are
necessary for efficient polymerisation, however, lower dispersities are required for
efficient microphase separation. The solid content was decreased from 50% to 25%
(entry 2), showing minimal changes to conversion and dispersity, and 12.5% solids
gave lower conversions but lower dispersity (entry 3). These conditions were tested
with a DP100 targeted PMMA (entry 4, 5, 6), results were similar to the DP25 and
showed that multiple chain lengths could be targeted, and 25% solids is suitable for
all targeted DPs. EBiB was used as an initiator (entries 7, 8) to compare the effect of
using AMBIB (entries 5, 6). Results obtained were similar, however AMBiB-produced
polymers gave better conversion and dispersity due to improved solubility in toluene.
The optimised conditions from entry 5 were used to polymerise tBA, which resulted

in 13% conversion (entry 9). Increasing the solid content to 50% (entry 10) made a
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large difference by increasing conversion but also a large dispersity. The ligand was
changed to MesTREN, a better ligand for acrylates, however, this did not improve the
dispersity (entry 11). PMDETA as a ligand gave lower dispersity but also lower
conversion and did not react at all when the targeted DP was higher (entries 12 and
13). Finally, using anisole as solvent with different ligands and different weight% did
not produce adequate conversion and dispersity (entries 14-16).

Table 4-2. Polymerisation optimisation (Cu(I)-ATRP) conditions and GPC data for AMBiB
initiator.

Entry Polymer Conditions» Conversion OPCrur

M, (Da) D
1 PMMA.; Tolu;(r)l% ;\(I)—I%‘Spyl, 99% - 20hr 2200 1.87
2 PMMA4,, loluene, ;\(I)i?({é)pyl’ 25%  98% - 20hr 2900 1.78
3 PMMA.,; T‘)hllg%ﬁ%lg(; iﬁ%pyl’ 93% - 20hr 3700 1.38
4 PMMA 00 TOhfg%‘fy’olg(; iﬁ(;pyl, 81% - 20hr 10000 1.41
5 PMMA 0 Toluene, SI\(I)i%;)pyl, 25% 53% - 4hr 7500 (;.'1360) .
6b PMMA,,, loluene, é\(I)—l?é‘;)pyl, 33%  91% - 23hr 12700 1.27
7 PI\E/:IIIE\‘/}RZOO Toluene, g,iﬁé)pyl’ 25% 59% - 4hr 7400 1.36
8 Pl\%%/}g:oo Toluene, é\(I)—ﬁ)é‘;)pyl, 33% 7% - 20hr 6200 1.38
9 PtBA.; Toluene, g,iﬁé)pyl’ 25% 13% - 7hr _ _
10 PtBA.; Tolu5e(r)1(% g\(I)—l{ggpyl, 83% - 20hr 3200 3.05
11 PtBA.s Tolugg% ls\gfﬁ}sREN 82% - 20hr 3800 3.60
12 PtBA.; TO]“SE(% Eé\l/listETA’ 48% - 22hr 1900 2.42
13 PtBAioo Tolugg(% gé\/[thSETA, 3% - 20hr - -
14 PtBA,,  Anisole, Eg/{iggTA’ 50% 559 - oohr 2500 1.86
15 PtBA,,  Anisole, lglgaliggTA, 25% 579 - oohr 1900 2.66
16 PtBA,, Anisole, Is\gﬁégpyl, 25%  89% - 23hr 3400 1.60

a) Performed in a Schlenk tube at 9o °C with [Cu(I)]:[T]:[L] = 1:1:2. Solid weight % being

monomer volume percentage (v/v%). b) Most optimal conditions. ¢) Bracketed dispersity
value from GPC in CHCls.
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These reactions showed that methacrylates polymerise more efficiently than acrylates
using these conditions, therefore, butyl methacrylate and its isomers (Figure 4-16)
were polymerised (Table 4-3) with the optimised conditions from Table 4-2. As
bulkiness of the R group increases from n-butyl to t-butyl methacrylate, the reaction
becomes more inhibited which is evident from the decreasing conversion. However,
GPC of poly(n-butyl methacrylate) showed an M, = 14000 Da (very close to the
theoretical M, of 14600 Da) despite 56% conversion. All polymers had low dispersity,
however, t-butyl methacrylate failed to polymerise. This means that t-butyl
monomers are not polymerisable with AMBiB and alternative monomers that can be

deprotected must be used to obtain amphiphilic polymers.

Table 4-3. Polymerisation (Cu(I)-ATRP) conditions and GPC data for AMBiB-PBMA 0.

GPC
Entry Polymer Conditions Conversion
M, (Da) D
Toluene, N-propyl, o _
1 PnBMA, 00 25% solids 56% - 20hr 14000 1.20
5 PsBMA Toluene, N-propyl, 9% - 20h 3
100 25% SOlldS 44 (] 20nr 7 00 1.20
PiBMA Toluene, N-propyl, % - 20h
3 1 100 5% solids 27% - 20hr 6200 1.24
4 PBMAg, TOMENS IUPIODYL oo o - .
n-BMA s-BMA i-BMA -BMA

Figure 4-16. Structures of butyl methacrylate isomers. From left to right; n-butyl, sec-
butyl, iso-butyl, and tert-butyl methacrylate.
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4.1.2 Octadecyl bromoisobutyrate (Cis)

A further hydrophobic alkyl halide initiator was synthesised to have a non-
functionalised hydrocarbon tail, which allows comparison to the perfluorinated (F.s,
F.;, F21) and short hydrocarbon (EBiB, F,) initiators. Naturally, the longer the
hydrocarbon tail, the more hydrophobic the initiator, therefore octadecan-1-ol was
used as starting material in the synthesis of octadecyl bromoisobutyrate (C,s) (Figure
4-17). Product was obtained in 66.3% yield and characterised by 'H (Figure A4-10)
and 3C (Figure A4-11) NMR.

DCM

(0]
TEA
N/\ + Br ———— 3
OH Br 24hr o
8 RT 8

Figure 4-17. Synthesis of octadecyl bromoisobutyrate (Cs).

4.1.2.1 Polymer synthesis with C,g initiator

Polymerisation conditions were optimised for poly(tert-butyl acrylate) for the
purpose of deprotecting to poly(acrylic acid) (Table 4-4). Firstly, the general
procedure for copper(o) wire polymerisation were tested (entry 1, Figure A4-14),
which gave high conversion (94%) and acceptable dispersity (1.31). The theoretical
M, for C,s-PtBAssis 3600 Da, which was not reflected in the GPC and attempts were
made to further decrease dispersity. Reaction solvents IPA, TFE and DMSO were
interchanged with ligands MesTREN and PMDETA. As expected, DMSO is a poor
solvent for polymerisation of PtBA and the most optimal conditions were TFE with

MesTREN, giving 3200 Da and 1.28 dispersity.

The GPC traces for these in THF eluent showed tailing and low molecular weight
shoulders (Figure A4-12). Entries 1 and 3 in CHCl; eluent (entries 1b and 3b) showed
monomodal distributions with low dispersity (Figure A4-13) and no tailing or
shoulders, due to a different radius of gyration in each solvent. The only significant
difference was that polymerising in TFE produces a polymer with higher molecular

weight.
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Table 4-4. Polymerisation conditions for Cis-PtBA-5.

Entry Polymer Conditions? Conversiond orc
M, (Da) D

1 Cis-PtBA,; IPA, MesTREN 94% 2600 1.31

2b Cis-PtBA,; IPA, PMDETA 74% 3300 1.39
Cis-PtBA,; TFE, MesTREN 96% 3200 1.28

4 Cis-PtBA,; DMSO,MesTREN 95% 4100 4.30
1be Cis-PtBA,; IPA, MesTREN 94% 2600 1.16
3be Cis-PtBA.; TFE, MesTREN 96% 3400 1.11

[a] Polymerised using general procedure for copper(o) wire polymerisation, reaction time 3
hours. [b] Reaction time 5 hours. [c] Sample 1 and 3 run in CHCl; GPC eluent. [d] Calculated
from t*H NMR.

As the difference in dispersity is minimal between using TFE vs IPA, IPA was chosen
as a suitable solvent for the polymerisation of a batch of polymers. The slightly lower
molecular weight is beneficial as the aim is to synthesise low molecular weight
polymers as final materials. IPA is also considered a safer and ‘green’ solvent,240-242

particularly compared to TFE which is toxic and may cause organ damage.

Using the conditions outlined in Table 4-4 entry 1, a set of Cis-PtBA, polymers were
synthesised with different targeted DPs ranging from 5 to 26. Polymers exhibited
good agreement with theoretical values of molecular weight and low dispersity, ideal
for microphase separation (Table 4-5). These polymers were all deprotected to
poly(acrylic acid) by the general deprotection of PtBA procedure, using TFA and
DCM.

Table 4-5. Molecular characteristic of Cis-PAAn polymers.

Sample2 My, theory M, 5 NnMRP Con‘E(g/(I")s fon* 5, n, GpCP b

Cis-PtBA; 1080 1080 98 1000 1.10
Cis-PtBA;» 1700 1960 99 1600 1.12
Cis-PtBAss 2340 2470 97 2300 1.11
Cis-PtBA, 3980 2860 93 2800 1.12
Cis-PtBAss 3620 3750 94 3300 1.12

[a] Calculated from 'H NMR. [b] CHCl; GPC data against poly(methyl methacrylate)

standards.
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4.1.2.2 SAXS of C,;s-PAA, polymers

Cis-PAA, polymers were annealed in the same manner as F,;-PAAn, as described in
Chapter 1 (slow evaporation of a methanol polymer solution in a PTFE boat). Small-
angle X-ray scattering (SAXS) was measured on solvent annealed and thermal
annealed samples (Figure 4-18). Solvent annealed samples show a principal peak,
from which a domain spacing can be calculated but has no inherent meaning in
disordered morphologies. Thermally annealed samples showed both a principal peak
and higher order peaks whereby morphology was determined, Table 4-6. Domain
spacing increases with increasing polymer chain length and thermally annealed
samples show a change in morphology from LAM to HEX. Unlike the F,-PAA,, SAXS
results, the lower DP samples were less crystalline with higher DP, suggested by less
sharp and lower intensity of the higher order peaks. This may be because the initiator
tail chain length is much longer in C,s than in F,5 > F;; > F.,, and the volume fraction

of the hydrophobic group is > 0.5.

1 a —DPs5
—DP12
——DP16
——DP19
——DP26
DIS
5 5
< <
21 ¥
= DIS| =
DIS
1 DIS[
DIS
011 012 013 074 0?5 0.6 Ofl 012 013 014 0.5
q (AY a (A

Figure 4-18. SAXS profiles for Cis-PAA, polymers. a) solvent annealed from methanol. b)
thermally annealed at 120 °C for 24 hrs.
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Table 4-6. Assembly properties of annealing FCis-PAAn polymers.

