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"Our virtues and our failures are inseparable, like force and matter. When they

separate, man is no more" — Nikola Tesla

"Ce sont les Grecs qui nous ont légué le plus beau mot de notre langue : le mot "
enthousiasme™ - du grec "en théo", un Dieu intérieur" — Louis Pasteur
(It is the Greeks who gave us the most beautiful word in our language: the word

“enthusiasm”, from the word “theo”; a god inside)

"It does, for example, no good to offer an elegant, difficult and expensive process to
an industrial manufacturing chemist, whose ideal is something to be carried out in a
disused bathtub by a one-armed man who cannot read, the product being collected

continuously through the drain hole in 100% purity and yield" — Sir John Cornforth
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Abstract

The initial objective of this thesis was to synthesis amphiphilic polymethacrylates
under the umbrellas of catalytic chain transfer polymerisation and click-chemistry that
could then be used as dispersing agents in carbon black waterborne suspensions. Three

generations of dispersants were iteratively synthesised and tested.

MKI and MKII (chapter 1) dispersants were prepared through the polymerisation of
glycidyl methacrylate and glycerol monomethacrylate respectively. In the former,
amphiphilic polymers were prepared using an optimised one-pot dual post-
polymerisation consisting of Michael-thiol addition of commercially available
hydrophobic mercaptans, followed by microwave-assisted epoxide ring-opening. It
was found that most polymers were fully functionalised within a 3-hour window, with
minimal side-reactions. For MKII dispersants, the epoxide ring-opening step was

bypassed, with Michael-thiol additions reaching full conversion within 5 minutes

The third generation, MKIII (chapter 2), allowed us to consider various aspects of our
protocol and how to improve its environmental friendliness. Glycerol
monomethacrylate synthesis was carried out in green solvents such as IPA.
Functionalisation of the macromonomers was subsequently investigated with amines,
through aza-Michael addition, under three synthetic pathways: catalysed, catalyst-
free, and catalyst-free microwave-assisted (MAOS). This allowed the investigation of
various reaction conditions and, two final dispersant candidates with nonyl- and

dodecylamine anchors were prepared through catalyst-free MAOS.
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The various amphiphilic polymethacrylates’ (MKI: 12 candidates, MKII: 8 candidates
and MKIII: 2 candidates) performance as stabilising agent in carbon black waterborne
pigment suspensions were tested in chapter 4. In our investigations, stabilising
segment with a molecular weight of 1-2.5 kDa were determined to provide better
stabilisation. Furthermore, it was not only found that linear aliphatic anchors would
adsorb better onto the surface of other pigment than any other type of anchor, but also

that these dispersants would outperform commercially available products.

We also wished to investigate new applications of CCTP (chapter 5). To this end,
EGDMA-based branched CCT-macromonomers were integrated as crosslinkers into
polyHIPE formulations. The use of various acrylate propagation promoters such as 2-
ethylhexyl acrylate (EHA), isobornyl acrylate (IBOA) and 2-methoxyethyl acrylate
(MEA) was shown to both facilitate the photochemical curing of the HIPEs and to
impart material properties to the products. Scanning electron microscopy (SEM) was
used to explore the morphology of the materials. Surface wettability experiments were
conducted to evaluate the hydrophilicity of the polyHIPES’ surface and, compression
tests were used to investigate the influence of the branching density of the CCTP
macromonomers, as well as the nature of promoters on the mechanical properties of

the prepared polyHIPEs.
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1.1 A Brief History of Polymers

Polymers can be defined as natural or synthetic macromolecules that are multiples of
smaller, simpler building block units called monomers. Polymer science is a relatively
new field, only dating back a century.! Naturally occurring biopolymers on the other
hand, are as old as life itself, appearing in the first prokaryotic cells under the form of
RNA around 3.8 billion years ago.?

Most other naturally occurring polymers include for instance polysaccharides
(starch,® cellulose,*® chitin®...), natural rubber (polyisoprene’), or amino acid based-
polymers (silk fibre,” collagen®...). These same natural polymers have been used
throughout human history to shape our ancestors’ daily lives: pre-dynastic Egyptians
used flax fabric to create linen cloths (3800 BCE). The Kiribati people of Micronesia
used coconut fibres to build sturdy and resistant armours. Natural rubber was used by
Mesoamerican civilisations for ritualistic ballgames (1650 BCE). The book “De Orbe
Nuovo” (1516) by Pietro Martire D’ Anghiera first reported the exceptional properties
of natural rubber, but it was the demonstration by Charles Marie de La Condamine to
the Académie Royale des Sciences in Paris in 1736 that really sparked the interest in
the study of these materials.® A hundred years later, Charles Goodyear would
introduce the vulcanisation process that requires the heating of rubber with sulfur
containing compounds, that would then go on to be used in the manufacture of car

tires.

Although extensively used, many chemists did not fully identify or even accept the
concept of polymers. The term polymers itself was introduced by Berzelius in 1832 to
describe what he thought to be CsHe, a compound he considered a polymer of ethyne

C2H2.1% We have now, however, come to understand that he was actually describing
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an olefin mixture with octane as the compositional average. Berthelot and Holleman
later refined the definition to include chemical bodies made up of as little as two repeat
units, which could also be reacted to yield the starting reagents.!

Herman Staudinger, with his 1920 publication “Uber Polymerisation”, laid the
foundations for the modern understanding of polymers, by explaining his views on the
polymerisation process.'? Since then, polymer science has evolved into a fully-fledged
field and is intricately intertwined with the technological innovations of the 21°%

century.

1.2 Radical Polvmerisations

1.2.1 Free-Radical Polymerisation
Free-radical polymerisation (FRP) is a chain-growth polymerisation process, which,
as its name suggests, is based on the reactivity of radical species, which can be
obtained from a radical generating source, or initiator. Macromolecules are formed by
the successive reaction of vinyl bond-containing monomers, the typical structure of
which is shown in figure 1.1. Polymerisable monomers with these reactive centres
generally have a stabilising substituent (Rs), with most other substituents generally
being hydrogens. Also listed are monomers frequently encountered in the literature

(styrene, methyl (meth)acrylate, vinyl chloride for example).
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Figure 1.1 Structure of polymerisable monomer containing at least one vinyl bond.

Monomer R: Rz Rs Rs References
Ethylene H H H H 13,14,15,16
Methyl methacrylate H H CH;3 COOCH;3 17,18,19,20
Vinyl alcohol H H H OH 2oz 28 20
Vinyl chloride H H H cl 25,26,27,28
Styrene H H H Ph 29,30,31,32

Table 1.1 Example of widespread commercial monomers used in free-radical polymerisation.

The number of additions determines the degree of polymerisation and growth is
eventually halted by the bi-molecular reaction of two growing macromolecules,
preventing the further addition of monomer.

These steps, known as initiation, propagation and termination, underpin free-radical

polymerisation, and are discussed separately in more depth below.

1.2.1.1 Initiation
The initiation process of FRPs can be divided into two separate events: (i)
decomposition of the initiator and (ii) formation of initiating radicals.
Multiple types of initiator are available. Which type is used will depend on the reaction
conditions, but the entire polymerisation process relies on the effective dissociation of

the initiator, scheme 1.1.
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1. Redox initiation:

ROOR + M2* - M3* + RO~ + RO’

2. Photolysis:

(0] (0]
hv I,
+
‘ CH

3. Radiolysis:

[+y—=T*+e”

4. Thermal initiation: Azo and peroxide compounds:

Rz R3

R1)4N”N7(R1 = - 2 Y+ N=N

R3 Ry R4

RO—-OR 2 RO

Scheme 1.1 Methods for the generation of radical species used in FRP.

One of the oldest methods of production of radical species is the reduction of hydrogen
peroxide by metal salts, known as Fenton’s reagent when ferrous sulfate is used.® In
redox systems the same process is employed, or adapted, through the use of
peroxides®*® or persulfates®®*" where, by way of a single-electron transfer step, O-O
bonds are cleaved to yield a free radical entity able to initiate polymerisation.38%
Electromagnetic radiation, UV/visible light or ionizing radiation, can also be
manipulated to generate radicals. Photolytic initiation can be conducted at low
temperatures in solvent-free conditions and is often employed in cross-linking
processes. This is the case in 3D printing technology where photo-FRP is preferred.*
Radiolysis, with - or y particles sources can be used to generate radicals, but also tend
to form a wide array of ionic species.*

Thermal initiation, however, is by far the most widely encountered method of
generating radicals in polymer chemistry. The best initiators for thermal initiation are

the so-called peroxide,*>*® where the low dissociation energy of the O-O bond favours
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the homolytic cleavage of the peroxide bond, and azo initiators, whose decomposition
is driven by the formation of stable nitrogen molecules.**

Radicals are, in general, reactive transient species that will either start a polymer chain
or undergo side-reactions. When radicals are formed, they are surrounded by a *“cage”
consisting of solvent and monomer. This is of particular importance in the case of
thermal initiations where two radicals are formed. Should the radicals fail to escape
the solvent cage in a timely manner, a mutual deactivation of both initiating radicals

can occur, without polymerisation having been initiated, scheme 1.2,

N
N7 \ \fcf,NﬂNL

Scheme 1.2 Bimolecular side reactions that can occur between two initiating radicals (here from

AIBN) within the solvent cage.

To quantify how efficiently those radicals initiate polymerisation, we can evaluate

initiator efficiency, f, where:

radicals incorporated into polymers

f= (eqn. 1)

radicals formed by initiator
Should the initiating radicals be able to exit the solvent cage, they will be able to react

with a close-by monomer that can then undergo propagation.
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1.2.1.2 Propagation

Propagation is the bimolecular process that enables increase in chain length through
the repeated addition of monomers. There are two possible reaction sites on mono- (Ry
= R2 =Rz = H, Rs =Y) or disubstituted (R1 = R2 = H, Rz = X, R4 = Y) monomers:
carbon a (tail) or b (head), figure 1.1. Head-to-tail (H-T) additions are favoured both
on steric grounds, but also on electrostatic, as R4 is usually an electron withdrawing
group.

With each monomer addition, a new chiral centre is formed. The regularity, or lack
thereof, in the arrangement of those successive chiral centres is an important parameter
that can influence the physical properties of the polymer. This is called tacticity. Three
different tacticities can be defined: polymers where there is no prevailing order are
atactic. When successive chiral centres have the same configuration they are isotactict
and, finally, when the configuration alternates between each sides of the plane of the
polymer backbone, polymers are described as syndiotactic. In theory, propagation
could carry on until termination and produce linear macromolecules, however many

side-reactions can compromise the chain length and structure of polymers.

1.2.1.3 Termination
The reactions with which growth is terminated happen through the interaction of two
adjacent macroradicals, P,~ and Pm’, under one of two scenarios. The first,
combination, sees two polymeric chains react together to create a single chain, with a
degree of polymerisation equal to the sum of its two constituting chains, and a head-

head configuration at the point of combination. The second, referred to as

38



Chapter 1:
Literature Review

Figure 1.2 Termination pathways encountered in FRP.

disproportionation, happens when a proton atom is abstracted from one chain to
another resulting in two dead polymers, one with a terminal vinyl bond and one

saturated chain end, figure 1.2.

1.2.1.4 Kinetics

The three steps and rates of the free-radical polymerisation process can be summarised

as:
Initiation
Ri = 2kqf 1]
[ - 2R"
(ean 2)
R*+M - M*
Propagation Ry, =k, [Pa][M]
Po + M- Py (eqn 3)

Termination by disproportionation
Ry = Zkt[Pn*]z
Pr+Py - P +P,
With ke = k¢ + kg
Termination by combination
(ean 4)
Py + Py, = PPy
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The decomposition of the initiator is the rate-controlling step during initiation, the
secondary step occurring much more rapidly. In Rj, the “2” is introduced because for
each initiator molecule, two radicals are created, and f refers to the initiator efficiency.
For termination, both combination and disproportionation are in competition and k;
takes both pathways into account.

An equilibrium between generation and consumption of radicals is eventually reached
during polymerisation. This allows the assumption of a steady-state, where the
concentration of radicals does not vary significantly within short timeframes,
meaning:

Ri—R, =0
<=> 2k4f[1] — 2k([P*]* =0

. kqf[I
<=> [P*] = —“kt“

Substituting this into the general rate of propagation equation, we obtain:

kqf[l
p =kyp “k—t[][M] (eqn. 5)

1.2.1.5 Chain Transfer
Chain transfer is another major event in FRP, beyond normal termination, which limits
chain growth. Its reaction can be written as:
Py +XH —» P,H + X*

R = ke [Pr][XH] (eqn 6)
where the growing centre is terminated via transfer of a hydrogen atom from a
compound XH that can be monomer, solvent molecules or impurities. The reaction
also yields a new radical species, here denoted X", able to re-initiate polymerisation.

These mechanisms of chain transfer lower the overall molecular weight of polymers.
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In most cases, chain-transfer is undesirable, but the process can be harnessed to control
molecular weights through the deliberate introduction of chain transfer agents (CTA).
This is a relatively facile, industrially viable method to manipulate the size of
polymers. The use of thiol and halides, in particular, has been reported since the 1940’s
with their application being first investigated by Frank Mayo and co-workers.*>40

Chain transfer reactions can be characterised by their chain transfer constant, Cs, equal

to the ratio of transfer to propagation rate constant, such that:

Ker

C. =
S kp

(egn 7)

The higher the Cs, the more likely a radical is to undergo chain-transfer rather than to
propagate. With this, we can write that the average degree of polymerisation will be
equal to the ratios of the rate of polymerisation to the rates of chain-altering event

(termination and chain transfer), with:

-5 _ Rp kp[Ph][M]
Dk, = Re+Rer  2ke[Py]2+Kker[P4][XH]

(eqn 8)

oL 2P kalXH] 2k [kaf[1] kulXH]
DR KMl M KM K KM

It is important to note that the term k.. encompasses all chain transfer events, i.e.

transfer to monomer, solvent, impurity or chain transfer agent, as such:

kqf[1] ktrM[M] ktr,Sol[S] +ktr,l[l] +ktr,CTA[CTA]
k¢ kp[M] kp[M] kp[M] kp[M]

,kd £ [S] [1] [CTA]
D_Pn " [M + G, + Cgol + C, + Cs—— ] (eqn 9)

Generally, the rate of polymerisation is scarcely affected by chain transfer. This is

because of the relatively minute concentrations of the species involved in chain
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transfer processes but, as previously mentioned, CTAs can be purposely introduced
within polymerisation systems to artificially manipulate molecular weights.*” The last

term in equation 9, then becomes of importance:

1 2k [kafll] [CTA]

P My ke TS Mp (ean 10)
An equation that can be simplified to:
1 e
5F. - DPy + Cs ] (egn 11)

Equation 11, referred to as Mayo equation relates the degree of polymerisation at
various chain transfer agent loading, DPn, with the degree of polymerisations without
added CTA, DPo. This equation yields a linear plot of 1/DP; against [CTA]/[M], the
slope of which is equal to the chain transfer constant. Examples of Cs values for
commonly encountered CTASs such as dodecyl thiol or carbon tetrachloride typically
stand at 0.70 and 0.0122 (for MMA and styrene at 60 °C respectively).48-°

Chain transfer to small reaction constituent is pervasive; but transfer to dead polymer
can also be widespread in FRPs. This usually occurs at higher conversions and
influences the topology of polymers by introducing branching to the system. Short
branches radiating from the structure are a result of backbiting, a rearrangement where
the radical carrying carbon transfers the activity to the backbone, five/six carbons
back. Alternatively, long branching is observed when the transfer occurs

intermolecularly.

The use of traditional CTAs, while able to influence the degree of polymerisation, can
nevertheless require high amounts of either thiols or halides to yield effective control,

which can lead to concerns over CTA toxicity, smell, or colour. Catalytic chain
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transfer polymerisation, on the other hand, makes use of catalyst with Cs values several

orders of magnitude higher than traditional CTAs.

1.2.2 Catalytic Chain Transfer Polymerisation

1.2.2.1 Initial Development and Overview of CCTP
Catalytic chain transfer polymerisation (CCTP) offers an efficient and attractive
alternative pathway to the regulation of molecular weights of polymers.>*>* The
technique was developed in the mid 1970’s in Russia by Smirnov and Marchenko.
Their work, meant as a continuation of Gelii Ponomarev’s work on metal transition
metal-containing compounds, initially aimed at investigating cobalt porphyrins’
catalytic activity in the redox decomposition of peroxy initiators in radical
polymerisations. However, and after much experimentation, it was concluded that
cobalt porphyrins would instead reliably and reproducibly inhibit the polymerisation
of MMA, without affecting the rate of polymerisation. The polymerisations would
display all the signs of “normal” free radical, bar for the fact that the resulting
polymers had, respectively, a proton and an olefinic insaturation in the a and ®

positions, figure 1.3. %58

n

(i) Oo @]
|
R R

Figure 1.3 Typical structure of CCTP-made polymer.
Outside of the Russian patent literature however, the technique gained little traction in

the West at its inception as early Soviet and American (from the Glidden paint

company) patents prevented further public disclosure.?45%-61
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1.2.2.2 Catalysts
One of the early pitfalls of CCTP was the cost of the catalysts. The low natural
abundance of cobalt porphyrins (figure 1.4, A) made the removal of the catalyst from
the polymeric material a necessary, but costly process.>* To this day, cobalt porphyrins
can cost up 130 GBP per 500 mg of product. Many catalysts were tested, particularly
by A. Gridnev.5?** One of the most important breakthroughs, and the one subject of
the aforementioned Soviet patents, came in the form of the cobaloxime catalysts. As
described by Gridnev himself, cobaloximes, the structure of which is shown in figure
1.4 (B), were an order of magnitude more CCTP active than porphyrins, with chain
transfer constants up to 103-10°,52-%4 but also markedly less toxic and with little colour.
This activity of cobaloximes is unique in that most other transition metal based
catalysts (Cu, Fe, Ni, Zn, Rh, Mn, Pd, Mg, Pt, Sn, U),>2%*57 or even other cobalt-based
complexes, showed no activity whatsoever, except for some complexes of chromium

and molybdenum which showed reduced catalytic activity.%>%" One of the principal

Figure 1.4 Cobalt porphyrin (A). Typical unbridged (B) and bridged (C) structures of the low spin
cobaloxime CCTP catalyst.
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drawbacks of the catalysts, however, was the hydrolytic instability. Unless used in an
inert, glove-box, atmosphere, equatorial OHO bridge could be partially hydrolysed,

disrupting the compound’s catalytic activity, scheme 1.3.%8

H H
H. H .H | |
/ »‘ --.‘ ‘\ O O
I I

\1/ /\1/ \1/I
\/ \/ \/ \/ X S IN 2
\\H, \\H, \H/

Scheme 1.3 Hydrolysis of the dimethylglyoxime planar ligand of cobaloxime catalysts.

This issue can nevertheless avoided by introducing BF; bridges, as was shown by
Janowicz and co-workers. This made the catalyst stable in most environments, as well
as easy to handle under aerobic conditions (figure 1.4, C).%°

Cobaloximes are octahedral complexes made up of two axial ligands A (monoanionic)
and E (electron-donating, coordinative bound Lewis base), as well as a tetradentate
glyoxime ligand that makes up the square planar base of the catalyst.

The glyoximes’ substituents, as well as the axial ligands can be modified to suit the
experimental conditions but retain catalytic activity, with examples of the various

investigated catalysts/monomer/solvent combinations given in table 1.2.

Table 1.2 Chain transfer constants of a range of cobaloxime catalysts for the polymerisation of MMA

in various solvents. Adapted from reference 47
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The reaction conditions (solvent, monomer, A, E, planar substituents) also contribute
towards the catalytic activity, but their effect is measured through the chain transfer

constant.

