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Abstract

Inspired by the remarkable adhesive properties of mussels, the versatile chemistry of the
catechol functional group is increasingly being utilised in a wide range of fields. In the
work described in this thesis, copolymers were synthesised using the catechol-containing
functional monomer dopamine methacrylamide (DMA) and its acetonide-protected
analogue (ADMA) with the aim of producing a functional surface coating capable of
immobilising biomolecules. The reactivity ratios for the free radical copolymerisation of
ADMA with methyl methacrylate (MMA) or glycidyl methacrylate (GMA) were found to
be rmma =2.21 £ 0.26 and rapma = 0.17 £ 0.03, and for the GMA/ADMA copolymerisation
rema = 1.96 + 0.49 and rapma = 0.18 £ 0.08. Accordingly, significant compositional drift
was observed in polymerisations allowed to proceed to full conversion. Reversible
addition-fragmentation chain-transfer (RAFT) polymerisation of ADMA with
methacrylate comonomers was used to synthesise functional diblock copolymers and
statistical copolymers with a gradient structure. Co- and terpolymers synthesised using
hydroxyethyl methacrylate (HEMA), GMA and DMA were deposited onto silicon wafers
by spin coating. Use of DMF as the spin-coating solvent enabled the deposition of
homogenous films. Polymer films were also deposited directly from solution using
immersion coating from a solution of dimethylformamide (DMF) containing 1% pyridine,
taking advantage of the adhesive catechol functional group. The spin coated films were
analysed by in-situ ellipsometry, captive bubble contact angle analysis and electrokinetic
measurements. It was demonstrated that DMA had a large impact on chain mobility at the
surface, ascribed to strong intermolecular H-bonding, however, the degree of swelling was
largely influenced by the GMA content in the copolymers, ascribed to ring-opening
induced crosslinking. Finally, it was demonstrated, using in-situ ellipsometry and quartz
crystal microbalance, that a monolayer of 1gG antibody was immobilised on a spin-coated

copolymer film via covalent reaction with epoxide side chains.
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Chapter 1

Chapter 1 Introduction
1.1 Polymer definition and history

Polymers are macromolecules consisting of small repeat units called monomers. Polymers
were first described by Berzelius in the 1830s and had already been adopted by industry in
the 1840s with the production of vulcanised rubber. Polymer synthesis on an industrial
scale was transformed by the introduction of Bakelite in 1907, leading to rapid
development of the field in industry in the 1930s and 1940s. Today, around 300 million
tons of polymeric materials are produced annually and are an important aspect in almost
every element of modern life. This thesis will focus on the synthesis of bio-inspired

polymers and their deposition as surface coatings on model substrates.

1.2 Polymer classification

Historically, polymers have been classified by several means, however the International
Union of Pure and Applied Chemistry (IUPAC) defined a general method to describe
polymers by the type of reaction used in their synthesis, with further subdivision based on

whether small molecules are formed in the reaction.t

Polymer synthesis mechanisms can be divided into step-growth and chain-growth
reactions. Step-growth polymers are formed by the reaction between mutually reactive
functional groups on growing polymer chains and a chain of any size may add to any other
over the course of the reaction and remain active. Step-growth polymerisation can be
subdivided into polycondensation reactions, where a small molecule, often water is

produced as a by-product of the reaction, and polyaddition reactions.

In chain-growth polymerisation, the reaction between a monomer and an initiator forms an
active species which propagates by the sequential addition of monomer units to the chain.
Polymers formed using chain growth polymerisation may be terminated by several
mechanisms depending on the reaction type. Common chain growth polymerisation

mechanisms include radical, anionic, cationic and ring-opening polymerisation.

1.3 Radical polymerisation and kinetics
1.3.1 The free radical mechanism

The mechanism of free radical polymerisation can be broken down into three key
mechanistic steps: initiation, propagation and termination.> * During propagation, the

polymer can grow linearly or branching can occur due to chain transfer.
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Free radical polymerisation is the most widely used industrial polymerisation method,
accounting for about 45% of polymer production worldwide. It is a form of chain-growth
polymerisation whereby initiation generates a propagating species comprising an unpaired

electron.

1.3.1.1 Initiation

The initiation of a free radical polymerisation involves two steps (Equations 1.1 and 1.2).
The first is the generation of a radical species, usually by homolytic cleavage of a relatively
stable “initiator” molecule to generate two radical species, often by the action of heat
(thermolysis) or of light (photolysis). The second step involves the addition of the radical

species to a monomer, to generate the propagating species.

k
IS 2R- 11
Kj
R +M— M, - 12

1.3.1.2 Propagation and chain transfer

During propagation, monomers are added sequentially to the chain-end (Equation 1.3).
This process is rapid and, in a well-designed reaction, many hundreds or thousands of units
can be added before termination occurs.

k
M, +M->5Mp,;- 13

Chain transfer is a process which can occur during polymer propagation, in which the
propagating radical is transferred (usually) to another molecule e.g. solvent (Equation 1.4).
Chain transfer can also be to another polymer chain, which causes chain branching. The
rate of chain transfer is usually low, but it can be greatly enhanced if the polymer side

chains contain labile bonds (e.g. halogens).
Kt 14
M, -+ CTA— M, + CTA -

Chain transfer agents (CTAs) with high rates of chain transfer (ket) can be added to a
polymerisation. CTAs are commonly thiols, with a labile RS-H bond, which react with the
propagating radical. The result of chain transfer is usually a decrease in polymer molecular

weight. Careful design of chain transfer agent, such as in reversible addition-fragmentation
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chain-transfer (RAFT) polymerisation, can be used to achieve specific mechanical or

chemical polymer properties (see section 1.5.1).

1.3.1.3 Termination

Termination is the process by which a propagating chain is deactivated by the annihilation
of the radical species. The two most common termination processes are combination and
disproportionation. In combination, two growing chains combine to produce a single
deactivated chain (Scheme 1.1A). In disproportionation, a B-hydrogen is abstracted from
another propagation chain, resulting in a carbon-carbon double bond at the chain-end of
one molecule and a carbon-carbon single bond at the end of the other molecule (Scheme

1.1B). The rate constants for the termination reactions are kic and kiq respectively.

HRH R H R H HRH R R HRH
B S G G S M N NP SV 0
Ui w W b0 A PN IS ANA
H HlRHRH HRHRlR H R H
N R H—C—C—C—C—H+  C=Ct—C—C—H
AN A I A
A - Combination B - Disproportionation

Scheme 1.1. Mechanism for termination reactions A) Chain combination B) Disproportionation.
1.3.2 Kinetics of free radical polymerisation and reactivity ratios

1.3.2.1 Rate of propagation

Kinetic studies of the propagation of a free radical polymerisation are important in
understanding and predicting the outcome of polymer syntheses. The rate of propagation
can be studied directly (by the growth of polymer chains) or indirectly (by the conversion

of monomer). The rate of monomer conversion is given by Equation 1.5:

—d[M]
- - RitR, 1.5

where Rjand Rpare the rates of initiation and propagation respectively. As the total number
of monomer molecules involved in initiation is much smaller than those involved in
propagation throughout the polymerisation, Rj may be ignored. This means that the rate of
propagation can be considered as simply the sum of all propagation steps, and expressed

by the rate expression for propagation (Equation 1.6):

R, = k,[M ][M] 16
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A steady-state approximation can be made, in which it is assumed that the radical
concentration rapidly increases at the start of the reaction and then stays constant
throughout most of the reaction, so the rate of polymerisation (Rpoi) approximates to Rp
(Equations 1.7 — 1.9). Under steady state conditions the rates of initiation and termination

are therefore considered equal.

R; = R = 2k[M ‘]? 17
Rearrangement to:
R 1
<\ 2
=)
[M] 2k,
And substitution into equation 1.6 gives:
R 1
i \2 1.9
Ryl = Ky [M] (Z_I{t)

As such, the rate of polymerisation is proportional to the square root of the rate of initiation.
The implications of this are that initiation and termination must be carefully considered in
a free radical polymerisation to understand the overall rate of reaction.

1.3.2.2 Kinetics of copolymerisation

When more than one type of monomer is present in a free radical copolymerisation, each
can be incorporated into a growing copolymer chain. In its simplest form, the chemical
reactivity of a copolymer chain is considered to be dependent only on the identity of the
final repeat unit at the propagating chain-end. This is known as the terminal model. As
such, n? propagation reactions are possible (representing cross- and self-propagation
between a propagating chain and a monomer) where n is the number of monomer types.
For example, in a system with two monomers (M1 and M), propagation can be described

by four reactions, each with its own rate constant (kyy) (Equations 1.10 — 1.13):

PM, - + M, ~5 pM, - 110
PM, - + M, —2 pM, - L1
PM, - + M, it PM, - 1.12
PM, - + M, ~3 PM, - 113
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Using this model, two reactivity ratios can be defined (r: and r2) which describe the
individual monomer reactivity in the copolymerisation (Equation 1.14).

kll kZZ

= —_— r2 = —_— 1.14
k12 k21

Iy
The reactivity ratios represent the tendency of monomer 1 and monomer 2 to undergo self-
propagation or cross-propagation. The monomer feed ratio and reactivity ratios determine
the resulting monomer sequence distribution in the copolymer. Determination of reactivity
ratios is therefore crucial to enable an understanding of the sequence and structure of a
copolymer with a particular composition, and to enable copolymers to be designed with

the desired properties.*

A reactivity ratio of 1.0 indicates an equal tendency for either monomer to add to the
particular chain end. A reactivity ratio of >1.0 indicates a tendency for self-propagation,

and a reactivity ratio of <1.0 indicates in a tendency for cross-polymerisation.

The product of the reactivity ratios is also considered to assess the randomness of the
comonomer addition.> A polymerisation in which ri.r, = 1.0 is termed “ideal” and the
identity of the species on the end of the propagating radical does not affect the rate of
addition of either monomer (i.e. the propagating radical species with either monomer on
the chain-end show no preference towards either monomer). An ideal polymerisation has
the following ratio of rate constants (Equation 1.15):

Kz  Kyp

_ 1.15
k21 kll

Note that in an ideal polymerisation one propagating radical chain-end can still be more
reactive than the other, except in the special case in which ry = r> = 1.0, termed “random”.
In a random polymerisation, both monomers have equal chance of adding to the

propagating radical, regardless of its identity.

When r1.r; = 0, and neither ry nor r, are greater than 1, the polymerisation is described as
alternating. When one of the reactivity ratios is greater than 0 but less than 1, the structure
tends towards alternation. In a true alternating polymerisation, where r1 =r, =0, the
monomers will add alternately and sequentially with no self-propagation possible. In real
copolymerisation systems, the product of reactivity ratios lies somewhere between the
alternating and ideal cases. Extreme differences in reactivity ratios lead to the formation
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of homopolymers. Copolymer composition can be determined experimentally by several
analytical methods including *H NMR, BC NMR, FTIR spectroscopy, UV-vis
spectroscopy or gas chromatography.> ® The copolymer composition is often analysed by
monitoring the depletion of each monomer as a function of either time or total monomer
conversion. This route offers information on average monomer sequence distribution and
copolymerisation kinetics. NMR spectroscopy has been used to track monomer depletion,
either by reaction sampling or using real-time NMR spectroscopy to monitor reaction

Kinetics.’13

The chemical composition of copolymers is influenced by both the monomer feed ratio (f1
: f2) and reactivity ratios, which are the key variables in the Mayo-Lewis model, also
known as the instantaneous copolymerisation equation, where F; is the mole fraction of

monomer 1 in the copolymer (Equation 1.16).14

I‘lflz + fle
r1f12 + Zflfz + rzfzz

1.16

F1:

Use of the Mayo-Lewis model allows for the estimation of reactivity ratios by linear and
non-linear parameter estimation methods. This is achieved by obtaining the instantaneous
copolymer composition — often by measuring the composition of a copolymer at very low

conversion (<10 %), which diminishes the effect of drift in monomer feed composition.

Common linear models used to estimate reactivity ratios are the Fineman-Ross® and
Kelen-Tiidos'® methods. These methods were both derived from the Mayo-Lewis model
(Equation 1.15), and reactivity ratios are estimated by linear least squares regression

analysis.

The Fineman-Ross method (Equations 1.17 — 1.19) defines variables (G and H) which are
assigned to equations based on measured values of the monomer mole fraction in the feed
(fmon) and the mole fraction of each monomer in the resulting copolymer (Fmon). G is plotted

against H for each experiment, which yields a straight line of gradient ry and intercept r.

G=1 (1 _ f_2> 1.17
F; fy
2
H= (E) (f_z) 1.18
F,/ \fy
G=riH-nr, 1.19
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Kelen and Tiidos® refined the Fineman-Ross equation by the introduction of an arbitrary
constant (o) to distribute the data more uniformly and eliminate bias from certain

experimental data points (Equation 1.20):
1 1.20
a = (HminHmax)2

where Hmin and Hmax are the minimum and maximum values of H determined from the
data.

This was based on the observation that reactions where there is a large difference in the
monomer molar feed ratio lead to data points which bias the equation. The constant a can
then be used to modify the values from the Fineman-Ross equation (G and H) giving values
& and n (Equations 1.21 — 1.23). & is plotted against i) for each experiment. Reactivity ratios
can be obtained as the plotted line intercepts the lines £ =0 and £ = 1 at values —r2 / o and

r1 respectively.

n= G 1.21
a+ H
§= H 1.22
a+H
and
_ r1+r2) | ) 123
']—( o ¢ o

Although the Kelen-Tiidds method has been widely used, it still relies on the assumption
that there is no compositional drift at low conversion, which introduces error into the
model. The same authors presented a more complex method to address this source of error,
which is known as the extended Kelen-Tiidés method.!” In this method, G and H are
replaced (Equations 1.24 and 1.25):

o <log (1- XZ))Z <d[M1]o> Lo
log (1 —x4)/ \d[M;]o
_ (log (1 —x2)\ (d[M4]o
H= (g ) <d[M1]o - 1) -

where y1 and yx, are the partial molar conversions of the copolymer. The rest of the
calculation is performed in the same way. This reduces the error from the low conversion

assumption, but some systematic errors remain.
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The greatest criticism of the preceding methods is that they impose linear analysis on what
is fundamentally non-linear data. More statistically-correct non-linear methods of
calculating reactivity ratios have been developed to reduce the systematic error in
measurements. Tidwell and Mortimer used non-linear least squares analysis. Their method
utilised a statistical approach to the design of experiment, allowing improved data to be
obtained.*® Meyer and Lowry developed a method which uses an integrated form of the
instantaneous copolymerisation equation.'® This method allowed multiple measurements
to be used during each reaction, reducing experimental error and allowing in-situ reaction

monitoring to be used to obtain data.?°

Recent increases in computing power have also aided researchers in this field. Van den
Brink et al.?! and Kazemi et al.?? introduced an errors-in-variables model (EVM) which
uses non-linear regression to plot the data obtained from Meyer-Lowry equation. This
increased the accessibility of the complex mathematical calculations required to calculate
reactivity ratios using integrated non-linear methods whilst also including an estimate of
experimental error in the calculations. EVM is becoming more user-friendly as further
models are developed.?® The EVM approach also allows users to calculate the reactivity
ratios of ternary copolymerisations and higher, as these cannot be modelled accurately with
traditional methods.?* It can also be used to consider reactivity ratios using the penultimate
model of free radical polymerisation (which considers that the penultimate repeat unit also
contributes to the kinetics of the reaction) as it has been shown that the terminal model

does not always describe the reaction kinetics with absolute accuracy.?®

1.4 Living polymerisation

Living polymerisation is defined as a chain-growth polymerisation in which chain transfer
and termination reactions are absent, such that the polymerisation may proceed indefinitely
until no more monomer is present.! The rate of initiation is greater than or equal to the rate
of propagation, unlike radical polymerisation, so all chains are initiated rapidly and grow
at an equal rate to an (almost) equal chain length. Mechanisms which enable living
polymerisation conditions include anionic, cationic and ring opening metathesis

polymerisation reactions.

Living polymerisation allows the synthesis of very low dispersity polymers (b <1.1).
Dispersity, D, is defined by B = Mw/Mn, where My, is the weight average molecular weight

and M, the number average molecular weight; living polymerisations often result in
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polymers in which. The polymer chains remain active at the end of the polymerisation, so
complex/advanced polymer architectures can be accessed, such as diblock, star and
hyperbranched copolymers.?® Anionic (co)polymerisation also allows for much greater
control over the resulting copolymer structure, as the reactivity ratios of monomers are
often more extreme compared to free radical polymerisation, due to the sensitivity of the

propagating ion stability to both substituents and solvent.*

Despite having several advantages over free radical polymerisation, living polymerisations
are usually very sensitive to impurities such as water, and reactive functional groups are
often not tolerated, meaning there are a limited number of monomers which can be used

in such reactions.

1.5 Reversible-deactivation radical polymerisation (RDRP)

Free radical polymerisation has many beneficial features such as high tolerance to many
functional groups and solvent systems. However, there are also drawbacks — especially
rapid and uncontrolled termination, which leads to high dispersity and means that
controlling molecular weight and the synthesis of block copolymers and other complex
polymer architectures are often not possible. Imparting the characteristics of a living
polymerisation to a free radical system has been a target of synthetic polymer chemists and
various methods have been developed towards the realisation of this aim. One of two
general processes are generally utilised: i) reversible deactivation of the propagating chain;
used in atom transfer radical polymerization (ATRP)?" 2 and nitroxide-mediated
polymerization (NMP)?° or ii) degenerative chain transfer, used in reversible addition-
fragmentation chain-transfer (RAFT) polymerisation.>® Collectively the techniques are

known as controlled radical polymerisations or RDRP.3

ATRP involves a redox equilibrium between an alkyl halide and a catalytic transition metal
complex which acts as an activator. NMP relies upon the reversible decomposition of a
nitroxide compound to form a reactive radical and a stable nitroxide radical. RAFT
polymerisation uses a conventional initiator as a radical source and a chain transfer agent,
often a dithioester compound, to supress termination by reversible degenerative chain

transfer.

A generalised RDRP reaction involves an initiator or chain-transfer agent which undergoes
reversible dissociation to form a dormant species and an active radical. The active radical

reacts with a monomer to form a propagating radical, which can either revert to the dormant

9
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species, another monomer to extend the polymer chain, or another radical species to
terminate the chain. The ratio between these three processes is vital to maintaining control
in RDRP. In ATRP and NMP, the equilibrium constant between the dormant species and
propagating radical determines the rate of reaction. When the equilibrium between the
dormant species and propagating radical lies towards the dormant species, the probability
of bimolecular termination is reduced, however the equilibrium constant must be high
enough to achieve a reasonable rate of polymerisation. In RAFT polymerisation, the rate
of reaction is determined by the monomer concentration and the properties of the radical

initiator.

Most chains continue to grow for the entire reaction which, combined with a low
termination rate, reduces the dispersity of the polymer (D = 1.1 in a well-designed reaction)
and allows specific molecular weights to be targeted. A further benefit of RDRP is that
(most) active chain ends are retained, enabling further reaction to form more complex
polymer architectures. These mechanisms cannot be described as living, as termination,
although suppressed, still occurs. RAFT polymerisation is described in detail in section
1.5.1 as it is used in the current study, however ATRP and NMP will not be discussed

further here.

1.5.1 RAFT polymerisation mechanism

RAFT polymerisation was first reported in 1998 by researchers at the Commonwealth
Scientific and Industrial Research Organisation (CSIRO) in Melbourne, Australia.*
Reversible chain transfer is achieved using a range of chain transfer agents known as RAFT
agents.3! They are most often dithioesters, but other forms of RAFT polymerisation use

equivalent compounds such as xanthates or sulfur-free compounds.? 3

10
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Scheme 1.2. Mechanism of RAFT polymerisation with associated rate constants.

The stages of a typical RAFT reaction are indicated in Scheme 1.2. A RAFT reaction
begins with the use of a common radical initiator (e.g. azobisisobutyronitrile, AIBN), by
which radicals are generated thermally or by using UV radiation. The initiating radical (I+)
reacts with a monomer in solution to form an initial propagating radical (initiation). This
may then react with another monomer to propagate the chain growth (radical
propagation), or with a RAFT agent (1), setting up the RAFT pre-equilibrium. A carbon
centred radical, the RAFT adduct, (2) is formed by the reaction of the propagating radical
with the thiocarbonyl centre of the RAFT agent. This can then undergo reversible -
scission to form a leaving group (R¢), and a dormant species (3). The R group should be
chosen such that the pre-equilibrium equation lies to the right and the liberated Re radical
can then (re)initiate a chain by reaction with monomer (reinitiation). The reinitiated chains
can now set up the RAFT main equilibrium in which the RAFT end-group facilitates rapid
chain transfer between growing polymer chains (4 and 6), in equilibrium with a second
(dormant) RAFT adduct (5). This ensures that chain growth is statistically shared between
growing chains, leading to polymers with low dispersity, and that termination is suppressed

due to the low availability of radicals. As termination of propagating chains does still

11
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occur, RAFT cannot be considered a true living polymerisation, but retains many

advantages over traditional free radical polymerisation.

The control afforded by a RAFT agent can be considered in terms of two chain transfer
coefficients, Cy and C.t, which are defined by the following equations (1.26 — 1.29) which
use the rate constants defined in Scheme 1.2:

C,. = ﬁ 1.26
tr — '
k,
C . = Ko 1.27
_tr - .
kiR
where
kg
ki = Kaga® = kaaa 1.28
k_qaa t kg
and
k, = k_,(1—¢) =k _Kowar 1.29
tr — Kl — = Kada .
k_gaa + kg

where ¢ is a partition coefficient that describes the preference for the pre-equilibrium to
fragment to products or return to starting materials. For a controlled polymerisation, Cy in

the pre-equilibrium should be maximised (ideally >10) and C. should be minimised.3*

In an ideal RAFT polymerisation, the rate of propagation (Rp) is influenced by the radical

concentration according to Equation 1.30:

fkall]oe™*a* 1.30

R,(t) = ky[mon] k,

Where kp is the propagation coefficient, [mon] the monomer concentration, f the initiator
efficiency, kq the decomposition rate coefficient of the initiator, [I]o the initial initiator

concentration, and k the termination rate coefficient.3!

12
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1.5.2 Choice of RAFT agent

Since its discovery in 1998, hundreds of RAFT agents have been developed.®® The choice
of an appropriate RAFT agent is of great importance as poor selection may lead to reduced
control over dispersity and/or molecular weight. A successful RAFT reaction requires an
acceptable rate of propagation to be maintained whilst ensuring the rate of termination by
bimolecular chain coupling is insignificant. The R- and Z-groups of the RAFT agent
(structure 1 in Scheme 1.2) are selected to maintain control of the polymerisation by
determining the rates of addition and fragmentation.®* The RAFT agent C=S bond must be
more reactive than the monomer C=C bond.3! The Z-group is responsible for the reactivity
of the C=S bond towards radical addition, which must be considered in relation to the
propagating chain. The R-group must be a good radical leaving group, yet rapidly reinitiate
polymerisation to ensure all of the RAFT propagating radical species are generated in a
short time period. The polarity of the R-group with respect to the solvent must be

considered to ensure adequate stability of the free R- group.

The reactivity of the propagating radical Py- depends on the monomer unit present at the
chain end.®? These are typically classified as more- or less-active monomers (MAMs and
LAMs).3* MAMs such as (meth)acrylates and (meth)acrylamides form relatively stable
leaving groups due to conjugation of the vinyl double bond to an aromatic, carbonyl, or
nitrile group, and therefore require a RAFT agent which is very reactive to radical addition
to ensure the requirement for rapid chain transfer is met. Dithioesters and trithiocarbonates
are often used to control these reactions.®® LAMSs such as vinyl acetate have unstable
radicals, so are highly reactive to radical addition. Thus, the R and Z-group can be modified
accordingly to ensure the RAFT adduct is less active. Xanthates are often selected for
reactions involving LAMs. For selection of R-group, electron donating groups increase the
RAFT agent transfer coefficient, so groups containing tertiary carbon centres are used
often for MAMs.34

Switchable RAFT agents have also been developed. These are able to transfer between two
states via an external stimulus, allowing them to control reactions involving both more and

less active monomers.®’

In this thesis, the selected monomers are all MAMs (methacrylate and methacrylamide).
When considering the choice of RAFT agent for MAMs, dithiobenzoates (Z = Ph) have a

very high chain transfer coefficient and are excellent at controlling the polymerisation of

13
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methacrylates and methacrylamides. Three examples of commonly used dithiobenzoate
RAFT agents are given in Figure 1.1.34° Each uses tertiary alkyl R-groups to improve
radical stability and partition rate. 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid
(CTP, Figure 1.1A) and 2-cyano-2-propyl dithiobenzoate (CPDB, Figure 1.1B) both
contain electron-withdrawing cyanoalkyl groups to increase Ci by increasing the stability
of the R" radical. CTP contains a pentanoic acid chain to improve compatibility in polar
solvents compared to CPDB and cumy! dithiobenzoate (CDB, Figure 1.1C).3* CDB forms
a less polar and comparatively less stabilised R* radical.

A S H,C CN B S H,C CN ¢ S H,C CH,

oH P'e
s 577 “CH, s
O

Figure 1.1. Dithiobenzoate RAFT agents. A) 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid
(CTP), B) 2-cyano-2-propyl dithiobenzoate (CPDB), C) Cumyl dithiobenzoate (CDB).

Despite the excellent control over reactions, dithiobenzoates suffer from poor stability in
water, readily undergoing hydrolysis, and can cause rate retardation.** As shown in
Equation 1.30, the rate of an ideal RAFT reaction is not dependent on the concentration of
RAFT agent; however, high dithiobenzoate concentrations often lead to reduction of
polymerisation rate. The precise cause of the rate retardation is complex and has been
debated in the literature.** However, in general, retardation is due to excessive stabilisation
of the RAFT adducts, which reduces the rate of fragmentation. The extra stabilisation is
due to resonance forms of the RAFT adduct arising from the phenyl Z-group. The stable
adducts either allow the formation of cross-termination products (i.e. side reactions
whereby the adduct reacts with a propagating radical to form a 3-arm star) or slow
fragmentation of the RAFT adduct (2 and 5) prevents the accumulation of propagating
radicals necessary to achieve the rate of reaction predicted by the radical concentration.**
The retardation could be due to either, or possibly both of these effects.*? A further
phenomenon observed with dithiobenzoate RAFT agents is an inhibition period at the
beginning of the reaction, where monomer consumption is very slow for an extended
period, before increasing to a steady rate.** This can be caused by inappropriate selection
of the R-group, whereby either the R" radical is unable to reinitiate new chains or is too
reactive with the RAFT group (i.e. does not fragment).*® These effects cause very slow
chain growth at the start of the reaction. This effect can lead to incomplete utilisation of

the RAFT agent in the RAFT mechanism, which may lead to side reactions, or some RAFT
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agent may remain unconsumed at the end of the reaction. This leads to higher-than-
predicated molecular weights, as molecular weight predictions assume complete usage of
RAFT agent.*®

1.5.3 Synthesis of block copolymers using RAFT polymerisation

Many examples of block copolymer synthesis using RAFT polymerisation have been
reported.** Initially, a homopolymer block is synthesised, which is subsequently used as a
macro-RAFT agent to add a further monomer type.®? > The monomer used in the first
block must be a good homolytic leaving group with respect to the propagating radical of
the second block to enable the macro-RAFT agent to reinitiate the polymerisation. In
practice, this requires the “more active” monomer to be polymerised first, €.g. methacrylate

must be prepared before acrylate and methacrylamide before acrylamide.3? 46

1.6 Mussel-inspired chemistry

An increasing number of scientists of all disciplines are turning to nature for inspiration.
The hydrophobicity of the lotus leaf, the physical adhesion of the feet of geckos and the
structural colour of some insects and birds are classic examples of physical phenomena

which have been mimicked by researchers.*’

Mussels are remarkable because of their ability to adhere strongly to rocks under
challenging conditions: under water, with high ionic strength and under constant physical
stresses from wave action. The ability of the marine mussel (of the family Mytilidae) to
stick to an astonishing variety of substrates has been extensively studied and inspired a

field of innovative chemistry.*®

1.6.1 The adhesion of mussels on rocks and other surfaces

Mussels can bind to virtually any surface by the secretion of proteins from an organ known
as the foot, which forms anchors called byssal threads (Figure 1.2).*° These threads
demonstrate remarkable hardness and stiffness but at the same time extensibility and
resistance to damage.> It has been shown that the proteins found in the foot and byssal
threads (mussel foot proteins [MFP], or mussel adhesive proteins [MAP]) contain the
amino acid dihydroxyphenylalanine (DOPA) which is an oxidation product of tyrosine
(Scheme 1.3). Many of the MFPs contain a significant amount of DOPA (20 — 30 mol%),
which is thought to be the main component responsible for their excellent adhesion.
Several different MFPs are known, which perform different roles in the adhesion process,
some of which are still not completely understood. It has been observed however, that
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MFPs with higher concentrations of DOPA are found nearest to the binding sites of the
threads. The bonding prowess of DOPA has been attributed to the catechol functional
group which is found in many naturally occurring molecules that adhere to a variety of
substrates, through varied reaction processes.>

Byssal
retactors
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adductor

Anterior
adductor

\
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% i L)
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Figure 1.2. The adhesion method of the marine mussel. A) Photograph of an adult mussel showing
the byssal threads adhered to a mica surface B) Diagram of the mussel showing the organs
responsible for the production and secretion of byssal threads containing mussel foot proteins. Image
reproduced with permission “6. Copyright © 2011 by Annual Reviews.
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Scheme 1.3. Formation of DOPA from tyrosine.

The presence of DOPA in MFPs was discovered in 1981,°2 but it took another 18 years for
it to be experimentally demonstrated that DOPA was responsible for the majority of the
MFP’s adhesive properties, and that DOPA itself could form an adhesive plaque.>®
However, the binding activity of mussels and the process is remarkably complex and has
been shown to rely on more factors than simply the presence of DOPA in the MFPs.>

The presence of catechol oxidase enzyme in the mussel foot is thought to contribute to a
crosslinking process via the oxidation of DOPA to a quinone.® It has been shown,
however, that although the intermolecular crosslinking caused by the oxidation of DOPA
was necessary to form a plaque, the oxidative process actually diminished the adhesion
between a poly(DOPA) film and a mica substrate.>* The lack of adhesion was caused by

uncontrolled oxidative crosslinking of DOPA, however, oxidation is mediated in mussels
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by the use of a protein rich in antioxidant thiols.*® The crosslinking rate could be controlled
under lab conditions by preparing a coating under acidic conditions (pH 3), and it was
suggested that tautomerism of the proteins played a role in the crosslinking.>* As the pH is
raised, adhesion strength diminishes as oxidation occurs, but increases again at pH 7.5,
similar to the pH of seawater.>® This phenomenon was attributed to the binding modes of
the catechol group; it adhered to metal oxide surfaces via hydrogen bonding at low pH, but
the (oxidised) quinone formed strong bidentate coordination bonds at higher pH.
Underwater adhesion is made possible by displacement of the surrounding water molecules

when the catechol groups bind to the surface.®’

Remarkably, the mussel also appears to be able to form the robust byssal threads using a
different type of catechol chemistry; coordination complexes between MFP and Fe®*
contribute to the excellent combination of tensile strength and hardness.>® Such variation
and complex design suggests that there is still much to learn from the adhesion of animals
such as mussels and confirms that the binding mechanism of the catechol functional group

Is impossible to consider in isolation.

1.6.2 The chemistry of catechol adhesion to surfaces

The adjacent hydroxyl groups in the catechol functionality have been observed to bind
strongly to many surfaces. An advantage of using a catechol functionality is that it may
bind by several different methods, which vary depending on the substrate and chemical

environment (Figure 1.3).%

The catechol group may be attracted to a surface by non-covalent bonds. Due to the two
hydroxyl groups, it it can bind strongly to a surface via hydrogen bonds, particularly
organic coatings that contain hydrogen bonding functional groups, which are often found
on biological surfaces.*®  Additionally, the conjugated phenyl ring of catechol can form

-7 stacking interactions and 7-cation bonds.®

As discussed in section 1.6.1, catechols strongly chelate metal ions via bidentate
interactions from the hydroxyl groups. This has been demonstrated for a variety of metal
ions in solution.®? %3 An alternative method of binding catechols in solution is with boronic
acids, which form strong, reversible bonds, resulting in the formation of hydrogels when

catechol-containing polymers were used.®*

Catechols can form strong coordination bonds to metal oxides.%> % Atomic force

microscopy (AFM) studies of single molecules containing catechol attached to probes,
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suggested that even a single catechol group could form strong bonds to a metal oxide
surface. Oxidation of the catechol was shown to reduce the adhesion to metal oxides, but
promote covalent bonding to organic surfaces.®” It has also been proposed that as well as
bidentate bonding, monodentate bonding can be supplemented by hydrogen bonding from
the second hydroxyl group on the catechol.®® This report also suggested a strongly
chelating buffer such as citric acid buffer can compete with the catechol, leading to

supressed binding to metal ions.

OH

A O OH R B R
R i - OQ/ [ o) |
e} N
|

OH R
R R
R F
on PH «— MO T
» HO  OH
o dn OH "
C O’ N / \ T T T
H 4o" “oH HO” O o CH
R
>>:/< D E
R
HO  OH O\B-'O

o NH HO ©OH
at RO

Figure 1.3. Binding modes of catechol functional group from the oxidised quinone form (above) and
the catechol form (below). A) Covalent crosslinking, B) Schiff-base reaction, C) Coordination
complex of a metal ion, D) Hydrogen bonding, E) Formation of borates, F) Bidentate bonding to
metal oxide surfaces.

Catechols have also been shown to bind to surfaces via covalent bonds. These can be
oxidation-induced bonding of the quinone form to amine, thiol or imidazole groups on a
surface.®” The oxidative state of catechol is important to consider, as depending on the
substrate, it could enhance or diminish the strength of the binding.

1.6.3 Surface coatings and functional polymers synthesised by mussel inspired

chemistry

It has been demonstrated that MFPs bind strongly to many surfaces in aqueous conditions.
This makes them excellent candidates to be utilised as adhesives in situations which are
inaccessible or challenging for traditional synthetic materials, such as wound dressings,

antifouling coatings and underwater adhesives.®® Although one mussel foot protein
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(MFP1) is now available commercially, the price and practicality at industrial scale are
prohibitive for all but the most specialist applications. For this reason, coatings have been
developed using DOPA and similar catechol-containing molecules.”® The most prominent
of these catechol-containing molecules is dopamine (Figure 1.4), a chemical which notably
occurs naturally as a neurotransmitter (amongst other functions) in the human body, but is

widely available as a synthetic form."

HO
NH,
HO

Figure 1.4. Chemical structure of dopamine.

A vast number of catechol-containing coatings and adhesives have been reported, which
can be categorised into small molecule-based surface layers and polymeric coatings. The
polymeric coatings can be further divided into auto-polymerised coatings of DOPA or
dopamine, polymers with catechol side chains, and polymers with catechol end groups,
each of which is discussed briefly herein.

1.6.3.1 Surface coatings using catechol-containing monolayers, anchors or

initiators

Small molecules containing catechol groups are useful for functionalising surfaces via the
formation of self-assembled monolayers. Such coatings can be used to change the physical
properties of the substrate or can be further functionalised via layer-by-layer coating,
polymer brush formation or chemical reaction e.g. click chemistry, and have been

reviewed.*” Three demonstrative examples are given in Figure 1.5 and discussed below.

A B C
NH T]/J\ NH 7& NH T(\/
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OH OH OH

Figure 1.5. Examples of catechol functionalised small molecules used as surface coatings.

A facile method for producing catechol-containing compounds from dopamine was
originally developed in 2005 by Messersmith et al.®® who modified dopamine by reaction
with a 2-bromopropionyl bromide (Figure 1.5A). The reaction product was subsequently
used as an ATRP initiator, allowing the synthesis of polymer brushes from the surface by

the “graft-from” method. This approach has been adopted and adapted by several authors
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to synthesise catechol-functionalised initiators for the grafting-from method, using ring-
opening metathesis polymerisation (ROMP) and RAFT polymerisation, and catechol
functionalised polymer chains based on poly(ethylene glycol) (PEG) have been used to
create polymer brushes by the “grafting-to” method, in which pre-formed polymer chains

are attached to a surface.”>"*

Dopamine methacrylamide (DMA) has also been used as an anchor point for graft
copolymers (Figure 1.5B). It was deposited as a monolayer and the methacrylamide group
was subsequently either initiated using AIBN to grow a polymer chain from the surface,”
or a pre-formed polymer was grafted to the DMA using click-chemistry.”® Surface coatings
which enable subsequent functionalisation using click-chemistry have been reported.
Dopamine was modified with an alkyne (Figure 1.5C) and immobilised on an iron oxide
nanoparticle.”” The anchored catechol-alkyne molecules were subsequently reacted with
an Nsz-capped PEG chains or Ns-functionalised rhodamine to prepare nanoparticles which

were either water soluble or fluorescent.

1.6.3.2 Synthesis of surface coatings by the autopolymerisation of dopamine

In 2007, Messersmith et al. showed that dopamine can be autopolymerised in an aqueous
alkaline solution at room temperature, and found it to be an effective surface coating for
almost any material, including metals, organic surfaces, glass and even Teflon.”® This
discovery led to a significant body of research dedicated to investigating the properties of

polydopamine coatings and how they can be utilised.

The chemical structure of the film, known as polydopamine (PDA), has come under some
scrutiny and is not discussed in detail here, but is the subject of a number of informative
review articles.” 8 However, it is currently thought to be an extended network of
catecholamine-based oligomers connected with non-covalent bonds.®! Due to the
opportunity for modification before, during or after deposition, potential applications for

polydopamine are wide ranging and subject to many recent publications.’® 8

To create functional surface coatings, PDA has been used to directly immobilise a variety
of chemicals to a substrate surface by simply co-dissolving with dopamine during PDA
deposition. Due to the wide range of possible binding interactions of the catechol, quinone,
indole and amine groups found in PDA, many additional molecules can be incorporated
within the PDA film as it forms, and the functional groups of the added molecules can

become available at the film surface. This technique was exploited to facilitate a range of
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secondary reactions on substrate surfaces, such as silicification and graft polymerisation
by ATRP (Figure 1.6).83

Multi-Purposes One-Step Functionalization

Silicification Tertiary amine
immobilization

/ ] .
ot

ATRP initiator Polysaccharide
immobilization immobilization

o < = Y
I 1)} l -

SI-ATRP n O XCS Hematopoietic
2.0% cell adhesion

Anti-Bacterial
Surface

Figure 1.6. Examples of one-step immaobilisation of molecules on substrate surfaces using PDA.
Reproduced with permission.8® Copyright © 2012 WILEY-VCH Verlag GmbH & Co.

The synthesis of PDA results in reactive catechol groups on the surface of the film and
thus reaction between primary amines or thiols and catechol groups on the surface, often
via Schiff base or Michael reactions (see Figure 1.3).84% For example, PDA has been used
to immobilise fluorescently labelled antibodies to a surface by reaction of the antibody
thiol and primary amine groups with the catechols, simply by stirring in solution at pH 7.4
at 4 °C for 12 h.2® The antibodies were subsequently used to immobilise a cancer
biomarker, and the composite surfaces were used to test the efficacy of a diagnostic

nanoparticle.

Films with the desirable adhesive properties of PDA can be formed using chemically
modified dopamine-type precursors to add additional functionality to the coatings.”® An
example of this is the incorporation of an alkyl bromide group on dopamine (Scheme 1.4).
The alkyl bromide was reacted with dopamine under oxygen-free basic conditions to form
an uncharacterised intermediate, which was subsequently exposed to normal PDA reaction

conditions. This formed a coating modified with the alkyl bromide, which could
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subsequently be used to grow (methacrylate) polymer chains from the surface using ATRP

to form potentially antifouling polymer brushes.&

O
. <
Br Watel Air, Tris base
H 85
DMIF Et,N, N, P
/ \
Polymer brush
0 0
Br Br PDA
ATRP
Silicon Wafer

Scheme 1.4. Reaction of dopamine with alkyl bromide compound and subsequent immobilisation on
a silicon wafer surface, followed by grafting of polymer chains on the PDA surface by ATRP.#°

1.6.3.3 Polypeptide mussel foot protein mimics

To mimic mussel foot proteins, polypeptides of varying complexity have been synthesised
by combining DOPA with further amino acids and assessed to establish whether these
simplified systems could successfully replicate the adhesive properties of the MFPs.%-%3
In a recent example, a 25 amino acid peptide was prepared, with structural features
mimicking those of a real MFP. It was shown that DOPA was necessary for underwater
adhesion of the polypeptide to mineral surfaces, as the DOPA displaces water molecules

from the substrate surface.%?

The advantage of these polypeptides was that once the structure-property relationships
have been investigated, the polypeptide can be specifically tailored by altering the amino
acid sequence to improve adhesion and to shorten the chain length for easier processing.

However, as yet they are not straightforward or cost-effective to produce at a large scale.

1.6.3.4 Synthesis of polymers with catechol end-groups

The reactivity and strongly adhesive nature of the catechol functional group has been
exploited via the synthesis of end-capped polymers for various purposes. A single catechol
group at the end of a polymer chain can be used to graft polymers to a substrate. Techniques
such as ionic polymerisation or RDRP allow facile functionalisation of polymer chain
ends. The catechol group can either be established at the chain end directly using a
functionalised initiator or chain-transfer agent, or indirectly by modifying a polymer

already terminated with a reactive end-group.’
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In a reported procedure, N-hydroxysuccinimidyl propionate-activated PEG was coupled
with five catechol derivatives.%® This facile modification of a commercially available
polymer allowed the preparation of anti-fouling coatings on metal oxide surfaces. It was
shown that nitrodopamine-PEG formed a particularly effective end group, as the electron
withdrawing nitro group increased the acidity of the hydroxyl protons, encouraging strong
coordination bonding to metal oxide surfaces and resistance to oxidation in solution. The
solution pH was important in determining the binding mode and film coverage, depending
on the pK, of the catechol derivative.

Alternatively, catechol-modified RAFT agents have been used to introduce catechol-
functionalised end groups during the polymerisation, so further modification is not
necessary. An example is the RAFT polymerisation of N-isopropylacrylamide (NIPAM)
using a catechol-containing RAFT agent (Scheme 1.5).%* The functionalised poly(NIPAM)
showed switchable solubility in water determined by the presence of Fe®* ions. This was
due to the ability of the catechol groups to chelate ions to form insoluble clusters of 3
chains per Fe3* ion. As Fe®* is found in the body and is associated with neurodegenerative

conditions, this approach could have therapeutic applications in future.
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Scheme 1.5. RAFT polymerisation of NIPAM using a catechol functionalised RAFT agent.
1.6.3.5 Post-polymerisation modification to introduce catechol side-chains
As well as functionalising polymer chain ends with catechol groups, it is possible to

functionalise the side chains of existing polymers with catechols to increase the density of
the active groups in the chain.

One approach to grafting catechol side-chains to polymers is the synthesis of polymers
containing pentafluorophenyl (meth)acrylate. Catechol side chains can be grafted on to the
resulting polymer by nucleophilic substitution of the labile pentafluorophenyl group using

dopamine (Figure 1.7).%598
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Figure 1.7. Reaction of poly(pentafluorophenyl methacrylate) with dopamine.

Catechol groups have also been grafted onto natural polymers. The first report of the use
of dopamine as an adhesive involved crosslinking dopamine in the presence of chitosan
and a tyrosinase enzyme. This oxidised the dopamine, causing it to graft onto the chitosan,
subsequently allowing the adhesion of two glass slides underwater.

1.6.3.6 Synthesis of polymers containing catechol-functionalised monomers

Compared to the functionalisation of pre-formed polymers, it is usually more
straightforward to directly polymerise catechol-containing monomers. The direct
incorporation of catechol side chains enables the synthesis of materials combining the
versatile adhesive properties of the catechol with various other functionalities. This can be
achieved by copolymerisation of catechol containing monomers with a wide range of
functional monomers; an approach which has recently been reviewed by Detrembleur et
al.”® The approaches reviewed included the use of styrene derivatives, ring-opening

polymerisation, and (meth)acrylamide monomers, examples of which are provided below.

Catechols are radical scavengers and in some cases have been used as polymerisation
inhibitors e.g. 4-tert-butylcatechol or 3,5-di-tert-butylcatechol.!® It may thus seem
surprising that unprotected catechols can be used as monomers in polymerisations, but a
number of reports confirm that this is possible. The polymerisation of unprotected
catechol-containing monomers has been known to cause chain branching and insoluble
deposits during polymerisation. Moreover such monomers also may inhibit reactions in
which radical concentration is suppressed, such as RDRP reactions.”* Therefore in many

of the examples discussed, protection of the hydroxyl groups in the catechol was necessary.

The simplest approach to the incorporation of a catechol side chain is the polymerisation
of 3,4-dihydroxystyrene (DHS) (Figure 1.8), which has been used in free radical
polymerisation'® 192 anjonic polymerisation (in protected form),?® 1% and RAFT

polymerisation® 1% to synthesise homo- or copolymers with catechol functionalities.
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HO

HO

Figure 1.8. Chemical structure of 3,4-dihydroxystyrene.

Strategies to protect the catechol group of DHS include converting the catechol to its
methyl ether, the use of silyl protecting groups or protection as an acetonide.” It is possible
to remove the protecting group from the catechols post-polymerisation to reactivate the
adhesive properties of the catechol functional group. In one example, the protecting groups
were used proactively to influence polymer structure.® Frey et al. took advantage of
modified protecting groups to influence monomer reactivity ratios in copolymerisations of
2,3-DHS or 3,4-DHS with styrene.

As well as the use of styrene derivatives, catechol-functionalised monomers have been
synthesised using other common polymerisable functional groups. Ring-opening
polymerisation has been used to synthesise catechol-containing polymers using a specially
designed monomer containing an epoxide ring (catechol-acetonide glycidyl ether, Figure
1.9A).1% The monomer was copolymerised with ethylene oxide and glycidol to obtain
catechol functionalised linear and hyperbranched poly(ethylene glycol) and poly(glycidol)
polymers respectively. These polymers were used to form biocompatible, adhesive,

hydrogen-bonded networks which could be reversibly swollen by controlling the pH.

Dopamine maleimide has also been synthesised (Figure 1.9B).2%” The copolymerisation of
this monomer with alkyl acrylate comonomers took advantage of the strong preference for

maleimides to cross-propagate, leading to catechol functionalised alternating copolymers.

o/\7 B Et,Si o

e} O
o Et,Si-O

< d

Figure 1.9. Chemical structures of catechol containing monomers. A) Catechol acetonide glycidyl
ether, B) Silane-protected [3,4-dihydroxyphenyl)ethyl]-maleimide.

1.6.3.6.1 Synthesis and protection of catechol-functionalised (meth)acrylamide
monomers
A common method of producing catechol-functionalised monomers is via the synthesis

and polymerisation of catechol-containing (meth)acrylamide monomers. This class of
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monomer has been studied in the current work, and various previously reported examples

are discussed here.

Two of the most commonly investigated (meth)acrylamide monomers are DOPA
(meth)acrylamide and dopamine (meth)acrylamide (Figure 1.10). The synthesis and
polymerisation of DOPA (meth)acrylamide (Figure 1.10A) has been reported by several
groups'® 1% and has obvious similarities to the DOPA residues in MFPs, however the

carboxylic acid group may provide unwanted reactivity in some applications.

Dopamine (meth)acrylamide (Figure 1.10B) has been more widely reported due to its
relatively facile synthesis and compatibility with multiple polymerisation mechanisms, if
suitably protected. %8 119112 The synthesis of dopamine methacrylamide (DMA) by the
reaction of dopamine with methacrylic anhydride was first reported by Messersmith et al.
in 2007.1° DMA and its acrylamide variant (DA) have also been synthesised by the
reaction between dopamine and (meth)acryloyl chloride, however this is far less

commonly used due to the toxicity of the (meth)acryloyl chloride.'?

R R
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HO HO O HO
OH OH

Figure 1.10. Chemical structures of A) DOPA methacrylamide (R = CHs) and DOPA acrylamide
(R =H). and B) dopamine methacrylamide (R = CHs) and dopamine acrylamide (R = H).

Free radical copolymerisation of unprotected DMA and DA has been reported.!'* The
apparent freedom to leave the functional group unprotected is surprising due to the
potential for both crosslinking and radical scavenging by the catechol. The unprotected
monomers do not inhibit their polymerisation, but there is some evidence that branched
copolymers are formed through chain transfer via radical scavenging by the catechol group

towards the propagating radical.”

Protecting group chemistry is usually necessary for the RDRP and ionic polymerisation of
catechol containing monomers, as the influence of the hydroxyl groups is more pronounced
(due to low radical concentrations or functional group-sensitive initiators), although RAFT
copolymerisation of unprotected DMA with MMA has been reported.!®

In an example of free radical polymerisation, Kamperman et al. protected DMA as a
methyl ether and subsequently successfully deprotected the polymeric catechol with
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BBrs.}® However, Detrembleur et al.*'’, reported that BBrs is too acidic and can promote
the hydrolysis of amides or oxidation of catechols. In contrast, they polymerised acetonide-
protected DA and DMA (ADA/ADMA) using RAFT to synthesise block copolymers of
ADMA and poly(ethylene glycol) methyl ether methacrylate. In this case the ADMA was
deprotected post-polymerisation with trifluoroacetic acid.''’ Many other strategies have
successfully been utilised to protect the catechol groups of monomers, including the use of

a boronate and silanes (Figure 1.11).7
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Figure 1.11. Protecting groups used to modify DMA. A) Boronate B) Silane, where OSIR = tertbutyl
dimethyl silyl ether or triethyl silyl ether C) Methyl D) Acetonide.

The synthesis and application of a variety of adhesive copolymers containing DMA have
been reported, and a few typical examples are discussed in more detail here, to highlight
the versatility of DMA based polymers (see Figure 1.12). Copolymers comprising DMA
have been used as functional adhesives!!: 116 118128 and for other diverse functions
including filtration membranes and energy storage.'?® 3 The tendency of catechol
containing compounds to chelate Fe3* to form a cross-linked structure has also been

utilised to form reversible hydrogels using DMA copolymers. 131134

A recent report described a pH switchable adhesive, based on copolymers of 3-acrylamido
phenylboronic acid (AAPBA) and DMA.**® Under basic conditions the boronate and
catechol groups formed a complex which prevented the catechol from oxidising to the
quinone form and subsequently crosslinking. When the solution was acidified, the complex

disassociated and strong binding to a surface was observed.

The polymerisation of DMA with 2-hydroxytheyl methacrylate gave a system that could
adhere to superparamagnetic iron oxide nanoparticles.!? The versatility of the catechol
was exploited as part of a dual-attack smart therapeutic system in which the unbound
catechol groups in the polymer could conjugate to bortezomib, a borate-containing cancer
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drug, which was subsequently released in the low pH environment of a tumour, whilst in
parallel, a hyperthermic treatment was used to kill cancer cells by heating the nanoparticles

using a magnetic field.

Drug Delivery Switchable Adhesion
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Figure 1.12. Examples of polymers synthesised with DMA for various purposes. A) poly(DMA-co-
HEMA) B) DMA and AAPBA cross-linked hydrogel C) poly(DMA-co-MPC-co-DMAEMA) D)
poly(VDF-co-HFP)-graft-poly(DMA).

Antifouling is another common application of DMA containing polymers. 109 117, 123,127,
136, 137 One approach is to combine cationic or zwitterionic monomers with DMA to
produce antibacterial adhesive coatings. In one example, DMA was subjected to free
radical polymerisation with 2-(dimethylamino)-ethyl methacrylate (DMAEMA) and 2-
methacryloyloxyethyl phosphorylcholine (MPC).** This zwitterionic copolymer was
subsequently immobilised on surfaces and quaternised and showed strong bactericidal

properties and resisted biofilm formation.

Due to the redox potential of catechols, PDA and DMA have been used for energy storage
applications. A poly(vinylidene fluoride-co-hexafluoropropylene) (VDF-co-HFP) was
synthesised, treated with oxygen plasma, and p(DMA) was subsequently grafted onto the
side chains.'® This approach took advantage of the stability of the fluoropolymer, coupled
with the polarisable hydroxyl groups, leading to a high energy density of 33 J cm™. The
adhesive catechol groups also endowed the polymer with a very large dielectric breakdown
strength, due to strong adhesion to a metal electrode.
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In summary, the preceding discussion illustrates the wide variety of approaches that can
be used to incorporate catechol functional groups into surface coatings and the diverse

applications of such films.

1.7 Aims of the project

The primary objective of the work described in this thesis was to design a copolymer
coating capable of adhering strongly to a wide variety of substrates and subsequently
immobilising biomolecules for use in analytical devices. This was approached via the
synthesis of a library of catechol-containing copolymers with various additional functional
comonomers. The project aimed to address an industrial challenge to develop a low-cost,
reliable device to detect aflatoxin M1, a potent human carcinogen which can be found in
dairy products, particularly in the developing world.13-140 Thus, antibody for aflatoxin M1
was chosen as the model biomolecule for the current work. However, due to the versatile
adhesive properties of the catechol functional group and the epoxide functionality used to
provide reactivity, the coatings could hypothetically be used on a variety of substrates to
immobilise biomolecules for a wide variety of potential applications, especially in
biomedical devices. The following paragraphs describe how the aims of the project were
targeted via synthesis of copolymers using free radical and RAFT polymerisation,
deposition of those coatings on silicon wafer substrates, and analysis of the physical

properties of the polymer coatings.

Chapter 2: The synthesis of dopamine methacrylamide (DMA) and its protection using an
acetonide group (acetonide-protected DMA, ADMA) was investigated to determine the
most effective synthetic route. Free radical homopolymerisation of both monomers was
investigated. A library of largely novel co- and terpolymers comprising either DMA or
ADMA were synthesised, using a range of methacrylate comonomers, providing several
candidates for coating investigations. The kinetics of copolymerisation of ADMA with i)
MMA and ii) GMA in 1,4-dioxane were investigated to determine the reactivity ratios of
the monomers. The compositional drift in several co- and terpolymer syntheses was
monitored by NMR and compared to the reactivity ratio data to gain a greater

understanding of the monomer sequence distributions obtained.

Chapter 3: RAFT polymerisations were carried out to determine appropriate conditions for
the homopolymerisation of ADMA. Similar conditions were used homopolymerise several

methacrylate monomers. Narrow dispersities and controlled molecular weights were
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targeted. Potential factors affecting control, including solvent, temperature and the molar
ratios of monomer, RAFT agent and initiator were considered. Novel gradient co- and
terpolymers containing ADMA or DMA with methacrylate comonomers were synthesised
for subsequent studies into coating performance in comparison with statistical copolymers
prepared using free radical polymerisation. Block copolymers were also synthesised to

provide a wider range of polymer architectures to explore.

Chapter 4: Selected co- and terpolymers were deposited onto model silicon wafer
substrates. The polymers had a range of monomer compositions, comprising HEMA,
DMA and/or GMA. The aim was to determine if smooth, repeatable and controllable
coatings could be deposited using spin-coating. Methanol and DMF were used as solvents
for the spin-coating experiments. Furthermore, deposition of the same copolymers was
investigated via immersion coating with the aim of assessing the ability of the catechol
functional group to promote adhesion to a silicon wafer directly from solution. The film

thickness and topography was studied using spectroscopic ellipsometry and AFM.

Chapter 5: The physical properties of DMA-containing copolymers and their films, coated
on silicon wafer, were investigated, using a variety of techniques, to determine their
behaviour in water, and their suitability for immobilisation of biomolecules. Contact angle
analysis was used to determine the wettability of the films. The surface charge in aqueous
solutions of various pH was determined using electrokinetic streaming potential
measurements. The swelling, dissolution or relaxation of the films in water was monitored
in-situ using spectroscopic ellipsometry. Finally, the immobilisation of the antibody for
aflatoxin on a terpolymer of HEMA, GMA and DMA was monitored using both in-situ

ellipsometry and quartz crystal microbalance.
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Chapter 2

Chapter 2 Investigation of compositional drift in free radical
(co)polymerisation of catechol containing methacrylamide monomers
with methacrylate monomers

2.1 Introduction

2.1.1 Radical reactions of monomers containing catechol functional groups

It has been well established in the literature that the catechol functional group is able to
scavenge radicals by the donation of a hydrogen atom to a free radical.! Indeed, certain
catechol-containing species with electron donating substituents are used as polymerisation
inhibitors. Relative to the dihydroxybenzene isomers with the hydroxyl groups in the meta
and para positions (resorcinol and hydroquinone respectively), the proximity of the two
hydroxyl groups in catechol has been shown to increase its radical scavenging ability due
to H-bonding (Scheme 2.1A).2 However, in the absence of oxygen the ability of the
catechol group to scavenge radicals is reduced such that free radical copolymerisation

using catechol-containing monomers is possible with mole fractions of up to 50%.%

A ,H B . . .
R — S —
HO HO HO
ﬁanchmg
Termination /

Chain coupling

Scheme 2.1. A) Stabilisation of a catechol radical via intramolecular H-bonding. B) Reactions of
catechol side chains to cause chain branching, termination or chain coupling.

In copolymerisations comprising unprotected catechol-containing monomers, the radical
scavenging effect of catechols on polymerisation is largely ignored as the by-products do
not significantly affect the desired functions of the polymer and are difficult to identify.
Furthermore, there is some confusion arising from use of the term “radical scavenging”,
which is generally used to refer to any reaction between a free radical and the hydroxyl
group on the catechol. However, the potential side-reactions of a catechol group in a free

radical polymerisation are numerous and varied. A catechol side chain on a polymer or a
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catechol-containing monomer could react with: i) an initiator-derived radical, ii) the
propagating radical of another chain (branching) or of the same chain (backbiting).>” Once
formed, catechol radicals may couple with propagating radicals from other chains or
catechol side chains, potentially forming cross-linked networks or reaction with monomers
may form branched chains (Scheme 2.1B). Catechol-containing monomers can also
participate in reactions i) and ii). If initiator radicals are removed from the polymerisation
by reaction i), the rate of reaction may be retarded and fewer polymer chains initiated. On
the other hand, reaction ii) leads to chain transfer. Both reactions result in the formation of
a side-chain radical on the catechol, which can either terminate by hydrogen abstraction or
react further. Furthermore, potential chain transfer to monomer could lead to copolymers
with reduced molecular weight. To avoid ambiguity, in this chapter, the term “radical
scavenging” will only be used to describe the reaction between catechol species and
initiator-derived radicals. The reactions of catechol side chains to generate coupled or

branched polymers will be considered separately.