Solvent anneal Thermal anneal
Sample
Morphology d (nm) Morphology d (nm)
C.s-PtBA; DIS 4.5 LAM 4.6
C18‘PtBA12 DIS 5.2 HEX 5.3
Cis-PtBAys DIS 5.8 HEX 5.6
C18‘PtBA19 DIS 6.1 HEX 5.9
Cis-PtBAss DIS 6.5 HEX 6.4

4.2 Hydrophilic monomers

Alternative hydrophilic monomers were considered for the synthesis of amphiphilic
block copolymers, stemming from the failed attempts to polymerise tert-butyl
acrylate and methacrylate using the AMBIB initiator (4.1.1.7). Examples of
hydrophilic monomers that can be polymerised in their protected form include
glycidyl (meth)acrylate,243 2-(pyridine-2-yl)ethyl (meth)acrylate,244 and 1-
ethoxyethyl (meth)acrylate.245

4.2.1 1-Ethoxyethyl methacrylate (EEMA)

1-Ethoxyethyl methacrylate (EEMA) was considered as an alternative route to
poly(methacrylic acid), as it can be polymerised in its protected form (similar to tBA)
then deprotected.24s EEMA is much less bulky than tert-butyl methacrylate, therefore,

a suitable monomer for AMBIiB to polymerise.

4.2.1.1  Monomer synthesis

EEMA was synthesised according to literature (Figure 4-19)245, for the polymerisation
with AMBIiB initiator which was previously shown to have better synergy with
methacrylates rather than acrylates. The synthesis required optimisation of the molar
equivalents, as an unreacted methacrylic acid was difficult to remove from the
product, particularly because the boiling point of methacrylic acid is 163 °C,24¢ and
EEMA is predicted at 162 °C.247 Vacuum distillation and alumina filtration steps were
taken during purification attempts, which were monitored using gas chromatography
(Figure A4-16). It was found that washing the product with hexane and filtering
through basic alumina removed any unreacted methacrylic acid,244 however, the most

optimal solution was to increase the molar equivalents of ethyl vinyl ether 2 to 1
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during the reaction synthesis. Excess vinyl ether was removed by rotary evaporation

and yielded a pure product without the need for distillation (Figure 4-20).

K H3PO4

N2,0 C

A
>

Figure 4-19. Synthesis of monomer 1-Ethoxyethyl methacrylate (EEMA).
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Figure 4-20. 'H NMR Spectrum (400 MHz, CDCI3) of 1-Ethoxyethyl methacrylate (EEMA)



4.2.1.2 Polymerisation of EEMA

[¢] (o]
Br Cu(I)Cl1 Br
(¢] + n Cu(IDCl, () h
PMDETA
.
o ° anisole o o

50 °C, 2hr

)0 50% solids )0

Figure 4-21. Optimum polymerisation conditions for EEMA with AMBiB initiator.

Optimisation of conditions for the polymerisation of EEMA are presented in Table
4-7. Firstly, the general copper(o) wire polymerisation was tested with EBiB as the
initiator, this was to determine any adverse effects from polymerising this monomer.
The dispersity was found to be higher than expected (at 1.6), however, this was
suspected to be the result of an excessive reaction time, or being less effective overall
when polymerising methacrylates with EBiB (compared to acrylates).35 As such,
methyl a-bromophenylacetate (MBPA) was tested using the same conditions and
showed good conversion but high dispersity. AMBiB was then used with a
combination of the previously optimised conditions for the initiator (entry 3) and
those from literature,245 (i.e. Cu(I)Br and 50 °C) as the temperature must remain low
to prevent thermal deprotection. The polymerisation was successful, however low
molecular weight tailing is evident and initiator efficacy may be the underlying cause

in these conditions. GPC traces for entries 1, 2 and 3, are presented in Figure A4-17.

Entries 4 and 5 show the same polymerisation conditions carried out by Van Camp et
al.245, which showed that the addition of 20 mol % Cu(II)Cl. (with respect to Cu(I)Cl
concentration) gave much better control of the polymer growth and reaction times of
1 hour. Polymerisations with EBiB and AMBIiB initiators and targeted DP 50 were
tested, they showed 50/73% conversion after 2 hours, and the AMBiB polymer
showed better dispersity than when EBiB was used. As a result of these promising
results, polymers with lower DPs = 20 and 40 were targeted (entries 6 and 7), showing

narrow, monomodal distributions (Figure 4-22).
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Table 4-7. Optimisation conditions for the polymerisation of EEMA monomer.

Entry Polymer Conditionse Conversion
M, (Da) bb
1 EBIB - Cu(0), MecTREN, RT, 51% - g3hr %500- shr 1.6 — 3hr
PEEMA;, DMSO 99% - 72hr 8800 — 72hr 1.6 — 72hr
) Pll\EZ/IEl?l\I/)II}&; ) Cu(o), %%%TS%EN, RT, 7% - 2ohr 7900 2.5
o Cu(I)Br, PMDETA,
B fimMA, S0 ClUesst o seesoh oo s
1
) Cu(I)Cl/Cu(I1)Cl.,
4 EBIB 50 °C, aniso{e, : 50% - 2hr 6100 1.50
PEEMAso  pMDETA, 50% solids
) Cu(DCl/Cu(I1)Cl,,
5 AMBIB 50 OC, aniso{e, 73% - 2hI‘ 10200 1.22
PEEMAso  pMDETA, 50% solids
) Cu(DCl/Cu(I1)Cl,,
6 AMBIB 50 OC, aniso{e, 75% - 2h1' 3700 1.28
PEEMAzo  pMDETA, 50% solids
) Cu(DCl/Cu(I1)Cl,,
7 AMBIB 50 °C, aniso%e, 75% - 2.5hr 7000 1.26
PEEMAs  pMDETA, 50% solids
B Cu(DCl/Cu(I1)Cl,,
8 EBIB 50 °C, aniso%e, 72% — 2hr 1200 1.80
PEEMAs  pMDETA, 50% solids
B Cu(DCl/Cu(I1)Cl,,
9 PEE{\? Ao 50 °C aniso%e 78% - 2hr 2500 1.48

PMDETA, 50% solids

a) CHCl; GPC data against poly(methyl methacrylate) standards. b) Dispersity. ¢) 20 mol %

Cu(IDCl. wrt Cu(I)CI.
N MR | N 2l
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Figure 4-22. GPC traces in CHCl; eluent of AMBIB-initiated poly(1-Ethoxyethyl
methacrylate) (PEEMA) at different targeted molecular weights. (Entries 5, 6, 7 in Table

4-7).
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EBiB was then used for preliminary polymerisations at very low targeted DPs = 5 and
10, to prevent unnecessary waste of AMBIB if the polymerisation failed. A polymer
with lower DP will have a larger Flory interaction parameter and is expected to show
strong microphase separation. Entries 8 and 9 show that good conversion was
achieved, however, dispersity increases dramatically at very low DP (Figure 4-23).
While EBiB polymerisations have proven harder to control than AMBIiB, these results
give insight on the polymerisation kinetics at low DP under these conditions. Also,
the full GPC traces show unreacted monomer and/or initiator (Figure A4-18) peaks
which, for DP5, remained present after purification steps (which is difficult when the
polymer length is short as precipitation cannot be used). If initiator efficacy is
inhibited at the early stages of polymerisation, the achieved DP is higher than the
targeted DP. Ideally, a high degree of growth control and high conversion at low DP

is required to remove the necessity of later purification and allow a simple route to

amphiphilic polymers.
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Figure 4-23. GPC traces in CHCl; eluent of EBIB-initiated poly(1-Ethoxyethyl
methacrylate) (PEEMA) at different targeted molecular weights. (Entries 4, 8, 9 in Table

4-7).

4.2.1.3 Deprotection of PEEMA

Three different methods were used to test the deprotection of EEMA to methacrylic
acid (Figure 4-24), these include heating, alkaline hydrolysis, and acid hydrolysis.
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a) heat
b) alkaline hyd.
¢) acid hyd.

AT
p

Figure 4-24. Different methods of deprotection of EEMA. a) 160 °C, 30 min. b) NaOD (40%
in D.0). ¢) DCM/TFA.

(o)

HO o}

Firstly, heating the sample to 160 °C shows a 40% weight loss after 30 minutes, which
corresponds to the loss of the ethyl vinyl ether R group.245 This method was tested on
AMBIiB-PEEMA,, and monitored by 'H NMR, Figure 4-25. Both red and green
labelled peaks correspond with EEMA monomer, but integrals do not imply these
groups of peaks are of the same molecule. The vinyl peaks could be due to methacrylic
acid (probably unreacted EEMA), and the peak at ~9.8 ppm is due to the carboxylic
acid, which is either from methacrylic acid or poly(methacrylic acid). However, there
are no broad polymer peaks, meaning the polymer seems to be either fully degraded

into small molecules or was insoluble in the NMR solvent.

Mormalized Itensty
e

|
nsn: /

033 0.58 049 100 5.81 111187 1.40 358881

[ o o o] [ Uy U
T T T T B B L AR
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Figure 4-25. 'H NMR spectrum (400 MHz, CDCI3) of AMBiB-PEEMA., after heating at 160
°C.

162



Secondly, alkaline conditions were tested for the deprotection.244 EEMA monomer
was reacted with 40% NaOD in D.O and stirred for 2 hours, the resulting *H NMR
spectrum shows that EEMA was no longer present, Figure 4-26. The three singlet
peaks at 5.60, 5.25 and 1.80 ppm correspond to methacrylate peaks (vinyl and CHs).
The remaining peaks at 3.57 (q) ppm and 1.11 (t) ppm, are typical of an ethyl group.
This suggests that the product(s) formed is(are) either ethyl methacrylate or
methacrylic acid and ethanol, the singlet peak at 8.40 ppm is likely due to a carboxylic
acid and suggests the latter. Volatiles were removed from the sample and the ethyl
peaks disappeared, confirming that ethanol and methacrylic acid were produced.
Using these alkaline conditions, AMBiB-PEEMA;, was subject to hydrolysis, however,

the sample concentration was too poor to detect polymer peaks.
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Figure 4-26. '"H NMR spectrum (400 MHz, in D»-0) of EEMA after alkaline hydrolysis with
NaOD (40% in D-0), and after solvent was removed.

EEMA was also subjected to the acidic conditions used for deprotecting tBA -
dissolved in DCM and reacted with TFA for 2 hours. *H NMR spectra in de-DMSO
were taken after the reaction and after solvent was removed, Figure 4-27. Like the
alkaline hydrolysis case, peaks are present for methacrylic and multiple ethyl groups,
the peak at ~12 ppm shows TFA. After solvent was removed, the TFA peak disappears,
and some ethyl peaks disappear. This suggests that TFA promotes the esterification
of ethanol and methacrylic acid and ethyl methacrylate forms, or that TFA reacts with
the ethanol (forming ethyl trifluoroacetate) and is not removed. Regardless, this

explains the smaller intensity ethyl peaks at 4.40 (q) and 1.28 ppm (t). Some
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methacrylic acid is present in both spectra at 9.64 ppm and shows that hydrolysis

occurs but leads to more side products than when alkaline hydrolysis is used.
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Figure 4-27. 'H NMR spectrum (400 MHz) in d®>-DMSO of EEMA after acid hydrolysis with
TFA, and after solvent was removed.