1.2.2.3 Mechanism
The majority of CCT polymerisations are thermally initiated in the presence of an azo
initiator as peroxide initiators lead to an oxidation of cobaloximes that locks them in
their inactive L-Co(lll) oxidation state. Since the inception of CCTP, three
mechanisms have been proposed:
Mechanism 1:
Step 1: Activation of propagating radical
P; + LCo < [P, — LCo]
Step 2: Monomer abstraction of proton
[B, — CoL]+ M — LCo + P} + Py
Mechanism 2:
Step 1: Michaelis-Menten activation of monomer
LCo+ M < [M — LCo]
Step 2: Chain transfer and re-initiation
[M —LCo] + B} = P; + PF + LCo
Mechanism 3:
Step 1: chain transfer and hydride generation
P: + LCo(Il) » P7 + LCo(IINH
Step 2: Cobalt(111) hydride re-initiation

LCo(IINH + M — LCo(Il) + M*
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The first two involve the activation of macroradicals or monomers respectively. The
monomer was however shown by Heuts et al.”” to not participate in hydrogen
abstraction, ruling out the first mechanism. The second requires the formation of a
monomer-cobaloxime mechanism, which would make the polymerisation highly
dependent on monomeric concentration. theoretically, this would equate to CCT being
less likely as the reaction proceeds and the monomer reserves are depleted, and this
theory has been refuted.>> The more widely accepted third mechanism was
demonstrated by A. Gridnev, Smirnov, O’Driscoll and co-workers and is shown in
more details in scheme 1.4.51:525470.72-74 | this mechanism, a hydrogen atom is first
abstracted from the carbon in the a-position to the radical centre of the polymeric
radical. This produces a vinyl terminated polymer and a reactive cobalt-hydride cobalt
hydride complex able to re-initiate polymerisation through the transfer of hydrogen to

an unreacted monomer.

Scheme 1.4 Currently accepted mechanism of CCTP.
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The chain transfer process can further be broken down into three steps’:

P; + LCo(ID)

[P — LCo(ID)]
Ry = kq[B,][LCo(ID)] (egn 9)
and R_; = k_4[B; — LCo(I)] (egn 10)
[By — LCo(ID)] —% .  BZ+LCo(IIDH
Ry = ke [Py — LCo(11)] (egn 11)
LCo(IIDH+M  _ Y0 M*+ LCo(I])

Rrein = krein[LCo(II1)H][M] (eqn 12)

Assuming a steady-state for [P, — Co(II)], we can write:

d[P; — Co(I11)]
dt

=R —R_1—Ryp =0

kq

<=> [P,:: —LCO(II)] = m
- T

[E2][LCo(ID)]

Which, if subbed into Ry, provides us with an equation for the rate of chain transfer:

_ ktrkl
Reyp = ———
k_q1+ker

[P 1[LCo(ID)] (eqn 13)
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1.2.2.4 Monomers
In order to be viable options for CCT polymerisation, monomers need to be able to
facilitate proton transfer. In most case, this means having an a-methyl group. In such
case, monomers are said to be CCTP active. This is as during the polymerisation,
propagating tertiary radicals formed from methacrylates and other o-methyl
monomers, lead to the formation of a labile Co-C bond that will be able to yield to the
cobalt hydride and polymeric product. In contrast, acrylates or styrenic monomers

form very stable Co-C bonds that are inactive for CCTP, figure 1.5.

Figure 1.5 Classification of common monomers’ CCTP activity and resulting CCTP product.
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1.9 Click Reactions

Click-chemistry is, today, an integral part of polymer science. The term “click-
chemistry” was first introduced by Sharpless and co-workers in the late 1990°s to
describe a class of modular reactions that could be used that would simplify the, often
overcomplicated synthesis of biomimetic compounds used in the pharmaceutical
industry.’"7

At its core, the concept of click-chemistry englobes a family of reactions that share
several properties: they must achieve high yields, be regio- and stereo-selective, yield
a single product that is easy to purify via non chromatographic methods, whilst being
carried out in benign solvents under ambient temperatures and/or atmospheric
conditions. Click-reactions have been categorised into 4 different classes: (i)
cycloadditions of unsaturated species (Huisgen cycloadditions,”®®! Diels—Alder
addition8283), (ii) carbonyl chemistry,”” (iii) nucleophilic substitutions (ring-opening
reactions®*) and (iv) addition to carbon-carbon unsaturation (Michael additions®-%8)

and a few examples of such reactions are shown in scheme 1.5.

Scheme 1.5 Example of commonly used “click” reactions.
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1.3.1 Michael Additions
Michael additions were named after Arthur Michael who, in the late 1880’s, sought to
find an explanation to the formation of cyclopropane derivatives during the reaction
between diethyl 2,3-dibromopropionate and diethyl sodiomalonate that was observed
by Conrad and Guthzeit.2® The reaction, and historic definition Michael addition,
involves a carbon-carbon bond forming conjugate addition reaction in which an
enolate nucleophile is reacted with the B carbon of an o,B-unsaturated carbonyl.8"%°
This definition can, however, be extended to encompass reactions whereby a strong
nucleophile, or Michael donor, attacks an a,B-unsaturated carbonyl, or Michael

95

acceptor. Since then, reactions with oxygen-,"-% selenium-,%® and phosphorus-

centered®-% nucleophiles as Michael-donors have also been described.

1.3.1.1 Michael-thiol Additions

The most encountered reaction of this subclass is the Michael-thiol addition, which
was first reported in the 1960’s by Allen et al.*® and have since been of great interest
to polymer chemists for being usable with a great variety of monomers:
(meth)acrylates, acrylamides, vinyl sulfones, or even maleimides.100-19

Two catalytic pathways are available. The first, base-catalysed Michael-thiol addition,
relies on non-nucleophilic bases such as TEA, DBU or DBN. As illustrated in scheme
1.6, the role of these catalyst is to deprotonate the thiol reagent.'%¢-1% This generates
a nucleophilic thiolate intermediate that can undergo Michael-addition onto the
electron-deficient vinyl bond. One of the main factors of the base-catalysed Michael-
thiol addition is the strength of the base. With strong bases, the concentration of

thiolate is equal to that of the catalyst but with weak bases, the concentration will

depend on the acid-base equilibrium.
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Scheme 1.6 Base and nucleophile-catalysed Michael-thiol addition mechanism. Adapted from ref 81,

The reaction is also susceptible to the presence of protic sources, water or alcohol,
which can interfere with the base catalyst.

One of the main factors that influences base-catalysed Michael-thiol addition is the
pKa of the thiol, which will regulate the acid/base equilibrium, but this dependency,
however, be circumvented with N- or P- centered nucleophiles (DMPP, DMAP,
trialkylphosphine etc...) catalysts, which constitutes the second catalytic
pathway.5484106.108.110 The first step, the reaction between the catalyst and an electron-
poor vinyl bond, results in a zwitterionic intermediate, able to next deprotonate the
thiol.

In both cases, once the negatively charged thiolate is generated in the reaction medium,
a reaction with a vinyl bond to form a deprotonated Michael adduct occurs. The adduct
is then neutralized by the interaction with another thiol, thus establishing a reactive
cycle typical of Michael-thiol additions.

The thiolate nucleophilic attack is the rate-limiting step and can be written as:
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Ryta = k[R — S7][vinyl] (eqgn. 14)
With [R — S~] and [vinyl] the respective concentrations of thiolate and vinyl bond.
The former’s definition can however be expanded when dealing with base-catalysed
additions as the concentration of thiolate will depend on the dissociation constant. As

such, we have:

[R-S~][BH*]

Keq = R_SHIE] (egn. 15)
and so for base-catalysed reactions:
B .
RBCMTA = kKeq (ﬁ) [R - SH] [Vlnyl] (eqn 16)

1.3.1.2 Aza-Michael Additions
Another iteration of the Michael addition, the aza-Michael addition, makes use of
amines.!*11% The reaction between an amine-centered nucleophile and an a,p-
unsaturated carbonyl, namely ammonia and mesityl oxide, was first reported by
Sokoloff and Latschinoff almost a decade before Arthur Michael described the
reactions that would later be named after him.4
The use of aza-Michael reactions offers several additional advantages. If used with a
catalyst, a strong base such as DBU, the reaction occurs through a mechanism similar
to that of base-catalysed Michael-thiol addition but the reaction is also possible in a
more interesting environment whereby more basic amines act as their “own” catalyst,

following a mechanism proposed by Shooshtari et al.,**> scheme 1.7, although this

Scheme 1.7 Proposed mechanism of catalyst-free aza-Michael addition.
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mechanism is still debated.'%!1” Moreover, amines can be preferable to malodorous
thiols, reactions can occur using multiple combinations of often inexpensive Michael

118 aromatic'®® etc.) and Michael acceptors  such as

donors (aliphatic,
(meth)acrylates, 2126 or amides among others.!**2"-129 |t js an important reaction that

could enable an easy access to B-amino carbonyl derivatives and which can prove

relevant in the synthesis of biologically relevant molecules.!?1%

1.3.2 Epoxide Ring-Opening
Epoxides are three membered rings containing an oxygen atom. Their reactivity stems
from the inherent strain that all three membered rings are subject to. This makes them
particularly susceptible to base or acid-catalysed nucleophilic attacks, with Sharpless
likening them to “spring loaded” rings.”” These nucleophilic attacks overwhelmingly

proceed through an Sn2 mechanism, scheme 1.8.

A) Acid-catalysed mechanism:

H H
T o o R OH R OH
H* > — o — ) — —
A 7
R'; R R O H H‘O___ t* H—0O
) H ~ H H
0.
H™ H
B) Base-catalysed initiation:
o~ o: RO R.-OH
P ‘~':_"O o R <7 —_— I L
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. y RNk N- \
Ny R L g R R

Scheme 1.8 Acid and base-catalysed mechanisms of epoxide ring-opening. Adapted from ref 78.

Polymers with epoxide containing side-chains can be obtained through the
polymerisation of glycidyl (meth)acrylate.% The monomer’s low-cost and general
stability have attracted a great deal of attention. It is, for instance, commonly

encountered in the production of epoxy resins.*132 Polymers of GMA can be

54



Chapter 1:
Literature Review

obtained using both free-radical (FRP, CCTP) and reversible-deactivation radical
polymerisation (ATRP, RAFT, NMP) techniques®+133-137 and, through the availability
of the pendant strained-three membered rings for nucleophilic ring-opening reactions.
McEwan et al.*¥" investigated the versatility afforded by the combination of CCTP
and click-chemistry. During the study, the authors evaluated several routes leading to
the complete functionalisation of epoxide containing poly(glycidyl methacrylate)
CCT-polymers. Various amine and/or thiol compounds were reacted with both the
terminal vinyl groups and epoxide side-chains using hydroamination or Michael-thiol
addition alongside epoxide ring-opening.

Similarly, Zhang et al.** used CCTP to polymerise GMA. The multi-handle polymers

were subsequently modified by reacting benzyl mercaptans with the o-vinyl ends. The

Scheme 1.9 Post-polymerisation modifications of p(glycidyl monomethacrylate).
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epoxy side-chains’ reactivity was harnessed by dual-functionalisation using a
combination of epoxide ring-opening using sodium azide, which was immediately
followed by a copper catalysed alkyne azide coupling (CUAAC) reaction between the
azide-polymers and alkyne carbohydrates to yield linear glycopolymers. Common to
both these papers is the presence of epoxy functional monomer glycidyl methacrylate,
which as can be seen from scheme 1.9, open up a host of possibilities for preparing

functional polymers.

1.4 Microwave-Assisted Organic Synthesis

1.4.1 Principles of Microwave Heating
A rule of thumb in chemical synthesis states that, for every 10 °C increase, the reaction
time is halved (adapted from Arrhenius’ law). Traditional heating in organic and
material sciences, is external and achieved using oil or water baths.
Microwave-assisted organic synthesis, or MAOS, on the other hand, relies on the use

of microwaves. These are electromagnetic irradiations found between IR and radio

Figure 1.6 Processes of dielectric heating (dipolar polarisation and ion conduction) occurring during

microwave heating.
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frequencies from 0.3 to 300 GHz. As the name suggests, electromagnetic waves are
made up of an electric and magnetic field, with the former being responsible for the
observed heating effect, also known as dielectric heating effect.

There are two mechanisms that take place, figure 1.6:139140

(i) Dipolar polarization: for dipolar polarization to occur, at least one of the
compounds in the reaction vessel must be a dipole (i.e., have a dipole
moment); this often will be the solvent. In that case the molecule will, when
microwaves are being applied, align itself with the electric field. However,
because the field oscillates, solvent molecules will be in a constant state of
attempting to realign themselves with the field, which results in the
production of heat by molecular friction.

(ii) If amolecule is charged (positively or negatively), it will be subject to ionic
conduction, in which case molecules oscillate back and forth following the
microwave field. This mechanism is generally considered more efficient at
production of heat, which stems from the collisions between molecules.

When possible, MAOS has shown to be much more efficient than traditional heating.
This is because heat is generated internally and ensures that the sample is heated
homogenously, unlike traditional heating where the heat source is external and wall

effects can occur.

1.4.2 Microwave Instruments
With the development of modern microwave reactors came several innovations.
Nowadays, most scientific reactors come with, among others, an optic fibre
temperature probe, pressure control, continuous power regulation, post-reaction

cooling, built-in magnetic stirring capabilities and explosion proof cavities.
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In domestic, just like scientific microwave instruments, the microwave source
generally is a magnetron that converts the kinetic energy created by the oscillation of

electrons into electromagnetic waves, here, microwaves.#!

Figure 1.7 Microwave reactor designs: multi- (top) and monomodal (bottom) instruments.

In practice, reactors vary by size, cavity design, type (batch/flow), >4 put the most
important factor to consider is the mode of the reactor, which will impact the other
parameters. There are two modes that can be used, figure 1.7. The first, based on
domestic reactors, is described as multimodal.1*64” Multimodal instruments are
usually designed with large cavities, making them able to run multiple reactions in
parallel and allow for larger reaction volumes to be carried out (300 puL to 100 mL).
Those reactors can have one or two magnetrons and the waves are directed to the
cavity by a waveguide and distributed randomly within the cavity by a mode stirrer.
These microwaves are then able to bounce around the metallic walls of the cavity, thus
interacting with the sample in a disorganised manner. The other instruments, so called

monomodal,**"~! have smaller, more compact cavities; the microwaves are focused
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into a homogenous wave field with a single reaction vessel placed in the waveguide.
This generates a high-density microwave field, but the vial sizes are typically smaller

(2-5, 10-20 mL); this makes those reactors ideal for small, laboratory scales reactions.

1.5 Theory of Pigment Dispersion

1.5.1 Pigments

Pigment, dye, dyestuff or colorant are words often used interchangeably to describe
colour-bearing substances. By definition however, pigments differ from dyes as they
are for the most part insoluble in the application medium, usually water. Most of us
would be familiar with the Lascaux caves paintings that were produced more than 20
000 years ago.*®? Early humans used crudely water-dispersed pigments such as iron
oxides (red and yellow), charcoal (black) pigments to apply to their bodies, or create
cave wall paintings.'® Semi-precious stones (Lapis lazuli and Malachite) could be, for
instance, ground down to produce intense blue or green powders. A similar grinding
process was employed with the True Indigo plant to produce, as its name suggests,
indigo powder. Throughout history, pigments were largely produced from natural
sources (plants, minerals and animals), and the first modern synthetic pigment,
Prussian blue, was likely only discovered around 1710.1%

Nowadays, pigments are near ubiquitous in our lives. The global synthetic pigment
market is valuated at $41 billion in 2021 and set to reach $46 billion by 2025, with
applications in plastics,**®1%8 cosmetics™%1% and fabrics.'®* Commonly, pigments are
integrated within coatings and paints for use, for instance in the automotive industry.

These paints can be applied for both exteriors and interiors of cars, and are used not

59



Chapter 1:
Literature Review

Figure 1.8 Pigment powders, from left to right: carbon black, diarylide yellow, titanium dioxide,

iron oxide and chromium oxide.

only for aesthetic purposes, but also protective purposes.’®> The paint industry
constitutes around 60% of global pigment consumption.!63

Pigments can classified within two subgroups, organic and inorganic pigments. The
formers are made of organic elements (carbon, nitrogen, hydrogen, oxygen)!6416°
while the later are largely based on inorganic compounds.t®5-1 Typical examples of
organic pigments are carbon black (C, black),*®1" diarylide pigments (a family of
yellow diazos pigments),t”® Quinacridone (C20H12N202, magenta)'’® or Indanthrene
(C2sH14N204, blue).r’” In contrast, metallic oxides such as titanium dioxide (TiOz,
white),18-182 jron oxide (Fe20s, brownish red),'®® cobalt blue (Al.Co04, blue)'®* or

chromium oxide (Cr.0s, green)'®1% provide instances of available inorganic

pigments, figure 1.8.

1.5.2 The Dispersion Process
Pigments are generally sold as more or less fine powders but different substructures

can be defined. The smallest undividable pigment entities are called primary particles
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Figure 1.9 Typical structure of pigment powder agglomerates.

(10-300 nm), also referred to as nodules, but are scarcely observed. During the
pigment manufacturing process, nodules frequently become chemically bound
through covalent bonds to form clusters referred to aggregates (85-500 nm).
Agglomerates (1-1000 nm) can finally be formed through the weak, physical (\Van der
Waals, hydrophobic) interactions that occur between aggregates and nodules, figure
1.9. The goal of the dispersion process is to break down these agglomerates down to
aggregates and, ideally, primary particles. This is a critical step of paint manufacturing
because some of the key properties of coatings for instance haze and tinting strength,
that increase with the fineness and homogeneity of the pigment particles distribution
within the dispersion medium. The dispersion of pigments is arguably the most

important part of paint manufacturing, and can generally be divided into three steps:

Step 1: Wetting

Agglomerates, these clusters of primary particles and aggregates, do not constitute a
homogenous phase. There is air and moisture in the space between particles.'®” The
first step of the dispersion process, the so-called wetting step, occurs when the powder

is introduced in the dispersion medium, which is concomitant with the partial removal
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Figure 1.10 Steps of the pigment dispersion process.

of the entrapped air/moisture and its replacement with dispersion medium. Figure 1.10
illustrates the change from the pigment/air interface, to pigment/medium interface.
Generally, the amount of wetting that occurs depends on the geometry of the primary
particles, as well as the chemical composition, viscosity and surface tension of the

dispersion medium.

Step 2: Dispersion
It is during the dispersion step that agglomerates and flocculates are broken down
through the application of mechanical — impact and shear — forces to the system. It is

also during this step that full wetting is achieved.
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Step 3: Stabilisation

As the agglomerates are ground down, this increases the surface area of the pigment
exposed to the dispersion medium, which is a thermodynamically disfavoured state of
higher energy.'88 Particles will in turn flocculate, a process whereby the finely ground
particles clump together due to the attractive London-van der Waals forces, to reduce
the overall energy of the system. Dispersing additives can however be used to stabilise
the system after grinding and prevent flocculation. The production of high-quality
pigmented coatings relies on the homogeneous distribution of pigment particles
throughout the solution. As such, the role of the dispersing agent is to sterically,
electrostatically, or electrosterically stabilise the dispersed particles. Failure to
effectively do so would result in a variety of defects occurring either before the
application of the paint (particle flocculation), but also after application with gloss

reduction, hazing, or orange peeling among others, figure 1.11.