2.1.2 Reactivity ratios of catechol-containing monomers

Compositional drift (the change in composition of copolymer chains synthesised over the
course of a reaction) is often an unavoidable feature of free radical (FR) polymerisations.
When using functional monomers, understanding the compositional drift can be vital, as
the structure of the resulting copolymers may change throughout the course of the reaction,
potentially leading to unintended copolymer properties and behaviour. Compositional drift
is thus often unwelcome and avoided if possible but, with greater understanding of the
distribution of monomers in the copolymers, it can be advantageous.® For example, in one
report, compositional drift in the synthesis of poly(d-styrene-ran-2-vinylpyridine) was
found to improve the interfacial strength of an adhesive by providing a gradient of bulk
copolymer composition over an interface.® Use of deuterated styrene allowed analysis of
the composition gradient of the adhesive coatings using ion beam analysis. In contrast, no
improved adhesion was detected when copolymers synthesised with low monomer
conversion — to reduce the compositional drift — were tested. Compositional drift has been
observed in polymerisations of dopamine methacrylamide (DMA) with alkyl
methacrylates.'® An increasing feed mole fraction of DMA was required to achieve the
targeted 10 % DMA polymer composition as the comonomer alkyl side chain length
increased. However, the effect was not investigated further by the authors.
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A useful way to predict and understand compositional drift is to calculate the reactivity
ratios of the system of interest. Reactivity ratios are important parameters which are used
to understand and predict the outcome of copolymerisations. Various mathematical models
have been developed to estimate reactivity ratios and are described in Chapter 1.

Despite a significant number of previous reports on the copolymerisation of catechol
containing monomers, no reactivity ratio data for the FR copolymerisation of DMA, or
other catechol-containing (meth)acrylamide monomers, with methacrylate monomers has
been previously published. Herein, for the first time to the best of our knowledge, we report
reactivity ratios for the copolymerisation of acetonide-protected DMA (ADMA) with i)
methyl methacrylate (MMA) and ii) glycidyl methacrylate (GMA).

Reactivity ratios for the polymerisation of methacrylamide monomers with various
methacrylate comonomers have been widely reported in the literature and values for many
common systems are available in textbooks.** In general, the reported data indicate that
self-propagation of the methacrylate monomer and cross-propagation of the
methacrylamide monomer is favoured. Thus, the reactivity ratio for the methacrylate
monomer is >1 and for the methacrylamide is <1.13*® This will lead to compositional drift

in FR polymerisations.

Even within the family of methacrylate/methacrylamide copolymers, the specific
copolymerisation kinetics can vary significantly from system to system and one should be
cautious about making assumptions about the behaviour of any particular comonomer
system. For instance, a change in solvent can have a dramatic effect in the rate of
propagation or copolymerisation reactivity:® the homopolymerisation propagation rate of
methacrylic acid increases by an order of magnitude when carried out in water compared
to in bulk, due to interactions between the solvent and propagating radical in the

propagation transition state.!’

There are, however, a very limited number of reports of the copolymerisation Kinetics of
catechol containing monomers, especially those using FR polymerisation. Reactivity ratios
have been previously reported for the FR copolymerisation of borax-protected dopamine
acrylamide (DAA-p) with 2-aminoethylmethacrylamide (AEMA), using water as the
solvent.’® The calculated ratios were rpaa-p=0.00 and ragma = 0.46. As both reactivity
ratios are less than 1.0 and with rpa being equal to zero, it would be expected that this

polymerisation would lead to a copolymer with a close to alternating monomer sequence.
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However, the authors incorrectly state that as raema = 0.46, “AEMA propagating radicals
add to DAA-p in about half of the cases” when in fact cross-propagation (addition of
DAA-p to a propagating radical with a terminal AEMA group) would be strongly favoured.
Although the kinetics of the DAA-p and AEMA system are of interest due to the catechol
functionalised monomer, the data cannot be used to directly inform the copolymerisation
kinetics of the systems of interest in the current work because of the different nature of the

comonomers and solvent.

2.1.3 The use of functional methacrylates as comonomers

MMA has been studied extensively in the wider literature and exploited by industry due to
its versatile properties, wide solubility range and chemical resistance.’® It is often
copolymerised with a range of functional monomers to achieve desired properties.?°
Investigating the copolymerisation kinetics of MMA with functional monomers is vital to
improve understanding of the monomer composition in the resulting copolymers.?! Such
data is becoming more widely available for the reaction of MMA with a selection of

functional monomers.?% 23

Numerous functional derivatives of MMA have been investigated for various applications
and are often used to modify monomer hydrophobicity or solubility. A commonly utilised
hydrophilic methacrylate monomer is 2-hydroxyethyl methacrylate (HEMA) which is
often copolymerised with cross-linkable monomers to yield hydrogels, and often used in
biomedical fields.?*2® Poly(ethylene glycol) methyl ether methacrylate (PEGMEM) has
also been widely investigated, as the hydrophilicity of copolymers can be tuned according
to the length of the poly(ethylene glycol) (PEG) side chain and the mole fraction of
PEGMEM.?" Copolymers containing PEG methacrylates are popular in industry and

academia due to their biocompatibility, antifouling properties and solubility in water.?®

Epoxide-containing monomers such as glycidyl methacrylate (GMA) have been utilised to
introduce reactive functionality into (co)polymers synthesised by radical polymerisation.?®
The reactivity of the epoxide functional group is well known and has been widely
exploited.®® The most common use of epoxides is condensation polymerisation to form
epoxy-resins. A particular advantage of GMA is that the epoxide-containing side chain
does not undergo ring-opening reactions during FR polymerisation, so it can be
subsequently modified post-polymerisation.3 Many other functional groups react with

epoxides, notably amines and thiols, making the inclusion of epoxide functionalities in
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copolymers a useful method for the immobilisation of proteins such as enzymes or

antibodies.3? 33

As GMA s utilised in this project with the aim of synthesising copolymers capable of
binding biomolecules to a surface, two previously reported examples of GMA-containing
polymerisations of particular relevance are discussed here. A terpolymer of MMA, GMA
and a crosslinkable monomer (ethylene glycol dimethacrylate) was synthesised by
suspension polymerisation to form polymer beads.3* The epoxy groups were subsequently
modified with ammonia or 1,6-diaminohexane, followed by covalent attachment of the
amino acid L-arginine. Antibodies were immobilised onto the surface of the beads by a
reversible interaction with the L-arginine. Introduction of the spacer group
(1,6-diaminohexane) increased protein binding due to reduced steric hindrance. In another
example, HEMA was copolymerised with GMA by surface-initiated atom transfer radical
polymerization (SI-ATRP) to form surface-bound copolymer brushes which were able to
immobilise antibodies directly under mild conditions (phosphate buffered saline, 0.15 M,
37 °C, 1 h).*® The binding occurred due to a covalent reaction of the epoxide group of the
GMA with the antibody primary amine groups. In neither of the two previous examples
were the reactivity ratios or polymerisation kinetics considered or reported, which could

assist in understanding the behaviour of the copolymers.

2.2 Aims

The aims of the work reported in this chapter were:

1. To compare the effectiveness of previously reported methods to synthesize DMA.2 ©
The synthesis of DMA were optimised to obtain the most effective reaction conditions.
The conditions required for protection of the catechol functional group of DMA as an
acetonide were also investigated, with a view to supressing the radical scavenging ability

of the catechol group.

2. To compare the homopolymerisation of DMA and ADMA to gain an insight into the
effect of protecting the catechol group on the FR polymerisation of DMA, and to explore
conditions for the free radical polymerisation of ADMA which has not previously been

reported.

3. To investigate the copolymerisation kinetics of i) ADMA and MMA and ii) ADMA and
GMA in 1,4-dioxane to determine the reactivity ratios of each pair of monomers using the
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Fineman-Ross and Kelen-Tudds models and non-linear least squared regression analysis
(NLLS). The reactivity ratios were determined to improve our understanding of the

compositional drift expected in each case and inform the design of future polymerisations.

4. To synthesise a library of novel copolymers containing DMA or ADMA and
methacrylate comonomers, including GMA, which is incorporated to allow the surface-
bound copolymers to immobilise antibodies. Further methacrylate monomers investigated
were HEMA, PEGMEM and stearyl methacrylate (SMA). Key reactions were monitored
by NMR to determine the relative rate of monomer conversion, which in turn allowed
compositional drift in the resulting copolymers to be studied. In some cases, a third
functional methacrylate monomer was incorporated to modify the solubility of the

resulting copolymers to promote their deposition from solvents of varying polarity.

5. To explore the conditions required to deprotect ADMA post polymerisation to allow the
catechol side chains to act as adhesive functional groups.

2.3 Experimental
2.3.1 Materials

Dopamine hydrochloride (99%), sodium carbonate monohydrate (99.5%), sodium
tetraborate (99.5%, borax), p-toluenesulfonic acid (98%), 2,2-dimethoxypropane (98%),
anhydrous magnesium sulfate (99.5%) and trifluoroacetic acid (99%, TFA) were supplied
by Sigma-Aldrich, UK and used as received. Azobisisobutyronitrile (98%, AIBN) was
supplied by Sigma-Aldrich, UK and recrystallised from methanol before use. 1,4-dioxane
(99.8%), methacrylic anhydride (94%), glycidyl methacrylate (97%, GMA),
2-hydroxyethyl methacrylate (97%, HEMA), poly(ethylene glycol) methyl ether
methacrylate (97%, average M, = 500 g mol*t, PEGMEM) and methyl methacrylate (99%,
MMA) were supplied by Sigma-Aldrich, UK and passed through a column of activated
alumina before use to purify and to remove inhibitor. Hydrochloric acid (36.5% wi/v
solution) and N,N-dimethylformamide (anhydrous, 99.8%, DMF) were supplied by Fisher
Scientific, UK and used as received. Stearyl methacrylate (97%, SMA) was supplied by
TCI UK and used as received. Dimethyl sulfoxide-ds (99.9% D atom, DMSO-d6) was
supplied by Sigma-Aldrich, UK and used as received, deuterated chloroform (99.8% D
atom, CDCl3) was supplied by Apollo Scientific, UK and used as received.
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2.3.2 Synthesis of dopamine methacrylamide (DMA)
2.3.2.1 Synthesis of DMA, method 1
DMA was synthesised using the method of Detrembleur?® (building on the work of

Messersmith and coworkers®®).

A two-necked round bottomed flask was charged with borax (Na:B4O7.10 H20, 3.84 g,
10 mmol), Na,CO3 (2.00 g, 16 mmol) and 100 mL of deionised water. The solution was
deoxygenated by bubbling with N2 for 60 min before the addition of dopamine.HCI
(0.95 g, 6 mmol). The solution was stirred for a further 15 minutes with nitrogen bubbling.
The resulting solution was then cooled to 0 °C in an ice bath, and methacrylic anhydride
(1.6 mL, 10 mmol) was added dropwise. The reaction mixture was allowed to return to
room temperature and was stirred for 24h under N2. The pH of the solution was maintained
at pH 9-10 by the addition of a further 2.00 g of Na2COz during the reaction. The reaction
solution was then acidified to pH 2 with aqueous conc. HCI and extracted five times with
ethyl acetate (40mL). The combined organic layers were washed twice with 0.1 M HCI,
dried over MgSOg4 and the drying agent was removed by gravity filtration. The solvent was
evaporated under reduced pressure to give a dark brown powder. The crude product was
purified by column chromatography (dichloromethane (DCM) : methanol, 9:1) to give a
light brown powder. Yield 0.17 g, 12.4%. *H NMR (400 MHz, DMSO-d6): §
(ppm) = 8.76, 8.65 (br s, -OH, 2H), 7.93 (t, -NH-, 1H), 6.64-6.44 (m, Ph, 3H), 5.62, 5.31
(s, 1H, CH2=C-CHp3), 3.22 (q, 2H, -CH2-CH2-NH-), 2.55 (t, 2H, -CH2-CH2-NH-), 1.84 (s,
3H, CH,=C-CHz3). **C NMR (400 MHz, DMSO0-d6): § (ppm) = 167.8 (1C, -NH-C=0),
145.5 (1C, Ph-OH), 143.9 (1C, Ph-OH), 140.5 (1C, CH,=C-CHp3), 130.7 (CH2-Ph), 119.6
(1C, CH2=C-CH3), 119.2 (1C, Ph), 116.4 (1C, Ph), 115.9 (1C, Ph), 41.4 (-CH>-NH-), 35.1
(Ph-CH2-CHz>-), 19.1 (1C, CH2=C-CHpy).

2.3.2.2 Synthesis of DMA, method 2

The synthesis of DMA was carried out according to the procedure described above in
Section 2.3.2.1 using the following reagents: borax (Na2B407.10 H20, 40.4 g, 105 mmol),
Na;COs (21.1 g, 168 mmol), deionised water (1000 mL), dopamine.HCI (10.0 g,
105 mmol) and methacrylic anhydride (16.8 mL, 105 mmol). The reaction was carried out
in a 2 litre round bottomed flask. The following minor adjustments were made to the
described procedure: 1) The solution was deoxygenated by bubbling with N2 for 180 min.
2) The pH of the solution was maintained at pH 9-10 by the addition of 20 g of Na>COs

during the reaction.
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The workup was carried out as described in section 2.3.2.1, except the light brown crude
DMA was washed with chloroform immediately prior to purification by column
chromatography. After column chromatography (DCM : methanol 94:6 raised to 9:1), a
white powder was obtained. Yield, white powder, 6.51 g, 55.5%. 'H NMR (400 MHz,
DMSO-d6) as 2.3.2.1.

2.3.2.3 Synthesis of DMA, method 2 (scale-up)

The synthesis of DMA by method 2 was repeated on a larger scale using the following
quantities of reagents: borax (Na2B40O7.10 H20, 80.84 g, 211 mmol), Na.COs (42.11 g,
336 mmol), deionised water (2000 mL), dopamine.HCI (20.0 g, 105 mmol), methacrylic
anhydride (33.6mL, 210 mmol) and a further 20 g of Na,COs added during the reaction.
The reaction was carried out in a 5 litre round bottomed flask. Yield, white powder,
15.25 g, 65.7%. *H NMR (400 MHz, DMSO-d6) as 2.3.2.1.

2.3.2.4 Synthesis of DMA, method 3

The synthesis of DMA was carried out according to the procedure described above in
Section 2.3.2.2 using the following reagents: borax (Na2B407.10 H20, 3.84 g, 10 mmol),
Na.COz (2.00 g, 16 mmol), 100 mL water, dopamine.HCI (0.95 g, 5mmol), methacrylic
anhydride (1.6 mL, 10 mmol). The pH of the solution was maintained at pH 9-10 by the
addition of a further 2.00 g of Na,COs during the reaction. After 24 h, ~1 g of undissolved
Na>COsz remained in the flask. The undissolved Na,CO3 was removed by vacuum filtration
and the aqueous filtrate washed twice with ethyl acetate. The aqueous layer was then
acidified to pH 2 with 1M HCI and extracted three times with ethyl acetate. The combined
organic fractions were dried over MgSO4 and the drying agent was removed by gravity
filtration. The volume of the filtrate was reduced by 2/3 under reduced pressure and the
remaining product precipitated into 400 mL hexane. The flask containing the crude DMA
precipitate and hexane was stored overnight in the refrigerator to allow crystals to form,
which were subsequently collected by vacuum filtration, re-dissolved in ethyl acetate, and
precipitated once more into hexane. The crystals formed by the second precipitation were
collected by vacuum filtration and dried to give a light-yellow powder. Yield 1.20 g,
54.1%; LC-MS m/z: 222.2 g mol™t [M+H]" ion. *H NMR (400 MHz, DMSO-d6) as 2.3.2.1.
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2.3.3 Synthesis of acetonide protected dopamine methacrylamide (ADMA)

2.3.3.1 Synthesis of ADMA method 1

300 mL of anhydrous toluene was transferred to a 500 mL round-bottomed flask and
bubbled with nitrogen for 120 minutes. DMA (1.40 g, 6.3 mmol) and p-toluene sulfonic
acid (64 mg, 0.37 mmol) were added, and the mixture was refluxed for 3 hours with Dean-
Stark apparatus attached. The resulting solution was cooled to 0 °C in an ice bath and 2,2-
dimethoxypropane (7.50 mL, 61 mmol) was added. A Soxhlet extractor whose thimble
was filled with 40.0 g of CaCly, was fitted and the solution was refluxed for 4 hours in the
dark with vigorous stirring. The reaction mixture was washed twice with water and brine.
The organic extract was dried over MgSO4 and the drying agent was removed by gravity
filtration. The remaining solvent was removed under reduced pressure and the yellow solid
product was purified by column chromatography (hexane/ethyl acetate 5:1). The final
product was a light-brown solid (acetonide protected dopamine methacrylamide —
ADMA). Yield 1.13 g, 68.5%. LC-MS m/z: 262.8 g mol™* [M+H]" ion. *H NMR (400 MHz,
CDCl3z): & (ppm) = 6.69-6.60 (m, Ph, 3H), 5.64, 5.32 (s, 1H, CH2=C-CHj3), 3.53 (q,
2H, -CH2-CH2-NH-), 2.77 (t, 2H, -CH2-CH2-NH-), 1.94 (s, 3H, CH2=C-CHB3), 1.69 (s, 6H,
O-C-CHs).

2.3.3.2 Synthesis of ADMA method 2

DMA was protected using the procedure described in section 2.3.3.1, using the following
reagents: anhydrous toluene (250 mL), DMA (6.29 g, 28.4 mmol), p-toluene sulfonic acid
(270 mg, 1.42 mmol) and 2,2-dimethoxypropane (33.33 mL, 272.9 mmol). The yellow
crude product was purified by column chromatography (hexane/ethyl acetate 3:1) to
remove a bright yellow by-product, before the product was eluted using hexane/ethyl
acetate 1:1. The product was a white solid, yield 5.63 g, 75.8%. 'H NMR (400 MHz,
CDCl3) as 2.3.3.1.

2.3.3.3 Synthesis of ADMA method 2 (larger scale)

DMA was protected using the procedure described in section 2.3.3.1 using the following
reagents: anhydrous toluene (300 mL), DMA (10.00 g, 45.2 mmol), p-toluene sulfonic acid
(430 mg, 2.26 mmol) and 2,2-dimethoxypropane (53.0 mL, 432.5 mmol). The crude
product was purified by column chromatography (hexane/ethyl acetate 3:1) to remove a
bright yellow by-product, before the product was eluted using hexane/ethyl acetate 1:1.
The product was a white solid, yield 9.60 g, 81.3%. 'H NMR (400 MHz, CDCls) as 2.3.3.1.
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2.3.4 Polymer Synthesis

2.3.4.1 Free radical homopolymerisation of DMA (FR-D-(DIOX))

DMA (0.25 g, 1.13 mmol) was added to 1,4-dioxane (2.3 mL) in a 50 mL two-necked,
round-bottomed flask fitted with a condenser; the other neck was sealed with a rubber
septum. The solution was sparged with nitrogen for 60 minutes whilst stirring using a
magnetic stirrer bar, then heated to 70 °C in an oil bath under a nitrogen blanket. An initial
sample was collected in a vial for analysis using a syringe and rapidly cooled by
submersion into liquid N2. AIBN (2 mg, 0.01 mmol) was dissolved in 0.1 mL 1,4-dioxane
and injected into the reaction. The reaction was allowed to proceed for 7 hours before a
final sample was collected. The solution was poured into diethyl ether, yielding a white

solid, which turned brown and became insoluble on exposure to air. Yield = 0.07 g, 28%.

2.3.4.2 Free radical homopolymerisation of DMA (FR-D-(DMF))

The homopolymerisation of DMA (1.00 g, 4.52 mmol) was repeated in DMF (9.5 mL)
using the procedure described above (2.3.4.1). AIBN (7 mg, 0.05 mmol) was dissolved in
0.1 mL DMF and injected into the reaction. The reaction was allowed to proceed for 24
hours before a final sample was collected. The homopolymer was precipitated in diethyl
ether, yielding a white solid, which was collected and dried overnight under vacuum.
Yield =0.61 g, 61% M,=95300 g mol?, B =1.24. 'H NMR (DMSO-d6, 400 MHz) §
(ppm) = 8.60 (s, 2H, Ph-OH), 7.38 (s, 1H, NH-CH?>), 6.59-6.38 (m, 3H, Ph-H), 3.42 (s,
2H, NH-CHy), 3.05 (s, 2H, CH2-Ph), 1.63 (s, 2H, CH2-C-CHa), 1.05-0.95 (m, 3H, CH>-
C-CHs,).

2.3.4.3 Free radical homopolymerisation of ADMA (FR-A)

The homopolymerisation of ADMA (0.60 g, 2.30 mmol) was carried out in DMF (5.2 mL)
using the procedure described above (2.3.4.1). AIBN (4 mg, 0.02 mmol) was dissolved in
0.1 mL DMF and injected into the reaction. The reaction was allowed to proceed for 16
hours before a final sample was collected. The homopolymer was precipitated in diethyl
ether, yielding a white solid, which was collected and dried overnight under vacuum.
Yield =0.09 g, 15%, M,=24300 g mol?, =1.17. *H NMR (DMSO-d6, 400 MHz) §
(ppm) = 6.59 — 6.49 (m, 3H, Ph-H), 3.60 (s, 1H, NH-CH>), 3.11 (s, 2H, NH-CHz), 2.56 (s,
2H, CH2-Ph), 1.56 (br m, 8H, O-C-CH3s, CH2-C-CHj3), 0.97-0.86 (br m, 3H, CH2-C-CH3).
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2.3.4.4 Free radical copolymerisation for the estimation of reactivity ratios of
MMA and ADMA

A typical procedure is given for the synthesis of poly(MMA-co-ADMA) to determine
reactivity ratios. MMA (0.10 g, 1.00 mmol) and ADMA (0.26 g, 1.00 mmol) were added
to 1,4-dioxane (3 mL) in a 50 mL two-necked, round-bottomed flask fitted with a
condenser; the other neck was sealed with a rubber septum. The solution was sparged with
nitrogen for 60 minutes with magnetic stirring. It was then heated to 70 °C in an oil bath
under a nitrogen blanket. A sample was collected using a syringe at time t = 0 and rapidly
cooled by submersion into liquid nitrogen. AIBN (3.20 mg, 0.02 mmol) was dissolved in
0.1 mL 1,4-dioxane and injected into the reaction. After 10 minutes, the reaction was
quenched with hydroquinone (0.05 g, 0.45 mmol). A sample was collected, and the
reaction allowed to cool. The reaction mixture was dialysed (benzoylated dialysis tubing,
2000 MWCO) in methanol for three days. The methanol was removed under reduced
pressure, yielding a white solid. In subsequent reactions monomer feed ratios were
adjusted as required. Yield 0.01 g, 1%. *H NMR (CDCls, 400 MHz) § (ppm) = 6.86-6.65
(m, 3H, Ph-H), 5.75 (s, 1H, NH-CHy), 3.65 (m, 3H, C-O-CH3z MMA), 3.41 (s, 2H, NH-
CH2-CHy), 2.75 (s, 2H, CH2-CH2-Ph), 1.89 (m, 8H, CH2-C-CHs polymer main chain
protons, O-C-CHs acetonide group),1.08-0.90 (m, 3H, CH>-C-CHs, methacrylamide /

methacrylate methyl groups).

2.3.4.5 Free radical copolymerisation for the estimation of reactivity ratios of
GMA and ADMA

A general procedure is given for the synthesis of poly(GMA-co-ADMA) for experiments
to determine reactivity ratios. In a typical example, GMA (0.13 g, 0.91 mmol) and ADMA
(0.24 g, 0.91 mmol) were added to 1,4-dioxane (3 mL). The synthesis was carried out
according to the procedure described above (2.3.4.4) and initiated using AIBN (3.0 mg,
0.02 mmol) dissolved in 0.1 mL 1,4-dioxane. Yield 0.02 g, 5%. *H NMR (CDCls, 400
MHz) 6 (ppm) = 6.67-6.59 (m, 3H, Ph-H), 5.85 (s, 1H, NH-CH)>), 4.31, 3.83 (2s, 1H, O-
CH2-CH), 3.35 (s, 2H, NH-CHy), 3.25 (s, 1H, O-CH-CH: epoxide ring), 2.85 (s, 1H, O-
CH-CH:2 epoxide ring), 2.67 (s, 2H, CH2-Ph), 1.93 (m, 8H, CH2-C-CH3 polymer main
chain protons, O-C-CHs acetonide group), 1.10-0.90 (m, 3H, CH>-C-CHs,

methacrylamide methyl group).
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2.3.4.6 Free radical copolymerisation of MMA and ADMA (FR-MA-90/10)

MMA (0.50 g, 5.00 mmol), ADMA (0.15 g, 0.55 mmol) and AIBN (9.1 mg, 0.06 mmol)
were added to 10 mL of 1,4-dioxane in a 50 mL two-necked round-bottomed flask, fitted
with a condenser and the other neck sealed with a rubber septum. The solution was sparged
with nitrogen for 60 minutes and magnetically stirred. An initial sample was removed for
analysis with a syringe. The flask was then heated to 70 °C in an oil bath under a nitrogen
blanket. Further samples were collected after 20 min and 60 min and quenched by rapid
cooling in liquid N2. The reaction was allowed to proceed for 24 hours before a final
sample was taken. The reaction solution was poured into methanol, causing precipitation
of white solid which was collected and dried overnight under vacuum. Yield = 0.52 g,
80%, M, =24300 g mol?, B = 1.50. *H NMR (CDCls, 400 MHz) § (ppm) as 2.3.4.4.

2.3.4.7 Free radical copolymerisation of MMA and ADMA (FR-MA-49/51)

The copolymerisation of MMA (0.10 g, 1.00 mmol) and ADMA (0.26 g, 1.00 mmol) was
initiated using AIBN (3.3 mg, 0.02 mmol) in 3 mL of 1,4-dioxane according to the
procedure described above (2.3.4.6) except for the following modifications. Samples were
collected for NMR analysis after 0, 20, 40, 60, 90, 120, 180, 240, 300, 360 and 420 min
and quenched by rapid cooling in liquid N2. The reaction was allowed to proceed for 22.5
hours before a final sample was taken. Yield = 0.02 g, 6%. Mn = 142700 g mol, = 2.30.
'H NMR (CDCls, 400 MHz) § (ppm) as 2.3.4.4.

2.3.4.8 Free radical copolymerisation of MMA and ADMA (FR-MA-24/76)

The copolymerisation of MMA (0.10 g, 1.00 mmol) and ADMA (0.78 g, 3.00 mmol), was
initiated using AIBN (6.6 mg, 0.04 mmol) in 8 mL of 1,4-dioxane according to the
procedure described above (2.3.4.6) except for the following modifications. Samples were
collected for NMR analysis after 0, 30, 40, 60, 90, 120, 210 and 300 min and quenched by
rapid cooling in liquid N2. The reaction was allowed to proceed for 22 hours before a final
sample was taken. Yield = 0.05 g, 6%, M, =138200 g mol?, ® = 1.11. *H NMR (CDCl;,
400 MHz) & (ppm) as 2.3.4.4.

2.3.4.9 Free radical terpolymerisation of MMA, GMA and ADMA (FR-MGA-
77/12/11)

The copolymerisation of MMA (0.80 g, 8.00 mmol), GMA (0.14 g, 1.00 mmol) and
ADMA (0.26 g, 1.00 mmol) was initiated using AIBN (16 mg, 0.10 mmol) in 30 mL of
1,4-dioxane according to the procedure described above (2.3.4.6) except for the following
modifications. Samples were collected for NMR analysis after 0, 30, 60, 120, 180, 300,
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1260 and 1560 min and quenched by rapid cooling in liquid N2. The reaction was allowed
to proceed for 45 hours before a final sample was taken. Yield =0.06 g, 5%,
Mn= 30800 g mol?, B = 1.54. 'H NMR (CDCls, 400 MHz) § (ppm) = 6.69 — 6.60 (m, 3H,
Ph-H), 5.70 (s, 1H, NH-CHy), 4.33, 3.81 (2s, 1H, O-CH2-CH), 3.61 (m, 3H, C-O-CHs
MMA side chain), 3.37 (s, 2H, NH-CHy), 3.24 (s, 1H, O-CH-CH> epoxide ring), 2.88 (s,
1H, O-CH-CH2 epoxide ring), 2.67 (s, 2H, CH2-Ph), 2.01-1.82 (m, 2H, CH2-C-CHs
polymer main chain protons), 1.68 (s, 6H, O-C-CHs acetonide group), 1.03 —0.86 (m, 3H,
CH2-C-CHy3).
2.3.4.10 Free radical terpolymerisation of MMA, GMA and ADMA (FR-MGA-
52/26/22)
The copolymerisation of MMA (0.30 g, 3.00 mmol), GMA (0.14 g, 1.00 mmol) and
ADMA (0.26 g, 1.00 mmol) was initiated using AIBN (8 mg, 0.05 mmol) in 30 mL of
1,4-dioxane according to the procedure described above (2.3.4.6) except for the following
modifications. Samples were collected for NMR analysis after 0, 30, 60, 120, 190, 255,
300, and 1530 min and quenched by rapid cooling in liquid N2. The reaction was allowed
to proceed for 71 hours before a final sample was taken. Yield = 0.03 g, 4%, Mn=42700
g mol?, B = 1.67. *H NMR (CDCls, 400 MHz) & (ppm) as 2.3.4.9.

2.3.4.11 Free radical terpolymerisation of MMA, GMA and ADMA (FR-MGA-
31/34/35)

The copolymerisation of MMA (0.08 g, 0.80 mmol), GMA (0.11 g, 0.80 mmol) and
ADMA (0.21 g, 0.80 mmol) was initiated using AIBN (4 mg, 0.02 mmol) in 10 mL of
1,4-dioxane according to the procedure described above (2.3.4.6) except for the following
modifications. Samples were collected for NMR analysis after 0, 20, 40, 60, 90, 120, 150,
180, 240, 300, 360 and 420 min and quenched by rapid cooling in liquid N2. The reaction
was allowed to proceed for 25.5 hours before a final sample was taken. Yield = 0.02 g,
5%, M, =85400 g mol™, B = 1.47. *H NMR (CDCls, 400 MHz) § (ppm) as 2.3.4.9.

2.3.4.12 Free radical terpolymerisation of HEMA, GMA and ADMA ( FR-HGA-
80/10/10-(DI1OX))

The copolymerisation of HEMA (0.78 g, 6.00 mmol), GMA (0.11 g, 0.75 mmol), ADMA
(0.20 g, 0.75 mmol) was initiated using AIBN (12 mg, 0.08 mmol) in 9 mL of 1,4-dioxane
in a 50 mL two-necked round-bottomed flask, fitted with a condenser and the other neck
sealed with a rubber septum. The solution was sparged with nitrogen for 60 minutes and

magnetically stirred. An initial sample was removed for analysis with a syringe. The flask
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was then heated to 70 °C in an oil bath under a nitrogen blanket. Samples were collected
for NMR analysis after 0, 20, 60 and 300 min and quenched by rapid cooling in liquid N.
The reaction was allowed to proceed for 24 hours before a final sample was taken. The
reaction solution was poured into diethyl ether, causing precipitation of white solid which
was collected and dried overnight under vacuum. Yield = 0.09 g, 8%, M, = 12800 g mol?,
P =2.53. IH NMR (DMSO-d6, 400 MHz) & (ppm) = 6.73 — 6.58 (m, 3H, Ph-H), 4.81 (s,
1H, CH2-OH), 4.24 (s, 1H, O-CH2-CH GMA), 3.90 (s, 2H, O-CH2-CH2 HEMA), 3.72 (s,
1H, O-CH2-CH GMA), 3.59 (s, 2H, O-CH2-CH2HEMA), 3.20, 2.79 (2s, 1H, O-CH-CH2
epoxide ring), 2.65 (s, 2H, CH2-Ph), 2.57 (s, 1H, O-CH-CHz2 epoxide ring) 2.03-1.72 (s,
2H, CH2-C-CHzs polymer main chain protons), 1.63 (br m, 6H, C-CHz acetonide group),
0.96 — 0.76 (br m, 3H, CH>-C-CHs, methacrylamide / methacrylate methyl groups).

2.3.4.13 Free radical copolymerisation of SMA and ADMA (FR-SA-90/10)

The copolymerisation of SMA (3.05 g, 9.00 mmol) and ADMA (0.26 g, 1.00 mmol) was
initiated using AIBN (16 mg, 0.10 mmol) in 12 mL of 1,4-dioxane according to the
procedure described above (2.3.4.6) except for the following modifications. The reaction
was allowed to proceed for 7 hours before a final sample was taken. The reaction solution
was poured into methanol, causing precipitation of yellow solid which was collected and
dried overnight under vacuum. Yield = 3.01 g, 91%. M,=93300 g mol?, B =3.34. H
NMR (CDCls, 400 MHz) 6 (ppm) = 6.65 — 6.60 (m, 3H, Ph-H), 5.67 (s, 1H, NH-CH>),
3.92 (s, 2H, O-CH2-CHz, SMA), 3.37 (s, 2H, NH-CH?2), 2.68 (s, 2H, CH2-Ph), 1.92 — 1.82
(s, 2H, CH2-C-CHjs polymer main chain protons), 1.69 (br m, 6H, C-CH3 acetonide group),
1.59 (s, 2H, O-CH2-CHz-), 1.28 (m, 30H, O-CH>2-CH2-(CH2)15), 1.12 — 0.90 (m, 6H, CH>-
C-CHs, methacrylate / methacrylamide methyl group and (CHz2)15-CHs).

2.3.4.14 Free radical copolymerisation of MMA and DMA (FR-MD-90/10-(DIOX))

The copolymerisation of MMA (0.45 g, 4.49 mmol) and DMA (0.11 g, 0.50 mmol) was
initiated using AIBN (8 mg, 0.05 mmol) in 5 mL of 1,4-dioxane according to the procedure
described above (2.3.4.6) except for the following modifications. The reaction was allowed
to proceed for 20 hours before a final sample was taken. Yield =0.02 g, 4%.
Mn=1100 g mol?, B = 1.78. *H NMR (CDCls, 400 MHz) & (ppm) = 6.83 — 6.59 (m, 3H,
Ph-H), 5.96 (s, 1H, NH-CH>), 3.61 (m, 3H, C-O-CH3 MMA), 2.68 (s, 2H, CH>-CH2-Ph),
2.03-1.78 (m, 2H, CH2-C-CHs polymer main chain protons), 1.02, 0.84 (m, 3H, CH»-C-

CHs, methacrylamide / methacrylate methyl groups).
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2.3.4.15 Free radical homopolymerisation of HEMA (FR-H)

The polymerisation of HEMA (2.08 g, 16.0 mmol) was initiated using AIBN (26 mg,
0.16 mmol) in 19 mL of DMF according to the procedure described above (2.3.4.12)
except for the following modifications. The reaction was allowed to proceed for 21 hours
before a final sample was taken. Yield = 1.86 g, 89%, M, = 17250, P = 2.67. '*H NMR
(DMSO-d6, 400 MHz) & (ppm) = 4.82 (s, 1H, CH2-OH), 3.90 (s, 2H, O-CH2-CH>), 3.33
(s, 2H, O-CH2-CH2), 2.90 (s), 2.73 (s), 2.00-1.69 (s, 2H, CH2-C-CHs polymer main chain
protons), 1.48 (s) 1.17 (s), 0.95, 0.76 (br m, 3H, CH>-C-CHs, methacrylate methyl group).

2.3.4.16 Free radical copolymerisation of HEMA and DMA (FR-HD-90/10-(DMF))

The copolymerisation of HEMA (1.04 g, 8.00 mmol) and DMA (0.20 g, 0.89 mmol) was
initiated using AIBN (15 mg, 0.09 mmol) in 12 mL of DMF according to the procedure
described above (2.3.4.12) except for the following modifications. The reaction was
allowed to proceed for 21 hours before a final sample was taken. Yield =1.16 g, 94%.
Mn=36200 g mol?, B =3.17. 'H NMR (DMSO-d6, 400 MHz) & (ppm) = 8.70 (s, 2H, Ph-
OH), 6.61 — 6.41 (m, 3H, Ph-H), 4.80 (s, 1H, CH2-OH), 4.11 (s, 1H, NH-CH,), 3.88 (s,
2H, O-CH2-CH?>), 3.55 (s, 2H, O-CH>-CH?2), 3.33 (s, 2H, NH-CH?2), 3.15 (s), 2.90 (s), 2.77
(s), 1.80 (br m, 6H, C-CHs acetonide group), 0.96, 0.77 (br m, 3H, CH2-C-CHg,

methacrylamide methyl group).

2.3.4.17 Free radical copolymerisation of HEMA and DMA (FR-HD-80/20-(DMF))
The copolymerisation of HEMA (0.78 g, 6.00 mmol) and DMA (0.33 g, 1.50 mmol) was
initiated using AIBN (12 mg, 0.08 mmol) in 11 mL of DMF according to the procedure
described above (2.3.4.12) except for the following modifications. The reaction was
allowed to proceed for 21 hours before a final sample was taken. Yield = 1.01 g, 91%.
Mn= 13650 g mol?, B = 3.13. *H NMR (DMSO-d6, 400 MHz) & (ppm) as 2.3.4.16.

2.3.4.18 Free radical copolymerisation of HEMA and DMA (FR-HD-70/30-(DMF))
The copolymerisation of HEMA (0.65 g, 5.00 mmol) and DMA (0.47 g, 2.14 mmol) was
initiated using AIBN (11 mg, 0.07 mmol) in 11 mL of DMF according to the procedure
described above (2.3.4.12) except for the following modifications. The reaction was
allowed to proceed for 21 hours before a final sample was taken. Yield = 1.08 g, 96%.
M, =10000 g mol™, B = 4.43. *H NMR (DMSO-d6, 400 MHz) & (ppm) as 2.3.4.16.
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2.3.4.19 Free radical copolymerisation of HEMA and DMA (FR-HD-61/39-(DMF))
The copolymerisation of HEMA (0.39 g, 3.00 mmol) and DMA (0.44 g, 2.00 mmol) was
initiated using AIBN (8 mg, 0.05 mmol) in 8 mL of DMF according to the procedure
described above (2.3.4.12) except for the following modifications. The reaction was
allowed to proceed for 21 hours before a final sample was taken. Yield = 0.69 g, 83%.
Mn=3050 g mol?, B = 14.27. *H NMR (DMSO-d6, 400 MHz) & (ppm) as 2.3.4.16.

2.3.4.20 Free radical copolymerisation of HEMA and DMA (FR-HD-50/50-(DMF))
The copolymerisation of HEMA (0.33 g, 2.50 mmol) and DMA (0.55 g, 2.50 mmol) was
initiated using AIBN (8 mg, 0.05 mmol) in 8 mL of DMF according to the procedure
described above (2.3.4.12) except for the following modifications. The reaction was
allowed to proceed for 21 hours before a final sample was taken. Yield = 0.71 g, 81%.
Mn=3500 g mol?, B = 11.84. *H NMR (DMSO-d6, 400 MHz) § (ppm) = as 2.3.4.16.

2.3.4.21 Free radical copolymerisation of PEGMEM and DMA (FR-PD-70/30-
(DMPF))

The copolymerisation of PEGMEM (1.75 g, 3.50 mmol) and DMA (0.33 g, 1.50 mmol)
was initiated using AIBN (8 mg, 0.05 mmol) in 20 mL of DMF according to the procedure
described above (2.3.4.12) except for the following modifications. The reaction was
allowed to proceed for 16 hours before a final sample was taken. The reaction solution was
poured into diethyl ether with stirring, and the viscous, colourless liquid product could be
decanted. The viscous liquid was dried overnight under vacuum. Yield = 0.41 g, 21%.
M, =17750 g mol™, B = 3.38. 'H NMR (DMSO-d6, 400 MHz) & (ppm) = 8.69 (d), 7.51
(m), 6.64 — 6.41 (m), 4.01 (brs), 3.61 (s), 3.51 (s) 3.43 (s), 3.34 (s), 3.34 (5), 3.24 (s), 3.06
(s), 2.89 (s), 2.56 (s), 1.88 (s), 1.84 (5) 0.95 (br s), 0.81 (br s).

2.3.4.22 Free radical terpolymerisation of MMA, GMA and DMA (FR-MGD-

75/12/13-(DIOX))

The copolymerisation of MMA (0.40 g, 4.00 mmol), GMA (0.07 g, 0.50 mmol) and DMA
(0.11 g, 0.50 mmol) was initiated using AIBN (8 mg, 0.05 mmol) in 5 mL of 1,4-dioxane
according to the procedure described above (2.3.4.6) except for the following
modifications. The reaction was allowed to proceed for 20 hours before a final sample was
taken. Yield = 0.45 g, 78%, M, = 8250 g mol*, B = 2.65. *H NMR (CDCls, 400 MHz) §
(ppm) = 8.69 (s, 2H, Ph-OH), 6.63 — 6.41 (m, 3H, Ph-H), 4.31 (s, 1H, O-CH2-CH), 4.12
(m), 3.72 (s, 1H, O-CH2-CH), 3.61 (m, 3H, C-O-CH3 MMA side chain), 3.55 (br s), 3.37
(s, 2H, NH-CHy2), 3.18 (s, 1H, O-CH-CH: epoxide ring), 2.82 (s, 1H, O-CH-CH: epoxide
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ring), 2.67 (s, 2H, CH2-Ph), 2.32 - 1.82 (m, 2H, CH2-C-CHz polymer main chain protons),
0.91-0.74 (m, 3H, CH>-C-CH3)
2.3.4.23 Free radical terpolymerisation of HEMA, GMA and DMA (FR-HGD-
78/11/11-(DIOX))
The terpolymerisation of HEMA (1.04 g, 8.00 mmol), GMA (0.14 g, 1.00 mmol) and DMA
(0.22 g, 1.00 mmol) was initiated using AIBN (16 mg, 0.10 mmol) in 12 mL of 1,4-dioxane
according to the procedure described above (2.3.4.12) except for the following
modifications. The reaction was allowed to proceed for 21 hours before a final sample was
taken. Yield = 1.21 g, 86%. M, =39100 g mol*?, ® = 16.65. 'H NMR (DMSO-d6, 400
MHz) & (ppm) = 8.69 (2s, 2H, Ph-OH), 6.65 — 6.44 (m, 3H, Ph-H), 4.81 (s, 1H, CH2-OH),
4.62 (s, 1H, NH-CH>), 4.26 (s, 1H, O-CH2-CH GMA), 3.89 (s, 2H, O-CH2-CH2 HEMA),
3.73 (s, 1H, O-CH2-CH GMA), 3.59 (s, 2H, O-CH2-CH2 HEMA), 3.34 (s, 2H, NH-CHy),
3.20, 2.90 (2s, 1H, O-CH-CH: epoxide ring), 2.66 (s, 2H, CH2-Ph), 2.57 (s, 1H, O-CH-
CH:2 epoxide ring), 2.12-1.75 (s, 2H, CH2-C-CHs polymer main chain protons), 0.96, 0.76
(br m, 3H, CH2>-C-CHs, methacrylamide / methacrylate methyl groups).

2.3.4.24 Free radical terpolymerisation of HEMA, GMA and DMA (FR-HGD-
80/10/10)

The terpolymerisation of HEMA (1.04 g, 8.00 mmol), GMA (0.14 g, 1.00 mmol) and DMA
(0.22 g, 1.00 mmol) was initiated using AIBN (16 mg, 0.10 mmol) in 13 mL of DMF
according to the procedure described above (2.3.4.12) except for the following
modifications. The reaction was allowed to proceed for 15 hours before a final sample was
taken. Yield = 0.97 g, 69%. M, = 43400 g mol, B = 3.23. 'H NMR (DMS0-d6, 400 MHz)
d (ppm) as 2.3.4.23.

2.3.4.25 Free radical terpolymerisation of HEMA, GMA and DMA (FR-HGD-
58/9/33-(DMF))

The terpolymerisation of HEMA (0.39 g, 3.00 mmol), GMA (0.07 g, 0.50 mmol) and DMA
(0.33 g, 1.50 mmol) was initiated using AIBN (8 mg, 0.05 mmol) in 7 mL of DMF
according to the procedure described above (2.3.4.12) except for the following
modifications. The reaction was allowed to proceed for 21 hours before a final sample was
taken. Yield=0.38 g, 48%. M,=110650 g mol?, ©=3.48. 'H NMR (DMSO-d6,
400 MHz) ¢ (ppm) as 2.3.4.23.
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2.3.4.26 Free radical copolymerisation of MMA and GMA (FR-MG-50/50)

The copolymerisation of MMA (0.50 g, 5.00 mmol) and GMA (0.71 g, 5.00 mmol) was
initiated using AIBN (16 mg, 0.10 mmol) in 11 mL of DMF according to the procedure
described above (2.3.4.6) except for the following modifications. Samples were collected
for NMR analysis after 0, 5, 10, 20, 30, 40, 50, 60, 90, 120, 150, 180, 250, 300 and 360 min
and quenched by rapid cooling in liquid N2. The reaction was allowed to proceed for 24 h
before a final sample was taken. Yield = 0.03 g, 2%. M,= 35500 g mol?, B =2.22. 'H
NMR (CDClIs, 400 MHz) & (ppm) = 4.31 (s, 1H, O-CH2-CH), 3.82, 3.72 (s, 1H, O-CH2-
CH), 3.61 (m, 3H, C-O-CHs MMA side chain), 3.45 (s), 3.26 (s, 1H, O-CH-CH: epoxide
ring), 2.87 (s, 1H, O-CH-CHz2 epoxide ring), 2.66 (s, 2H, CH2-Ph), 1.98 — 1.87 (m, 2H,
CH2-C-CHg3 polymer main chain protons), 1.08, 0.91 (m, 3H, CH>-C-CH5).

2.3.4.27 Free radical copolymerisation of HEMA and GMA (FR-HG-90/10)

The copolymerisation of HEMA (1.56 g, 12.0 mmol) and GMA (0.19 g, 1.33 mmol) was
initiated using AIBN (21 mg, 0.13 mmol) in 11 mL of DMF according to the procedure
described above (2.3.4.12) except for the following modifications. The reaction was
allowed to proceed for 18.5 hours before a final sample was taken. Yield = 1.32 g, 75%.
Mn=133500 g mol?, B =4.26. 'H NMR (DMSO-d6, 400 MHz) & (ppm) = 4.83 (s, 1H,
CH2-0OH), 4.28 (s, 1H, O-CH2-CH GMA), 3.91 (s, 2H, O-CH2-CH2 HEMA), 3.72 (s, 1H,
O-CH2-CH GMA), 3.61 (s, 2H, O-CH2-CH2HEMA), 3.45 (s), 3.35 (s), 3.20, 2.87 (2s, 1H,
O-CH-CHz2 epoxide ring), 2.73 — 1.80 (s, 2H, CH2-C-CHs polymer main chain protons),
0.96, 0.76 (br m, 3H, CH2-C-CHs).

2.3.5 Deprotection of ADMA and ADMA-containing copolymers

2.3.5.1 Deprotection of poly(MMA-co-ADMA)

FR-MA-24/76 (0.02 g, 0.8 umol), chloroform (0.74 mL, 9.2 mmol), water (0.01 mL, 0.55
mmol) and trifluoroacetic acid (0.25 mL, 3.26 mmol) were added to a 50 mL round
bottomed flask, open to the air, and stirred at 35 °C for 12 hours with regular collection of
samples for analysis. After the reaction, the solvent was removed by rotary evaporation to
yield a light brown solid. Yield 0.011 g, 55%. *H NMR (DMSO-d6, 400 MHz) §
(ppm) = 7.44 (br s), 6.58 (br s), 6.39 (br s), 3.49 (s), 3.08 (s), 2.46 (s), 1.57 (br s), 0.86 (br
S).
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2.3.5.2 Deprotection of ADMA

The acetonide protecting group from ADMA (0.02 g, 7.6 pumol) was removed according
to the procedure in section 2.3.5.1 with chloroform (0.74 mL, 9.2 mmol), water (0.01 mL,
0.55 mmol) and trifluoroacetic acid (0.25 mL, 3.26 mmol). After the reaction, the solvent
was removed by rotary evaporation to yield a light brown solid. Yield 0.015 g, 75%. *H
NMR (DMSO-d6, 400 MHz) & (ppm) = 8.64 (br s), 6.64-6.42 (m, 3H), 5.62(s, 1H,), 5.31
(s, 1H), 3.23 (dd, 2H), 2.54 (t, 2H), 1.84 (s, 3H).

2.3.5.3 Deprotection of poly(SMA-co-ADMA)

The acetonide protecting group from FR-SA-90/10 (0.20 g, 0.002 mmol) was removed
according to the procedure in section 2.3.5.1 with chloroform (7.4 mL, 92.3 mmol), water
(0.1 mL, 5.5 mmol) and trifluoroacetic acid (2.5 mL, 32.6 mmol). After the reaction, the
solvent was removed by rotary evaporation to yield a light brown solid. Yield 0.14 g, 70%.
'H NMR (CDCls, 400 MHz) & (ppm) = 6.68-6.58 (m), 3.93 (s), 3.73 (m), 3.56 (s), 3.15
(m), 1.68 (s), 1.63 (br s), 1.28 (m), 0.90 (m).

2.3.6 Characterisation Methods

Molecular weights were obtained by size exclusion chromatography (SEC) using a
Viscotek TDA 302 with refractive index, viscosity, and light scattering detectors. 2 x
300 mm PLgel 5 pm mixed C-columns (with a linear range of molecular weight from 200
to 2,000,000 g mol ™) were used. In some cases, THF was used as the eluent with a flow
rate of 1.0 mL mint at a temperature of 35 °C and in other cases DMF with 0.1 wt.% of
lithium bromide was used as the eluent with a flow rate of 1.0 mL™ at a temperature of 70
°C. Unless otherwise indicated the molecular weights were obtained using data obtained
by triple detection SEC with light scattering, using a dn/dc value of 0.085 mL g* for MMA
in THF, 0.084 mL g for GMA in THF, 0.075 mL g for SMA in THF and 0.076 mL g*
for HEMA in DMF.® The dn/dc for ADMA in THF was measured as 0.125 mL g*. The
dn/dc value of the most prevalent monomer was used for the analysis of copolymers.
Where indicated, the molecular weights were obtained from the RI detector and a
conventional calibration curve constructed using nine reference polystyrene standards
(Polymer Laboratories, My between 580-1112000 g mol, B < 1.11).

'H NMR spectra were recorded on a Bruker-400 MHz spectrometer using CDCls or
DMSO-d6 as a solvent. Spectra were referenced to the trace proton peaks present in CDCls
(7.26 ppm) or DMSO-d6 (2.50 ppm). NMR spectra were analysed using MestReNova
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(Mestrelab Research, Spain). Dinitrobenzene (DNB) or DMF were used as internal

standards to calculate monomer conversion.

Mass spectrometry was carried out using a triple quadruple mass spectrometer (Waters

Ltd.) with an Acquity UPLC and an electrospray ion source in positive ion mode.

2.4 Results and Discussion

2.4.1 Synthesis of dopamine methacrylamide (DMA)

DMA, a catechol-containing methacrylamide monomer, can be used to synthesise
(co)polymers bearing catechol side chains. The synthesis of DMA was investigated to
identify optimal conditions for laboratory synthesis and scale-up for potential industrial
use. Three synthetic methods are compared herein. A general reaction scheme for DMA

synthesis is provided in Scheme 2.2.

Borax NH,
NaZCO O O
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Scheme 2.2. General reaction scheme for synthesis of dopamine methacrylamide from dopamine and
methacrylic anhydride.

The synthesis of DMA was carried out in agueous conditions according to the procedure
originally reported by Messersmith et al.,%" referred to herein as method 1. The catechol
group of dopamine was protected using borax to prevent side reactions, e.g. oxidation of
the catechol to a quinone, which would enable the autopolymerisation of dopamine.
Reaction of the borate-protected dopamine with methacrylic anhydride at pH 9 gave
borate-protected DMA, which was subsequently deprotected by adjusting the solution to
pH 2 using 2M HCI. Dark brown crystals of crude, unprotected DMA were recovered by
extraction using ethyl acetate. It was hypothesised that the brown colour was due to the
formation of cross-linked by-products which form via ortho-quinones arising from the

oxidation of the dopamine starting material.” The cause of the oxidation was suspected to
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be insufficient deoxygenation of the solvent (water) indicated by a colour change from
colourless to light brown upon addition of dopamine to water (before addition of
methacrylic anhydride). Purification of the crude DMA was attempted using column
chromatography (DCM : methanol, 9:1) but a poor yield (12.4%) of light brown crystals
was obtained, suggesting that a significant quantity of by-product was generated, which

was not completely removed by column chromatography.

In method 2, the procedure of method 1 was repeated, with modifications described herein.
Based on the hypothesis that oxidation of dopamine was the primary cause for the poor
yield obtained in method 1, the procedure was modified to improve solvent deoxygenation.
The duration of the nitrogen sparge before addition of dopamine was increased from 60 to
180 minutes. Moreover, nitrogen bubbling was continued throughout the reaction. A
colourless to light pink colour change upon addition of dopamine to suggested significantly
reduced oxidation of dopamine compared to method 1. Furthermore, a noticeable colour
difference was observed between the crude DMA crystals (before column
chromatography) from method 1 (dark brown) and method 2 (light brown). This implied
that oxidation still occurred in method 2, but to a lesser extent. In an additional
modification to method 1, organic impurities were removed by rinsing the DMA crystals
with chloroform, evidenced by a colour change of the crystals from light brown to light
yellow. In the column chromatography, an eluent of DCM : methanol (96:4) was used to
effect more efficient separation of less-polar impurities, before using DCM : methanol
(9:1) to ensure complete elution of DMA. White crystals were obtained, indicating
successful purification of DMA. The identity of the pure DMA was confirmed using *H
NMR spectroscopy (see Figure 2.1).
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Figure 2.1. 'H NMR spectrum of dopamine methacrylamide. Relative integrals are in blue text.

The yields for method 2 (55.3% using 10 g dopamine and 63.7% using 20 g dopamine)
were vastly improved compared to method 1. The purity of DMA was confirmed using
mass spectrometry; the mass peak ([M+H]") was observed at m/z 222.2 g mol* (Figure
2.2). Peaks attributed to [2M+H]" and [2M+Na]* can be observed at m/z 443.3 and
465.3 g mol™ respectively.
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Figure 2.2. LC-MS spectrum of DMA with [M+H]* ion at m/z 222.2 g mol™.

The DMA synthesis was then modified according to the procedure reported by
Kamperman et al.®, referred to herein as method 3. The synthetic procedure was similar to
method 2 except for the following modifications: i) undissolved Na,CO3 was removed at
the end of the reaction by vacuum filtration, ii) the aqueous filtrate recovered after said
filtration was washed with ethyl acetate and iii) after deprotection and extraction with ethyl

acetate, the crude product was purified by twice precipitating in hexane (in preference to
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column chromatography). Modification i) reduced the amount of acid required to remove
the borate protecting group and facilitated the ethyl acetate wash in modification ii).
Modification ii) removed organic impurities such as unreacted methacrylic anhydride.
Modification iii) — precipitation in hexane — was much simpler than the column
chromatography used in methods 1 and 2 and could have potentially increased the reaction

yield.

A yield of 54% was obtained using method 3 which was comparable to method 2 despite
the much smaller scale (0.95 g dopamine was used for method 3). However, despite the
comparable yields, it was observed that column chromatography (method 2) usually
resulted in the isolation of white crystals, whilst the precipitation workup (method 3),
resulted in light brown (less pure) crystals. The presence of impurities in the product of
method 3 was confirmed by *H NMR, evidenced by additional peaks in the phenyl proton
region between 6.2 and 6.4 ppm (Figure 2.3). These peaks suggest the presence of oxidised

dopamine by-products.
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Figure 2.3. 'H NMR spectrum for DMA synthesised according to method 3.

Method 2 was therefore adopted as the preferred synthesis and purification procedure due

to the superior yield and purity of the resulting product.
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2.4.2 Acetonide protection of dopamine methacrylamide

The ability of the catechol functional group in DMA to act as a radical scavenger is widely
acknowledged.® # In practice, in FR copolymerisation, the impact of a small degree of
radical deactivation is limited due to the high concentration of radicals generated by the
initiator. However, there is potential for chain branching or chain transfer to affect the
polymer chain skeletal structure.® 3 Moreover, in reversible-deactivation radical
polymerisation (RDRP) reactions, where the radical concentration is supressed, any radical
scavenging by the catechol is likely to be significant. It was therefore considered necessary
to protect the catechol group in DMA, in order to achieve linear polymers and a low
dispersity in subsequent reversible activation-fragmentation chain transfer (RAFT)
polymerisations.?® A further benefit of protecting the catechol group was prevention of

unwanted side reactions of the catechol during storage, such as oxidative crosslinking.’

Several protection strategies for catechols have been described in the literature, including
conversion of the hydroxyl groups to silyl, methyl or ethyl ethers, to a borate or to an
acetonide.® 343 Protection of the catechol functional group of DMA as a borate (as used
in DMA synthesis above, Scheme 2.2) was deemed inappropriate for the polymerisations
discussed in this thesis as the borate-protected DMA is insoluble in polar aprotic solvents
such as 1,4-dioxane and DMF. Kamperman et al. used DMA, with the hydroxyl groups
protected as methyl ethers, to synthesise copolymers and subsequently successfully
deprotected the catechol using BBrs.% However, Detrembleur et al.,?® argued that BBr3 is
too strongly acidic and can promote the hydrolysis of amides or other ethers present (such
as the PEGMEM comonomers used in their reported investigation). Consequently, they
used an acetonide-protected DMA monomer (ADMA) to synthesise block copolymers
with poly(ethylene glycol) methyl ether (PEGMEM) using RAFT polymerisation, which

were deprotected post-polymerisation with trifluoroacetic acid.

Acetonide protection was chosen in the current study due to the milder deprotection
conditions required compared to methyl or ethyl esters. A general procedure is outlined in
Scheme 2.3. The acetonide protection of DMA was initially carried out according to the
method of Detrembleur et al,?® referred to as protection method 1, wherein DMA was
heated under reflux with p-toluene sulfonic acid in toluene for 3 hours, before the reaction
was cooled to 0 °C and 2,2-dimethoxypropane was added dropwise. The reaction mixture
was again heated under reflux for 4 hours. After removal of the toluene by rotary

evaporation, purification of the crude yellow ADMA crystals was attempted using column
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chromatography which resulted in light brown crystals of ADMA in 68.5% yield. The light
brown colour suggested the presence of impurities, which may have been caused by

catechol oxidation prior to successful protection.

QNVK::: @NVK

3co OCH3

Scheme 2.3. Protection of dopamine methacrylamide with an acetonide group.

An NMR spectrum indicated the presence of ADMA, although additional signals were
observed between 1.0 and 1.8 ppm, and at 7.8 ppm, suggesting significant impurities were
present. The peaks at 7.8 ppm correspond to catechol (unprotected) hydroxyl protons.
Recrystallisation of the crude crystals was difficult due to the low melting point of the
product (~60 °C), and a viscous oil was often produced, however, small quantities of white
crystals could be obtained in low yield from petroleum ether (40 — 60 °C). Evidence of the
identity of the ADMA was obtained using mass spectrometry (Figure 2.4). The partial
spectrum shows the mass peak ([M+H]") at m/z 262.2 g mol™. A significant peak at m/z
523.4 g molis assigned to the [2M+H]" adduct. The peaks with lower relative abundance
at m/z 303.3 and 325.2 g mol™ are due to impurities; they have been assigned previously
to complexes of dihydroxyindole (DHI) and dopamine, which both contain the unprotected

catechol functional group.**

] 262.2
100.00%
100
L]
(=]
3 80
L
3. 60
‘@
c 523.4
3 40 36.95%
c 263.5
- 1?:640253/ 21.76% 3033 ., 522.7 4
20 A% 15.45% 325 . 545.3
10.67% 10.70%  10.21%
ol -

200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540
m/z (g/mol)
Figure 2.4. LC-MS mass spectrum of ADMA with [M+H]* ion at m/z 262.2 g mol™.
The approach was modified slightly to improve the yield and prevent catechol oxidation
(protection method 2). The concentration of DMA in toluene was increased from 0.5%
(w/v) (protection method 1) to 2.5% (w/v) to increase the rate of reaction. The column

chromatography procedure was also modified by increasing the proportion of hexane :
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ethyl acetate from 5:1 to 3:1 to reduce tailing and ensure efficient separation of any
unprotected starting material. Protection method 2 resulted in improved yields of 75.8%
(6.29 g DMA starting material) and 81.3% (10.00 g DMA starting material). The improved
yields compared to protection method 1 could have been due to the larger scale, but the
crystalline product obtained by method 2 was noticeably whiter. *H NMR was used to
confirm the identity of the crystals and assess purity. Figure 2.5 shows the 'H NMR
spectrum of purified ADMA synthesised using protection method 2. Successful acetonide
protection is evidenced by a peak at & = 1.69 ppm, which was ascribed to the CHz protons
on the acetonide protecting group. Moreover, no peaks were observed in the region
attributed to the catechol hydroxyl protons (from 7.5 — 8.5 ppm). Protection method 2 was
therefore preferred due to the improved purity and yield of ADMA.
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Figure 2.5. '"H NMR spectrum and relative integrals of ADMA.