4.2.2 Solketal methacrylate (SkMA)

Solketal methacrylate (DL-1,2-Isopropylideneglycerol methacrylate, SkMA) is a
protected hydrophilic monomer, which can be deprotected to the more hydrophilic
glyceryl monomethacrylate (GMMA). The solketal starting material is made from
glycerol (a cheap by-product from biodiesel production) by reaction between glycerol
and acetone.24% While the possible products include one with a 6-membered and one
with a 5-membered ring, the 6-membered species is much less stable as the chair

conformation has one of the methyl groups in the axial position.249

The deprotection of SKMA required less harsh conditions than needed to deprotect
tert-butyl protecting groups (Figure 4-28, Figure A4-19), as 6M HCI/THF will
selectively deprotect SKMA when in the presence of tBA.25¢ Otherwise, the TFA/DCM
conditions for tBA deprotection will also deprotect solketal groups. Two hydroxy
groups may be less hydrophilic than one carboxylic acid group, which affects the
interaction parameter, y. Despite this, a primary R group in the monomer allows more

control during polymerisation and lead to easier synthesis at lower molecular weights.
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Figure 4-28. Deprotection of solketal methacrylate (SKkMA) to glyceryl monomethacrylate
(GMMA).

OH

Using the optimised conditions for polymerising AMBiB developed in 4.1.1.7
(Cu(I)Br, 90 °C, toluene, N-propyl, 25% solids), four AMBiB-PSKMA polymers were
synthesised with targeted DPs of 10, 25, 50 and 100 (Table 4-8). Compared to the
polymerisation with EEMA, there is no issue with reaction temperatures at 9o °C as
the deprotection required acid catalysis. All polymers exhibited high conversion, and
high molecular weight polymers showed low dispersity. As the targeted molecular

weight was lowered, the dispersity becomes higher with a very large increase at DP <

25.

Table 4-8. Molecular characteristics of AMBiB-initiated poly(solketal methacrylate)
polymers.

Entry Tag et Conversion (%) Tal(';ig)(g)Mn — GPCcuais
»(Da) b
1 100 94 20400 14100 1.30
2 50 94 10400 6600 1.32
25 96 5400 3700 1.39
4 10 98 2400 1500 1.84

The GPC traces are essentially monomodal and show no tailing other than for DP10
(Figure 4-29), which shows unwanted low molecular weight species. As conversion
was high, it’s likely that this is due to unreacted initiator. This is corroborated by the
360 nm UV trace from GPC (Figure A4-20) which shows an increasing low molecular

weight shoulder as polymer length decreases. These GPC traces are from non-purified
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polymerisation solution; it is likely that if these were purified, the traces would show
more monomodal distributions with reduced dispersity. These samples were not
purified due to the issues associated with purifying low molecular weight polymers,

as mentioned earlier in this chapter.
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Figure 4-29. GPC traces in CHCI; eluent of AMBiB-initiated poly(solketal methacrylate)
(PSKMA) at different DPs.
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4.3 3-[Tris(trimethylsiloxy)silylJpropyl as a hydrophobic group

4.3.1 N-[3-[tris(trimethylsiloxy)silyl]propyl] 2-bromoisobutyramide
(NtrisBiB)

An alternative to perfluorinated chemicals, siloxanes are highly hydrophobic and
have been used in superhydrophobic coatings and materials.'29-25 For this reason, a
hydrophobic siloxane initiator was synthesised using an amine starting material; 3-
[tris(trimethylsiloxy)silyl]propyl amine, chosen due to product availability (Figure
A4-21), and produces a 2-bromoisobutyramide initiator. Isobutyramide initiators are
more stable towards degradation in aqueous media,?5> where the isobutyrate ester
equivalents are prone to decomposition.253 The synthesis of the initiator ~N-[3-
[tris(trimethylsiloxy)silyl]propyl] 2-bromoisobutyramide (NtrisBiB) was
straightforward (Figure 4-30), but required additional column chromatography to
purify the product. The full proton NMR spectrum (Figure 4-31, Figure A4-22 with
integration values) shows a small peak at ~1.65 ppm which is from the amine starting
material, which is not obvious in the 3C NMR spectrum (Figure A4-23). Interestingly,
NtrisBiB is a molecule that shows the rare occurrence of non-first order proton
coupling. This is clearest when observing environment b in Figure 4-31, which does
not show typical splitting, this effect is also evidence in environment ¢ and possibly d,
albeit less prominent. Non-first order coupling occurs when two protons are
chemically equivalent but magnetically inequivalent when coupled to the same
coupling partner. This phenomenon only occurs when the molecule has certain
symmetry operators, otherwise the two protons would have separate environments
and a different chemical shift. A simulation of the expected 'H NMR spectrum for
NtrisBiB agreed with this observation (5.3.4).

o
\sli/ o \sli/ .
Br
\l I NN NSNS Br
/SI\O/Sll NH, m /S|\0/8|| H
\Si/o RT, 36 hr \Si/o

Figure 4-30. Synthesis of 3-[Tris(trimethylsiloxy)silyllpropyl 2-bromoisobutyramide
(NtrisBiB).
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Figure 4-31. 'THNMR spectrum (500 MHz, CDCl;) of 3-[tris(trimethylsiloxy)silyl]propyl 2-
bromoisobutyramide (NtrisBiB).

4.3.1.1 Polymer synthesis with NtrisBiB initiator

A series of polymerisations were performed to synthesise PtBA, Table 4-9. Firstly,
PMA with a target DP50 was polymerised using a Cu(0)-wire polymerisation in
DMSO, which worked well in terms of conversion and GPC performance. This was
repeated using IPA, which gave lower conversion but still produced a low dispersity
polymer. IPA was then used to polymerise tBA but produced no reaction when using
Cu(o)-wire or Cu(II) UV polymerisations. In the cases that used IPA as solvent, the
initiator precipitates and indicates poor solubility and skews the quantitative data
from the NMR spectra. The solvent was changed to DMF and Cu(0)-wire for PtBAs,,
which gave high conversion and better dispersity but still higher molecular weight
than was targeted. As these conditions were the best available, they were used to
target DP25 and DP10. DP25 gave a higher molecular weight than DP50 suggesting
that either the concentration of initiator added was incorrect (human error) or there
is an issue with the polymerisation. The latter is corroborated by the result from DP10,
which shows a very broad GPC trace (Figure 4-32). As the siloxane group is large, it
is possible that the initiator molecules struggle to approach the copper catalyst and
proceed with the polymerisation, which may also be influenced by the high
hydrophobicity. The result is a very large energy barrier to initiation, which is more
significant when targeting low DP polymers. The insolubility of the initiator is only

evident at the end of the reaction, therefore it’s possible that when NtrisBiB interacts
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with the copper it dimerises or promotes the loss of the R group from the amide
and/or leads to crosslinking. The GPC traces for DP10 and DP25 show a peak at
~1200 Da, suggesting dimerised/aggregated initiator. This also explains the similar
molecular weight obtained for DP50 and DP25, both of which were not close to the
theoretical molecular weight. Irrespective of the initial concentration of initiator
added to the reaction, the solubility per ml of DMF is the same and a similar
concentration of initiator leads to polymerisation and would produce polymers of a

similar M.

Table 4-9. Molecular characteristics of NtrisBiB-initiated polymers.

Entry PTo:il;';gtf;r Conditions® Conversion Tal&)e;)M“ Mn((}ll;':)l)MF )
1 PMA;, DMSO 99% — 21.5hr 4800 14100 1.22
2b PMA;, IPA 59% - 19.5hr 4800 9600 1.25
3b PtBAso IPA 0% - 16.5hr 3100 - -
4b PtBAso IPA, UVe 0% - 16.5hr 3100 - -
5 PtBA;, DMF 98% - 16.5hr 6900 12100 1.27
6 PtBA,; DMF 99% - 16hr 3700 13500 1.17
7 PtBAo DMF ~90% - 16hr* 1800 3000 1.56

a) All samples polymerised using Cu(0)-wire polymerisation with MesTREN and NtrisBiB
initator, excluding entry 4. b) Initiator sedimented in IPA. c¢) General photo-mediated Cu(II)

polymerisation. *issue with NMR measurement.
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Figure 4-32. GPC traces in DMF eluent of NtrisBiB-initiated polymers (specified in

legend).

4.3.2 3-[Tris(trimethylsiloxy)silyl]propyl methacrylate (TRIS)

I\
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Figure 4-33. '"H NMR spectrum (400 MHz, CDCl;) of 3-[tris(trimethylsiloxy)silyl]propyl

methacrylate (TRIS).

Following on from the attempt to use the siloxane moiety incorporated in an initiator,

synthesis of a short block copolymer in which the hydrophobic block contained the

siloxane moiety was attempted. In order to do this, the readily available 3-
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[tris(trimethylsiloxy)silyl]Jpropyl methacrylate (TRIS) monomer was used (Figure
4-33). The proposed route to an amphiphilic block copolymer was to synthesise a
short chain PTRIS and chain extend this with tBA (Figure 4-34), which can be
deprotected to give PTRIS-b-PAA. As the hydrophobic siloxane group is one of the
blocks, less consideration is given to the choice of initiator. Overall, a hydrophilic

initiator should be avoided when the hydrophobic block is polymerised first.

m n . m n
Deprotection
—>
o 040\ [o] (o] OHO [e]

\Si/O\Si \Si/o\Si
/| o/l /l °/|
Sli O\Si/ S|i O\Si/
~ | N

/\|\

Figure 4-34. Proposed synthesis of an amphiphilic block copolymer using TRIS monomer
(PTRIS-b-PAA).

Firstly, optimisation of the first block was necessary, as chain extension requires the
first block to have very high conversion (>95%) and a low dispersity so that all
polymers are comparable in composition. DP10 was targeted using TFE and IPA as
solvents and testing both the Cu(0)-wire and Cu(II) UV polymerisations (Table 4-10,
Figure 4-35). Samples were taken after 3 hours and 22 hours, showing high
conversion after 22 hours except for TFE/Cu(0). Despite the lower conversion after 3
hours, the dispersity was good for all conditions after 3 hours and higher after 22
hours, implying that a more suitable reaction time was approximates 9-12 hours. The
UV polymerisation showed higher conversion than the Cu(o) reaction in the same
solvent, and IPA gave a lower dispersity than TFE for the UV polymerisations. The

IPA/UV polymerisation was chosen for further optimisation.
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Table 4-10. Polymerisation conditions and molecular weight details for PTRIS 0.