Figure 1.11 Examples of paint and coating defects that can occur in non-optimised formulations.
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1.5.3 Pathways to Stabilisation
In a well-dispersed system, pigment particles will, much like colloid particles, be
subjected to Brownian motion, meaning they will frequently encounter and collide
with one another. Unrestricted, this would eventually lead to a complete flocculation
of the system. Alternatively, it is possible to introduce sources of electrostatic or steric

repuslion as seen on figure 1.12.187

Figure 1.12 Electrostatic (top) and steric (bottom) stabilisation of pigment dispersions. Figure

obtained from BASF’s “little helpers love great achievements Practical Guide to Dispersing Agents”.

1.5.2.1 Electrostatic Stabilisation
In aqueous systems, electrostatic stabilisation is particularly relevant for particles that
have a surface charge, something that is often the case with inorganic pigments, or
have been made to display a surface charge through the adsorption of a polyelectrolyte

to the surface.106:181
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Charges can either be positive or negative, but due to the required neutrality of the
system, an ionic cloud of opposite and equal charge forms around the dispersed
particles. Any one cloud is formed of two layers: the stern layer is the internal layer
present at the particle/water interface. It is strongly bound to the surface and
neutralizes the surface’s charge. The second layer, or diffuse layer, is made up of ions
attracted to the first layer. When two neighbouring particles approach one another, the
two equally charged and overlapping clouds create a repulsive electrostatic force, able
to overcome the London-Van der Waals attractive forces. Electrostatic stabilisation is

however susceptible to variations in pH, and is also essentially restricted to aqueous

Figure 1.13 Electric double layer (left) around a pigment particle consisting of the inner Stern layer

and the outer diffuse layer and corresponding attractive, repulsive and total potential curves (right).

systems. Titanium dioxide dispersion is a regularly encountered topic in the literature.
TiO2 is indeed a major pigment, with a market value of 18.55 billion dollars in 2021
that is used in paints, coatings, cosmetics and paper making.163166.178.181,189,190 Thg
pigment is often stabilised with ionic dispersants; Farrokhpay et al.®® for instance

found that TiO-based paints showed higher gloss and improved pigment stabilisation
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when dispersed alongside “polyacrylic acid or carboxylate/hydroxyl-modified
polyacrylamide”. Cobalt blue was also more effectively stabilised by ionic dispersion,
such as with a copolymer of acrylic and itaconic acids, as was shown by Peymannia

et al.?!

1.5.2.2 Steric Stabilisation
Alternatively, repulsion forces can also be generated using steric stabilisation.
Segments of polymers, anchoring groups, can be adsorbed onto the surface of the
pigments by non-covalent forces, with the remaining group ideally being fully
solvated within the dispersion medium (aqueous or organic). This stabilisation can be
brought on by linear amphiphilic or triblock copolymers, but also comb, brush or star
polymers.172192-1% \When two stabilised particles approach one another, the solvated
segments’ mobility become restricted. This loss of degrees of freedom results in an
unfavourable reduction of the overall entropy. This entropic barrier prevents further
attraction of the particles and, the additional rise in osmotic pressure increase repels

the particles away from each other.
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Chapter 2:
Michael-thiol Reactions for the Synthesis of Linear Amphiphilic Polymethacrylates

2.1 Introduction

The synthesis and behaviour of amphiphiles in solution has been the focus of
numerous experimental’™ and theoretical®> studies over the past few decades. Self-
assembly, exemplified in nature by molecules such as phospholipids or cholesterol,
occurs in order to reduce the overall free energy of a system by minimising interactions
between water and hydrophobic moieties,® resulting in the formation of supra-
molecular structures of varying morphologies, such as spherical micelles,®° worm-
like micelles,'! and vesicles.!?

Which of these morphologies is adopted can be generally predicted using the packing

parameter, p,*2 defined as:

p=-= (egn. 1)

alp
where vn and In represent the volume occupied and the maximum length of the
hydrophobic chain, respectively, and a the area of the hydrophilic head group.
Research into the self-assembly of synthetic macromolecules often focusses on their
potential use in drug delivery systems,4-26 but amphiphilic polymers have also found
applications in bio-imaging,*’” food processing,*® in the plastic industry as plasticisers®®
and in cleaning products as anti-redeposition agents?® amongst others.

Of particular interest to this work is also the use of amphiphilic polymers as stabilisers
for dispersed systems.?23 One such area of use being the stabilisation of pigments in
waterborne paint formulations (discussed in depth in chapter 4), which has attracted
the attention of multiple research groups.

For instance, Miiller et al.?* demonstrated the capacity of copolymers of methacrylic
acid, styrene and acrylic esters to inhibit the corrosion of aluminium pigments within
aqueous alkaline solutions. Other examples include an investigation by Leemans et

al.?> who reported the dispersion of carbon black in isododecane using polystyrene-
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poly(stearyl methacrylate) block copolymer dispersants prepared by anionic
polymerisation; and a study conducted by Saindane et al.?® who dispersed titanium
oxide (TiOz) pigments using RAFT-made amphiphilic poly(ethyl acrylate)-

poly(acrylic acid) block copolymers.

Developments in reversible-deactivation radical polymerisation (RDRP) techniques
have allowed further advances towards the precise synthesis of functional amphiphilic
polymers with the potential to be used in the aforementioned applications.?’~*? Ning
et al.® have described the synthesis of biodegradable amphiphilic triblock copolymers
using a combination of ring-opening polymerisation of e-caprolactone and reversible
addition—fragmentation  chain transfer (RAFT) polymerisation of 2-(2-
methoxyethoxy)ethyl methacrylate and ethylene glycol methacrylate. However, and
despite academic interest in the synthesis and self-assembly of amphiphilic polymers,
the implementation of RDRP within industrial settings has been increasing, but still is

somewhat limited. This is a consequence of RDRP techniques often being difficult to

Figure 2.1 Supra-molecular structures obtained by self-assembly of amphiphilic polymers in aqueous
media. Morphologies can be predicted using the packing parameter, p, and observed with electron

microscopy.
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scale up due to oxygen sensitivity, or the production of polymers with chain transfer
agent or halide end-groups which are often too difficult and/or expensive to remove

from the final product.3*3

The use of industrially proven free-radical polymerisation techniques such as catalytic
chain transfer polymerisation (CCTP), which allows for the synthesis of low molecular
weight, vinyl-terminated oligomers or macromonomers, offers a potentially
interesting alternative.®*3” CCTP yields polymers terminated with vinyl o-end groups.
Typically, the low spin cobalt-(I11) complexes are only required in ppm amounts
relative to the concentration of monomer due to their extremely high chain transfer
constants.®-# The process is highly adaptable, and polymers produced by CCTP have
found direct applications within hair care,*? as toner for printing applications,** and
have also been used for the synthesis of low-VOC (Volatile Organic Compound) high
solid coatings.** In general, however, CCT-prepared polymers have been increasingly
used as intermediates in further chemistry strategies. Careful selection of the
monomer, coupled with the presence of unsaturated chain-ends have made them ideal
candidates for use alongside thiol-ene “click” chemistry.

In this chapter, a highly efficient post-polymerisation strategy is developed, allowing
the production of amphiphilic polymers from a starting macromonomer within 3
hours. CCTP is used as the main reaction for the synthesis of intermediate
macromonomers and Michael-thiol addition and epoxide ring-opening are
investigated as post-polymerisation tools.

In the first part, hydrophobic p(GMA) polymers are prepared. Fully functionalised

amphiphilic polymers are then obtained using a one-pot combination of hydrophobic
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mercaptan Michael-addition and microwave-assisted epoxide ring-opening,
constituting the MKI range of polymer.

As a comparison, hydrophilic polymers consisting of poly(glycerol
monomethacrylate), p(GlyMA), are also prepared in a second part, and solely reacted
with hydrophobic mercaptans, which are then classified within the MKII range.

In each case, a comparison of the influence of molecular weights of the polymers and
clicked thiols is provided, alongside an investigation into the self-assembly behaviour
and thermal properties of the different ranges.

This study was designed to provide a streamlined, potentially scalable method that
allows the synthesis of amphiphilic polymethacrylates which could be utilised as

stabilisers in the dispersion of carbon black pigments (chapter 4).

2.2 Results and Discussion

2.2.1 Catalyst Synthesis: Co(dmgBF.).(H-0)-
Alexei Gridnev, in his 1989 paper,* reported the extremely high catalytic activity of
low-spin cobalt(ll) complexes as molecular weight regulators during the radical
polymerisation of methacrylate monomers. Catalytic chain transfer polymerisation, or

CCTP, is nowadays almost exclusively carried out using these cobaloxime complexes.
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Figure 2.2 Pictures of A) Cobalt(l1) acetate tetrahydrate, B) Cobalt(l1) acetate anhydride and C) dry
CoBF powder.

Experimental conditions usually dictate the requirements for the structure of the CTA
but by and large, the most used catalyst - and the one used in this work - is
bis[(difluoroboryl)dimethylglyoximato]cobalt(I1), or CoBF. The synthesis followed a

two-step reaction pathway to the bridged structure presented in scheme 2.1. Cobalt(I1)

Step 1: -H
T
o N N
, NI _oH +2 OH ZN /N
Co? + 2 HOT X N > /‘30\ P
e} i N
, 2 H,0 N N
| |
Cobalt () acetate Dimethyl glyoxime O\H/,O
Co(dmgH),(H,0),
Step 2:
) F\B/F
o o CI)/ \Cl)
| |
N N N N
Z N\ /X + 2 BF5 - O(C;Hs), ~Z N\ /X
Co - Co
~ S N\ = -H, N~
I I
| |
(o] .0 (0] (0]
~H- \;B\/
F °F
Co(dmgH),(H,0),
Co(dmgBF,),(H,0),

Scheme 2.1 Synthetic pathway for the synthesis of Co(dmgBF,),(H,0),, or CoBF.
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Figure 2.3 FT-IR spectrum of CoBF at room temperature. v = stretching, 8 = deformation and p =

rocking.

acetate anhydride was first reacted with dimethyl glyoxime to vyield a
Co(dmgH)2(H20). complex.

In order to increase the catalyst’s hydrolytic and oxidative stability, a BF.-capped
derivative is often preferred.*® This was achieved by mixing vigorously boron
trifluoride etherate (BFsEtO2) with Co(dmgH)2(H20)2 whilst heating under an inert
atmosphere.

The resulting powder had a dark brown / maroon colour, figure 2.2. Due to the
paramagnetic nature of CoBF, 'H-NMR analysis was not possible. Multiple other
techniques allowed us to nevertheless confirm the synthesis of the catalyst.

Figure 2.3 shows the IR spectrum of the reaction product. Identified peaks suggest the
presence of the desired product.*” The synthetic method that was carried out involved
the recrystallization of CoBF in a solution of 80% water and 20% methanol.
Consequently, a structure with axial water ligands is assumed. This is suggested by

the presence of the two peaks at 3600 and 3530 cm™. These peaks correspond to,
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Figure 2.4 ESI mass spectrum of CoBF.

respectively, lattice water ligands’ asymmetric and symmetric stretching motion. As
suggested by M. Duncan,* in the free gas water molecule the asymmetric:symmetric
peak ratio is close to 18:1. However, and as is visible here, in water-containing metal
complexes this ratio is closer to 1:1, an observation that is corroborated by Kazuo
Nakamoto,*® as well as Lawson and co-workers.>

CoBF has an octahedral structure and is chelated to a stable, planar tetradentate
macrocyclic ligand with a m-system. The two lattice water molecules, however, are
quite labile.*® In mass spectrometry, while ESI is a soft ionisation technique, meaning
the molecule’s structural integrity is usually retained throughout the analysis, it is
likely that both axial ligands were lost from the parent ion during the ionisation
process.”® The peaks shown in figure 2.4 indeed reveal the presence of water-less
CoBF adducts at 408.0, 461.1, 793.1 and 1177.1 m/z ([M+Na]", [M+2K+H]",
[2M+Na]* and [3M+Na]" respectively). The purity of the catalyst can nevertheless not

be evaluated from the ESI. Small secondary peaks were visible on the ESI, but could
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not be assigned. A comparison between a previous, “16 years old catalyst batch” and
the freshly synthesised one could allow an indirect purity evaluation of the batches.
The catalytic chain transfer constants of the catalysts were found to equal 34 800 and
49 700 for old and new CTAs respectively (for methyl methacrylate, MMA, in toluene,
figure S2.2). Correlating with literature,® where the chain transfer constant of CoBF
(for the same experimental conditions) was found to be between 41000 and 60000, we
can infer that the new batch is within norm, while the older batch had lost some of its
catalytic activity. This difference could partly be explained by a gradual degradation
of the catalyst, but also by the impurities present in a given sample. ESI analysis (SI,
figure S2.1) indeed showed that the old catalyst batch was contaminated, although the
impurities could not be identified. While there was a difference in the calculated chain
transfer constant, there did not seem to be a significant difference in the resulting
polymeric products. Two identical reactions were carried out with the same catalytic
loading, and both resulted in very similar products as can be seen from the NMR and
GPC spectra, Sl, figures S2.3, S2.4 and S2.5. The development of an HPLC

methodology to help determine the degree of purity is underway.
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2.2.2 Synthesis of Initial Main Framework CCTP

Macromonomers

2.2.2.1 Poly(Glycidyl Methacrylate)

:/QO CoBF, V-601, Solvent H/(/jﬁn/\/(
o 70°C, 16 hrs o

o) o~ "0
ofo
o

Scheme 2.2 CCTP polymerisation conditions for the preparation of p(GMA).

The effect of solvents on the polymerisation of glycidyl methacrylate was investigated
first. Under normal temperature and pressure conditions, the epoxide side-chains of
p(GMA) are stable and do not show signs of side-reactions. Polymerisations were

carried out with an azo initiator, VV-601, at 70 °C for 16 hours.

{ ——p(GMA),, 5 ppm, EtOAC
M, = 5900 g.mol %, p = 1.51
1.0 ——p(GMA),, 5 ppm, ACN
M, = 1100 g.mol?, ® = 2.58
0.8 4
=
g
5 0.6
=
©
0.4
0.2
0.0 T T T T T T T T
10 100 1000 10000 100000

Molecular Weight (g.mol™)

Figure 2.5 GPC traces (CHCIs, 50 °C) of GMA polymers prepared in ethyl acetate (grey) and

acetonitrile (red).
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Three different solvents were investigated, namely isopropyl alcohol (IPA),

acetonitrile (ACN) and ethyl acetate (EtOACc), with a 5 ppm catalyst loading for each

attempt.

EtOAc and ACN both led to the expected low molecular weight polymers as is

evidenced by the GPC traces (figure 2.5) and, as can be seen from figure 2.6, infra-red

analysis did not reveal the presence of any hydroxy peaks, confirming that neither

solvent caused ring-opening of the epoxides.

This difference in resulting molecular weight is likely to stem from the chain transfer

constants (Cs) of CoBF with GMA in both solvents. It is well reported that the solvent

can have a drastic effect on the activity of the catalysts. The Csvalues were determined
110 -
100 —W ey m

90 |

80 |

70

60

Transmittance (%)

50

40

EtoAC reaction
—— ACN reaction

30

T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™?)

Figure 2.6 Comparison of the FT-IR spectra of GMA polymers prepared by CCTP (5 ppm catalyst

loading) in ethyl acetate (grey) and acetonitrile (red).
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Scheme 2.3 Polymerisation of GMA in a protic solvent, here IPA: picture of the crosslinked, solid

product of the polymerisation (left). Crosslinking mechanism (right).

to be at approximatively 4750 and 7700 for EtOAc and ACN respectively (SI, figures
S2.6 and S2.7).

The presence of protic solvents such as IPA, however, invariably led to ring-opening
of the epoxides, followed by a cascade of reactions resulting in cross-linking of the
system within 2 hours, which likely follows the mechanism shown in scheme 2.3,
where an IPA molecule opens an epoxide moiety activated by a proton.

Acetonitrile was elected as main solvent for further polymerisations for its ability to
dissolve a wider range of compounds than EtOAc, but also as it is less prone to side

reaction such as hydrolysis or transesterification.>?
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Figure 2.7 "H-NMR (CDCIl,, 400 MHz at 25 °C) spectrum of p(GMA) prepared by CCTP (catalyst
loading: 5 ppm, DPnmr = 11).

Polymerisation reactions were subsequently scaled up to be carried out on a 70 g scale,
table 2.1. Good control over molecular weights was observed by GPC at varying
concentrations of catalyst (0.5, 2, 5 and 8 ppm) with conversions consistently reaching
>05%, figure 2.8. As expected, molecular weights were found to decrease with
increasing concentrations of CoBF. None of the polymerisation products showed signs
of side-reactions, with no evidence for —OH functional groups observed by FT-IR

spectroscopy, figure 2.9. Even with the presence of the BF. bridges, CoBF can be

Table 2.1 CCTP p(GMA) batches synthesised for this study. DPgpc = Mw,gpc/(2Mo).
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1.0 1
— P(GMA),5, 0.5 ppm
0.8 —— pP(GMA),3, 2 ppm
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©
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Figure 2.8 Normalised GPC (DMF, 50 °C) traces comparison of p(GMA) batches 1, 2, 3 and 4
(respectively 0.5, 2, 5 and 8 ppm CoBF loading).

susceptible to acid hydrolysis or peroxide oxidation.3® While unlikely to have a
significant effect on the polymerisation of GMA, our group has previously described
a protocol whereby a solution of CoBF in monomer is fed into the reaction mixture in
order to maintain constant concentration of active catalyst.>* Overall, the results
demonstrate that the feeding of CoBF can allow the reactions to achieve high
conversions and provide a solution to potential uncontrolled increase in dispersity,
which can occur when the ratio of monomer to catalyst changes following monomer
depletion or catalyst decomposition/degradation.

MALDI-ToF analysis, figure 2.10, of the products confirmed the presence of a
polymer with a repeating unit of 142.16 Da, as expected from p(GMA), with a
molecular weight distribution typical of free-radical polymers.

A —14 Da impurity was, however, also observed. ESI-MS of the GMA monomer (SI,
figure S2.8) confirmed the presence of an unknown compound, which was

hypothesised to stem from the monomer purity stated by the supplier (97%).
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Figure 2.9 FT-IR spectrum of p(GMA)11 prepared by CCTP (catalyst loading: 5 ppm).

Figure 2.10 MALDI-ToF spectrum of sample 2 with detailed zoom between 600 and 1000 Da.
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2.2.2.2 Poly(Glycerol Monomethacrylate)
Follwing the successful preparation of hydrophobic p(GMA), it was decided that it
would be appropriate to investigate the preparation of hydrophilic CCT polymers.
Glycerol monomethacrylate, GlyMA, is a hydrophilic specialty monomer useful in the
preparation of hydrophilic networks or hydrogels. A typical example is its use as more
hydrophilic alternative to HEMA in the preparation of soft contact lenses.> the
monomer can be obtained by water-based ring-opening of GMA (discussed in chapter
3), or from the reaction between glycidol and methacrylic acid. As it is a methacrylic
monomer of relatively high hydrophilicity, it was considered suitable for the

preparation of a hydrophilic macromonomers for this work.

Scheme 2.4 CCTP polymerisation conditions for the preparation of p(GlyMA).
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Figure 2.11 "H-NMR (DMSO-ds, 400 MHz at 25 °C) spectrum of p(GlyMA)e prepared by CCTP.

Table 2.2 CCTP p(GlyMA) batches synthesised for this study. (M, and My, were calculated from
triple detection analysis). DPgpc = Mw,cpc/(2Mo).