2.4.3 Synthesis of homopolymers of DMA and ADMA by FR polymerisation

Homopolymers of DMA and ADMA were synthesised to establish suitable reaction
conditions and to inform future copolymerisation reactions. The conditions, monomer
conversion, p, number average molecular weight, M,, and dispersity, D, for the
homopolymerisation reactions are summarised in Table 2.1. Polymers in this thesis are
referred to individually using a code where the first element describes the type of
polymerisation, FR or RAFT, and the second denotes the monomers used where
A=ADMA, D=DMA, G=GMA, H=HEMA, M=MMA, P=PEGMEM and
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S = SMA. Further information is then included for the avoidance of ambiguity between
samples e.g. monomer feed mole fraction, solvent or reaction temperature. For example,
FR-D-(DIOX) is a DMA homopolymer synthesised by FR polymerisation in 1,4-dioxane,
and FR-MGA-77/12/11 is a terpolymer with a monomer feed consisting of MMA
(71 mol%), GMA (12 mol%) and ADMA (11 mol%).

Table 2.1. Conditions used and conversion data for free radical homopolymerisations.

Polymer Solvent  Time/h p/% Mn/ g mol*? b
FR-D-(DIOX) 1,4-dioxane 7 28% - -
FR-D-(DMF) DMF 24 46 95300 1.24

FR-A 1,4-dioxane 24 20 24300 1.17

a) Conversion estimated from yield of polymer collected.

FR homopolymerisation of DMA has been reported by a limited number of other groups,
but has been overlooked by many due to potential for crosslinking® > 46 which may occur
via coupling reactions between side chains containing the catechol functional group. The
rate of reaction may also be retarded due to radical scavenging by the catechol. It has been
reported that during synthesis of copolymers containing DMA, both of these effects can be
mitigated somewhat by the use of a polar aprotic solvent, as they can act as hydrogen bond
acceptors, thus reducing the chance of interaction between catechol groups and
propagating radicals.® For example, a reported homopolymerisation of DMA in DMF
resulted in an M, of ~7550 g mol?! after polymerisation for 16 h at 60 °C
([mon]:[I] = 10:1).*" The reasonably high yield (72%) illustrates the potential for DMA
polymerisation in a polar aprotic solvent.

In the current work, the effect of solvent on the homopolymerisation of DMA was
investigated at 70 °C using 1,4-dioxane (FR-D-(DIOX)) and DMF (FR-D-(DMF)) (Table
2.1). All polymers described in this chapter were synthesised using the same molar ratio

of monomer to initiator — 100:1 ([mon]:[1]).
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Figure 2.6. NMR spectra of samples extracted from DMA polymerisation. Top = 24 h, bottom =0 h.

The homopolymerisation of DMA in 1,4-dioxane (FR-D-(DI10X)) resulted in a 28% vyield.
A white solid was recovered upon precipitation into diethyl ether, however upon exposure
to air (oxygen) after drying, the polymer turned brown and became insoluble in any
solvent, suggesting that the catechol groups were oxidised to form quinones, which
subsequently formed crosslinks.” The lack of solubility prevented measurement of the
molecular mass of FR-D-(DIOX) by SEC.

NMR spectroscopy was used to monitor monomer conversion during the polymerisation
of DMA in DMF (FR-D-(DMF)), however data could not be obtained for FR-D-(DIOX).
The NMR spectra of the initial sample and the sample at 24 h are shown in Figure 2.6. The
conversion of the monomer to polymer is indicated by the emergence of a peak at 1.0 ppm
from the protons labelled j on the polymer backbone. The integrals of the peaks arising
from the vinyl protons of the residual monomer (h: 5.30, 5.62 ppm) were normalised by
dividing the integral of each peak by the integral of the DMF solvent peak at 7.97 ppm
(acting as an internal standard). Normalisation allowed the monomer conversion to be
calculated according to Equation 2.1 (with the assumption that all monomer consumed was

incorporated into the polymer):

mon], — [mon
Monomer conversion (%) = [ lo =1 Ie x 100 2.1
[mon],
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where [mon]o is the normalised integral of the peaks assigned to the monomer vinyl protons
at the start of the reaction and [mon]:is the normalised integral of the peaks assigned to the
vinyl protons at the time of the reaction sample. Equation 2.1 can be used to calculate the
conversion of individual monomers by only considering the vinyl proton peaks arising
from that particular monomer. The signal arising from DMF was used as an internal

standard to normalise the integrals.

The synthesis of FR-D-(DMF) only reached 46% monomer conversion after 24 h. This
could be due to radical scavenging by the catechol. Despite this, SEC showed the
homopolymer had a reasonably high Mn of 95300 g mol, which was much higher than
the literature reference (7550 g mol™) probably due to the increased [mon]:[I] molar ratio
used in the current investigation.*” The dispersity was 1.24; lower than generally expected
for a free radical polymerisation. However, the light scattering signal was weak, and
dispersity calculated using only the RI signal was 1.46, which although still low is more
realistic for a free radical polymerisation. The product of the reaction was a white solid,
and browning occurred on exposure to air. Excessive contact with oxygen was avoided by

drying under vacuum and storage at -18 °C under nitrogen.

FR polymerisation of ADMA has not previously been reported in the literature. It was
hypothesised that homopolymerisation of ADMA would proceed with fewer side
reactions, to a higher monomer conversion and yield a more stable homopolymer product
with respect to DMA. This principle was demonstrated previously by the synthesis of
poly(DMA) after the protection of the catechol functionality as methoxyl groups, which
yielded a linear polymer.® ADMA was more soluble in 1,4-dioxane than DMF, hence
1,4-dioxane was chosen as the reaction solvent. Multiple preliminary attempts at
polymerisation of ADMA were unsuccessful. It was hypothesised that the reaction was
very sensitive to impurities in the reaction solvent and the monomer. Successful
homopolymer synthesis required careful purification of 1,4-dioxane to remove reactive

peroxide autoxidation products which accumulate upon storage.*

The most successful polymerisation (FR-A, Table 2.1) was monitored by NMR and only
reached 20% conversion after 24 hours at 70 °C. When analysed by SEC, My was 24300
g mol? indicating many low molecular weight species were present compared to
FR-D-(DMF). The dispersity was 1.17, again surprisingly low. When calculated from the
RI1 signal only, a dispersity of 1.88 was obtained. This indicated the original dispersity was
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an artefact of the weak light scattering signal. The low conversion compared to
FR-D-(DMF) could indicate a low rate of propagation and potentially rapid termination of
polymer chains by reaction of the propagating radical with catechol or quinone-containing
impurities. This could have arisen due to impurities arising from traces of dopamine or
DHI species which may not have been completely removed from the monomer; evidence
for the presence of these species in the monomer prior to purification by column
chromatography is presented in the monomer mass spectrum (Figure 2.4). The recovered
homopolymer was a white powder which did not brown upon exposure to air. This
indicated that the acetonide protecting group successfully supressed the oxidation reactions
which occurred during the synthesis of DMA homopolymers. An NMR spectrum showed
unambiguously that poly(ADMA) was recovered, due to the peak from the methyl protons
at 0.9 ppm, the broadening of the signal from the phenyl protons at 6.7 ppm compared to

the monomer and the lack of vinyl proton signals (Figure 2.7).
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Figure 2.7. 'H NMR spectrum for FR-A.

2.4.4 Estimation of reactivity ratios for the copolymerisation of ADMA with i)
MMA and ii) GMA

The synthesis of functional copolymers containing DMA has been reported by several
groups, however to the best of the author’s knowledge the FR copolymerisation of ADMA
and the resulting reactivity ratios are reported here for the first time. They are the subject

of a recently published manuscript from our research group.*®
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A Kinetic study of the copolymerisation of ADMA with i) MMA and ii) GMA was carried
out to estimate the reactivity ratios. The reactivity ratios could be used to predict and
therefore influence copolymer monomer sequence in future polymerisations and
understand the properties of each monomer. Copolymers of ADMA with i) MMA and ii)
GMA were selected according to the stated aims of the project i.e. to investigate, in detail,

the synthesis of multifunctional catechol-containing copolymers.

Reactivity ratios were estimated using three models derived from the Mayo-Lewis method
— the Fineman-Ross model (FRM), the Kelen-Tdds model (KTM) and non-linear least
squares regression analysis (NLLS).%° All three models require the synthesis of copolymers
with a range of monomer feed ratios. Thus, a series of copolymerisation reactions were
carried out in 1,4-dioxane with mole fractions of ADMA in the feed ranging from 10 to
90 mol%. The reactions were quenched after 10 minutes to obtain copolymers with low
conversion, ideally <10%, to minimise the potential impact of compositional drift. As the
mass of monomer used in each reaction was very low, it was necessary to use dialysis to
recover sufficient copolymer for analysis by NMR spectroscopy. Due to the small amount
of recovered copolymer, no further analysis was carried out on the copolymer samples

used for reactivity ratio determination.

The molar composition of a monomer feed consisting of 2 monomers, monomer 1 and

monomer 2, was calculated using NMR according to Equation 2.2:

X0
fi1 = x 100 2.2

Xo t Yo

where f1 is the mol% of monomer 1 in the feed and Xo and yo are the integrals arising from
the vinyl peaks of monomer 1 and monomer 2 respectively from a sample taken when

time = 0. The mol% of monomer 2, f, is equal to 1 — f.

NMR analysis of the recovered polymers was used to determine the copolymer

composition as described in Equation 2.3:

mon X
F{ = ﬂ x 100 2.3
[mon],/3

where F1 is the mole fraction of monomer 1 in the copolymer; [mon]a is the integral of the

signal arising from the monomer side chain; x is the number of protons attributed to that
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signal and [mon]s is the integral of the methyl group in the copolymer backbone. The mol%

of monomer 2, F, is equal to 1 — F.

Initially, reactivity ratios were estimated using linear least squares regression analysis.
Values for f1 2 and F1 2 were calculated using Equations 2.2 and 2.3 and are plotted in Figure
2.8. The Fineman-Ross (FRM) and Kelen-Tudos (KTM) methods, as described in Chapter
1 (Equations 1.17 — 1.23), were used to analyse the data and obtain values for G, H, & and
1. A linear fit was generated to estimate reactivity ratios according to each method (Figure
2.9).
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Figure 2.9. Linearised plots allowing calculation of the reactivity ratios of MMA/ADMA and
GMA/ADMA A) Fineman- Ross method B) Kelen-Tudds method.
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Table 2.2. Reactivity ratios for MMA/ADMA and GMA/ADMA calculated using the Fineman-Ross
(FRM), Kelen-Tudds (KTM) and non-linear least squares regression (NLLS) models.

MMA/ADMA GMA/ADMA
rMva rADMA rema rADMA
FRM 230+0.11 0.22+0.14 1.38 +0.08 0.06 +0.23
KTM 2.26 +0.73 0.21+£0.17 136 £0.34 0.01+0.15
NLLS 2.21+0.26 0.17+0.03 1.96 £ 0.49 0.18 +0.08

The estimated reactivity ratios (FRM and KTM) for the MMA/ADMA and GMA/ADMA
systems are presented in Table 2.2. These initial estimates show that there is a large
disparity between the reactivity ratios of the methacrylamide and methacrylate monomers,
which will result in a high degree of compositional drift. 95% confidence intervals for the
FRM were calculated using linear least squares regression of the data in Figure 2.9A. KTM
95% confidence intervals were calculated according to the method of Kelen, Ttidds and

Turcsanyi.>!

Despite being widely reported and a useful estimation technique for reactivity ratios, linear
methods have been shown not to be a statistically sound method for calculation of
reactivity ratio data.>> °3 This is due to the incorrect statistical treatment of errors upon the
linearisation of fundamentally non-linear data, which can result in inaccurate reactivity
ratio estimates.>* To obtain a more accurate estimate of the reactivity ratios, the mole
fraction of the methacrylate monomer in the monomer feed (fmon) Was plotted against the
mole fraction of the methacrylate monomer in copolymer (Fmon) (Figure 2.8) for both the
MMA/ADMA and GMA/ADMA systems and a non-linear least squares regression was
carried out using the Mayo-Lewis equation (Equation 1.16) to estimate the reactivity ratios.
The estimated reactivity ratios are reported in Table 2.2. A line with the equation x =y is
included in Figure 2.8 to represent an ideal polymerisation (where ry.r. = 1.0). All the data
points fall above the line of x =y which indicates that MMA will be consumed
preferentially at all monomer feed ratios.> The dashed best fit lines for both MMA/ADMA
and GMA/ADMA almost overlap, which suggests the copolymerisation kinetics of the two
systems is very similar. NLLS 95% confidence intervals were obtained from the regression
data.

When considering the MMA/ADMA system, it is clear from the reactivity ratios
(rmma =2.21 + 0.26 and rapma = 0.17 £ 0.03 (NLLYS)) in Table 2.2 that MMA shows a
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strong preference for self-propagation, and ADMA shows a strong preference to undergo
cross-propagation. There is relatively little difference in the values obtained by the three
methods, which increases confidence in the estimated reactivity ratios. Due to the more
correct statistical treatment of the data, the value obtained by NLLS will be used in further

discussion of the data.

The product of the reactivity ratios (r1.r. = 0.38) indicates that the rate of monomer addition
is far from random and both types of propagating radical (MMA and ADMA terminated)
show a preference to react with MMA. Polymer chains formed throughout the reaction
would comprise higher proportions of MMA in the copolymer than in the feed. Thus, little
ADMA would be incorporated in chains formed in the early stages of polymerisation but
as the reaction progresses, the mole fraction of ADMA in the monomer feed would
increase and the fraction of ADMA incorporated into the polymer chains would rise
accordingly. As such, over the course of a reaction poly(MMA-co-ADMA) with
significant compositional drift will be synthesised.

A survey of the literature for other methacrylate/methacrylamide copolymerisation
systems reveals a general agreement with the reported observations from the current work,
whereby the methacrylate monomer is consumed in preference to the methacrylamide
monomer. For the copolymerisation of MMA with methacrylamide (MAm), the range of
reported reactivity ratios was ruma = 1.39 — 1.73 and rmam = 0.43 — 1.27. However, such
reports describe copolymerisation reactions carried out in a variety of solvents, which
should not be ignored, as it has been shown that solvation can strongly affect reactivity
ratios, and could be a source for the wide range of reported values.?” % The reactivity of
methacrylates is intrinsically greater than methacrylamides as the propagating radical is
destabilised more by the methacrylate ester linkage then the methacrylamide amide

linkage.’

The copolymerisation of MMA and N-(1-hydroxy-4-methyl-2-pentyl)methacrylamide
(HMPMA\) in methanol had reported reactivity ratios of ruma = 2.38 and rumema = 0.50%
and the polymerisation of MMA and thiazoyl methacrylamide (TMA) in DMF had
reactivity ratios of rwma =2.72 and rrma = 0.59.%° Both of these systems support the
general trend that MMA is consumed in strong preference to methacrylamide monomers
with bulky side chains. However, variations in published reactivity ratios highlight the risk

in simply making assumptions about copolymerisation kinetics and demonstrate the value
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of carrying out rigorous experimental studies to obtain accurate reactivity ratio data for
each specific system. Indeed, in the MMA/ADMA system discussed in this work, the
reactivity ratio of ADMA with MMA (0.17 £ 0.03) is much lower than the examples cited
above.

When considering the GMA/ADMA system, the data in Table 2.2 illustrates a clear
difference between the linear and non-linear estimation methods, with rema = 1.36 + 0.34
and rapma =0.01 = 0.15 by the Kelen-Tldds method, but rema=1.96 = 0.49 and
raoma = 0.18 + 0.08 by NLLS regression analysis. When the confidence intervals are
considered, the estimates generated could converge between the lower bounds of the NLLS
regression and the upper bounds of the KTM. The uncertainty associated with these
measurements is rather high, which is probably due to experimental error e.g. measurement
of reagents, polymer recovery and determination of polymer composition using NMR. As
such, the data should be considered with some caution. As a method of reducing the
uncertainty, the errors in variables method (EVM) takes account of experimental error, so
would improve the confidence in the data,®® but the mathematical complexity of the

approach was beyond the scope of this study.

As with the MMA/ADMA system, only the NLLS data will be considered for further
discussion of the GMA/ADMA system. A reactivity ratio of rema = 1.96 £ 0.49 (NLLYS)
indicated that whilst GMA still shows a preference for self-propagation, the tendency to
self-propagate is slightly less pronounced than that of MMA when copolymerised with
ADMA. In copolymerisation with GMA, rapma = 0.18 + 0.08, suggesting an extremely
high tendency for ADMA to undergo cross-propagation. Although it appears that in a
copolymerisation with ADMA, MMA shows a slightly stronger tendency for self-
propagation than GMA, both reactivity ratios fall within error of each other, indicating the
epoxide ring in the side chain of GMA does not have a significant effect on the reactivity

ratios in this case.

It was unclear if the steric bulk of the catechol side chain was responsible for the
unexpectedly low reactivity ratio of ADMA in both systems (compared to the usual range
of reactivity ratios in methacrylate-methacrylamide copolymerisations). The effect of
steric bulk on copolymerisation is a pertinent discussion. Indeed, it has been shown that
methacrylate macromonomers with flexible side chains, such as methacrylate-

functionalised poly(caprolactone)s can be polymerised with MMA with reactivity ratios
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close to unity, in which solvation appears to play a greater role than macromonomer size
in determining reactivity ratio.%! The reactivity of the monomers depended on the solvent,
especially when the macromonomer side chain contained groups capable of H-bonding.*®
®1 For the polymerisation of phenyl methacrylamide (PMAm) and MMA in DMF,
reactivity ratios of remam = 0.17, rmma = 0.79 were obtained.!? For the polymerisation of
PMAmM with GMA, the same authors reported reactivity ratios of rpva =0.09,
rema = 2.47.92 Discussion of the reason for the contrasting methacrylate reactivity ratios is
unfortunately lacking. In contrast, the polymerisation of phenyl methacrylate (PMA) with
MMA resulted in reactivity ratios of remam=1.04, rmuma=0.81.%% These examples

demonstrate the importance of the polymerisable group in determining reactivity ratios.

Steric bulk of monomers can play a significant role in copolymerisations as demonstrated
by previous work on the steric (and electronic) impact on the anionic copolymerisation and
terpolymerisation of diphenylethylene (and derivatives) with styrene and butadiene.®*  In
these cases the steric bulk of DPE renders it unable to homopolymerise. However, these
earlier reports suggest that for bulky substituents to impact upon copolymerisation kinetics,
the steric bulk must be in direct proximity to the propagating species. It could therefore be
suggested that the flexible linking segment between the protected catechol functionality
and the reactive methacrylamide group in ADMA diminishes much of the steric effect of
the side chain on the monomer reactivity. It is therefore proposed that the extent of spatial
separation in between the bulky side chain and propagating group is crucial when
considering the impact on reactivity. Consequently, for the observed reactivity ratios in the
current work involving ADMA, electronic and solvation effects may be dominant. Thus,
reduced solvation of the ADMA in comparison to the methacrylate monomers could be
responsible for lower than expected reactivity, and further studies of these monomer
systems in various solvents would be informative. Having obtained the reactivity ratios
discussed here, one can confidently predict that at any monomer feed ratio, MMA or GMA
will be polymerised in preference to ADMA.

2.4.5 Investigation of compositional drift during the synthesis of co/terpolymers

containing ADMA

To obtain a quantitative understanding of the full impact of compositional drift on the
heterogeneity of MMA/ADMA and GMA/ADMA copolymers, statistical copolymers with
a range of monomer feed ratios were synthesised and allowed to run to full conversion. It

was expected that the disparate reactivity ratios between ADMA and MMA or GMA,
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would result in considerable compositional drift. Likewise, significant compositional drift
would be predicted in the copolymerisation of ADMA with alternative methacrylate

comonomers such as HEMA.

A library of co and terpolymers was prepared comprising ADMA with one or more
methacrylate comonomers (MMA, GMA, HEMA and SMA, see Figure 2.10). The
methacrylate monomers in Figure 2.10 vary significantly in polarity, so were used with the
intention of tuning the solubility of the resulting copolymers, in line with the aim of
developing copolymers with a range of solubilities for deposition on various substrates.
The residual (unreacted) comonomer composition was calculated by collecting samples at
intermediate reaction times and using *H NMR to analyse the residual monomer in the

feed. This could be used to infer the compositional drift during the polymerisation.

O

A O B O 0 C O D

Figure 2.10. Monomers used as functional additional monomers in FR copolymerisations with
ADMA. A) MMA, B) GMA, C) HEMA, D) SMA.

2.4.5.1 Investigation of compositional drift in ADMA/MMA copolymers
Copolymers of MMA/ADMA were prepared in 1,4-dioxane, using ADMA mole fractions
of 10%, 51% and 76% in the monomer feed. A summary of monomer conversion (inferred
from unreacted monomer at the time of the final sample), the composition of the residual
feed monomer, final copolymer composition and SEC data is provided in Table 2.3. The
composition of the final copolymer was calculated according to Equation 2.3 in Section
2.4.4,

Table 2.3. Polymerisation conditions and results for MMA/ADMA and SMA/ADMA statistical
copolymers prepared by free radical polymerisation in 1,4-dioxane at 70 °C.

Polymer Time/h Comp.? RMP p/% Mn/gmoltl b

FR-MA-90/10 24 92/8 66/34 93 37300 1.50
FR-MA-49/51 22.5 55/45 20/80 81 142700 2.30
FR-MA-24/76 22 29/71 7193 81 138200 1.11
FR-SA-90/10 7 92/8 - 91°¢ 93300 3.34

a) Composition, given with respect to the order of monomers in the polymer name. b) Residual
monomer composition. ¢) Conversion estimated from yield of copolymer collected.
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Initially, a molar feed ratio of 90/10 (FR-MA-90/10) was selected as a previous report
suggested that good adhesion between a DMA/2-methoxyethyl methacrylate (MEA)
copolymer and glass substrates could be achieved with as little as 5 mol% catechol groups
in the copolymer chain.® Furthermore, a reported AFM study which compared the adhesion
of a series of poly(DMA-co-butylamine methacrylamide) copolymers and a DMA
homopolymer on a titanium substrate indicated that when the copolymer contained more
than 10 mol% DMA, the force of adhesion plateaued and become independent of the mole
fraction of catechol.*® This indicated that strong adhesion could be achieved with a low

mole fraction of catechol groups.

All three MMA/ADMA reactions reached high conversion (81—93%). The
polymerisations were quenched before reaching full conversion, although slow
consumption of monomer at the time of termination could indicate radical scavenging by
impurities in the ADMA monomer. Furthermore, the lower rate of propagation for the
acrylamide monomer compared to the methacrylate may have reduced the overall
conversion. However, given the shorter reaction times of FR-MA-49/51 and
FR-MA-24/76, the effect was not thought to be significant. Additionally, the slow rate of
propagation for the methacrylamide monomer could be partially responsible for the slower
conversion. A high mole fraction of ADMA appeared to correlate with increased My,
although there is no clear trend. The dispersity of 1.11 is clearly anomalous for
FR-MA-24/76 and is ascribed to the weak light scattering signal at high mole fractions of
ADMA. A dispersity of 1.68 was obtained using only the RI signal. The SEC
chromatograms (Figure 2.11) show broad unimodal molecular weight distributions. The
chromatograms were normalised for peak height and by the characteristic solvent peaks,

so the position of the peaks should be considered representative rather than absolute.
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Figure 2.11. Overlaid SEC RI chromatograms of MMA/ADMA and SMA/ADMA copolymers.

Copolymer composition was calculated by *H NMR, using Equation 2.3. The NMR
spectrum of FR-MA-49/51 is given as an example (Figure 2.12). Peaks for the aromatic
protons on the ADMA side chain can be unambiguously observed at 6.7 ppm (g, h, i), and
for the methyl group in the backbone at 0.9 ppm (b).
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Figure 2.12. NMR spectrum of poly(MMA-co-ADMA), FR-MA-49/51.

Considering the reactivity ratios for the copolymerisation of ADMA and MMA
(rmma = 2.21 and rapma = 0.17 (NLLS)), significant compositional drift is expected over
the course of a polymerisation allowed to proceed to high monomer conversion. From the

data in Table 2.3, it is clear that ADMA is incorporated in the final copolymers. In each
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case the mole fraction of MMA is greater in the final copolymer than the monomer feed
e.g. the composition of FR-MA-49/51 is 55/45 (MMA/ADMA mol%). The difference
between feed and copolymer composition indicates some compositional drift in the
polymerisation. Furthermore, in each case the residual monomer feed at the end of the
reaction comprised a larger proportion of ADMA compared to the initial feed e.g. the
residual monomer composition for FR-MA-49/51 is 20/80 (MMA/ADMA mol%). This
indicated chains formed at the end of the reaction were composed of a larger proportion of
ADMA than at the start of the reaction.

Samples were obtained during the reaction and analysed using NMR spectroscopy. The
evolution of the residual monomer composition can be observed qualitatively from the
stacked NMR spectra of samples taken throughout the reaction, enlarged in the region of
the peaks arising from the vinyl protons of each monomer (Figure 2.13). The peaks from
MMA vinyl protons (& 5.52 and 6.06 ppm) reduced in intensity much faster than those
arising from the equivalent protons on ADMA (6 5.25 and 5.57 ppm), indicating the
formation of MMA-rich chains early in the reaction (Figure 2.13). The consistent intensity
of the multiplet arising from the protons in the ADMA aromatic ring (6 6.63 ppm)
emphasizes the reduction in intensity of the vinyl peaks. Moreover, the gradual broadening

of the aromatic proton signal is characteristic of the conversion of monomer to polymer.

65 63 6.1 59 57 55 53 5.1
Chemical Shift (ppm)

Figure 2.13. Stacked *H NMR spectra (CDClIs) of samples from the synthesis of FR-MA-49/51,
polymerised in 1,4-dioxane at 70 °C.
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Compositional drift in a copolymer can be inferred from the mol% of a particular monomer

in the copolymer, Fmon, at the time of each sample using Equation 2.4:

Pmonit’ fmonl 24
(pmonl,t ) fmonl) + (pmonZ,t ’ fmonZ)

Fmonl,t =

where the two monomers are referred to as monl and monz2, p refers to the conversion of a
particular monomer at a given time, t, and fmon1 and fmon2 are the initial monomer feed ratios.
Fmon2t Ccan be calculated by inverting the monomers in Equation 2.4 (which in a

copolymer =1 - Fmontt).

For the copolymerisations of MMA and ADMA, bar charts were generated in order to
demonstrate the evolution of Fapwma at various points during the reaction, i.e. the
compositional drift (Figure 2.14). The width of each bar represents the instantaneous
combined monomer conversion (pmma+ADMA,), 1.6. pabma+mma in the period between
samples. The height of the blue bars represents Fapmat: the average (cumulative) ADMA
content of the copolymer at the time of each sample. Consequently, the orange bars
represent Fmmat. Additionally, the reactivity ratios calculated above were used to predict
values for Fapwma,i using the Mayo-Lewis equation (Equation 1.16) using experimentally
observed values of fuma and fapma. The red points on Figure 2.14 indicate the predicted
content of ADMA in a chain formed. The nature of the reactivity ratios is such that they
are instantaneous predictions, so do not take into account compositional drift. Additionally,
they predict the chains formed at each time point, so do not consider the cumulative nature
of the copolymer composition. Thus, the red circles are not predictions of the cumulative
ADMA composition indicated by the blue bars, but of the ADMA content of copolymer
chains formed at the time of each sample and are presented to aid the reader’s estimation

of the expected chain composition.
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Figure 2.14. Bar charts showing Fapmat (ADMA composition of copolymer, blue bars) and Fuma.t
(orange bars), with predicted Fapwma,i (red circles).

FR-MA-90/10 reached 93% conversion (Table 2.3). Figure 2.14A indicates that the chains
formed from the first 7% of monomer consumed were almost entirely composed of MMA.
At 18% conversion, the average copolymer chain contained 5% ADMA. ADMA
composition increased to 8% between 18% — 93% conversion, although significant
compositional drift is likely within this period, thus it is very likely that some chains
formed towards the end of the reaction comprised >10% ADMA. The trend observed
agrees with the reactivity ratios for ADMA and MMA,; that MMA is preferentially
consumed at the beginning of the reaction. The predicted ADMA composition data (red
circles) indicated the chains formed at the early stages of the reaction would be expected
to comprise a higher proportion of ADMA compared to the experimentally determined
values (predicted value ~5%). Towards higher combined conversion, higher ADMA
incorporation as predicted by the reactivity ratios increases the average ADMA
composition. This indicates the reactivity ratios predicted the copolymer composition
fairly accurately at this monomer feed composition. The data in Figure 2.14A clearly
indicates variation in the ADMA content of the copolymer chains, which could have

consequences for coatings applications.

FR-MA-50/50 reached 81% conversion, and the copolymer composition showed a similar
trend to FR-MA-90/10. A gradual increase in the proportion of ADMA incorporated in the
copolymer chains can be observed in Figure 2.14B. The large variation between the
average compositions of the first two samples indicate large potential experimental error
at low conversion, probably due to the statistical nature of the copolymer chains formed.
Despite this, in general the average copolymer ADMA content increased gradually as
predicted by the reactivity ratios. The average copolymer ADMA content remained <35%
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up to ~60% combined monomer conversion, whereas later in the reaction, the average
chain was composed of >45% ADMA, indicating ADMA-rich chains were formed. The
compositional drift of the copolymer again appeared to agree with the predictions made

using the reactivity ratios.

FR-MA-24/76 also reached 81% conversion and showed the predicted increase in ADMA
incorporation over the course of the polymerisation. At 10% monomer conversion, the
ADMA composition of the copolymer chains was 61%, which was a larger incorporation
of ADMA than predicted, highlighting the less repeatable nature of the chains at low
conversion. Subsequently, the Fapma value dropped to around the expected value before

increasing in line with predictions.

The charts in Figure 2.14 clearly show the implications of a copolymerisation between two
monomers with widely divergent reactivity ratios, with significant compositional drift
observed. The experiments also highlight the risks of relying on one data set for prediction

of statistical copolymer composition, particularly at low conversion.

A copolymer of SMA and ADMA (FR-SA-90/10) was synthesised in 1,4-dioxane for 7 h.
SMA was selected as a monomer to investigate the incorporation of ADMA in
copolymerisation with a non-polar methacrylate monomer. A white solid was recovered
with an Mn of 93300 g mol™ in a 91% yield (recovered copolymer). The SEC peak shown
in Figure 2.11 is at a significantly higher molecular weight than the poly(MMA-co-
ADMA) equivalent, which is almost certainly due to the higher molar mass of the SMA
monomer. The composition calculation could not be carried out according to Equation 2.3
as the proton peaks for the backbone methyl group and the final CH3 in the SMA side chain
overlapped, so the integrals of the proton peaks for the copolymer side chains were
compared according to Equation 2.5:

B [mon],/x ot
F1= Gmonlo/y) + (monly/m) < 19°

where [mon]a is the integral of the ADMA side chain, x is the number of protons attributed
to [mon]a, [mon]s is the integral of the first CH2 group in the SMA side chain and y is the
number of protons attributed to [mon]s. *H NMR of the copolymer confirmed that ADMA
was incorporated, with a resulting copolymer composition of 92/8. The final composition
of FR-SA-90/10 was the same as the equivalent polymerisation of MMA and ADMA,
indicating the compositional drift probably followed a similar trend.
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2.4.5.2 Investigation of compositional drift during the synthesis of terpolymers
containing ADMA

Terpolymers are important from an academic and industrial perspective due to the potential
for multifunctionality. Each monomer can contribute a particular function to the overall
performance of the terpolymer, depending on the desired application. For example, in a
reported polymeric adhesive consisting of DMA, MMA and PEGMEM, the mole fractions
of MMA and PEGMEM were altered while the mole fraction of DMA was kept constant.
The adhesive modulus and yield strength varied strongly with terpolymer composition,
with the best adhesion observed in a copolymer with 45 mol% PEGMEM and 27 mol%
MMA.*® The variation in adhesive properties was attributed to the increase in ductility
afforded by moderate mole fractions of PEGMEM, whilst the MMA was necessary to
maintain the mechanical strength of the terpolymer. This example illustrates the potential

mechanical and chemical impact of each comonomer on adhesive performance.

Three terpolymers were synthesised using different mole ratios of MMA, GMA and
ADMA. Additionally, a terpolymer was synthesised consisting of ADMA, GMA and
HEMA to expand the range of polarity of the copolymer library. The solubility of the

resulting copolymers is discussed in Chapter 4.

Considering the calculated estimates for the reactivity ratios of ADMA with i) MMA
(rmma=2.21+0.26 and rapma = 0.17 £ 0.03 (NLLS)) and ii) GMA (rema = 1.96 £ 0.49 and
raoma = 0.18 £ 0.08 (NLLS)), and given that the reported reactivity ratios for the
copolymerisation of MMA and GMA are both close to 1;% 67 it could be predicted that the
ADMA containing terpolymerisations discussed here would lead to significant
compositional drift. It was predicted that the methacrylate monomers would be consumed
at a relatively similar rate, and both in preference to ADMA which would be consumed

much more slowly.

It has been reported that the reactivity ratios of three binary pairs of monomers cannot be
used to accurately predict ternary reactivity ratios (although there are many examples of
such predictions reported in the literature).%®  Given the scope of this study, a semi-
quantitative set of full conversion experiments was deemed sufficient in this case rather
than a full set of experiments to accurately calculate ternary reactivity ratios for the ADMA
systems. Thus, samples were withdrawn from each terpolymerisation reaction for analysis

by NMR spectroscopy, to study the dependence of rate of reaction and compositional drift
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on i) molar feed ratio of ADMA and ii) identity of the two methacrylate co-monomers.

The monomer feed ratios and terpolymer characteristics are summarised in Table 2.4.

Table 2.4. Polymerisation conditions and results for ADMA and GMA containing statistical
terpolymers prepared by free radical polymerisation in 1,4-dioxane at 70 °C.

Terpolymer t/h  Comp RM2  p/% Mn/g b
mol?
FR-MGA-77/12/11 21 78/12/9 56/0/44 84 30800 1.54
FR-MGA-52/26/22 25 58/28/15 39/23/28 71 42700  1.67
FR-MGA-31/34/35 25.5 33/41/25 23/16/61 73 85400  1.47

FR-HGA-80/10/10-(DIOX) 24  83/10/7 57/10/33 86 12800° 2.53

a) Residual monomer composition. b) Mn calculated using conventional calibration (PS standard).

A terpolymer was synthesised comprising MMA, GMA and ADMA (FR-MGA-77/12/11).
The combined monomer conversion was 84% after 21 hours. The composition of the
resulting terpolymer - 78/12/9 (mol% MMA/GMA/ADMA) - indicated a relatively
uniform incorporation of all three monomers, however the residual monomer feed
composition of 56/0/44 mol% clearly showed the methacrylate monomers had been
incorporated preferentially. Consequently, chains that would have been formed in the final
stages of the reaction would be ADMA-rich and could contain little or no GMA. This
finding is useful to consider for functional coating applications, as some terpolymer chains
may not contain any of the reactive epoxide monomer. The My, 30800 g mol, was similar
to FR-MA-90/10, indicating the GMA did not have a significant impact on the molecular
weight.

A second terpolymer synthesis, with a different feed composition (FR-MGA-52/26/22)
only reached 71% conversion after 25 hours under the same reaction conditions. It has
previously been shown that an increase in ADMA composition in the MMA/ADMA
copolymers resulted in lower combined conversion, and therefore it seems reasonable to
conclude that the lower conversion in this terpolymer can be attributed to the increased
mole fraction of ADMA in the feed. The methacrylamide monomer has a lower rate of
propagation than the methacrylates and further inhibition could arise due to possible
radical scavenging from impurities present in ADMA. The composition of the resulting
terpolymer - 58/28/15 (mol% MMA/GMA/ADMA) - again indicated preferential
incorporation of the methacrylate monomers, with MMA and GMA consumed relatively

evenly. In this case 28% of the residual (unreacted) monomer was ADMA. The M, was
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42700 g mol™? and the increase in molecular weight can be attributed to the increasing
weight fraction of ADMA, which has a relative molecular mass which is more than double
that of MMA.

The synthesis of FR-MGA-31/34/35 reached a moderate conversion, 73%, after 25.5 h.
The terpolymer composition, 33/41/25 (mol% MMA/GMA/ADMA), and residual
monomer composition again demonstrated the preferential incorporation of methacrylate
monomers over ADMA. It also appeared that GMA was consumed in slight preference to
MMA. The M, of 85400 g mol™* continued the trend of molecular weight increasing
according to monomer weight fraction. In this case the DP of the polymer increased,
suggesting that the concentration of the initiator radicals may have been reduced by
impurities in the ADMA.

A HEMA, GMA and ADMA copolymer (FR-HGA-80/10/10-(DIOX)) reached a total
monomer conversion after 24 h of 86%. Similar total monomer conversions were observed
for FR-MA-90/10 (93 %, 24 h) and FR-MGA-77/12/11 (84%, 21 h) which had very similar
molar feed ratios, indicating that the change in methacrylate monomer, from MMA to
HEMA, had little effect on the overall monomer conversion. This is slightly surprising
given the twofold increase in kp reported for GMA with respect to MMA, and a further
twofold increase for HEMA with respect to GMA,*® however, k, of the current reactions
have not been measured, and the monomer conversion could be affected by many other
variables such as impurities in the monomer, solvent and the presence of the ADMA

comonomer.

The SEC chromatograms for the poly(MMA-co-GMA-co-ADMA) terpolymers show
broad unimodal molecular weight distributions (Figure 2.15A). The peak shapes of
FR-MGA-77/12/11 and FR-MGA-52/26/22 are almost identical and the Mn values are
accordingly close. FR-MGA-31/34/35 shows significant tailing towards low molecular
weight. FR-HGA-80/10/10-(DI10X), eluted with DMF, showed a very broad monomodal
peak, and a large dispersity was calculated (2.53).
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Figure 2.15. SEC RI chromatograms. A) MMA/GMA/ADMA terpolymers, THF eluent. B)
HEMA/GMA/ADMA terpolymer, DMF eluent.

The reaction samples withdrawn from each polymerisation were analysed to gain a better
understanding of the compositional drift. The stacked NMR spectra of samples withdrawn
throughout the polymerisation of FR-MGA-31/34/35 demonstrate the preferential
consumption of the methacrylate monomers (Figure 2.16).
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Figure 2.16. Stacked *H NMR spectra (CDCls) of samples from the synthesis of FR-MGA-31/34/35,
polymerised in 1,4-dioxane at 70 °C.

The peak at 5.57 ppm (Figure 2.16) is assigned to overlapped vinyl signals from GMA and
ADMA and the peak at 5.98 ppm is due to the ADMA acrylamide proton (-CH2-NH-). The
intensity of the MMA peaks (6.06 ppm and 5.52 ppm, highlighted blue), and the GMA
peaks, (6.10 ppm, yellow) clearly decrease much faster than those of ADMA (5.25 ppm,
green); a clear illustration of compositional drift. The broadening of the multiplet arising
from the aromatic ADMA protons at ~6.6 ppm is also characteristic of conversion of
monomer to polymer.
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The evolution of the terpolymer composition throughout the reaction was plotted against
combined monomer conversion (Figure 2.17). FR-MGA-77/12/11 and FR-MGA-52/26/22
show an unexpected effect at low conversion, where the incorporation of ADMA into the
chains at the early part of the reaction is similar to the molar feed ratio. A lower
incorporation of ADMA would be expected in these cases. As previously discussed, the
error at low conversion appears to be significant and could be the cause of the observed
composition. The relative proportions of the methacrylate monomers incorporated
remained relatively constant. However, for FR-MGA-77/12/11 the mole fraction of
residual ADMA in the feed (fabma) steadily increased from 11% to 14% and 44% when
p = 0%, 51% and 92% respectively. This provides indirect evidence that the methacrylate
monomers are preferentially incorporated, aside from the unusually high incorporation of
ADMA early in the reaction. Similarly, fabma for FR-MGA-52/26/22 increased from 21%
to 29% and 38% when p = 0%, 50% and 73% respectively.

For FR-MGA-31/34/35, the first sample again had a higher-than-expected incorporation
of ADMA. However, from around 20% conversion onwards, the expected trend was
observed; the DMA composition slowly increased to ~25%. However, fapma for
FR-MGA-31/34/35 supported the expected trend, increasing from 35% to 48% and 61%
when p = 0%, 51% and 73% respectively. There was little compositional drift between the

methacrylate monomers.

For FR-HGA-80/10/10-(D10OX), the first measurement had a higher Fapma than expected,
however it dropped before slowly increasing at higher total monomer conversion. fapbma
increased from 11% to 21% and 33% when p = 0%, 58% and 89% respectively. When
compared to FR-MGA-77/12/11, the trends are very similar, with observed compositional
drift of ADMA, indicating the effect of switching from MMA to a more polar methacrylate
monomer is not significant under the conditions used here. In the case of
FR-HGA-80/10/10-(DIOX), Fema also increased throughout the reaction, from 5% up to
10%. This indicates that there is also compositional drift between the GMA and the
HEMA, with HEMA consumed slightly faster initially.
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Figure 2.17. Terpolymer composition vs combined monomer conversion for ADMA-containing
terpolymers.

2.4.6 Removal of the acetonide protecting group from ADMA and ADMA-
containing copolymers

For the catechol group to become effective in promoting adhesion, the acetonide protecting
group must be removed from ADMA by acid-catalysed hydrolysis of the cyclic acetal.*?
Detrembleur et al. previously reported the deprotection of poly(ADMA-block-PEGMEM),
which had been synthesised using RAFT polymerisation,?® using trifluoroacetic acid
(TFA) as the deprotection agent in a mixture of TFA, methanol, water and DMSO
(28:44:14:14 volume respectively) at 35 °C. The reaction was carried out in an open vessel
to allow evaporation of the generated acetone, driving the reaction to completion. In the
current work, an optimisation procedure was carried out to modify the reported procedure
for use with less polar copolymers.

FR-MA-24/76 was subjected to deprotection using a modified version of the previously
reported approach (Scheme 2.4).2¢ However, FR-MA-24/76 was insoluble in the reported
(highly polar) solvent mixture (methanol/water/DMSQO), so the deprotection was carried
out using chloroform (74% v/v), TFA (25% v/v) and water (1 % v/v) at 35 °C. A small
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quantity of water was required to react with the acetonide leaving group to reform acetone
After deprotection, the solubility of the copolymer changed such that it was no longer

soluble in chloroform and precipitated out of the reaction solution
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Figure 2.18. NMR spectra of FR-MA-24/76. Top — Protected, Bottom — deprotected
After 12 h, the reaction solvent was removed by rotary evaporation and the copolymer was
analysed using NMR using deuterated DMSO as the solvent. The spectrum was compared
with that of FR-MA-24/76 to analyse the extent of deprotection (Figure 2.18). Successful

deprotection was evidenced by the disappearance of the peak assigned to the acetonide
8 A broad peak also can be observed in the

protons (1.80 ppm, peak i) after 12 hours.
spectrum of the deprotected copolymer at ~7.5 ppm which is assigned to the hydroxyl

protons on the catechol functional group (i°).
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To confirm the method described above had successfully removed the acetonide group
from the copolymer, the test was repeated using ADMA monomer. The same solvent and
reagents were used, and the monomer sample was analysed using NMR before and after
the reaction (Figure 2.19). The disappearance of the peak at 1.69 ppm from the ADMA

spectrum, and appearance of a very broad peak at ~8.7 ppm clearly indicated the removal

of the acetonide group.
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Figure 2.19. NMR spectrum for the removal of the acetonide protecting group of ADMA.
The ADMA side chains in FR-SA-90/10 were also deprotected to test the reaction
conditions for a copolymer synthesised with a less polar comonomer. The extent of
deprotection was monitored by the withdrawal of a sample at t = 0 h and a further sample
at t =1 h, which were analysed using *H NMR (see Figure 2.20). Successful deprotection
was evidenced by the disappearance of the peak assigned to the acetonide protons
(1.69 ppm, peak i) after 1 hour, which can be observed more clearly in the inset region.?
The peak at 1.59 ppm is due to water, which was removed upon drying of the deprotected
samples, and the peak at 1.64 ppm, d’, is due to protons on the aliphatic SMA side chain.
In this case, the broad peak arising from the (labile) catechol hydroxyl groups was not

observed, probably due to the low mole fraction of ADMA in the copolymer.
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Figure 2.20. *H NMR spectra showing the progress of deprotection of FR-SA-90/10. Top (blue) -
protected copolymer, Bottom (red) - 1 hr deprotection. Inset — expanded region 1.4 — 2.1 ppm.

Although the deprotection procedure described above was successful, a potential problem
with the deprotection of ADMA in copolymers which also contain GMA is the reactivity
of the epoxide group; epoxide ring-opening can occur in the presence of acid/base and
water.” In the current study, the stated aim was to enable covalent binding of biomolecules
to the surface via reaction with the epoxide group, thus requiring the reactive rings to
remain intact during and after deprotection. A terpolymer containing GMA
(FR-MGA-31/34/35) was exposed to the deprotection conditions described above, but an
insoluble gel was quickly formed, thought to be due to the ring-opening of the epoxide
groups and subsequent formation of a cross-linked network. As such, the resulting product
could not be analysed. Successful deprotection of copolymers containing both ADMA and
GMA without epoxide ring-opening remains an area requiring further research but was not
investigated further as copolymerisations involving unprotected DMA were prioritised; as

described herein.

2.4.7 Investigation of compositional drift during the synthesis of co/terpolymers

containing DMA
The FR copolymerisation of ADMA has been discussed in this chapter, however the
majority of previous reports of DMA-containing copolymers used the unprotected
monomer.® A small amount of chain coupling has been reported in copolymers using

unprotected DMA, but in coatings applications a small amount of chain coupling often
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does not significantly reduce the effectiveness of the copolymer.® Furthermore, the use of
unprotected DMA confers a significant time-saving advantage over the use of protected
monomers and provides a simple method to avoid the ring-opening of epoxide rings in the
GMA during deprotection of ADMA.

In this section of work, the primary aim was to synthesise co- and terpolymers suitable for
coatings tests. As such, regular sampling to enable a full assessment of the compositional
drift in the DMA-containing copolymers described herein was not carried out. The
copolymer composition and residual monomer composition was compared with similar

reactions containing ADMA.

2.4.7.1 Investigation of compositional drift during the synthesis of copolymers
containing DMA

Several copolymers were synthesised, consisting of DMA with i) MMA, ii) HEMA and
iii) PEGMEM to enhance the range of copolymers available for testing as surface coatings
and to compare with similar ADMA-containing copolymers. A summary of the molar feed
ratios, solvents and associated data for DMA containing copolymers is given in Table 2.5.

A HEMA homopolymer (FR-H) was also synthesised for comparison with the copolymers.

Table 2.5. Polymerisation conditions and results for statistical copolymers containing DMA (except
FR-H) prepared by free radical polymerisation in 1,4-dioxane or DMF at 70 °C.

Polymer t/h  Comp RM? p/% Mn/gmol? b

FR-MD-90/10-(DIOX) 20 92/8  78/22 91 1100° 1.78
FR-H 21 - - 94 17250 2.67
FR-HD-90/10-(DMF) 21 92/8  45/55 95 13650 3.18
FR-HD-80/20-(DMF) 21 84/16  24/76 93 10000 4.43
FR-HD-70/30-(DMF) 21 75/25  34/66 84 3050 14.27
FR-HD-61/39-(DMF) 21 71/29 16/84 81 3500 11.84
FR-HD-50/50-(DMF) 21 59/41  5/95 83 17750 3.33
FR-PD-71/29-(DMF) 22 74/26  34/66 80 9700 5.35

a) Residual monomer composition. b) Mn calculated using conventional calibration (PS standards).
A copolymer comprising MMA and DMA was synthesised in 1,4-dioxane
(FR-MD-90/10-(DIOX)). After 20 h reaction time, the M, was surprisingly low. No SEC
light scattering signal could be obtained, but a value for M, of 1100 g mol™* was obtained
using conventional calibration (PS standards) — a point which will be discussed below.

Monomer conversion was 91%, confirming that the polymerisation could reach high
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conversion with low mole fractions of unprotected DMA. In comparison to the previously
discussed ADMA-containing analogue, FR-MD-90/10-(DIOX) reached a very similar
overall monomer conversion (FR-MA-90/10 = 93%, 24 h). This suggested that, in contrast
to DMA homopolymerisation, the rate of DMA copolymerisation with methacrylates at
low DMA mole fractions was not strongly affected by the unprotected catechol monomer;
scavenging of initiator radicals was not significant. At the time of the final sample, the
residual monomer for FR-MD-90/10-(DIOX) comprised 22 mol% DMA compared to 33
mol% ADMA for FR-MA-90/10, suggesting compositional drift occurred in both
reactions. Additionally, the composition of FR-MD-90/10-(DI10X), calculated according
to Equation 2.3, was 92/8 (MMA/DMA mol%); the same average composition as
FR-MA-90/10. This suggests that replacing ADMA with DMA has little effect on the
overall copolymer composition. A reaction in which regular sampling was carried out
would be required to reveal the extent of the compositional drift. The synthesis of
FR-MD-90/10-(DIOX) vyielded a white solid product which slowly turned brown on

exposure to air, probably due to slow oxidation of the catechol side chains.

The very low molecular weight of FR-MD-90/10-(DIOX), evidenced by SEC (Figure
2.21B), was somewhat surprising given the high conversion. Poly(MMA-co-DMA)
synthesised using FR polymerisation has been reported several times in the literature, using
DMF or toluene as a solvent.1% 46 7172 |_ow M, was consistently reported (<10000 g mol™?).
In one case, polymerisation of MMA and DMA in toluene with a monomer to initiator
molar ratio of 66:1 yielded a copolymer with an Mn of 1200 g mol™*.”* The authors claim
this molecular weight is “as expected from the high initiator concentration”, but provide
no additional explanation. No other authors attempted to explain the low M. In a similar
report in which copolymers of DMA and MEA were synthesised, Kamperman et al.
observed a trend of decreasing Mn with increasing DMA mole fraction.® They speculated
that the reduction in molecular mass was due to an increased rate of termination from

reactions between the catechol side chains and propagating radicals.
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Figure 2.21. SEC RI chromatograms. A) HEMA/DMA and PEGMEM/DMA copolymers, DMF
eluent. B) MMA/DMA copolymer, THF eluent.

In the work described in this chapter, comparison of FR-MD-90/10-(DIOX) with the
copolymers of MMA and ADMA (Table 2.3) showed Mnwas lower by a factor of at least
10 in the former, suggesting the unprotected catechol affected the M, A possible
explanation for the low My, despite the high conversion, could be via chain transfer to the
catechol monomer, although there is currently not enough evidence to confirm this
hypothesis. A chain transfer mechanism for catechol-containing monomers has been

previously proposed, owing to the high reactivity of the radical species.*

A series of HEMA/DMA copolymers were synthesised using mole fractions of DMA from
10 mol% to 50 mol% (see Table 2.5). The purpose was to determine the effect of increasing
DMA composition in the monomer feed on the copolymer composition and monomer
conversion and take forward selected copolymers for testing as functional adhesive
coatings. Each of the reactions were terminated after 21 h. A copolymer was also
synthesised using PEGMEM (macromonomer M, =500 g mol’!) with DMA in DMF
(FR-PD-71/29-(DMF)).

Two examples of poly(HEMA-co-DMA) synthesised by FR polymerisation have been
previously reported in the literature. In the first example, a DMA mole fraction of 17%
was used and the reaction was carried out at 70 °C in DMF.”® The [mon]:[AIBN] molar
ratio was 66:1. The resulting copolymer had surprisingly low molecular weight of only
2800 g mol after reaction overnight, but a relatively high yield (62%). No dispersity was
reported. Again, the low My could be indicative of chain transfer to the catechol monomer,
coupled with a high concentration of radicals from the relatively low ratio of initiator to
monomer. In the second example, poly(HEMA-co-DMA) was synthesised using a mole
fraction of 15% DMA. The resulting copolymer had a reported Mn of 29500 g mol in an
84% yield after reaction for 16 h at 60 °C in DMF.*” The [mon]:[AIBN] molar ratio was

100 : 1. The increased M, compared to the first example is due to the lower radical
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concentration arising from reduced temperature and higher monomer to initiator molar
ratio. This is plausible as the decomposition rate of AIBN is reduced by an order of
magnitude per ~20 °C reduction in temperature,’* therefore the 10 °C reduction in this case
is significant.

The M, for the HEMA/DMA copolymers and the PEGMEM/DMA copolymer produced
in this study ranged from 3050 — 17750 g mol™. Synthesis of the HEMA homopolymer
(FR-H) as a control, yielded a homopolymer with M, = 17250 g mol™* and © = 2.67. For
the HEMA/DMA copolymers, My generally decreased, and dispersity increased with
increasing DMA mole fraction, whilst the My remained relatively constant between 40000
and 44000 g mol™. The obvious exception was FR-HD-50/50-(DMF), which had a high
Mn, and was identified as a possible anomalous result. This could be due to experimental
error, the cause of which is not clear. The dispersity trend indicated that the rate and
mechanism of termination stayed relatively constant with the increasing DMA mole
fraction, but a competing chain transfer mechanism emerged. This is evidenced by tailing
to low molecular weight in the SEC chromatograms, generally with increasing mole
fraction of DMA, which suggested the synthesis of low molecular weight chains (Figure
2.21A). This supports the chain transfer to catechol monomer mechanism suggested above,

with branching also possible via a chain transfer to polymer mechanism.

The trend for chain branching to increase relative to the DMA comonomer mole fraction
of DMA has been reported, and attributed to chain transfer via the catechol side chain.>
2 Kamperman et al. measured the branching density in poly(MEA-co-DMA) and found
that it increased according to the mole fraction of DMA from 0.12 for a copolymer with 5
mol% DMA to 0.31 for 25% DMA (i.e. ~1 branch per every 3 chains).® This was attributed
to chain branching via radical reactions of the catechol side chains with other catechol
groups (Scheme 2.1). Furthermore, the reported copolymerisation of styrene and 3-
mercaptohexyl methacrylate (MHM), a monomer capable of chain transfer, indicated that
increased mole fraction of MHM resulted in increased dispersity and reduced M, due to

the formation of hyperbranched polymers.”™

The My of FR-HD-90/10-(DMF) was significantly higher than FR-MD-90/10-(DIOX),
suggesting termination was decreased in the former. A similar observation was made by
Rodrigues et al., who reported the M, of poly(HEMA-co-DMA) was higher by a factor of
~4 compared to poly(ethyl methacrylate-co-DMA). The authors did not attempt to explain
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the differences in M. It has been suggested that the interaction between catechols and
propagating radicals is reduced in the presence of hydrogen bond donors such as
methanol,® due to the stronger intermolecular interactions altering the mechanism of
catechol hydroxyl proton abstraction by the radical species.”® Furthermore, the lack of
backbiting in the homopolymerisation of hydroxyethyl acrylate has been attributed to the
stabilising effect of intermolecular H-bonding (although an increase in backbiting was
observed upon introduction of DMF as a solvent).”” Moreover, it has been shown that the
introduction of a monomer with an H-bonding side chain could inhibit bimolecular
termination and promote inter-chain coupling in the copolymerisation of dimethacrylate
monomers.’® Thus, it could be speculated that the reduction in termination could be due to
intermolecular H-bonding between the catechol and the HEMA side chains, which may
disrupt the ability of the catechol side chains to react with the propagating radical and
promote chain transfer. Accordingly, we propose that the propagating radicals in
MMA/DMA copolymer are strongly affected by chain transfer due to the lack of radical
stabilisation via H-bonding or steric hindrance provided by the MMA side chains. Given
the high relative molecular mass of the PEGMEM monomer compared to HEMA, the M,
of FR-PD-71/29-(DMF) was unexpectedly low, and the dispersity was very high. This
indicated similar behaviour of the PEGMEM to HEMA side chains, which could be due to
the ability of PEGMEM to accept H-bonds and reduced interaction between catechol and
the propagating radical due to steric factors.

The overlaid SEC RI chromatograms revealed similar bimodal molecular weight
distributions for the HEMA/DMA copolymers (Figure 2.21A). FR-PD-71/29-(DMF) and
FR-H also had bimodal distributions — the latter indicating the effect in that case was not
due to catechol. The termination mechanism of a growing polymer chain can lead to
bimodal SEC distribution. In radical polymerisation the usual modes of termination are via
disproportionation and combination. The identity of the monomer species often influences
the termination mechanism. Methacrylate monomers often undergo termination
predominantly via disproportionation as the propagating radical is less accessible
compared to e.g. acrylates and styrene, which terminate primarily by combination.’®: &
However, the bimodal peaks suggest that the polar, hydrophilic polymer species (HEMA,
PEGMEM) have a significant proportion of termination by combination. The bimodal
peaks in all of the chromatograms in Figure 2.21A suggests that despite the proposed

variation in chain branching observed in the HEMA/DMA copolymers, termination
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occurred with similar contributions from both combination and disproportionation

regardless of the DMA mole fraction.

Factors impacting the ratio between combination and disproportionation in the radical
polymerisation of methacrylates are currently poorly understood. Solvent viscosity has
been shown to affect the ratio of combination to disproportionation, with more viscous
solvents leading to a greater proportion of disproportionation due to slower diffusion of
polymer chains." 8 This could potentially explain the difference observed between the
monomodal peaks observed for the MMA/ADMA(/GMA) copolymers synthesised in 1,4-
dioxane (viscosity =1.19 mPa s at 298 K) compared to the bimodal peaks for the
copolymers synthesised in DMF (viscosity = 0.92 mPa s at 298 K), attributed to an
increased proportion of termination by combination. The monomodal peak observed for
FR-HGA-80/10/10-(DIOX) could also be due to the viscosity of the reaction solvent
(Figure 2.21B). Alternatively, the intermolecular hydrogen bonding which may affect the
chain transfer may also reduce termination by disproportionation, and lead to an increase
in combination. However, this argument is contradicted by the monomodal peak for
FR-HGA-80/10/10-(DIOX). It appears that there is insufficient data to make a confident

assertion as to the cause of the bimodal SEC peaks, and further investigation is required.