GPCcuci
Target ses : Target M, 3
Entry Conditions Conversion
Polymer (§)a) M,(Da) D
1 PTRIS;o TFE’U%J(H) 96% — 22hr 4400 11100 1.53
> PTRIS TFE, Cu(0) 209% - 3hr 00 3900 112
10 ) 25% - 24hr 44 4000 117
IPA, Cu(II) 50% - 3hr 5400 1.20
3 PTRIS,o UV 99% - 22hr 4400 7800 137
43% - 3hr 5600 1.19
4 PTRIS,, IPA, Cu(0) 8% - o3hr 4400 2700 1.41
a) all polymers synthesised using EBiB/MesTREN.
1l L L PR TR |
1.0 —— TFE/ UV 22hr
- - “TFE/Cu(0) 3hr |
S 08+ —— TFE / Cu(0) 24hr |-
g
) IPA/ UV 3hr
% 0.6 ——IPA/UV 22hr |
k5 IPA Cu(0) 3hr
= —— IPA Cu(0) 23hr
£ 0.4 -
S
pd
0.2 -
0.0 — s
1000 10000 100000
Molecular Weight (g/mol)

Figure 4-35. GPC traces at 3 hrs and ~22hrs of PTRIS:0 synthesised using different
polymerisation conditions from Table 4-10.

PTRIS,, was synthesised with varying concentrations of Cu(II) Br. and MesTREN with
the suggestion of altering the optimum reaction time. Polymerisations with [Cu(II)] :
[MesTREN] molar ratios = [0.02]:[0.12], [0.04]:[0.12] and [0.04]:[0.24] were tested
and showed minimal differences. In all cases, conversions and molecular weight data
were similar and changing these quantities was, therefore, not worthwhile (Table
4-11. Polymerisation conditions and molecular weight details for PTRIS,, cont.Table
4-11). The GPC traces showed a high molecular weight shoulder, which was consistent
in all IPA/UV polymerisations and did not change intensity with Cu(II)/MesTREN
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concentration, Figure 4-36. This implies an issue with the monomer/initiator or

polymer-polymer termination occurs due to long reaction times.

Table 4-11. Polymerisation conditions and molecular weight details for PTRIS;o cont.

GPCcua
Entry PTzllrget Conditions? Conversion Tar%et Mo 2
olymer (Da) M,(Da) D
0.02 eq.Cu(II) 50% - 3hr 5400 1.20
1 PIRIS.c 5 15'eq. MesTREN  90% - 22hr 4400 7800  1.37
0.04 eq.Cu(II) 44% - shr 4900 1.17
2 PTRIS. (15 eq. i\J/Ie(,TREN 99% - 22hr 4400 8100  1.49
0.04 eq.Cu(II) 45% - 3hr 4900 1.18
3 PIRIS.c .54 eq. MesTREN 9% - 22hr 4400 7000  1.34

a) all polymers synthesised using EBiB/IPA and photo-induced polymerisation but with

different equivalents of Cu(II) and MesTREN ligand with respect to initiator.

Normalised dW/dlogM

| |
1.0 1 , eq. [Cu(ll)] : [MegTREN] [
1
1 - — [0.02]:[0.12] 3hr
0.8 I ——1[0.02] : [0.12] 22hr
[0.04] : [0.12] 3hr
——1[0.04] : [0.12] 22hr |
0.6 [0.04] : [0.24] 3hr
——[0.04] : [0.24] 22hr |
0.4 - |
0.2 1 L
4
0.0 - T —T
1000 10000 100000

Molecular Weight (g/mol)

Figure 4-36. GPC traces at 3 hrs and 22hrs of PTRIS,o synthesised using different molar
ratios of Cu(II)Br-. : MecTREN in a photo-induced IPA/EBiB system - Table 4-11.

The “universal conditions” for controlled Cu(0)-RDRP polymerisations were then

referred to.43 Here, MBPA was used as an initiator for the polymerisation of

methacrylates, with PMDETA as the ligand. These conditions were used to polymerise

PTRIS,, (Table 4-12), where the molar ratio of ligand was changed in the UV

polymerisation, and temperature was increased in the Cu(0)-wire system. The
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difference in reaction time was only noticeable from the 3hr sample, of which the
PMDETA reactions were slower as they only reach ~10% conversion after ghrs, but
all were >98% after 22hrs. When MBPA and PMDETA were used instead of EBiB and
MesTREN, the Cu(0)-wire polymerisation was successful, although increasing the
reaction temperature to 40 °C did not improve the reaction. The final molecular
weight of these samples agreed with the theoretical mass. Dispersity was too high for
use in microphase separation due to the persistent high molecular weight shoulder in

the GPC traces (Figure 4-37).

Table 4-12. Polymerisation conditions and molecular weight details for PTRIS:o cont.

GPCcua
Target ae o . Target M, 3
Entry Polymer Conditions Conversion (%)a M.(ba) D

UV, Cu(II) (0.02 11% - 3hr

1 PIRIS. o003, L E0.12 eq.) 98% - S2hr 4400 4400 145
UV, Cu(II) (0.02 9% - 3hr

2 PTRISo eq.}, L (0.24 6q.) 990/2 _ 5ohr 4400 4700 1.39

o _

3 PTRIS,o Cu(o), CFO(I;% %%()’5 918,/?_ 32}1}; 4400 5300 143
Cu(o) Cu(II) (o. 05 2% - 3hr

4 PTRIS,o eq.), L (o. % eq.), 98% - 22hr 4400 4800 1.44

a) all polymers synthesised in IPA using PMDETA as the ligand. Reacted at room temperature

unless stated otherwise and GPC data used from 22 hr sample.

1.0 eq. [Cu(ll)] : [PMDETA] B
—— UV, [0.02]:[0.12]
0.8 —— UV, [0.02]:0.24] i

—— Cu(0), [0.05]:[0.36]
—— Cu(0) [0.05]:[0.36], 40°C|

0.6

0.4

Normalised dW/dlogM

0.2

0.0 —— —
1000 10000 100000

Molecular Weight (g/mol)

Figure 4-37. GPC traces at 22hrs of PTRIS:o synthesised using different molar ratios of
Cu(II)Br: : PMDETA with universal conditions - Table 4-12.
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Figure 4-35 and Figure 4-36 show that the high molecular weight shoulder becomes
apparent after 3hrs of reaction time. Therefore, the decision was made to synthesise
the PtBA block (which later becomes the hydrophilic block) first, then chain extend
this with a block of PTRIS and purposefully end the reaction after 3hrs, before the
shoulder forms, Figure 4-38.

n m /M

o O O o Deprotection HO O O o
—>

\si/°\s.J) O

7~

i \SI Si
45d “1 ¢
L~ L~
| N

PARN T\ /

Figure 4-38. Proposed synthesis of an amphiphilic block copolymer using TRIS monomer
(PAA-b-PTRIS).

The polymerisation of tBA with EBiB is straightforward and has previously been
demonstrated in Chapter 1. As such the polymerisation of the first PtBA block was
simple and successful, it was polymerised using the general photoinduced Cu(II)-
RDRP system in IPA, Table 4-13. This was then chain extended with a DP 10 block of
PTRIS and samples were taken at 3, 5 and 24 hours to monitor the reaction. GPC
traces in CHCl; showed that the polymer does chain extend (Figure 4-39a) and 'H
NMR showed 98% conversion after 24hrs. The full GPC trace also shows that a large
proportion of the PtBA,, does not chain extend (Figure 4-39b). This explains the high

M, as the concentration of initiating species is effectively lower.
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Table 4-13. Polymerisation conditions and molecular weight details for PtBA-b-TRIS.

GPCcuciz?
Target Data . Target M, 3
Entry Polymer2 concerns Conversion (§)a " M, (Da) )
1 PtBA,o Block 1 >99% - 19hr 1500 1200 1.16
Pg%ﬁios'fz' Block 2 41% - shr 5700 12200 1.18
3 Pg%ﬁi‘gz' Block 2 77% - 5hr 5700 15300 1.37
4 Pfg'%ﬁios_f)- Block 2 98% - 24hr 5700 17300 1.60

a) all polymers synthesised by photo-induced Cu(II)-RDRP in IPA/MesTREN with EBiB

initiator at RT. b) Data shown for the chain extended peak and disregards the non-extended

polymer peak.
1 1 1 1 1 1
1.01 a —— Block 1 19hr [ 104 —— Block 1 19hr |
—— Block 2 3hr —— Block 2 3hr
—— Block 2 5hr — Block 2 5hr
= 084 —— Block 2 24hr 0.8 —— Block 2 24hr
S
oS
s b
5 0.6 - 0.6 4 o
©
2
=
£ 0.4 - 0.4+ L
2
0.2 - 0.2+ o
0.0 0.0

T T T T T T
100 1000 10000 100000 1000000 100 1000 10000 100000 1000000
Molecular Weight (g/mol) Molecular Weight (g/mol)

Figure 4-39. GPC traces in CHCI; eluent of PtBA;o-b-PTRIS:0. a) Traces show chain
extended polymer only. b) Traces include non-extended PtBA,o.

GPC measurements of the 24hr sample were taken in THF and CHCl; eluents, and
the ratio of peak heights changes dramatically. This suggests that the two peaks
correspond to different chemical species and purification by dialysis was used to
remove the non-extended PtBA,, block. Dialysis was performed in MeOH using a
3000 Da MWCO membrane, Figure 4-40. This had almost no effect on the GPC traces
and therefore did not contribute to the purification. As dialysis tubing is designed to
work most effectively in water, it was expected that extra dialysis steps would be
needed but would show some decrease in the relative concentration of the PtBA block.
The purpose of this step was to show that there was potential to separate the two
species (rather than fully purify the product), however, this result cast doubt upon
that.
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Figure 4-40. GPC traces in THF and CHCI; eluent of PtBA,o-b-pTRIS:o after 24 hours
reaction time.

4.3.2.1 Deprotection of PtBA,,-b-PTRIS,,

The polymer was deprotected to investigate whether the higher molecular weight
peak (Figure 4-40) is a homopolymer of PTRIS or the desired block copolymer. If it
is a homopolymer, it should not change molecular weight after exposure to
deprotection conditions. If, however, it is a result of chain extension it will decrease

in molecular weight with the loss of the tert-butyl groups.

TRIS monomer was first exposed to the deprotection conditions for tert-butyl groups.
TRIS was dissolved in DCM/TFA and left for a total of 71 hrs and samples were taken
periodically for *H NMR, Figure 4-41. The CH. groups next to the Si and O are of
interest as these are groups that are vulnerable to possible attack of TFA, therefore
expansions of these peaks are given in Figure 4-41. Up to 3 hours reaction time there
is minimal change in the spectra, however after 5 hours there was more noticeable
broadening of peaks and by 71 hrs, these were very broad and possibly polymeric.
These observations suggest that a reaction does occur with TFA, and it has been
reported in the literature that attack at the ester is possible with trimethylsilyl ethyl
groups and results in the formation of a carboxylic acid.25¢ TFA has also been shown
to react with silane groups,255 either of these pathways would allow crosslinking

routes and explain the formation of polymeric species.
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Figure 4-41. '"H NMR (400 MHz, CDCl;) spectra of TRIS monomer over time when exposed
to TFA/DCM (deprotection conditions for tBA). Top image shows full spectrum. Bottom
images show expansions of the peaks caused by the labelled proton environments.