The synthesis of p(GlyMA) was carried out in a similar manner to that of p(GMA).
As there was no concern regarding potential side reactions, methanol was selected as
solvent as it allowed for both monomer and polymer to be freely soluble, while being
easier to remove than water. ACVA was chosen as initiator due to its relative solubility
in methanol and availability. Initial experiments determining the chain transfer
constant of the CCTP polymerisation of GIlyMA in MeOH yielded a Cs value of 539
(SI, figure S2.9). Three different 70 g batches were subsequently prepared and are

reported in table 2.2.
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Figure 2.12 FT-IR of p(GlyMA)y prepared by CCTP (batch 3, catalyst loading: 40 ppm).

Generally, the trends that were observed with glycidyl methacrylate were also
observed with glycerol monomethacrylate. A typical DMSO-ds *H-NMR spectrum is
shown in figure 2.11. The hydroxy groups’ signals are typically found at 4.75 and 5
ppm, and are only visible in solvents where proton exchange does not occur. Thus,
while D20 *H-NMR are feasible, and a good indicator for amphiphilic polymers, as
discussed later, the spectra cannot be considered as showing a full picture of the

structure of the polymers.

The infra-red spectra from p(GMA) and p(GlyMA) were similar in most areas of the
spectra except for the evident presence of the hydroxyl peaks at around 3300 cm™ for
p(GlyMA), figure 2.12. GPC analyses indicated good dispersities for lower catalyst
loading experiments (20/30 ppm, figure 2.13). This, however, is likely due to the
precipitation purification process, whereby the lower molecular end-tail of the

distribution is lost in the precipitation solvent (THF), leading to lower dispersities.
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Figure 2.13 Normalised triple-detection GPC (DMF, 50 °C) traces comparison of p(GlyMA) batches
1, 2 and 3 (respectively 20, 30 and 40 ppm CoBF loading).

This hypothesis was confirmed with the higher catalyst loading polymerisations (40
ppm), where a non-negligible amount of product was lost in THF. The purification
process for higher catalyst loading experiments (> 30 ppm) was optimised by carrying

out precipitation where less polar solvents such as chloroform are preferred.

2.2.3 Post-Polymerisation Functionalisation of p(GMA),

Preparation of the MKI Range

2.2.3.1 Preliminary Investigation:  Michael Addition
Explorations, Solvent and Thiol Selection
As described in chapter 1, Michael-thiol additions are some of the most widely
encountered click reactions. They can be carried out through two different processes

that, in principle, allow the formation of alkyl sulphides bonds.
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They are catalysed by amines or phosphines (base or nucleophile-catalysed addition
respectively), which are able to deprotonate thiols. The thiolate intermediates then
react with the activated C=C bond.

Both mechanisms are versatile, and have historically been used in organic synthesis.
Recently, however, they have increasingly been added to polymer chemists’ toolbox,
allowing for the post-polymerisation functionalisation of polymers.5%>’

Here, the purpose of the fully functionalised polymers is to serve as amphiphilic
polymethacrylate dispersants for carbon black and, due to the multitude of potential
reaction conditions, a thorough investigation of the reaction conditions was required.
Indeed, the carbon black pigment family is a diverse group of pigments but generally,
all are produced from heavy oils with high aromatic hydrocarbons content, implying
that the surface of the pigments has a high amount of aromaticity.

For this reason, preliminary investigations were conducted using hydrophobic
compounds triphenylmethanethiol and 2-naphthalenethiol, as well as dodecanethiol
(scheme 2.5). The working hypothesis was that aromatic anchor groups would adsorb
onto the surface of the pigments more efficiently than aliphatic anchors due to n-n
stacking and would thus provide better stabilisation to the dispersions.

Initial experiments were carried out between p(GMA) and the selected hydrophobic
thiol moiety (1.2 equivalent) in DMSO as aprotic, hydrophobic solvent at room

temperature, with dimethylphenylphosphine (DMPP) as catalyst, scheme 2.5. It was

observed that, within 3 hours, only the reaction between
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Scheme 2.5 Michael-thiol addition of hydrophobic mercaptans onto p(GlyMA) CCTP polymers.

p(GMA) and dodecanethiol went to full conversion, showing a complete
disappearance of the NMR-tracked vinyl peaks, figure 2.14 and S2.10, whilst lower
yields were however observed with triphenylmethanethiol and 2-naphthalenethiol,
plateauing around 65 and 75%.

In order to find an explanation for the divergence in observed yields, a switch from a
nucleophilic Michael-thiol addition, with a phosphine, to a base-catalysed one with

TEA was attempted. In both systems, the inherent mechanism remains the same, the

Figure 2.14 Comparison of vinyl peaks between 5 and 6.5 ppm observed by *H-NMR (CDCls)
following Michael-thiol addition after 180 min of, from top to bottom: dodecanethiol, 2-
naphthalenethiol and triphenylmethanethiol onto p(GMA) (with conversions of 100%, 75% and 65%

respectively).
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main difference being the way of generating the initial strong anion intermediates. The
result should ultimately be the same. The NMR spectra of the attempts with
naphthalenethiol as model reaction, however, showed almost no conversion of vinyl
group after 15 hours of reaction at room temperature. Additionally, after 24 hours,
there were little sign of epoxides being present within the mixture, figure S2.11.
Evidence seemed to suggest that TEA instead played a role in side reactions,
potentially between the epoxide side chain and thiol compounds, leading to a thiol-
epoxy ring-opened system, as was shown by Gadwal et al.>®

With DMPP, changing the reaction solvent to other common solvents such as DMF,
DCM, dioxane or THF either did not lead to sufficient functionalisation of the vinyl
groups with naphthalenethiol as a function of time and side-reactions, or reduced NMR
vinyl peak visibility in the case of DCM (SI, figure S2.12). It was eventually
hypothesised that increased steric hindrance and electronic stabilisation of the
intermediates were the probable causes for the low conversions observed of,
respectively, triphenylmethyl- and naphthalenethiol.

The reaction of dodecanethiol with p(GMA) reached full conversion within one hour.
The reaction was repeated several times in order to test the consistency of the results
and did show some inconsistencies with several reactions reaching noticeably lower
functionalisation levels of 60 to 75%. DMPP is oxygen sensitive, being prone to
oxidation and must be stored under inert gas. This sensitivity, combined with the
relatively low quantities used, could play a role in this variation. The issue was avoided
by purging the oxygen from all reaction vessels used thereafter.

While useful for the initial experiments, the high boiling point of DMSO made for a
difficult product purification procedure. For this reason, other aprotic solvents were

considered and acetonitrile, once again, proved to be an ideal candidate. It indeed
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provided the opportunity to solubilise all reagents well, but also to run the dual
functionalisation of p(GMA) in a one-pot fashion (discussed in part 2.2.3.4).
Reactions in acetonitrile proved as successful with complete disappearance of vinyl

bonds, within an hour.

2.2.3.2 Further Study of the Michael-Thiol Addition of
Hydrophobic Mercaptans to CCTP Macromonomers
Using the explorative reactions discussed previously, it was decided to set the standard
Michael-thiol addition reaction conditions as follows: Michael-thiol additions were to

be carried out with DMPP as catalyst, in acetonitrile under an inert atmosphere at

Scheme 2.6 A) Final conditions for the Michael-thiol addition of hydrophobic mercaptans onto
p(GMA) CCTP polymers and B) Commercially available thiols employed in this study:
triphenylmethanethiol (1), 2-naphthalenethiol (2), phenylethylthiol (3), dodecanethiol (4),
heptanethiol (5), tert-dodecanethiol (6), propanethiol (7), 2-propanethiol (8) and cyclohexanethiol (9).
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Figure 2.15 NMR conversion data from vinyl peaks disappearance followed by "H-NMR for the
Michael-thiol addition of various hydrophabic thiols onto p(GMA)11.

ambient temperature, with a 3-hour cut-off window. All reactions in this part were
carried out on a 0.10 g scale of macromonomer, with 1.2 equivalents of thiols.

To investigate the reaction further, a screening of commercially available hydrophobic
thiols was carried out, scheme 2.6. Most reactions reached yields > 98% within 3
hours, figure 2.15.

Differences in reactivity were observed between iso-propylthiol and propanethiol, as
well as between dodecanethiol and tert-dodecanethiol. Although each set comprised
of isomers, differences were attributed to stereochemistry, the presence of methyl
groups likely slowing down the rate of reaction, but not to the extent that was observed
with the phenyl groups from triphenylmethanethiol. This observation was recently
corroborated by the group of Christopher Bowman, who noted that increased thiol

substitution during Michael-thiol addition led to the enolate being less able to
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Figure 2.16 MALDI-ToF spectrum of propanethiol-functionalised p(GMA), ,. Spectrum

measured by Dr James S. Town.

deprotonate thiols, resulting in a decrease in the reaction rates (primary > secondary >
tertiary).>®

If left unpurified, full consumption of the epoxides arising from a range of side-
reactions occurred after twelve hours. This is observed by NMR, with the
disappearance of the three membered ring’s peaks (S, figure S2.13), which suggests
a preferential reactivity of the thiols toward the olefinic bonds. Further MALDI-ToF
analysis of the purified polymers showed that side-reactions between epoxide side-
chains and thiols were negligible within the time frame of the reaction. For instance,
with the propanethiol terminated p(GMA) (figure 2.16), we find a series matching the
expected structure adducted with a single sodium (¢ + Na). This series, however, is
not the series which has the highest intensity in the spectra. The main series of peaks
suggest that residual DMPP is capable of ionising the sample (c + DMPP). We
therefore propose a mechanism of adduction of DMPP onto the carbonyl group,
although demonstration of the mechanism was considered beyond the scope of this

project. Other minute impurities include evidence of a structure with a single ring-
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opened terminal repeat unit epoxide due to thiol activation (b + Na, b + DMPP), and
a very small peak related to the unreacted p(GMA) which maintained its unsaturated
vinyl end group (a + DMPP). Interestingly, no phosphine-bridged by-products were
observed. Frayne et al.,® whose 2018 paper studied the production of by-products
during nucleophilic and base-catalysed Michael-thiol, also made this observations,
even at equimolar amounts of phosphine catalyst. The authors stipulated that this could
be due to kinetics and mechanistic considerations. Firstly, it seems that the thiolate
reactions are significantly more rapid than the nucleophile reactions. Secondly, the
lack of observable by-products could be due to several reactive pathways they report,

whereby the thiolate salt by-product is reacted to yield the thio-bridged product.

2.2.3.3 Study of Epoxide Ring-Opening Reaction

Scheme 2.7. General scheme of the epoxide ring-opening reactions investigated in this study.

Sharpless and co-workers defined epoxide ring-opening reactions as the opening of
“spring-loaded rings” where protons are shuffled around.®® This reaction is
advantageous in that the opening of the strained cycle is thermodynamically favoured,
and a wide array of nucleophilic compounds can be used. p(GMA) polymers are
susceptible to both base or acid-catalysed ring-opening reactions to give access to
functional polymers. Typically, these reactions are carried out with amines, during
quite long reflux reactions, which can potentially last up to 24 hours in order to reach

high degrees of functionalisation under inert conditions.*® Microwave-assisted
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Figure 2.17 Example of observed cross-linking and ring-opening reactions of p(GMA) with varying
ratios of amine to epoxy groups with corresponding reaction pathways.

synthesis offers an elegant and efficient alternative, allowing for both a reduction in
reaction times and for reactions to be carried out under aerobic conditions.

The reaction of ethylamine with p(GMA)11(DDT) polymers was studied as a model
reaction. This was carried out in view of having no interference from other hydroxyl
groups of hydrophilic amines during FT-IR studies (the use of ethanolamine is
discussed later on). The microwave reactor was set to apply energy at lower rates to
achieve a more controlled temperature increase. 1, 1.2, 3 and 5 equivalents of
ethylamine to epoxy group were used separately. All led to the appearance of an
insoluble, white solid, likely the result of intermolecular cross-linking. The issue was
described by different research groups,®? and is the result of the secondary amines
undergoing another addition reaction to form tertiary amines, figure 2.17. The side-
reaction can be prevented by either lowering reaction temperatures or utilising large
excesses of amine. Consequently, reactions with 9-fold excess of amine were

attempted and showed no visible sign of cross-linking. Ring-opening was observed
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Figure 2.18 Overlay of FT-IR spectra of p(GMA)11 polymers ring-opened with varying quantities of
ethylamine.

with the appearance, on the FT-IR spectra, of characteristic -OH and —NH peaks at
around 3400 and 1620 cm™! respectively, figure 2.18. When cross-linking occurred,
the latter peak remained negligible, albeit visible, due to the conversion of primary
amines into tertiary amines, however, with the 9-fold excess both peaks became
clearly visible. The success of the reaction can also be verified through the
disappearance of the characteristic epoxide peaks at 908, 850 and 755 cm™, figure
2.19. Multiple combinations of temperature and time were explored, but it was found
that running the reactions at 160 °C for 5-10 minutes offered the best compromise.
The other advantage that was observed with the use of the microwave instruments was
the ability to use higher temperatures. Indeed, under normal atmospheric pressure
conditions, acetonitrile would be above its 82 °C boiling point. However, as
microwave reactions are carried out in sealed environments, they are carried out under

higher pressures than 1 atm, in this work approximately at a maximum of 15 bars
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(equalling around 14.8 atm). This increases the boiling point of acetonitrile calculated

using the following Clausius-Clapeyron relation:

In (P_) _ _ AvapH” (1 _ 1) (eqn. 2)

P
With P1 & P the pressures (atm) in states 1 and 2, AvapH  the molar enthalpy of
vaporization (33.4 kJ.mol* in the case of acetonitrile®®), T; and T2the boiling points

(K) in states 1 and 2 and R the gas constant (J.mol"*.K%). This equation rearranges to

isolate T, to:

1 1 P 1

—=——Rln(—1). - egn. 3
T, T Py) " —AyapH (eqn. 3)

Which indicates that the boiling of acetonitrile is approximately increased to 228 °C

at 14.8 atm.
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2.2.3.4 One-Pot Dual Functionalisation and analysis of the MKI

range
Subsequent to this study, a one-pot dual functionalisation of the p(GMA) polymers
was attempted. This range of polymers being the first to be synthesised, the resulting
amphiphilic polymethacrylates were classified in the MKI range. This nomenclature
will be used in subsequent chapters. Four thiols were selected: one aromatic
(phenylethylthiol; PET), one containing an aliphatic ring (cyclohexanethiol; CHT), as
well as both a long and a short acyclic thiol (dodecanethiol, DDT and iso-propylthiol,
i-PT). A library of twelve different polymers was subsequently produced using the

developed procedures.

Figure 2.19 Overlay of FT-IR spectra of unfunctionalised p(GMA), and polymers ring-opened with
ethylamine, with a zoom between 1400 and 500 cm-1 showing the disappearance of the three

characteristic epoxide peaks.
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All experiments were carried out in a similar fashion as previously described in a
sequential manner as a one-pot reaction with each thiol first reacted with p(GMA)
polymers from batches 1, 2 and 3, and then ring-opened with ethanolamine. Reactions
were conducted on larger, 5 g scales of macromonomer. Due to the larger scale, and a
reduced headspace in the microwave vials, reactions in the microwave had to be heated

to 120 °C for 30 minutes to avoid uncontrolled increase in internal pressure. However,

Figure 2.20 GPC (DMF, 50 °C) comparison of polymers before and after functionalisation of P1-
P4, P5-P8 and P9 to P11.

Table 2.3 Amphiphilic polymers synthesised by post-polymerisation dual functionalisation. DDT =
dodecanethiol, CHT = cyclohexanethiol, PET = phenylethylthiol, i-PT = iso-propylthiol, ETA =

ethanolamine. ®Determined by DLS.
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Figure 2.21 Comparison of "H-NMR (DMSO-ds, 400 MHz at 25 °C)) of P3 (top, green trace) and

P1 (bottom, brown trace).

both Michael-thiol addition and epoxide ring-opening produced polymers with high
levels of thiol and amine functionalisation (table 2.3).

Functionalisation was first seen by GPC. The polymers were modified into a
theoretically bigger structure, and the repeating unit modified into a hydrophilic one.
We therefore expect a positive shift in molecular weight, but this is observed less and
less as the molecular weight of the hydrophilic segment increases. One can suspect
stationary phase interaction that increases with DP. It also seems that DMF, because
the functionalised polymers can be eluted after the unfunctionalised polymer (with DP

= 43 polymers), is not necessarily a good solvent for these amphiphilic polymers. It
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Figure 2.22 TEM images of P1, P3, P9 and P11 (respectively: top left, bottom left, top right and
bottom right) showing self-assembly onto carbon coated TEM copper grid. Images taken by Georgios
Patias.

is, however, the only one that is available as both THF and chloroform lead to the
precipitation of the polymers.

Figure 2.21 shows a comparison of the *H-NMR spectra of P1 and P3, both showing
an absence of peaks corresponding to the vinyl peaks or cyclic epoxide functionalities,
and confirming high levels of functionalisation. Hydroxyl and amine groups were, in
both cases, visible at around 4.5 to 5.25 and 5.90 ppm, respectively. Further indications
of ring opening were noticed from the merging of the OCH. peaks (e) and shift from
3.25 ppm to 4 ppm, overlapping with the methylene peak (d) from the opened epoxide.
Moreover, differences were also observed from the different thiols used. For instance,
P1 showed dodecane methylene peaks at 1.25 ppm and methyl peak at 0.85 ppm;
whilst P3, after reaction with phenylethylthiol, showed aromatic peaks at 7.30 ppm.
Peaks from the hydrophobic segments also disappeared when ran in D20, a first
indication of the self-assembly potential of the synthesised macromolecules and is

discussed later.
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This self-assembly was subsequently investigated using dynamic light scattering
(DLS) and transmission electron microscopy (TEM). The dispersants were observed
by TEM, all almost exclusively self-assembled into disperse micelles with sizes
ranging from 10 to 30 nm in diameter, figure 2.22 and table 2.3. The type of clicked
thiol and the size of the polymer did not seem to bear any significant influence on the

observed morphologies.

From the DLS data in table 2.3, we see that P1, P5 and P9, which were functionalised
with dodecanethiol, showed an expected increase in size with increasing hydrophilic
block size. The opposite trend is however observed for all other polymers sequences.
The behaviour of amphiphilic polymers is expected to be intrinsically different when
analysed under different conditions (in solution for DLS, and dried for TEM). PDis
are within normal range for most analysed polymers, but the high average sizes of the
self-assembled structures implies that some polymers could aggregate into
undiscernible structures. We hypothesise that this could potentially be due to the
nature of the clicked thiol, such as iso-propyl thiol, too small to drive self-assembly
when the hydrophilic segment also has a degree of polymerisation < 7. In such case,
DLS data can be considered unreliable.

As the hydrophobic block increases in size, the polymers progressively become more
able to self-assemble into discernible structures. There therefore seems to be a
threshold of size the hydrophobic block must reach to successfully drive self-
assembly. Polymers containing longer dodecane chains behave and can be assimilated
to di-block copolymers with polyethylene hydrophobic segments of degree of

polymerisation i = 12 (or C12), with a self-assembly threshold that could lie around i
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Figure 2.23 Thermogravimetric (top row) and differential thermogravimetric (bottom row) data of
similar hydrophilic block (P1 to P4, left column) and similar hydrophobic block amphiphiles (P1, P5
and P9, right column).

= 9-12 but more experiments are required to confirm this theory (discussed in part
2.2.4.1).