In the work reported in this chapter, when the combined monomer conversion for each
reaction was analysed by NMR, a general trend of decreasing monomer conversion with
increasing mole fraction of DMA in the feed was observed e.g. FR-HD-90/10-(DMF)
reached 95% conversion (very similar to FR-H), whereas FR-HD-61/39-(DMF) reached
only 81% conversion. It would seem reasonable to assume that this was due to the slower
rate of consumption of DMA relative to HEMA; the conversion of HEMA was >92% in
all cases. Reaction FR-HD-50/50-(DMF) appeared to be an outlier as the conversion was
slightly higher than FR-HD-61/39-(DMF). After 22 h, the overall monomer conversion
was 80%, very similar to the equivalent copolymerisation with HEMA and DMA
(FR-HD-70/30-(DMF), p=84%, t=21 h). The final copolymer composition of
FR-PD-71/29-(DMF) was 76/24 (mol% PEGMEM/DMA). When compared to
FR-HD-70/30-(DMF), the copolymer composition was virtually identical (76/24),
indicating the incorporation of DMA was very similar in copolymerisation of HEMA and
PEGMEM.
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It is clear that compositional drift occurs, as each copolymer contained a smaller mol% of
DMA than in the initial monomer feed (Table 2.5). The ratio of DMA mol% in monomer
feed to DMA mol% in copolymer of 0.75 — 0.81 in all cases indicating a similar degree of
compositional drift in each case. Furthermore, the residual monomer detected in the final
sample of each reaction contained a greater proportion of DMA than the feed — strongly

indicating the preferential incorporation of HEMA.

2.4.7.2 Investigation of compositional drift during the synthesis of terpolymers
containing DMA, GMA and a third monomer

In section 2.4.5.2, the synthesis of several terpolymers consisting of ADMA, GMA and a
further methacrylate monomer was discussed. Deprotection of ADMA without causing
ring-opening of GMA was problematic. The copolymerisation of HEMA with DMA
(section 2.4.7.1) yielded hydrophilic copolymers which did not require deprotection.
Unprotected DMA was therefore used in the synthesis of terpolymers with GMA and a
further methacrylate monomer (MMA or HEMA). The reaction conditions and terpolymer

properties are summarised in Table 2.6.

Table 2.6. Polymerisation conditions and results for statistical terpolymers containing DMA and
GMA prepared by free radical polymerisation in 1,4-dioxane or DMF at 70 °C.

Terpolymer t/h  Comp. RM? p/% Mnlg b
mol?
FR-MGD-75/12/13-(DIOX) 20 76/12/12 66/12/22 89 8250  2.65
FR-HGD-78/11/11-(DIOX) 21  78/11/10 65/6/29 94 39100 16.65
FR-HGD-80/10/10-(DMF) 15  83/12/6  71/7/22 75 43400 3.23
FR-HGD-58/9/33-(DMF) 21 73/12/15 45/6/49 50 110650 3.48

a) Residual monomer composition. b) Mn calculated using conventional calibration (PS standard).

A terpolymer was synthesised comprising MMA, GMA and DMA in 1,4-dioxane at 70 °C
(FR-MGD-75/12/13-(DIOX)). NMR analysis of the resulting terpolymer indicated that
combined monomer conversion was 89% after 20 h; very similar to the analogous reaction
using ADMA (FR-MGA-77/12/11, 84% after 21 h). The final composition of FR-MGD-
75/12/13-(DIOX) was 12 mol% DMA, which represented a marginally higher catechol
monomer composition with respect to FR-MGA-77/12/11 (9 mol% ADMA). For
FR-MGD-75/12/13-(DIOX), a residual feed composition of 22 mol% DMA indicated
compositional drift still occurred and the overall rate of (A)DMA incorporation is very
similar for both terpolymers. The M, of FR-MGD-75/12/13-(DIOX) was low
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(8250 g mol™), similar to FR-MD-90/10-(DIOX). This supported the suggestion that the
rate of chain transfer is increased by the presence of unprotected DMA in MMA-containing
copolymers. Surprisingly, the SEC RI chromatogram showed a bimodal distribution,
indicating combination was a significant mode of termination (Figure 2.22B). This was not
the case in other copolymers containing MMA in this work, and the reason for this is not

clear, as discussed above.
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Figure 2.22. SEC RI chromatograms. A) HEMA/GMA/DMA terpolymers, DMF eluent. B)
MMA/GMA/DMA terpolymer, THF eluent.

A terpolymer comprising HEMA, GMA and DMA was synthesised in 1,4-dioxane at 70 °C
(FR-HGD-78/11/11-(DIOX)). The combined monomer conversion was 94% after 21 h;
slightly higher than FR-MGD-75/12/13-(DIOX), indicating fast consumption of HEMA.
The polymerisation mixture turned cloudy towards the end of the reaction and upon
cooling the terpolymer precipitated due to poor solubility in the reaction solvent. The final
terpolymer composition was 78/11/10 (M/G/D), showing the monomers had all been
incorporated into the terpolymer. Compositional drift is likely to have occurred, evidenced
by the 29% DMA in the residual monomer feed. The M, was relatively high and dispersity
very high (Mn=39100 g mol?, P = 16.65) compared to the HEMA/DMA copolymers.
The SEC chromatogram of FR-HGD-78/11/11-(DIOX) was multimodal (Figure 2.22A).
The high dispersity could indicate significant chain branching, as suggested previously.
The two lower molecular weight peaks were similar to those observed for the
HEMA/DMA copolymers, indicating significant termination via combination in both
cases; however, two higher molecular weight shoulders were also observed. This could
indicate coupling via the DMA side chains could have occurred. It could be speculated that
this effect occurred towards the end of the polymerisation when polymer solubility became

poor and polymer chains were in close proximity.
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Two subsequent terpolymers (FR-HGD-80/10/10-(DMF) and FR-HGD-58/9/33-(DMF))
were synthesised in DMF at 70 °C to avoid precipitation, The monomer conversion of
FR-HGD-58/9/33-(DMF) was low (50% after 21 h). This was surprising, as larger mole
fractions of DMA did not appear to inhibit polymerisation in the HEMA/DMA copolymers
and could therefore be an anomalous result. The final composition of
FR-HGD-80/10/10-(DMF) and FR-HGD-58/9/33-(DMF) indicated in each case the
expected preferential incorporation of methacrylate monomers, with final DMA content of
6% and 15% respectively. The low incorporation of DMA in FR-HGD-58/9/33-(DMF) is
due to the low combined monomer conversion — reflecting the compositional drift in the
polymerisations. The SEC RI chromatograms were bimodal, similar to the observation for
the HEMA/DMA copolymers. The dispersity of 3.48 for FR-HGD-58/9/33-(DMF)
indicated a similar amount of chain transfer to FR-HD-90/10, however the M, was
significantly higher. The reason for this was unclear, although a hint of a high molecular
weight peak for FR-HGD-58/9/33-(DMF) indicated some chain coupling could have

occurred.

2.4.8 Investigation of compositional drift during the synthesis of co/terpolymers
containing no catechol-containing monomer

A key aim of the work discussed in this thesis was to synthesise a series of copolymers to
allow correlation of the properties, including adhesion, of a variety of catechol containing
copolymers with copolymer composition. As such, it was necessary to synthesise
copolymers without catechol side chains as controls. Two copolymers were synthesised,

and the polymerisation conditions and copolymer properties are summarised in Table 2.7.

Table 2.7. Conditions for copolymers synthesised by free radical polymerisation using no catechol
monomer.

Copolymer Time/h Composition RM2® p/% Mn/gmoll D
FR-MG-50/50 24 45/55 46/54 95 35500 2.22
FR-HG-89/11 18.5 78/22 89/11 83 133500 4.26

a) Residual monomer composition.

A copolymer comprising MMA and GMA was synthesised (FR-MG-50/50). The reaction
was carried out in 1,4-dioxane. Samples were collected at regular intervals for NMR
analysis of monomer conversion. The reaction reached a combined monomer conversion
of 95% after 24 hours. This indicated a faster reaction than analogous reactions involving
the catechol-containing methacrylamides (e.g. FR-MA-49/51, 81% after 22.5 h). The
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molecular weight of the copolymer was 35500 g mol, similar to that of the MMA/ADMA
copolymers, but greater than the MMA/DMA equivalent. The SEC chromatogram was
broad and monomodal, with a hint of a low molecular weight shoulder (Figure 2.23). No
evidence of significant chain coupling was observed.
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Figure 2.23. A) SEC RI chromatogram of FR-MG-50/50, eluent THF B) Evolution of copolymer
composition for FR-MG-50/50.

The final composition of FR-MG-50/50 was 46/54 (mol% MMA/GMA). Samples
collected throughout the reaction indicated that the copolymer composition remained
consistently close to 50 % MMA at the start of the reaction, but the GMA content of the
average copolymer chain increased as the reaction progressed (Figure 2.23B). This
indicated the monomers were consumed at very similar rates, with a slight preference
towards incorporation of GMA. This compositional drift was not as pronounced as seen in
the reactions involving the methacrylamide monomers ADMA and DMA, which is
expected as, generally, non H-bonding methacrylates in FR polymerisations polymerise at
similar rates.%? The slight preference for GMA incorporation over MMA has been
previously reported. Reported reactivity ratios for FR polymerisation of these monomers
in bulk were rmma =0.80, rema = 1.05, which suggest that the polymerisation is expected
to be nearly random, but some compositional drift may be expected.®® The results also
agree with the reactivity ratios calculated when the same monomers were polymerised
using ATRP in anisole (rvma=0.85, rema = 1.24).6” Moreover, it has been reported that
methacrylic monomers with cyclic pendant groups (such as GMA) have a higher rate of
propagation (k) than MMA.%

The second copolymer, FR-HG-89/11, was synthesised in DMF. The low GMA mole
fraction was chosen to allow direct comparison in subsequent copolymer testing with the

most commonly used molar ratios of GMA in the DMA containing terpolymers (e.g.
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FR-HGD-80/10/10-(DMF)). FR-HG-89/11 reached 83% conversion after 18.5 h, which
indicates a similar rate of reaction compared to FR-HGA-80/10/10-(DIOX) (86%
conversion after 24 h) and FR-HGD-80/10/10-(DMF) (75% conversion after 15 h). The
SEC trace illustrates a multimodal distribution with a molecular weight and dispersity
which were very high, particularly in comparison with the HEMA homopolymer, FR-H.
Two lower molecular weight peaks were observed, similar to the HEMA/DMA
copolymers, which were assigned to significant termination by combination, as discussed
previously. However, a high molecular weight peak was observed in the SEC RI
chromatogram (Figure 2.23), similar to that observed for FR-HGD-80/10/10-(DI10X). This
suggests some chain coupling occurred in the copolymer, which is likely to be caused by
GMA. However, this was not observed for other copolymers containing GMA, and thus
could have occurred after the polymerisation — suggesting potential reactivity of the
copolymer upon storage. Changes in solubility of polymers containing GMA are discussed
further in Chapter 5.
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Figure 2.24. SEC RI chromatogram of FR-HG-89/11, eluent DMF.
The final composition of FR-HG-89/11 was 78/22, indicating GMA was preferentially
incorporated into the copolymer. A previous report indicated the reactivity ratios of HEMA
and GMA at 60 °C in DMF were ruema=0.74, rema = 1.00, using a benzoyl peroxide
initiator.8* This implies the composition of FR-HG-89/11 is unsurprising as some degree

of compositional drift favouring the incorporation of GMA would be expected.

2.5 Conclusion

In the preceding chapter the synthesis of DMA and ADMA and the copolymerisation of
both DMA and ADMA with methacrylate comonomers has been investigated.
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The synthesis of DMA was optimised, giving a maximum yield of 67%. A fast workup
method using precipitation and crystallisation was compared to column chromatography
and column chromatography was determined to be the only workup which provided
sufficiently pure DMA monomer. Subsequent protection of DMA as an acetonide gave a
maximum yield of 81%. The monomers were subsequently used in FR (co)polymerisations

to generate a library of catechol-containing functional copolymers.

The polymerisation of DMA yielded homopolymers which quickly turned brown and
became insoluble on exposure to air, almost certainly due to oxidation of the catechol side
chains and subsequent crosslinking. DMF proved to be a more appropriate polymerisation
solvent than 1,4-dioxane, due to improved solubility of DMA, and allowed a DMA
homopolymer of relatively high M, (59800 g mol™?) to be synthesised. Free-radical
homopolymerisation of ADMA was carried out but was extremely sensitive to impurities
and monomer conversion was slow, reaching only 20% after 24 hours. The retarded
homopolymerisation rate was probably due to impurities in the ADMA produced as by-
products of the DMA synthesis. The extremely low M, indicated the formation of mostly
very short oligomeric chains, although limited evidence for the production of a small

fraction of longer homopolymer chains was visible in the SEC chromatogram.

For the first time, to the best of our knowledge, reactivity ratios were estimated for the
copolymerisation of ADMA with i) MMA and ii) GMA. The values obtained by the NLLS
method for the MMA/ADMA reaction were rmva = 2.21 £ 0.26 and rapma = 0.17 = 0.03,
and for the GMA/ADMA copolymerisation rema = 1.96 + 0.49 and rapma = 0.18 * 0.08.
The reactivity ratios demonstrated that in both cases the methacrylate monomer is
preferentially incorporated at all monomer feed ratios. This is in large part due to the
inherent lower reactivity of methacrylamides when polymerised with methacrylates, but
possibly enhanced due to relatively poor solvation of ADMA in 1,4-dioxane. The reactivity
ratios also indicated that under the conditions used, there was very little difference between

the reactivity of the two methacrylate monomers.

A library of co- and terpolymers containing ADMA and a small family of methacrylate
comonomers was successfully synthesised, introducing a variety of functional groups. As
expected, given the reactivity ratios, significant compositional drift was observed during
polymerisation, with the methacrylate monomer being consumed in preference but ADMA
incorporated increasingly throughout the reaction. In several reactions, NMR analysis of
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samples collected early in the polymerisations indicated a surprisingly high fraction of
ADMA, which suggested significant experimental error in the composition measurements

at the early stages of reaction.

Deprotection of ADMA and ADMA-containing copolymers was successful using TFA in
chloroform. Copolymers of ADMA with MMA and the less-polar SMA were both
deprotected successfully, evidenced by H NMR spectroscopy. However, it was not
possible to remove the protecting groups from a copolymer containing GMA, without the
formation of a gel. This was attributed to chain coupling due to the ring opening of the

epoxide functional groups resulting in probable crosslinking.

Co- and terpolymers containing DMA were also synthesised. The compositional drift
appeared to be very similar to that observed for analogous copolymers comprising ADMA.
Bimodal SEC RI chromatograms were observed for copolymers of DMA with HEMA and
PEGMEM, but also a HEMA homopolymer. The higher molecular weight peak was
attributed to chain termination via chain combination; however, a firm cause was not
established for this result. For HEMA/DMA copolymers, a trend for reduction in Mn with
increasing DMA mole fraction was observed, suggesting that significant chain transfer
occurred from the propagating radical to the catechol monomer. Similarly high dispersities
with low molecular weights were observed for terpolymers comprising HEMA, DMA and
GMA. A copolymer of MMA and DMA and terpolymer of MMA, DMA and GMA had
very low molecular weight, which was attributed to significant chain transfer occurring
due to reaction of the catechol in DMA side chains with the propagating radical. This was

attributed to due to a lack of monomer stabilisation from H-bonding or steric hindrance.

Finally, two methacrylate copolymers, FR-MG-50/50 and FR-HG-89/11 were synthesised
for use as control copolymers for coatings testing (described in Chapters 4 and 5). As
expected, little compositional drift was observed for either polymerisation. A high
molecular weight peak was observed for FR-HG-89/11, suggesting chain coupling may

have occurred due to the epoxide group in GMA side chains.
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Chapter 3

Chapter 3 Synthesis of statistical and block copolymers containing
catechol functional groups using RAFT copolymerisation

3.1 Introduction

3.1.1 General requirements for a successful RAFT polymerisation
Reversible addition-fragmentation chain transfer (RAFT) polymerisation is a useful

approach for synthesis of (co)polymers with controlled molecular weight and dispersity.
As RAFT polymerisation has become a more established technique over the two decades
since its discovery, some general guidelines have been established which enable the set-
up of a successful RAFT reaction. According to Perrier in his 2018 “user guide” review,’
a successful RAFT polymerisation is defined by a “predictable molecular weight, low
molar mass dispersity (P), high end-group fidelity, and capacity for continued chain

growth.” A short summary of the conditions required to achieve a polymerisation which

adheres to the above definition follows:

1) Selection of appropriate R- and Z- groups in the RAFT agent (see species 1 in
Figure 1.3, Chapter 1) is critical to maintaining control of dispersity and molecular
weight by tuning the rate of fragmentation. Fast re-initiation by the R-group is
critical to the effective set-up of the RAFT main equilibrium. The Z-group remains
on the chain end of the majority of chains and controls the rate of fragmentation in
the RAFT main equilibrium. The activity of the RAFT agent must be tuned to
match that of the monomer. RAFT agent structure is discussed in more detail in
Chapter 1.

2) A low radical concentration must be used with respect to chain transfer agent
(CTA). This is because the proportion of dead chains (chains without a RAFT end
group) can be predicted at the start of the reaction, depending only on the number
of initiator-derived radicals.! To maintain an acceptable number fraction of living
chains, RAFT agent to initiator molar ratios of >5:1 are usually used.* 2

3) Chain propagation should proceed at an acceptable rate, as at long timescales the
loss of polymer end group fidelity becomes an issue and termination becomes more
likely.3 This requires the selection of reaction conditions and a radical source such
that the radical concentration is kept relatively low with respect to CTA
concentration, but the rate of propagation is high.

4) The generation of radicals by the initiator should be rapid, as if significant numbers

of radicals are generated by the initiator throughout the polymerisation, control
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over dispersity and molecular weight will decrease. This is achieved by controlling
the temperature or by use of a radical initiator with a high dissociation constant.

5) The RAFT agent must be stable to degradation under the selected reactions
conditions. Although most RAFT agents are stable in a wide variety of solvents,
some (e.g. dithiobenzoates) can undergo hydrolysis in water or strongly
nucleophilic solvents.

6) A relatively wide range of molecular weights can be achieved under RAFT normal
conditions (up to ~100000 g mol™?), however targeting very high molecular weights
increases the proportion of dead chains and thus reduces control. The targeted DP

depends on the molar feed ratio of monomer to CTA ([mon]o:[CTA]o).

3.1.2 RAFT polymerisation of catechol-containing monomers
Dopamine methacrylamide (DMA) is a monomer used to introduce catechol side chains

into copolymers; the free radical polymerisation of DMA is discussed in Chapter 2. It is
widely accepted that catechols are radical scavengers, e.g. tert-butyl catechol is used as an
inhibitor of radical polymerisation.* ® It is therefore somewhat surprising that radical
polymerisation is possible with unprotected catechol monomers. When using reversible-
deactivation radical polymerisation (RDRP), the impact of radical scavenging is
heightened due to the low radical concentrations employed. Polymerisation of unprotected
DMA using RDRP has, however, been reported. Patil et. al. reported that in the majority
of cases, the use of unprotected DMA in RAFT copolymerisation is limited to a monomer
mole fraction of ~40 %.% Above this limit, control over dispersity and molecular weight
diminishes and insoluble deposits form which are attributed to crosslinking due to reaction

of the catechol group with the propagating radical.’

RAFT polymerisation has been used to synthesise copolymers of DMA with other
methacrylamides®!! and methacrylates!? * with reasonable control of dispersity. For
example, a copolymer of MMA and DMA (20 mol% DMA) was synthesised using the
RAFT agent 2-cyano-2-propyl benzodithioate (CPDB) in DMF (b = 1.20,
Mw = 16000 g mol™).™® The rate of reaction was fairly slow, with a 70% yield of recovered
copolymer after 17 h, though a full kinetic study was not carried out. The resulting
copolymer was used to bind to iron oxide nanoparticles with a borate-containing drug,

taking advantage of the versatile reactivity of the catechol side chains.

In a further example, DMA was copolymerised with dimethylaminoethyl methacrylate
(DMAEMA), using single electron transfer RAFT (SET-RAFT) polymerisation.t?
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Copolymers were synthesised with DMA monomer feed mole fractions of 17% and 29%
and the reactions were quenched at <55% conversion, resulting in low incorporation of
DMA (6.2% and 16.3% respectively) and reasonably low dispersities (1.28 and 1.36
respectively). The resulting copolymers were used to prepare porous membranes by self-
assembly. It was also observed that homopolymerisation of DMA under these conditions
proceeded to over 60% conversion but produced a homopolymer which was poorly soluble

in DMF and THF, implying crosslinking had occurred during the polymerisation.

DMA was also copolymerised with N-[3-(dimethylamino)propyl] methacrylamide in
DMF.1% Very good control of dispersity was achieved using benzyl 2-hydroxyethyl
carbonotrithioate as a RAFT agent (B = 1.05). The target molecular weight was not
indicated by the authors, but calculation from the stated methods indicated good control of
molecular weight - a measured My of 6633 g mol? against a theoretical mass of
7750 g mol™. In contrast to the copolymerisation of DMA with methacrylate monomers
(see Chapter 2), DMA was incorporated in preference to N-[3-(dimethylamino)propyl]
methacrylamide; in one iteration a 20% DMA mole fraction in the feed led to a mole
fraction of 29% DMA in the resulting copolymer. This highlights the importance of the

polymerisable group on comonomer reactivity, as discussed in Chapter 2.

RAFT polymerisation has also been used to synthesise copolymers using monomers
bearing protected catechol side chains.® The synthesis of an ADMA homopolymer was
reported by Detrembleur et al. in step one of the synthesis of a poly(ADMA-block-
PEGMEM) diblock copolymer in DMF.!* They conducted a study into the
homopolymerisation Kinetics of ADMA using 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CTP) as a RAFT agent. RAFT polymerisation
of ADMA using a molar feed ratio of 75:1:0.15 [mon]:[CTA]:[AIBN] at 70 °C (where
[mon], [CTA] and [AIBN] refer to the mole equivalents of monomer, CTA and AIBN
respectively) led to a long inhibition period and retardation of homopolymerisation
Kinetics; monomer conversion was <15% after 12 h. A subsequent increase in the mole
equivalents of initiator with respect to CTA to 1:0.4 at 70 °C resulted in increased monomer
conversion but a loss of control of dispersity and molecular weight. No explanation was
offered by the authors, but it can be speculated that the higher radical concentration led to
increased bimolecular termination and many dead chains. The temperature was increased
to 80 °C, presumably in an attempt to increase the rate of monomer conversion and reduce

the inhibition period, although the authors do not state their reasoning. To control the
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radical concentration, the initiator was also changed from AIBN to 1,1'-
azobis(cyclohexanecarbonitrile) (ACHN) because of the longer half-life of ACHN. A
deviation from the expected pseudo-first order kinetics and a colour change from pink to
brown suggested that hydrolysis/thermal degradation of the RAFT agent occurred under
these conditions. To avoid degradation of the RAFT agent the reaction temperature was
reduced to 60 °C, and the mole equivalents of initiator were increased relative to CTA to
give molar ratios of 75:1:0.75 ([mon]:[CTA]:[AIBN]) in an attempt to maintain the rate of
reaction. The higher than usual molar ratio of initiator to RAFT agent was necessary to
ensure sufficient radicals were generated at the start of the reaction, considering the
reduced temperature; the half-life of AIBN at 60 °C is 20 h. These conditions ensured the
requirement for a low radical concentration (see section 3.1.1) was still met. 70% monomer
conversion was reported after 8 h reaction time. The reaction at 60 °C resulted in good
control of the dispersity of poly(ADMA), evidenced by a dispersity of 1.2. The M, was
calculated using polystyrene standards (reported M, = 14000 g mol™?), so the M values
were treated as relative rather than absolute, thus control of molecular weight could only
be inferred through the linear increase of M, as a function of conversion. Although not
discussed by the authors, radicals would have been formed continuously throughout the
polymerisation due to the slow homolysis of AIBN which in turn, would lead to the
formation of monomer chains throughout the reaction and an increased dispersity.
However, the compromise appeared to provide satisfactory control of the polymerisation.

A similar use of a low [CTA]:[1] ratio, at a lower temperature, has been reported by Stenzel
et al.®® who reported the homopolymerisation of another bulky acrylamide monomer,
2-methacrylamido glucopyranose (MAG). The reaction was carried out in a solvent
mixture of N,N’-dimethylacetamide and water (9:1 v/v). CTP was used as the RAFT agent
with molar ratios of 100:1:0.5 ([mon]:[CTA]:[I]). The temperature was reduced to 60 °C
to reduce the rate of RAFT agent hydrolysis. Good control of dispersity was reported
(b =1.23) with a linear increase of M, with conversion after an inhibition period. Mnsec
was apparently higher than the theoretical value by a factor of ~2, but this was attributed
to an error in the SEC analysis due to the difference in hydrodynamic volume between the
poly(MAG) sample and the polystyrene standards. Hydrolysis of the RAFT agent, leading
to a pink to brown colour change in some instances, was attributed to primary amine-
containing impurities arising from the monomer synthesis. Considering the argument of

Stenzel et al., it could be speculatively suggested that the ADMA polymerisation reported
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by Detrembleur and described above could also have been compromised by traces of

unreacted dopamine remaining in the monomer.

3.2 Aims

In the work describe in this chapter, RAFT polymerisation was used first to reproduce and
then extend the previously reported work on the use of CTP for ADMA.** Then (for the
first time to the best of the author’s knowledge) the same (or similar) conditions were
explored using CTP to copolymerise methacrylate monomers with ADMA and DMA in
statistical copolymers. The synthesis of novel block copolymers is also reported. These
catechol-containing (co)polymers were compared with analogous (co)polymers
synthesised using free radical polymerisation and selected copolymers used to assess the
influence of copolymer composition and molecular weight in coatings for biosensing

applications.
The aims of the work reported in this chapter were:

1. To synthesise homopolymers of ADMA using the RAFT agent CTP with periodically
collected samples to allow a qualitative investigation into the copolymerisation Kinetics,
control of dispersity and molecular weight. The temperature and reaction solvent were
modified to optimise the polymerisation. Synthesis of MMA, GMA and SMA
homopolymers were also carried out under the conditions necessary for polymerisation of
ADMA. The reactions were used to assess the possibility of synthesising (diblock)

copolymers of ADMA with methacrylate comonomers.

2. To synthesise a library of statistical copolymers containing ADMA for use as functional
adhesive coatings. ADMA-containing statistical copolymers synthesised by RAFT
polymerisation have not been previously reported (to the best of the author’s knowledge).
MMA, SMA and HEMA were used as comonomers to allow the solubility of the resulting
copolymers to be tuned. GMA was investigated as a reactive monomer to enable the
reactive functional group to immobilise biomolecules in later work (Chapter 5).
Additionally, a terpolymer containing HEMA, GMA and ADMA was synthesised using
RAFT polymerisation to compare directly with the terpolymers produced by free radical
polymerisation discussed in Chapter 2.

3. To synthesise terpolymers comprising HEMA, GMA and (unprotected) DMA using
RAFT polymerisation. The extent of control over the dispersity and molecular weight in
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the presence of unprotected DMA was investigated. It is hypothesised that such
terpolymers could be more readily applied to coating applications than those containing

ADMA as they do not require deprotection after polymerisation.

4. To further explore the impact of monomer sequence and chain architecture on functional
adhesive copolymers by the synthesis of two novel diblock copolymers. A functional
diblock copolymer comprising MMA and ADMA was synthesised. A functional diblock
copolymer consisting of ADMA (block A) and a statistical copolymer of HEMA and GMA
(block B) was also synthesised for comparison with the poly(HEMA-stat-ADMA-stat-
GMA) statistical terpolymers. The diblock copolymers were prepared to explore the
hypothesis that improved adhesion and reactive functional group availability could be
obtained from a copolymer with the adhesive catechol moieties concentrated at one end of
the copolymer. If immobilised on a surface by the adhesive end a “brush” type structure
could be formed, enhancing the opportunity for the GMA to immobilise target molecules

from solution.

3.3 Experimental

3.3.1 Materials
4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CTP, >97%) was supplied by

Sigma-Aldrich, UK and used as received. N,N-dimethylformamide (DMF, anhydrous,
99.8%) was supplied by Fisher Scientific, UK and used as received. Azobisisobutyronitrile
(AIBN, 98%) was supplied by Sigma-Aldrich, UK and recrystallised from methanol before
use. 1,4-dioxane (99.8%), glycidyl methacrylate (GMA, 97%), 2-hydroxyethyl
methacrylate (HEMA, 97%), and methyl methacrylate (MMA, 99%) were supplied by
Sigma-Aldrich, UK and passed through a column of activated alumina column before use
to purify and remove inhibitor. Stearyl methacrylate (SMA, 97%) was supplied by TCI
UK and used as received. Dimethyl sulfoxide-de (DMSO, 99.9% D atom) was supplied by
Sigma-Aldrich, UK and used as received. Deuterated chloroform (99.8% D atom) was
supplied by Apollo Scientific, UK, and used as received. DMA and ADMA were
synthesised as previously described (Chapter 2).

3.3.2 Polymer Synthesis
3.3.2.1 Procedure for RAFT homopolymerisation of ADMA in DMF - RAFT-A-
(DMF)

ADMA (0.5 g, 1.91 mmol), CTP (21 mg, 0.08 mmol) and AIBN (9 mg, 0.05 mmol) in
anhydrous DMF (5 mL) were added to a 50 mL Schlenk flask. A sample was taken, and
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the reaction mixture was degassed via at least three freeze-pump-thaw cycles and back-
filled with nitrogen. The flask was immersed in a preheated oil bath at 60 °C. The reaction
was allowed to proceed for 15 h before a final sample was taken. The reaction mixture
before workup was a pink solution. The reaction mixture was poured into methanol,
causing precipitation of a pink solid, which was collected and dried overnight under
vacuum. Yield = 0.14 g, 28% M, = 1700 g mol™, B = 1.20. *H NMR (CDCls, 400 MHz)
o (ppm) = 7.83, 7.51, 7.39 (3s, 5H, Ph-H, RAFT agent end group), 6.60 (m, 3H, Ph-H),
5.94 (s, 1H, NH-CHy), 3.32 (s, 2H, NH-CHy), 2.68 (s, 2H, CH2-Ph), 1.75 (br m, 8H, O-C-
CHs acetonide group, CH2-C-CHs polymer main chain protons), 1.07-0.95 (br m, 3H,
CH>-C-CHs, methacrylamide methyl group).

3.3.2.2 Procedure for RAFT polymerisation of ADMA in 1,4-dioxane, RAFT-A-
(DIOX)

A homopolymer of ADMA was prepared according to the procedure described above
(3.3.2.1) using ADMA (0.5 g, 1.91 mmol), CTP (7 mg, 0.03 mmol), AIBN (3 mg,
0.02 mmol) in 1,4-dioxane (1.5 mL). The reaction was sampled under positive nitrogen
pressure after 0, 2, 4, 8, 23, 28, 32 and 48 h. The reaction was allowed to proceed for 53 h
before a final sample was taken. The homopolymer was precipitated in methanol.
Yield = 0.03 g, 6%, My = 32500 g mol™, B = 1.05. *H NMR (CDCls, 400 MHz) § (ppm)
as 3.3.2.1.

3.3.2.3 Procedure for RAFT homopolymerisation of MMA, RAFT-M-(DIOX/60C)

A homopolymer of MMA was prepared according to the procedure described above
(3.3.2.1) using MMA (1.0 g, 10.0 mmol), CTP (37 mg, 0.13 mmol) and AIBN (16 mg,
0.10 mmol) in 1,4-dioxane (2 mL). The reaction was allowed to proceed for 7 h before a
final sample was taken. The homopolymer was precipitated in methanol. Yield = 0.46 g,
46%, M, = 8300 g mol™, D =1.07. *H NMR (CDCls, 400 MHz) & (ppm) = 7.89, 7.53, 7.36
(3s, 5H, Ph-H, RAFT agent end group), 3.62 (m, 3H, C-O-CHs MMA side chain), 1.92 (s,
2H, CH2-C-CHs polymer main chain protons), 1.04 — 0.85 (m, 3H, CH.-C-CHjs,
methacrylate methyl group).

3.3.2.4 Procedure for RAFT homopolymerisation of MMA, RAFT-M-(DIOX/70C)

A homopolymer of MMA was prepared according to the procedure described above
(3.3.2.1) using MMA (1.0 g, 10.0 mmol), CTP (28 mg, 0.10 mmol) and AIBN (2 mg,
0.01 mmol) in 1,4-dioxane (9 mL) at 70 °C. The reaction was sampled under positive

110



Chapter 3

nitrogen pressure after 0 and 5 h. The reaction was allowed to proceed for 24 h before a
final sample was taken. The homopolymer was precipitated in methanol. Yield = 0.67 g,
67%, My = 15200 g mol™?, B = 1.04. *H NMR (CDCls, 400 MHz) & (ppm) as 3.3.2.3.

3.3.2.5 Procedure for RAFT homopolymerisation of MMA, RAFT-M-(DIOX)-2

A homopolymer was prepared according to the procedure described above (3.3.2.1) using
MMA (1.0 g, 10.0 mmol), CTP (37 mg, 0.13 mmol) and AIBN (16 mg, 0.10 mmol) in
1,4-dioxane (9 mL). The reaction was allowed to proceed for 20 h before a final sample
was taken. The homopolymer was precipitated in methanol. Yield = 0.70 g, 70%,
Mn = 10750 g mol, B = 1.07. *H NMR (CDCls, 400 MHz) § (ppm) as 3.3.2.3.

3.3.2.6 Procedure for RAFT homopolymerisation of SMA, RAFT-S-(DIOX/60C)

A homopolymer of SMA was prepared according to the procedure described above
(3.3.2.1) using SMA (0.68 g, 2.00 mmol), CTP (7 mg, 0.03 mmol) and AIBN (3 mg,
0.02 mmol) in 1,4-dioxane (2 mL). The reaction was allowed to proceed for 7 h before a
final sample was taken. The homopolymer was precipitated in methanol. Yield = 0.48 g,
70%, Mn = 28850 g mol?, B = 1.20. *H NMR (CDCls, 400 MHz) & (ppm) = 7.86, 7.53,
7.36 (3s, 5H, Ph-H, RAFT agent end group), 3.92 (s, 2H, O-CH2-CHy), 1.92 — 1.81 (s, 2H,
CH2-C-CH3 polymer main chain protons), 1.61 (s, 2H, O-CH2-CHz2-), 1.31 (m, 30H, O-
CH2-CH2-(CH2)15-), 1.13 - 0.89 (m, 6H, CH2-C-CHs, methacrylate methyl group and
(CH2)15-CH3s SMA side chain).

3.3.2.7 Procedure for RAFT homopolymerisation of GMA, RAFT-G-(DIOX/60C)

A homopolymer of GMA was prepared according to the procedure described above
(3.3.2.1) using GMA (2 g, 14.0 mmol), CTP (52 mg, 0.18 mmol) and AIBN (23 mg,
0.14 mmol) in 1,4-dioxane (2 mL). The reaction was allowed to proceed for 7 h before a
final sample was taken. The homopolymer was precipitated in methanol. Yield = 1.58 g,
79%, M = 15450 g mol, B = 1.19. *H NMR (CDCls, 400 MHz) § (ppm) = 7.87, 7.53,
7.36 (3s, 5H, Ph-H, RAFT agent end group), 4.31, 3.82 (2s, 1H, O-CH2-CH), 3.25 (s, 1H,
O-CH-CHj> epoxide ring), 2.87, 2.66 (2s, 1H, O-CH-CH: epoxide ring), 1.90 (s, 2H, CH2-
C-CHs polymer main chain protons), 1.10 — 0.94 (m, 3H, CH.-C-CHs, methacrylate
methyl group).

3.3.2.8 Procedure for RAFT homopolymerisation of GMA, RAFT-G-(DIOX/70C)

A homopolymer of GMA was prepared according to the procedure described above
(3.3.2.1) using GMA (1 g, 7.00 mmol), CTP (39 mg, 0.14 mmol) and AIBN (2 mg,
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0.01 mmol) in 1,4-dioxane (9 mL) at 70 °C. The reaction was allowed to proceed for 15 h
before a final sample was taken. The homopolymer was precipitated in methanol.
Yield = 0.51 g, 51%, M, = 12950 g mol™%, B = 1.16. *H NMR (CDCls, 400 MHz) § (ppm)
as 3.3.2.7.

3.3.2.9 Procedure for RAFT statistical copolymerisation of MMA and ADMA,
RAFT-MA-90/10

A copolymer of MMA and ADMA was prepared according to the procedure described
above (3.3.2.1) using MMA (0.50 g, 5.00 mmol), ADMA (0.14 g, 0.55 mmol), CTP
(20 mg, 0.07 mmol) and AIBN (9 mg, 0.06 mmol) in 1,4-dioxane (2 mL). The reaction
was allowed to proceed for 7 h before a final sample was taken. The copolymer was
precipitated in methanol. Yield = 0.40 g, 63%, M, = 13600 g mol, B = 1.06. 'H NMR
(CDClgz, 400 MHz) 6 (ppm) = 7.89, 7.53, 7.36 (s, 2H, Ph-H RAFT agent end group), 6.69
—6.60 (m, 3H, Ph-H), 5.67 (s, 1H, NH-CHz), 3.59 (m, 3H, C-O-CHs MMA), 3.33 (s, 2H,
NH-CH2-CHy), 2.70 (s, 2H, CH>-CH2-Ph), 1.92 - 1.83 (m, 2H, CH2-C-CH3s polymer main
chain protons), 1.68 (br m, 6H, O-C-CHs acetonide group), 1.03 - 0.86 (m, 3H, CH»-C-

CHs, methacrylamide / methacrylate methyl groups).

3.3.2.10 Procedure for RAFT statistical copolymerisation of MMA and ADMA,
RAFT-MA-50/50

A copolymer of MMA and ADMA was prepared according to the procedure described
above (3.3.2.1) using MMA (0.08 g, 0.80 mmol), ADMA (0.21 g, 0.80 mmol), CTP (6 mg,
0.02 mmol) and AIBN (3 mg, 0.02 mmol) in 1,4-dioxane (2 mL). The reaction was allowed
to proceed for 7 h before a final sample was taken. The copolymer was precipitated in
methanol. Yield = 0.20 g, 69%, M, = 12850 g mol, b = 1.14. *H NMR (CDCls, 400 MHz)
d (ppm) as 3.3.2.9.

3.3.2.11 Procedure for RAFT statistical copolymerisation of GMA and ADMA,
RAFT-GA-90/10

A copolymer of GMA and ADMA was prepared according to the procedure described
above (3.3.2.1) using GMA (0.40 g, 2.82 mmol), ADMA (0.08 g, 0.31 mmol), CTP
(11 mg, 0.04 mmol) and AIBN (5 mg, 0.03 mmol) in 1,4-dioxane (2 mL). The reaction
was allowed to proceed for 7 h before a final sample was taken. The copolymer was
precipitated in methanol. Yield = 0.38 g, 79%, M, = 25100 g mol?, b = 1.23. 'H NMR
(CDCls, 400 MHz) 6 (ppm) = 7.89, 7.53, 7.39 (3s, 2H, Ph-H RAFT agent end group), 6.68
—6.60 (m, 3H, Ph-H), 5.65 (s, 1H, NH-CHy), 4.31, 3.82 (2s, 1H, O-CH2-CH), 3.36 (s, 2H,
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NH-CHz2), 3.25 (s, 1H, O-CH-CH> epoxide ring), 2.86 (s, 1H, O-CH-CH: epoxide ring),
2.68 (s, 2H, CH2-Ph), 1.98 (s), 1.91 (s, 2H, CH2-C-CHzs polymer main chain protons), 1.70
(br m, 6H, O-C-CHjs acetonide group), 1.10 - 0.95 (m, 3H, CH>-C-CHs, methacrylamide
methyl group).

3.3.2.12 Procedure for RAFT statistical copolymerisation of SMA and ADMA,
RAFT-SA-90/10

A copolymer of SMA and ADMA was prepared according to the procedure described
above (3.3.2.1) using SMA (0.75 g, 2.22 mmol), ADMA (0.06 g, 0.22 mmol), CTP (9 mg,
0.03 mmol) and AIBN (4 mg, 0.02 mmol) in 1,4-dioxane (2 mL). The reaction was allowed
to proceed for 7 h before a final sample was taken. The copolymer was precipitated in
methanol. Yield = 0.53 g, 65%, M, = 32000 g mol, D =1.07. *tH NMR (CDCls, 400 MHz)
d (ppm) =7.87, 7.53, 7.36 (3s, 2H, Ph-H RAFT agent end group), 6.66 — 6.59 (m, 3H, Ph-
H), 5.68 (s, 1H, NH-CH), 3.92 (s, 2H, O-CH2-CH2 (SMA)), 3.34 (s, 2H, NH-CH2), 2.68
(s, 2H, CH2-Ph), 1.92 — 1.81 (s, 2H, CH2-C-CHz polymer main chain protons), 1.69 (br m,
6H, C-CHs acetonide group), 1.62 (s, 2H, O-CH2-CH3-), 1.30 (m, 30H, O-CH>-CH>-
(CH2)15), 1.12 - 0.90 (m, 6H, CH.-C-CHs, methacrylate / methacrylate methyl group and
(CH2)15-CH3).

3.3.2.13 Procedure for RAFT statistical copolymerisation of SMA and ADMA,
RAFT-SA-50/50

A copolymer of SMA and ADMA was prepared according to the procedure described
above (3.3.2.1) using SMA (0.17 g, 0.50 mmol), ADMA (0.13 g, 0.50 mmol), CTP (4 mg,
0.01 mmol) and AIBN (2 mg, 0.01 mmol) in 1,4-dioxane (2 mL). The reaction was allowed
to proceed for 7 h before a final sample was taken. The copolymer was precipitated in
methanol. Yield = 0.10 g, 33%, M, = 15250 g mol, b = 1.14. *H NMR (CDCls, 400 MHz)
d (ppm) as 3.3.2.12.

3.3.2.14 Procedure for RAFT statistical copolymerisation of HEMA and ADMA,
RAFT-HA-90/10

A copolymer of HEMA and ADMA was prepared according to the procedure described
above (3.3.2.1) using HEMA (1.17 g, 9.00 mmol), ADMA (0.26 g, 1.00 mmol), CTP
(37 mg, 0.13 mmol) and AIBN (16 mg, 0.10 mmol) in anhydrous DMF (14 mL). The
reaction was allowed to proceed for 21.5 h before a final sample was taken. The copolymer
was precipitated in diethyl ether. Yield = 0.97 g, 67%, M, = 9700 g mol*, D = 1.38. 'H
NMR (DMSO-d6, 400 MHz) & (ppm) = 7.81, 7.62, 7.47 (3s, 2H, Ph-H RAFT agent end
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group), 6.72 — 6.58 (m, 3H, Ph-H), 4.82 (s, 1H, CH2-OH), 3.89 (s, 2H, O-CH2-CHy), 3.58
(s, 2H, O-CH2-CHy), 3.32 (s, 2H, NH-CHy), 1.78 (br m, 6H, C-CH3 acetonide group), 1.62
(s, 2H, CH2-C-CHs polymer main chain protons), 0.94 - 0.78 (br m, 3H, CH>-C-CHzs,
methacrylamide methyl group).

3.3.2.15 Procedure for RAFT statistical terpolymerisation of HEMA, GMA and
ADMA, RAFT-HGA-80/10/10

A terpolymer of HEMA, GMA and ADMA was prepared according to the procedure
described above (3.3.2.1) using HEMA (1.04 g, 8.00 mmol), GMA (0.14 g, 1.00 mmol),
ADMA (0.26 g, 1.00 mmol), CTP (37 mg, 0.13 mmol) and AIBN (16 mg, 0.10 mmol) in
anhydrous DMF (14 mL). The reaction was allowed to proceed for 21.5 h before a final
sample was taken. The terpolymer was precipitated in diethyl ether. Yield = 0.83 g, 58%,
Mn =10850 g mol™?, B = 1.32. 'H NMR (DMSO-d6, 400 MHz) § (ppm) = 7.81, 7.62, 7.51
(3s, 2H, Ph-H RAFT agent end group), 6.72 — 6.60 (m, 3H, Ph-H), 4.82 (s, 1H, CH>-OH),
4.26 (s, 1H, O-CH2-CH GMA), 3.89 (s, 2H, O-CH2-CH2 HEMA), 3.73 (s, 1H, O-CH2-CH
GMA), 3.58 (s, 2H, O-CH,-CH2HEMA), 3.36 (s, 2H, NH-CH3), 3.20, 2.89 (2s, 1H, O-CH-
CH: epoxide ring), 2.67 (s, 2H, CH2-Ph), 2.59 (s, 1H, O-CH-CHz2 epoxide ring), 1.80 (br
m, 6H, C-CHs acetonide), 1.62-1.48 (s, 2H, CH2-C-CHs polymer main chain protons),
0.95-0.78 (br m, 3H, CH2-C-CHs, methacrylamide / methacrylate methyl groups).

3.3.2.16 Procedure for RAFT statistical terpolymerisation of HEMA, GMA and
DMA, RAFT-HGD-80/14/6

A terpolymer of HEMA, GMA and DMA was prepared according to the procedure
described above (3.3.2.1) using HEMA (1.04 g, 8.00 mmol), GMA (0.14 g, 1.00 mmol),
DMA (0.22 g, 1.00 mmol), CTP (37 mg, 0.13 mmol) and AIBN (16 mg, 0.10 mmol) in
anhydrous DMF (12 mL). The reaction was allowed to proceed for 21 h before a final
sample was taken. The terpolymer was precipitated in diethyl ether. Yield = 0.79 g, 56%,
Mn = 10100 g mol?, B = 1.44. *H NMR (DMSO-d6, 400 MHz) § (ppm) = 8.67 (2s, 2H,
Ph-OH), 7.82, 7.62, 7.51 (3s, 2H, Ph-H RAFT agent end group) 6.64 — 6.41 (m, 3H, Ph-
H), 4.80 (s, 1H, CH2-OH), 4.59 (s, 1H, NH-CH), 4.27 (s, 1H, O-CH2-CH GMA), 3.91 (s,
2H, O-CH2-CH2 HEMA), 3.73 (s, 1H, O-CH2-CH GMA), 3.58 (s, 2H, O-CH>-CH2HEMA),
3.33 (s, 2H, NH-CH?>), 3.20, 2.89 (2s, 1H, O-CH-CHz2 epoxide ring), 2.65 (s, 2H, CH2-Ph),
2.50 (s, 1H, O-CH-CH:2 epoxide ring), 1.62-1.48 (s, 2H, CH2-C-CHz polymer main chain),
0.95 - 0.79 (br m, 3H, CH2-C-CHs, methacrylamide / methacrylate methyl groups).
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3.3.2.17 Procedure for RAFT statistical terpolymerisation of HEMA, GMA and
DMA, RAFT-HGD-80/10/10

A terpolymer of HEMA, GMA and DMA was prepared according to the procedure
described above (3.3.2.1) using HEMA (1.04 g, 8.00 mmol), GMA (0.14 g, 1.00 mmol),
DMA (0.22 g, 1.00 mmol), CTP (19 mg, 0.07 mmol) and AIBN (8 mg, 0.05 mmol) in
anhydrous DMF (13 mL). The reaction was allowed to proceed for 23.5 h before a final
sample was taken. The terpolymer was precipitated in diethyl ether. Yield = 1.02 g, 73%,
Mn = 20000 g mol?, B = 1.55. *H NMR (DMSO-d6, 400 MHz) & (ppm) as 3.3.2.16.

3.3.2.18 Procedure for RAFT statistical terpolymerisation of HEMA, GMA and
DMA, RAFT-HGD-74/13/13

A terpolymer of HEMA, GMA and DMA was prepared according to the procedure
described above (3.3.2.1) using HEMA (1.04 g, 8.00 mmol), GMA (0.14 g, 1.00 mmol)
and DMA (0.22 g, 1.00 mmol), CTP (37 mg, 0.13 mmol), and AIBN (4 mg, 0.03 mmol)
in anhydrous DMF (12 mL) at 70 °C. The reaction was allowed to proceed for 24 h before
a final sample was taken. The terpolymer was precipitated in diethyl ether. Yield = 0.86 g,
61%, My = 24950 g mol, B =2.18. 'H NMR (DMSO-d6, 400 MHz) § (ppm) as 3.3.2.16.

3.3.2.19 Procedure for RAFT block copolymerisation of ADMA with poly(MMA)
macro-RAFT agent, RAFT-M-b-A-DIOX

A block copolymer was prepared according to the procedure described above (3.3.2.1)
using ADMA (0.20 g, 0.77 mmol), poly(MMA) (RAFT-M-(DIOX)-2) (0.11 g, 0.01 mmol)
and AIBN (1 mg, 0.01 mmol) in 1,4-dioxane (2 mL). The reaction was allowed to proceed
for 7 h before a final sample was taken. The diblock copolymer was precipitated in
methanol. Yield = 0.06 g, 19%, M, = 14600 g mol, B = 1.14. *H NMR (CDCls, 400 MHz)
d (ppm) =6.69 — 6.60 (m, 3H, Ph-H), 5.84 (s, 1H, NH-CH2), 3.60 (m, 3H, C-O-CHs), 3.31
(s, 2H, NH-CHy2), 2.66 (s, 2H, CH2-Ph), 1.94 — 1.81 (s, 2H, CH2-C-CH3s polymer main
chain protons), 1.65 (br m, 8H, O-C-CHs acetonide group), 1.04 — 0.85 (m, 3H, CH»-C-

CHs, methacrylamide / methacrylate methyl groups).

3.3.2.20 Procedure for RAFT block copolymerisation of HEMA and GMA with
poly(ADMA) macro-RAFT agent, RAFT-A-b-(HG-90/10)

A block copolymer was prepared according to the procedure described above (3.3.2.1)

using HEMA (0.33 g, 2.50 mmol), GMA (0.04 g, 0.31 mmol), poly(ADMA)

(RAFT-A-(DMF)) (64 mg, 0.01 mmol) and AIBN (2 mg, 0.01 mmol) in anhydrous DMF

(3.5 mL). The reaction was allowed to proceed for 24 h before a final sample was taken.
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The diblock copolymer was precipitated in methanol. Yield = 0.04 g, 11%,
Mn = 38300 g mol™, B = 1.14. *H NMR (DMSO0-d6, 400 MHz) & (ppm) as 3.3.2.15.

3.3.3 Characterisation methods
3.3.3.1 Size exclusion chromatography (SEC)

Molecular weight and dispersity data were obtained by SEC using a Viscotek TDA 302
with refractive index, viscosity, and light scattering detectors. 2 x 300 mm PLgel 5 pm
mixed C-columns (with a linear range of molecular weight from 200 to 2,000,000 g mol™?)
were used and THF as the eluent with a flow rate of 1.0 mL min™* at a temperature of 35 °C,
or dimethylformamide (DMF) with 0.1% of lithium bromide with a flow rate of 1.0 mL™*
at a temperature of 70 °C.

The molecular weights were obtained by triple detection SEC with light scattering, using
a dn/dc value of 0.085 mL g* for poly(MMA) in THF, 0.084 mL g for poly(GMA) in
THF, 0.075 mL g for SMA in THF and 0.076 mL g™ for poly(HEMA) in DMF.%® The
dn/dc for poly(ADMA) in THF, 0.125 mL g*, was obtained by measuring two samples of
poly(ADMA) in THF with accurately determined concentration. Unless otherwise
specified, the dn/dc value of the monomer with the greatest mole fraction in a copolymer
was used to calculate molecular weight. Where indicated, the molecular weights were
obtained from the RI detector and a conventional calibration curve constructed using nine
reference polystyrene standards (Polymer Laboratories, M» between 580-1112000 g mol™,
b<1.11).

3.3.3.2 Nuclear magnetic resonance (NMR) spectroscopy

'H NMR spectra were recorded on a Bruker-400 MHz spectrometer using CDClz or DMSO
ds as a solvent. Spectra were referenced to the trace proton peaks present in CDCl3
(7.26 ppm) or DMSO ds (2.50 ppm). NMR spectra were analysed using MestReNova
(Mestrelab Research, Spain). Dinitrobenzene (DNB) or DMF were used as internal

standards in NMR experiments.

3.4 Results and Discussion

The synthesis of (co)polymers containing ADMA and DMA was investigated using RAFT
polymerisation as a means to access advanced architectures such as diblock copolymers,

with the intention to control dispersity and molecular weight.
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3.4.1 Synthesis of homopolymers by RAFT polymerisation
Homopolymers of ADMA, MMA, GMA and SMA were synthesised using RAFT

polymerisation in order to establish suitable conditions for the controlled polymerisation
of these monomers using similar conditions, and in some cases to prepare macro-RAFT

agents for the synthesis of diblock copolymers.

3.4.1.1 Synthesis of poly(ADMA) using RAFT polymerisation

Dithiobenzoate RAFT agents are suitable for the controlled polymerisation of methacrylate
and methacrylamide monomers. A large number of such RAFT agents are exemplified by
Barner-Kowollik in “The Handbook of RAFT Polymerisation”? including CTP, which was
used in the current work. The controlled polymerisation of ADMA using CTP in DMF has
been previously reported'* and the aim of this work was to repeat and expand on the
reported procedure, and then analyse the outcome of using similar conditions to polymerise
the other methacrylate monomers mentioned above. Upon the formation of the RAFT pre-
equilibrium, the pentanoic acid-functionalised R-group of CTP should have good solubility
in the polar solvents used herein (DMF and 1,4-dioxane). The electron-withdrawing cyano-
group weakens the C-S bond meaning that the R-group is a good radical leaving group and
the concentration of R* should increase rapidly. Rapid re-initiation should then occur due
to the high reactivity of the monomers towards R*, which is a condition of a successful
RAFT polymerisation, as described in section 3.1.1. A reaction scheme for the RAFT

polymerisation of ADMA is presented in Scheme 3.1.

S CN
o OH "
<Y 2
HN
0

AIBN

ADMA
0] 0

A K
Scheme 3.1. Reaction scheme for the RAFT polymerisation of ADMA using CTP

The relationship between the predicted and measured molecular weight can be used to infer
the control afforded by the RAFT polymerisation. Theoretical number average molecular

weight (Mnneo) Can be calculated using the following equation (3.1):
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[mon]o X Mmon X P

[CTAly + df ([1]o(1 — e*at)) Mcra 3.1

M nTheo —

where p is the monomer conversion, [mon]o and [CTA]o are the amounts of monomer and
CTA in the feed respectively, and Mmon and Mcra are the relative molecular mass of the
monomer and CTA respectively. The initiator term, df([1]o(1-e%%)), refers to the number of
initiator derived chains, where d is the average number of chains formed by each chain
termination (depending on the ratio of termination by combination and disproportionation),
f is the initiator efficiency, t is time, and kq is the rate coefficient for initiator
decomposition. In practice, by following the guidelines outlined in Section 3.1.1, a well-
designed reaction should have a low number of initiator-derived chains, so Equation 3.1 is

commonly simplified to:

[mon]y X M,,on X P
Myrheo = [CT A]zwn + Mcrg 3.2

A target M, can therefore be calculated prior to the reaction using Equation 3.2, using an
estimated value for monomer conversion, p.!” Mntheo is then calculated with the
experimentally derived value of p after the reaction. Several assumptions are associated
with Equations 3.1 and 3.2:1 i) that the rate of radical generation from the initiator is rapid;
i) that the RAFT main-equilibrium is rapidly established, so that the majority of the chains
begin growing in the same time frame; iii) that no other undesired reactions occur such as
irreversible chain transfer or bimolecular termination; iv) that the RAFT agent is
completely consumed in the pre-equilibrium reaction, such that [CTA]o accurately predicts
the number of RAFT agent-derived chains formed;*® and v) that the RAFT agent is 100%

pure.®

In the current work, number average molecular weight data was obtained using SEC with
triple detection calibration and using a dn/dc value for the monomer with the highest mole
fraction in each case (Mnsec). Mnsec can be compared to Mnheo t0 assess the control over

the molecular weight afforded by the RAFT agent using a molecular weight factor (MWF):

MWF = Muskc 33

nTheo

where Mntheo IS the theoretical molecular weight calculated using Equation 3.2. An MWF

value of 1 would indicate Equation 3.2 predicts the My, perfectly.
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Unless otherwise stated, monomer conversion was calculated by comparison of normalised
integrals arising from the vinyl peaks of residual monomer in *H NMR samples according
to Equation 2.1 (Chapter 2). The signal arising from DMF was used as an internal standard
to normalise the integrals. In cases where a final reaction sample could not be obtained,
monomer conversion is estimated from the % yield of the recovered (co)polymer. In these
cases, experimental error in conversion may be significantly higher than calculation of

conversion by NMR.

The conditions used for the polymerisation of ADMA and the characteristics of the
resulting homopolymers are summarised in Table 3.1. Polymers in this thesis are referred
to individually using a code where the first element describes the type of polymerisation,
e.g. RAFT, and the second denotes the monomers used. Further information is then
included for the avoidance of ambiguity between samples e.g. monomer feed mole
fraction, solvent or reaction temperature. For example, RAFT-MA-90/10 refers to a
copolymer of MMA and ADMA with a 90/10 molar feed ratio of monomers, synthesised
using RAFT polymerisation.

Table 3.1. Summary of reaction conditions, monomer conversion and molecular weight data for
poly(ADMA) synthesised using RAFT polymerisation.

Homopolymer Time p [mon]:  MnTheo/ Mnsec/ MWF D
/h /% [CTA]:[I] gmolt gmol?
RAFT-A-(DMF) 24 38 25:1:0.75 2800 1700 0.61 1.20
RAFT-A-(DIOX) 53 88 75:1:0.75 17200 32500 189 1.05

In the current investigation, initial conditions for the RAFT polymerisation of ADMA
(25:1:0.75 [ADMA]:[CTP]:[AIBN] at 60 °C) were chosen to reflect the molar ratios that
led to controlled polymerisation reactions in the reported synthesis of poly(ADMA),
described in Section 3.1.2.1* A low [ADMA]:[CTP] ratio was selected to target a low M,
for potential use in block copolymer synthesis. The data in Table 3.1 shows that the RAFT
polymerisation of ADMA in DMF (RAFT-A-(DMF)) resulted in a rather low monomer
conversion after 24 h — 38% — calculated according to Equation 2.1. This conversion was
significantly lower than the value from the previously reported procedure which achieved
70% conversion in 8 h, under conditions which were identical to those used in the current
study with the exception of the [mon]:[CTA] ratio. The previous study used a [mon]:[CTA]

ratio of 75:1* whereas a much lower [mon]:[CTA] ratio of 25:1 was used in the current
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study. Thus, the low conversion of RAFT-A-(DMF) may have been due to rate retardation
arising from the high CTA concentration, commonly observed for dithiobenzoate RAFT
agents.?® Additionally, as impurities arising from dopamine were detected in the mass
spectrum of ADMA (see Chapter 2), radical scavenging may have reduced the radical
concentration and therefore the rate of reaction, although careful purification of the

monomer means this is a less likely explanation.