What was of more concern is that when comparing the spectra of unreacted TRIS to
the 5-minute exposure spectrum, most of the changes occur within the first 5 minutes
of the reaction (Figure 4-42). The relative integrals of the peaks completely change
and new peaks form in the 0.9-0.2 ppm region. It is unclear which side products are
being formed but any reaction here is unwanted. Ultimately, these findings reveal that
TRIS cannot used as a hydrophobic moiety in an amphiphilic block copolymer, or that
it cannot be used with ¢tBA as the second block, because any deprotection conditions

used to deprotect tBA will also influence TRIS.
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Figure 4-42. 'H NMR spectra in CDCl; of TRIS monomer before exposure and after
exposure to TFA/DCM for 5 mins. Numbers indicate the relative integral values when
referenced to one of the vinyl peaks.

Finally this side reaction was also confirmed using GPC, in which TRIS at time=0 and
TRIS a time = 5 minutes of reaction time with TFA, Figure 4-43, were compared.
There was a clear increase in molecular weight after the reaction with TFA, suggesting
some degree of crosslinking or dimerisation. There was also a small high molecular
weight shoulder in the TRIS monomer trace, which may be dimer or an impurity from
the chemical synthesis. If this impurity includes a hydroxysilyl group (which is likely

due to common reaction syntheses), it would be a source of many unwanted reactions.
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Figure 4-43. GPC traces in THF eluent of TRIS monomer and TRIS after 5 min reaction
with TFA.
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4.4 Conclusions

Different hydrophobic initiators and hydrophilic monomers were investigated for the
purpose of microphase separation, following the notion of using discrete hydrophobic
“pseudo” block in the synthesis of low molecular weight polymers with a high »

parameter.

Anthracene was chosen as a suitable hydrophobic group which also exhibits photo-
reversible dimerisation, allowing the possibility of photo-induced microphase
separation or morphology modification. This was monitored by UV-Vis spectroscopy
and was found to dimerise and revert to monomer successfully and repeatably. A
hydrocarbon initiator (18 carbons) was synthesised, used to polymerise poly(acrylic
acid) and directly compared to poly(acrylic acid) synthesised with a fluorocarbon
initiator. SAXS results showed that the HEX phase was more crystalline than with the
fluoro-initiators, but domain sizes were similar, and both showed a trend from LAM

to HEX morphology with increasing chain length.

Hydrophilic monomers EEMA and SKMA were synthesised for the polymerisation
with AMBIiB, which requires a methacrylate with low steric hinderance. Both
polymerised well and deprotections were straightforward. Higher dispersities were
obtained for low DP polymers however, this was attributed to non-purified samples

that contain either unreacted monomer or initiator.

Siloxane was also investigated as a hydrophobic group in an initiator (NtrisBiB) and
monomer (TRIS). Overall, the high hydrophobicity led to poor solvability in most
solvents, for both the initiator and the monomer. NtrisBiB was unable to target low
molecular weight polymers and the polymerisation of TRIS showed a high molecular
weight shoulder after 3 hours. This was overcome by polymerising the hydrophilic
block first and end the reaction of the second block (PTRIS) at 3 hours, however, the
efficacy of chain extension was poor and purification of the homopolymer from block

copolymer was unsuccessful.
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4.5 Appendix

Normaiized Intensity

0.45 3

c e

f
b I
| ‘

OH
d

Chemical Shift (ppm)

Figure A4-1. 'H NMR (500 MHz, CDCl;) spectrum of 9-Anthracene methanol.
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Figure Ag4-2. 'H NMR (500 MHz,
bromoisobutyrate (AMBiB).
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CDCl;) spectrum of 9-Anthracene methanol
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Figure A4-3. COSY NMR (500 MHz, CDCl;) spectrum of 9-Anthracene methanol
bromoisobutyrate (AMBiB). Inset shows expansion of chemical shift values 8.6 to 7.4

ppm.
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Figure Ag4-4. HSQC NMR (500 MHz, CDCl3) spectrum of 9-Anthracene methanol
bromoisobutyrate (AMBiB). Inset shows expansion of chemical shift values 8.7 to 7.3 ppm
(*H) x 136 to 118 ppm (*3C).
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Figure Ag4-5. HMBC NMR (500 MHz, CDCl;) spectrum of 9-Anthracene methanol
bromoisobutyrate (AMBiB). Inset shows expansion of chemical shift values 8.7to 7.4 ppm

(*H) x 136 to 118 ppm (13C).
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Figure A4-6. UV-Vis absorbance spectrum of AMBiB in hexane (1.25 x10-2 mg ml) after
exposure to 320-390 nm light followed by submersion in a 40 °C water bath. Legend
indicates total amount of exposure for each condition.
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Figure A4-7. 'H NMR spectrum (400 MHz, CDCl;) of N-propyl-1-pyridin-2-ylmethanimine
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Figure A4-8. GPC traces in THF eluent of AMBiB-PMMA:; polymerised at 50%, 25% and
12.5% solid weight content. Top shows RI, bottom shows UV (308 nm).
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Figure A4-9. GPC traces in CHCI; eluent of AMBIB-initiated polymer of butyl methacrylate
isomers.
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Figure Ag4-10. 'H NMR (400 MHz, CDCl;) spectrum of octadecyl bromoisobutyrate
(ODBIiB).
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Figure Ag-11. 13C NMR (APT) (100 MHz, CDCIl;) spectrum of octadecyl bromoisobutyrate
(ODBIiB).
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Figure Ag4-12. GPC traces of ODBiB-PtBA.; synthesised by Cu(0)-RDRP with different
solvent and ligands, in THF eluent.
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Figure A4-13. GPC traces of ODBiB-PtBA:; synthesised by Cu(0)-RDRP with different
solvent and ligands, in CHCI; eluent.
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Figure A4-14. GPC traces of ODBiB-PMA.; synthesised by Cu(0)-RDRP with different
solvent and ligands, in CHCI; eluent.
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Figure A4-17. GPC traces in CHCIl; eluent of poly(1-Ethoxyethyl methacrylate) (PEEMA)
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5.1 Experimental

5.1.1 Synthesis of fluorinated initiators

Perfluorooctyl bromoisobutyrate, F,;. Synthesis was adapted from literature.s
DCM (60 ml), triethylamine (6.46 x 102 mol, 6.54 g) and 1H,1H,2H,2H-
perfluorooctanol (5.36 x 102 mol, 19.52 g) were added to a 250 ml 3-necked round
bottom flask (RBF) equipped with a constant pressure drop funnel. The RBF was
purged with nitrogen and cooled in an ice-water bath containing NaCl and acetone.
DCM (10 ml) containing a-bromoisobutyryl bromide (8.06 x 102 mol, 18.53 g) was
placed in the constant pressure drop funnel and added dropwise to the reaction flask.
The reaction was kept for 2 hrs in the ice-water bath followed by 36 hrs at 25 °C. The
resulting solution was extracted (x4) in saturated aqueous NaHCO; solution and 1M
NaOH solution, drying over anhydrous magnesium sulfate and filtering. Rotary
evaporation of the solution resulted in a yellow liquid, which was further purified by
flash column chromatography using DCM as the mobile phase and basic alumina as
the stationary phase, followed by solvent evaporation under reduced pressure. The
resulting yellow liquid was dried in a vacuum oven at 25 °C overnight. Yield 78.4%,
'H NMR (500 MHz, CDCl;): 6§ (ppm) 4.49 (t, 2H, CO.CH,, J 6 Hz), 2.53 (tt. 2H,
CO.CH.CH., J 6, 18 Hz), 1.94 (s, 6H, CO.C(CH,).); 3C NMR (125.8 MHz, CDCl,): §
(ppm) 171.5 (s, 1C, CO), 117.6 (tt, 1C, CF.CH,, J 32, 256 Hz), 117.4 (qt, 1C, CFs, J 33,
288 Hz), 113.7-105.7 (m, 4C, CF,4(CF.),), 58.0 (t, 1C, CH.0, J 4 Hz), 55.1 (s, 1C, CBr),
30.7 (s, 2C, CH(CHj3).), 30.5 (t, 1C, CH.CH.0, J 22 Hz); 9F NMR (376.5 MHz, CDCl;)
0 (ppm) -81.2 (t, 1F, CF5, J 10 Hz), -113.6--113.9 (m, 1F, CF5CF.), -121.9--122.3 (m, 1F,
CF;CF.CF,), -122.9--123.3 (m, 1F, CF4(CF.).CF,), -123.7--123.9 (m, 1F,
CF;(CF.);CF>), -126.3--126.6 (m, 1F, CF5(CF.),CF.).

Perfluorodecyl bromoisobutyrate, F,,. Synthesis followed the same procedure

as for Fy3, using 1H,1H,2H,2H-perfluorodecan-1-ol as starting material. Yield = 75.7%.

Perfluorododecyl bromoisobutyrate, F.,. Synthesis followed the same
procedure as for F3, using 1H,1H,2H,2H-perfluorododecan-1-ol as starting material
but with CHCI3 as a solvent in place of DCM. Yield = 50.5%.

5.1.2 Synthesis of anthracene initiator

9-anthracene methanol bromoisobutyryl bromide (AMBiB). Synthesis was
adapted from literature.2s¢ Anhydrous THF (60 ml), triethylamine (5.3 x 102 mol,

5.34 g) and 9-anthracene methanol (4.8 x 102 mol, 10 g) were added to a nitrogen-
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purged 250 ml 3-necked round bottom flask (RBF) equipped with a constant pressure
drop funnel. The RBF was cooled in an ice-water bath containing NaCl and acetone.
Anydrous THF (10 ml) containing a-bromoisobutyryl bromide (5.8 x 10-2 mol, 13.24
g) was placed in the constant pressure drop funnel and added dropwise to the reaction
flask. The reaction was kept for 2 hrs in the ice-water bath followed by 36 hrs at 25
°C. Solids were removed and the solvent removed. The crude product was dissolved
in DCM and washed (x4) with H20, dried over anhydrous magnesium sulfate and
filtered. Rotary evaporation resulted in a yellow solid which was dried in a vacuum
oven at 25 °C overnight. Yield 87%, 'H NMR (500 MHz, ds-DMSO): u (ppm) 8.52 (s,
1H), 8.37 (d, 2H, CCHCCH, J 9 Hz), 8.04 (d, 2H, CCCH, J 8.5 Hz), 7.64-7.49 (m, 4H,
CCHCH), 6.24 (s, 2H, CH,), 1.91 (s, 6H, (CH,).); 3C NMR (125.8 MHz, CDCl,): 6¢
(ppm) 171.86 (1C, CO), 131.3 (2C, CH.CC), 131.0 (2C, CH.CCC), 129.4 (1C,
CHCCHCH), 129.0 (2C, CH.CCCH), 126.7 (2C, CHCCHCH), 125.5 (1C, CH.(C), 125.1
(2C, CH.CCCHCH), 123.9 (2C, CHCCHCH), 60.7 (1C, CH.), 55.9 (1C, CBr), 30.7 (2C,
(CHa)2).