The behaviour of the polymers during thermal degradation was investigated using
thermogravimetric analysis, figure 2.23. For all polymers, the TGA curves show a
gradual degradation with an onset at around 250 °C, amounting to 10% remaining
mass at 460 °C. Generally, the degradation of FRP-made polymethacrylates shows 3
characteristic steps. The first occurs at around 165 °C and is not always seen as it stems
from the head-to-linkages (HH) breakage of polymers terminated by combination.
Because of the presence of chain-transfer agents, this step not expected with CCT
polymers. The second is the result of unsaturated chain ends-initiated degradation and

is generally visible, as is the case here for p(GMA)x, at around 280 °C. Finally the last
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step is often observed > 400 °C and corresponds to random back-bone chain
scission.54-¢

Polymers P1 to P12 have a functionalised chain-end and do not contain HH linkages.
As such, we should only expect the final step to occur. However, the DTGA curves
reveal two clearly defined inflection points at around 345-360 and 435 °C. The second
inflection is scarcely influenced by the type of thiol clicked or the molecular weight
of the polymer, confirming that it is the random scission step. The first inflection point
instead, seems to be more affected by these factors. We hypothesise the polymers
undergo a retro-Michael reaction that yields both the thiol and the vinyl-terminated
polymer that can subsequently undergo vinyl end-initiated degradation. The shifted
inflection point then reflects the temperature at which retro-Michael reactions occur.
This theory is also supported by the fact that, in some cases, a third peak is visible
when polymers were not fully functionalised during Michael-thiol addition (95-98%
conversion), with unreacted polymers able to undergo 2" step degradation around the
expected temperature (note: the term 2" step is used in the broader sense of
polymethacrylates degradation, even though HH linkages degradation is not
observable). Interestingly, when analysing the degradation of the unfunctionalised
polymer, we see that the vast majority of the product is degraded by vinyl-chain ends
initiated degradation. This could be due to the shifted 2" step degradation which can
offer a “buffer”, suggesting the polymers are not entirely degraded by the time the

instrument reaches the 3" step temperature.
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2.2.4 Post-Polymerisation of p(GlyMA), Preparation of the MKII

Range

Scheme 2.8 A) conditions for the Michael-thiol addition of hydrophobic mercaptans onto p(GlyMA)
CCTP polymers and B) Commercially available thiols employed in this study: hexanethiol (1),
nonanethiol (2), dodecanethiol (3), tetradecanethiol (4), octadecanethiol (5), 2-propanethiol (6),
cyclohexanethiol (7) and phenylethylthiol (8).

Table 2.4 Amphiphilic polymers synthesised by post-polymerisation single functionalisation. PET
=phenylethylthiol, CHT = cyclohexanethiol, i-PT = iso-propylthiol, HT = hexanethiol, NT =
nonanethiol, DDT = dodecanethiol, TDT = tetradecanethiol, ODT = octadecanethiol. 2Determined by
DLS in water, "determined by GPC in DMF.
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The reactions reported here were carried out as previously reported in part 2.2.3.4.

5 g sections from the 1.4 kDa p(GlyMA) batch were systematically dissolved in
methanol in the presence of 0.8 equivalents of dimethylphenylphosphine (DMPP)
catalyst and 1.02 equivalents of thiol. (The reason why other p(GlyMA) batches were

not used is discussed in section 4.2.2.).

Figure 2.24 A) 'H-NMR (DMSO-ds, 400 MHz at 25 °C) of p(GlyMA)s(TDT). B) "H-NMR spectra
of p(GIlyMA)(TDT) in DMSO-dg (bottom) and D-O (top) with loss of peaks to proton exchange and
self-assembly.
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Figure 2.25 GPC (DMF, 50 °C) comparison of polymers before and after functionalisation of Q1
through to Q8.

Due to the efficiency of amphiphilic polymers containing linear aliphatic thiols
anchors as pigment dispersant (discussed later), eight hydrophobic thiols were used,
most of which were aliphatic, scheme 2.8. This was also performed as a way to
investigate the optimum hydrophobic number of carbons to hydrophilic block degree
of polymerisation. Octadecanethiol (ODT) is a solid at room temperature. Reactions
with ODT were therefore carried out at 40 °C, above the melting point of the
compound, so that it could be dispersed in MeOH.

Similarly to ODT, tetradecanethiol, while liquid at room temperature, was immiscible
with methanol, and had to be dispersed. It is likely, that all hydrophobic thiols
containing alkyl chains where the number of carbons is equal or higher than 15 would
be immiscible in methanol.

For both of these compounds, fast stirring was necessary to increase the surface area

of the insoluble thiol droplets. All reactions reached full conversion within five
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minutes. This was a significant difference in comparison to the previous results where
the reactions of hydrophobic thiols with p(GMA) would take from 1 to 3 hours to
reach similar conversions. Li et al.%8 demonstrated that solvents exercise a very strong
effect on Michael-thiol additions. In their paper, they state polar solvents as being
more capable of stabilising the thiolate intermediate, thus making its formation more
likely. Methanol is more polar than acetonitrile, something that could partly explain
the differences in reaction time. Another reason could be the fact that the side chains
of p(GlyMA) are more electron-withdrawing than the epoxides of p(GMA), which
would also increase reaction rates.

Most functionalised polymers were purified by dialysis against methanol for 50 hours.
Solvent was removed in-vacuo and the polymers dried. P(GlyMA)s(ODT) was
purified by cooling down the reaction vessel with an ice bath and removing the solid
thiol using Buchner filtration. Post-purification *H-NMR showed that the
functionalised polymers contained little to no vinyl bonds.

Furthermore, peaks from the clicked thiols were observed. A simple change of
deuterated solvent from DMSO-ds, where both blocks are soluble, to D,O, where only
the p(GlyMA) block is soluble provided a first proof of the success of the reaction, as

exemplified with p(GlyMA)g(DDT), figure 2.24.
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Figure 2.25 shows the GPC traces of all functionalised polymers with relation to the
unreacted polymer. In all cases, noticeable shifts in molecular weights are observed.
However, we can also see a difference in the behaviour of Q8 whose shift is much less
pronounced. GPC separates polymers not based on size but on the hydrodynamic
volume of these polymers in the eluent. A look at the a values in table 2.4 reveals that,
in DMF, p(GlyMA)g(ODT) behaves more like a compact sphere, much more so than
any other polymers. This could partly explain why it elutes quicker than other

polymers and why there is a less clear shift on the chromatogram. A solution to

D

Figure 2.26 TEM images of the MKII range amphiphilic polymethacrylates prepared using aliphatic

and linear hydrophobic thiols. The number of carbons in the aliphatic chains is to increase from left
to right, as well as top to bottom. Images taken by Georgios Patias
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Figure 2.27 Thermogravimetric (left) and differential thermogravimetric (right) data of p(GlyMA)s

and representatives of the MKII dispersants category.

circumvent this would be to run the GPCs in another solvent, however these polymers
were found to be only soluble in DMF. Notwithstanding, all polymers from the MKII
range were found to self-assemble properly during TEM analysis, figure 2.26.
An interesting observation is that the trend that was observed previously with p(GMA)
regarding the size threshold of the hydrophobic block can here be confirmed. Indeed,
for the MKII range we have an identical hydrophilic block, but a varying hydrophobic
aliphatic block with i =6, 9, 12, 15 and 18. We can also confirm that the requirement
for distinct self-assembly is i >9.
On the thermal degradation of the MKII range polymers, the same observations as
were seen with the MKI range can be made here:

- 2 inflection points corresponding to vinyl-end initiated (300 to 342 °C)

degradation and random chain scission (415 °C)
- Retro-Michael reaction occurs and fully reverse the Michael-thiol addition.

- The random-scission step is not influenced by the type of clicked thiol.
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Linear aliphatic groups Q2/3/4/6 chain do not seem to have an effect on the 2" step’s
inflection point. Q8, which has an octadecane group, does show a significant increase

in 2" step temperature at 340 °C (instead of 315 °C for smaller aliphatic groups).
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2.2 Conclusions

In the past, catalytic chain transfer polymerisation in combination with click chemistry
has been used to developed functional polymers, but its application to the synthesis of
amphiphilic polymers has, to our knowledge, been investigated.*%%-"1 We therefore
set out to prepare different ranges of amphiphilic polymers using a scalable
combination of catalytic chain transfer polymerisation and post-polymerisation
modifications.

The synthesis of hydrophobic and hydrophilic polymers, respectively p(glycidyl
methacrylate) and poly(glycerol monomethacrylate) was first investigated. The
influence of the catalyst loading was evaluated and generally, we observed that ppm
amounts of catalyst were required to significantly reduce the molecular weights of
polymers (to 1.5-5 kDa) and that increasing concentrations of catalyst led to smaller
polymers. Next, terminal vinyl bonds were reacted with a range of commercially
available hydrophobic thiols through Michael-thiol addition and, in the case of
p(GMA), was followed by a microwave-assisted epoxide ring opening step, in a one-
pot fashion in the presence of ethanolamine. A library of 20 amphiphilic
polymethacrylates was prepared, classified into MKI (synthesised from p(GMA)) and
MKII (synthesised from p(GlyMA)) ranges. The structural, thermal and self-assembly
behaviour of these polymers were then investigated using multiple techniques, namely

NMR, DLS, GPC, TEM, TGA or MALDI-ToF.
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Chapter 2:

2.4 Experimental

2.4.1 Additional Figures and Schemes

Figure S2.1 ESI mass spectrum of a 16 year old CoBF catalyst sample.
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Figure S2.2 Mayo plot for the measurement of the Cs of CoBF with MMA/toluene with comparison

between a newly prepared, and a 16-year-old batch. Old catalyst measurements carried out by Dr

Ataulla Shegiwal.
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Figure S2.3 'H-NMR (CDCls3, 300 MHz at 25°C) spectra of two 5 ppm CCTP polymerisation reactions
of MMA in toluene using either the new batch of CoBF, or the 16 year old batch.
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Figure S2.4 FT-IR spectra of both the new batch of CoBF and the 16 year old batch.
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Figure S2.5 GPC (DMF, 50 °C) spectra of two 5 ppm CCTP polymerisation reactions of MMA in
toluene using either the new batch of CoBF, or the 16 year old batch.
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Figure S2.6 Mayo plot for the measurement of the C; of CoBF with GMA and acetonitrile.
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Figure S2.7 Mayo plot for the measurement of the Cs of CoBF with GMA and ethyl acetate.

Figure S2.8 ESI-MS spectrum of glycidyl methacrylate.
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Figure S2.9 Mayo plot for the measurement of the C; value of CoBF in GlyMA and methanol.
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Figure S2.10 Vinyl bond signals evolution after 30 and 60 min of the reaction between p(GMA) and
dodecanethiol in DMSO-ds.

Base-catalysed reaction
t=24h

N o [l A

Base-catalysed reaction
t=15h

3, (ppm)
Figure S2.11 TEA-catalysed Michael-thiol addition of dodecanethiol onto p(GMA).
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Figure $2.12 'H-NMR spectra (CDCls, 300 MHz at 25 °C) of naphthalenethiol reacted with p(GMA)

after 3 hours.

|
H ‘ A

Figure S2.13 *H-NMR (CDCl3, 300 MHz at 25°C) spectrum of unpurified dodecanethiol functionalised

p(GMA) after 12 hours of storage, with disappearance of epoxide peaks due to side-reactions.
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2.4.2 Product Identification

MKI range characterisation:

p(GMA):
'H-NMR, (/ppm 400 MHz at 25 °C in CDCls): 0.70-1.40 (backbone CHs), 1.70-2.20
(backbone CH), 2.64 and 2.84 (epoxide CHz2), 3.23 (m, epoxide CH), 3.83 and 4.31

(m, ester-CH2-epoxide), 5.60-6.40 (br, terminal vinyl)

13C-NMR, (/ppm, 400 MHz at 25 °C in CDCls): 14.83 (backbone -CHs), 43.34
(backbone >C<), 47.14 (epoxide -CH-), 64.17 (epoxide —CH<), 75.68 (ester-CHo-
epoxide), 115.02 (-CH=CH,), 124.44 (-CH=CH,), 175.58-175.25-174.42 (carbonyl

>C=0)

GPC (CHCI3): 1: Mn = 17590 g.mol?, My = 76840 g.mol, D = 4.36
2: Mn = 6670 g.mol, My = 14500 g.mol, = 2.17
3: Mn = 2630 g.mol?, My = 4920 g.mol?, P =1.87

4: My = 2170 g.mol™, My = 2204 g.mol?, b =2.32

FT-IR (neat, /cm™): 2962 (C-H, s, medium), 1722 (C=0, s, strong), 1622 (C=C, s,

medium), 1445 (CHz, medium), 1267 (s), 1141 (s, C-0O), 905 (s, epoxide)

P(GMA)(DDT)(ETA): P1/P5/P9
o
0” 0o~ 'O
HO(‘HO{

OH OH
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'H-NMR, (/ppm, DMSO-ds, 400 MHz at 25 °C): 0.86 (dodecyl terminal -CHs), 0.70-
1.10 (backbone -CHs), 1.24 (dodecyl -CH,-), 1.52 (-S-CH-CH,-CHy-), 1.86
(backbone -CH,-), 2.60 (~CH2-NH-CHy-), 3.47 (CH2-CH-OH), 3.80 (COO-CHy-

CH(OH)-), 4.46 (-CH,-OH), 5.26 (-CH2-CH(OH)-CH-), 5.93 (CH,-NH-CHy)

13C-NMR, (/ppm, DMSO-ds, 400 MHz at 25 °C): 14.43 (dodecyl terminal -CHjs),
22.59 (backbone -CHs), 28.72 (backbone -CHs), 29.00 — 30.00 (dodecyl -CH>-), 29.69
(-S-CH2-CH2-), 31.79 (-CH,-S-), 32.46 (-S-CH.-), 35.64 (backbone >C<), 52.18-
52.71 (-CHo-NH-CHy-), 60.71 (-CH2-CH,-OH), 68.20 (-COO-CH,-), 177.33

(carbonyl >C=0)

GPC (DMF): P1: My = 4652 g.mol™, My, = 13370 g.mol%, P = 2.87
P5: M = 5850 g.mol?, My, = 11750 g.mol, © = 2.00

P9: My = 2420 g.mol?, My, = 4022 g.mol ™, D = 1.66

DLS (in water at room temperature, 5 runs average):
P1:d=7.48 nm, PDi = 0.067 P5:d =8.60 nm, PDi = 0.889

P9:d =41.01 nm, PDi = 0.0961
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Figure S2.14 Typical FT-IT spectra of P1/P5/P9.

FT-IR (neat, /cm™): 3338 (-OH, s, broad/medium), 2925 (C-H, s, strong), 1727 (C=0,
s, strong), 1664 (N-H, b, medium), 1477 (C-H, b, medium), 1250 (C-N, s, medium),

1150 (C-O, s, strong)
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Figure S2.15 TGA graphs of P1/P5/P9.
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TGA degradation onset / °C (degradation steps temperatures):
P1: ds =287 °C (356 °C, 435 °C) P5: ds =270 °C (344 °C, 424 °C)

P9: ds =290 °C (265 °C, 353 °C, 421 °C)

P(GMA)W(CHT)(ETA): P2/P6/P10

HWSO
"
NN

OH  OH
'H-NMR, (/ppm, DMSO-dgs, 400 MHz at 25 °C): 0.70-1.10 (backbone -CHs), 1.26
(cyclohexane para -CH»-), 1.70 (cyclohexane meta -CH,-), 1.85 (backbone -CH>-),
1.93 (cyclohexane ortho -CH2-), 2.60 (-CH2-NH-CH2-), 3.40 (-CH,-CH2-OH), 3.78
(COO-CH,-CH(OH)-), 4.45 (-CH,-OH), 5.27 (-CH2-CH(OH)-CHa-), 5.94 (CH-NH-

CHy)

13C-NMR, (/ppm, DMSO-ds, 400 MHz at 25 °C): 25.86 (cyclohexane meta/para -CH,-
), 33.83 (cyclohexane ortho -CH»-), 28.72 (backbone -CHs), 43.71 (Cyclohexane
>CH-),S-CH>-), 35.64 (backbone >C<), 52.18-52.71 (-CH2-NH-CHa-), 60.71 (-CHa-

CH,-OH), 68.56 (-COO-CHj), 177.51 (carbonyl >C=0)
GPC (DMF):  P2: My = 4540 g.mol%, Mw = 8300 g.mol%, © = 1.83

P6: My = 2800 g.mol™, My = 5330 g.mol ™, p=1.91

P10: M = 2560 g.mol™, My = 5030 g.mol?, P = 1.96

DLS (in water at room temperature, 5 runs average):
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P2:d=121.65nm, PDi=0.294 P6:d=118.15nm, PDi =1.28

P10: d = 11.36 nm, PDi = 0.0870

o
S
o 60 )
e 3348 cm?
o] O-H (w, m
£ . ,
I 40 4 / 1692 cm™
2 / N-H (bending, m)
< /
=
= 2932 cm’?
20 - C-H (sp®, m)
04 1717 cm? -~ -
c=0 () 1153 cm't N
C-O (ester, I) 1054 cm’
C-O (127 alcohol, 1)
-20
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Wavenumber (cm™)

Figure S2.16 Typical FT-IR spectra of P2/P6/P10.
FT-IR (neat, /cm™): 3348 (-OH, s, broad/medium), 2932 (C-H, s, strong), 1717 (C=0,

s, strong), 1692 (N-H, b, medium), 1453 (C-H, b, medium), 1263 (C-N, s, medium),

1153 (C-0, s, strong)
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Figure S2.17 TGA graphs of P2/P6/P10.

TGA degradation onset / °C, (degradation steps temperatures):
P2: ds =286 °C (351 °C, 435 °C) P6:ds=273°C (343 °C, 429 °C)

P10: ds = 293 °C (265 °C, 347 °C, 421 °C)

p(GMA)(PET)(ETA): P3/P7/P11

"
NN

OH  OH
'H-NMR, (/ppm, DMSO-dgs, 400 MHz at 25 °C): 0.70-1.10 (backbone -CHs), 1.85
(backbone -CH>-), 1.93 (cyclohexane ortho -CH»-), 2.60 (-CH2-NH-CH>-), 2.81 (-S-
CHa-CHa-), 3.47 (-CH2-CH,-OH), 3.83 (COO-CH,-CH(OH)-), 4.44 (-CH2-OH), 5.22

(-CH2-CH(OH)-CHz>-), 5.91 (CH2-NH-CHy), 7.26 (aromatic -CH,-)
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13C-NMR, (/ppm, DMSO-ds, 400 MHz at 25 °C): 33.97 (-S-CH2-CH2-), 36.08

(backbone >C<), 44.87 (backbone -CHz), 52.12 (-CH2-NH-CH.-), 52.71 (-CH2-NH-
CHy-), 60.73 (-CH»-CH>-OH), 67.76 (ester-CH>-CH(OH)-), 68.28 (-COO-CHa-
CH(OH)-), 126.58 (aromatic para =CH-), 128.58-128.95 (aromatic ortho/meta =CH-

), 140.94 (aromatic -C<), 177.45 (carbonyl >C=0)

GPC (DMF):  P3: My = 5270 g.mol %, My = 9050 g.mol™, # = 1.72
P7: Mn = 3250 g.mol, My = 6274 g.mol™, p=1.93

P11: M, = 3530 g.mol, My = 6100 g.molt, p=1.73

DLS (in water at room temperature, 5 runs average):
P3:d=119.43nm, PDi=0.306 P7:d=15.27 nm, PDi =0.0851

P11:d = 6.16 nm, PDi = 0.0663
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2
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o
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;E 951 3373 em”? 1666 e aromatic C-H (m)
e O (w.m) N-H (bending, m)
o 2939 cm™!
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90
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851 1715 em! 1155 cm™ §C-O (12 alcohol, 1)
c=0 () C-O (ester, )

' 1 ' 1 N I ' I ' I ' I ' 1
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Figure S2.18 Typical FT-IT spectra of P2/P6/P10.
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FT-IR (neat, /cm™): 3373 (-OH, s, broad/medium), 2939 (C-H, s, strong), 1715 (C=0,
s, strong), 1666 (N-H, b, medium), 1455 (C-H, b, medium), 1259 (C-N, s, medium),

1155 (C-0, s, strong), 751 (aromatic C-H, s, medium)

Figure S2.19 TGA graphs of P3/P7/P11.