RAFT-A-(DMF) was analysed using triple detection SEC in THF. A dn/dc value of 0.12
mL g* for poly(ADMA) was calculated using SEC using two samples of RAFT-A-(DMF)
with accurately determined concentration — this value of dn/dc was used to calculate the
Mn of RAFT-A-(DMF). The dispersity was reasonably narrow (P = 1.20), especially
considering the low molecular weight, and that a unimodal distribution was observed.
However, the measured Mnsec (1700 g mol™) was smaller than the Mnrheo 0f 2800 g mol™
(calculated using Equation 3.2) by a factor of 0.61. In RAFT polymerisation, a low
observed M, with respect to Mntheo IS usually attributed to a large number of initiator-
derived chains in the reaction (see Equation 3.1). In this case the very low conversion
introduces more error into the SEC measurements due to the poor light scattering signal
intensity and determining the actual molecular weight control is subject to this error.
Further experimental error could have been introduced via inaccurate calculation of the
dn/dc due to potential impurities in the homopolymer. Overall, considering the low
conversion and resulting low molecular weight, the homopolymer synthesis could be

regarded to be under reasonable control.

Peaks between 7.3 and 7.9 ppm in the *H NMR spectrum for RAFT-A-(DMF) (Figure 3.1)
confirmed the presence of the RAFT end-group. The ratio of the integrals of the end-group
protons to the aromatic protons on the monomer repeat unit would indicate a number
average degree of polymerisation (DP) of 19 if all chains comprised terminal RAFT
groups. The provisional NMR-determined DP is much larger than the SEC-determined DP
(~7), suggesting around half of the chains retained the terminal RAFT Z-group at the end
of the reaction (although this is subject to the significant aforementioned experimental

error in SEC measurement of low M, homopolymers and error in NMR calculation).
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Figure 3.1. *H NMR spectrum for RAFT-A-(DMF) with inset expanded region of the RAFT agent
peaks. R = initiator or RAFT agent R-group.

RAFT homopolymerisation of ADMA was also conducted using 1,4-dioxane as the
solvent (RAFT-A-(DIOX)). The solvent was changed to 1,4-dioxane to allow closer
comparison with FR-A, the equivalent free radical polymerisation of ADMA in
1,4-dioxane at 70 °C, which also experienced slow monomer conversion — 20% after 24 h.
In that case low conversion was attributed to radical scavenging impurities in the monomer
(see Chapter 2). RAFT polymerisation of ADMA under these conditions had not
previously been reported. The [mon]:[CTA] ratio was increased to 75:1 and the reaction
time increased to allow the reaction to progress to a higher conversion and molecular
weight. Although the solvent usually has only a minor effect on the rate of reaction and
dispersity of RAFT polymerisations,?* 2! because of the multiple changes between the two
reactions the outcome of RAFT-A-(DIOX) and RAFT-A-(DMF) cannot be directly

compared.

Samples were periodically withdrawn from the reaction, analysed by *H NMR, and a
kinetic plot of In([mon]o/[mon]) vs. time was produced (Figure 3.2). Good correlation of
the data to a linear fit would indicate pseudo-first order kinetics (i.e. the absence of
significant termination implies the concentration of propagating radicals is constant); a
method commonly used to identify a functioning RAFT equilibrium.?* 2 An initial period
of very slow conversion (~4 h) was observed. This phenomenon, known as an inhibition

period, has been widely reported, especially for polymerisation reactions using

121



Chapter 3

dithiobenzoate RAFT agents such as CTP,?% 2* although the inhibition period is usually
<100 min. The inhibition period occurs before the main RAFT equilibrium is established
and could be due to either slow re-initiation of monomer by the R* radical in the RAFT
pre-equilbrium?’ or excessive stabilisation of the pre-equilibrium RAFT adduct by the

phenyl Z-group (2 in Scheme 1.3, Chapter 1).%
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Figure 3.2. Kinetic plot of the RAFT polymerisation of ADMA (RAFT-A-(DIOX)).

Linear regression was used to plot a line of best fit on Figure 3.2, only considering the data
when t > 4 h (after the inhibition period). In the case of a controlled reaction with no
inhibition period the line of best fit should cross the x-axis at t = 0. Accordingly, following
an inhibition period, the line of best fit should intersect the x-axis at the point at which
monomer conversion begins to increase. The fitted line on Figure 3.2 intersected the x-axis
around t = 2 h (just before the end of the inhibition period), indicating there was little
deviation from pseudo-first order kinetics, allowing for the potential error in NMR
measurements. This suggested that radical scavenging was minimal and thus any
impurities arising from the ADMA synthesis had a negligible effect on the RAFT
polymerisation. RAFT-A-(DIOX) reached 88% conversion after 53 h. The monomer
conversion after 23 h was 63%, indicating faster monomer consumption compared to
RAFT-A-(DMF) (38% after 24 h). This could be due to the increase in [mon]:[CTA] ratio

from 25:1 to 75:1, which may reduce rate retardation.?

SEC analysis indicated the dispersity of the final homopolymer was very narrow
(b =1.05). Unlike the synthesis of ADMA in DMF (RAFT-A-(DMF)), Mnsec
(32500 g mol™t) was higher than Mntheo (17200 g mol™?) by a factor of 1.89. Errors
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associated with the SEC measurement (poor light scattering signal) are significantly
reduced due to the higher molecular weight of RAFT-A-(DIOX). The poor prediction of
RAFT-A-(DIOX) molecular weight, despite the narrow dispersity, indicated a violation of
the assumptions made when using Equation 3.2. The most likely factor causing an
underestimation of the molecular weight is the incomplete consumption of RAFT agent,
resulting in the generation of fewer polymer chains under RAFT-control. This could be
due to a low partition coefficient, ¢, in the RAFT pre-equilibrium (see Equation 1.26 —
1.29, Chapter 1), leading to fewer than predicted RAFT agent-derived chains.t’
Additionally, radical scavenging from impurities in ADMA arising from dopamine (as
demonstrated in Chapter 2) would reduce the amount of active RAFT agent, although, as
previously mentioned, the pseudo-first order kinetics observed in Figure 3.2 suggest this

effect is minimal.

Whilst it cannot be claimed that conditions are optimised in terms of reaction rate and
control of molecular weight, RAFT polymerisation of ADMA has nevertheless been
shown to provide narrow dispersity homopolymer chains, via two alternative sets of
reaction conditions, which could be taken forward for potential use as macro-RAFT agents

in block copolymer synthesis.

3.4.1.2 Synthesis of methacrylate homopolymers using RAFT polymerisation

Having established suitable conditions for the RAFT polymerisation of ADMA — a
methacrylamide — based on previously reported procedures, an investigation was carried
out to establish if the same conditions would be suitable for the polymerisation of MMA
and for the first time (to the best of our knowledge) attempts would be made to synthesise
homopolymers of SMA and GMA using CTP as the RAFT agent.
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Table 3.2. Summary of reaction conditions, monomer conversion and molecular weight data for
poly(MMA), poly(SMA) and poly(GMA) synthesised using RAFT polymerisation.

Homopolymer Time p [mon]:  Mntheo/ Mnsec/ MWF D
/h /% [CTA]:[I] gmol! gmol?

RAFT-M-(DIOX/60C) 7  46% 75:1:0.75 3700 8300 2.24 1.07
RAFT-M-(DIOX/60C)-2 20 70* 75:1:0.75 5550 10750 194 1.07
RAFT-M-(DIOX/70C) 24 75 100:1:0.1 7800 15200 195 1.04
RAFT-S-(DIOX/60C) 7 70* 75:1:0.75 17900 28850 1.61 1.20
RAFT-G-(DIOX/60C) 7 79 75:1:0.75 8450 15450 1.83 1.19
RAFT-G-(DIOX/70C) 15 58 50:1:0.1 4100 12950 3.16 1.16

& Monomer conversion from % recovered yield of homopolymer.

The RAFT polymerisation of MMA has been widely reported®-2" including via the use of
CTP as the RAFT agent. In one such example, Guillaneuf et al. reported the synthesis of
poly(MMA) in 1,4-dioxane, using 4,4’-azobis(cyanopentanoic acid) as an initiator and
CTP as RAFT agent at 80 °C.?8 The targeted DP was 10, with a [mon]:[CTA] ratio of 9:1.
The high temperature led to some RAFT agent degradation, which was reported to be
solvent independent. The reported dispersity was relatively narrow (1.2). The authors did
not report M, claiming a lack of appropriate calibration standards, but bimodal
distributions were observed in the SEC after 6 h. The lower molar mass peak was attributed
to unreacted RAFT agent. The presence of unreacted RAFT agent would in-turn have led

to higher-than-predicted values for the M.

In another example, poly(MMA) was synthesised in bulk, using CTP as the RAFT agent,
AIBN as an initiator, at 80 °C.?° The use of a low initiator molar ratio (100:1 [CTA]:[I])
and short reaction times allowed the polymerisation to be quenched at low conversion
(25%) after 1.5 h. The resulting homopolymer was well controlled with a dispersity of 1.18
and the molecular weight (2500 g mol™) was very close to the theoretical value at the
reported monomer conversion. This evidence indicates that CTP could be used to produce
poly(MMA) with low dispersity and good control of Mn. In this case, no thermal
degradation of the RAFT agent was reported, which could be due to the shorter reaction

time.

In the current study, a homopolymer of MMA (RAFT-M-(DIOX/60C)) was synthesised
in 1,4-dioxane, at 60 °C, using molar ratios of 75:1:0.75 [MMA]:[CTP]:[AIBN]. After 7

hours, the reaction was quenched and a pink powdery solid was collected in a 46% yield.
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The recovered yield of homopolymer was used to calculate monomer conversion, which
could introduce significant experimental error, so the results must be considered with
caution. SEC indicated an Mnsec of 8300 g mol™, which was greater than the Mntheo Of
3700 g mol™ by a factor of 2.24, however, the dispersity was narrow (1.07). The high MWF
was similar to that observed for RAFT-A-(DIOX). The cause of M, underestimation was
likely to be analogous to ADMA — unconsumed RAFT agent. Despite the compositional
drift observed between methacrylamide and methacrylate monomers (Chapter 2), they are
both considered “more active monomers” in terms of reactivity with RAFT agents.® Thus,
the same RAFT agent, in this case CTP, would be expected to behave effectively with both
methacrylamides and methacrylates. A similar underestimation of MnTheo has also been
reported for the bulk polymerisation of GMA using CPDB as RAFT agent.® It was
reported that decreasing the [mon]:[CTA] ratio from 100:1 to 65:1 led to greater deviation
between Mnsec from Mntheo, an effect that was attributed to i) incomplete RAFT agent
consumption or ii) impure RAFT agent. Further evidence for unconsumed RAFT agent is
provided above in the discussion of unreacted RAFT agent in the polymerisation of MMA
reported by Guillaneuf et al.?®

The polymerisation of MMA was repeated using the same conditions, but the reaction
allowed to proceed for 20 h to obtain higher monomer conversion (RAFT-M-
(DIOX/60C)-2). The dispersity of the two reactions were identical and the latter
experiment resulted in a significantly higher yield (70%). The comparatively lower MWF
of RAFT-M-(DIOX/60C)-2 (1.94) could be due to the higher conversion reducing the

relative impact of any inhibition period on the observed M.

A further homopolymer of MMA was synthesised using an alternative set of reaction
conditions: at 70 °C (RAFT-M-(DIOX/70C)) and with a reduced initiator molar ratio. The
low initiator molar ratio/higher temperature combination is desirable compared to the
previous high initiator mole ratio at a lower temperature, as fewer radicals are generated
throughout the reaction. The reaction was carried out in 1,4-dioxane using molar ratios of
100:1:0.1 [MMA]:[CTP]:[AIBN]. A sample of RAFT-M-(DIOX/70C) withdrawn after 5
h yielded a In([mon]o/[mon]) value of 0.18, indicating that the inhibition period, if any, in
the MMA polymerisation was much shorter than the ~4h observed for the ADMA
polymerisation (although direct comparisons of the reactivity with the RAFT agent cannot
be drawn as the reaction conditions had been changed). SEC analysis of RAFT-M-
(DIOX/70C) indicated a low dispersity (b = 1.04) which suggested the new conditions still
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afforded good control over the dispersity of poly(MMA). The MWF was 1.95, which
indicated molecular weight control was very similar to RAFT-M-(DIOX/60C) and RAFT-
M-(DIOX/60C)-2. Furthermore, the monomer conversion of 75% after 24 h indicated the
rate of monomer conversion was not significantly affected by the change in conditions.
Overall, the change in conditions did not appear to affect the polymerisation, although the

effect of each individual change cannot be isolated.

A homopolymer of SMA was also synthesised to compare the conditions used to
polymerise MMA with a more hydrophobic monomer, carrying a non-polar C18 alkyl
chain. An SMA homopolymer synthesised using RAFT polymerisation has been reported
previously! using CPDB as the RAFT agent, toluene as solvent and with molar ratios of
20:1:0.2 [mon]:[CTA]:[1]. In that case the reaction was allowed to proceed at 70 °C for 16
h at which point the resulting homopolymer had an M, of 6450 g mol™?, compared to an
MnTheo Of 7000 g mol™ (assuming 100% monomer conversion) and a dispersity of 1.15,
which can be considered to be well controlled. Synthesis of poly(SMA) using CTP has not
been reported previously to the best of our knowledge.

In the current investigation, the polymerisation of SMA was carried out using CTP as the
RAFT agent (RAFT-S-(DIOX/60C). The reaction was carried out at 60 °C using
1,4-dioxane and molar ratios were 75:1:0.75 [SMA]:[CTP]:[AIBN]. SEC data (see Table
3.2) indicated that the dispersity was relatively well controlled (B = 1.20). Mnsec was
28850 g mol, which was higher than Mitheo (17900 g mol™) by a factor of 1.61. A possible
cause for this could be more efficient recovery of poly(SMA) from methanol due to the
lower polarity of the homopolymer compared to poly(MMA); incomplete recovery of
poly(MMA) when precipitated in methanol has been previously reported, wherein very
low molecular weight chains but also high molecular weight, highly branched chains were
slightly soluble in methanol.®? Thus recovery by precipitation in methanol may lead to
reduced yields and an over-estimation of the actual molar mass, due to a loss of low
molecular weight chains. Moreover, the small scale of the reaction could have resulted a
reduction in recovered yield, due to the reduced efficiency of recovering a small amount
of precipitated polymer. Incomplete recovery of poly(MMA) could result in an
underestimation of conversion, potentially obscuring similar poly(MMA) and poly(SMA)
conversion, which would indicate similar reactivity of the two monomers. It is likely that
incomplete consumption of RAFT agent remained the predominant cause for the poor

molecular weight prediction as the radical reactivity is expected to be similar for the
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methacrylate monomers used in this study. Furthermore, the underestimation of MMA
conversion would lead to overestimation of Mnutheo and therefore a higher MWF in this
case, indicating the control of the MMA homopolymerisation could be slightly better than
suggested above.

A homopolymer of GMA (RAFT-G-(DIOX/60C) was also synthesised using identical
conditions to that used for the synthesis of RAFT-S-(DIOX/60C). The resulting
poly(GMA) was collected in a yield of 79% after 7 h, representing an increased yield
compared to the polymerisations of MMA. SEC analysis of the product indicated a
relatively low dispersity (D = 1.19). However, the Mnsec of 15450 g mol™ was once again
higher than Mntheo (8450 g mol™) by a factor of 1.83. This deviation from molecular weight
control is similar to the observations made for SMA, MMA and ADMA polymerised in
1,4-dioxane and suggests a common factor between the loss of control in the homopolymer

syntheses.

A further homopolymer of GMA was synthesised (RAFT-G-(DIOX/70C)) using a higher
[CTP]:[AIBN] ratio to investigate an alternative set of reaction conditions (50:1:0.1 of
[GMA]:[CTP]:[AIBN] in 1,4-dioxane at 70 °C), conditions which were similar to those
used for the polymerisation of MMA (RAFT-M-(DIOX/70C)). The rate of
homopolymerisation was slow, only reaching 59% conversion after 16 h, although SEC
analysis indicated reasonable control of dispersity (D = 1.16) however, both of the GMA
homopolymers had higher dispersity values than the poly(MMA) samples. As a higher
value of the chain transfer coefficient (Cy, see Equation 1.26) is associated with greater
control of dispersity, it could be speculated that the reduced control for GMA compared to
MMA could be due to a higher ko for GMA, which has been reported in free radical

polymerisation.33

Mnsec was significantly higher than Mntheo, by a factor of 3.16. The increased MWF with
lower [mon]:[CTA] was in agreement with the previously discussed report for poly(GMA)
synthesis,® although as the initiator concentration was also changed, the precise reason for
the MWEF increase cannot be identified. An increase in rate retardation and inhibition has
been observed when molar ratio of monomer to RAFT agent is decreased, and assigned to
inhibition due to the RAFT agent, which may disrupt the pre-equilibrium.?® Therefore, it
may be speculated that the interference with the pre-equilibrium may cause loss of
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molecular weight control, particularly in the case of a lower [mon]:[CTA] (and thus higher

molar ratio of RAFT agent).

In summary, MMA, GMA and SMA homopolymers were synthesised under conditions
which had not previously been explored. Narrow dispersities were obtained in all cases
which suggests that the equilibrium was functioning well, and termination was supressed.
However, incomplete consumption of RAFT agent resulted in a deviation from the

anticipated molecular weight control.

3.4.2 Synthesis of statistical co/terpolymers containing ADMA by RAFT
polymerisation
Due to the many potential polymer architectures (block, star etc) available via RAFT

polymerisation, statistical copolymerisations are reported less regularly. Despite this, the
synthesis of statistical copolymers by RAFT copolymerisation is potentially useful as
(almost) all chains grow statistically throughout the whole polymerisation, termination is
limited, and whilst compositional drift may still occur, a controlled statistical
copolymerisation will result in copolymers in which all chains have almost identical
monomer composition.3* The use of two or more monomers with dissimilar reactivity
ratios is expected to result in the synthesis of gradient copolymers (i.e. with statistically
predictable compositional heterogeneity along copolymer chains).? This approach has been
used to synthesise gradient copolymers which are capable of phase separation or self-
assembly.3* Gradient copolymers have also been shown to have different crystallinity and
morphology compared to (random) statistical copolymer analogues.®® Thus the synthesis
of gradient copolymers allows greater scope to investigate the effect of monomer sequence
distribution on the physical and chemical properties of such functional copolymers

compared to block copolymers or copolymers synthesised by FR polymerisation.

A series of statistical copolymers comprising ADMA and a methacrylate comonomer
(MMA, GMA, SMA or HEMA), previously unreported to the best of our knowledge, were
synthesised using RAFT polymerisation. Additionally, a terpolymer comprising HEMA,
GMA and ADMA was synthesised. The extent of ADMA incorporation in these
co/terpolymers is compared with the free radical equivalents reported in Chapter 2.

The reactivity ratios for the free radical copolymerisation of ADMA with i) MMA and ii)
GMA in 1,4-dioxane at 70 °C were determined, discussed in Chapter 2 and have been
reported in a recently published manuscript.®® The reactivity ratios were i) rmva = 2.21 +
0.26 and rapma = 0.17 + 0.03 and ii) rema = 1.96 = 0.49 and rapma = 0.18 £ 0.08. The
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reactivity ratios indicated in both cases that the methacrylate comonomer is polymerised
preferentially at all monomer feed mole ratios, resulting in significant compositional drift.
Reactivity ratios are not expected to change significantly when switching between free
radical and RAFT reactions (except at very low conversion where the relative affinity of
the monomers for the RAFT agent may affect the composition).? Thus, no attempt to
estimate reactivity ratios during RAFT polymerisation was made. Assuming the reactivity
ratios of ADMA in copolymerisation with MMA/GMA are indeed the same in RAFT and
FR polymerisation, the expected compositional drift would lead to a gradient in
comonomer composition along the copolymer chains. Thus, the chains would initially be
comprised predominantly of the methacrylate monomer whilst ADMA would be
increasingly incorporated as the mole fraction of ADMA in the instantaneous monomer
feed increased.

Having established suitable conditions for the RAFT polymerisation of ADMA,
specifically using molar ratios of [mon]:[CTA]:[I] = 75:1:0.75 at 60 °C, statistical
copolymerisation reactions of ADMA with methacrylate comonomers were carried out

using similar conditions (see Table 3.3).

Table 3.3. Data for a series of statistical RAFT copolymerisations. The molar feed ratios were
[mon]:[CTA]:[1] = 75:1:0.75 and temperature was 60 °C in all cases.

Copolymer Time/ p/% Composition of Mntheo/ Mnsec MWF D

h copolymer®  gmol? /g mol?

RAFT-MA-90/10 7 63% 90/10 5750 13600 2.37 1.06
RAFT-MA-50/50 7 69? 57/43 9650 12870 133 114
RAFT-GA-90/10 7 78? 90/10 10700 25100 2.35 1.23
RAFT-SA-90/10 7 652 93/7 22700 31980 141 1.07
RAFT-SA-50/50 7 33 59/41 20500 15250 0.74 1.14
RAFT-HA-90/10 24 89 93/7 13150 9700 0.74 1.38

RAFT-HGA- 22 94 80/12/8 11700 10850 0.93 1.32

80/10/10

2 Monomer conversion from % recovered yield of collected copolymer. ® Relative to order of
monomers in copolymer name, calculated by *H NMR

Two poly(MMA-stat-ADMA) copolymers were synthesised in 1,4- dioxane at 60 °C using
RAFT polymerisation. Molar feed ratios of 90/10 and 50/50 (MMA/ADMA) were selected
to investigate the effect of monomer feed molar ratio on the dispersity and My of the
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resulting copolymers, as well as on the final copolymer composition when each reaction

was terminated after 7 hours.

SEC analysis of RAFT-MA-90/10 (see Table 3.3) indicated a very narrow dispersity
(1.06), however Mnsec was higher than Mntneo by a factor of 2.37. This finding is perhaps
not surprising considering the similar observations for the previously discussed RAFT
homopolymerisations of both MMA and ADMA under the same conditions. The dn/dc
value of MMA was used for molar mass analysis, as the low mole fraction of ADMA
should not significantly affect the dn/dc, although this is a source of minor error in the Mp

calculations.

NMR analysis was used to calculate the composition of the final copolymers using
Equation 2.3, as described previously in Chapter 2. The monomer composition of
RAFT-MA-90/10 was the same as in the monomer feed (see Table 3.3), which is slightly
surprising given the significant difference in reactivity ratios and the incomplete reaction;
a lower incorporation of ADMA might have been expected. However, as previously
discussed, the accuracy of the calculations could be affected by significant potential
experimental errors, particularly in using the recovered yield as a proxy for conversion,
potentially resulting in an underestimation of conversion and an overestimate of Mntheo. IN
reality, the actual conversion is likely to be significantly higher than the apparent
conversion based on recovered yield and this may explain the level of ADMA

incorporation and high MWF.

The analogous copolymer synthesised by free radical polymerisation (FR-MA-90/10, see
Chapter 2) had a final composition of 92/8 (mol% MMA/ADMA) with a 93% monomer
conversion, and the FR copolymerisations had significant incorporation of ADMA
throughout the reaction. As such, the composition of RAFT-MA-90/10 can be considered

to be within the expected range.

When the molar ratio of ADMA in the feed was increased (RAFT-MA-50/50), Mnsec was
higher than Mntheo by a factor of 1.33. This was surprisingly low when compared to the
homopolymer MWF values. A source of potential error arises from the use of the dn/dc for
MMA to calculate Mnsec. SEC data can be reanalysed using a calculated dn/dc value
according to Equation 3.4:
(d_n) = WA(d—n)A + WB(d_n)B 34
dc/c dc dc
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where Wa and Wg are weight fractions of the monomer units in the copolymer and C is the
copolymer.®” The dn/dc value for the MMA and ADMA homopolymers were used and a
copolymer dn/dc of 0.112 mL g* was calculated. Recalculation of M, yielded an MWF
value of 1.01. This indicated excellent control over the molecular weight was achieved.
NMR analysis of the final copolymer indicated the composition of the final copolymer was
57/43 (mol% MMA/ADMA). This reflected the difference in reactivity ratios between the
two monomers and was very similar to the equivalent copolymer synthesised by free
radical polymerisation (FR-MA-50/50) which had a composition of 55/45 (mol%
MMA/ADMA).

A copolymer of ADMA with GMA (RAFT-GA-90/10) was also synthesised under the
same conditions — see Table 3.3. SEC analysis indicated that the Mnsec was higher than
Mntheo by a factor of 2.35 — very similar to the equivalent MMA/ADMA copolymer.
Similar errors to those discussed above may have also affected the data. A relatively
narrow dispersity (1.23) was measured for RAFT-GA-90/10, albeit poorer than the
equivalent copolymerisation of MMA and ADMA (P = 1.06 for RAFT-MA-90/10). The
increase in dispersity when MMA was replaced with GMA was also observed when
comparing the homopolymerisations of MMA (P = 1.07 for RAFT-M-(DIOX/60C)) and
GMA (b = 1.19 for RAFT-G-(DIOX/60C)) under identical conditions and was
speculatively attributed to the higher k, of GMA 3

Analysis of the copolymer using *H NMR again indicated the final copolymer composition
was 90/10 (GMA/ADMA). Therefore, for copolymers of both GMA and MMA with
ADMA, incorporation of 10 mol% ADMA did not significantly impact the dispersity, and
ADMA was incorporated well into the copolymers. Considering the potential errors
discussed previously, the molecular weight control was not significantly worse in the

copolymers than the equivalent homopolymers.

To further expand the library of catechol-containing copolymers, two statistical
copolymers of SMA and ADMA were synthesised under exactly the same conditions
(RAFT-SA-90/10 and RAFT-SA-50/50 — see Table 3.3). SEC analysis indicated the
dispersity of RAFT-SA-90/10 was low (P = 1.07) and similar to that observed for the
copolymerisations of MMA and ADMA. Mnsec was higher than Mntneo by a factor of only
1.41, which was an improvement compared to copolymers of ADMA with MMA and
GMA. A lower MWF for copolymers of SMA with respect to the MMA and GMA was
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also observed in the synthesis of homopolymers, indicating increased control over the
molecular weight. However, as a result of the use of recovered yield as a proxy for
conversion, reduced experimental error is expected for SMA-containing copolymers as
they are recovered from methanol more efficiently than MMA and GMA-containing
copolymers. Therefore, the Mntheo Value is more accurate for copolymers comprising SMA,
and the MWF closer to 1. In this case, incorporation of ADMA in the copolymer was again
very similar to the previously discussed gradient copolymers, reaching a final mole ratio
of 93/7.

For RAFT-SA-50/50, the molecular weight obtained was in reasonable agreement with the
expected molar mass. Mnsec was lower than the Mnatheo by a factor of 0.74. This was
analogous with the reduction of MWF when the proportion of ADMA was increased to
50 mol% in the MMA/ADMA polymerisation. It was hypothesised that the reduction in
the MWF could be also be due to the error in actual dn/dc, as the dn/dc for MMA was used
in both cases. This would result in a different value from SEC analysis. However,
recalculation using a dn/dc of 0.092 mL g, obtained from Equation 3.4, resulted in an
even lower MWF of 0.69. No reasonable explanation could be found for the extremely low
yield for RAFT-SA-50/50 (33%). Compared to RAFT-SA-90/10, the dispersity of RAFT-
SA-50/50 increased to 1.14, although it remained in the same range as the homopolymer
of SMA (RAFT-S-(DIOX/60C), b = 1.20).

To further expand the library of copolymers to include an example with a more hydrophilic
character, a copolymer of ADMA and HEMA (RAFT-HA-90/10) was also synthesised
under identical conditions. Due to the insolubility of poly(HEMA) in 1,4-dioxane, it was
necessary to use DMF as a solvent. The conversion of RAFT-HA-90/10 was expected to
be similar to the previously described ADMA-containing copolymers, which only reached
a maximum of 78% conversion, although as the conversion was calculated only from
recovered yield, these values may underestimate the true conversion. As such, for
RAFT-HA-90/10, NMR was used to obtain a more accurate conversion and the reaction
time was increased to 24 hours to ensure the reaction reached a high monomer conversion
compared to the previously described copolymer syntheses. SEC analysis of
RAFT-HA-90/10 indicated a somewhat higher dispersity (P = 1.38), indicating poor
dispersity control relative to the previously discussed ADMA copolymers. The cause of
the poor dispersity control is unclear, but it could be speculated that the longer reaction

time for RAFT-HA-90/10 may have led to an increase in side reactions such as bimolecular
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termination, resulting in a higher dispersity. In comparison, the methacrylate homopolymer
syntheses discussed in section 3.4.1.2 reached high conversion after only 7 h and
maintained good control of dispersity. Masec was lower than Mntheo by a factor of 0.74,
indicating reasonable control of the molecular weight. The observed and theoretical molar
mass were thus in reasonable agreement in light of the previously discussed potential
errors. The dramatic decrease in MWF indicates improved control of the polymerisation
when using DMF as a solvent and HEMA as a monomer. This could indicate that increased
H-bonding from HEMA increased the stability of the propagating radical and thus reduced

side reactions, as previously reported® and discussed in Chapter 2.

NMR analysis indicated the total monomer conversion of RAFT-HA-90/10 was 89% after
24 h and the final molar composition was 93/7 (HEMA/ADMA). This was in the range
observed for the previous copolymerisations and indicated a copolymer with a slight
gradient in monomer composition was formed. When the reaction was quenched, 34 % of
the residual monomer was ADMA, strongly supporting the assertion that a gradient

copolymer was formed.

Finally, a terpolymer comprising of HEMA, GMA and ADMA (RAFT-HGA-80/10/10)
was synthesised. Reaction time, temperature and the ratio of [mon]:[CTP]:[AIBN] were
identical to RAFT-HA-90/10 (DMF, 24 h, 60 °C, 75:1:0.75 [mon]:[CTP]:[AIBN]). The
MWF of 0.94 indicated excellent control of the molecular weight, subject to the errors
which have been discussed previously. However, as monomer conversion was calculated
by NMR, rather than inferred from recovered yield the potential experimental error is
significantly reduced in this case. The dispersity, 1.32, indicated reasonable dispersity
control, although poor compared to the ADMA copolymers with MMA, GMA and SMA
and similar to that of the HEMA/ADMA copolymer (RAFT-HA-90/10).

NMR analysis of RAFT-HGA-80/10/10 indicated a total monomer conversion of 95% and
a final composition of 82/10/7. This suggests a similar degree of compositional drift to that
seen for RAFT-HA-90/10. Furthermore, NMR analysis of the reaction mixture at the time
of termination indicated that 53 % of the residual monomer was ADMA. This strongly
suggested the synthesis of gradient copolymer chains with HEMA and GMA incorporated
in preference at the start of the chains, and an increasing concentration of ADMA towards

the end of the chains.
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3.4.3 Synthesis of statistical terpolymers by RAFT polymerisation containing
DMA, HEMA and GMA
As discussed in Chapter 2, deprotection of the ADMA monomer repeat units in a

copolymer also containing GMA repeat units presented a significant challenge, since the
trifluoroacetic acid used as the deprotecting reagent could result in ring-opening of the
epoxide groups. Therefore, the synthesis of statistical copolymers using unprotected DMA
was attempted. As discussed previously, the synthesis of copolymers comprising
unprotected DMA has been reported, however the mole fraction of DMA was limited to
~40% to prevent crosslinking due to the formation of a network of aryloxy bonds between
DMA side chains, instigated by radical scavenging reactions (see Chapter 2).° To the best
of our knowledge, the syntheses of statistical copolymers of DMA or ADMA with one or
more comonomer(s) have not been previously compared under identical RAFT
polymerisation conditions. Herein, the synthesis of three terpolymers consisting of HEMA,
GMA and DMA using RAFT polymerisation is reported for comparison with RAFT-HGA-
80/10/10 and for potential further study in coating applications. The conditions and results

for the terpolymerisations are reported in Table 3.4.

Table 3.4. Statistical terpolymers containing HEMA, GMA and DMA by RAFT polymerisation in

DMF.
Terpolymer p/% Composition Mntheo/ Mnsec/ MWF D
gmol?* g mol?!
RAFT-HGD-80/14/62 96 79/16/5 10100 16800 166 1.44
RAFT-HGD-80/10/10° 95 73/21/5 20000 30650 153 155
RAFT-HGD-74/13/13¢ 92 78/14/8 9700 249509 257 2.18

a) 60 °C, [mon]:[CTP]:[AIBN] =75:1:0.75. b) 60 °C, [mon]:[CTP]:[AIBN] =150:1:0.75. c) 70 °C,
[mon]:[CTP]:[AIBN] =75:1:0.2. d) Mnsec calculated relative to PS conventional calibration

The first terpolymer, RAFT-HGD-80/14/6, was synthesised using identical conditions to
the analogous terpolymerisation comprising ADMA (RAFT-HGA-80/10/10): DMF
solvent, 60 °C, [mon]:[CTP]:JAIBN] of 75:1:0.75 for 24 h. SEC analysis gave Mnsec of
16800 g mol™* and a dispersity of 1.44. The SEC data indicated a further deterioration in
control of dispersity compared to the already borderline dispersity control of
RAFT-HGA-80/10/10, which could be caused by the radical scavenging by DMA. The
dispersity could also be affected by radical side reactions caused by the catechol
functionality including irreversible chain coupling or crosslinking.® In contrast to the
excellent molecular weight control observed for RAFT-HGA-80/10/10, the Mnsec for
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RAFT-HGD-80/14/6 was higher than Mntheo (10100 g mol™?) by a factor of 1.66. Again,
this could be due to radical scavenging from the DMA reducing the incorporation of the
RAFT agent.

The reaction reached a combined monomer conversion of 96% in 24 h indicating there was
no strong rate retardation in the presence of DMA, despite the suspected radical
scavenging. The final terpolymer composition, based on NMR analysis, was 79/16/5,
showing that all three monomers had been incorporated into the chain. The final
(unreacted) monomer feed contained 38% DMA, 56% HEMA and 6% GMA, clearly
showing that, as expected from the compositional drift observed in Chapter 2, HEMA and
GMA were polymerised in preference to DMA.

A second HEMA/GMA/DMA terpolymer (RAFT-HGD-80/10/10) was synthesised using
the same reaction conditions as RAFT-HGD-80/14/6 (DMF solvent, 60 °C, 24 h).
However, the molar ratio of [mon]:[CTP]:[AIBN] was adjusted to 150:1:0.75, to alter the
target molecular weight. SEC analysis of the resulting terpolymer suggested that the RAFT
polymerisation yielded poor dispersity control (B = 1.55), as this approached the range
expected for a free radical copolymerisation. In contrast, Masec was higher than the Mntheo
by a factor of 1.53, virtually the same as RAFT-HGD-80/14/6. Considering the error
associated with the SEC data, the outcome of both polymerisations can be considered
rather similar. Some crosslinking was evident in the SEC chromatogram in the form of
high molecular weight shoulders, which increased in intensity as the feed mole fraction of
DMA in the terpolymers in Table 3.4 increased (see Figure 3.3). These high molecular
weight shoulders were also observed in analogous terpolymers synthesised using free
radical (FR) polymerisation (Chapter 2), which were assigned to chain coupling caused by
intermolecular reaction of a catechol side-chain radical with other DMA side-chains. The
MWEF of both terpolymers was much higher than RAFT-HGA-80/10/10. This suggested
the presence of unprotected DMA significantly reduced control over molecular weight,
which could indicate side reactions occurred between DMA and RAFT agent when the
RAFT pre-equilibrium was set up, resulting in incomplete RAFT agent usage. The
presence of the high molecular weight peaks for RAFT-HGA-80/10/10 would also increase
the MWF.
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Figure 3.3. SEC chromatogram for statistical terpolymers RAFT-HGA-80/14/6, RAFT-HGA-
80/10/10 and RAFT-HGA-74/13/13

The total (final) monomer conversion of RAFT-HGD-80/10/10 was 95%, and the final
molar composition was 73/21/5. DMA comprised 25% of the residual monomer in the final
sample (66% HEMA, 9% GMA). This strongly suggested a gradient copolymer was
formed.

A further terpolymer, RAFT-HGD-74/13/13, was synthesised using modified reaction
conditions, which were similar to those used for RAFT-M-(DIOX/70C). The temperature
was increased to 70 °C and the [mon]:[CTP]:[AIBN] was adjusted to 75:1:0.2. The reduced
mole fraction of initiator should generate less radicals throughout the reaction and was
used in an attempt to reduce dispersity. However, SEC analysis of the resulting terpolymer
revealed an Mnsec of 24950 g mol? (MFW = 2.57) and a dispersity of 2.18, clearly
indicating that this polymerisation was less, rather than more, controlled. It should be
pointed out though, that a weak light scattering signal in the SEC analysis meant that Mnsec
was obtained using a conventional calibration with PS standards, and as such this value
should be treated with some caution. In an attempt to quantify the potential inaccuracy
RAFT-HGD-80/14/6 was also analysed using the same conventional calibration, resulting
in an M, value of 22800 g mol (from 30650 g mol™ using triple detection), indicating the
true molecular weight of RAFT-HGD-74/13/13 was likely to be over 30000 g mol™. This
effectively means the MWF of HGD 74/13/13 was even higher. The molecular weight of
RAFT-HGD-74/13/13 can be thus considered uncontrolled, probably due to side reactions
between the DMA and RAFT agent at the higher reaction temperature. The composition
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of RAFT-HGD-74/13/13, obtained by NMR, was 78/14/8, indicating the DMA was not

fully incorporated and a gradient terpolymer structure is likely.

In summary, terpolymers of HEMA, GMA and DMA were successfully synthesised, albeit
with poor dispersity control in comparison to RAFT-HGA-80/10/10, which was ascribed
to DMA-instigated chain-coupling side reactions. Polymerisation with a low temperature
and high mole fraction of initiator afforded more control of the polymerisation.

3.4.4 Synthesis of diblock copolymers using RAFT polymerisation
RAFT polymerisation enables the synthesis of block copolymers using a wide variety of

monomers. Block copolymers are valuable as the advanced polymer architecture can
deliver physical properties which differ in comparison to statistical copolymers and can
lead to microphase separation,®® self-assembly,** “° and many other specialised

properties.*!

In a RAFT copolymerisation, the first (o) block acts as a macro-RAFT agent for the
synthesis of the second (B) block. In a macro-RAFT agent, the a-polymer chain serves as
a macro-R group for the initiation of the B-block; as such, the a-polymer chain must be a
good homolytic leaving group and be able to efficiently reinitiate a polymerisation of the
B-block.’® In practice this means that “more activated monomers” (MAMs) should be
polymerised first (to form the a-block) with respect to “less activated monomers” (see
description in Section 1.5.2). Furthermore, when designing block copolymers from two
MAMs, monomers which produce tertiary radicals in the propagating chain (e.g.
methacrylates and methacrylamides) should be polymerised before those which produce

more reactive secondary radicals (e.g. acrylates and acrylamides).

The monomers used in the current work are methacrylates and methacrylamides; both
produce relatively stable tertiary propagating radicals and should thus be effective as
macro-chain transfer agents for each other. Methacrylamides are more able to donate
electron density to stabilise the propagating radical than methacrylates and thus
methacrylamides may appear a more logical choice for use as a macro-RAFT agent. It has
been reported that in the diblock copolymerisation of compatible MAMs (for example
ADMA and PEGMEM) that either monomer can be used to prepare the first block and
achieve control over My and D.** However, the same report states it is more effective to

first prepare the block with the lowest desired DP to avoid loss of control.
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Diblock copolymers comprising a block of catechol-containing monomer (DMA or
ADMA) were synthesised for a comparison of their properties with statistical copolymers.
It was expected that block copolymers may lead to improved copolymer performance over
statistical copolymers in the context of the desired application of using the catechol
functionalities to adhere to a surface by the “grafting to” method.® Reactive side chains
(e.g. epoxides) could be included in the brush as demonstrated in Figure 3.4A, which may
be more available in the “brush” conformation (see Figure 3.4B) than the equivalent
monomer repeat units in a statistical copolymer, which may result in loops, as

demonstrated in Figure 3.4C.
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Figure 3.4. A) Schematic representation of block copolymer RAFT-A-b-(HG-90/10). B) Schematic of
hypothesised mode of adhesion of catechol-containing block copolymer. C) Schematic of
hypothesised mode of adhesion of catechol-containing gradient copolymer.

In the current work, the synthesis of block copolymers was attempted using blocks formed
from both methacrylate and methacrylamide monomers as macro-RAFT agents. A
summary of the conditions and block copolymer characteristics can be found in Table 3.5.
For the diblock copolymers it was necessary to modify the naming system. For instance,
the name “RAFT-A-b-(HG-90/10)” indicates a diblock copolymer in which the a-block is
synthesised using ADMA and the B-block with a statistical copolymer of HEMA and GMA
comprising a 90/10 molar feed ratio. Results for the a-block homopolymers are discussed

above in Section 3.4.1 and reported in Table 3.1.
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Table 3.5. Data for diblock copolymers by RAFT polymerisation, synthesised at 60 °C, [CTA]:[I] =
1:0.75

Block copolymer Block [Mon]: Time Mntheo/  Mn/ MWF b
[CTA] /h  gmolt gmol?

o 75:1 20 5550 10750 194  1.07
a+p 75:1 20 16600 14600 0.88 1.14
oP 25:1 24 2800 1700 0.61 1.20
at+pB 200:1 20 28500 38300 134 114

RAFT-M-b-A

RAFT-A-b-(HG-90/10)

a) a-block = RAFT-M-(DIOX60C)-2 — see Table 3.2. b) a-block = RAFT-A-(DMF) — see Table 3.1.

A diblock copolymer (RAFT-M-b-A) was synthesised using MMA as the a-block and
ADMA as the B-block. Molar ratios of [mon]:[CTA]:[I] were 75:1:0.75 [mon]:[CTA]:[l]
(1,4-dioxane, 60 °C, 20h). The poly(MMA) a-block was recovered by precipitation in
methanol in 70% vyield. SEC indicated the dispersity was well-controlled (b = 1.07)
however, as previously observed and discussed the homopolymerisation of MMA resulted
in an Mnsec which was larger than Mntheo by a factor of 1.94. The recovered homopolymer
was dried in a vacuum oven to remove residual solvent then used as a macro RAFT agent
to initiate the polymerisation of ADMA. The polymerisation of ADMA to form the B-block
only reached 28% conversion in 20 h. This led to a value for MnTheo for the block copolymer
of 16600 g mol, which equated to a DP of 21 for the ADMA in the B-block. However,
the DP is subject to the assumption that no ADMA homopolymer is formed in the B-block
synthesis. A poly(ADMA) peak is observed in the SEC (Figure 3.5), so the DP of 21 is
clearly not accurate.
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Figure 3.5. SEC chromatogram of block copolymer of MMA and ADMA (RAFT-M-(DIOX)-2 and
RAFT-M-b-A)
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When the RAFT-M-b-A block copolymer was analysed by SEC (Figure 3.5), the major
peak at retention time 15.5 min corresponded to Mnsec = 14600 g mol™ and B = 1.14,
indicating in an increase in molar mass of about 4000 g mol compared to the macroRAFT
agent and a slight increase in dispersity. It is also clear that the peak had shifted to shorter
retention time with respect to the macroRAFT agent, as expected. Furthermore, the MWF
(0.88) was fairly close to 1. However, a bimodal distribution with a second peak at low M,
(16.5 min) was also observed, which could suggest the formation of a low molar mass
ADMA homopolymer. This suggests that although a block copolymer was formed, the
macro-RAFT agent was not ideal for significant chain extension. This could have been
caused by limited end-group fidelity of the macroRAFT agent, which in turn would lead
to a significant proportion of ADMA chains being formed by reaction with initiator-
derived radicals. The *H NMR spectrum of the block copolymer confirmed the presence
of both ADMA and MMA (11 mol% ADMA, Figure 3.6).
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Figure 3.6. *H NMR spectrum of RAFT-M-b-A

As discussed previously, HEMA was used to produce a copolymer with enhanced
hydrophilicity/polarity with respect to MMA, and therefore increased solubility of the
resulting copolymer in polar solvents such as methanol. GMA was also used to introduce
reactive functionality into the copolymers for subsequent reaction with biomolecules in the
desired biosensing applications. The same approach was applied to the synthesis of diblock
copolymers, and thus a diblock copolymer was synthesised (RAFT-A-b-(HG-90/10))
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using ADMA as the a-block and a statistical copolymer of GMA and HEMA for the B-
block.

RAFT-A-(DMF), described in section 3.4.1.1, was used as the a-block macroRAFT agent.
A low mole fraction of monomer to macroRAFT agent was used, DMF was used as the
solvent and the reaction was allowed to proceed for 24 h (25:1:0.75 [mon]:[CTA]:[1],
DMF, 60 °C). These changes were all motivated by an attempt to maximise the number of
active chains in the a-block. For the a-block, a 25:1 [mon]:[CTA] molar ratio was used to
target a low molecular weight macro-RAFT agent, which would subsequently enable
synthesis of a block copolymer with roughly 10 mol% ADMA. This would enable
comparison of the block terpolymer properties with statistical terpolymers with a similar
monomer composition. The *H NMR spectrum, shown in Figure 3.1 clearly indicates the
retention of the RAFT agent end groups via characteristic signals at 7.3 — 7.9 ppm assigned

to protons on the phenyl ring of the Z-group (see section 3.4.1.1).

For the B-block, a statistical copolymer of HEMA and GMA was synthesised using the -
block as a macro RAFT agent (RAFT-A-b-(HG-90/10)). Previous work had demonstrated
the unsuitability of 1,4-dioxane for the polymerisation of HEMA, so DMF was used for
the synthesis of this block copolymer. A high molar ratio of monomer to macro RAFT
agent was used to target ~10% mole fraction of ADMA in the final block copolymer
(200:1:0.75 [mon]:[CTA]:[I], DMF, 60 °C, 20 h). Monomer conversion reached 91% in
24 h. Peaks arising from the side chains of all 3 monomers are visible in the *H NMR
spectrum e.g. 6.72 — 6.60 ppm (DMA), 3.89 ppm (HEMA) and 4.26 ppm (GMA) (see
Figure 3.7 for full assignment of peaks). The final block copolymer molar composition
was 77/17/6 (H/G/A), confirming the macro RAFT agent was incorporated in the diblock

copolymer.

RAFT-A-b-(HG-90/10) was analysed by SEC, which indicated Mnsec = 38300 g mol™ and
b = 1.14. The narrow dispersity suggested the synthesis was well-controlled, however
Mnsec was higher than Mnatheo by a factor of 1.34, indicating relatively good molecular
weight control. The slight loss of control could be due to the reduced RAFT end-group
fidelity of the macroRAFT agent, which would lead to inactive chains of ADMA, which
would in turn lead to a concomitant higher molar mass for the 3-block chains (Figure 3.1).
However, despite some tailing, no significant peak for the ADMA homopolymer or
residual RAFT agent was observed in the SEC RI trace of the block copolymer (Figure
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3.8), further supporting a successful block copolymerisation. The synthesis of RAFT-A-b-
(HG-90/10) offered good evidence of successful block copolymer synthesis.
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Figure 3.7. 'H NMR spectrum for RAFT-A-b-(HG-90/10)
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Figure 3.8. Rl SEC chromatogram of copolymer of HEMA and GMA and addition of ADMA block
RAFT-A-(DMF) and RAFT-A-b-(HG-90/10)

3.5 Conclusion

In this chapter, RAFT polymerisation, using CTP as a RAFT agent, was used to synthesise
homo-, co- and ter- polymers containing ADMA and DMA. The conditions required to

achieve control over the molecular weight and dispersity were investigated. Generally,
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good control over dispersity was achieved but control over molecular weight was not

optimal.

RAFT polymerisation of ADMA in DMF and 1,4-dioxane yielded homopolymers with
good control over dispersity. However, relatively poor control over molecular weight was
indicated by a low MWEF. It was concluded that the lack of control over molecular weight
for the RAFT-A-(DMF) was due to the very low conversion. It was suspected the low
conversion was caused by rate retardation due to the relatively high molar ratio of CTA to
monomer. In contrast, RAFT-A-(DIOX) went to higher conversion and had a high MWF.
The reason for the higher conversion was not clear but was likely to be due to a
combination of a reduction in retardation from the higher mole ratio of CTP and a longer
reaction time. The high MWF was attributed to incomplete consumption of RAFT agent.
This would lead to the formation of fewer propagating chains and hence a higher-than-
expected M. Despite this, the polymerisation showed pseudo-first order polymerisation

kinetics, which implied a controlled reaction.

RAFT polymerisation of SMA, MMA and GMA in 1,4-dioxane yielded homopolymers
with good control over dispersity, but relatively poor control over molecular weight. It was
concluded that the conditions used for the synthesis of RAFT-A-(DIOX) were appropriate
for synthesising methacrylate homopolymers with good dispersity control. However,
similar to the synthesis of RAFT-A-(DIOX), the MWF was high. The consistently high
MWEF suggested a common cause for the lack of control, which was again attributed to
poor RAFT agent consumption. The use of alternative conditions for the synthesis of
homopolymers, in which [CTA]:[I] ratio and temperature were increased, was found to
have a minimal effect on control of dispersity or molecular weight and both approaches

were considered viable.

Copolymers of ADMA with MMA, GMA, SMA and HEMA and poly(HEMA-stat-GMA-
stat-ADMA) were also synthesised. Narrow dispersities (< 1.23) were observed for the
copolymers containing MMA, GMA and SMA. Deviation from molecular weight control
was observed for the MMA, GMA and SMA copolymers, similar to that observed for the
methacrylate homopolymers, and it was concluded that the same cause was likely. In
contrast, the HEMA co- and terpolymers were synthesised with excellent molecular weight
control, which was attributed to the change in solvent. However, a slight loss of dispersity
control (B < 1.38) was observed for the HEMA-containing copolymers. It was also
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concluded that the slightly larger dispersities were due to side reactions arising from the
longer reaction times used. The extent of monomer compositional drift in RAFT-HA-90/10
and RAFT-HGA-80/10/10 was found to agree closely with the value for the equivalent
terpolymer synthesised by free radical copolymerisation. The novel copolymers were

useful options from an application perspective.

Attempts to synthesise statistical terpolymers comprising HEMA, GMA and DMA were
less successful. Control of dispersity for RAFT-HGD-80/14/6 and RAFT-HGD-80/10/10
was much diminished (>1.5), indicating DMA has a negative effect on control in
copolymerisations under the conditions used, probably due chain coupling via aryloxy
bond formation between catechol side-chains. Control of molecular weight remained
reasonable, albeit with Mnsec higher than Mntheo. The high MWF was also attributed to
incomplete  RAFT agent consumption. Synthesis of RAFT-HGD-74/13/13, using
alternative conditions resulted in particularly poor control of polymerisation. It was
concluded that side reactions between DMA and the RAFT agent at the higher temperature
led to the reduced control. Nevertheless, these statistical terpolymers removed the need for
deprotection of ADMA when used in applications testing, so were deemed potentially

useful.

Two catechol-containing diblock copolymers were also synthesised. Poly(MMA-b-
ADMA) was synthesised; poly(MMA) was used as a macro-RAFT agent for the synthesis
of the B-block. It was concluded that the block copolymer was a good candidate for a
functional adhesive, as it had a narrow dispersity and excellent molecular weight control,
although evidence of a small amount of residual poly(MMA) homopolymer was observed.
Finally, a functional adhesive block copolymer was synthesised: Poly(ADMA-b-(HEMA-
stat-GMA)). Good control of dispersity and reasonable molecular weight control was
observed. If the protecting group was successfully removed, the block copolymers could
be used as coatings, potentially forming a brush-like structure. These block copolymers

present an interesting avenue for potential future research.
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Chapter 4 Optimisation of the deposition of catechol-containing
polymer films on model substrates

4.1 Introduction

4.1.1 Coating methodologies
A multitude of methods exist to apply thin (co)polymer films onto substrate surfaces. They

include drop-casting, spray-coating, spin-coating, dip-coating, immersion-coating and
surface-initiated polymerisation. In this work, spin-coating is utilised as a reliable method
to obtain controllable, continuous thin films and immersion-coating is explored as a facile,
non-mechanical coating method which takes advantage of the adhesive catechol

functionality present in the copolymers.

4.1.1.1 Spin-coating
Spin-coating is widely used in industry, especially in the manufacture of semiconductors,

to deposit polymer coatings with controllable film thickness. The substrate, fully wetted
with a solution of polymer, is rotated on a sample stage at speeds of 10°— 10° revolutions

per minute (rpm) until the carrier solvent has evaporated and a thin film has formed.

The spin-coating process has four stages (Figure 4.1).1 First, a polymer solution is placed
on a substrate (Figure 4.1A). The substrate must normally be fully wetted by the solution
or defects could occur. The second stage involves acceleration of the substrate to the
desired rotational velocity, during which excess solution is ejected from the spinning disc,
leaving a thin layer of polymer solution (Figure 4.1B). Vortices occur in the solution until
it becomes thin enough to co-rotate with the substrate, at which point the viscous shear
drag balances the rotational acceleration. The third stage sees gradual thinning of the film
as the rotational motion forces the solvent towards the edge of the substrate, and droplets
of polymer solution are ejected from the disc (Figure 4.1C). Viscous forces dominate the
thinning at this point. In the fourth stage, the viscosity of the film increases dramatically,
and evaporation dominates the thinning process (Figure 4.1D). Rotational flow is minimal

in this stage, but continued rotation is important to remove remaining solvent.

Further steps may be added after the four initial stages to fully dry or anneal the coatings.
The physics of the spin-coating process are complex, as many forces are involved including
inertia and centrifugal forces, and many properties of the solution must be considered, such

as non-Newtonian behaviour, surface tension and volatility.
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R

Figure 4.1. Spin-coating process. A) Solution loading B) Acceleration of the substrate C) Thin film
formation D) Evaporation-dominated drying.

Defects can be introduced at each stage of the coating process. They include non-
continuous films, striations (radial waves or banding) on the surface of the film and edge
effects and can be caused by many factors, not all of which are fully understood.* Thus,

control over the coating conditions is essential for the deposition of uniform films.

4.1.1.2 Immersion-coating
Immersion-coating involves the self-assembly of a coating on a surface which is fully

immersed in a polymer solution. In the literature this process is, somewhat confusingly,
sometimes often also termed “dip-coating”,®> which usually refers to the commonly used
industrial technique involving mechanical removal of a substrate from a polymer solution.®
For the avoidance of confusion, the self-assembly procedure will be referred to as

immersion-coating in the discussion herein.

Immersion-coating is advantageous compared to traditional dip-coating as no mechanical
action is required for the former, reducing the potential for defects. Immersion-coating
requires a polymer with chemical properties which allow the chains to spontaneously
adhere to a substrate surface in solution. Catechol-containing copolymers are particularly
suitable for immersion-coating to many surfaces because of the strongly adhesive
functionality in solution.” Careful control of conditions such as copolymer composition,

pH, solvent and temperature have allowed catechol-containing copolymers to be deposited
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on many surfaces.® ° Despite the many possible adhesion mechanisms of the catechol
group, the ideal conditions for adhesion vary for each combination of copolymer and

substrate, so optimisation of conditions is crucial.?

4.1.2 Surface analysis techniques
4.1.2.1 Spectroscopic ellipsometry
Spectroscopic ellipsometry (referred to herein as ellipsometry) is a non-destructive

technique which is used for characterising transparent thin films, including polymer films.
Ellipsometry can provide data about a number of polymer properties, including film

thickness, roughness, dielectric properties, swelling, and optical properties, as well as the

adsorption of biomolecules or other particles onto the surface in-situ.!! 12
Light source
Detector
/ N\
Polariser / \ Analyser
Compensator - Compensator
Sample

Figure 4.2. Schematic of basic spectroscopic ellipsometer set-up.

In an ellipsometry experiment, polarised light is passed through a semi-transparent film
and reflected from the substrate surface into a detector. The changes in polarisation of the
light as it passes through the film are used to fit a model, allowing the film thickness and
refractive index to be estimated. The most basic set-up for a spectroscopic ellipsometer
includes a light source (which can be single or multiple wavelength), a polarising element
(polariser and compensator), an analyser, and a detector (Figure 4.2). The more
wavelengths of light and angles of incidence used, the more accurate the generated model
can be, hence modern ellipsometers scan using multiple wavelengths and light source

angles for each measurement.

Many enhancements can be added to ellipsometry, such as a liquid cell for in-situ
measurements, and combination with infra-red (IR) spectroscopy or quartz-crystal
microbalance (QCM), enabling the use of ellipsometry as a sophisticated tool for studying
polymer films.*®

4.1.2.2 Atomic force microscopy

The atomic force microscope was first described in 1986, as a development of the

technologies used in a profilometer and a scanning tunnelling microscope.'* An AFM set
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up consists of a probe with a cantilever and sharp tip, controlled by a feedback loop. The
tip is scanned across a solid substrate mounted on a piezoelectric scanner (Figure 4.3). One
of two types of experiment are commonly used: contact mode, where the tip is in constant
contact with the surface, or tapping mode, where the tip is oscillated near its resonant
frequency to reduce damage on soft surfaces. A laser, directed at the end of the cantilever
and reflected into a detector is used to record the bending of the cantilever (contact mode)
or the change in oscillation amplitude and phase (tapping mode).> AFM is a valuable
technique for surface/film analysis and allows the non-destructive imaging of surface

topography to Angstrom resolution in ambient conditions.

Detector Light sou rce,

" Cantilever

Sample

Figure 4.3. Schematic of an AFM set up.

AFM and ellipsometry are considered complementary techniques, as AFM provides direct
measurement of roughness and lateral variation in the X-Y direction, whereas ellipsometry
provides a non-destructive measure of the film thickness and refractive index. In tandem,

the two techniques can give a useful insight into polymer film thickness and topography.

4.2 AIms

The aims of the work reported in this chapter were:

1. To investigate the solubility of selected homo-, co- and terpolymers comprising a variety
of methacrylate comonomers. The results of the brief solubility study were used to identify
appropriate dopamine methacrylamide (DMA)-containing co- and terpolymers to be used
as coatings. A suitable polymer should be soluble in highly polar solvents (e.g. methanol
or dimethylformamide (DMF)) to enable its deposition in microfluidic devices where the

use of solvents such as tetrahydrofuran (THF) and chloroform is inappropriate.

2. To optimise conditions for spin-coating of a series of copolymers from methanol
solution onto silicon wafer substrates. The impact of copolymer composition and

molecular weight on the topography and film thickness of copolymer thin films, including
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identification of defects in the film, were investigated using ellipsometry and AFM. The
effect of spin-speed, acceleration of the disc and solution concentration on film thickness

and topography was also considered.

3. To optimise conditions for copolymer spin-coating from DMF solution onto silicon
wafer substrates, and to compare these coatings with the same copolymer films deposited
using methanol. Additionally, high molecular weight copolymer containing an increased
mole fraction of DMA were spin-coated to investigate the effect of increased solution

viscosity on film thickness and topography.

4. To optimise conditions for immersion-coating of catechol containing copolymers.
Copolymer coatings were deposited from solutions of DMF with 1% (v/v) pyridine to
elucidate the effect of DMA inclusion and molecular weight on the deposition of
copolymer films. It was hypothesised that pyridine should cause oxidation of the catechol,
which may increase the coating thickness via crosslinking of the copolymer chains.