5.1.3 Synthesis of hydrocarbon initiator

Octadecyl bromoisobutyrate (ODBiB). Synthesis was adapted from
literature.8t DCM (75 ml), triethylamine (8 x 102 mol, 11.25 ml) and octadecane-1-ol
(67 x 102 mol, 18.13 g) were added to a nitrogen-purged 250 ml 3-necked round
bottom flask (RBF) equipped with a constant pressure drop funnel. The RBF was
cooled in an ice-water bath containing NaCl and acetone. Anydrous DCM (25 ml)
containing a-bromoisobutyryl bromide (10 x 102 mol, 12.45 ml) was placed in the
constant pressure drop funnel and added dropwise to the reaction flask. The reaction
was kept for 2 hrs in the ice-water bath followed by 36 hrs at 25 °C. Solids were
removed and the solvent removed. The crude product was dissolved in DCM and
washed (x4) with H20, dried over anhydrous magnesium sulfate and filtered. Rotary
evaporation resulted in a yellow solid which was dried in a vacuum oven at 25 °C
overnight. Yield 66.3%, 'H NMR (400 MHz, CDCI3) &u (ppm): 4.09 (2H, t, J8.0,
CH.0),1.86 (6H, s, C(CH,).), 1.61 (2H, q, J8.0, CH.CH.0), 1.19 (30H, m, (CH.):;CHj),
0.81(3H, t, J8.0, CH.CH,). 3C NMR (400 MHz, CDCl,) ) 6c (ppm): 171.7 (C=0), 66.1
(CH:0), 55.9 (CBr), 31.9 (CH-CH:0), 30.8 (C(CHs).)), 29.7 ((CH:):..CH:), 29.5
(CH;CH.CH.), 25.8 (OCH.CH.CH.), 22.7 (CH;CH.), 14.1 (CH3;CH.).
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5.1.4 Synthesis of N-[3-[tris(trimethylsiloxy)silyl Jpropyl] 2-

bromoisobutyramide initiator (NtrisBiB)

Synthesis was adapted from literature.25¢ Anhydrous DCM (60 ml), triethylamine (1.1
eq., 6.21 X 102 mol, 6.29 g) and 3-[Tris(trimethylsiloxy)silylJpropyl amine (1 eq., 5.65
X 102 mol, 20 g) were added to a nitrogen-purged 250 ml 3-necked round bottom
flask (RBF) equipped with a constant pressure drop funnel. The RBF was cooled in an
ice-water bath containing NaCl and acetone. Anydrous DCM (10 ml) containing o-
bromoisobutyryl bromide (1.2 eq., 6.78 x 102 mol, 15.59 g) was placed in the constant
pressure drop funnel and added dropwise to the reaction flask. The reaction was kept
for 2 hrs in the ice-water bath followed by 36 hrs at 25 °C. Solids were filtered, and
the solvent removed. Product was purified by column chromatography with 4:1 pet
ether:diethyl ether. Rotary evaporation resulted in a white solid which was dried in a
vacuum oven at 25 °C overnight. Yield 18.3%, 'H NMR (400 MHz, d-CDCl;): 6u
(ppm) 6.77 (s, 1H, NH), 3.28-3.20 (m, 2H, NHCH.), 1.97 (s, 6H, (CH,).), 1.59-1.51 (m,
2H, NHCH.CH.), 0.49-0.43 (m, 2H, SiCH.,), 0.11 (s, 27H, (Si(CHj,)5)3); 3C NMR
(125.8 MHz, CDCl,): 6c (ppm) 171.8 (1C, CO), 63.7 (1C, CBr), 42.7 (NHCH), 32.7 (2C,
(CHj3),), 23.3 (NHCH.CH.), 11.5 (1C, SiCH.,), 1.7 (Si(CHj)5)3). See section 5.3.4 for *H

NMR spectrum simulation.

5.1.5 General procedure for photoinduced Cu(II) polymerisation

Example target F,;-PtBA.;. CuBr, (2.45 mg, 0.02 eq.) was dissolved in IPA (2 ml)
by sonication, followed by addition of MesTREN (17.6 pl, 0.12 eq.). tBA (2 ml, 25 eq.)
was filtered through basic alumina (to remove inhibitor) prior to addition to the
reaction mixture. The mixture was degassed with nitrogen for 10 min before adding
F.; initiator (159 pl, 1 eq.) and further degassed for 5 min. The reaction was left under
a Mylee Nailcare ultraviolet lamp overnight. The resulting polymer was dissolved in
the smallest practical volume of acetone and precipitated in 50:50 deionised
H20:MeOH. Product was dissolved in acetone and passed through neutral alumina,
solvent removed and dried in a vacuum oven at 25 °C overnight. 'H NMR (300 MHz,
CDCl;): 6 (ppm) 4.40-4.30 (m, 2H, CO.CH.), 2.39-1.51 (m, (CH.CH).), 1.45 (s,
((CH3)3)n), 1.23 (s, 2H, COCH.CH.), 1.15 (s, 6H, (CH;).). 99% conversion obtained by
'H NMR. Depccrar = 1.13, Mngpc = 4300 g mol.

5.1.6 General procedure for Copper(0) wire polymerisation

Example target F,3-PtBA.;. 5 cm of copper wire was wrapped around a stirrer bar

and cleaned in concentrated HCI for 10 min, then rinsed in water and acetone. CuBr»
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(6.13 mg, 0.05 eq.) was dissolved in DMSO (2 ml) by sonication. MesTREN (26.4 pl,
0.18 eq.) and tBA (2 ml, 25 eq.) were added to the reaction mixture with the wire-
wrapped stirrer bar. The mixture was degassed with nitrogen for 10 min before
addition of the F,; initiator (159 pl, 1 eq.) and further degassed for 5 min. The reaction
was then left overnight. The resulting polymer was dissolved in minimum acetone and
precipitated in 50:50 deionised H.O:MeOH. Product was dissolved in acetone and
passed through neutral alumina, solvent removed and dried in a vacuum oven at 25
°C overnight. 99% conversion obtained by 'H NMR. Pepccrur) = 4.39, Mncrc = 7800 g

mol-.

5.1.7 Synthesis of PtBA;o-b-TRIS;, (polymer chain extension)

CuBr. (3 mg, 0.02 eq.) was dissolved in IPA (1 ml) by sonication, followed by addition
of MesTREN (22 pl, 0.12 eq.). tBA (1 ml, 10 eq.) was filtered through basic alumina
(to remove inhibitor) prior to addition to the reaction mixture. The mixture was
degassed with nitrogen for 10 min before adding EBiB initiator (101 pl, 1 eq.) and
further degassed for 5 min. The reaction was left under a Mylee Nailcare ultraviolet
lamp for 19 hrs and a sample was taken with a degassed syringe for 'H NMR analysis.
A mixture of TRIS (3.16 ml, 10 eq.) and IPA (3.16 ml) was degassed with nitrogen,
added to the reaction mixture, and left for 24 hrs. A sample was taken for *H NMR
and GPC analysis.

5.1.8 General procedure for Cu(I)-ATRP

Example target AMBiB-PMMA.;.

Cu(I)Br (1 eq., 6.7 mg, 4.67 x104 mol) was added to a Schlenk tube and purged with
nitrogen prior to deoxygenated toluene (33.3% solids, 10 ml) being added at room
temperature. N-propyl-1-pyridin-2-ylmethanimine ligand (2 eq., 137 pl, 13.9 x102
mol) was added and the Schlenk tube was immersed in an oil bath at 9o °C. Once the
reaction temperature was reached (monitored with a thermostat), AMBIB (1 eq., 166
mg, 4.67 x104 mol) was added via a degassed syringe, the reaction was then stirred
for 20 hours. The resulting polymer mixture was dissolved in minimum acetone and
precipitated in 50:50 deionised H.O:MeOH, redissolved in acetone and filtered

through a column of basic alumina to remove residual catalyst.

5.1.9 General deprotection of PtBA,

Example target F,53-PAA.;. 100 mg of F,5-PtBA,; was dissolved in 1 ml DCM. 1 ml

TFA was added slowly and stirred at ambient temperature overnight. TFA was
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removed using by rotary evaporation and residual TFA was removed with the addition
of acetone to form an azeotrope (x3). This caused the polymer to simultaneously
precipitate and swell with the acetone. Acetone was added to dissolve a yellow
impurity and removed by decanting (x3), the product was then dried under vacuum
at 25°C overnight. Methanol was found as a good solvent for both segments and 1H
NMR was carried out in either CD;0D or d® -DMSO. Integration of backbone peaks
approximately agreed with the values obtained from the F,-PtBAn, spectra. 'H NMR
(400 MHz, [d,]CDCl,): & (ppm) 4.52-4.47 (m, 1H; CHBr), 4.40-4.28 (m, 2H;
CO.CH.,), 2.75-1.41 (m; ((CH3)3)n), 1.32 (s, 2H; COCH.CH.), 1.20 (d, 6H; (CH;).). 99%
conversion obtained by *H NMR. My marpr = 2097 g mol .

5.1.10 Synthesis of poly(sodium acrylate) salt (Fi3-PNaAs)

Fi3-PAA.; (0.0457 g, 1 eq.) and NaOH (0.0205 g, 30 eq.) were separately dissolved in
a minimum amount of Milli-Q water. The polymer solution was stirred and NaOH )
was added dropwise, then covered and left for 30 mins at 25 °C. Universal Indicator
paper showed a pH change of the polymer solution from 2 to 7. The resulting polymer
solution was dialysed twice with deionised water over 24 hrs, then freeze-dried to give
a white solid. IR: (cm™) 1560 (s, C=0 stretch), 1437 (C-H bend (CH,).).

5.1.11 Synthesis of 1-ethoxyethyl methacrylate monomer (EEMA)

Synthesis was adapted from literature.245 Methacrylic acid (1 eq., 14.8 ml, 0.174 mol)
was added dropwise to a mixture ethyl vinyl ether (1.2 eq., 20 ml, 0.208 mol) and
phosphoric acid (0.002 eq., 0.002 ml, 3.48 x10-4 mol) under nitrogen atmosphere at
0 °C. The reaction was stirred for 48 hrs at room temperature. Ethyl vinyl ether was
removed under reduced pressure, then the reaction mixture was dissolved in DCM
and filtered through basic alumina to remove catalyst and unreacted methacrylic acid.
The product was distilled under reduced pressure: the boiling point of EEMA is 32 °C
(at 6 mbar). Yields ~ 90%. 'H NMR (400 MHz, [d,]JCDCl,): 6u (ppm): 6.04 (s, 1H,
CHHC), 5.89 (q, 1H, J 5.5, CHCH,), 5.48 (m, 1H, CHHC), 3.62 (dq, 1H, J 9.5, 7.0,
CHHCHjy), 3.45 (dq, 1H, J 9.5, 7.0, CHHCH,), 1.84 (s, 3H, CH;C), 1.33 (d, 3H, J 5.5,
CHCH,), 1.10 (t, 3H, J7.0, CH.CH,).
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5.1.12 Deprotection of 1-ethoxyethyl methacrylate (EEMA)
5.1.12.1 Alkaline hydrolysis

0.12 g (120 pl) of EEMA was dissolved in 0.8 ml of de-DMSO. 240 pul of NaOD (40%
in D,O) was added to the solution and stirred for 2 hrs. The resulting polymer

precipitate was dissolved in D.O for analysis using *H NMR spectroscopy.