TGA degradation onset / °C (degradation steps temperatures):
P3: ds =286 °C (351 °C, 433 °C) P7:ds=270°C (342 °C, 422 °C)

P11: ds =296 °C (260 °C, 347 °C, 423 °C)

P(GMA)n(i-PT)(ETA): P4/P8/P12

“WS*
n

0" O0p” O
HO{HO{
I\Q NH
OH OH

IH-NMR, (/ppm, DMSO-ds, 400 MHz at 25 °C): 0.78-1.07 (backbone -CHs), 1.21

(isopropyl -CH(CHa)2), 1.85 (backbone -CH,-), 2.60 (-CH2-NH-CH.-), 2.98
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(isopropyl -CH<), 3.47 (-CHo-CHz-OH), 3.79 (-COO-CHz-CH-), 4.45 (-CHo-CHa-

OH), 5.25 (-CHo-CH(OH)-CHy-), 5.92 (br, CH,-NH-CHy), 7.59

13C-NMR, (/ppm, DMSO-ds, 400 MHz at 25 °C): 23.86 (isopropyl -CH(CHs)2), 34.19
(backbone -CHz), 35.18 (isopropyl —CH<), 43.95 (>CH-CH>-S-), 52.23 (-CH2-NH-
CHy-), 52.78 (-CH2-NH-CH-), 60.75 (backbone -CHa-), 62.60 (-CHz-CH,-OH),

67.92 (ester-CH,-CH(OH)-), 68.38 (ester-CH,-CH(OH)-), 177.76 (carbonyl >C=0)

GPC (DMF): P4: Mn = 4510 g.mol?, My, = 8100 g.mol?, b = 1.79
P8: M, = 3210 g.mol?, My = 5920 g.mol?, D = 1.85

P12: M, = 3000 g.mol?, My = 4050 g.mol?, = 1.35

DLS (in water at room temperature, 5 runs average):
P4:d =101.42 nm, PDi =0.467 P8:d=13.53 nm, PDi =0.0896

P12:d = 9.66 nm, PDi = 0.0769

100 -
&
o 1664 cm”’
g 90 ~ N-H (bending, m)
]
x
£ 3347 em” 2928 em!
7] O-H (w, m) C-H (sp® m)
c N \
& 80
}_
70 4
1719 em™’
c=0 ) 1056 cm™'
60 1151 em C-0 (1" aleohol, 1)

C-0 (ester, I)
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Figure S2.20 Typical FT-IT spectra of P4/P8/P12.
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FT-IR (neat, /cm™): 3307 (-OH, s, broad/medium), 2931 (C-H, s, strong), 1719 (C=0,

s, strong), 1613 (N-H, b, medium), 1453 (C-H, b, medium), 1238 (C-N, s, medium),

1147 (C-0O, s, strong)

Figure S2.21 TGA graphs of P4/P8/P12.

TGA degradation onset / °C (degradation steps temperatures):

P4: ds =289 °C (344 °C, 437 °C) P8:ds =267 °C (264 °C, 340 °C, 431 °C)

P121: ds =292 °C (259 °C, 349 °C, 429 °C)

MKII range characterisation:

p(GlyMA):

'H-NMR, (/ppm, DMSO-ds, 400 MHz at 25 °C): 0.69-1.16 (br, backbone + terminal
-CHs), 1.84 (br, backbone -CHy-), 3.67 (br, COO-CH,-CH), 3.76 (br, CHa-CH(OH)-
CHy), 3.93 (br, (OH)CH-CH2-OH)), 4.65 and 4.90 ((OH)CH-CH,-OH), 5.61 and 6.16

(terminal vinyl).

141



Chapter 2:
Michael-thiol Reactions for the Synthesis of Linear Amphiphilic Polymethacrylates

13C-NMR (/ppm, DMSO-dg, 400 MHz at 25 °C): 18.45 (backbone -CHs), 25.98 (a -
CHs), 41.41 (-CH2-C=C), 43-46 (backbone >C<). 59-60 (backbone —CHx-), 62.5-63.5
(HO-CH2-CH<), 65-67 (COO-CH,-CH<), 69-70 (CHo-CH(OH)-CH2-OH), 126-127

(terminal >C=CH,), 136-137 (terminal >C=CH), 176-179 (>C=0)

GPC (DMF):  1: My = 15090 g.molt, My = 21930 g.mol, = 1.45
2: Mn = 8300 g.mol, My = 11670 g.mol, P = 1.40

3: Mn = 1470 g.molt, My = 3920 g.mol, = 2.66

FT-IR (neat, /cm™): 3370 (-OH, wide), 2949 (C-H, s, medium), 1713 (C=0, s, strong),

1160 (s, C-0), 1046.37 (primary alcohol)

P(GlyMA),(PET), Q1:

o° 0o~ O
Hoj) HOJ/l
HO” HO
'H-NMR, (/ppm, DMSO-dg, 400 MHz at 25 °C): 0.70-1.10 (br, backbone + terminal
-CHs), 1.80-1.90 (br, backbone —CH>-), 2.20-2.26 (>CH-CH>-S-CH,-CH>-), 2.70-2.80
(>CH-CH2-S-CH2-CH3-), 3.39 (HO-CH2-CHK<), 3.68 and 3.91 (COO-CH2-CH<), 3.75
(CH2-CH(OH)-CH2-OH), 4.70 (CH2-CH(OH)-CH2-OH), 4.93 (CH2-CH(OH)-CH>-

OH), 7.20-2.90 (Aromatic protons)

GPC (DMF): M, = 5140 g.mol*?, My = 8590 g.mol?, D = 1.67
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DLS (in water at room temperature, 3 runs average):

d =71.98 nm, PDi = 0.0289
FT-IR: N/A
TGA: N/A

P(GlyMA),(CHT), Q2:

e
0] 0o~ O
oy
HO HO
'H-NMR, (/ppm, DMSO-ds, 400 MHz at 25 °C): 0.70-1.10 (br, backbone + terminal
-CHs), 1.50-1.55 (cyclohexane protons), 1.80-1.90 (br, backbone —CH3-), 3.38 (HO-

CH,-CH<), 3.68 and 3.91 (COO-CH,-CH<), 3.75 (CHo-CH(OH)-CH2-OH), 4.69

(CH2-CH(OH)-CHa-OH), 4.94 (CH,-CH(OH)-CH2-OH)

GPC (DMF): Mn = 5020 g.mol*, My = 7260 g.mol, © = 1.46

DLS (in water at room temperature, 3 runs average):

d =81.84 nm, PDi = 0.609
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Figure S2.22 Typical FT-I1T spectra of Q2.

FT-IR (neat, /cm™): 3376 (-OH, wide), 2929 (C-H, s, medium), 1717 (C=0, s, strong),

1161 (s, C-0), 1048 (primary alcohol)
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Figure S2.23 TGA graphs of Q2.
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TGA degradation onset / °C (degradation steps temperatures):
P4: ds =289 °C (344 °C, 437 °C) P8:ds =267 °C (264 °C, 340 °C, 431 °C)

P121: ds =292 °C (259 °C, 349 °C, 429 °C)

P(GlyMA)(i-PT), Q3:

Poen
0 00" O
HOJ) HO))
HO” HO
'H-NMR, (/ppm, 400 MHz at 25°C in DMSO-dg): 0.70-1.10 (br, backbone + terminal
-CHs), 1.15-1.25 (-S-CH(CH2)2), 1.80-1.85 (br, backbone —CH,-), 3.67 and 3.91

(COO-CH2-CH<), 3.75 (CH2-CH(OH)-CH,-OH), 4.71 (CH2-CH(OH)-CH,-OH),

4.95 (CH2-CH(OH)-CH,-OH)

GPC (DMF): Mn = 6180 g.mol*, My = 9160 g.mol?, © = 1.48

DLS (in water at room temperature, 3 runs average):

d =106.02 nm, PDi = 0.274
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Figure S2.24 Typical FT-IT spectra of Q3.
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TGA degradation onset / °C (degradation steps temperatures):
P4: ds =289 °C (344 °C, 437 °C) P8:ds =267 °C (264 °C, 340 °C, 431 °C)

P121: ds =292 °C (259 °C, 349 °C, 429 °C)

pP(GlyMA)(linear thiol), Hexanethiol (Q4), Nonanethiol (Q5), Dodecanethiol

(Q6), Tetradecanethiol (Q7), Octodecanethiol (Q8):

™

H n
o 0o~ ©
HOJ) Ho))
HO HO
'H-NMR, (/ppm, 400 MHz at 25°C in DMSO-dg): 0.70-1.10 (br, backbone + terminal
-CHj3), 0.86 (-S-CH2-CH2-CH2-CH2-CH2-CHs3), 1.24 (-S-CH2-(CH2)n), 1.40-1.50 (-S-
CH2-(CH2)n), 1.75-1.85 (br, backbone —CH-), 3.38 (HO-CH2-CH<), c. 3.68 and 3.91
(COO-CH2-CHK<), c. 3.75 (CH2-CH(OH)-CH2-OH), c. 4.68 (CH2-CH(OH)-CH,-OH),

C. 4.93 (CH-CH(OH)-CH,-OH)

GPC (DMF): Q4 My = 5550 g.mol, My = 7460 g.mol%, D = 1.34
Qs: Mn = 5720 g.molt, My = 7720 g.mol?, P =1.35
Qs: Mn = 5520 g.mol, My = 8620 g.mol?, P = 1.56
Q7: Mn = 7650 g.molt, My = 10110 g.molt, =132

Qs: My = 2300 g.mol?, My, = 4930 g.mol?, b =2.15

DLS (in water at room temperature, 3 runs average):
Q4:d =78.61 nm, PDi = 0.0607

Qs: d =59.20 nm, PDi = 0.0282
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Qs: d =7.329 nm, PDi = 0.622.

Q7:d=5.77 nm, PDi = 0.024

Qs: d =12.046 nm, PDi = 0.0754
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2.4.3 Materials
Unless stated otherwise, all chemicals mentioned were purchased from Sigma-Aldrich
and were used without further purification.
Cobalt(Il) acetate tetrahydrate was purchased from Riedel-de Haen / Honeywell, V-
601 from Wako chemicals, glycerol monomethacrylate was kindly donated by GEO
specialty chemicals. Triphenylmethanethiol, tert-dodecanethiol and heptanethiol were

obtained from Acros Organics, Merck and Alfa Aesar respectively.

2.4.4 Instrumentation
DMF and CHCIs; Gel-Permeation Chromatography (GPC) was carried out on an
Agilent Infinity 11 MDS instruments equipped with differential refractive index (DRI),
viscometry (VS) and dual angle light scatter (LS) detectors.
For DMF analysis the system was equipped 2 x PLgel Mixed D columns (300 x 7.5
mm) and a PLgel 5 pm guard column. 12 narrow molecular weight poly(methyl
methacrylate) standards (Agilent EasiVials) were used for calibration between
955,000 — 550 g mol* and data fitted with a 3" order polynomial. The eluent was DMF
with 5 mmol NH4BF4 additive to help prevent column interactions. Analyte samples
were filtered through a 0.22 um nylon membrane before injection and samples were
run at a flow rate of 1 ml/min at 50 °C.
For CHCI3 analyses the system was equipped with 2 x PLgel Mixed C columns (300
x 7.5mm) and a PLgel 5 um guard column. The eluent used was CHCIlz with 2 % TEA
(triethylamine) additive. Samples were run at 1 ml.min* at 30 °C.
PMMA or polystryrene standards between 540 Da and 1000 kDa for the former and

between 370 Da and 364 kDa for the latter (Agilent EasyVials) were used for
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calibration. Ethanol was added as a flow rate marker. Analyte samples were filtered
through a GVHP membrane with 0.22 um pore size before injection.

In either cases, number average molecular weight (Mncpc) and dispersity (D) values
of synthesized polymers were determined by conventional calibration using Agilent

GPC/SEC software.

Nuclear magnetic resonance (NMR, *H and *3C) spectra were recorded at room
temperature on a Bruker Avance 11 HD-300 or 400 using either deuterated solvents

referenced against TMS as a reference.

Microwave-assisted syntheses (MAOS) were performed in a Biotage initiator+ in 2-5

or 10-20 mL Biotage vials.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) spectra were
collected using a Bruker Autoflex Speed, equipped with a 337 nm nitrogen laser,
operating in reflectron positive mode with an ion source voltage of 19 kV. Results
were accumulated in 10 readings of each spot with 500 laser shots, leading to a total
of 5000 laser shots per spectra. Laser power was tuned to keep noise low while
maintaining the signal as to not remove any trace peaks. The samples were dissolved
into the appropriate solvent at concentrations of 10 mg ml, along with the cationizing
agent sodium iodide (Nal) at 0.1 mg mlt. A matrix solution was then made up of trans-
2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]Jmalononitrile (DCTB) in THF at
a concentration of 40mg ml, along with Nal at 0.1 mg mI. 10 pl of both the matrix
and sample solutions were then mixed together, and 0.5 pl of the resulting solution

was then spotted on an MTP 384 ground steel target plate.
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Fourier transform infra-red (FT-IR) spectra were recorded on a Bruker Vector 22 FT—
IR Spectrometer fitted with a diamond crystal plate and a pressure tower. The

instrument was set to perform 64 scans per sample at a scan speed of 0.5 cm.s™,

Dynamic light scattering (DLS) analyses were carried out on a Malvern Instruments
Zetasizer Nano-ZS in water at 25 °C fitted with a 4 mW He-Ne 633 nm laser set at a
back-scattering angle of 173°. Samples were prepared by dissolving 1 mg of product
in 20 mL of HPLC-grade water. All solutions were sonicated for 2 minutes at 50 °C
and allowed to settle for a further 10 minutes. Small aliquots were then pipetted into
disposable DLS cuvettes. The equilibration time was set at 2 minutes and five
measurements of eleven runs were conducted each time. Sizes are reported as averages
of 5 runs and polydispersity was obtained from the zetasizer software as an average of

all measurements.

Thermo-gravimetric (TGA) data was obtained using a Mettler-Toledo TGA/DSC1
with autosampler. Measurements were carried out under a nitrogen atmosphere from

25 to 600 °C at a rate of 10 °C/min in a 40 pL aluminium crucible.

Transmission electron microscopy (TEM) images were obtained on a JEOL 2100 TEM
fitted with a Gatan Ultrascan 1000 camera. Samples were diluted at 0.1% v/v and one
drop was cast on a carbon coated TEM copper grid. After 2 minutes the drop was

blotted off with filter paper. All samples were prepared without using a stain.
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2.4.5 Experimental Procedures

CoBF Synthesis:

Cobalt(ll) acetate tetrahydrate was heated at 110 °C and 2 mbar for 5-6 hours in a
Schlenck flask, which was removed from the oil bath when the pink powder became
purple (upon becoming anhydrous).

To a second Schlenck flask equipped with a magnetic stirrer, anhydrous cobalt(l1)
acetate (3.14 g, 0.0126 mol) and dimethyl glyoxime (4.47 g, 0.0344 mol) were added
and purged with N2 for 1 hour. Separately, ethyl acetate (77.12ml, 0.87 mol) was dried
with MgSOQs, decanted and filtered by gravity filtration. Ethyl acetate was then
degassed for 30 minutes prior to addition to the mixture using de-oxygenated syringes.
The mixture was stirred vigorously for 30 min. Boron trifluoride etherate (BF3EtO>)
(13.03 mL, 0.09 mol) was degassed with nitrogen and added via syringe pump over a
period of 10 minutes under continuous vigorous stirring. The resulting solution was
heated and held at 50 °C for 30 minutes to complete the reaction. Sodium bicarbonate
(3.57 g, 0.042 mol) was added in portions to avoid excessive frothing. When the
bicarbonate addition was complete, the reaction mixture was cooled down to 5 °C and
stirred for an hour to allow product to recrystallize. Filtration was carried out in (2 X

70 mL) H.O and (2 x 20 mL) MeOH.

Synthesis of poly(glycidyl methacrylate):

0.25 mg/mL stock solutions of CoBF in GMA were prepared by separately de-
oxygenating 5 mg of CoBF and 20 g of GMA for 1 hour and 30 minutes respectively
using nitrogen bubbling. GMA was then transferred, using degassed syringes, into the

CoBF flask, previously equipped with a magnetic stirrer. The solution was then
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sonicated for 10 min and left to stir for up to 1 hour to ensure proper mixing. Stock
solutions were stored at 4 °C for up to two months.

All polymerisations were carried out in a similar fashion. VA-601 (0.5 mol% to
monomer) was dissolved in acetonitrile (calculated to 50% solid content) and
introduced into a 250 mL tri-neck round bottom flask (rbf 1) equipped with a stirrer
bar. In parallel, another round bottom flask (rbf 2) was loaded with an appropriate
volume of GMA, taking into consideration the volume of CoBF in GMA required
from the stock solution to reach the required final CoBF concentration within the
reaction mixture. The two flasks were then sealed with rubber septa and degassed for
30 minutes each. Once all components were purged of oxygen, a CoBF/GMA volume
from the stock solution was transferred into rbf 2. The final CoBF in GMA solution
was fed into rbf 1, which was placed in an oil bath pre-heated to 70 °C, over a 3-hour
period. The reaction mixture was allowed to react for 24 hours. Samples for *H-NMR,
GPC, MALDI-ToF MS and IR were taken after termination of the reaction and

removal of solvent using rotary evaporation

Synthesis of poly(glycerol monomethacrylate):

Due to the low chain transfer constants that were observed with GIyMA, larger
amounts of CoBF were required. In addition, the relative lower solubility of CoBF in
GlyMA and the high viscosity of the monomer made the preparation of CoBF in
monomer solution impractical.

P(GlyMA) polymerisations were prepared using 3 different rbfs (rbf 1, 2 and 3).
Initiator (ACVA, 0.5 mol% to monomer) and solvent (calculated to 50% solid content)

were introduced in rbf 1, an excess of monomer in rbf 2 and CoBF (20, 30 or 40 ppm)
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alongside a stirring magnet in rbf 3. Rbfs 1 and 2 were de-oxygenated for 20 minutes
while rbf 3 was de-oxygenated for 35 minutes. After oxygen was removed, both the
initiator in solvent and the calculated amount of GIlyMA were transferred into rbf 3
using de-oxygenated syringes. Rbf 3 was finally introduced into a pre-heated oil bath

(70 °C) and left to react overnight.

Dual Functionalisation of p(GMA)n: one-pot Michael-thiol Addition Followed by
Epoxide Ring-Opening:

Michael-thiol additions of p(GMA)» were carried by adapting the following protocol:
5 g of p(GMA), (1000 Da, 1 eq) was introduced into a 10-20 mL microwave vial along
with a magnetic stirrer and dissolved into 10.0 mL of acetonitrile. The vial was sealed
and de-oxygenated for 15 minutes. Subsequently, 1.2 equivalents of separately de-
oxygenated dodecanethiol (6.00 mmol, 1.43 mL) were subsequently added to the vial,
as well as 0.8 eq of dimethylphenylphosphine (4 mmol, 0.569 mL) using de-
oxygenated syringes. The reaction was then left to react at room temperature for 3
hours under vigorous stirring (500 rpm).