4.3 Experimental

4.3.1 Investigation of (co)polymer solubility in various solvents
A sample of (co)polymer (2 mg) was weighed into a 3 mL vial, and 2 mL solvent added.

The vials were sealed and placed on rollers overnight. (Co)polymer solubility was assessed
visually and judged by the presence/absence of any visible polymer or cloudiness in the
solution. For each (co)polymer sample, the solvents investigated were water, methanol,
ethanol, isopropyl alcohol (IPA), acetone, chloroform, DMF, THF, toluene, diethyl ether

and hexane.

4.3.2 Substrate preparation method
Substrates were prepared using one of two methods.

Method A. Silicon wafers were cleaned by immersion for 30 min in a flask containing 250
mL dichloromethane (DCM), before immersion for 30 minutes in 250 mL piranha solution
(1:3 mixture of hydrogen peroxide and sulfuric acid) and then rinsed by immersion in 250
mL milliQ water. The cleaned wafers were stored for up to 24 h in milliQ water before

coating to prevent contamination, before being dried in a stream of nitrogen.

Method B. Silicon wafers were cleaned by sequential immersion for 30 seconds in 50 mL
of dichloromethane, THF, water and isopropanol, dried in a stream of nitrogen, and then

exposed to oxygen plasma for 120 seconds.
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4.3.3 Spin-coating experiments
Copolymers were spin-coated onto substrates using either a POLOS 200 spin-coater or a

Laurell WS-650MZ-23NPP spin-coater. Copolymers were dissolved in methanol or DMF,
at solution concentrations from 0.5% to 2% (w/v) and then passed through a 0.45 pm
syringe filter. The cleaned silicon wafers were immobilised on the stage of the spin-coater
using a vacuum pump and sufficient copolymer solution was applied to ensure the entire
surface of the substrate was wetted. Spin speeds were varied between 1000 and 4000 rpm
at acceleration rates of between 100 and 600 rpm s™. The parameters used for individual
experiments are specified below. The spin duration was set to 75 s.

4.3.4 Immersion-coating experiments
Copolymers were dissolved in methanol, a methanol/THF 50/50% (v/v) mixture or DMF,

at a solution concentration of between 0.75% and 8% (w/v). In some experiments, 1% (v/v)
pyridine was added to the copolymer solution. Silicon wafers were immersed in the
copolymer solutions and left on rollers overnight. After removal from the copolymer
solution, the wafers were rinsed with fresh solvent (DMF or methanol) to remove unbound

copolymer and then dried overnight under vacuum.

4.3.5 Ellipsometry measurements
Film thickness measurements were carried out using a variable angle spectroscopic

ellipsometer (J. A. Woollam VASE M2000). A wavelength range of 400-1600 nm was
used, and measurements were taken with incident light angles of 60, 65, 70 and 75 degrees.
The data was processed using completeEASE software (J. A. Woollam Co. Inc., Lincoln,
USA) using the Cauchy model. For film thickness values smaller than 10 nm, fixed values
of A =152 and B = 0.006 were used for the real and imaginary components of the

refractive index unless otherwise indicated.

4.3.6 AFM experiments
Unless otherwise specified, AFM measurements were carried out using a Bruker

Multimode 8 scanning probe microscope in tapping mode. Images were processed and
analysed using NanoScope Analysis (x86). 2" order flattening was carried out to minimise
artefacts arising from sample levelling or imperfectly flat motion from the AFM cantilever
tip. Where indicated, AFM measurements were carried out by Andreas Janke, Leibniz-
Institut fir Polymerforschung, Dresden, Germany. Measurements were carried out in the
peak force tapping mode by a Dimension FASTSCAN (Bruker-Nano, USA) using silicon
nitride sensors FASTSCAN-C (Bruker, USA) with a nominal spring constant of 0.7 N/m
and tip radius of 5 nm. The setpoint was 0.08 V.
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4.4 Results and Discussion

In the following sections, the deposition of copolymers onto silicon wafer substrates is
discussed in detail. Preceding this, the solubility of selected copolymers introduced in
Chapters 2 and 3 is discussed, the results of which informed the selection of copolymers

used for deposition of coating.

4.4.1 Investigation of (co)polymer solubility in various solvents
Throughout Chapters 2 and 3, the copolymerisation of various methacrylate monomers

with DMA and acetonide-protected DMA (ADMA) was reported. One criterion for the
selection of the methacrylate comonomers was their polarity. Monomers with a wide
polarity range were investigated to enable use of the resulting copolymers in a wide variety
of industrial applications. As such, the solubility of a selection of the synthesised
(co)polymers (see Chapters 2 and 3) was investigated, by monitoring their dissolution (or
otherwise) in various solvents at 1 mg mL™ concentration. Solubility was assessed by the
presence or absence of any visible (undissolved) polymer in the test vial after 24 hours at
room temperature. Thus, these results should be considered only a qualitative survey of
(co)polymer solubility. A full solubility profile would require determination of the
Hildebrand or Hansen solubility parameters for each (co)polymer,*® but in this case a
simplified study was sufficient to determine which copolymers were suitable for further
testing. Solubility of (co)polymers comprising up to three monomers from HEMA, MMA,
PEGMEM, SMA, DMA, ADMA and GMA were investigated. Solubility test results are
presented in Table 4.1. The naming system used to refer to individual copolymer samples
in Chapters 2 and 3 is retained to avoid confusion whereby, for example, the name
FR-HGD-80/10/10 signifies a terpolymer synthesised by free radical polymerisation (FR),
with monomers HEMA, GMA and DMA (HGD) and a monomer molar feed ratio of
80/10/10.
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Table 4.1. Results for (co)polymer solubility testing. Each (co)polymer immersed in solvent at concentration of 1 mg mL™ and stirred overnight.

Co)polymer? FR-H FR-G FR-D- RAFT-A- |RAFT- FR-HGD- [FR-MD- FR-MGA- | FR-PD- |FR-SA-

(DMF) (DIOX) |HGD- 80/10/10 | 90/10 52/26/22 | 71/29 90/10
80/14/6
Mn /g mol 1

Solvent” 17250 220600 95300 32500 16800 43400 37000 42700 9700 93300
Water x x x x x x x x x x
DMF v x v v v v v v v x
Methanol v x v x v v x x v x
Ethanol v x v x v v x x v x
Acetone x v x v x x v v x x
IPA x x x x x x x x x x
THF x v x v x x v v x v
Chloroform x v x v x x v v x v
Diethyl Ether x x x x x x x x x v
Toluene x v x x x x x x x v
Hexane x x x x x x x x x x

a) Abbreviations of monomers in (co)polymer names: H = HEMA, G = GMA, D =DMA, A= ADMA, M = MMA, P = PEGMEM, S = SMA. b) Solvents in order of
decreasing dielectric constant.
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The solubility of a homopolymer of HEMA, FR-H (17250 g mol?, B = 2.67), was tested
to ensure the results from the current test method were concordant with solubility reports
in the literature. FR-H was soluble in methanol, ethanol and DMF. The solubility profile
of FR-H agrees well with the report of Hirao et al.l” and the survey by Brandrup et al.,®
indicating the applicability of the basic test method used here. The solubility test was
repeated using a homopolymer of GMA (FR-G) which indicated solubility of FR-G in
acetone, toluene, chloroform and THF. The solubility of GMA homopolymers is
unsurprisingly very similar to other methacrylate homopolymers bearing short-chain, low-

polarity side chains, such as poly(MMA).*®

No formal solubility testing of a DMA homopolymer has been reported in the literature,
and thus FR-D-(DMF) was included in the study. Extensive crosslinking of DMA
homopolymers and copolymers containing mole fractions of DMA of >50%, has been
reported. The crosslinking is reported to occur upon oxidation of the catechol
functionality.'® This could complicate the assessment of polymer solubility. For example,
a DMA homopolymer was reported to be insoluble in “most common organic solvents”
and showed insufficient solubility in DMF to obtain a molecular weight by SEC.?° In
another report, the solubility of a DMA homopolymer was not discussed, but the authors

were able to obtain molecular weights using SEC (7550 g mol?, solvent unreported).?

In the current investigation, FR-D-(DMF) (95300 g molt) was found to be soluble in polar
solvents such as methanol, ethanol and DMF. The contrast between our finding and the
literature report suggests that the solubility of poly(DMA) may vary significantly
depending on molecular weight and the degree of oxidative crosslinking. It could thus be
hypothesised, albeit tentatively, that (uncrosslinked) poly(DMA) has a similar solubility
profile to poly(HEMA) and should not strongly affect the solubility of HEMA/DMA

copolymers.

Inclusion of GMA in HEMA/GMA/DMA terpolymers would reduce the polymer polarity,
however the impact is expected to be low as GMA is a minor component. The solubility
profile of two HEMA/GMA/DMA terpolymers — RAFT-HGD-80/14/6 (16800 g mol™,
P =1.43) and FR-HGD-80/10/10 (43400 g mol?, B = 3.23) — was investigated. These
particular examples were chosen as they were promising candidates for thin film
deposition, having been designed according to the criteria discussed in previous chapters,
and had different molecular weights and dispersity.
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The solubility of RAFT-HGD-80/14/6 and FR-HGD-80/10/10 was found to be identical to
FR-H under the restricted conditions used here, indicating that the copolymer solubility
was not strongly affected by the particular changes to composition (i.e. inclusion of DMA
and GMA). The solubility was also relatively unaffected by the variation in molecular
weight and dispersity, but without further investigation it is impossible to isolate the

potential effect of molecular weight/dispersity/composition on solubility.

The HEMA-containing polymers in this study appeared to swell, but not dissolve, in water.
Poly(HEMA) is generally considered to be water insoluble (due to the hydrophobic
backbone),?? although it has been shown that short poly(HEMA) chains of less than
10000 g mol™* can be dissolved in water.?® Swelling of higher molecular weight
poly(HEMA) in water may arise due to hydrophobic domains and extensive intermolecular
H-bonding, which impede the dissolution of the homopolymer.?* Light crosslinking (chain
coupling) during polymerisation of HEMA can also be caused by a common impurity,
ethylene glycol dimethacrylate (EGDMA); this may also have contributed to poly(HEMA)
swelling instead of dissolving, or at least slowing the timescale of dissolution in case of a
low concentration of EGDMA.? Inhibitor was removed from HEMA prior to
homopolymer synthesis by passing the monomer through a column of silica, which may
not be selective enough to remove traces of EGDMA, so some chain coupling of this type
is possible.

The solubility of an ADMA homopolymer (RAFT-A-(DIOX)) was also investigated. The
homopolymer was found to be soluble in DMF, THF, acetone and chloroform. This
demonstrated, as expected, that the ADMA homopolymer is soluble in less polar solvents
than DMA. This is due to the protection of the polar hydroxyl groups of the catechol

functionality with the non-polar acetonide group.

MMA was also widely used in the current work (see Chapters 2 and 3). Poly(MMA\) is the
most widely studied methacrylate polymer, and is reported to be soluble in acetone,
chloroform, THF and DMF.® 8 The solubility of FR-MD-90/10 and FR-MGA-52/26/22
was investigated and found to show similar solubility to an MMA homopolymer.
Intermolecular interactions may be increased due to the catechol functionality in DMA,%
however it was demonstrated above that the DMA homopolymers tend to dissolve in more
polar solvents than poly(MMA). Again, the effect of competing factors (molecular
weight/intermolecular forces/dispersity) on solubility could not be isolated under the

156



Chapter 4

investigated conditions, so there is significant uncertainty associated with the
measurements. The solubility of MGA-52/26/22 was similar to poly(MMA) despite having
significantly different monomer composition; however, this finding was expected as

MMA, GMA and ADMA homopolymers are soluble in a similar range of solvents.

Finally, to demonstrate the range of polymer solubility in the library of catechol-containing
copolymers discussed in Chapters 2 and 3, the solubility of representative examples of
copolymers with the low polarity stearyl methacrylate (S) monomer (FR-SA-90/10) and
high polarity PEGMEM (FR-PD-71/29) were investigated. FR-SA-90/10 was only soluble
in toluene, chloroform, THF and diethyl ether due to the non-polar aliphatic pendant
groups in SMA. In stark contrast, FR-PD-71/29, which contained polar poly(ethylene
glycol) pendant groups, was only soluble in methanol, ethanol and DMF. Surprisingly,
FR-PD-71/29 swelled in water rather than dissolving. PEGMEM is widely used to
synthesise water-soluble copolymers,? however, copolymers of PEGMEM and DMA are
water-insoluble as evidenced by a report of formation of spherical micelles of
poly(DMA-b-PEGMEM) in water.?” Therefore the water-insolubility of FR-PD-71/29 can
be attributed to the DMA, and the swelling could be due to strong intermolecular

interaction arising from the catechol functional groups on DMA.

4.4.2 Cleaning and preparation of silicon wafer substrates
Silicon wafer was chosen as a model substrate due to its exceptional flatness and low

surface roughness (<0.5 nm). It has been widely studied and reported in the literature and
films deposited on the silicon wafer surface can be easily characterised by many analytical
techniques. When depositing a polymer film, it is important that the substrate is clear from
impurities and debris and — especially when spin-coating — that the substrate is fully wetted
by the polymer solution. The coating experiments described in this chapter were carried
out at two sites and the silicon wafer substrates were cleaned by one of two methods
depending on the equipment available at each site. Unless otherwise indicated, silicon
wafers were prepared by cleaning with DCM followed by treatment using piranha solution
(3:1 sulfuric acid and hydrogen peroxide). Piranha solution oxidises organic residues,
allowing them to be dissolved or washed off. A further consequence of this treatment is
the formation of polar SiOH groups on the substrate surface?® which promoted full wetting
of the substrates with polar organic solvents such as methanol and DMF. Clean silicon
wafers were stored in ultrapure water for up to 24 h to prevent contamination of the

surfaces.
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Alternatively, silicon wafers were cleaned by washing with several organic solvents,
including DCM, and treatment with air plasma. Air plasma treatment is also a commonly
used method for cleaning substrates?® and oxidises organic contaminants by the generation
of oxygen and hydroxyl radicals and consequently leads to a mixture of siloxane (Si-O-Si)
and silanol (SiOH) groups on the wafer surface.®® The adsorption of the non-ionic polymer
poly(N-vinylpyrrolidone) at neutral pH has previously been shown to be very similar when
plasma- or piranha solution-treated silicon wafers were compared, so the surface treatment
used was not expected to have a significant impact on the coating performance in the

present study.?®

4.4.3 Details of (co)polymers used in the optimisation of film deposition
Solubility of the HEMA/GMA/DMA copolymers in polar solvents such as methanol and

ethanol made them excellent candidate copolymers for deposition in MMA-containing
microfluidic devices. Furthermore, the reported non-fouling properties of HEMA3! are
ideal for coatings which, after adhesion of antibodies through the GMA functionality,
would be exposed to a range of biomolecules. A series of (co)polymers, all containing
mole fractions of at least 73% HEMA, were selected for further testing (see Table 4.2). All
were statistical copolymers synthesised either by free radical (FR) or RAFT

polymerisation.

Table 4.2. Polymers used in spin-coating and immersion-coating. Constituent monomers and
monomer molar feed ratios are indicated in the name of each polymer.

(Co)polymer Mn/g mol b Copolymer composition/mol%o @
FR-HGD-80/10/10 43400 3.23 83/12/6
FR-HD-90/10-(DMF) 13650 3.18 92/0/8
FR-HG-89/11 133500 4.26 78/22/0
RAFT-HGD-74/13/13 24950 2.18 78/14/8
FR-HGD-58/9/33 110650 3.48 68/12/20
FR-H 17250 2.67 -
FR-HD-70/30-(DMF) 3050 14.27 75/0/25

@ Copolymer compositions are given relative to the order of monomers in the name of the polymer

4.4.4 Optimisation of spin-coating methodology and thin film characterisation by
AFM and ellipsometry
Spin-coating, a process widely used in industry, was chosen to cast the copolymers onto

silicon wafer with the aim of obtaining uniform thin films. Initial objectives were to i)

identify suitable coating conditions to achieve smooth, uniform coatings, ii) identify ways
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to control the film thickness of the copolymer coatings and thus iii) evaluate the suitability
of the copolymer films for potential industrial applications. AFM was used to assess the
nanometre-scale topography (roughness) of the films, whilst film thickness was measured

by ellipsometry.

Despite the relative simplicity of the experimental set-up, modelling of ellipsometry data
is non-trivial.® Ellipsometry can be described in terms of the change in polarisation upon
reflection of a polarised laser reflected from a sample and is described by the two
ellipsometric angles: A and W. The ellipsometric angles are the usual output from an
ellipsometric measurement and are related using the “fundamental equation of

ellipsometry” (Equation 4.1):

i R
tanPe = —=p 4.1
Rs

where Rp and Rs are the parallel and perpendicular parts of the total complex refraction
coefficient, p. In ellipsometric measurements, a model is created by estimating A and tan¥
over a range of wavelengths and angles. The model is iterated to fit the obtained values
and thus determine the desired film property (e.g. film thickness or refractive index (RI)).
Scanning a large wavelength range increases the likelihood that an accurate model can be

generated.

The mean squared error (MSE) of the fit is determined by the ellipsometry software. MSE
is a statistical estimator used as a measure of how well the model fits the observed data, by
calculating the bias and standard error of the observed data.®? The magnitude of the MSE
is used as an indicator of the quality of the fit, where a smaller MSE implies a better fit.

The MSE function used is given in Equation 4.2

1 <& |[whod — @E P\ (AMod _ pEw\®
MSE = —z . L +(— : 4.2
2N - M £ < O_Exp O_Exp

Wi Aji

where Mod and Exp refer to the experimental and modelled values, ¥ and A refer to the

ellipsometric angles and o to the standard deviation of the experimental values.*?

The native oxide layer on a silicon wafer is a well understood and reproducible surface,**
32 which has a highly contrasting refractive index (1.45) compared to the silicon wafer
itself (3.78). This allows the film thickness of the oxide layer to be modelled with very low

uncertainty (MSE of <1). A reference clean wafer measured with the ellipsometer used in
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this work had a native oxide film thickness of 1.63 £ 0.001 nm and an MSE of 1.034. The
silicon oxide layer thickness was subsequently used in the model used to calculate the film

thickness of the spin-coated copolymers described herein.

The MSE of models fitted for copolymer coatings should ideally be as close to zero as
possible, but in reality, MSE values < 1 are often impossible to achieve due to film surface
heterogeneity and any other defects in the film. MSE values between 1 and 5 are considered
excellent for thin films.? Film thickness measurements of copolymer coatings with an
MSE within 1 order of magnitude of silicon oxide (i.e. <10) were considered acceptable
and valid in this work, and copolymer films with an MSE of >10 were considered to have
been (relatively) poorly modelled and, whilst still a useful guide to film thickness, should

be considered with caution.

The uncertainty of ellipsometric modelling increases for measurements of films thinner
than 15 nm, as in this range the copolymer RI and film thickness become coupled
parameters i.e. their values cannot be determined independently of each other.®> 3% An
estimated value for thin-film copolymer RI can be obtained via multiple measurements of
thicker films of the same copolymer or by the use of advanced modelling techniques, but
these methods were impractical given the scope of the project. Thus, for coated substrates
where preliminary measurements indicated a film thickness of <15 nm, film thickness was
calculated using fixed values of A = 1.52 and B = 0.006 for the real and imaginary parts
of the RI respectively. These values were chosen based on the characterisation of thicker
films of the same composition, assuming R1 should not change significantly for very thin
films. As estimated RI data was used to allow measurement of thin films, the uncertainty
associated with thickness measurements of very thin films is high compared to thicker

films with low MSE values.

Surface roughness/heterogeneity can also affect the accuracy of the model used to fit the
ellipsometric data. Light scattering from the surface, caused by increased surface
roughness, and the introduction of domains of different RI (due to the air between surface
peaks), can cause large differences between the predicted and measured data, and hence
large MSE values.?® % Again, this can be overcome using advanced modelling in some

cases to provide truly accurate representations of film thicknesses.
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4.4.4.1 Characterisation of blank silicon wafer substrates by AFM and
ellipsometry
Prior to deposition of copolymer films, the topography of the uncoated silicon wafer

surface was analysed by AFM to provide context for subsequent copolymer thin film
analysis. The roughness, defined as the average absolute deviation about the mean film
height (Ra), of 0.11 nm and a maximum peak-trough distance (Z-range) of 8.17 nm were
both calculated using the AFM analysis software. The very low R, indicates an extremely
homogeneous surface, however the slightly larger Z-range is likely to be due to deposition
of dust or other organic contaminants which are extremely difficult to avoid unless

substrates are prepared in a clean room.*’

The film thickness of the native oxide on the blank silicon wafer was determined to be
1.63 + 0.00 nm. The model fitted the data extremely well, giving an MSE of 1.034 (Figure
4.4).
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Figure 4.4. Ellipsometric data for the native oxide layer on a silicon wafer measured at four angles of
incidence. A) ¥ vs. .. B) A vs. A.

4.4.4.2 Characterisation of copolymer films spin-coated from methanol
Initially, the use of methanol as a spin-coating solvent was investigated. All of the

copolymers included in the study are soluble in methanol up to at least 2.0% (w/v)
concentration, and the high volatility allowed efficient removal of residual solvent from
the resulting films under vacuum. FR-HGD-80/10/10, FR-HD-90/10-(DMF), FR-HG-
89/11 and RAFT-HGD-74/13/13 were spin-coated onto silicon wafer substrates using
copolymer solution concentrations in the range of 0.5 — 2.0% (w/v). Spin-speeds of 1000

— 4000 rpm were used and the disc was accelerated at a rate of between 100 — 600 rpm s,

Ellipsometry was used to measure the thickness and AFM used to measure the topography
of the resulting copolymer films. When fitting the ellipsometry data, it was necessary to
restrict the wavelength range to 400 — 1600 nm, as the copolymers absorbed radiation in

the UV region of the spectrum due to the aromatic ring in DMA.
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An opaque or iridescent border could be seen around the perimeter of all coated substrates
due to edge effects — the perturbation of the air caused by the edges and corners of the
rectangular substrate which led to uneven evaporation close to the outer limits of the
substrate.3® When measuring film thickness using ellipsometry, the laser spot was directed

at the centre of the substrate to avoid this particular defect.

4.4.4.2.1 Analysis of spin-coated films of FR-HGD-80/10/10 using ellipsometry and
AFM

Spin-coating parameters and ellipsometry results for substrates spin-coated with

FR-HGD-80/10/10 are presented in Table 4.3. The following discussion considers in turn

the effect of spin-speed, acceleration and solution concentration on film thickness and

heterogeneity, followed by studying the observed film heterogeneity in more detail. In this

chapter, coatings are numbered sequentially as they are discussed to allow them to be

referenced in the text.

Table 4.3. Ellipsometry data for films of FR-HGD-80/10/10, spin-coated from methanol onto silicon

wafer.
Coating Soln. Conc. Spin Speed/  Accel. Film MSE RI (real
Code | % (Wiv) rpm /rpm st thickness/nm part)
1 0.50 1000 400 2 1.30 1.60
2 0.75 1000 400 50 71.66 1.51
3 0.75 1000 400 58 53.41 1.50
4 0.75 4000 400 42 2.68 1.45
5 0.75 4000 600 61 2.97 1.40
6 0.75 4000 600 37 1.11 1.49
7 2.00 1000 400 150 78.38 1.54
8 2.00 1000 400 145 77.68 1.54
9 2.00 4000 400 148 99.82 1.53
10 2.00 4000 400 165 73.00 1.53

The data in Table 4.3 shows that the measured film thickness of identical pairs of coatings
varied significantly. Coatings 2 and 3, 5 and 6, 7 and 8, and 9 and 10 were prepared under
identical conditions and yet the film thickness varied by as much as 65% for “identical”
thinner films and 10% for thicker films. Several of the coatings had low MSE values
despite having significantly different film thickness, which indicated the fit of the data was
good and the variation was very unlikely to be due to measurement error.? Thus, the poor
repeatability was more likely to have been caused by highly heterogeneous film
topography. Under normal circumstances, film thickness variations of <10 nm could be

attributed to changes in spin-coating parameters,'* however in this case the poor
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repeatability meant only variations in the order of tens of nanometres could be considered

significant enough to attribute to parameter changes.

The contrasting MSE values can be better understood by comparing the ellipsometric data
and model fit from samples yielding differing MSE values. A poor fit is shown in Figure
45A and B (Coating 2, MSE = 71.66), in which the region between 300 and 400 nm is
poorly modelled, as shown by the clearly poor agreement between the experimental data
(solid coloured lines) and modelled data (dashed black lines). In contrast, the fit in Figure
4.5C and D (Coating 4, MSE = 2.97), which had a similar film thickness, the model is
fitted extremely well, resulting in a low MSE.
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Figure 4.5. Ellipsometry data for polymer films A) Coating 2, ¥ vs. A, B) Coating 2, A vs. &, C)
Coating 4, ¥ vs. A, B) Coating 4, A vs. A.

4.4.4.2.1.1 Effect of spin-speed on film thickness of FR-HGD-80/10/10 coatings

Two spin-coating speeds were used in the experiments — 1000 and 4000 rpm. Coatings 2,
3 and 4 were prepared under identical conditions (0.75% (w/v) terpolymer concentration
and 400 rpm s* acceleration) but with some variation in spin speed. The film thickness of
coatings 2 (1000 rpm), 3 (1000 rpm) and 4 (4000 rpm) were 50 nm, 58 nm and 42 nm
respectively; differences in film thickness were not significant enough to correlate with
spin-speed. However, it is notable that the MSE values of coatings 2 (71.66) and 3 (53.41)
are much larger than coating 4 (2.68). As high MSE is linked to light scattering from the

surface, this suggested the surface roughness was significantly lower at higher spin speeds.
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Furthermore, for coatings 7, 8, 9 and 10 — two pairs of films coated at different spin speeds
under otherwise identical conditions — the measured thickness is very similar, varying by
only a few percent (148 — 165 nm). MSE values of 78.38 and 77.68 for coatings 7 and 8
compared to 99.82 and 73.00 for coatings 9 and 10, suggested no correlation between MSE
and spin-speed in this case. Furthermore, the ability to accurately compare the effect of
spin speed on film thickness is reduced for coatings 7 — 10 due to the high MSE values,

which indicated a poor fit, so the data must be considered with appropriate caution.

No correlation between spin speed and film thickness was observed, which is contrary to
the accepted literature precedent.®® 4° The influence of spin-speed on polymer film
thickness can be evaluated by considering the relationship between the “flow” phase
(Figure 4.1C), and the “evaporation” phase (Figure 4.1D) of the drying process.*! The
relationship is determined by Equation 4.3:

dh ;
=, = ~2Kh* —e 43

where the flow term (-2Kh®) describes the flow of the solution, in which h is the
instantaneous fluid thickness and K is a flow constant defined by Equation 4.4:
2
k= P® 4.4
3n
where 1 is the fluid viscosity, p is the fluid density and o is the spin-speed. The second

component of Equation 4.3 is the evaporation term, e, defined by Equation 4.5:

e=Clw 4.5

where C is a proportionality constant depending on the airflow above the disc.

As the flow term in Equation 4.3 has a cubic dependence on fluid thickness, the
evaporation term becomes rapidly more important as film thickness decreases. Eventually,
the value of the flow term becomes insignificant and drying becomes evaporation driven.
Film thickness changes at this stage are very small, as polymer is no longer removed from

the disc and solvent content in the film is low.

Due to the squared relationship between o (spin speed) and the flow constant K (Equation
4.4), thinner coatings should be obtained by faster rotation of the substrate i.e. faster
rotation leads to the ejection of more polymer from the disc during the “flow” phase.* It

was thus somewhat surprising that no correlation was observed between film thickness and
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spin-speed in this case. However, the heterogeneity of the terpolymer films implied by the
high MSE values could have masked any variation in film thickness, as repeatability of the

coatings was poor.

4.4.4.2.1.2 Effect of spin-coating acceleration on film thickness of FR-HGD-80/10/10
coatings

In the current investigation, there was only one set of coatings (4, 5 and 6) for which the
acceleration was modified (from 400 rpm s to 600 rpm s™) whilst all other parameters
were kept constant. No systematic trend was observed, as an increase in acceleration
resulted in increased film thickness for 5, but decreased film thickness for 6. As there was
no further data that could be compared, there is insufficient data to fully assess the impact
of spin acceleration on solutions of FR-HGD-80/10/10.

Usually, the acceleration of the coating is considered not to have a significant effect on
film thickness in spin-coating.3® %2 However, if the rate of acceleration is too slow, the
point at which evaporative drying becomes dominant over solution flow may occur before
maximum rotational velocity is achieved. This effectively freezes film thickness at a lower
“final” spin-speed.*! When using volatile solvents, the acceleration is often selected such
that the coating reaches maximum rotational velocity within 5 s, however, the acceleration
rate necessary to reach the maximum spin speed before film thickness is frozen depends
on many factors and is difficult to predict. The (relatively) low acceleration rate used for
the 4000 rpm coatings (reaching maximum rotational velocity in 6.7 — 10 s) could also
account for the lack of correlation between spin speed and film thickness, as the effective

“final” spin speed may have been lower than 4000 rpm.

4.4.4.2.1.3 Effect of terpolymer solution concentration on film thickness of FR-HGD-
80/10/10 coatings
The effect of terpolymer solution concentration on film thickness was also considered.
Coatings 1, 2, 7 and 8 were prepared using identical parameters (1000 rpm spin speed, 400
rpm s acceleration) but solution concentration was varied. Film thickness increased from
2 nm at 0.50% (w/v) terpolymer concentration (coating 1), to 61 nm at 0.75% (w/v)
(coating 2), and to 150 nm and 145 nm at 2.00% (w/v) (coatings 7 and 8 respectively). The
same trend was also evident for substrates spin-coated with speeds of 4000 rpm. Film
thickness increased from 42 nm (coating 4, 0.75% (w/v)) to 148 nm and 165 nm for

coatings 9 and 10 respectively (2.00% (w/v)). An increase in solution concentration clearly
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led to a significant increase in film thickness. This is expected due to the higher
concentration, and hence viscosity, 1, of polymer.*> % Increased n reduces the value of the
flow constant, K, in Equation 4.4, and thus reduces the rate of film thinning predicted by
Equation 4.3. The outcome is a non-linear relationship between film thickness and solution

concentration.

The measured RI of several films was unusually low (<1.5). An RI of about 1.52 would be
expected for a homogeneous poly(HEMA) film,* compared to 1.00 for air and 1.33 for
water. A possible explanation for variation of RI in the described films is the presence of
air voids in the terpolymer films, which would reduce the measured RI of the film. Air
voids are further indicators of heterogeneous film surfaces. The unusual RI values appear
more prominently in thinner films, so the film heterogeneity could be increased in these

coatings.

High MSE values were obtained for terpolymer coatings deposited from solutions with a
concentration of 2% (w/v). High MSE values are indicative of a poor model fit.3? This is
often due to surface roughness, which supported the suggestion that the coated surfaces
were heterogeneous and likely to scatter light. The heterogeneity is likely to be caused by
macroscopic surface defects such as striations (lines forming a radial pattern from the
centre to the edge of the substrate). Striations have been shown to significantly scatter
light*® 47 and, because of their periodicity, can also diffract light in some cases,*® both of
which would cause deviations from the expected ellipsometric angles. Striations were
observed in some spin-coated substrates with a periodicity of around 0.25 mm (see

example in Figure 4.6).

Striations
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: Edgé effectsé-» ‘
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)

Figure 4.6. Typical example of defects on a preliminary test for spin-coating of FR-HGD-80/10/10.
Polymer-free spots on the film are due to solvent testing and not the spin-coating process.

Previous studies have indicated that striations may be caused by capillary forces due to the
Marangoni effect (see Figure 4.7).% 447 In very thin films, surface tension gradients can
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be caused by local random variations in film thickness. Liquid flows towards regions of
high surface tension by capillary action, forming convection cells and amplifying the
evaporation-driven composition differences. As solvent evaporation is faster from the low-
surface tension regions, wave-like defects are formed on the surface. Any concentration
gradients would be exacerbated as the polymer reaches its solubility limit. Jamming of the
highly concentrated polymer can occur before relaxation to a uniform film is possible,
therefore fixing the defects in the film.*-! Often, annealing the polymer film at elevated
temperature is used to increase the rate of surface relaxation,® but in the current work
exposure to high temperatures was avoided to prevent ring-opening of the epoxide

functional groups in the film.

Solvent
Evaporation
High
ow Y
Diffusion

Figure 4.7. Schematic of striations formed due to regions of high and low surface tension on a drying
polymer film, where y is surface tension.

Additionally, in a drying film, rapid solvent evaporation can create gradients in solution
concentration or temperature through the film.> In temperature-driven variations, the

Marangoni effect occurs above a critical Marangoni number (Ma) defined by Equation 4.6:

dT na
where v is the surface tension, 1 is the solution viscosity, a is the thermal diffusivity and
AT the temperature gradient through the film from bottom to top.>* Due to the high vapour
pressure of methanol, fast evaporation leads to high AT values, so the Marangoni effect is

likely to occur.

4.4.4.2.1.4 Analysis of spin-coated FR-HGD-80/10/10 films using AFM

To further investigate the surface topography (roughness) of the FR-HGD-80/10/10
terpolymer films, AFM images were collected for a selection of spin-coated substrates with
different film thicknesses. Coating 6 (4000 rpm, 600 rpm s, 0.75% (w/v)) had a film
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thickness of 37 nm, coating 5 (4000 rpm, 600 rpm s, 0.75% (w/v)) had a thickness of
61 nm and coating 7 (1000 rpm, 400 rpm s*, 2.00% (w/v)) had a thickness of 150 nm.

The AFM images are shown in Figure 4.8. The Ra (roughness) and Z-range (peak-to-trough
range), determined by AFM, and the ellipsometric film thickness and MSE are reported in
Table 4.4. The AFM Z-range can be greater than the ellipsometry-derived film thickness,
especially in porous coatings, as ellipsometry measures an averaged film thickness over
the laser spot (diameter around 1 mm), whereas AFM measures peaks and troughs to
nanometre resolution and the Z-range is not averaged. Considered together, the Z-range,
Ra and ellipsometry-derived film thickness can be used to develop an enhanced
understanding of the film features.

P 100.0 nm

-100.0 nm

15.0 nm

-100.0 nm SN < ) S -15.0 nm

Height Sensor 600.0 nm Height Sensor 2.0 um

Figure 4.8. 2D AFM images of films of FR-HGD-80/10/10, spin-coated from a solution in methanol.
A) 37 nm film, coating 6 B) 61 nm film, coating 5 C) 61 nm film, coating 5 (enlarged section) D)
150 nm film, coating 7. AFM measurements carried out by Andreas Janke, IPF, Dresden.

The AFM images shown in Figure 4.8 clearly show that the resulting terpolymer coating
in each case was porous with irregular size pores of diameter 0.1 — 2 um. The pores visible
in coating 6 (Figure 4.8A, 37 nm) had a diameter of around 0.2 um. The R, and Z-range
were large (9.79 nm and 86.43 nm respectively), despite a low MSE value of 1.11. The
pores observed on coating 5 (Figure 4.8B, 61 nm), had a diameter of 0.5 um, larger than
coating 6 despite identical spin-coating parameters. The Ra (25.13 nm) and Z-range

(183.33 nm) were also much larger than for coating 6, indicating a more heterogeneous
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surface. The greatly increased roughness for coating 5 also correlates well with the larger
observed film thickness for coating 5 compared to coating 6. An expanded region of the
image of coating 5 (Figure 4.8C) shows more clearly how the porous, sponge-like structure
penetrates the film. The different pore size and roughness for the two identical spin-coated

coatings indicated that the defects can vary significantly.

Table 4.4. Roughness data from the AFM images in Figure 4.8. Silicon wafers coated with FR-HGD-
80/10/10 Film thickness was obtained by ellipsometry.

Coating Ellipsometry AFM
Code Film Thickness/nm  MSE Ra/nm Z-range / nm
6 37 1.11 9.79+1.67 86.43 £11.70
5 61 2.97 25.13+0.25 183.33 £ 26.50
7 150 78.38 3.23+0.24 54.97 £ 9.75

The AFM image of coating 7 (150 nm, 2.00% (w/v) concentration) is shown in Figure
4.8D. Many small pores with a diameter of around 0.5 pum can be observed. While the pore
diameter was not significantly different to coating 5, the Z-range is much lower
(54.97 nm), indicating a less heterogeneous film was formed in coating 7. Additionally,
the AFM Ra was smaller (3.23 nm) for the thicker film (coating 7) compared to the Ra for
the thinner films (9.79 nm and 25.13 for 6 and 5 respectively). The small R, and Z-range
for coating 7 appeared counter-intuitive, as thicker films, coated from higher solution
concentrations were generally associated with increased MSE from ellipsometry. This
suggested that the ellipsometric MSE and AFM R, are not directly related. As the size of
the pores was of the same order of magnitude as the wavelength of light used for the
ellipsometry measurements, light scattering may be expected from these surfaces.
However, the ellipsometric MSE, which can be considered an indirect measure of the light
scattering, was low for coatings 5 and 6, indicating light scattering due to the porous
surfaces was not significant. Ellipsometric MSE may therefore be affected more
significantly by the presence of striations i.e. high MSE values may only be associated

with macroscale defects and have little correlation with porosity.

Due to the lack of correlation between porosity and high MSE, we suggest that the
observed striations and porosity are not directly related and have distinct causes. Porous
spin-coated films have been previously observed and various causes have been discussed

in the literature.>® One hypothesis is that that rapid solvent evaporation will lead to a
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surface concentration gradient and hence the formation of a “skin” of polymer at the
surface of the drying film.*® As the “skin” retards solvent evaporation, mechanical stress
from the liquid layer below causes buckling and defects due to solvent evaporating through
cracks in the film. However, as it has been predicted that skin formation does not occur
below a minimum film thickness of at least 200 nm,*® this mechanism is deemed unlikely
in this case. An alternative hypothesis attributes porosity to the Marangoni effect,
discussed above in the context of striation formation. This effect results in regularly-
spaced holes in the film, usually several microns in diameter, where extreme gradients in
surface tension occur. However, in the current work the pores formed have a small
diameter (~500 nm) and are irregular, so it is considered unlikely that they are caused by
the Marangoni effect. The pores appear to bear more resemblance to a phase-separated
structure. These structures have been commonly observed when spin-coating a block
copolymer with domains of different solubility,>” upon spinodal-like dewetting of a
polymer from a surface® ° or upon solvent-induced phase separation of a multilayer
film.®® In a previously reported study, “phase separation, surface irregularity and
cloudiness” was observed when spin-coating poly(HEMA-co-ethyl methacrylate), with
HEMA mole fraction >50%, from a 10% (w/v) solution in methanol. The nature of the
surface irregularities was not discussed, nor the possibility of spin-coating from more
dilute polymer solutions. Moreover, in the same study it was observed that changing the
solvent to DMF resulted in smooth, optically transparent coatings (although the film

topography was not investigated in detail).*®

It is therefore speculated that the pores in the coatings described in this chapter are most
likely caused by poor solubility of the copolymers in methanol, particularly when the
solution reaches a higher polymer concentration due to solvent evaporation. Thus, the
polymer may precipitate before the end of the usual flow stage while a significant amount
of solvent still remains. The precipitation can be described as analogous to a phase
separation in which the two phases are polymer and solvent. Continued rapid evaporation
of the methanol from the solvent “phase” leads to the formation of air voids or pores in the
film, as the polymer is unable to flow. It is important to note that while the striations and
porosity will be treated as independent phenomena, due to the complexity of the system it
is quite possible that they share causes and the models proposed are somewhat simplified.

The polymer appears not to wet the surface of the silicon wafer upon precipitation in

presence of methanol, in the in the short timescale of the spin-coating, which is attributed
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to the strong H-bonding interaction between the methanol and surface silanol/siloxane
groups. Thus, the use of methanol in this investigation could significantly influence the
formation of defects (striations and pores). Use of a less volatile solvent or reduction of
the temperature to further reduce the rate of evaporation could mitigate the formation of
defects.> % To further study the phase separation of these DMA-containing copolymers
from methanol, a cloud point analysis could be conducted to determine the concentration

at which the copolymers become insoluble.5!

It is worth noting that macroporous films such as those observed in Figure 4.8 (defined as
having pore sizes from 50 — 1000 nm) have various uses such as in membranes and for
chemical scaffolds due to their high surface area.®? % If the porosity could be reliably and
reproducibly predicted or templated through coating preparation such as nanolithography,
this could present a facile approach towards generating macroporous materials. An
example of such an approach is the “breath figure” technique, a hierarchical templating
technique using water droplets as templates, which has been used to form macroporous

membranes from inorganic nanoparticles coated with a catechol-containing copolymer.5

4.4.4.2.2 Analysis of spin-coated films of copolymer FR-HD-90/10-(DMF) using
ellipsometry and AFM

FR-HD-90/10-(DMF) was also spin-coated onto silicon wafer, whilst modifying the same

parameters as for FR-HGD-80/10/10 (section 4.4.4.2.1). The spin-coating parameters,

ellipsometry film thickness and MSE are reported in Table 4.5.

Table 4.5. Ellipsometry data for films of FR-HD-90/10-(DMF), spin-coated from methanol onto
silicon wafer.

Coating  Soln Conc Spin Speed Accel./ Film thickness/ MSE  RI (real

Code 1% (W/v) / rpm rpm st nm part)
11 0.50 1000 400 26 5.13 1.52
12 0.75 1000 100 49 17.71 1.53
13 0.75 1000 400 45 2.28 1.52
14 0.75 4000 600 36 1.04 1.50
15 0.75 4000 600 40 1.91 1.49
16 2.00 1000 400 118 35.14 1.52
17 2.00 1000 400 119 36.59 1.52
18 2.00 4000 400 116 39.30 1.53
19 2.00 4000 400 109 32.42 1.52
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4.4.4.2.2.1 Effect of spin-speed on film thickness of FR-HD-90/10-(DMF) coatings
To study the impact of spin speed on film thickness, coatings 16 and 17 (1000 rpm, 2.00%
(w/v) copolymer concentration, 400 rpm s*) can be compared with coatings 18 and 19
(4000 rpm, other parameters constant). All four spin-coated substrates have measured film
thicknesses between 109 and 118 nm, indicating there is no discernible difference in film
thickness due to spin speed under these conditions. This is similar to the observation for
films of FR-HGD-80/10/10.

4.4.4.2.2.2 Effect of spin-coating acceleration on film thickness of FR-HD-90/10-
(DMF) coatings
There was only one pair of coatings (12 and 13) for which the acceleration was modified
whilst all other parameters were kept constant; in this case from 100 rpm s to 400 rpm s™.
Whilst the film thickness of coatings 12 and 13 were similar (49 and 45 nm respectively),
coating 12 (100 rpm s%) had an MSE of 17.71 compared to coating 13 (400 rpm st) which
had an MSE of only 2.28. The difference in MSE is significant and could indicate the
production of a fewer striations when the acceleration rate is high. In support of this
suggestion, a previous report claimed increased acceleration rates during spin-coating
reduced the amplitude of striations.®® In the case of coating 12, the low acceleration rate of
100 rpm s and final spin speed of only 1000 rpm, could cause the effective “final” rotation
rate to be fixed at a low value — insufficient to prevent the formation of defects. A very
low spin speed has also been linked with an increase in striation height.*” However, as
there is only one set of coatings to compare, this explanation can only be considered

speculative without further data.

4.4.4.2.2.3 Effect of copolymer solution concentration on film thickness of FR-HD-
90/10-(DMF) coatings

Coatings 11, 13, 16 and 17 used identical spin-coating parameters (1000 rpm spin speed,
400 rpm st acceleration) but varying solution concentration. It is clear from the data in
Table 4.5 that an increase in solution concentration led to an increase in film thickness
from 26 nm (0.50% wi/v), to 45 nm (0.75% w/v), and a further increase to 118 nm and
119 nm for coatings 16 and 17 respectively (2.00% (w/v)). These findings are consistent
with the results reported above (Table 4.3) for films of FR-HGD-80/10/10.

Coatings 13 (FR-HD-90/10-(DMF)) and 3 (FR-HGD-80/10/10) were spin-coated using
different copolymers under the same conditions (1000 rpm, 400 rpm s, 0.75 % wi/v). The
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low MSE value of 2.28 for coating 13 is in contrast to that of coating 3, which had an MSE
of 71.66. As high MSE was previously linked to the presence of striations,
FR-HD-90/10-(DMF) appeared to exhibit fewer such defects.

The extent of film heterogeneity (in this case striations) remaining in the dry film is
considered to be determined by whether the polymer film is able to relax before jamming
occurs i.e. flow to relieve the surface concentration gradients — a process termed
“levelling”. However, if solvent evaporation is fast or levelling is slow there is often
insufficient time for levelling before polymer jamming occurs and flow ceases. Kumar et.
al. considered the levelling time, tiever, 8s analogous to the spreading of a droplet on a
surface such that:>!

nL*

Tlevel = W 4.

where 1) is viscosity, L* is the characteristic length scale of the droplet, y is surface tension

and 0 the contact angle of the fluid, which is raised to a positive exponent m.

The likelihood of levelling occurring can be described using the ratio, A, between Tievel, and

evaporation time, Tevap:

1= Tievel 48
Tevap
where
_ Ph 4.9
Tevap = F '

where p is the density of the polymer solution, h is film thickness, E is solvent evaporation

rate. Thus, considering 4 / L* = § and rearranging gives:

nE
A ————r 4.10
When X > 1, more time is required to create a level film than is available during solvent
evaporation. From Equation 4.10, it can be observed that a faster evaporation rate E, or
greater viscosity 1 will increase A, indicating a relatively longer levelling time, meaning
any defects are more likely to remain in the final film. Thus, the substrate coated with the
lower molecular weight copolymer (FR-HD-90/10-(DMF)) may have a lower MSE due to

a macroscopically smoother surface. This arises because a lower solution viscosity would
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lead to a lower value of A, implying more time was available for any striations to relax

before jamming occurred.

FR-HD-90/10-(DMF) and FR-HGD-80/10/10 have a significantly different molecular
weight: My = 13650 g mol™ and 43400 g mol respectively. The mole fraction of DMA of
both copolymers is very similar. FR-HD-90/10-(DMF) had a slightly larger mole fraction
HEMA than FR-HGD-80/10/10 (92 mol% and 83 mol% respectively). This may increase
intermolecular H-bonding and hence viscosity of FR-HD-90/10-(DMF), although the
difference is expected to be relatively small. Therefore, the differences between copolymer
spin-coating behaviour are most likely due to differences in molecular weight, which will
influence solution viscosity and solubility. Thus, according to Equation 4.10, a lower
molecular weight and concomitant lower solution viscosity of FR-HD-90/10-(DMF)
compared to FR-HGD-80/10/10 could explain the lower value of MSE and the inferred

reduced presence of striations.

4.4.4.2.2.4 Analysis of spin-coated FR-HD-90/10-(DMF) films using AFM

The topography of two copolymer films, prepared under identical conditions from
FR-HD-90/10-(DMF) and FR-HGD-80/10/10, was compared using AFM analysis
(coatings 15 and 6 respectively, 4000 rpm, 600 rpm s, 0.75% (w/v)). The AFM image of
coating 15 (Figure 4.9A) shows a smooth, uniform film, with a very low Ra
(0.21 £0.03 nm) and Z-range (5.50 + 3.04 nm), whereas the AFM image of coating 6
(Figure 4.9B) is porous and starkly different. Methanol was used as the solvent in both
cases, however there was a significant difference in copolymer molecular weight; the Mp
of FR-HGD-80/10/10 was greater than FR-HD-90/10-(DMF) by a factor of ~3. It is likely
that the lower molecular weight copolymer has increased solubility and therefore
precipitates later in the spin-coating process. Therefore, any phase separation would not
have a chance to become significant before jamming occurs, resulting in a non-porous
structure. The copolymer composition could also affect the solubility to some extent, with
the higher proportion of H-bonding monomers increasing the solubility of
FR-HD-90/10-(DMF) with respect to FR-HGD-80/10/10 and reducing the probability of
copolymer dewetting.
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Figure 4.9. A) 2D AFM image of films of FR-HD-90/10-(DMF), spin-coated from a 0.75% (w/v)
solution in methanol, 4000 rpm, 600 rpm s*. B) AFM image of FR-HGD-80/10/10, film 6. Images
obtained by Andreas Janke, IPF, Dresden.

4.4.4.2.3 Analysis of spin-coated films of copolymer FR-HG-89/11 using ellipsometry
and AFM

FR-HG-89/11 (M, = 133500 g mol™) was also spin-coated onto silicon wafer to allow an

investigation into the impact of the same parameters as for copolymers FR-HGD-80/10/10

and FR-HD-90/10-(DMF). The spin-coating parameters and ellipsometry results for

silicon wafer coated with films of copolymer FR-HG-89/11 are given in Table 4.6.

Table 4.6. Ellipsometry data for films of copolymer FR-HG-89/11, spin-coated from methanol onto
silicon wafer.

Coating  Soln Conc Spin Speed Accel./ Film thickness/ MSE RI (real

Code 1% (w/v) / rpm rpm st nm part)
20 0.50 1000 400 47 9.64 1.52
21 0.75 1000 400 56 3.04 1.49
22 0.75 1000 400 53 5.20 151
23 0.75 4000 600 44 1.32 1.49
24 0.75 4000 600 48 2.48 1.48
25 2.00 1000 400 145 63.24 1.51
26 2.00 1000 400 140 55.78 151
27 2.00 4000 400 151 65.86 1.52
28 2.00 4000 400 140 69.37 151

4.4.4.2.3.1 Effect of spin-speed, acceleration and solution concentration on film
thickness of FR-HG-89/11 coatings

It is clear that the key variable that impacts upon both film thickness and MSE is the

solution concentration — other parameters once again seem to have little or no impact on

the outcome (Table 4.6). Thus, as the solution concentration of FR-HG-89/11 increased

from 0.50% to 2.00% w/v the film thickness increased approximately threefold from 47 nm

to ~145 nm. Once again, the increase in film thickness was accompanied by a significant
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increase in MSE from single digits values at low concentration to an average of 63.6 at
2.0% wiv.

4.4.4.2.3.2 Analysis of spin-coated FR-HG-89/11 films using AFM

An AFM image was collected for coating 24 (Figure 4.10, 4000 rpm, 600 rpm s, 0.75%
(w/v)). A smooth, uniform film was observed, which was very similar to the observation
for FR-HD-90/10-(DMF) (coating 15, Figure 4.9). Ra and Z-range were very low
(0.20 £ 0.01 nm and 8.58 nm % 4.55 nm respectively).

15.0 nm

-15.0 nm

Height Sensor 2.0um

Figure 4.10. 2D AFM image of films of FR-HG-89/11, spin-coated from a 0.75% (w/v) solution in
methanol, 4000 rpm, 600 rpm s**. AFM measurements carried out by Andreas Janke, IPF, Dresden.

As it is suggested that solubility is the primary parameter determining the presence or
absence of pores, when the solvent is unchanged the factors which contribute to solubility
should be considered. The My of FR-HG-89/11 is nearly 10 times that of FR-HD-90/10
which suggests molecular weight is not the only molecular feature determining the
solubility. Ruiz-Molina et al. reviewed the literature on catechol adhesion and determined
that the presence of the functional group increases cohesion in copolymers through
intermolecular interactions.?® In one instance, Kamperman et al. reported that in
copolymers of DMA and 2-methoxyethyl methacrylate, a concentration of around 5 mol%
DMA provided the best adhesion to glass. This was attributed to crosslinking via the
catechol groups, which provided a surface attachment and copolymer cohesion to resist
delamination, however a higher fraction of DMA actually decreased the adhesive strength
as the copolymer became more brittle and the contact area between copolymer and surface
decreased.?’ Additionally, it has been shown that many phenolic small molecules undergo
significant intermolecular hydrogen bonding in solution.®® Thus, we speculate that that the
cohesive effect of the DMA in copolymers FR-HGD-80/10/10 and FR-HD-90/10-(DMF)
due to significantly increased intermolecular interactions in the (concentrated) drying film

also caused a significant increase in effective molecular weight, leading to increased
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viscosity and decreased solubility. The multiple hydrogen bonds from catechol groups
should form stronger intermolecular interactions with respect to the H-bonding interactions
between catechol and methanol molecules. The absence of DMA from FR-HG-89/11 can

thus account for the smooth film in Figure 4.10.

4.4.4.2.4 Analysis of spin-coated films of terpolymer RAFT-HGD-74/13/13 using
ellipsometry and AFM

Finally, RAFT-HGD-74/13/13 (Mn = 24950 g mol™) was also spin-coated onto silicon

wafer, with similar parameters modified as for FR-HGD-80/10/10, FR-HD-90/10-(DMF)

and FR-HG-89/11 discussed in the previous sections. The spin-coating parameters and

ellipsometry results for silicon wafer substrates spin-coated with FR-HG-89/11 are given

in Table 4.7.

Table 4.7. Ellipsometry data for films of RAFT-HGD-74/13/13, spin-coated from methanol onto
silicon wafer.

Coating  Soln Conc Spin Speed Accel./ Film thickness/ MSE RI (real

Code 1% (w/v) / rpm rpm st nm part)
29 0.50 1000 400 34 17.13 1.54
30 0.75 1000 400 39 5.84 1.59
31 0.75 1000 400 41 3.37 1.54
32 0.75 4000 600 42 1.49 1.51
33 0.75 4000 600 44 1.78 1.50
34 2.00 1000 400 111 24.88 1.52
35 2.00 1000 400 121 37.37 1.52
36 2.00 4000 400 106 35.31 1.52
37 2.00 4000 400 118 36.70 1.54

4.4.4.2.4.1 Effect of spin-speed, acceleration and solution concentration on film
thickness of RAFT-HGD-74/13/13 coatings

Once again, it is clear that solution concentration is the key variable in determining film

thickness (Table 4.7). Upon increase of the solution concentration from 0.5% to 2.0% (w/v)

(coatings 29, 34 and 35) the film thickness increased by a factor of around 4. Likewise, the

MSE was low (>6) for the substrates spin-coated with 0.75% wi/v solution, but much higher

for the films coated from 2.00% solutions.

4.4.4.2.4.2 Analysis of spin-coated RAFT-HGD-74/13/13 films using AFM
An AFM image was collected for coating 33 (Figure 4.11A, 4000 rpm, 600 rpm s, 0.75%
(w/v)) to compare with previously obtained images of films coated using the same

parameters. The AFM image shows a smooth, uniform film, which had very low Ra
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(0.25 £ 0.02 nm) and Z-range (3.41 £ 0.86 nm). This was very similar to the observation
for FR-HD-90/10-(DMF) (coating 15, Figure 4.9) and FR-HG-89/11 (coating 24, Figure
4.10), which were deposited using the same spin-coating parameters. That RAFT-HGD-
74/13/13 resulted in a smooth film under these conditions (Figure 4.11A), whereas
FR-HGD-80/10/10 resulted in a porous film, can be possibly attributed to increased
solubility of RAFT-HGD-74/13/13, as the molecular weight is lower by a factor of ~2 and

the DMA content is very similar.

An AFM image was also collected for coating 29, to determine whether non-porous
coatings were also produced at low spin speeds, considering the surprisingly high MSE
values (Figure 4.11B, 1000 rpm, 400 rpm s, 0.50% (w/v)). Surprisingly, the two AFM
images of the RAFT-HGD-74/13/13 coatings are dramatically different. The AFM image
of coating 29 (Figure 4.11B) shows large pores with a diameter of around 2 pm. R, and
the Z-range are fairly large (5.27 nm and 40.67 nm respectively), indicating the diameter
of the pores is much greater than the film thickness and significant regions of the substrate
surface could be exposed. The presence of a porous surface indicates that, despite the low
molecular weight of RAFT-HGD-74/13/13, phase separation was significant. This is
surprising, as the polymer concentration of the solution used to deposit coating 29 was
lower than coating 33 (which gave a smooth coating), and one would assume that solubility
would not be worsened by a reduced concentration.

Height Sensor 2.0 ym

Height Sensor 2.0 pym

Figure 4.11. 2D AFM images of RAFT-HGD-74/13/13 terpolymer films, spin-coated from methanol
solvent. A) 44 nm film, coating 33. B) 34 nm film, coating 29.

As multiple variables were altered simultaneously, and in the absence of further AFM data
to fully investigate each variable, it is impossible to determine the precise cause of porosity
in film coating 29 in Figure 4.11B. Moreover, there is no evidence that any copolymer
used in this work could be spin-coated from methanol at 1000 rpm without the formation

of pores; the other example of a film spin-coated at the same spin-coating speed was
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coating 7 (Figure 4.8D), which was also porous but was created using a higher solution
concentration. It was shown above that flow and evaporation are slower at a lower spin-
speed (Equation 4.3). It could therefore be the case that after the solubility limit is reached
(and the polymer precipitates), the phase separated structure has longer to coarsen and
large pores are formed. In summary it is concluded that due to the presence of multiple
defects, methanol is not an ideal choice of solvent for deposition of these copolymers. Due
to time constraints, further work focused on changing the spin-coating solvent to achieve
a more stable system.

4.4.4.2.5 Analysis of film thickness differences between the copolymer films

From the data discussed in sections 4.4.4.2.1 to 4.4.4.2.4 it was clear that when spin-
coating copolymer films from methanol, film thickness showed a marked dependence on
solution concentration, however there was no apparent correlation between spin speed or
acceleration and film thickness. The trend of increased average film thickness with greater
solution concentration can be clearly observed for all copolymers in Figure 4.12. The
average film thickness of the lowest molecular weight copolymer, FR-HD-90/10-(DMF)
(Mn= 13650 g mol™), increased by 172%; from 43 nm at 0.5% concentration to 116 at 2%.
Likewise, the average film thickness of RAFT-HGD-74/13/13 (Mn = 24950 g mol™?)
increased by 175% upon the same change in concentration; from 42 nm to 114 nm. A very
similar, though slightly larger film thickness increase of 186% was seen for
FR-HGD-80/10/10 (Mn = 43400 g mol™); from 49 nm to 152 nm. The average film
thickness increased for FR-HG-89/11 (M, = 133500 g mol™?) was almost identical to
FR-HGD-80/10/10; increasing by 187% from 50 nm to 144 nm.
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Figure 4.12. Average film thickness plotted against copolymer My for spin-coated copolymers at two
concentrations. Crosses = 0.75% wi/v, circles = 2% wiv.

Considering different copolymers deposited from solutions of the same concentration, the
film thickness appeared to scale with molecular weight in a non-linear fashion. The
difference between copolymers can be rationalised by considering the copolymer
composition. Copolymers containing DMA appear to show a weak trend towards increased
film thickness with increasing molecular weight. FR-HG-89/11 does not follow this trend,
which suggests that the presence of DMA may increase the film thickness of the copolymer
coating, due to increased viscosity because of the strong intermolecular H-bonding

afforded by the catechol side chains.