5.1.12.2 Acid hydrolysis

0.12 g (120 pl) of EEMA was dissolved in 0.8 ml of d¢-DMSO. 240 pl of TFA was added
to the solutions and stirred for 2 hrs. The resulting polymer precipitate was dissolved

in de-DMSO for analysis using *H NMR spectroscopy.

5.1.13 Synthesis of solketal (meth)acrylate (SkMA/SkA)

DL-1,2-Isopropylideneglycerol (39.9 g, 301.3 mmol) and triethylamine (33.6 g, 331.7
mmol) were dissolved in dry DCM (200 mL) and the solution was cooled in an ice
bath under N for 15 min. DCM solution (100 mL) of (meth)acryloyl chloride (27.85
g, 307.5 mmol) was added dropwise to the previous solution over a period of 2 hr.
After stirring for 1 hr at 0 °C, the mixture was then allowed to warm up to room
temperature and stirred further for 8 hr. The white precipitated by-product was
filtered off and the clear product solution was washed with water (3 x 100 mL), and
brine (2 x 50 mL), dried over anhydrous Na,SO,, filtered, passed through neutral
alumina and evaporated under reduced pressure to afford SkA as a yellow oil (47.75g,
85%).

5.1.14 Deprotection of solketal (meth)acrylate

Deprotection procedure was adapted from literature.25° Solketal (meth)acrylate was
dissolved in 6M HCI/THF (1/9, v/v) and stirred at room temperature for 2 hours.
Product was purified by dialysis and solvent removed to obtain glycerol

mono(meth)acrylate.

5.1.15 Film preparation/Annealing

3 ml of a saturated solution of F,-PAA,, in methanol was placed in a PTFE boat. This
boat and a separate vial of methanol were placed under a beaker and left to evaporate
for 48 hours; a thick polymer film remained in the PTFE boat. These films were then

thermally annealed at a static temperature of 120 °C for 24 hours.
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5.1.16 Spin-coating
5.1.16.1 Sample preparation

Unless otherwise stated, all polymer samples were dissolved in methanol (either at
2.5 or 5 wt%) then spin-coated on a cleaned surface at 1000 rpm with acceleration
rate of 200 rpm s for 1 minute. Solutions were spin-coated on either Mica sheets
(cleaved immediately prior to spin-coating using tape) or glass slides (cleaned prior

to spin-coating by sonication in acetone then IPA).

5.1.16.2 Solvent annealing spin-coated samples

Spin-coated samples were placed in a sealed jar with a solvent vapour, obtained by
placing the annealing solvent in smaller vials (8 x 1.75 ml vial) inside a 100 ml jar. The
sample was placed on a raised platform (28 ml vial) inside the jar and left for 24 hours

unless otherwise specified, then removed for analysis.

5.1.17 Sample preparation for UV-Vis Absorption Spectroscopy

AMBIiB was dissolved in DMF (3.125 x103 mgml-™) in a vial, cuvette or NMR tube and
irradiated with a light source. UV-Vis absorption was then measured at different

intervals. Light sources used include:
320-390 nm — Excelitas OmniCure Series S2000 with 320-390 nm lightguide filter
254 nm — Analytik Jena CL-1000 UVP Crosslinker, energy = 3000 x 100 uJ/cm?

365 nm - Analytik Jena CL-1000L UVP Crosslinker, energy = 3000 x 100 uJ/cm?2

5.1.18 Sample preparation of F.;-PAAn, (with NaOH) in water for AFM

1 mg of F»,-PAA,, was dissolved in 1 ml of THF (a good solvent) prior to additions of
0.1 M NaOH solution in 3 ul portions until the correct volume was added. A total of 5
ml of deionised water was then added to all solutions in sequential portions, ramping
aliquot volume from 3 pl up to 250 pl. This allowed the slow exchange of solvent from
THF to water, a solvent in which self-assembly should occur as it is a bad solvent for
the fluorinated segment. AFM samples were prepared by pipetting the solution on to
Mica (immediately and after 24 hours) and blotting the excess with filter paper. These

were left open to air for a minimum of 1 hour before AFM measurements.
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5.2 Methods

5.2.1 Small-angle X-ray scattering (SAXS)

5.2.1.1 Single data acquisition measurements.

SAXS measurements were made using a Xenocs Xeuss 2.0 equipped with a micro-
focus Cu Ka source collimated with Scatterless slits. Scattering was measured using a
Pilatus 300k detector with a pixel size of 0.172 mm x 0.172 mm. The detector was
translated vertically and the images combined to form a virtual detector with double
the number of pixels. The distance between the detector and the sample was
calibrated using silver behenate (AgC..H430.), giving a value of 0.339(5) m. The
magnitude of the scattering vector (q) is given by g = 4msin6/A, where 20 is the angle
between the incident and scattered X-rays and A is the wavelength of the incident X-
rays. This gave a g range for the detector of 0.035 A to 1.66 A-. A Pilatus 100k was
also used to measure the wider-angle scattering response. This detector was static at
an angle of 36° to the beam direction and at a distance of 0.162(2) m. This gave a g
range for the detector of 1.31 A to 3.27 A. The samples were mounted between two
windows of Kapton, coated with an adhesive film. A radial integration (as function of
g) was performed on the 2D scattering profile and the resulting data was corrected
for the absorption and background from the sample holder. The wider-angle data
were rescaled to match the scale of the SAXS measurements taken using the same

experimental geometry.

5.2.1.2 Time-resolved SAXS during thermal annealing measurements

These experiments were carried out in a similar way to the single data acquisition
measurements, with a Linkam HFSX 350 being used to control the temperature of
samples mounted between Kapton sheets. Samples were heated and cooled at a rate
of 0.5 °C/min while making 1 min data collections. After every 5 measurements the

transmitted intensity was measured for making corrections.

5.2.2 Thermal Analysis

5.2.2.1 Differential Scanning Calorimetry (DSC)

Data for F.;-PAAn, polymers were obtained using a Mettler-Toledo DSC1 with
autosampler under nitrogen, samples were heated and cooled between 25-180 °C at
10 °C per minute (heating cycles were repeated 3 times). Data for F,,-PAAy, and Fa;-

PAA., polymers were obtained using a PEDSC6000 with intracooler, samples were
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heated and cooled between 0-200 °C at 10 °C per minute. Heating cycles were

repeated 3 times.

5.2.2.2 Thermogravimetric analysis

Data for F3;-PAAn, polymers were obtained using a Mettler-Toledo TGA with
autosampler under nitrogen, samples were heated from 30-550 °C at a rate of 10°C

per minute.

5.2.3 Atomic Force Microscopy (AFM)

Bruker Dimension Icon:

AFM images were taken using PeakForce Tapping mode with ScanAsyst with

NanoScope V software. ScanAsyst-Air Silicon Nitride probes (115 ym x 25 um x 2 nm).

PeakForce QNM (quantitative nanomechanical mapping) mode was used to obtain

adhesion (stickiness), indentation (squishiness), dissipation (hard/spongey) images.
Bruker Innova:

AFM images were taken using an Innova AFM (Bruker) using NanoDrive v8.05
software. Tips were Antimony doped Silicon (225 um x 35 um x 3 um.) Images were

taken in tapping mode at 73 kHz.

All images were processed in Gwyddion.257

5.2.4 UV-Vis Absorption Spectroscopy

Spectra were measured using an Agilent Technologies Cary 60 UV-Vis Spectrometer.

Blank spectrum was subtracted prior to plotting.

5.2.5 Gel Permeation Chromatography (GPC)

Agilent Infinity II MDS instrument equipped with differential refractive index (DRI),
viscometry (VS), dual angle light scatter (LS) and multiple wavelength UV detectors.
The system was equipped with 2 x PLgel Mixed C columns (300 x 7.5 mm) and a PLgel
5 um guard column. The eluents were either THF with 2 % TEA (triethylamine) and
0.01 % BHT (butylated hydroxytoluene, or DMF with 5 mmol NH,BF, as additives.
Samples were run at 1ml/min at 30’C. Poly(methyl methacrylate) and polystyrene
standards (Agilent EasyVials) were used for calibration. Analyte samples were filtered

through a GVHP membrane with 0.22 pm pore size before injection. Respectively,
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experimental molar mass (Mn,crc) and dispersity (D) values of synthesized polymers

were determined by conventional calibration using Agilent GPC/SEC software.

5.2.6 Matrix-Assisted Laser Desorption/Ionisation Time-of-Flight
Mass Spectroscopy (MALDI-ToF-MS)

Samples for MALDI ToF analysis were dissolved at 10 mg/ml in THF with 1 mg/ml of
sodium iodide. 10 pul of this sample mixture was then mixed with 10 ul matrix solution
of 40 mg/ml trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) in THF and 1mg/ml of sodium iodide. 0.5 ul of
the resulting solution was then spotted on a 384 ground steel multi target plate, using
a dried droplet methodology. The dried crystal structure was then analysed using a
Bruker autoflex, equipped with a 337 nm N2 laser, operating in reflectron positive
mode with an ion source voltage of 19 kV. Data analysis was then carried out on

Bruker fleXanalysis and mMass.
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5.3 Calculations

5.3.1 Calculation of N (total degree of polymerisation) and volume
fraction (fr/fraa)

added added
ethylene unit ester unit

(0]
F F
C C Br
<F3c/ X\c/ X\/\Xo
F X y
2
HO (@]

Figure above shows the chemical structure compartmentalisation of the F,-PAAnL
polymers, where the colours indicate the chemical groups attributed to the separate

segments (fluorinated segment in red and PAA segment in blue).

The volume fractions and total degree of polymerisation (N = Nr + Npaa) of each
segment were calculated to account for the bridging unit between the fluorinated
segment and PAA segment. The degree of polymerisation of the fluorinated segment
(N¥) was counted as number of tetrafluoroethylene (TFE) repeat units (“x” units) in
the fluorinated initiator, plus the terminal unit which contains a CF;. An additional
unit was added to account for the adjacent ethylene unit which is approximated to

have the same volume as a TFE repeat unit. Example F,;-PAA, — 2 “x” units, 1

terminal unit, 1 ethylene unit, Ny = 4.

The degree of polymerisation of the PAA segment (Npaa) differed in each polymer.
The number of “y” units was calculated from *H NMR, and 1 repeat unit was added to
account for the adjacent ester unit and approximated to have the same volume as 1

AA unit. Example F,-PAA,, — 12 “y” units, 1 ester unit, Npaa = 13.
EXample F13'PAA12 - 4 (NF) + 13 (NPAA) = 17 (N).