After the reaction was completed, the vial was opened and 9 equivalents of
ethanolamine (63.3 mmol, 3.82 mL) to the number of moles of epoxide were added to
the vial without intermediate purification step. The vial was sealed with a microwave
cap, keeping an ambient atmosphere within the flask, and placed in the microwave for
a 5-15 minutes reaction cycle at 120 °C. The sample was then taken out of the
instrument and acetonitrile reduced by blowing oxygen through the clear solution for
12 hours. The resulting viscous product was dissolved with 10 mL of methanol, and
dialysed against methanol for 50 hrs to remove residual acetonitrile and impurities.

MeOH was removed by a combination of rotary evaporation, freeze-drying on Schlenk
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lines. All products were finally placed in a vacuum oven overnight before carrying out

product analysis.

Michael-thiol Addition of Hydrophobic Thiols on p(GlyMA)x:

Michael-thiol additions of p(GlyMA), were carried by adapting the following
protocol:

p(GlyMA), (5 g, 1400 Da, 1 eq) and a magnetic stirrer were introduced into a round
bottom flask and dissolved with 20 mL of methanol. The flask was sealed and the
mixture de-oxygenated for 15 min. 1.02 equivalents (3.64 mmol, 0.867 mL) of
dodecanethiol and DMPP (0.8 eq, 0.607 mL) were do-oxygenated separately and
added to the flask. The reaction was left to reaction was left to react for 5 min and then
opened to ambient air. The reaction mixture was then transferred to a dialysis bag and
dialysed against methanol for 50 hours. Methanol was evaporated in-vacuo to yield

the product for analysis.
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2.1 Introduction

Vinyl bonds substituted with electron withdrawing groups, e.g. carbonyls, can undergo
addition reactions with nucleophiles. These types of reactions belong to a diverse and
well-reported group of reaction labelled conjugate additions. In practice, the Michael
addition, a subclass of conjugate additions, is one of the most well-known conjugate
addition reaction that allows the formation of new covalent linkages under mild
conditions. Its versatility stems from the fact that, while the reaction was historically
developed using resonance stabilised carbanions, heteroatomic nucleophiles have also
been utilised and were shown to have potential.l In chapter 2, the use of sulfur alcohol
analogues was investigated, but because of the variety of starting reagents available,
high atom economy and possible reaction conditions, aza-Michael reactions can be
more attractive in the development of green / eco-friendly synthetic methods that
follow the principles of green chemistry.?

Despite this, scientific work combining polymer chemistry and aza-Michael addition

has been sporadic in the last 20 years, constituting only about 4% of the published

Figure 3.1 Distribution of scientific publications on aza-Michael addition since 2000. (search

performed with web of science. Keywords: “aza-Michael” OR “Michael-aza”).
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literature, the vast majority being found within the field of organic chemistry, figure
3.1

Recent literature though, illustrates this potential well. Gonzalez et al.> demonstrated
an alternative route for the curing of acrylates through a 2-stage sequential reaction.
The first step, an aza-Michael reaction between di/multifunctional amines and an
excess of various diacrylates was carried out at room temperature, in a solvent-free
environment, followed by a simple free-radical polymerisation of the excess diacrylate
which led to the preparation of a new, environmentally friendly p(amino ester)-
p(acrylate) family of thermosetting polymers.

Similarly, Baruah et al.* first synthesised tetraethyl-2,2'-[ 1,4-phenylenebis(methanyl-
ylidene)]dimalonate (TPMD), a compound containing multiple esters and two internal
a-f unsaturated carbonyl functionalities. Using TPMD’s reactivity alongside
oligoamine cross-linkers, the authors synthesised polymeric networks by creating
amide linkages from the esters and aza-Michael bridges from the internal vinyl groups
using aza-Michael addition. Here too, both reactions were performed solvent and
catalyst-free at 25 and 50 °C. In addition to developing a green synthetic pathway, the
authors also attempted to show the recyclability and self-healing properties of their
gels by degrading the amides bonds through ultrasonication (at 25 °C) for 1h30 at pH
5.3. Although there was a loss of mechanical integrity, the authors did not address
whether this affected aza-adducts but did observe that the aza-Michael addition using
secondary amines was indeed reversible.

Lastly, Shen et al.> demonstrated the synthesis of dendrimers through a solvent-free
iterative sequencing of aza-Michael addition and thiol-yne click reactions between

but-3-ynyl acrylate, ethylenediamine, and cysteamine hydrochloride.
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While these previous reports were some of the more prominent examples, aza-Michael
addition can be found implemented in the synthesis of hydrogels,®” flame retardants®
or silicon-containing materials® amongst others.

Increasingly, industrial and academic research must focus attention not on what
chemicals can be produced, but what processes should be employed for the synthesis
of similar chemicals. One of the focus of this thesis is the synthesis of amphiphilic
polymers that can efficiently act as stabilisers in water-based pigment suspensions and
attempt their development in a more eco-friendly, green manner, one that can also
match industrial criteria for a marketable product, should also be considered. To this
end, this chapter reports the use of aza-Michael addition in combination with CCTP,
as opposed to Michael-thiol addition. Several aspects of the synthesis are discussed:
the shift towards more environmentally friendly solvents and their impact on the
resulting polymers; the use and role of post-polymerisation modification catalysts and
microwave-assisted synthesis for the reduction of reaction times. All polymers
presented in this chapter (MKIII) are analysed using various techniques, namely GPC,
TEM, TGA, and DSC; and their performance tested against the previously synthesised

dispersant ranges (MKI & MKII) in chapter 4.

2.2 Results and Discussion

3.2.1 Initial Considerations
The synthesis of amphiphilic polymers using Michael-thiol addition was previously
examined. To carry the reactions out, careful consideration was given to the selection
of each compound used in the protocol. From solubility to price, different factors were

taken into account and the best options were chosen for further testing. Industrial
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research, however, aligns itself with market requirements. End-user feedback and
sentiment plays a critical role in informing research goals.°
The impact of the agro-chemical industries started to be quantified in the early 2000’s.
The general public’s awareness of the environmental repercussions of chemical
processes led to increased pressure on governments to introduce regulations on the
emission of volatile organic compounds.**? Demand for more eco-friendly processes
and the reduction of businesses’ carbon footprints has had a profound impact of the
industrial R&D landscape. As such, less toxic chemicals, as well as greener
alternatives can be preferred to the chemically optimal ones.
In polymer chemistry for instance, certain components can have deleterious effects on
health; monomers are often carcinogenic, but are safe after polymerisation. Glycerol
monomethacrylate is however a biocompatible monomer that is generally considered
to be safe.!® Finally, we previously considered methanol as being the best option for
the synthesis of p(GlyMA); with all components being freely soluble in the solvent,
and a chain transfer constant of 540 that, while comparatively low for CCTP, could
theoretically allow us to target a wide range of molecular weights. Methanol, however,
is classified as having acute oral, dermal and tactile toxicity for humans while IPA is
considered safer, exemplified by its extensive use during the novel coronavirus
(COVID-19) pandemic.**> Solvents are generally used extensively and often
discarded after use, making them a concern that we wanted to focus on.
This chapter reports on the modification of the previously developed synthesis with
considerations towards the impact of used chemicals on human and environmental
health and the techniques used:

- Firstly, the synthesis of p(GlyMA) is modified, the solvent is exchanged with

safer IPA.
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The malodorous thiols are removed from the protocol and their amine
analogues introduced.

The versatility of the aza-Michael catalyst is investigated by first optimising
the reaction in its presence, and subsequently attempting reactions in catalyst-
free conditions.

Finally, the reduction in reaction times is investigated using microwave-

assisted synthesis.
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3.2.2 Synthesis of p(GlyMA) in Environmentally Benign Solvents

Scheme 3.1 CCTP polymerisation conditions for the preparation of p(GlyMA).

The methodology described in chapter 2 was replicated here. For reasons explained in
chapter 4, only molecular weights of 1-2.5 kDa were targeted. Initial experiments were
carried out with 10 and 30 catalyst loadings and a 0.5 mol% ratio of AIBN initiator to
monomer. It was, however, quickly observed that all three polymerisations resulted in
relatively high molecular weight polymers. In each case, the polymers precipitated out
of solution during the polymerisation, or upon cooling. Concerns over the repeatability

of the reactions prompted us to test higher catalyst loadings.

Figure 3.2 GPC traces (DMF, 50 °C) of p(GlyMA) polymerised in IPA prepared with various catalyst

loadings and 0.5 or 1 mol% initiator to monomer ratio.
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Table 3.1 GlyMA polymerisations attempted for this study. *determined by GPC. °DP
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At 70 ppm, with the reduction of the average molecular weight to 5.0 kDa (calculated
by NMR), there was a discernible monomeric peak, amounting to around 30% of the
solution. This was a result of the increased concentration of CoBF that led to monomer
being the product of the catalytic cycle. As the targeted molecular weight was not
reached, higher catalyst loadings were needed and any catalyst loading beyond 70 ppm
had a discernible peak arising from the monomer.

Further experiments showed that a 200 ppm CoBF loading with a 1 mol% initiator to
monomer ratio were sufficient to reduce molecular weights to about 1.3 kDa, (figure
3.2 & table 3.1). Under these conditions, the product did not precipitate and around
30% of the final mixture consisted of monomer. Whilst it seemed difficult to
circumvent the apparition of monomer, the polymer was easily purified by

precipitation in chloroform, Sl figure S3.1.

Figure 3.3 Typical *H-NMR (DMSO-ds, 400 MHz at 25 °C) spectrum of p(GlyMA)yo (catalyst
loading: 200 ppm) prepared by CCTP in IPA.
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Scheme 3.2 Mechanism of ring opening of GMA’s epoxide side-chain by water.

It was further noticed that the monomer should be removed shortly after
polymerisation as after a 2-week period, the crude mixture showed signs of
autopolymerisation in the GPC trace, which led to the presence of high molecular
weight polymers that could, if left in the mixture, interfere with further post-

polymerisation modifications, Sl figure S3.2.

Ethyl acetate is an interesting and low-toxicity solvent often used on industrial scales
for synthesis. Several polymerisation attempts all led to the gradual precipitation mid-

reaction of polymer, even under high temperatures, accompanied by significant batch-
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Figure 3.4 FT-IR spectrum of p(GlyMA)o prepared by CCTP in IPA (catalyst loading: 200 ppm).

to-batch variance, which made EtOAc unsuitable for this polymerisation, Sl figure
S3.38.

The structure of the polymer (table 3.1, entry 8) can be verified using *H-NMR (figure
3.3). Glycerol monomethacrylate is a hydrophilic monomer most often obtained by
the hydrolysis of the GMA epoxide with water. The process was shown to produce
two 1,3- and 2,3- isomers, by Shaw et al.,*® with a mechanism following that is shown
in scheme 3.2. Both isomers are identifiable through *H-NMR with hydroxy peaks
visible from 4.50 to 5 ppm and methylene peaks at 3.50 ppm. All other expected peaks
are otherwise clearly visible in DMSO-ds *H-NMR.

FT-IR shows the primary alcohol peaks at around 3365 and 1045 cm, for 12" alcohol
O-H and C-O stretching respectively, figure 3.4. We also see an -OH bending peak at

1456 cm™ and the ester peaks at 1711 and 1160 cm™.
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3.2.3 Initial Study and Optimisation of the aza-Michael Reaction
of Hydrophobic Alkylamines with p(GlyMA), MKIII
While Michael-thiol additions generally require a nitrogen or phosphorus-centered
catalyst, aza-Michael can proceed without the addition of catalysts. Nevertheless,
reactions can also be mediated by strong bases such as 1,8-diazabicyclo[5.4.0Jundec-

7-ene (DBU).

3.2.3.1 Initial study — DBU-Catalysed Reactions

Scheme 3.3 Initial aza-Michael conditions for the CCTP preparation of p(GlyMA),(DDA).

A series of reactions were carried out in order to assess the reactivity of p(GlyMA)1o
towards hydrophobic alkylamines. Initially, reactions were carried out on a 50 mg
scale of polymer at room temperature with a 3-fold excess of dodecylamine (DDA),
which was chosen as a model compound — long aliphatic chain-containing dispersants
have shown promising performance as stabilisers for CB suspensions, particularly
with C12 anchors, see chapter 4 — as well as equimolar amounts of DBU to DDA.Y’
Methanol, which was used as a point of comparison, and IPA have been favoured as
solvents as protic polar media have been shown to significantly increase rates of
reaction through external proton transfer activation.®

Although it was found advantageous to carry out reactions under inert atmosphere

with the thiol-based addition in order to avoid atmospheric oxidation of DMPP,* no
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Reaction Solid

Entry  Polymer Amine Eq am‘me Temprirature time Catalyst Eqcatalyst Solvent content Vield
(r ratio) /°c /%
/hr /%

1 p(GlyMA),, DDA  3.0(0.33) RT 24 ppy  Fauimolar —, oh 20 >99
to DDA

Equimolar ~

2 p(GlymA),, DDA  1.01(1) RT 24 DBU T MeOH 20 =50

3 p(GlymMA),, DDA  3.0(0.33) RT 24 DBU Eiﬁ'g’;f’ MeOH 50 >99

Table 3.2 Formulations 1-3 attempted for the catalysed synthesis of p(GlyMA)10(DDA).

such precaution was required with aza-Michael additions. While it was reported that
DBU is sensitive to carbon dioxide,? it is unlikely that this bore any impact on our
reactions (CO2 only making up about 0.04% of the ambient atmosphere, discussed
later). This, combined with DMPP’s foul smell, made the use of DBU and aza-Michael
addition more desirable. Reactions were followed by proton NMR through the
disappearance of the vinyl peaks; entry 1 showed near full conversion within 24 hours,
table 3.2.

Reductions of the amount of amine to 1.01 equivalent, or increases of solid content to
50%, were attempted to reduce the necessary amount of either solvent or starting
reagent. In the former, conversion was limited to around 50% after 24 hours. In the
latter, we observed as expected, that conversions were still > 99%, figure S3.4.

The minimum amount of DDA required to carry the reaction to > 99% conversion is
found between 1 and 3 equivalents. In their review, Genest et al.?! report that even
though both primary and secondary amines are reactive in aza-Michael additions,
primary amines can be susceptible to the formation of bis-adducts in the presence a

surplus of vinyl groups, whereby amines undergo two successive Michael additions.
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Figure 3.5 Relationship between r ratio and formation of mono and/or bis adducts during aza-Michael

addition of amines to CCTP macromonomers.

A ratio, r, can be established, with:

__ n(C=0)
T n(N-H)

(egn. 1)
where, when r = 0.5, the mono-adduct represents the majority product with low
chances of bis-adduct being observed. However, as this value increases, bis-adducts
are more likely to be encountered and, at any point when r > 1, the bis-adduct is the
main addition product, figure 3.5.

Looking at the r ratios in table 3.2, it is likely that reactions from entry 2 were subject
to bis-addition. A consensus must be reached where the risk of production of bis-
adduct is minimised while keeping the reaction times practical. Ratios were kept
within a + 0.20 window thereafter, to minimize the risk of bis-adduct apparition.

As such, as can be seen from table 3.3, a second round of optimisation was attempted.
The amount of amine was set to 1.5 equivalents; and while the reactions at room

temperature (entry 4) did not go beyond 55% conversion. An increase of reaction

temperature to 50 °C was enough to sustain the reaction to > 99% conversion within
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Eq amine Temperature Reaction time Solid content  Yield
Ent Pol Ami ! Catalyst Eqcatalyst Solvent
ntry olymer mine (r ratio) 77 /hr s q catalys olve 1% /%
a p(GlyMA), DDA  1.5(0.67) RT 24 ppy  Fauimolar . o 50 55.0
to DDA
Equimolar
5 PIGIYMA), DDA 1.5(0.67) 50 15 DBU oA MeOH 50 >99
Equimolar
6 PGIYMA) DDA 1.5(0.67) RT 24 DBU o DDA IPA 50 N/A
Equimol
7 p(GlyMA),, DDA 1.5(0.67) 50 15 DBU quimoelar - pp 50 >99

to DDA

Table 3.3 Formulations 4-7 attempted for the catalysed synthesis of p(GlyMA)o(DDA).

15 hours. This increase in temperature proved to be important as p(GlyMA)1o is
scarcely soluble in IPA, this made the aza-Michael reaction at room impossible, and

an increase in temperature was, in those cases, necessary (entries 6 & 7).

The use of IPA offered an interesting alternative for purification by harnessing the
ambivalent solubility of p(GlyMA)io in IPA. In repeating reactions from entry 7,
heating cycles to 60 °C, followed by a cooling step to 0 °C; which respectively
solubilised the product or brought it out of solution were used. The cycle was repeated
several times and the precipitated polymer was subsequently filtered and volatiles
removed. This technique however, did not to lend itself to the preparation of a pure
product as a significant amount of leftover catalyst was found, figure S3.6. It was
eventually decided to purify the polymers by precipitation in chloroform, in which the

functionalised polymers were insoluble.

Our final conditions, using DBU as catalyst, consisted of a 1.5 equivalent of
hydrophobic linear alkylamines, an equimolar amount of catalyst relative to the amine,
with a 50% solid content IPA, at 50 °C for 15 hours. These conditions provided a

starting point for the analysis of the reactions in a catalyst-free environment.
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3.2.3.2 Optimisation - Investigation into Catalyst-Free
Reactions
Amines are both basic and nucleophilic. With a sufficiently nucleophilic amine, there
is an opportunity to carry out aza-Michael reactions under catalyst-free
conditions.*182223 |n general, it also seems that aromatic amines are more inert than
aliphatic amines towards aza-Michael additions, as was for example reported by Duan
et al. and Shaikh et al.?*?®> Moreover, linear aliphatic amines seemingly have a

capacity to react without the presence of a catalyst.??

A catalyst-free reaction would be advantageous in that some nitrogen-containing
compounds are mostly non-biodegradable?® and DBU, in particular, is reported to have
long term aquatic hazards. Its removal would bypass a potential health hazard. It has
also been shown that a solid zwitterionic [DBUH*][HCO37] salt can be produced by
the reaction of DBU with CO; in the presence of water.?’ p(GlyMA) is hygroscopic,
it is therefore possible that water molecules from solvents, or moisture from the air be
retained. Removing DBU thus serves as an additional insurance that this reaction does
not happen. Nine reactions with various sets of conditions were carried out, table 3.4.
With 1.5 equivalent of DDA at 50 °C (entries 8 and 9), we observed conversions of
72 and 64% after 16 hours with MeOH and IPA, with little increase after an additional
8 hours, figure 3.6. It seems a doubling of the amount of amine (entry 10 & 11) is

required to reach high conversion within the same 15-hour window as was observed
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Eqamine Temperature / Solid content /

Entry Polymer Amine (r ratio) °c Solvent %
8 p(GlyMA),, DDA 1.5 (0.67) 50 MeOH 50
9 p(GlyMA),, DDA 1.5(0.67) 50 IPA 50
10 p(GlyMA),, DDA 3.0(0.33) 50 MeOH 50
11 p(GlyMA),, DDA 3.0(0.33) 50 IPA 50
12 p(GlyMA),, DDA 3.0(0.33) 25 IPA 50
13 p(GlyMA),, DDA 1.5(0.67) 25 IPA 50
14 p(GlyMA)y, DDA 1.5 (0.67) 25 MeOH 50
15 p(GlyMA),, DDA 3.0(0.33) 25 MeOH 50

Table 3.4 Formulations 8-15 attempted for the catalyst-free synthesis of p(GlyMA)1o(DDA).

Figure 3.6 Conversions at 16 and 24 hours for reactions 8-15.

previously with entries 5 & 7. In general, room temperature reactions did not yield
satisfactory results. However, mostly similar conversions were observed, regardless
of which solvent was used at elevated temperatures, which comforted us in the idea

that using IPA was indeed possible without significant downsides.