It also became apparent that for copolymers deposited at 2% (w/v) solution concentration,
MSE and copolymer film thickness were correlated (Figure 4.13). At 2% (w/v) solution
concentration, all the films displayed striations. Striation amplitude has been shown to
increase with increasing film thickness, as increased film thickness increases the
Marangoni number (see Equation 4.6).* ¢’ Thus, MSE will increase with film thickness
due to the greater light scattering caused by the increasing amplitude of the striations. In
contrast, at 0.75% (w/v) solution concentration the MSE values generally do not vary
significantly with film thickness; this is attributed to the deposition of smooth, striation-
free films. However, the outlier is the FR-HGD-80/10/10, coated at 1000 rpm (coatings 2
and 3, average film thickness 54 nm, average MSE = 62). The MSE is significantly higher
than the other copolymers, coated under the same conditions, which has been attributed

earlier in this chapter to striations arising from the combined high molecular weight and
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H-bonding from DMA.. This evidence supports the previous suggestion that high MSE is

linked to the presence of striations.
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Figure 4.13. Film thickness vs MSE for copolymer films coated at different spin-speeds and solution
concentrations.

4.4.4.3 Characterisation of copolymer films spin-coated from DMF
The porosity of some films reported in section 4.4.4.2 could significantly affect the

suitability of the coatings for the applications targeted here, especially when using
substrates such as nickel, which should not be exposed directly to biomolecules or cells.
As the diameter of the pores are larger than the film thickness in all cases, the substrate
may still be exposed. To ensure complete coverage and even functionalisation of a
substrate surface, deposition of a smooth, uniform film would be preferable. As such,
subsequent spin-coating experiments were carried out using DMF as the solvent for
copolymer solutions. DMF was chosen as it is a good solvent for all copolymers under
investigation and is much less volatile than methanol. It has been previously reported that
solvent evaporation rate significantly impacts film roughness.>! Reduced solvent volatility
should reduce the likelihood of striations arising due to Marangoni instabilities, as slower
evaporation reduces the temperature gradient across the film (AT, Equation 4.6). Were
such instabilities to occur, a low rate of solvent evaporation would allow more time for

defect levelling before the film structure becomes fixed.

Increased solubility of the copolymers in DMF may also decrease the probability of phase
separation occurring and pores forming in the films. A previous report had noted that
smooth films of poly(HEMA-co-ethyl methacrylate) of around 1 um were obtained by
spin-coating 10% (w/v) copolymer solutions from DMF at 4000 rpm.*
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4.4.4.3.1 Analysis of copolymer films spin-coated from DMF using ellipsometry and
AFM

0.75% (w/v) DMF solutions of FR-HGD-80/10/10, FR-HD-90/10-(DMF), FR-HG-89/11

and RAFT-HGD-74/13/13 were used to spin-coat thin films using a variety of spinning

parameters. The impact of using DMF as the solvent on the roughness and uniformity of

the resulting coatings was assessed using ellipsometry and AFM. The results are presented

in Table 4.8. Solutions with 0.75% (w/v) concentration were selected because spin-coating

using methanol solutions of the same concentration gave the lowest MSE values.

Table 4.8. Ellipsometry data for dry copolymer films. Spin-coated from 0.75% (w/v) copolymer
solution in DMF onto silicon wafer.

Coating Copolymer Spin Accel Film MSE RI

Code Speed /rpms? thickness (real
/ rpm / nm part)

38 FR-HGD-80/10/10 1000 200 18 081 150
39 FR-HGD-80/10/10 2000 200 13 0.08 1.48
40 FR-HGD-80/10/10 2000 400 13 1.01 153
41 FR-HGD-80/10/10 4000 400 10 0.84 150
42 FR-HGD-80/10/10 4000 600 9 0.88 154
43 FR-HD-90/10-(DMF) 4000 600 4 098 1.69
44 FR-HG-89/11 4000 600 12 096 1.46
45 RAFT-HGD-74/13/13 4000 600 7 0.79  1.48

4.4.4.3.1.1 Effect of spin-speed, acceleration and solution concentration on films
spin-coated from DMF
Five substrates were coated with FR-HGD-80/10/10 using increasing spin-speeds (from
1000 to 4000 rpm) and acceleration (from 200 to 600 rpm s) to ensure that in each case
the combination of spin speed and acceleration ensured that the time taken to reach
maximum spin speed was 5 — 10 seconds. This range was chosen to roughly match the
acceleration time used for the 4000 rpm coatings from methanol, which generally gave
smooth coatings. The resulting films were much thinner than films obtained under identical
spinning conditions from methanol solution. For example, the film thickness of coating 42
(DMF, 4000 rpm, 600 rpm s1) was 9 nm and the analogous film spin-coated from methanol
(coating 6) was 37 nm. Likewise, the film thickness of coating 41 was 10 nm (DMF,
4000 rpm, 400 rpm s™) and the equivalent coating from methanol (coating 4) had a film

thickness of 42 nm.

Equations 4.3 and 4.4, discussed in section 4.4.4.2.1, predict that the rate of film thinning

depends on the spin speed, instantaneous film thickness, solution density and solution
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viscosity. The predicted rate of film thinning for DMF solutions should be slower than
methanol solutions due to the higher viscosity of DMF (DMF = 0.92 mPa s and methanol
= 0.59 mPa s at 293 K). Thus, thicker films would be expected when using DMF. This is
mitigated somewhat by the higher density of DMF (0.94 g cm™) compared to methanol
(0.79 g cm™), due to the inversely proportional relationship between density and film
thinning rate. Equations 4.3 and 4.4 do not consider the evaporation rate, yet Torkelson et
al. reported that for films with a thickness of <200 nm (i.e. for all of the films considered
in this work), the rate of solvent evaporation becomes increasingly significant. This in
effect means more solvent is ejected from the disc for less volatile solvents before
evaporation becomes important, such that less volatile solvents result in thinner films.®
Thus, the final thickness of films coated from volatile solvents (such as methanol) is often
underpredicted by Equation 4.3 due to excessive evaporation in the flow stage, which
reduces the amount of time before jamming occurs. Due to the very thin films targeted in
the current work, the reduced volatility of DMF compared to methanol is likely to be

responsible for the observed thinner films.

Films of FR-HGD-80/10/10 were spin-coated from DMF at 1000 rpm (coating 38) to
produce a film of 18 nm thickness, at 2000 rpm to produce two films of 13 nm (coatings
39 and 40) and at 4000 rpm spin-speed to produced coatings of 9 and 10 nm (coatings 41
and 42 respectively). The range of film thickness values was very narrow (9 — 18 nm)
compared to the differences observed for substrates spin-coated from methanol using
identical parameters. However, the MSE values were very low (< 1.01), indicating the
model could be fitted well, indicating good reliability of the data. The MSE values may
also be reduced due to the coupling of the RI and film thickness for very thin films

(>15 nm), meaning fewer constraints are fitted.

Table 4.8 also shows ellipsometric film thickness data for coatings of FR-HD-90/10-
(DMF) (coating 43), FR-HG-89/11 (coating 44) and RAFT-HGD-74/13/13 (coating 45),
spin-coated from 0.75% (w/v) solutions from DMF. Spin-coating parameters identical to
coating 42 were used (4000 rpm speed, 600 rpm st acceleration). The film thickness of the
coating from FR-HD-90/10-(DMF) was only 4 nm, from FR-HG-89/11 was 12 nm, from
RAFT-HGD-74/13/13 was 7 nm and MSE all values were <1. As discussed previously,
the uncertainty of measurements of very thin coatings is increased, however it can be
suggested with caution that although the absolute film thickness values are smaller, the

trends agree well with the findings from section 4.4.4.2.5, in which thinner films were
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produced by solutions of low M, copolymers (FR-HD-90/10-(DMF) and RAFT-HGD-
74/13/13), due to their lower viscosity and a thicker film was obtained from the high My
copolymer (FR-HG-89/11) due to increased viscosity.

4.4.4.3.1.2 Analysis of films spin-coated from DMF using AFM

In all cases the films cast from DMF solutions were free from visible striations although
edge effects persisted (an example is shown in Figure 4.14A). The MSE values were
consistently low (<1) which could also be attributed to the low volatility of DMF, either
due to the absence of Marangoni flows due to low AT, or to the additional relaxation time
afforded by the slow evaporation.* 3 The smooth films increased the confidence associated
with the film thickness data in Table 4.8; the large uncertainty in the film thickness
measurements for films cast from methanol was probably due to the presence of striations

on the coatings.

To investigate the impact of spin-coating from DMF on the surface topography of the
resulting films, coating 42 (FR-HGD-80/10/10, 4000 rpm) was then analysed using AFM
(Figure 4.14B). This coating was chosen as it had been produced using the same spin-
coating parameters as the substrates coated from methanol solutions which were analysed
previously by AFM.

A
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Figure 4.14. A) Photograph of coating 42, FR-HGD-80/10/10 spin-coated on silicon wafer from
0.75% (w/v) solution in DMF. B) 2D AFM image of coating 42. AFM image obtained by Andreas
Janke, IPF, Dresden.

In contrast to the analogous films spin-coated from methanol (coating 6, Figure 4.8A), in
which a porous coating was observed, the AFM image for coating 42 appeared uniform
and smooth. Increased solubility of the copolymers in DMF would reduce the likelihood
of phase separation occurring and porous structures forming. Additionally, reduced H-
bonding between DMF and siloxane groups on the wafer surface may enable increased
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interaction between copolymer chains and the coating. The image in Figure 4.14 has a low

Ra(0.30 £ 0.01 nm) and Z-range (10.60 + 4.68 nm), suggesting a smooth coating.

4.4.4.3.2 Investigation of the impact of solution viscosity on film roughness when
spin-coating from DMF

The films discussed in the preceding section (4.4.4.3.1) were spin-coated from DMF, using

0.75% copolymer solution concentrations. The copolymers each contained relatively low

mole fractions of DMA. Coatings with thicknesses of <20 nm and low MSE (<2) were

obtained.

In a further experiment, FR-HGD-58/9/33 (M, = 110650 g mol™) was spin-coated on air
plasma treated silicon wafer from a 2% (w/v) copolymer solution in DMF (coating 46).
NMR analysis indicated that despite the feed ratio indicated in the copolymer name, FR-
HGD-58/9/33 comprised 15 mol% DMA. Thus, the DMA mole fraction and M, of FR-
HGD-58/9/33 were higher than FR-HGD-80/10/10 (Mn of 43400 g mol™ and 6% DMA).
The solution concentration was also increased compared to the previously discussed
copolymer coatings from DMF (Table 4.8). It was anticipated that the combined impact of
an increase in DMA content (as previously speculated), M, and solution concentration
would lead to significantly increased solution viscosity. Thus, FR-HGD-58/9/33 was used
to investigate the limits of producing homogenous films from copolymer solutions in
DMF. FR-HGD-58/9/33 remained soluble in DMF at 2% (w/v) concentration and

surprisingly, spin-coating (4000 rpm, 600 rpm™) yielded a film without visible striations.

Optical microscopy and AFM analysis were used to analyse the topography of the resulting
films (Figure 4.15). As AFM only measures surface topography, film thickness could not
be measured directly. To overcome this, the film was scratched with forceps which
displaced a channel of the copolymer film from the substrate. By careful positioning of the
AFM tip (using optical microscopy, Figure 4.15A) at the edge of the scratch, an image was
obtained which included areas of both the scratched region and the pristine copolymer film
(Figure 4.15B).

Using the AFM analysis software, the height profile, indicated by orange/red/blue arrows
on Figure 4.14B, was analysed to obtain a cross-sectional chart (Figure 4.15C). The
orange/red/blue coloured lines in Figure 4.15C represent the varying height of the film
along the direction indicated by the arrows on the AFM image (Figure 4.15B). By

comparing the average heights of the scratched region (black dashed horizontal line at
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~20nm) and the copolymer film region (black solid line) indicated in Figure 4.15C the film
thickness was estimated at 25 nm. At the boundary of the scratched region and the pristine
copolymer region, the scratching process resulted in the formation of an elevated ridge of
displaced copolymer (indicated on Figure 4.15B). This ridge, up to 100 nm in height was
ignored when estimating the film thickness. The same method was used to estimate film

thickness using AFM where indicated in subsequent examples.
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Figure 4.15. Scratched film of copolymer FR-HGD-58/9/33 spin-coated from DMF. A) Optical
microscope image. B) 2D AFM image. C) Cross section height data for solid lines (red, orange and
blue) on image B. D) Cross section height data for dashed line (purple) on image B.

By obtaining a cross-sectional profile in the direction parallel to the scratch (Figure 4.15B,
dashed purple line) it was possible to demonstrate the low surface roughness of the
copolymer film, with height variation of <3nm over 8 um distance (Figure 4.15D). The Ra
of the smooth film was 0.59 nm and Z-range 12.6 nm, indicating the exceptional
homogeneity and smoothness of the copolymer films deposited from DMF. This confirmed
that DMF is a good solvent for the deposition of smooth films from HEMA/DMA
copolymer solutions with a wide range of concentrations, molecular weight and DMA

content.
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To ensure that the estimated film thickness was not influenced by damage to the silicon
wafer caused by scratching, the same method was used to scratch and analyse a blank

silicon wafer (Figure 4.16).

i No

Height (nm)

No
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Figure 4.16. A) AFM image of scratched blank wafer. The black dashed line indicates the boundary
between the scratched and non-scratched regions B) Cross-sectional depth profile of the coloured
lines on image A.

The coloured lines on Figure 4.16A indicate the location of measurements used for the
height profile (Figure 4.16B). Figure 4.16B demonstrates that the pristine part of the wafer
surface was extremely flat (<0.5 nm peak height). Some deposits of around 10 nm can be
observed on the AFM image (in the unscratched region), which can be attributed to dust
as the preparation and measurement was not carried out in a clean-room environment. The
scratched area has marginally increased peak heights, though they are generally still
<1 nm. The Rawas 0.23 nm, only slightly greater than a clean, unscratched silicon wafer
(Ra = 0.11 nm). The low profile of the scratch confirmed the method was appropriate to

obtain cross sections of the polymer layers.

4.45 Optimisation of immersion-coating and thin film characterisation with AFM
and ellipsometry
There exists a large amount of data attesting to the ability of the catechol functional group

to bind to surfaces through a variety of interactions.?> Adhesion of poly(PEGMEM-co-
DMA) to a gold electrode in solution has previously been quantified using quartz crystal
microbalance.?’ Furthermore, catechol-containing copolymers have been immobilised on
nanoparticles in solution.’® % As such, it was hypothesised that copolymer samples
containing DMA could be deposited on a surface by immersion of a silicon wafer substrate

in a polymer solution. A short investigation was therefore carried out to i) identify
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appropriate conditions to enable surface adhesion of DMA-containing copolymer samples,
ii) attempt to correlate the resulting polymer film thickness and uniformity with copolymer
composition and molecular weight, and thus iii) evaluate the suitability of the copolymer
films for potential industrial applications.

4.4.5.1 Analysis of immersion-coating from copolymer solutions in DMF and
pyridine
Preliminary testing of immersion-coating using methanol and a solution of methanol and

THF as solvents yielded heterogeneous and inconsistent films. This was attributed to
hydrogen bonding between the hydroxyl groups in methanol and the silicon wafer
substrate, reducing the likelihood of polymer adsorption to the surface. It has been reported
that polymer adsorption to a substrate can be compromised if the solvent interacts strongly
with the substrate.” DMF was selected as an alternative to methanol since DMF, unlike
methanol, will not H-bond with the substrate surface. However, preliminary tests using
DMF as a solvent did not yield polymer films. It has been reported that immersion-coating
of catechol-containing films was possible at pH 8.5 as the oxidation of the catechol groups
to the quinone form led to crosslinking and increased copolymer cohesion.® The quinones
may undergo crosslinking to form a network, increasing the cohesion of the copolymer.1
25 pyridine was used to adjust the pH. It was selected as the base to avoid reactions which
readily occur between epoxides and primary or secondary amines.”* Thus, DMF containing
pyridine as a basic additive was used with a view to inducing partial oxidation of the
catechol groups to quinones in an attempt to produce thicker and more homogeneous films.
Oxidation could occur in solution or on the substrate surface, but it was hypothesised that

in both cases the increased inter-chain interactions would increase surface immobilisation.

In a previous report, low molecular weight catechol-terminated PEG (Mn = 5000 g mol™)
was deposited by immersion of TiO2 and Nb2Os substrates in aqueous polymer solutions,
leading to film thicknesses of 1 — 2 nm formed via strong metal oxide-catechol
interactions.® However, deposition of the same polymers on SiO2 led to film thicknesses
of <0.4 nm. The affinity of the catechol groups for the surfaces was reported to be strongest
at pH values close to the isoelectric point for each substrate (~pH 2 for SiO>). In the current
investigation, use of strongly acidic solutions to encourage bonding of polymers to SiO>
would result in ring-opening of the epoxide, so basic conditions were used as an alternative
approach favouring oxidative crosslinking of the catechols. Furthermore, copolymers with
a higher DMA content were used (FR-HGD-58/9/33 and FR-HD-70/30-(DMF)) to more
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easily elucidate the influence of the catechol group on copolymer deposition. FR-HG-
89/11 and a HEMA homopolymer (FR-H) were also included as catechol-free controls.
The surface topography and film thickness of the films deposited from DMF were analysed
using AFM. Film thickness and roughness data is presented in Table 4.9.

Table 4.9. Film thickness data, estimated using AFM, for polymer coatings, 2% (w/v) solution in
DMF with 1% (v/v) pyridine.

Coating Polymer Film thickness/ Ra/nm  Z-range/nm
nm
47 FR-HGD-58/9/33 5 1.27 25.5
48 FR-HD-70/30-(DMF) <1 0.35 30.3
49 FR-HG-89/11 2 0.48 13.4
50 FR-H 0 0.11 9.51

FR-HGD-58/9/33 was deposited onto silicon wafer from a 2% (w/v) solution in DMF
containing 1% (v/v) pyridine (coating 47). During the coating process, a solution colour
change from colourless to light brown suggested oxidation of the catechol groups had
occurred. In the AFM image (Figure 4.17A) a scratch can be observed in the top left corner
of the wafer. The boundary between the scratched and non-scratched areas is indicated
with a purple dashed line. The estimated depth of the scratch is 5 nm, using the lowest
points in the scratched and non-scratched areas of the cross-sectional profile (Figure
4.17B). This clearly indicated the presence of a polymer coating on the silicon wafer.
Moreover, large peaks were observed in the scratched area due to ridges (~50 nm high)
arising from polymer displaced by the scratching process. The unscratched area of the
polymer coating appeared to be relatively homogeneous, but with some deposits of
~10 nm. This was supported by analysis of an unscratched area of the film, which had a

low Ra of 1.27 nm and a Z-range of 25.5 nm, marked on the image with a blue box.
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Figure 4.17. A) AFM image of scratched film of FR-HGD-58/9/33, immersion-coated from DMF with
pyridine on silicon wafer. Blue squares indicate region of roughness measurement. B) Height profile
corresponding to red arrow on image A.
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AFM analysis of the scratched coating of FR-HD-70/30-(DMF) indicated the film
thickness was <1 nm (although the scratch can clearly be observed in Figure 4.18). This
could suggest only a monolayer was present on the film surface. Despite the larger mole
fraction of DMA in the copolymer (25%), the coating of FR-HD-70/30-(DMF) was much
thinner than FR-HGD-58/9/33 (15% DMA). The molecular weights of FR-HGD-58/9/33
and FR-HD-70/30-(DMF) were very different (110650 g mol™, 68/12/20 compared to
3050 g mol?, 75/25). It was suspected that FR-HD-70/30-(DMF) was a branched, low
molecular weight copolymer which may result in low viscosity and fewer entanglements
(see Chapter 2).”? The result could be indicative of the vast difference in molecular size
and entanglements; both copolymers bind to the surface, but the thickness of a layer of
FR-HGD-58/9/33 is greater. In the unscratched area of FR-HD-70/30-(DMF), Ra was 0.35
nm and the Z-range 30.3 nm, indicating a generally more homogeneous film compared to
FR-HGD-58/9/33, but with some deposits still present.
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Figure 4.18. A) AFM image of scratched film of FR-HD-70/30-(DMF), immersion-coated from DMF
with pyridine on silicon wafer. Blue squares indicate region of roughness measurement. B) Height
profile corresponding to red arrow on image A.

The AFM image of immersion-coated FR-HG-89/11 (Figure 4.19) shows a clear scratch
where a copolymer film has been displaced; analysis indicated the presence of a very thin
copolymer film. The presence of a polymer film is perhaps surprising given the lack of
catechol groups in the copolymer. This could indicate that FR-HG-89/11 can be deposited
on the silicon wafer surface via a large number of H-bonding interactions between the
hydroxyl functionalities in HEMA and silanol groups on the silicon wafer surface. In the
case of FR-HG-89/11, retention of the adsorbed copolymer on the surface could have been
enhanced because of the high molecular weight of the copolymer (133500 g mol™).
Furthermore, with such apparently thin films, it could also be the case that the copolymer

is weakly adsorbed to the surface and copolymer chains were not fully removed by the
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rinsing process due to the large molecular weight. It has been reported that polymer
absorption on oxides increases with molecular weight, although this dependency is
stronger in a poor solvent than a good solvent.” Despite the larger molecular weight of
FR-HG-89/11, the comparatively thicker coating of FR-HGD-58/9/33 suggests DMA may
be playing an active role in increasing film thickness, although this cannot be proven from
the current limited data. It is hypothesised that the presence of DMA is likely to enhance
copolymer cohesion by oxidative chain coupling. In the unscratched area of FR-HG-89/11,
Ra was 0.48 nm and the Z-range 13.4 nm, indicating fewer large peaks compared to
FR-HGD-58/9/33, and a more homogeneous film.
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Figure 4.19. A) AFM image of scratched film of FR-HG-89/11, immersion-coated from DMF with
pyridine on silicon wafer. Blue squares indicate region of roughness measurement. B) Height profile
corresponding to red arrow on image A.

AFM analysis of the substrate exposed to FR-H (Figure 4.20) showed only a faint sign of
a scratch in the bottom-right corner, with a small number of peaks arising from the
scratching process. No film was observed on the wafer, and the Ra of 0.11 nm and Z-range
of 9.51 nm was very similar to a blank silicon wafer. The molecular weight of FR-H
(17250 g mol™?) is much lower than FR-HGD-58/9/33 and FR-HG-89/11, but larger than
FR-HD-70/30-(DMF), so the combination of relatively low molecular weight and lack of
the strong H-bonding ability of DMA catechol side chains probably renders FR-H only
able to adsorb very weakly on the substrate. Thus, any chains that were weakly adsorbed

may have been more easily removed from the surface by rinsing.
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Figure 4.20. A) AFM image of scratched film of FR-H, immersion-coated from DMF with pyridine
on silicon wafer. Blue squares indicate region of roughness measurement. B) Height profile
corresponding to red arrow on image A.

In summary, a coating of FR-HGD-58/9/33 could be deposited on silicon wafer from a
DMF solution containing pyridine, but the factors influencing deposition could not be
isolated in this short study. Although not optimised in the current study, this approach
could be further explored with the intention of immobilising ultra-thin coatings of DMA-

containing copolymers on silicon wafers or alternative substrates directly from a solution.

4.5 Conclusion

The solubility of copolymers comprising a variety of monomers was investigated. It was
concluded that terpolymers containing a high mole fraction of HEMA
(RAFT-HGD-80/14/6 and FR-HGD-80/10/10) had the same solubility profile as a
homopolymer of HEMA (FR-H) despite the addition of DMA and the less polar GMA.
The copolymers of MMA and (A)DMA investigated had the same solubility profile as
MMA homopolymers; generally soluble in polar aprotic solvents, but insoluble in polar
protic and non-polar solvents. The wide solubility range in the library of synthesised
polymers was demonstrated by considering an SMA/ADMA copolymer, which was
soluble in lower polarity solvents such as toluene and diethyl ether. Copolymers containing
HEMA were selected for further study because of their excellent solubility profile for the

potential industrial applications.

Spin-coating of FR-HGD-80/10/10, FR-HD-90/10-(DMF), FR-HG-89/11 and RAFT-
HGD-74/13/13 from methanol solutions was subsequently investigated. Coatings of FR-
HGD-80/10/10 showed defects in the film. Striations were attributed to the Marangoni
effect, due to concentration gradients forming in the polymer solution during the spin-

coating process, causing waves to from on the surface of the film. Films exhibiting
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striations were generally identifiable by high ellipsometric MSE. It was noted that in
general, films coated from solutions of 0.75% (w/v) exhibited fewer striations than those
coated from solutions of higher polymer concentrations, as judged by the ellipsometric
MSE. It would seem reasonable to expect that the reduction in viscosity (at lower

concentration) allowed levelling of the polymer to occur prior to striations becoming fixed.

For some coatings, porosity was also observed by AFM and was attributed to phase
separation of the polymer and solvent when the concentration was increased as a result of
solvent evaporation. In the case of FR-HGD-80/10/10, we believe that the combination of
a high molecular weight polymer and DMA induced cohesion, which decreased solubility,
such that phase separation occurred before the evaporation was complete. At the end of the
flow phase the polymer topography became fixed and the remaining solvent evaporated,
resulting in the formation of pores. It was concluded that the causes of striations and
porosity were distinct because high ellipsometric MSE did not correlate well with the
presence of porous films. However, due to the complex nature of the system, the two forms
of defects cannot be decoupled with certainty.

The impact of various spin-coating parameters was explored (spin speed, acceleration,
solution concentration) and variation of these parameters resulted in films with widely
varying thickness; from 26 — 165 nm. However, interrogation of the data indicated that
there was little evidence of any correlation between film thickness and spin-
speed/acceleration and thus variation in thickness (for spin-coated films of the same
polymer) was primarily attributed to variation in solution concentration. It was concluded
that increasing concentration resulted in increased solution viscosity which in turn caused

less polymer to be ejected from the disc, yielding coatings with greater film thickness.

When comparing films spin-coated using the same spinning parameters (spin speed,
acceleration, concentration), but using different copolymers, film thickness appeared to
depend on solution viscosity, which in turn was largely (but not solely) dependent on
copolymer molecular weight and solution concentration. In some cases the mole fraction
of DMA in the polymers may have played a role, in so much that the presence of DMA
may have increased viscosity due to strong intermolecular H-bonding from the catechol

functional group.

Copolymers FR-HGD-80/10/10, FR-HD-90/10-(DMF), FR-HG-89/11 and RAFT-HGD-

74/13/13 were also spin-coated from DMF, which clearly resulted in films which were
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thinner and more homogeneous than the analogous films spin-coated from methanol. This
was attributed primarily to the reduced rate of evaporation of DMF compared to methanol
and the increased solubility of the polymers in DMF compared to methanol. Films free of
striations were produced from all polymers at 0.75% (wi/v) solution concentration due to
the reduced evaporation rate of the less volatile solvent. Furthermore, no porosity was
observed in the films, probably due to the increased solubility of the polymers in the DMF
solution. Additionally, FR-HGD-58/9/33 was spin-coated on to silicon wafer using a 2%
(w/v) DMF solution. Despite the potentially increased viscosity due to high molecular
weight and intermolecular H-bonding arising from the high DMA content, AFM indicated
the coating was exceptionally smooth and free of defects. It was thus concluded that DMF
could be used to produce smooth films over a wide range of copolymer compositions and
solution concentrations, and clearly gave better outcomes than methanol.

Immersion-coating was also investigated. Substrates were immersion-coated using FR-
HGD-58/9/33, FR-HD-70/30-(DMF), FR-HG-89/11 and FR-H using a solution of DMF
and pyridine. It was hoped that the basic solution would promote oxidative chain coupling
of DMA to occur, increasing the cohesion of the films, which was indicated by the
appearance of a brown colour in the solution. AFM indicated a thin film of
FR-HGD-58/9/33 was deposited with film thickness of ~5 nm. AFM also suggested the
presence of very thin coatings of FR-HD-70/30-(DMF) and FR-HG-89/11, however due
to the inconsistent coatings, factors influencing the deposition could not be properly
determined. Further investigation is required to determine optimised conditions for

deposition of these polymers by immersion.
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Chapter 5 Characterisation of the properties of functional, catechol-
containing thin copolymer films

5.1 Introduction

Herein the results of investigations into the properties of thin film coatings of copolymers
comprising HEMA, DMA and GMA are reported with the aim of identifying suitable
candidates for industrial exploitation in devices for biosensing. The desirable properties
were resistance to delamination or dissolution of the copolymer films in water and the
ability to immobilise an antibody directly from an aqueous solution. As such, surface
analysis techniques were selected to gain an understanding of the physical and chemical
properties of the films, including contact angle analysis, in-situ ellipsometry, electrokinetic
streaming potential and quartz crystal microbalance (QCM) measurements.

5.1.1 Contact angle measurements
Measurement of the contact angle of a liquid on a solid surface is widely used to calculate

surface energy and other properties.t Usually, a liquid droplet is placed on a surface and
the angle measured at the interface between the three phases: gas, liquid and solid. The
contact angles measured at the advancing or receding edge of a moving droplet can be used

to infer additional surface properties such as surface roughness.?

The technique used to measure contact angles in the current investigation is known as
axisymmetric drop shape analysis-profile (ADSA-P). ADSA-P was first described in 1983
by Neumann et al, building on earlier work to develop a user-friendly and accurate method
to measure contact angles.® * The relationship between the surface tension and the shape
of a liquid droplet is used to infer the surface energy at the liquid-surface interface.
Compared to the more facile sessile drop method of measuring static contact angles,
ADSA-P provides additional information such as accurate measurement of the advancing

and receding contact angles and the droplet surface tension.

In an ADSA-P experiment, a drop of a fluid is constrained such that the surface tension
can be measured; the constraining factors can be volume and radius in the case of a pendant
drop, (Figure 5.1A) or constrained sessile drop (Figure 5.1B) or volume and angle in the
case of an unconstrained sessile drop (Figure 5.1C) or captive bubble (Figure 5.1D). The

captive-bubble experiment was used in this work.
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A B@ %C D !
Figure 5.1. Schematic representing four methods of ADSA-P. A) Pendant drop, B) Constrained
sessile drop, C) Unconstrained sessile drop, D) Captive bubble.

The schematic in Figure 5.2 shows the set-up of the captive bubble experiment. A coated
substrate is suspended face-down in a liquid bath and air is injected through a hole in the
substrate using a syringe pump. An air bubble is thus trapped underneath the sample.
Contact angle and liquid surface tension can be determined by analysing a video of the air
bubble with computer software. The captive bubble method is particularly useful for
analysing gels or gel-like materials as coatings can be measured in their swollen state when

surrounded by various liquid media.>-®
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Figure 5.2. Diagram of a captive bubble ADSA-P experimental set-up.

5.1.2 Electrokinetic streaming potential (zeta potential) measurements
The zeta potential ({), or electrokinetic potential, of a system is an important parameter in

colloid and surface science, which describes the electrical potential in the double layer at
the interface between solution and particle or surface.® This electrokinetic potential can
directly affect the interaction between a polymer film surface and potential analytes in

solution.

Two types of measurement are generally used to determine the zeta-potential of polymer
surfaces or colloids: electroosmotic mobility and streaming potential.” In an electroosmotic

mobility experiment, a current is applied across a colloidal dispersion in a capillary, and a
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flow is induced due to the electrokinetic potential of the solution. In a streaming potential
experiment, an analyte is coated on the walls of a capillary through which the electrolyte
solution is flowed (Figure 5.3A). The movement of ions in the shear plane next to the
electrical double layer induces a current (Figure 5.3B), which can be measured to
determine the electrokinetic potential of the surface. Streaming current measurements were

used in this work as the method is more appropriate for polymer films.
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Figure 5.3. A) Schematic of a streaming potential electrokinetic measurement B) Schematic
representation of the electrical double layer at a solid-liquid interface.

Various properties of the polymer coating can be inferred by the streaming potential
experiment. The zeta potential at various electrolyte pH values can be used to estimate the
presence of dissociable functional groups at the polymer film surface and predict ion
adsorption processes influenced by the surface chemistry.® Swelling and dissolution of the
polymer films may also be detected. Thus, understanding the surface interactions of
copolymer coatings may help rationalise the influence of the polymer composition and the

binding behaviour of antibodies on the surface of the film.

5.1.3 In-situ spectroscopic ellipsometry
The principles behind spectroscopic ellipsometry have been explained in detail in Chapter

4. Here, in-situ ellipsometry is used to model the dynamic swelling of copolymer films and
the deposition of an antibody onto swollen copolymer films. The technique has been
reported in the literature and is valuable as the film thickness and refractive index of the
film or deposited layer can be calculated simultaneously, allowing the dynamics of
swelling and deposition behaviour to be considered in detail.® ° A polymer-coated sample
is immobilised in a sample cell which is designed especially to reduce interference from

the cell on the path of the incident and reflected beams. The cell is then filled with a solvent
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under controlled conditions and the sample is scanned by the laser at regular intervals to

determine the dynamic film behaviour. A schematic of the setup is shown in Figure 5.4.

Light source Sample Detector

Sample

Figure 5.4. Schematic of the set-up for in-situ ellipsometry.

5.1.4 Quartz crystal microbalance measurements
A quartz crystal microbalance with dissipation monitoring (QCM-D) measures energy

dissipation upon binding of an analyte to an oscillating quartz crystal. It relies on the
piezoelectric effect on quartz crystals to accurately determine the mass of a substance
adhering to the crystal surface, which can subsequently be used to infer film thickness.'®
1 Data is obtained as a change in electrode resonant frequency upon a change in mass and
a dissipation shift representing energy loss arising from the viscoelasticity of an attached
film. The energy dissipation is modelled to identify the mass or thickness of the surface
coverage. It is sensitive enough to detect small molecule monolayers yet can also detect
the adhesion of more massive substances such as polymer films and much larger masses
still, such as cells. QCM-D has commonly been used to analyse the binding of polymers
or biomolecules to a substrate surface.*?** In the current investigation, QCM-D is used to
study film thickness and stability upon immobilisation of anti-aflatoxin antibody on a

copolymer film.

5.2 Aims

The aims of the work reported in this chapter were:

1. To conduct a study to determine the change in solubility upon storage of selected
copolymers in bulk. Copolymers were stored at -18 °C, 4 °C and 35 °C and their solubility
in methanol regularly tested over the course of 6 weeks. Storage conditions which allowed
the copolymers to remain soluble in methanol over the medium to long term were identified

and differences in copolymer stability correlated to copolymer composition.

2. To characterise the physical properties of four copolymers, and investigate their surface
energy and degree of swelling in water. Advancing and receding contact angles were
obtained using ADSA-P to infer the surface energy of the copolymer films. The contact

angles were correlated with copolymer composition. The contact angle hysteresis was used
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to infer the ability of the copolymers to undergo conformational rearrangement to reduce
the free energy of the system. Electrokinetic potential measurements were also used to
assess the surface charge on the films at various pH levels. The electrokinetic potential of
the films can be correlated to copolymer composition and the physical properties of the
copolymers. In-situ ellipsometry was used to investigate dynamic swelling of the
copolymer films in the presence of an aqueous buffer solution as a function of copolymer
composition and to indicate the stability of copolymer films on the surface of a silicon
wafers i.e. if they delaminate or redissolve.

3. To monitor the immobilisation of anti-aflatoxin antibody on films of a suitable candidate
copolymer. In-situ ellipsometry was used to measure the change in film thickness upon
exposure of the copolymer film to the antibody. A similar experiment was carried out using
QCM-D to characterise the film thickness when an antibody solution was flowed through

a QCM-D cell containing a copolymer-coated quartz crystal.

5.3 Experimental

5.3.1 Materials
Phosphate buffered saline (PBS) tablets, sodium phosphate monobasic (99%) and sodium

phosphate dibasic (99%) were all obtained from Merck, Germany and used as received.
Anti-aflatoxin M1 antibody A16A-1 was supplied by AntiProt, Puchheim, Germany,
stored at 4 °C and used within 4 weeks.

5.3.2 Testing of copolymer solubility upon storage
For each copolymer under investigation, three solid samples (0.1g) were placed into 10 mL

vials, sealed and stored either at -18 °C, 4 °C or 35 °C. After 1, 2 and 6 weeks, a 2 mg
sample of the copolymer stored at each temperature was transferred to a 2 mL vial, and 2
mL methanol added. The vial was placed on rollers to allow the polymer and solvent to

mix. After 1 hour, copolymer solubility was judged by the visual presence of any turbidity.

5.3.3 Ellipsometry measurements
Ellipsometry measurements were carried out using a Woollam M2000 spectroscopic

ellipsometer. For in-air measurements, a wavelength range of 300-1600 nm was used, and
measurements were obtained using incident angles of 60, 65, 70 and 75°. The data was
processed using completeEASE software (J.A. Woollam Co. Inc., Lincoln, USA) using the
Cauchy model. For film thickness values smaller than 10 nm, fixed values of A =1.52 and
B = 0.006 were used for the refractive index (n) unless indicated.
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PBS solution (pH 7.4, 0.01 mol dm3) was obtained by dissolving one PBS tablet in 200 mL
deionised water. A 0.01 mol dm-3solution of PBS contains 0.01 mol dm phosphate buffer,

0.0027 mol dm potassium chloride and 0.137 mol dm= sodium chloride.

Sodium phosphate buffer solution (pH 7.4, 0.001 mol dm) was obtained by dissolving
0.109 g of sodium phosphate dibasic and 0.031 g of sodium phosphate monobasic in 1L

deionised water.

In-situ ellipsometry measurements were carried out using a 3 mL volume glass cuvette
with walls at 68° angles. All measurements were taken at room temperature. Dry
measurements were taken with the coated wafer outside and inside the cuvette to correct
for window effects, and the wafer was secured with a PTFE support. PBS buffer solution
(pH 7.4, 0.01 mol dm®) was then added and the degree of swelling measured at regular
intervals (scans were performed constantly and each scan took ~18 s). When the film
thickness value had become stable, at least 3 further measurements were recorded at
different points on the film to obtain an average degree of swelling, over a wavelength
range of 370-900 nm.

Antibody adhesion measurements were carried out using a 1.3 mL glass cuvette with walls
at 70° angles. Dry measurements were taken with the coated wafer outside and inside the
cuvette to correct for window effects, and the wafer was secured with a PTFE support.
1.3 mL sodium phosphate buffer solution at (pH 7.4, 0.001 mol dm) was then added and
measurements were recorded every ~45 s. When the thickness had become stable, 0.2 mL
of buffer solution was removed using a syringe. 100 uL of a solution of anti-aflatoxin
antibody (1 mg mL™* in 0.001 mol dm™ NaPB) was then introduced and the cell refilled
with buffer solution to give a total antibody concentration of 0.08 mg mL™t. Measurements
of film thickness were recorded again, every ~45 s until the value became stable, and a
single further measurement was taken with a wavelength range of 370-900 nm. 0.1 mL
aliquots of antibody solution were then removed and replaced with buffer solution until
the antibody concentration was reduced to 0.04 mg mL™ and measurements were then
recorded every ~45 s until a stable value was reached. A final measurement was taken with

a wavelength range of 370-900 nm.

5.3.4 Electrokinetic streaming potential measurements
All electrokinetic measurements were carried out by Anja Caspari, Leibniz-Institut fur

Polymerforschung (IPF) Dresden e.V., Dresden, Germany. Electrokinetic streaming
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potential measurements were carried out using a SurPASS 3 (Anton Paar GmbH, Graz).
For these measurements an adjustable gap cell, equipped with Ag/AgCI electrodes, was
used. A measuring channel was built between two spin-coated silicon wafers, fixed
between two electrodes. The measuring fluid was streamed through this channel. The pH-
dependence of zeta potential was determined in the presence of 0.001 mol/L KCI solution.

The measurements were started at neutral pH and were adjusted with HCI or KOH.

5.3.5 Contact angle measurements
Contact angle measurements were carried out by Kathrin Pdschel, IPF, Dresden, Germany

using the ADSA-P contact angle method described below.

Specially prepared silicon wafers — laser-cut 20 mm x 20 mm squares with a 1 mm diameter
central hole — were spin coated as described in Chapter 4 to obtain film thicknesses of
around 150 nm (1000 rpm, 400 rpm s*, 2% copolymer solution in methanol). Each
copolymer-coated wafer was immersed, face-down, in water and the copolymer coating
allowed to equilibrate for at least 30 minutes. Air was injected through the sample using a
syringe pump connected to a needle, causing a bubble of air to be trapped on the underside
of the copolymer-coated wafer. The volume of the captive air bubble was increased and
decreased using the syringe pump and the advancing and receding contact angles of the air
bubble measured using a camera linked to computer software. For each polymer sample,
three silicon wafers were spin coated, and the bubble expansion/retraction cycle was

repeated at least three times for each coated silicon wafer.

5.3.6 QCM analysis
QCM measurements were carried out using a Q-Sense E4 flow cell device. Three SiO»-

coated, gold-plated quartz crystal electrodes were spin-coated with copolymer and the
resulting copolymer films dried under vacuum. The electrodes were then mounted in the
flow cell, and buffer solution (0.001 mol dm-sodium phosphate buffer, pH 7.4) was passed
through the cells at a flow rate of 0.1 mL/min until a stable frequency was observed. The
solution was then switched to a 0.025 mol dm solution of anti-aflatoxin antibody in the
previously used buffer solution and passed through the cells until a stable frequency was
obtained. The solution was then switched back to buffer solution and the process was
repeated. After each measurement, the cell was washed with 0.1 mol dm= HCI and
Millipore water before air was pumped into the system. Data was processed using QSense

Dfind (Biolin Scientific, Sweden) using the Sauerbrey model.
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5.4 Results and Discussion

5.4.1 Influence of temperature and storage time on the solubility of copolymers
containing HEMA with GMA and/or DMA
Spin-coating and immersion-coating of a range of homo-, co- and terpolymers comprising

HEMA and, in some cases, GMA and DMA were described in Chapter 4. It was observed
that in some cases, the copolymers (particularly the terpolymers) became insoluble in
methanol following storage at room temperature for several weeks. The solubility of a
variety of the copolymer samples was investigated after prolonged storage, in bulk, at -18
°C, 4 °C and 35 °C, to establish if a correlation existed between solubility and the
composition of the copolymer. Their solubility in methanol (1 mg/mL) was tested after 1,
2 and 6 weeks. Solubility was defined as the absence of any visible solid copolymer after

stirring 2 mg of copolymer in 2 mL of methanol for 1 hour.

The copolymer compositions, molecular weights and solubility test results for those

samples tested are shown in Table 5.1.

Table 5.1. Solubility of selected copolymer samples after storage in bulk at a range of temperatures.
Solubility tested in a 1 mg mL™ solution in methanol after 1 h stirring.

Solubility in methanol (v' or %)

Comp- | Mn/g
Polymer o

osition mol- -18 °C 4°C 35°C

1w | 2w | 6w | 1w | 2w | 6w | 1w | 2w | 6w

RAFT-H - 1m0l v | v | vV v | vV | V|V | Vv |V
FR-HD-90/10-

02/8 13600 | v v v v v v v v v
(DMF)

FR-HG-89/11 78/22 133500 v | vV | YV | vV | x| x| x | x x

FR-HGD-
80/10/10-(DMF)

79/14/7 43400 v | V | V |V | vV | x| x | x | x

RAFT-HGD-
80/10/10

73/21/5 (30650 v | vV | V|V | V| x| x | x x

All of the samples were comprised of a majority of HEMA. A homopolymer of HEMA
(RAFT-H, M, = 11150 g mol™) was synthesised for comparison to the copolymers
containing GMA and DMA. RAFT-H was synthesised in DMF and used a molar feed ratio
of 150:1:0.2 [mon]:[CTA]:[I]. Copolymers (FR-HG-89/11 and FR-HD-90/10-(DMF)) and
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terpolymers (RAFT-HGD-80/10/10 and FR-HGD-80/10/10-(DMF)) were also

investigated.

All samples stored at -18 °C remained soluble throughout the investigation, suggesting that

-18 °C is an appropriate storage temperature for these samples in the medium term.

Of the samples stored at 4 °C, all remained soluble after one week. However, after two
weeks, FR-HG-89/11 became completely insoluble in methanol. After six weeks at 4°C,
all copolymers containing GMA had become insoluble, whereas those containing no GMA
— RAFT-H and FR-HD-90/10-(DMF) — remained soluble. When the copolymers became
insoluble, swelling was observed (qualitatively), suggesting a crosslinked network had
formed. The results clearly indicated a correlation between GMA content and a reduction
in solubility upon storage at 4 °C. FR-HG-89/11 became insoluble faster than the other
GMA-containing copolymers FR-HGD-80/10/10-(DMF) and RAFT-HGD-80/10/10. As
the polymer mol% GMA was similar in each case, the difference in solubility could be
attributed to the high molecular weight of FR-HG-89/11. As discussed in Chapter 2, the
presence of a high molecular weight peak in the SEC chromatogram of FR-HG-89/11
indicated some chain coupling had already occurred during synthesis and initial storage of
FR-HG-89/11, which supports the argument that the reduction in solubility is due to the

formation of a crosslinked network.

It has been reported that a homopolymer of GMA can be stored for an extended period of
time under ambient conditions at room temperature without crosslinking or loss of
solubility,™® so it appears likely that the instability may be due to a crosslinking reaction
between GMA and HEMA. A possible explanation could be nucleophilic addition of
hydroxyl groups from HEMA to the epoxide ring of GMA (Scheme 5.1).16 Reaction
between an epoxide and alcohol can proceed without catalysis at high temperature,
although the reaction is slow,'” and hydrogen bonding groups can catalyse the addition of
alcohol to epoxide. It is therefore possible that the high concentration of hydroxyl groups
in copolymers comprising a high mole fraction of HEMA causes slow crosslinking of such
copolymers, a process that would likely occur more readily at higher temperaratures.'® The
results suggested that there was no significant impact of DMA on the stability of the
copolymers, however H-bonding from the catechol functionality could contribute towards
catalysis of the crosslinking reaction or the catechol side chain could act as the nucleophile
in place of the primary alcohol of HEMA. The proposed reaction would require a source
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of H* ions, which could be present in small amounts due to adsorption of water by the
hygroscopic HEMA, or the carboxylic acid end-group of the copolymers synthesised using
RAFT polymerisation. The hydroxyl groups in catechol could provide another source of
H™ ions, although the relatively high pKa of dopamine (pKa1 = 9.05) suggests the DMA

side chains should remain largely protonated.

J: "
1
R HO™ O/_
< ’ 1—/ R_(_
@)
: OH
+
H

Scheme 5.1. Crosslinking reaction between epoxide and primary alcohol. R and R:1 =
aromatic/aliphatic group

The solubility test results for the polymers stored at 35 °C showed a similar but accelerated
trend to those stored at 4 °C. After only 1 week at 35 °C, all samples containing GMA had
become insoluble in methanol. In contrast, the samples containing no GMA (RAFT-H and
FR-HD-90/10-(DMF)) remained soluble throughout the 6-week testing period. This
reinforced the correlation between reduced solubility and GMA via a probable crosslinking

mechanism.

5.4.2 Characterisation of surface properties of films on exposure to water
For industrial applications involving the immobilisation and use of antibodies it is

generally necessary to use aqueous solution as the medium. Copolymer films which have
been deposited onto substrates may display varying behaviour when exposed to water at
various pH values, including swelling, delamination, dissolution and changes to their

surface energy or surface charge.

Spin-coated copolymer films were therefore studied using contact angle analysis, in-situ
ellipsometry and electrokinetic potential measurements to determine the effect of
copolymer composition and molecular weight on the properties of each copolymer upon
exposure of the film to aqueous solutions. Table 5.2 is included to show the composition

and molecular weight data for the copolymers discussed herein.
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Table 5.2. Copolymers used in spin-coating and immersion-coating reactions. Monomers and
monomer feed molar ratios are indicated in the name of each copolymer.

Copolymer Copolymer composition?/ mol%  Mn /g mol? b
FR-HGD-80/10/10 83/12/6 43400 3.23
FR-HD-90/10-(DMF) 92/0/8 13650 3.18
FR-HG-89/11 78/22/0 133500 4.26
RAFT-HGD-74/13/13 78/14/8 24950 2.18

aCopolymer composition quoted in the order: H/G/D.
5.4.2.1 Contact angle analysis of copolymer films

Contact angle measurements were carried out using the axisymmetric drop shape analysis
— profile analysis technique (ADSA-P) with the captive bubble method and water as the
contact fluid.

In a captive bubble experiment, the contact angle (8) of a bubble of air on a solid surface,
surrounded by a liquid continuous phase, is used to study the interaction between the solid-
liquid, liquid-vapour and solid-vapour interfaces. It should be noted that “inverse” contact
angles are measured in the captive bubble experiment as the phases are inverted compared
to a standard sessile drop experiment. As such, the contact angles are always measured in

terms of the liquid to aid comparison with other methods (see Figure 5.5).

A Retracting bubble

>y

——

Expanding drop

Figure 5.5. Schematic demonstrating the difference in measurement of advancing contact angle for:
A) an expanding sessile drop and B) a retracting captive bubble (inverse contact angle).

As the bubble displaces liquid from the solid surface, (liquid) contact angles vary between
high wettability (0° < 6 < 90°) and low wettability (0 > 90°) states. In the case of “full
wetting”, the contact between the bubble and the solid substrate is minimised, SO the
measured contact angle is 6 = 0°. However, in cases of low wettability, the interaction
between the bubble and the surface is more favourable and the contact area is maximised.

All situations other than full wetting can be described by the interfacial tensions s, yiv and
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ysv (for the solid-liquid, liquid-vapour and solid-vapour interfaces respectively) as

described by Young’s relationship (Equation 5.1):

Ysv—Ysl
Yiv

cosO = 5.1
The interfacial tensions and the resulting contact angle are determined by the chemical and
physical properties of the interfaces involved. For an ideal surface (i.e. no chemical
heterogeneity or surface roughness), this relationship predicts a single contact angle under
a given set of environmental conditions. For a real (non-ideal) surface, a difference is
observed between the contact angle at the front and rear of moving droplet (either on a
tilted substrate or when movement is simulated by changing the volume of the droplet).
The forward angle is called the advancing angle, 65, and the rearward is the receding angle,
0. The difference between the two is the hysteresis, Onyst (see Equation 5.2).1

Opyst = 0, — 0, 5.2

In a captive bubble experiment, 0, is measured when the volume of the air bubble is
decreasing. This is analogous to measuring the advancing angle in an expanding droplet of
water in air (see Figure 5.5). Likewise, 0ris measured when the volume of the air bubble

is increasing.

Generally, hysteresis is caused by surface heterogeneity (roughness or chemical
heterogeneity) or (polymer) surface rearrangement.® In smooth polymer films, it has been
shown that hysteresis can be influenced by local reorganisation of the functional groups at
the polymer film surface (Figure 5.6).2% 2! Surface rearrangement can often be observed
within the timescale of a contact angle experiment (seconds).?? However, such
rearrangement is determined by the mobility of surface groups, and hence reduced in
highly crosslinked polymers but increased in swollen polymers. Except in special cases,
bulk rearrangement of polymers does not usually occur in the timescale of the contact angle
experiments used in this work, but may be observed over extended periods (many hours or

days)? or by using elevated temperatures to increase chain mobility.?
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Figure 5.6. Schematic representing reorganisation of the polymer surface region to allow
hydrophobic chains to face the polymer-air interface.

It has been previously reported that poly(HEMA) films show high hysteresis, even when
the surface is free from significant roughness.?* 2 A high advancing contact angle (60° —
90°, higher than hydrophobic poly(MMA) in some cases) is observed, indicating that, in
air, poly(HEMA) adopts a conformation in which the hydrophobic backbone is
predominantly exposed to the air-polymer interface.?2® This has been demonstrated
experimentally using x-ray photoelectron spectroscopy.?® However, the receding contact
angle is low (0° — 20°), which suggests the chains are able to rearrange in the presence of
water to allow the hydrophilic hydroxyl groups to point towards the water-polymer
interface.?® The swelling of the poly(HEMA) layer plasticises the film and allows for
increased surface polymer segment mobility. Differences in the extent of hysteresis arise
from the preparation method and degree of crosslinking in the poly(HEMA), which affect
the ability of the chains to rearrange their surface conformation.?® Thomas et al. reported
that copolymerisation of HEMA with hydrophobic comonomers affected the contact angle
hysteresis.?® Copolymers of HEMA with MMA or ethyl methacrylate showed decreased
hysteresis, as the average chain length of the average monomer side chain increased, due
to the increasing mobility of the surface groups in the copolymer. It has also been reported
that poly(vinylmethylsiloxane) elastomers, modified by grafting mercaptoalkanol groups
of varying alkyl length to the vinyl side-chain, exhibited reduced contact angle hysteresis
and slower rearrangement kinetics when the alkyl chain length was increased.?? This was

attributed to increasing crystallinity and reduced surface mobility of the copolymer chains.

Copolymers FR-HGD-80/10/10, FR-HD-90/10-(DMF), FR-HG-89/11 and RAFT-HGD-
74/13/13 were spin coated (1000 rpm, 400 rpm s, 2 % solution in methanol) onto laser-
cut silicon wafers, designed especially for ADSA-P measurements. A small hole in the
centre of the wafer allowed a needle to pass through and an air bubble to be injected

underneath the wafer, as per the captive bubble experimental set up (Figure 5.2). Contact
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angle measurements using the ADSA-P method were carried out to determine the
advancing and receding contact angles of the captive bubble on the copolymer surface,
with distilled water as the continuous phase. The copolymer films were immersed in the
water for at least 30 minutes before each measurement to allow swelling of the copolymer
to occur and the copolymer films to equilibrate in their swollen state. The films showed no
sign of delamination during the testing, indicating they were adhered well to the surface of
the substrate. The contact angle (0), bubble radius (r) and bubble volume (V) data from a
captive bubble measurement of each copolymer are shown in Figure 5.7. The bubble

volume is the independent variable in the captive bubble experiment.
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Figure 5.7. Data for ADSA-P measurement of copolymers FR-HGD-80/10/10, FR-HD-90/10-(DMF),
FR-HG-89/11 and RAFT-HGD-74/13/13. Top — Contact angle (0) vs time / s. Middle — Radius of
bubble (r) vs time / s. Bottom — VVolume of bubble (V) vs time. Measurement carried out by Kathrin
Pdschel, IPF Dresden.

It should be noted that, as contact angle hysteresis can be increased by roughness or
chemical heterogeneity of the surface,! the contact angles of the samples could also be
influenced by any defects in the films. As the spin-coating conditions used for these
samples were shown to produce porous films for FR-HGD-80/10/10, the contact angle

results should be treated with a degree of caution, as the experimental error could be greater
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and reproducibility reduced compared to perfectly smooth films. However, the maximum
roughness (as measured by AFM — all Ra < 25 nm, see Chapter 4) for each of the relevant
copolymers was much lower than the threshold value for feature depth to affect hysteresis;
thought to be ~100 nm.3% 3! Therefore, for the purposes of this discussion, the films can be
considered “smooth”. Furthermore, the experiments were carried out in the swollen
copolymer state, where chain mobility is increased, and consequently surface pore size

will be reduced or the pores may disappear entirely.3?

In each case, the volume of the bubble was steadily increased for 60 s and then decreased,
as seen in the bottom of the three data sets for each copolymer shown in Figure 5.7. When
volume increased, either the bubble radius increased or contact angle decreased and the
reverse was true when volume decreased. These trends are used to determine the advancing
and receding contact angles; the regions in which these are calculated are marked by the
two sets of vertical dotted lines (first 6y and then 65).

The general trends for 0, r and V were similar for each polymer. Considering FR-HGD-
80/10/10 as an example, the bubble radius, r, expanded smoothly as bubble volume, V,
increased, while the (receding) contact angle remained constant at 21° (see Figure 5.7).
This smooth expansion indicated any surface roughness had a limited effect on the contact
angle as an inhomogeneous surface may have resulted in contact-line slipping, whereby
the radius increases in several rapid bursts.! Upon decrease of the bubble volume, the
bubble radius stayed constant at 0.15 cm, but the (advancing) contact angle increased from
21° to 65°. This phenomenon is termed contact line pinning and is the source of contact
angle hysteresis.> A difference in advancing and receding angles is a consequence of
pinning; the advancing angle is measured at the point that the droplet radius begins to
change. Pinning is often due to a change in the polymer conformation, whereby the contact
line does not change while the polymer equilibrates to its lowest energy conformation in
the new medium.®® At the end of the measurements, after the receding angle had been
reached, the bubble radius rapidly decreased. The length of time that the radius remained

constant provides an indication of the extent of the hysteresis.

Contact line pinning is evident for all four copolymer samples, in particular FR-HG-89/11,
for which the bubble radius does not have time to retreat to zero before the end of the
measurement. This indicated the copolymer films showed significant contact angle
hysteresis. To further investigate the source of the hysteresis and thus the relationship
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between surface properties and structure (composition and molar mass) of each copolymer,
the advancing (0a) and receding (6r) contact angles were calculated using the ADSA-P
software (Figure 5.8). At least eight contact angle measurements were obtained for each
copolymer to obtain the mean value for 6. and 6r. The error bars represent one standard

deviation from the mean.
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Figure 5.8. ADSA-P captive bubble contact angle measurements. Advancing (blue) and receding
(grey) angles in water. Measurement carried out by Kathrin Pdschel.

The data in Figure 5.8 indicates 62 and 6, for the copolymers studied. The results are hereby
rationalised in terms of copolymer composition and its effect on surface reorganisation.
The influence of surface roughness is not considered further as it is considered negligible
in the context of these experiments, however, it should be considered that even small
deviations from perfectly smooth films may affect the contact angles slightly and increase

the experimental error.

The observed contact angles of FR-HGD-80/10/10 and FR-HD-90/10-(DMF) are very
similar, with an identical 02 of 65° and 6 of 21° and 18° respectively. The similar 0
supports the suggestion that, in water, significant swelling of both copolymers enabled
rapid conformational rearrangement to allow the hydrophilic groups to point towards the
interface with water.° It has been reported in the literature that surface rearrangement can
occur very rapidly, although the timescale of diffusion of chains in the copolymer film may
be in the order of several hours.?® This suggests that the rearrangement is very local and
can be attributed largely to the side chains of the monomer repeat units found at the
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polymer surface. This in turn would suggest that any difference in the molecular weight
between the copolymers is unlikely to significantly affect hysteresis. The 6, of
FR-HD-90/10-(DMF) is slightly lower than FR-HGD-80/10/10, but considering the errors
associated with the measurements including surface heterogeneity and experimental
variation, the difference is not significant. When considering 6,, the presence of the
(slightly polar) GMA side chains appeared to have little influence on the surface properties.
As the advancing contact angle was identical for both copolymers (65°), it would seem
likely that the hydrophobic methacrylate/methacrylamide backbone played a significant
role in determining 6. Both copolymers showed smaller hysteresis values than are typical
for poly(HEMA) (44° and 47° respectively compared to 60 — 70° for poly(HEMA)).242¢
This suggests that the surface mobility of the copolymer chains was reduced due to the
DMA and GMA comonomer side chains.

There is a noticeable increase in contact angle hysteresis when FR-HG-89/11 (63°) is
compared to FR-HGD-80/10/10 and FR-HD-90/10-(DMF). For FR-HG-89/11, 62 was 76°
but 0 was only 13°. The comparatively larger value of 0, indicates the air-exposed surface
of FR-HG-89/11 is more hydrophobic than FR-HGD-80/10/10 and FR-HD-90/10-(DMF).
The key difference between FR-HG-89/11 and the preceding copolymers is the absence of
DMA side chains. The presence of DMA, although a minor component, could significantly
reduce the surface mobility of the copolymer chains: it is bulky and inflexible, and can
form strong H-bonding or even m-stacking interactions with adjacent chains.®* Thus, the
absence of catechol bulk and cohesive interactions allows FR-HG-89/11 to more quickly
rearrange to present a more hydrophilic surface in the presence of water and hydrophobic
surface in the presence of air. The contact angle hysteresis of FR-HG-89/11 is in the range
expected for poly(HEMA), which suggested that the presence of 22 mol% GMA had little
or no impact on the mobility of the surface chains. This may be due to the similar size and
polarity of the HEMA and GMA side chains.