The volume fractions were calculated using the following equations:

(Npaa % MTAA)/
f — PrPAA f =1- f
PAA (Npaa X Mraa)/ (Np X MTrrEg) F PAA
( PPAA)+( PPTFE)
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M, aa is the molar mass of acrylic acid (72.06

g mol?) and M, ¢ is the molar mass of

tetrafluoroethene (100.02 g/mol). pras and perre are the densities of PAA and PTFE

which are taken as 1.41 and 2.2 g/mL, respectively.

5.3.2 Determination of morphology from SAXS data

SAXS data were fit with a gaussian function. The x value at peak maximum was taken

as g from the principal peak and any higher order peaks that could be be fitted. Values

were added to excel spreadsheet for calculations (“q1

” &
b

q2” etc.), Figure 5-1.

Morphology calculation (LAM/HEX/DIS): The theoretical position of higher order

peaks from the experimental principal peak g

position is calculated . This value is then

compared with the experimental higher order peak g values. A percentage difference

is calculated and the lowest (and most reaso

nable) was labelled as the morphology.

Domain spacing calculated using principal peak g with equation d = 27/q.

5. Percentage
difference
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3. Morphology high g between theo.
determined gher oraer & | f
2. Calculated . exp. value o
’ ¢ h high peak position .
1. Peak position domain wrt each higher higher order
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from SAXS peak spacing order pea peak position
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-1 Theretical g2 position Theretical g3 position
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6 % difference % difference % difference
64 1 025 0 0.3564 0 el Tavatuel 029364 svaLUE vet TavaLue!
bes 1 026211 o0 gfr06s1 0 £l "HVALUE! T el avaLUE!
14 1 o0.2a5f0s 7 0za770 0 THvALUEL 0. 7 svaLUE!
=P Fae 0 o3z o 1 0314563 0 0 02563 0
o 0 o0.2faa72 /1 030306 0 Tavalvel 024722 WVALUE! _0.349905 # 7 svaLUE!
3 1 ojbsuse 0 0275935 0 L4 - - 4
2 0 ofo10s1 1 0281386 0 0 omxn 1 032838 3 0 lg—
61 0 204269 1 0289162 o J
i "svaLue! pvaLuel VavaLue! TavaLuet © ! avaLue! TavaLuel © "avaLUE! | svaLugl | s 7 svaLUE!
- ™ 7605 7% 3. 1 0.25%659 £l THVALUE!  0.211194 #VALUE! |#VALUE! 0.298673 #VALUE! | #VALUE! l

6. Theo. peak position
and % dif. for other
morphologies for 2"¢

peak

7. Repeat for 3™
peak if present

8. Lowest % dif. is determined between
possible morphologies (green, 1) and
labelled under “nanostructure”

Figure 5-1. Explanation of morphology determination and domain spacing calculation

using excel spreadsheet.
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5.3.3 Calculation of centre-to-centre domain distance for hexagonally

packed cylinders (HEX) morphology

In the diagram above, h is the interplane spacing (taken directly from SAXS data) and

d is the calculated distance between domain centres for hexagonally packed cylinders

(domain spacings at full pitch).

g* (A h=27/q* (nm) d=h/sin60 (hm)  d*=d/2(nm)
F13-PAAs 0.15114 4.16 4.80 2.4
F13-PAAL 0.14079 4.46 5.15 2.6
F17-PAA11 0.12371 5.08 5.87 2.9
F17-PAA17 0.11805 5.32 6.14 3.1
F17-PAA23 0.10691 5.88 6.79 3.4
F17-PAA3z0 0.09996 6.29 7.26 3.6
F21-PAA20 0.09503 6.61 7.63 3.8
F21-PAA24 0.09381 6.70 7.74 3.9

5.3.4 *H NMR spectrum simulation for NtrisBiB

Here we assume that there is no coupling to the methyl groups, and so they have not

been included in the simulation. The coupling between the NH and the NCH. is not

observed in the NH signal.
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The NCH. is simulated to be coupling via first order coupling to both the NH and the
adjacent, middle, CH,. The coupling between the SiCH, and the middle CH. is

simulated as second order coupling.

Simulated spectrum (top) and measured spectrum (bottom).

:?

|
. L hm

PPM 6.0 5.0 4.0 3.0 2.0 1.0 0.0

The 4 peaks are shown below. In each case the top spectrum is simulated, and the
bottom spectrum is the measured spectrum. The peaks have been shown with the
following fitted J-values (rounded to the nearest 0.1 Hz). All other J-values were fixed

at zero.
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PPM 3.28 3.26 3.24 3.22 3.20
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PPM 1.590 1.580 1.570 1.560 1.550 1.540 1.530 1.520 1.510

PPM 0.490 0.480 0.470 0.460 0.450 0.440 0.430
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Chapter 6: Conclusions and Future work

Chapter 6: Conclusions and Future work

6.1 Conclusions

A fluorinated alkyl halide initiator was synthesised for use as a hydrophobic, discrete
“pseudo” block in the synthesis of low molecular weight, heterotelechelic, amphiphilic
polymers. The optimum conditions for polymerising poly(acrylic acid), a hydrophilic
segment, were investigated using copper-mediated RDRP and the fluorinated
initiator did not hinder the polymerisation. Poly(tert-butyl acrylate) polymers were
synthesised with low molecular weight (M, 1400 — 4300 g mol*) and low dispersity
(1.06 - 1.13), and deprotected to poly(acrylic acid). The most suitable characterisation
methods and conditions were investigated (including selection of solvents for NMR
and GPC, and MALDI-ToF-MS for structure analysis), considering the solubility
issues that accompany amphiphilic polymers. Microphase separation of F,.PAAn
polymers was investigated using both solvent and thermal annealing methods, of
which thermal annealing was found to have the fewest associated variables. SAXS
measurements revealed a change in morphology from lamellar to hexagonally packed
cylinders and an increase in domain spacing from 3.38 — 5.80 nm with increasing

poly(acrylic acid) chain length.

Fluoro-acrylic acid polymers with higher fluorine content were synthesised to modify
the Flory-Huggins interaction parameter, by using alkyl halide initiators with longer
fluorinated tail groups. A library of polymers was synthesised with differing ratios of
block A to block B using photo-mediated copper-RDRP. Two types of SAXS
measurements were performed: single acquisition after thermal annealing and time-
resolved measurements. Theoretical modelling gave insight into the phase behaviour
of F,.PAA,, polymers, and a rod-coil model was found to be most representative in
both the strong and weak segregation regime. Time-resolved SAXS measurements
were used to obtain thermal transition temperatures (order-order and order-
disorder) and monitor changes in morphology with thermal annealing. An
experimental phase diagram was constructed from single acquisition data, which
provides the synthesis parameters for targeted morphologies. AFM images were
obtained from F,-PAA,, samples annealed in different solvent vapour environments.
These showed fine features (sub-5 nm) which were similar in size to the
morphological features determined from SAXS and showed annealing solvent
dependent morphologies. The small domains sizes that these polymers can achieve

may potentially lead to unexplored research areas or prevail over current technologies
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Chapter 6: Conclusions and Future work

in industrial applications such as microelectronics, biomedical applications,

nanocomposites, and nanoparticles, which were previously limited by feature size.

A series of hydrophobic initiators were synthesised and investigated for use in the
synthesis of low molecular weight polymers with low dispersity. Anthracene was
chosen as a suitable hydrophobic moiety and incorporated in an alkyl halide initiator
(AMBIB), which was shown to dimerise with 365 nm light and at 40 °C (unexpectedly)
and revert to monomer with 254 nm light. This was a highly repeatable process but
required the absence of oxygen and was affected by impurities. The polymerisation of
methacrylates with AMBiB was optimised, although steric considerations of tBMA
prevented polymerisation. A hydrocarbon initiator, C.s, was used for the synthesis of
poly(acrylic acid) polymers which were compared to those polymerised with a
fluorocarbon initiator. These proved to show more crystalline nature (HEX

symmetry) than with the fluoro-initiators.

Alternative protected hydrophilic monomers, EEMA and SKMA, were investigated for
the use with AMBiB. EEMA polymerised well with AMBIiB but there was uncertainty
in the initiator efficacy at early stages in the polymerisation. SKMA also polymerised
well, although high dispersities were found for low DP polymers. This was, most

probably, due to unreacted monomer being present in a non-purified sample.

Finally, siloxanes were investigated as both a hydrophobic initiator (NtrisBiB) and as
a hydrophobic monomer (TRIS). Due to poor solubility, NtrisBiB was found to be a
poor initiator when targeting low molecular weight polymers. TRIS was also found to
have polymerisation issues due to solubility, despite multiple stages of optimisation
being attempted. A high molecular weight shoulder consistently appeared after 3
hours reaction time. This led to an attempt to polymerise the hydrophilic block first
and stop the second block after 3 hours, which was successful. The deprotection was
attempted, followed by GPC, which showed that the efficacy of chain extension was
poor, and purification was unsuccessful. :H NMR revealed that the deprotection
conditions for tBA cause additional, unwanted, reactions with TRIS which occur

within the first 5 minutes.
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6.2 Future work

This work has demonstrated that the F,-PAA,, polymers are capable of microphase
separation on an ultra-small scale (sub-3 nm). However, the assembly of these
polymers is susceptible to defect formation in polymer films (as proven in AFM
images) and further investigation is needed to better control the polymer assembly.
Utilising directed self-assembly (DSA) methods would facilitate a significant step
towards reducing the defect density. By using a pre-treated surface, with either a
coating that allows preferential orientation of one of the polymer segments or a
surface with an engraved pattern, the polymer would be forced to microphase
separate in a more controlled manner. Integrated circuits (IC) possess highly
intricated features and are layered upon each other, which is simply not feasible to
achieve with block copolymer self-assembly alone. Following any DSA, metal
deposition could be investigated along with conductivity measurements, which would

be of importance in IC manufacture.

In chapter 3, significant progress was made using an anthracene initiator (AMBiB) to
polymerise protected hydrophilic monomers. This was achieved successfully with
PEEMA and SKkMA, though some further optimisation may be needed for the creation
of polymers with very low molecular weight. Future steps would be to synthesise these
polymers at a range of chain lengths (including low molecular weight), deprotect them
(using the previously determined conditions), study the dimerisation of AMBiB-
polymers via UV-Vis spectroscopy, and anneal polymers as films and investigate their
morphology/domain spacing with SAXS measurements. Hopefully, these would
successfully microphase separate in a similar fashion to F,-PAA, polymers, due to
their inherent high y/low N nature. These polymers would also possess the electron
dense, photo-responsive anthracene moiety, which would allow easier TEM imaging.
Previous attempts at imaging of this kind were unsuccessful due to a lack of electron
density in F,-PAAn, polymers. Secondly, the photo-responsive nature of the AMBiB
polymers could be investigated in solution and in solid state: solution would allow
more polymer mobility and possibly a full change in morphology. In the solid state, a
change in domain spacing rather than a full change in morphology is likely, which
would be interesting as it opens an avenue towards the photo-controlled

opening/closing of pores in membranes.
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