RAFT-HGD-74/13/13 had an intermediate hysteresis value (52°) compared to the
previously discussed copolymers. RAFT-HGD-74/13/13 appeared not able to rearrange its
conformation to the same extent as FR-HG-89/11, as evidenced by the comparatively
lower hysteresis. The reduced mobility is most likely due to the presence of DMA, as
suggested above for FR-HGD-80/10/10 and FR-HD-90/10-(DMF). 6. (70°) was higher
than FR-HGD-80/10/10 and FR-HD-90/10-(DMF), but 6 (18°) was very similar,

indicating that the copolymer presents a similarly hydrophilic surface after rearrangement
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due to contact with the water, but then rearranged to present a more hydrophobic surface
in air. It was previously reported that the identity of a RAFT end-group could have a
significant impact on the swelling and contact angle of two otherwise identical
poly(N-propyl methacrylate) films, with a similar molecular weight and the same RAFT
agent as RAFT-HGD-74/13/13.%° The authors speculated that aggregation of the RAFT
end groups could affect the mechanical properties of the film, however, the cause of the
unexpected behaviour was not satisfactorily determined. Thus, we speculate that the high
0a could be due to the presence of the RAFT end group, which contains a bulky,
hydrophobic phenyl group, which may be present at the surface of the film in the presence
of air. The DMA content of RAFT-HGD-74/13/13 is identical to FR-HD-90/10-(DMF)
and 2% greater than FR-HGD-80/10/10 and, so it is slightly surprising that the hysteresis
for RAFT-HGD-74/13/13 is greater.

In summary, the findings indicate that all of the copolymers display significant hysteresis,
probably due to local conformational changes in the presence of water in order to reduce
surface energy, which render the copolymer surfaces more hydrophilic. The modest
difference in hysteresis of FR-HG-89/11 compared to FR-HGD-80/10/10, FR-HD-90/10-
(DMF) and RAFT-HGD-74/13/13 is primarily assigned to reduced mobility of the chains
at the surface of the other copolymer films arising from the catechol groups in DMA, which
restricts surface rearrangement, due to H-bonding and steric bulk. A more in-depth study
would be required to fully elucidate the individual contributions of surface roughness and

chemical composition in both the swollen and dry states.

5.4.2.2 Electrokinetic potential measurements of copolymer films

Electrokinetic streaming potential measurements using aqueous solutions with a range of
pH values were carried out to further characterise the behaviour of the copolymer films.
The surface charge of a polymer film in a buffer solution may influence the interaction

between the polymer film and biomolecules, which may also carry charged sites.*

The zeta potential ({) of a surface is calculated according to the Smoluchowski equation
(Equation 5.3) by measuring the potential difference between two electrodes in a channel

for a given pressure difference:

_ du nx 53

¢= dp €,.&
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where U is the streaming potential (the potential difference between the two electrodes), p
is the pressure in the channel, & and €o are the relative permittivity of the liquid and the
permittivity of a vacuum respectively, n and « are the viscosity and the conductivity
respectively of the measuring fluid. For the avoidance of confusion, it should be stated that
the literature convention is to refer to a zeta potential value which becomes more negative
as “increasing” and accordingly, the most negative value is referred to as a “maximum”.

For consistency, the same convention is used herein.
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Figure 5.9. Zeta potential measurements of spin-coated films of FR-HGD-80/10/10, FR-HD-90/10-
(DMF), FR-HG-89/11 and RAFT-HGD-74/13/13 on silicon wafer and a blank silicon wafer.
Measurements carried out by Anja Caspari, IPF Dresden.

Films of FR-HGD-80/10/10, FR-HD-90/10-(DMF), FR-HG-89/11 and RAFT-HGD-
74/13/13 were spin-coated onto silicon wafers (4000 rpm, 600 rpm s, 0.75% copolymer
solution in methanol), and the streaming potential was measured for each, over a range of
pH values from 2 — 10.5 (adjusted using aqueous solutions of KOH and HCI). The resulting
data for the four copolymers and a blank silicon wafer are shown in Figure 5.9. For
copolymers FR-HD-90/10-(DMF), FR-HG-89/11 and RAFT-HGD-74/13/13 the
aforementioned spin-coating parameters had previously produced thin, homogenous films
(36 — 61 nm) with low ellipsometric MSE values (<6). However, the same conditions
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produced porous films of FR-HGD-80/10/10 (see Chapter 4). Inhomogeneity of copolymer
films may affect the repeatability of electrokinetic measurements slightly,®” although at
first glance, the results for FR-HGD-80/10/10 appear to be in the same range as the other

copolymers studied.

The zeta potential results for FR-HGD-80/10/10 and FR-HD-90/10-(DMF) (black and
orange data points respectively) were very similar across the entire pH range. Both
copolymers showed identical negative electrokinetic potential at pH 7, which is consistent
with the very similar water contact angle data observed for these two copolymers (section
5.4.2.1). The negative values arise from the retention of anions (OH") by the copolymer
film, a commonly observed phenomenon even in non-ionic copolymers such as MMA. %
The anions bind preferentially over water, especially on hydrophobic surfaces, reflecting

the free energy gain of liberating water from a hydrophobic surface.?* 3% 40

The isoelectric points (IEPs) of both copolymers, where = 0, occurred at pH 2.5. The
isoelectric point can be considered as the point at which the charge on the copolymer
surface (including contributions from adsorbed ions) is net zero. The similar IEPs of
FR-HGD-80/10/10 and FR-HD-90/10-(DMF) suggest that the GMA in FR-HGD-80/10/10
has no significant effect on . This is consistent with the findings in the contact angle
measurements reported above, where GMA appeared to have little effect on the wettability

of the polymer films.

The zeta potential of FR-HGD-80/10/10 and FR-HD-90/10-(DMF) became more negative
as pH was increased above the IEP, reaching a maximum of -60 mV at pH 8. This is due
to functional groups which dissociate to form anions (in this case the HEMA and DMA
hydroxyl groups). However, beginning at around pH 8, the zeta potential of both
copolymers became less negative with increasing pH. Usually, the zeta potential of
copolymer films with such acidic dissociable groups becomes more negative before
plateauing at alkaline pH values.** However, in hydrogels with functional groups that
dissociate to form anions (e.g. carboxylic acid or hydroxyl groups), zeta potential can
become less negative due to pH-influenced swelling.*? This swelling arises from repulsion
between the anionic functional groups upon their dissociation, and the trapping of
electrolytes from the solution in the diffuse layer formed by the swollen film. The hydroxyl
groups on a primary alcohol such as HEMA will be >99% protonated at pH 7.4, but some

deprotonation will occur at high pH (the pKa of a primary alcohol is ~ 16). However, using

217



Chapter 5

the pKa of dopamine (pKa1 = 9.05 and pKa2 = 11.98),* it can be inferred the OH groups on
the catechol side chains of DMA should remain 98% protonated at pH 7.4, but significant
deprotonation can occur during the experiment at higher pH. Thus, in the two copolymers
under discussion, the reduced zeta potential at high pH can be attributed to pH-induced
swelling, particularly due to DMA. At pH 10.5, the zeta potential of FR-HD-90/10-(DMF)
was lower than FR-HGD-80/10/10 by ~10 mV. The slightly lower zeta potential for
FR-HD-90/10-(DMF) than FR-HGD-80/10/10 could reflect additional swelling.
FR-HD-90/10-(DMF) comprises a greater mole fraction of HEMA side chains than FR-
HGD-80/10/10, which could lead to more repulsion compared to the (non-dissociable)
GMA. Furthermore, as GMA was suspected to cause gradual crosslinking in the polymer
films, as discussed in previously (see section 5.4.1), the lack of GMA in FR-HD-90/10-
(DMF) could also impact the swelling of the polymer. As the density of crosslinking in a
polymer film is strongly correlated to the degree of swelling,* # any crosslinking in
FR-HGD-80/10/10 introduced during synthesis or storage of the copolymers may result in
reduced swelling upon increase in pH. The swelling behaviour of the copolymers is
discussed further in section 5.4.2.3 below.

The trend for RAFT-HGD-74/13/13 differed slightly from FR-HGD-80/10/10 and
FR-HD-90/10-(DMF); the zeta potential maximum for RAFT-HGD-74/13/13 occurred at
lower pH (6.5) and with a more negative zeta potential (-70 mV), indicating greater anion
retention. However, the IEP for RAFT-HGD-74/13/13 (pH 2.5) was almost identical to
FR-HGD-80/10/10 and FR-HD-90/10-(DMF). The lower pH of the zeta potential
maximum could be due to the lower pKj of the ionisable carboxylic acid terminal RAFT
groups of RAFT-HGD-74/13/13 compared to the hydroxyl groups of HEMA and DMA.
Carboxylic acid end-groups have been shown to have sufficient influence on the surface
charge to influence the zeta potential of copolymer films.*® 47 It has also been reported that
ionisable end groups increase the repulsion between chains at high pH, increasing the pH-
dependent swelling,*® which could also be the case in this work. This supports the
suggestion made in the previous section that the RAFT end-groups are able to impact on
the film properties, leading to unexpected behaviour of the RAFT polymer. Accordingly,
the large decrease in zeta potential in the alkaline pH range for RAFT-HGD-74/13/13
could be due to repulsion between the terminal RAFT groups.

The behaviour of FR-HG-89/11 is significantly different to the other copolymers

investigated in this work, as was observed in the contact angle experiments (section
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5.4.2.1). The IEP, at pH 5, indicates a net neutral surface charge at higher pH than
FR-HGD-80/10/10, FR-HD-90/10-(DMF) and RAFT-HGD-74/13/13.  Since
FR-HG-89/11 contains no DMA monomer, these results suggest that that the anionic
character of the copolymers is increased by the presence of DMA, due to the lower pka in
comparison with HEMA.3* Accordingly, the extent of pH-induced swelling at alkaline pH
is also smaller for FR-HG-89/11 than the other copolymers in this study, as the repulsion
arising from dissociated DMA phenoxide groups is absent. The zeta potential for FR-HG-
89/11 became positive at pH values below the IEP (<5), indicating retention of cations by
the film.*® This can be attributed to hydronium ion retention, which is characteristic of
hydrophilic copolymers, including HEMA, at pH values below the IEP.* As all of the
copolymers contain HEMA, this effect would be expected for each copolymer included in
this study, indeed perhaps more strongly for the copolymers containing DMA, given the
strong ability of catechol to bind cations.>® However, it is unclear if this is the case for the

other three copolymers, as their IEPs were close to the end of the investigated pH range.

In summary, the zeta potential results show that copolymer composition has a clear impact
on the surface charge. The presence of DMA reduced the IEP of the copolymers, whereas
GMA had little effect. This information is relevant to the ultimate aim for the coating when
considering the conditions which may be used to enable immobilisation of antibodies on
the film. As an antibody must be used close to biological pH (~7.4) to prevent denaturing,
it is clear that the antibody will be in competition with adsorbed ions on the copolymer
surface and, although the GMA should covalently bind the antibodies, electrostatic
repulsion from adsorbed ions may reduce the likelihood of the proteins approaching the

copolymer surface.®

5.4.2.3 In-situ ellipsometry measurements of copolymer films immersed in buffer
solution

In-situ ellipsometry can be used to measure the dynamic swelling or deswelling behaviour
of a copolymer film (matrix) by a solvent by monitoring the change in film thickness and
refractive index in real time after immersion in a solvent.® In the previous section,
electrokinetic measurements suggested the copolymer films exhibited pH-dependent
swelling behaviour. To further investigate the swelling of the copolymer films, in-situ

ellipsometry was used to monitor swelling in an aqueous buffer solution at pH 7.4.

If the proportion of solvent increases in a swollen matrix, and the refractive index (n) of

the solvent is lower than the matrix, the measured value of n for the swollen matrix will
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decrease proportionally with the amount of penetrant solvent.®® The film structure and
resistance of the copolymer film to dissolution (due to surface adhesion of the copolymer
and intermolecular interactions) can be also inferred from the in-situ measurements. A
number of swelling regimes have been observed for glassy copolymers.® The traditional
understanding of polymer swelling is described by Fickian (diffusion-limited) dynamics
(Figure 5.10A). A polymer film swelling according to this regime will experience a change
in film thickness, h, and refractive index, n, where h increases proportionally with t°° and
n with -t%°. When the polymer film reaches its equilibrium thickness, h and n level off.
However, other swelling behaviours are possible. Case Il swelling is not limited by
diffusion, but instead by the kinetics of polymer chain rearrangement (Figure 5.10B). This
regime is identified by a rapid linear increase of h and decrease of n when plotted against
t (as opposed to t% for Fickian swelling).

A B C
n --------
h -
Fickian (diffusion controlled) Case II (+overshoot) Polymer dissolution
t t t

Figure 5.10. Examples of polymer swelling regimes, adapted from reference 52. A) Fickian diffusion
B) Case Il diffusion (dashed lines represent overshoot dynamics) C) Polymer dissolution.

Negative changes of h (after an initial increase) can also be observed in some cases. When
accompanied by an increase in n, decrease of h is usually due to polymer relaxation, where
the polymer chains move to their equilibrium conformation after stretching during
swelling. This phenomenon is sometimes referred to as “overshoot dynamics”.*
Alternatively, a decrease in h accompanied by further decrease in n, is associated with
polymer dissolution; often a result of strong interaction between solvent and polymer in a

non-cross-linked film (Figure 5.10C).

FR-HGD-80/10/10, FR-HD-90/10-(DMF), FR-HG-89/11 and RAFT-HGD-74/13/13 were
spin-coated onto silicon wafer (4000 rpm, 75 s, 0.75% copolymer solution in methanol),
dried under vacuum, and the dry film thickness was measured using ellipsometry to obtain
a baseline for the subsequent swelling measurements. The copolymer films were immersed

in buffer solution (0.1 mol dm™ PBS) in a trapezoidal glass cuvette. Film thickness
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measurements were obtained at regular intervals using in-situ ellipsometry until the rate of
film thickness change had become stable, indicating that the film was close to its
equilibrium swelling conformation. At this point, further measurements were taken at 3

different locations on the film, to obtain an average swollen copolymer film thickness.

The four copolymers used in this investigation were comprised of mole fractions of >81%
HEMA. Poly(HEMA) is hydrophilic, but considered insoluble in water due to the
methacrylate backbone?® and often chain-coupling caused by traces of ethylene glycol
dimethacrylate (EGDMA) (see Chapter 4, section 4.1.1).%° Significant swelling of the
copolymers discussed in this chapter was predicted, and evidence discussed earlier in the
chapter supported this; significant hysteresis in the contact angle experiments indicated
high chain mobility, often associated with hydrogels, and zeta potential changes at high

pH in the electrokinetic measurements indicated swelling.

The swelling dynamics of HEMA-containing copolymers have been reported extensively,
usually as cross-linked hydrogel networks.3* %% 55 Cross-linked poly(HEMA) hydrogels
undergo swelling in water with film thickness increases of up to 55%. An increase in cross-
link density results in a decrease in swelling. However, it was reported that in EGDMA-
free poly(HEMA) films deposited by chemical vapour deposition, the homopolymer
dissolved fully in water after 15 minutes. An increase of EGDMA (crosslinking monomer)
composition resulted in light crosslinking, and dissolution was completely prevented only
above 25% EGDMA copolymer composition.>® In the work described here, the copolymer
films studied using contact angle and ellipsometry measurements (sections 5.4.2.1 and
5.4.2.2) did not noticeably dissolve or delaminate. This effect could be due to multiple
factors including i) the composition of the copolymers, which included water-insoluble
GMA and DMA comonomers and ii) potential cross-linking arising from EGDMA,
catecholic chain coupling (see Chapter 2) or GMA ring-opening (see section 5.4.1) or iii)
effective adhesion to the substrate due to the presence of DMA side chains. In-situ
ellipsometry measurements of the copolymers was carried out in an attempt to correlate

the copolymer composition with the swelling behaviour.

Figure 5.11 shows the in-situ ellipsometry measurements of the copolymers. Film
thickness and normalised refractive index (nnorm) are plotted against t. nnorm Was calculated

using Equation 5.4:
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_ NMswollen t nbuffer 54

ndry + nbuffer

nnorm

where Nswollen, Ndry, Nbuffer are the refractive indices for the swollen copolymer, the dry
copolymer and the buffer solution respectively (at A = 633 nm).%? Nporm is Used as a
comparative measure of the optical properties of the copolymer film. A value of 1 would
indicate the refractive index of the film was unchanged upon immersion in solvent (i.e. no
swelling or dissolution), while a nnorm approaching 0 would indicate the refractive index of
the immersed film became identical to that of the solvent. A value greater than 1 may occur
if the dry copolymer film contains a significant volume of air voids, which are filled with

solvent in the swollen film.
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Figure 5.11. Film thickness (h, blue) and normalised refractive index (Nnorm, red) vs time for in-situ
ellipsometry measurements of A) FR-HGD-80/10/10, B) FR-HD-90/10-(DMF), C) FR-HG-89/11 and
D) RAFT-HGD-74/13/13. Blue dashed line indicated dry film thickness.

Film thickness and refractive index measurements obtained from the dry film (hdry, Nary)
are reported in Table 5.3. The film at t = 0 in the in-situ measurements shown in Figure
5.11 (hinit, Ninit) and the final value for each of the in-situ measurements (hfinai, Nfinal) are
also reported in Table 5.3. The in-situ measurements were obtained at a single location in
the centre of the film for consistency. After the in-situ measurements were completed, film
thickness measurements were then obtained at various locations on the film to assess the

homogeneity of the swelling and the average value is reported (hequit, Nequil). A swelling
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factor (SF) was also calculated using Equation 5.5 to compare the relative increase in the

film thickness.

hy;
SF — final 55

hdry

Table 5.3. Film thickness, refractive index and swelling factor data for dry and swollen copolymer

samples.
Copolymer /hr?;:] /hrl]nrlrt] /h;r;:]l ??rurl: Ndry Ninit  Nfinal Nequil SF
FR-HGD-80/10/10 61 79 78 79+1| 142 144 1.45 %“é%j 1.28
FR-HD-90/10- 102 + 1.40 +
(DM 3 60 79 M| 151 144 141 (OX| 219
64 + 141+
FRHG-89/A1 44 59 52 °pF | 150 143 142 it | 134
RAFT-HGD- 1.45 +
e 42 53 47 503|152 146 145 o112

Initial swelling of FR-HGD-80/10/10 (Figure 5.11A) took place rapidly (before the first
in-situ measurement). In this time the copolymer film had swollen from an initial dry
thickness of 60 nm to 79 nm. Rapid swelling, often followed by a slower change in film
thickness due to chain relaxation, is commonly observed and is characteristic of the solvent
filling free-volume in an amorphous copolymer (i.e. rapid entry of solvent into regions not

occupied by the copolymer matrix).52 %357

Figure 5.11A indicates that after the initial rapid swelling, film thickness decreased very
slightly (0.7 nm decrease) over the 40 min measurement period, and Nnorm increased
concomitantly, with a final swelling factor of 1.28. The almost insignificant reduction in
film thickness suggested slight relaxation of the copolymer chains to the equilibrium
conformation following the rapid swelling.>® This behaviour is characteristic of so-called
Case 1 swelling with limited overshoot dynamics (Figure 5.10B).%? The high equilibrium
value of nnorm indicated the presence of a significant volume of air in the dry copolymer
film (Nnorm = 1.27, note the different scale for nhorm and t in comparison with Figure 5.11B,
C and D). This is unsurprising and may be rationalised by considering the AFM data
presented in Chapter 4; porous films were produced when films of FR-HGD-80/10/10 were
spin-coated from methanol using the same spin-coating parameters in this experiment. The
porosity of the film may also explain the apparent lack of diffusion-controlled swelling, as

the solvent could rapidly reach the entire film through the air voids.
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Figure 5.11B shows the in-situ ellipsometry measurements of FR-HD-90/10-(DMF). After
the initial rapid swelling from 36 to 60 nm, the copolymer film continued to swell, with a
synchronous decrease in nnorm Suggesting Fickian (diffusion-controlled) swelling dynamics
(see Figure 5.10A). The low value of Nnorm (0.40) shows the swelling of the film is
significant, and that the swelling probably arises from solvent diffusion between the
copolymer chains rather than the filling of air voids by solvent. The diffusion-controlled
swelling dynamics also indicate a less porous film than FR-HGD-80/10/10. Furthermore,
the suggestion of a less porous film is supported by the AFM data presented in Chapter 4,
which indicated smooth films were produced from FR-HD-90/10-(DMF) when using the
spin coating parameters used in this experiment. The increase in film thickness when
plotted against t in Figure 5.11B is not perfectly linear, indicating simultaneous solvent
diffusion and relaxation processes were occurring.>® The swelling factor of 2.19 indicated
very significant swelling of the film. The degree of swelling is closely linked to the extent
of crosslinking in a polymer film.* Crosslinking between GMA and HEMA was identified
in section 5.4.1 as a probable cause of reduced solubility in the film, so it follows that as
FR-HD-90/10-(DMF) contains no GMA and thus experiences very little crosslinking, the
swelling factor should be greater than the GMA containing polymers. The absence of GMA
was also attributed to the reduction in pH-induced swelling for FR-HD-90/10-(DMF)
compared to FR-HGD-80/10/10 implied by the electrokinetic measurements.

Figure 5.11C shows the in-situ ellipsometry measurements of FR-HG-89/11. At the start
of the experiment, a rapid film thickness increase from 44 nm to 59 nm was observed,
which was similar to the previously described copolymers. The swelling factor was 1.34,
which was similar to FR-HGD-80/10/10, supporting the argument that presence of GMA
limited swelling. The in-situ ellipsometry profile of FR-HG-89/11, however, was
dramatically different from the previously described copolymers. Both film thickness and
refractive index decreased with time. This trend is usually indicative of copolymer
dissolution (shown in Figure 5.10C).%? This indicated the lack of DMA reduced the surface
adhesion and intermolecular cohesion in the polymer. This finding is consistent with the
contact angle analysis (section 5.4.2.1), in which FR-HG-89/11 has the largest hysteresis,

assigned to increased surface mobility of the copolymer chains due to the absence of DMA.

Figure 5.11D shows the in-situ ellipsometry measurements of RAFT-HGD-74/13/13 and
illustrates behaviour which is similar to that observed for FR-HG-89/11; a rapid increase

in film thickness was observed at the start of the measurement, from 41 to 53 nm, followed
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by a reduction in h and nnorm, indicating dissolution of the copolymer. The swelling factor
of 1.12 is the smallest of the four copolymers. The effect of DMA appeared to be
diminished in RAFT-HGD-74/13/13, with dissolution of the copolymer indicative of poor
surface adhesion. The reason for this is as yet unclear, but the significant difference shown
by RAFT-HGD-74/13/13 is consistently observed. In discussions above, the unusual
behaviour is attributed to the RAFT end-groups, which can affect the surface and bulk
properties of the polymer and could potentially disrupt the stabilising intermolecular
hydrogen-bonds. Furthermore, the low molecular weight of RAFT-HGD-74/13/13 could
contribute to the reduced adhesion shown by catechol-containing polymers at low

molecular weight due to reduced chain entanglement.>®

The large variation of film thickness in the heqii measurements, particularly for
FR-HD-90/10-(DMF) and FR-HG-89/11 are indicative of the swelling of heterogeneous
copolymer films. This could be due to roughness in the dry copolymer film arising from
the spin-coating process. However, the films of FR-HD-90/10-(DMF) and FR-HG-89/11
had low MSE, indicating few striations, and AFM images of films coated under the same
conditions showed smooth films (see Chapter 4). The dry copolymer films may have been
in a non-equilibrium conformation, which may result in non-uniform swelling. Polymer
films are often annealed to restore the equilibrium conformation,®® although this was not
carried out in this case to protect the epoxide functionality. Ideally, a swollen polymer at
equilibrium would be homogenous over the whole coating region, however a real system
may take very long time periods (days) to relax to a homogenous conformation. Thus,
the copolymers investigated here may not have reached their final equilibrium film

structure. Such heterogeneity may decrease the reproducibility of the measurements.

Potential dissolution of the copolymer film was observed, particularly in Figures 5.11 C
and D. This indicates a lack of film stability and is undesirable for the polymer films
described in this work. As film thickness can be influenced by swelling and dissolution,
the relative surface mass density change of the film can be calculated to decouple the two
effects. The de Feijter equation (5.6) can be used to calculate the surface mass density of
a deposited film, I" (i.e. the amount of material in a film per surface area):

(n - namb) 5.6

= h = ndc
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where h is the film thickness, n and namb are the refractive indices of the film and the
ambient environment (i.e. the solvent), and dn/dc refers to the refractive index increment
of the deposited species in solution (in this case the copolymer in solution).’! Film
thickness and refractive index are assumed to have a linear relationship in the same
medium. The result is that as solvent enters the polymer matrix, if there is no dissolution,
the surface mass density will remain the same. Equation 5.7 can be used to define the
surface mass density difference between the film at the start and end of the measurements,

Tyiss, and thus quantify the dissolution of copolymer:

(Minit—NMambp) (n inal " Mam )
Laiss = Tinie — l-‘final = hinitdtTdcb - final% 5.7
where the subscripts init and final denote measurements of h, n and calculated values of T’
from the initial and final in-situ ellipsometry measurements respectively. It should be noted
that the calculation is only valid if the ambient medium remains constant, so the values hinit
and ninit are taken from the first ellipsometry measurement in the presence of buffer

solution.

As the dn/dc is unknown in this case, the absolute surface mass density change cannot be
calculated, but Equations 5.8 and 5.9 can be used to calculate a dissolution factor (the
percentage surface mass density change between dry and swollen films), Q, to allow

comparison between coatings:

n
Laiss X Fr Rinit Minit — Namb) — Pfinat(Mfimat — Namb) = Vinit = Yfinal 58

_ Yinit — Yfinal

Q x 100 5.9

Yinit
where vinitand yrinal are parameters describing a representative value for the dissolution and
are used to calculate Q. Q therefore measures the percentage of copolymer lost via
dissolution between the initial and final measurements e.g. a Q of 5% indicates that in the
period from the first measurement after buffer was added, 5% of the mass was lost to
dissolution. Due to the change of ambient environment (change from air to buffer solution),
this calculation was not applied to the dry film, so the period between adding the buffer
and the first ellipsometry measurement is not considered. Significant swelling occurs in
this time, so some dissolution could have also occurred. The average time between filling

the cell with buffer and beginning in-situ measurements was around 1 minute.
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Table 5.4 shows the calculated dissolution factors for the copolymers used in this study. A
value of namp = 1.3329 was used for the buffer solution (0.01 mol dm™* PBS buffer,

measured using a refractometer).

Table 5.4. Dissolution factor © for copolymer films at the end of in-situ ellipsometry measurements.

Copolymer Q/ %
FR-HGD-80/10/10 0.2
FR-HD-90/10-(DMF) 5.6
FR-HG-89/11 19.7
RAFT-HGD-74/13/13 15.7

For FR-HGD-80/10/10, Q was 0.2%, indicating virtually no copolymer dissolved after the
initial swelling period (Table 5.4). The limited dissolution over a period of 40 minutes
suggests the remaining copolymer film was strongly adsorbed and stable. Similarly, for
FR-HD-90/10-(DMF) the value for Q was 5.4% indicating limited dissolution after the
initial swelling. This result suggested the DMA in FR-HD-90/10-(DMF) was providing
strong adhesion to the surface of the substrate and cohesive interactions with other
polymers, as indicated by the contact angle measurements. However, adhesion was slightly
poorer than for FR-HGD-80/10/10. This could be due to the relatively low molecular
weight and lack of crosslinking (as suggested above), which may allow poorly bound
chains to dissolve more rapidly. In contrast, Figure 5.11 indicated significant dissolution
of FR-HG-89/11. This was attributed to a lack of DMA adhesive and cohesive interactions
and is supported by a large Q of 19.7%. This result suggested that DMA (absent in this
case) helps to provide adhesion to the substrate and cohesion in the copolymer film. For
RAFT-HGD-74/13/13 the value for  was 15.7%, which is consistent with the suggestion
of a reasonable degree of copolymer dissolution from the substrate from Figure 5.11,

attributed above to low molecular weight and the influence of the RAFT end groups.

In summary, the in-situ ellipsometry results indicate that the bulk swelling of the
copolymer was strongly influenced by the presence of GMA, which leads to crosslinking
and in turn limits swelling. This is evidenced by generally lower values of the swelling
factor (SF) (between 1.12 and 1.34) for GMA containing copolymers whereas
FR-HD-90/10-DMF had an SF of 2.19. In contrast, the calculated dissolution of the
copolymer films were apparently more strongly influenced by the activity of DMA. This
was evidenced by dissolution factors of >6% for FR-HGD-80/10/10 and FR-HD-90/10-
(DMF) compared to 19.7% for FR-HG-89/11. The significant dissolution of RAFT-HGD-

74/13/13 is unexpected, but reflects the unusual findings from the captive-bubble contact
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angle measurements, section 5.4.2.1, and the electrokinetic measurements, section 5.4.2.2

for this copolymer.

5.4.3 Characterisation of the immobilisation of antibodies to a thin copolymer film
using in-situ ellipsometry and QCM
It was envisaged that key potential application of the copolymers produced in this study

could be the immobilisation of an antibody onto a copolymer film. To explore this
possibility, an attempt was made to immobilise antibody for aflatoxin from a buffer
solution onto a film of FR-HGD-80/10/10, via chemical reaction between the epoxide
groups of GMA and primary amine or thiol-containing protein residues. The success of
antibody immobilisation was monitored using two complementary methods: in-situ
ellipsometry and QCM.®2 The use of these methods allowed evaluation of the suitability of
copolymer FR-HGD-80/10/10 for use as a coating in biosensing devices. Due to time
constraints, only FR-HGD-80/10/10 was investigated. FR-HGD-80/10/10 was selected as
it comprised GMA, which should allow immobilisation of biomolecules,®® and the DMA
had been shown to provide good adhesion to various substrates, evidenced by the very
limited dissolution of FR-HGD-80/10/10 and FR-HD-90/10-(DMF) in buffer solution.

Poly(HEMA) has anti-fouling properties, making it suitable for biomedical applications,
most notably in contact lenses.>! % A relevant report indicated that human serum albumin
protein adsorbed on a crosslinked HEMA hydrogel,% however the protein was not strongly
bound to the polymer. This was evidenced by removal of the vast majority of protein after
washing in PBS solution. A small amount of denatured protein remained on the surface.
After washing, only 0.4 mg m~ remained on the surface; much less than a monolayer
coating, which is predicted to be 4 — 4.6 mg m. The monolayer surface mass density
agreed well with another study, which reported that a monolayer coating of 4 mg m
formed upon the immobilisation of an IgG antibody on poly(styrene-co-acrylamide) latex
particles.%® It has been reported that immobilisation of antibodies on HEMA-containing
copolymers was improved in the presence of a monomer with a reactive functional side-
chain e.g. N-methacryloyl-(L)-histidine methyl ester.>! These reports gave reasonable
target values for the surface density and film thickness of an antibody coating, and justified
the necessity of including a reactive functional group (via GMA) to immobilise the

biomolecules.

Anti-aflatoxin M1, used in this study, is an IgG type antibody. IgG antibodies are Y-shaped

proteins with dimensions of around 14.5 x 8.5 x 4 nm,®” and molecular weight in the region
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of 150000 — 160000 g mol™.% The chemical structure of all IgG type antibodies is roughly
equivalent; the chemical structure is only specific to each particular antigen at the two
“tips” of the Y-shape and joined in the centre by a flexible hinge region containing
disulfide bridges (Figure 5.12).%° The similarity of structure allows the immobilisation of
all 1gG type antibodies to be reasonably compared. The surface mass density of a layer of
immobilised antibody, I', can be calculated using the film thickness and refractive index
values obtained from ellipsometry measurements.®*

Antigen
+<—binding site—

¢

Hinge
region

Figure 5.12. Schematic of an 1gG antibody.

IgG antibodies have been reported to adsorb more rapidly, and to a greater density at pH
values close their IEP, which is generally around pH 6.5.5% % However, the adsorption rate
is influenced more strongly by hydrophobic/hydrophilic interactions and protein stability
rather than electrostatic interactions. Many proteins may initially bind more strongly to
hydrophobic surfaces, so the surface of FR-HGD-80/10/10, which showed the highest 0;
(21°) i.e. the least hydrophilic surface in the swollen state, may be the most appropriate

choice of the copolymers studied here.

5.4.3.1 Characterisation of antibody immobilisation using in-situ ellipsometry

In-situ ellipsometry was used to monitor the immobilisation of anti-aflatoxin M1 antibody
to the surface of a silicon wafer, spin-coated with FR-HGD-80/10/10 (0.75 % w/v from
methanol, 4000 rpm, 600 rpm s™). The 0.01 mol dm= PBS solution used in the in-situ
ellipsometry measurements (section 5.4.2.2) was considered unsuitable for antibody
stabilisation due to the high ionic strength, thus 0.001 mol dm= sodium phosphate buffer
(NaPB) was used for the measurements. A 0.08 mg mL* antibody solution concentration
was used for the immobilisation experiments. The refractive index of the NaPB was
accurately determined using a refractometer (n = 1.3315).
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The spin-coated silicon wafer sample (dry film thickness 34 nm) was immobilised in a
trapezoidal cuvette and allowed to swell in NaPB (0.001 mol dm™). Measurements were
obtained at regular time intervals until the values for film thickness and n showed no
further change; at 46 nm and 1.48 respectively. The swelling factor (1.33) for FR-HGD-
80/10/10 was very similar to the value observed in the in-situ ellipsometry measurement
for the same copolymer in 0.1 mol dm= PBS (1.28), suggesting that the change in ionic
strength of the buffer had little effect on the copolymer swelling at pH 7.4. The pure buffer
solution was then replaced with a solution of antibody (final concentration 0.08 mg mL™)
in NaPB (0.001 mol dm). In-situ ellipsometry measurements were obtained periodically
until the film thickness had ceased to change (Figure 5.13A). The film thickness increased
by 7 nm compared to the pre-swollen film to 52.9 + 0.1 nm (average for measurements
after 35 min). Several previous reports suggest that the thickness of an IgG antibody
monolayer is in the region of 4 — 8 nm.%" 7% 7 Therefore, the observed film thickness

corresponded well to a monolayer antibody coating.

The concentration of the antibody solution was subsequently reduced to 0.04 mg mL™* and
the film thickness was measured again at regular intervals to determine if the antibody
coating would desorb if not irreversibly bound. Figure 5.13B shows the thickness of the
antibody coating was reduced to 52.1 + 0.1 nm for measurements after 30 min, indicating
very limited antibody desorption.
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Figure 5.13. In-situ ellipsometry measurements of FR-HGD-80/10/10 for immobilisation of antibody
in 0.001 mol dm phosphate buffer solution. A) 0.08 mg mL* antibody concentration B) 0.04 mg mL"
Lantibody concentration. n = refractive index.

The mass of coated antibody can be calculated using a modified form of the De Feijter
equation (see Equation 5.10) to build a two-layer model of the deposition as outlined by

Furchner et al.’:
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Nap — Dgwel Nap — Ngmp

I =d —t dyga————

5.10

where T, is the density of the immobilised layer of antibody, in mg m?, dg,,.;; and d g4
refer to the thickness of the swollen copolymer and the additional layer, n,, ngy,e; and
ngamp are the refractive indices of the film after antibody adhesion, the swollen copolymer
and the ambient solution respectively. A dn/dc of 0.188 was used for the antibody.®® Using
film thickness and n values collected after the antibody concentration had been reduced
(52 nm and 0.1469 respectively), a T, value of 3.5 mg m2 was calculated. This was similar
to the previously discussed literature values (4 — 4.6 mg m), supporting the claim of

successful immobilisation of an antibody monolayer.®

5.4.3.2 Characterisation of antibody binding using QCM

QCM can be used to monitor the immobilisation of antibodies onto a polymer film
immobilised on a quartz crystal.** 1314 72 The mass or thickness of a deposited layer can
be correlated directly with the change in the frequency of the oscillating crystal using the
Sauerbrey equation:

z z
Af = —Emf = _Epfhf 511

where Af is frequency change, my is the mass density (per unit area), z is the overtone order,
pt and hy are the density and thickness of the adsorbed film respectively.”? C is the mass

sensitivity constant which is dependent on the resonant frequency of the quartz crystal.

The deposition of anti-aflatoxin antibody on a film of FR-HGD-80/10/10 was investigated
and the results compared with the results obtained by in-situ ellipsometry. Frequency and
dissipation shift data were obtained and the multiple harmonic overtone frequencies for
the measurements are shown, which contributed to the modelling of the data (Figure
5.14A). The film thickness was calculated using the Sauerbrey equation, with an estimated

pr value of 1 g cm™ (Figure 5.14B).14 72

231



Chapter 5

Ab(1) Buffer(1) Ab(2) Buffer(2) Ab(1) Buffer(1) Ab(2) Buffer(2)
N b B | | ||
0= o e8| e
-10 o £ e :
s T ol
<20 % 86 /
g -30 S £, /
w 2 /
$ 40 S = /
=3 = 2 /
@ 50 E2 !
g s &7 |
60 E % 20 60 80 100
40
0 20 40 60 80 100 Time / min

Time / min

Figure 5.14. QCM data obtained during two immersion/rinse cycles. A) Frequency overtones (blue)
and dissipation shift overtones (red/orange) and B) Film thickness calculated using the Sauerbrey
equation.

Gold-plated quartz electrodes were spin-coated with FR-HGD-80/10/10 (4000 rpm,
600 rpm s, 0.75% in DMF). DMF was used as the spin coating solvent as it was not
possible to obtain homogenous coatings from methanol on the electrodes. The coated
crystals were mounted in flow cells, through which 0.001 mol dm NaPB was flowed for
60 min to allow the copolymer swelling to reach equilibrium. A reduction in the frequency
of 2-3 Hz at the start of the measurement period indicated that the film continued to swell
slightly. After 10 minutes, a solution of anti-aflatoxin antibody (0.025 mg mL™) in NaPB
was passed continuously through the cell for a further 20 minutes (as indicated by “Ab(1)”
on Figure 5.14), which resulted in a sharp decrease in vibrational frequency of at least
45 Hz coupled with an increase in dissipation. A reduction in oscillation frequency occurs
upon an increase of mass on the electrode, indicating immobilisation of the antibody on
the electrode surface.”® A concomitant increase in dissipation confirmed the deposition of
a film on the electrode.” The Sauerbrey model was used to calculate the coating thickness,
which is displayed in Figure 5.14B. After the initial period of antibody exposure, a film

thickness of 7 nm was estimated.

The flow cell was then flushed with buffer solution for 50 min to determine if the antibody
layer could be removed (Buffer(1)), however only a small increase in vibrational frequency
was observed (~5 Hz). This corresponded to a slight reduction in antibody film thickness
of less than 1 nm. Antibody solution was flowed into the cell again to investigate whether
any further immobilisation of antibody would occur (as indicated by Ab(2) in Figure 5.14)
and the frequency was reduced to a similar value to that observed after the first antibody
flow period, corresponding to a film thickness increase of around 1 nm. Finally, a return

to flow of buffer solution (Buffer(2)) yielded no further change in the frequency, indicating
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no further removal of antibody. The film thickness change calculated by QCM, 8 nm,
correlated well with the results of the in-situ ellipsometry, which had suggested the

formation of a 6 nm film.

The combined data from QCM and ellipsometry therefore appeared to provide consistent
evidence that a monolayer of anti-aflatoxin antibody was immobilised on the film of
FR-HGD-80/10/10. FR-HGD-80/10/10 may therefore be an appropriate candidate for use
in biosensing applications. It should be noted that in the absence of a full study of the
effects of film swelling and roughness on the binding of antibodies or a more in-depth
kinetic study, the measurements should be treated with some caution, as the potential errors
may be significant; however, the broad agreement of the two independent methods is

encouraging evidence.°

5.5 Conclusion

Bulk and surface properties of several spin-coated copolymer films were investigated using
various techniques. The aim of the investigation was to correlate the properties of the
copolymers to their composition or molecular weight and thus determine which
copolymers would be appropriate for use in bio-sensing applications. The immobilisation

of antibodies on the films was then monitored using ellipsometry and QCM.

The impact of medium to long-term storage of a selection of copolymers, comprising
HEMA as the main component, was investigated. The study revealed that copolymers
comprising up to 12% GMA became insoluble in methanol upon storage at 4 °C or above.
The presence of DMA did not appear to impact the solubility upon storage up to 35 °C.
The insolubility was attributed to slow crosslinking processes caused by nucleophilic
attack of the epoxide ring by hydroxyl groups, present in high concentration in the
copolymers. These observations have implications for the storage and use of copolymers

used as coatings, as they have a limited shelf-life and must be stored in a freezer.

The surface and bulk properties of FR-HGD-80/10/10, FR-HD-90/10-(DMF), FR-HG-
89/11 and RAFT-HGD-74/13/13 films were studied by contact angle analysis, streaming
current electrokinetic potential measurements and in-situ ellipsometry. Contact angle
analysis indicated significant hysteresis for all four copolymers, probably due to their
ability to undergo conformational rearrangement to expose hydrophilic or hydrophobic
functional groups to the interface. FR-HGD-80/10/10 and FR-HD-90/10-(DMF) exhibited
the smallest hysteresis, 44° and 47° respectively, suggesting that DMA inhibited
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conformational rearrangement in the film most likely via strong intermolecular H-bonding
interactions. This was supported by the greater hysteresis observed for the DMA-free film
of FR-HG-89/11 (63°), which was assigned to increased surface chain mobility. RAFT-
HGD-74/13/13 showed an intermediate value of hysteresis, which was tentatively assigned

to the influence of the hydrophobic RAFT end groups.

Electrokinetic measurements showed that all four copolymers had negative zeta potential
at neutral pH, as expected for copolymers mainly comprised of HEMA, due to the retention
of anions by the film. The IEP of FR-HGD-80/10/10, FR-HD-90/10-(DMF), and RAFT-
HGD-74/13/13 was at pH 2.5. The IEP of FR-HG-89/11 was at a higher pH, indicating the
presence of DMA significantly contributed to the anionic character of the film surface. The
zeta potential of all four copolymers decreased at pH >8 (from >6.5 in the case of RAFT-
HGD-74/13/13), which was attributed to pH-induced swelling as the ionisable groups
became deprotonated. The pKaof the ionisable groups appeared to determine the pH of the
zeta potential maximum, and the presence of an increasing amount of such groups
decreased the zeta potential accordingly at high pH. For RAFT-HGD-74/13/13, the high
maximum zeta potential at a relatively low pH was again attributed to the end groups; in
this case the low pka of the carboxylic acid functional group. In both contact angle and
electrokinetic potential measurements, GMA had a negligible effect on the surface
properties of the film.

In-situ ellipsometry of the copolymer films resulted in significant swelling in water, as
would be expected for copolymers with significant HEMA content. FR-HGD-80/10/10
showed Case Il swelling dynamics, consistent with a porous film structure, but (virtually)
no dissolution was observed. Likewise, FR-HG-89/11 and RAFT-HGD-74/13/13 also
swelled rapidly with Case Il dynamics, however some (partial) dissolution of the
copolymer was observed. In stark contrast, FR-HD-90/10-(DMF) swelled significantly
with diffusion-controlled dynamics and dissolution was very limited. The different
swelling regime and markedly reduced degrees of swelling of the three GMA-containing
copolymers compared to FR-HD-90/10-(DMF) was attributed to crosslinking involving
GMA, which was also proposed as the source of insolubility upon storage. In contrast,
dissolution of the films appeared not to correlate with GMA content and was instead
tentatively ascribed to the presence of DMA, according to the previously described and
well-known adhesive and strong intermolecular H-bonding properties of catechol groups.
For RAFT-HGD-74/13/13, the influence of DMA on the adhesion, and hence dissolution,

234



Chapter 5

appeared to be reduced. This was surprising, and the cause not clear, but the behaviour was
akin to the unusual behaviour noted in the previous sections. For the dissolution of all four
copolymers, good agreement was noted between the contact angle analysis and swelling
results, with high hysteresis (assigned to increased local chain rearrangement of functional

groups at the polymer surface) correlating with increased copolymer dissolution.

As GMA was considered necessary for antibody binding (via the epoxy group) and
considering the partial dissolution of FR-HG-89/11 and RAFT-HGD-74/13/13,
FR-HGD-80/10/10 was chosen to study the potential immobilisation of anti-aflatoxin
antibody. The effectiveness of this copolymer towards antibody immobilisation was
investigated using in-situ ellipsometry and QCM. Both techniques suggested that a
monolayer of antibodies was immobilised on the film surface which was not removed upon
washing with buffer. In combination, the findings suggested FR-HGD-80/10/10 was

suitable and effective for the immobilisation of anti-aflatoxin.

Overall, these results successfully demonstrate the potential for the copolymers produced
in this study, particularly FR-HGD-80/10/10, to be taken forward for further studies in
biosensing applications. However, the investigation also highlighted some practical issues
which must be considered, such as the reduction in solubility on storage of the bulk

copolymers and potential dissolution of the copolymer films.
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Chapter 6 Conclusions and Future Work
6.1 Conclusions

The work described in this thesis has focused on the design of bio-inspired functional
adhesive coatings, via the synthesis of copolymers containing dopamine methacrylamide
(DMA) and its acetonide-protected analogue (ADMA). Several novel copolymers were
synthesised by free radical and RAFT polymerisation, comprising DMA or ADMA with
methacrylate comonomers. Deposition of a functional copolymer film via spin coating
allowed the immobilisation of 1gG antibodies. The headline conclusions are that i)
significant compositional drift was exhibited when ADMA was polymerised with one or
more methacrylate comonomers, and ii) the catechol functionality had a significant effect

on the free radical and RAFT polymerisations, deposition of coatings and film properties.

DMA was synthesised and subsequently protected as an acetonide. Maximum yields of
67% for DMA synthesis and 81% for ADMA were obtained. Two published workup
methods were compared and optimised, and it was established that it was necessary to use
column chromatography to obtain sufficiently pure DMA to allow the subsequent synthesis
of usable acetonide-protected DMA, as dopamine-containing impurities in ADMA caused

inhibition of polymerisations.

Free radical polymerisation of DMA yielded homopolymers which quickly turned brown
and became insoluble on exposure to air, ascribed to oxidation of the catechol side chains
and subsequent crosslinking. Polymerisation of ADMA exhibited slow reaction Kinetics,
(20 % after 24 h) which was attributed to trace impurities in the monomer. For the first
time, to the best of our knowledge, reactivity ratios were estimated for the free radical
copolymerisation of ADMA with i) MMA and ii) GMA. The values obtained by the non-
linear least squares regression method for the MMA/ADMA copolymerisation were
rmma = 2.21 + 0.26 and rapma = 0.17 £ 0.03, and for the GMA/ADMA copolymerisation
rema = 1.96 + 0.49 and rapma = 0.18 £ 0.08. The reactivity ratios demonstrated that, in
both cases, the methacrylate monomer has a strong tendency to self-propagate, the ADMA
has a strong tendency to cross-propagate and therefore the methacrylate is preferentially
incorporated at all monomer feed ratios, giving an important insight into the reactivity of
ADMA. A library of co- and terpolymers comprising ADMA were then synthesised using
MMA, GMA, HEMA and SMA as comonomers. As predicted by the reactivity ratios,

these polymers exhibited significant compositional drift. ADMA-containing copolymers
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were successfully deprotected using TFA, although due to acid-catalysed crosslinking, the
procedure could not be used for GMA-containing copolymers. Unprotected DMA was
polymerised with methacrylate copolymers, using DMA feed mole fractions below 50%,
achieving reasonable monomer conversions. Copolymers comprising MMA and DMA
showed very low M, and reasonably narrow dispersity values, suggesting rapid chain
transfer due to reaction between the DMA side chain and the propagating radical. In
contrast, in copolymers of HEMA and DMA, at monomer feed mole fractions of 30-40%
DMA, the copolymers analysed showed M, values of less than 10000 g mol? and
dispersities >10. This was attributed to chain transfer due to the catechol side chains in
DMA, highlighting significant changes to the skeletal structure arising from the use of
unprotected DMA.

RAFT polymerisation, using CTP as a RAFT agent, was used to synthesise a homopolymer
of ADMA. Poly(ADMA) synthesis using DMF or 1,4-dioxane solvents yielded polymers
with relatively poor control over molecular weight and dispersity. In the case of
poly(ADMA) synthesised using 1,4-dioxane, the My obtained by SEC was significantly
higher than the theoretical Mn. This was attributed to incomplete consumption of RAFT
agent, leading to the formation of fewer polymer chains (of higher molecular weight) in
total. Despite this, after an inhibition period, the polymerisation showed pseudo-first order
polymerisation kinetics, which implied a reasonably controlled reaction. Homopolymers
of SMA, MMA and GMA were also synthesised in 1,4-dioxane, using the same conditions
as used to synthesise ADMA homopolymers, yielding reasonably good control over
dispersity, but high molecular weight with respect to the theoretical value. The continued
poor control of molecular weight was also attributed to the incomplete RAFT agent

consumption, inferred during the synthesis of the ADMA homopolymer.

Novel statistical copolymers of ADMA with MMA, GMA, SMA and HEMA and a
terpolymer, poly(HEMA-stat-GMA-stat-ADMA), were also synthesised. In all cases the
monomer feed ratio when the polymerisation was quenched contained a significant
proportion of ADMA, inferring the formation of gradient copolymers. Due to the nature
of RAFT polymerisation, virtually all polymer chains should contain the same proportion
of ADMA. Narrow dispersities (D < 1.23) were observed for the copolymers containing
MMA, GMA and SMA despite some loss of molecular weight control. In contrast, the
HEMA co- and terpolymers were synthesised with excellent molecular weight control,

which was attributed to the change in solvent from 1,4-dioxane to DMF. However, a slight
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loss of dispersity control (B < 1.38) was observed for the HEMA-containing copolymers.
It was also concluded that the slightly larger dispersities were due to side reactions such as

bimolecular termination arising from the longer reaction times.

Synthesis of terpolymers comprising HEMA, GMA and DMA resulted in poor control of
dispersity, indicating that unprotected DMA negatively affects control in these RAFT
polymerisations, probably due to chain coupling via aryloxy bond formation between
catechol side-chains. Accordingly, the Mnsec was consistently larger than Mntheo and larger
than the Mnsec for the equivalent polymers comprising ADMA. Two catechol-containing
diblock copolymers were also synthesised. For the synthesis of poly(MMA-b-ADMA),
poly(MMA) was used as a macro-RAFT agent for the synthesis of the ADMA-block. It
was concluded that the block copolymer was a good candidate for a functional adhesive,
as it had a narrow dispersity and excellent molecular weight control, although evidence of
a small amount of residual poly(MMA) homopolymer was observed. Finally,
poly(ADMA-b-(HEMA-stat-GMA)) was synthesised. Good control of dispersity and
reasonable molecular weight control indicated the synthesis of block copolymers of
ADMA with HEMA and GMA was a viable approach for potential functional adhesive

block copolymers.

Four candidate copolymers, FR-HGD-80/10/10, FR-HD-90/10-(DMF), FR-HG-89/11 and
RAFT-HGD-74/13/13, were spin coated from methanol solutions. Film thickness was
correlated primarily with solution concentration. Striations, attributed to the Marangoni
effect, were observed for films deposited using 2% (w/v) solution concentration. This was
ascribed to the increased viscosity of the polymer films with increased concentration. High
ellipsometric MSE values, suggesting a strongly light-scattering film, were correlated with
the presence of striations. Films of FR-HGD-80/10/10, coated from a 0.75% (w/v) solution
in methanol, also exhibited high MSE, which was attributed to an increase in viscosity due
to the copolymer composition and high molecular weight; it was suspected that the
presence of DMA increased viscosity via strong intermolecular H-bonds. In some coatings,
porosity was also observed using AFM. The porous structures did not correlate with high
ellipsometric MSE and were attributed to a phase separation of polymer and solvent due
to poor polymer solubility at increasing concentrations as the methanol evaporated. Thus,
rapid evaporation of a volatile solvent resulted in a porous film. In contrast, spin-coating
the same polymers using DMF resulted in smooth homogenous films. It was concluded

that the lower volatility of DMF compared to methanol and reduced rate of evaporation,

241



Chapter 6

allowed any striations time to level. Furthermore, increased polymer solubility in DMF

prevented the formation of phase-separated morphologies.

An alternative coating technique, immersion-coating, was also briefly investigated. It was
shown that a 5 nm film of FR-HGD-58/9/33 could be deposited from a 2% solution in
DMF with 1% pyridine. It was concluded that film formation was aided by the increased
cohesion caused by intermolecular chain coupling from oxidised catechol side chains.
Despite this, due to limited data, the full impact of these coating conditions and polymer

composition could not be determined.

The surface and bulk properties of spin coated films of FR-HGD-80/10/10, FR-HD-90/10-
(DMF), FR-HG-89/11 and RAFT-HGD-74/13/13 were investigated using captive bubble
contact angle measurements, electrokinetic potential measurements and in-situ
ellipsometry. Captive bubble ADSA-P contact angle measurements indicated significant
hysteresis for all four copolymers, possibly due to their ability to undergo local
conformational rearrangement due to exposure of hydrophilic or hydrophobic functional
groups to the interface. It was concluded that the H-bonding network from DMA catechol
side chains inhibited the local chain rearrangement, resulting in reduced contact angle
hysteresis, however, RAFT-HGD-74/13/13 showed an intermediate value of hysteresis,
potentially due to the influence of the hydrophobic RAFT end group. Electrokinetic
potential measurements showed that all four copolymers had negative zeta potential at
neutral pH, as expected for copolymers mainly comprised of HEMA. It was concluded that
the presence of DMA strongly influenced the zeta potential. For example, DMA-
containing polymers exhibited a lower IEP (pH ~2.5) compared to FR-HG-89/11 (pH 5).
When pH was increased to above 8, all four copolymers exhibited a reduction in zeta
potential, which was attributed to pH induced swelling due to repulsion from deprotonated
hydroxyl groups. In-situ ellipsometry demonstrated significant swelling of polymer films
at pH 7.4 in an aqueous buffer solution, not induced by pH. The presence of GMA appeared
to significantly limit the extent of swelling due to crosslinking, such that the film thickness
of FR-HD-90/10-(DMF) increased by a factor of 2.19, compared to <1.34 for the GMA-
containing copolymers. FR-HGD-80/10/10, FR-HD-90/10-(DMF) showed good resistance
to dissolution, which was attributed to the strong H-bonding interactions, including to the
silicon wafer surface, by the catechol side-chains. However, for RAFT-HGD-74/13/13, the

influence of DMA appeared to be reduced. This was surprising, and the cause could not be
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determined, although it was akin to the unexpected behaviour for RAFT-HGD-74/13/13

in general.

FR-HGD-80/10/10 was chosen to study the potential immobilisation of anti-aflatoxin
antibody. The effectiveness of this copolymer towards antibody immobilisation was
investigated using in-situ ellipsometry and quartz crystal microbalance. Both techniques
suggested that a monolayer of antibodies was covalently immobilised on the film surface.
The film thickness was not significantly reduced upon rinsing with buffer solution. In
combination, the findings suggested a coating of FR-HGD-80/10/10 was suitable and
effective for the immobilisation of antibodies.

6.2 Future work

Several elements of the study could be considered interesting areas for future work.
Reactivity ratios were calculated to investigate the kinetics of copolymerisation for ADMA
with MMA and GMA in 1,4-dioxane. As DMA is a monomer of increasing interest, it
would be useful to perform more extensive kinetic studies, including reactivity ratios of
copolymerisation of DMA with further monomers and solvent systems. One of the
intriguing questions still to be definitively answered is the effect of catechol protecting
group chemistry on the copolymerisation. DMA appears to show similar, but not identical,
reactivity in free-radical copolymerisation to its protected monomers, despite probably
yielding different polymer structures. A full kinetic study has not yet been carried out. It
would be useful to use advanced technigues such as in-situ NMR in combination with
integrated computational methods to compare the reactivity ratios of DMA and its
protected analogues when polymerised with various comonomers. It would be of further
interest to determine the ternary reactivity ratios of the polymerisation of HEMA, GMA
and (A)DMA to facilitate more accurate prediction of the terpolymer compositional drift.

RAFT polymerisation using the RAFT agent CTP yielded copolymers with good control
over dispersity, but relatively poor molecular weight control. In a future study, the
conditions for RAFT polymerisation of ADMA with methacrylate comonomers could be
explored further, for example by comparing a selection of RAFT agents. Furthermore, the

use of protected DMA could allow the comparison of other forms of RDRP.

The issue of deprotection of acetonide-protected catechol in the presence of an epoxide
was not resolved in this work. A full investigation into the conditions necessary for the

protection and deprotection of DMA with groups such as silanes would add to the
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understanding of the monomer behaviour. Further understanding of the behaviour of
protected DMA would allow synthesis of copolymers with HEMA, GMA and
subsequently deprotection without loss of epoxide groups. Using RDRP, polymer
architectures such as multi-block copolymers (ABC or ABA) could be used to form loops
or brushes upon adhesion to a surface, which may alter the efficacy of the adhesive
copolymer performance both in terms of adhesion to the surface and ability to conjugate
biomolecules. Alternatively, reactive functional groups could be incorporated post-
polymerisation using (for example) epoxidation of an alkene side chain after the polymer

had been immobilised on a surface using catechol chemistry.

A deeper understanding of the deposition of porous films from methanol could be explored
in further studies for potential application as membranes, if the pore size could be
controlled reproducibly. The ideal conditions for deposition of these catechol-containing
copolymers using immersion-coating also could be investigated further. Widening the
scope of this investigation could take advantage of the versatile adhesive properties on a
range of metal surfaces, such as metal oxides or polymeric surfaces. This would allow the
versatility of the catechol side-chains to be fully considered. Furthermore, the brief
investigation into the immersion coating of the catechol-containing copolymers
highlighted the potential to use these copolymers directly from solution. A potential
application could be coating microfluidic channels with the copolymers, or other surfaces
which are difficult to coat by traditional methods. A full investigation of the immersion-
coating method would be useful, particularly over a range of pH values and temperatures,

to take advantage of the various binding modes of the catechol groups.

Finally, it was demonstrated via QCM and in-situ ellipsometry that an antibody could be
immobilised on a spin-coated film of FR-HGD-80/10/10. However, due to time
constraints, the immobilisation of antibodies was not investigated on the full range of
copolymer films. A more in-depth study of the deposition of antibodies on the copolymer
coatings would be of interest. QCM would also be useful in a full study of antibody
deposition, and x-ray photoelectron spectroscopy (XPS) could be used to confirm the
surface chemistry. Following this, the logical step which was not addressed in this study
due to a lack of time would be measurement of the activity of the immobilised antibodies.
This could be achieved using a number of methods including fluorescence microscopy
upon binding of the antigen, or quantitative analysis of the eluent to measure the extent of

antigen retention by the antibody.
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