3.2.3.3 Microwave-Assisted Catalyst-Free Synthesis, Synthesis
of MKIII
We were curious to see whether it would be possible to use microwave reactors for

these reactions which, if successful, would allow us to demonstrate the versatility of
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microwave-assisted synthesis (MAQS); by carrying out different organic reactions

(epoxide ring-opening or aza-Michael addition), and obtain a variety of amphiphilic

polymers.
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Table 3.5 Formulations 16-24 attempted for the catalyst-free MAOS synthesis of p(GlyMA)1o(DDA).
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MAOS is often touted as a benchmark tool for the 21% century. While there is still an
ongoing discussion on the precise effects of microwaves, particularly regarding the
non-thermal effect,?’ it is undeniable that this technique allows a significant reduction
in reaction time. On a laboratory scale, sealed-vessel MAOS can be energy efficient
compared to traditional heating, as was reported by Moseley et al.?® Overall, the
authors suggest that while efficiency at small scales can be comparatively low, MAOS
can become significantly energy efficient when scaled-up and used with industrial
multimodal reactors. In turn, this would go in the direction of the 6™ principle of green
chemistry (reactions should be designed for energy efficiency) and would be a key
factor in making the process economically viable.?

Starting from the previous successful formulation from part 3.2.3.2 (entry 10), we
started here with 3 equivalents of amine and gradually attempted various combinations
of DDA equivalents, reaction temperature and time, table 3.5. p(GlyMA)io was
solubilised in IPA in a separate vial at 60 °C prior to adding the amine and transferring

the solution into a microwave vial.

If the pressure of a system develops too quickly within the reactor, an explosion might
occur, calculating these limits would be an important piece of information.

Calculating the boiling point of IPA for the different reactions as was done previously
using the Clausius-Clapeyron relations yields the temperatures that are reported in
table 3.5. We can see that the set microwave temperatures are in most cases above
Thoit, which was not observed with acetonitrile (chapter 2), and could be the reason for
an uncontrolled increase in pressure during the early stages of the heating process. We

therefore set to keep the set reaction temperature at, or below 150 °C.
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From entry 21, it was found that 2 hours and 150 °C is sufficient to give a near-
complete conversion. Subsequent reactions further revealed that a reduction to 2
equivalents of DDA was possible (entry 24) and that; interestingly, the hypothesis in
part 3.2.3.1 could be verified as none of the MAOS reactions where 1 equivalent of
DDA was used showed yields beyond 50% (entries 22/23).

To study the structure of the polymers and probe whether side reactions did occur, we
have previously used MALDI-ToF. Usually, polymers are dissolved in volatile
solvents such as THF or chloroform however, as p(GlyMA)1o(DDA) is insoluble in
these solvents, they could not be considered. Another option consisted in using DMF
in water mixtures, which could allow the dissolving of the polymer. However, with
these polymers and DCTB as matrix, this proved unsuccessful, figure S3.7. *C-NMR
nevertheless offered another alternative.

In order to verify whether side-reactions did or did not occur within the studied
reaction systems, we carried out the following reactions:

- Reaction A, catalysed reaction: 500 mg of p(GlyMA)10, 1.5 equivalents of amines,

equimolar amounts of DBU to vinyl groups, in IPA (50% solid content) at 50 °C for
16 hours.

- Reaction B, catalyst-free reaction: 500 mg of p(GlyMA)10, 3 equivalents of amines,

IPA (50% solid content) at 50 °C for 24 hours.

- Reaction C, catalyst-free MAOS: 500 mg of p(GlyMA)1o, 3 equivalents of amines,

IPA (50% solid content) at 150 °C for 2 hours.

The *C-NMR spectra of the resulting polymers alongside a to spectrum, figure 3.7.

There are no unreacted polymers in the mixtures as no vinyl peaks are visible.
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Figure 3.7 3C-NMR spectra (DMSO-ds, 400 MHz at 25 °C) of p(GlyMA)1o(DDA) synthesised by,
from top to bottom, catalyst-free MAOS, catalyst-free reaction and DBU-catalysed reaction alongside

a spectrum of unreacted p(GMA)1o.

Furthermore, although products were thoroughly purified, we do observe some
catalyst still present in the polymer in the case of the catalysed reaction, while the two
other modes of reaction generate much cleaner spectra.

The most likely side reaction that can occur is the aminolysis of the terminal side-
chain ester. This would in part be due to the aza-Michael addition mechanism that
involves a delocalisation of charges to the carbonyl group, exposing it to reacting with
dodecylamine. The alkoxy group is not a particularly good leaving group but this
implies investigating the carbonyl groups peaks as this could provide insights.

Due to the lack of the ability to use MALDI-ToF, we cannot rule out side-reactions
happening, as there is no clear indication that points to this occurring, either on the

carbon 3C-NMR or GPC (discussed later).
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3.2.4 Scaled-Up Synthesis and Characterisation of the MKIII

Range Candidates
Having found a MAQOS formulation that allowed us to obtain to obtain polymers with
minimal side-reactions and high conversion within 2 hours, we needed to then attempt
scaling up. Monomodal instruments, which are widespread in research laboratories are
typically built to run vessels sequentially with the help of an auto-sampler and cannot
run multiple samples simultaneously. This is because most studies focus on the
optimisation of existing organic reactions. Consequently, monomodal reactor vessels
are generally small, with most published research being performed on scales < 1 g.?°
This reflects a current limitation of MAOS. However, because these reactions were
optimised at 50% solid content, low volumes of solvent were normally required, and
aza-Michael reactions were scaled up to 5 g of polymer with relative ease.
Two similar alkylamines, nonyl- and dodecylamine, were used for scaled-up reactions
following the method discussed previously. The temperature was manually increased
to 150 °C and the reaction left to progress for two hours. The products were

subsequently purified and dried.
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Figure 3.8 'H-NMR spectra (DMSO-dg, 400 MHz at 25 °C) of nonyl- (bottom) and dodecylamine
(top) functionalised p(GlyMA)qo. *diethyl ether impurity.

Figure 3.8 shows the 'H-NMR spectra for both purified products (X1 =
p(GlyMA)10(DDA), X2 = p(GlyMA)10(NA)). Both spectra show identical peak
distribution, with a difference in alkyl chain peak intensity (the C12 chain leads to a
more intense peak at 1.20 ppm). 3C-NMR spectra are similar to the previously
described spectra (part 3.2.3.3) and are provided in the supplementary information,
figure S3.8.

DLS data was consistent with what was expected from linear aliphatic hydrophobic
segments, as was discussed previously, with C9 and C12 carbons: respectively 482.5
+49.7 nm (PDi: 0.031 £ 0.0059) and 7.54 + 0.17 nm (PDi: 0.055 £ 0.0024).
Similarly to what was seen with the MKII range, we do not modify the main

hydrophilic block’s chemistry, which leads to a positive shift in GPC traces, figure
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Figure 3.9 GPC traces (DMF, 50 °C) of X1 and X2 compared to p(GlyMA)1o.

3.9. Moreover, high molecular weight shoulders were not detected, which could be an
indicator of aminolysis or bis-addition side reactions.

Two thermal degradation inflection points were found at approximately 330 and 414
°C on the TGA curve, figure 3.10. As previously theorised, because the 3™ step stems
from random chain scission, the peak is not expected to change. However,
comparisons can be made between the Q6/X1 and Q5/X2 pairs, which only differ by
the type of bridge linking the two blocks, respectively thiol and aza bridges. For the
MKII range polymers, the 2" step was found at 315 °C, which is significantly lower
than what is seen for MKIII polymers (330 °C). Furthermore, very little amount of
degradation is seen from this step for X1 and X2. We theorised earlier that, in our
functionalised polymers, the 2" step inflection is dependent on a retro-Michael
reaction first occurring which yields the vinyl-ended polymer that can undergo

degradation. It seems then, that the aza-Michael adduct is more thermally stable and
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Figure 3.10 TGA and DTG (top) and DSC (bottom) curves of X1 and X2.

less prone to retro-reactions than Michael-thiol adducts. Both polymeric products are
“tacky” at room temperature. This is due to the polymers’ low Tg, around 20 °C, which
is shown on the DSC curves. In addition, the TEM images, as shown in figure 3.11,

do show the hallmarks of self-assembled amphiphilic polymers.
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Figure 3.11 TEM images of X1 (top) and X2 (bottom). Images taken by Georgios Patias.
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2.2 Conclusions

In this work, we explore the methodology developed in the second chapter in an
attempt to both produce a greener polymer synthesis process, but also make it
industrially viable.

Firstly the synthesis of p(GlyMA), in isopropyl alcohol, was investigated. P(GlyMA)
was found to precipitate in IPA past a threshold molecular weight, around 7 kDa. The
target molecular weight, 1.5 kDa, was obtained at a combination of 215 ppm catalyst
loading and a 1 mol% of initiator concentration relative to monomer. Using
dodecylamine, the preparation of amphiphilic polymers through aza-Michael addition
was explored as an alternative to Michael-thiol addition, which requires the use of
often malodorous thiols.

Aza-Michael addition was investigated in the context of DBU-catalysed, catalyst-free
and microwave-assisted catalyst-free reactions. The final approach, with a 2 hours
reaction time and minimal reagents needed, offered a facile pathway to amphiphilic
polymethacrylates. Finally, two final amphiphilic polymers (MKII1 range) with nonyl-
and dodecylamine: p(GlyMA)10(NA) and p(GlyMA)10(DDA), were prepared, and the
similarities and differences with the MKI and MKII polymer ranges were established
using the same array of techniques used previously. This synthetic methodology
circumvents all needs for protective chemistry, but also simplifies the process of
obtaining amphiphilic polymers with minimal work up and a variety of accessible

primary and secondary amines.
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3.4 Experimental Data
3.4.1 Additional Figures and Scheme

Figure S3.1 GPC traces (DMF 50 °C) of p(GlyMA)10 (entry 8) before (red) and after (grey) purification.
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Figure S3.2 GPC traces (DMF 50 °C) of A) crude p(GlyMA)jp at to and t = 2 weeks and B) purified

product after being left 2 weeks without purification.

Figure S3.3 GPC traces (DMF 50 °C) of GlyMA polymerisation attempts in EtOAC.
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Figure S3.4 NMR spectra (DMSO-dg) of entries 2 and 3 table 3.2.

Figure S3.5 'H-NMR spectra (300 MHz, DMSO-ds at 25 °C) of aza-Michael reaction product between
p(GlyMA)q and DDA at t, and tisn (unpurified).
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Figure S3.6 Heating and cooling cycles attempted to purify p(GlyMA)1o(DDA) and resulting NMR
spectrum (DMSO-dg), DBU peaks are indicated in red.
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Figure S3.7 MALDI-ToF spectra of p(GlyMA)1o(DDA) attempted in DMF/water mixtures with DCTB

matrix.
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Figure S3.8 3C-NMR (DMSO-ds 400 MHz at 25 °C) spectra of X1 (bottom) and X2 (top).

3.4.2 Product Identification

p(GlyMA)10(DDA), X1 and p(GlyMA)10(NA), X2:

o) Oo e}
HOJ)HOJ)
HO HO
'H-NMR, (/ppm, DMSO-ds, 400 MHz at 25 °C): 0.85-0.86 (alkyl chain terminal -
CHs3), 0.75-1.06 (backbone -CHs), 1.23 (alkyl chain -CH,-), 1.41 (-CH2-NH-CH>-),
1.84-1.90 (backbone -CH,-), 3.40 (CH(OH)-CH.-OH), 3.68 and 3.90 (COO-CHa-

CH(OH)-), 4.46 (-CH,-OH), 3.76 (-CH2-CH(OH)-CHz-OH), 4.68 (-CH2-CH(OH)-

CH,-OH), 4.92 (-CH,-CH(OH)-CH,-OH)
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13C-NMR, (/ppm, DMSO-ds, 400 MHz at 25 °C): 14.11 (alkyl chain terminal -CHs),

28.43 (backbone -CHs), 28.86 (alkyl chain NH-CH2-CH2-(CH2)a-CH2-CH2-CHo-
CHs), 28.95-29.17 (alkyl chain NH-CHz-CHa-(CH2)n-CH,-CH,-CH,-CHs), 28.95-
31.45 (alkyl chain NH-CH2-CHa-(CH2)n-CH2-CH2-CH,-CHg), 31.79 (alkyl chain NH-
CHa-CH:-(CH2)n-CHa-CH:-CH>-CHs), 40.99 (alkyl chain NH-CH2-CH>-(CH2)s-CH>-
CH2-CH2-CHs), 62.92 (-CH2-CH(OH)-CH2-OH), 66.44 (-CH2-CH(OH)-CH-OH),

69.12 (-CH,-CH(OH)-CH-OH) 176.00-178.00 (carbonyl >C=0)

GPC (DMF):  X1: My = 3500 g.mol%, Mw = 5340 g.mol, © = 1.52

X2: Mn = 3450 g.molt, My, = 5430 g.mol*, b = 1.58

DLS (in water at room temperature, 5 runs average):

X1:d=7.51nm, PDi = 0.055 P5:d =482.5 nm, PDi = 0.031

S
[
o
c J
I} .
E 85 ~ 2929 cm!
2 1 C-H (sp*, m)
© 3368 cm”'
,I: BO = O-H (w, m)
75
70
1718 em’ | ,
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Figure S3.9 Typical FT-IT spectra of X1/X2.

FT-IR (neat, /cm™): 3368 (-OH, s, broad/medium), 2929 (C-H, s, strong), 1718 (C=0,

s, strong), 1150 (C-O, s, strong), 1046 (C-O, I*¥ alcohol)
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TGA degradation onset / °C (degradation steps temperatures):

X1: ds=287°C (330 °C, 414 °C) X2:ds=270°C (330 °C, 414 °C)
DSC/°C:
X1: Tg=20°C X2:Tg=20°C

3.4.3 Materials

Unless stated otherwise, all chemicals mentioned were purchased from Sigma-Aldrich
and were used without further purification.
CoBF was synthesised in-house, glycerol monomethacrylate was kindly donated by

GEO specialty chemicals.

3.4.4 Instrumentation

DMF Gel-Permeation Chromatography (GPC) was carried out on an Agilent Infinity
Il MDS instruments equipped with differential refractive index (DRI), viscometry
(VS) and dual angle light scatter (LS) detectors.

The system was equipped 2 x PLgel Mixed D columns (300 x 7.5 mm) and a PLgel 5
pum guard column. 12 narrow molecular weight poly(methyl methacrylate) standards
(Agilent EasiVials) were used for calibration between 955,000 — 550 g mol™ and data
fitted with a 3™ order polynomial. The eluent was DMF with 5 mmol NH4BF4 additive
to help prevent column interactions. Analyte samples were filtered through a 0.22 pm
nylon membrane before injection and samples were run at a flow rate of 1 ml/min at
50 °C. Number average molecular weight (Mncpc) and dispersity (D) values of
synthesized polymers were determined by conventional calibration using Agilent

GPC/SEC software.
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Nuclear magnetic resonance (NMR, *H and *3C) spectra were recorded at room
temperature on a Bruker Avance 111 HD-300 or 400 using either deuterated chloroform

or deuterated dimethyl sulfoxide referenced against TMS as a reference.

Microwave-assisted syntheses (MAOS) were performed in a Biotage initiator+ in 2-5

or 15-20 mL Biotage vials.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) spectra were
collected using a Bruker Autoflex Speed, equipped with a 337 nm nitrogen laser,
operating in reflectron positive mode with an ion source voltage of 19 kV. Results
were accumulated in 10 readings of each spot with 500 laser shots, leading to a total
of 5000 laser shots per spectra. Laser power was tuned to keep noise low while
maintaining the signal as to not remove any trace peaks. The samples were dissolved
into the appropriate solvent at concentrations of 10 mg ml, along with the cationizing
agent sodium iodide (Nal) at 0.1 mg mlt. A matrix solution was then made up of trans-
2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]Jmalononitrile (DCTB) in THF at
a concentration of 40mg ml, along with Nal at 0.1 mg mI™. 10 pl of both the matrix
and sample solutions were then mixed together, and 0.5 pl of the resulting solution

was then spotted on an MTP 384 ground steel target plate.

Fourier transform infra-red (FT-IR) spectra were recorded on a Bruker Vector 22 FT—
IR Spectrometer fitted with a diamond crystal plate and a pressure tower. The

instrument was set to perform 64 scans per sample at a scan speed of 0.5 cm.s™,
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Dynamic light scattering (DLS) analyses were carried out on a Malvern Instruments
Zetasizer Nano-ZS in water at 25 °C fitted with a 4 mW He-Ne 633 nm laser set at a
back-scattering angle of 173°. Samples were prepared by dissolving 1 mg of product
in 20 mL of HPLC-grade water. All solutions were sonicated for 2 minutes at 50 °C
and allowed to settle for a further 10 minutes. Small aliquots were then pipetted into
disposable DLS cuvettes. The equilibration time was set at 2 minutes and five
measurements of eleven runs were conducted each time. Sizes are reported as averages
of 5 runs and polydispersity was obtained from the zetasizer software as an average of

all measurements.

Transmission electron microscopy (TEM) images were obtained on a JEOL 2100 TEM
fitted with a Gatan Ultrascan 1000 camera. Samples were diluted at 0.1% v/v and one
drop was cast on a carbon coated TEM copper grid. After 2 minutes the drop was

blotted off with filter paper. All samples were prepared without using a stain.

Thermo-gravimetric (TGA) data was obtained using a Mettler-Toledo TGA/DSC1
with autosampler. Measurements were carried out under a nitrogen atmosphere from

25 to 600 °C at a rate of 10 °C/min in a 40 pL aluminium crucible.

Differential scanning calorimetry (DSC) was carried out on a Mettler Toledo DSC1-
STAR?® instrument under nitrogen flow (50 mL.min™) with a heating rate of 10 °C.min"
! Samples were loaded in 40 pL aluminium pans and heated for two cycles between -
50 and 150 °C. The glass transition temperature values (Tgy) were determined from the

midpoints of the thermograms obtained in each case from the 2" cycle.
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3.4.5 Experimental Procedures

Homopolymerisation of p(GlyMA)

As previously described p(GlyMA) polymerisations were prepared using 3 different
rbf (rbf 1, 2 and 3). Initiator (AIBN, 0.5 or 1 mol% to monomer) and solvent (IPA or
EtOAc, calculated to 50% solid content) were introduced in rbf 1, an excess of
monomer in rbf 2 and CoBF (10, 30, 40, 50, 70, 120, 140 or 200 ppm) alongside a
stirring magnet in rbf 3. Rbfs 1 and 2 were de-oxygenated for 20 minutes while rbf 3
was de-oxygenated for 35 minutes. After oxygen was removed, both the initiator in
solvent and the calculated amount of GIlyMA were transferred into rbf 3 using de-
oxygenated syringes. Rbf 3 was finally introduced into a pre-heated oil bath (70 °C)

and left to react overnight.

Catalysed synthesis of p(GlyMA)10(DDA)

p(GlyMA)10 (1.44 kDa, 1 eq, 1 g, 0.694 mmol), IPA/methanol (50% solid content,
1.51 mL for MeOH and 1.52 mL for IPA) and a magnetic stirrer were introduced in a
20 mL glass vial. The mixture was heated to 60 °C to allow the solvent to dissolve
p(GlyMA),. After full solubilisation, dodecylamine (1.5 eq, 1.04 mmol, 193 mg) was
introduced as well as 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) (equimolar amounts
to amine, 1.04 mmol, 0.16 mL). The vial was finally caped without further de-
oxygenation and reacted overnight at either room temperature, or in an oil bath (50

°C).

Catalyst-free synthesis of p(GlyMA)n(DDA)

p(GlyMA)1o (1.44 kDa, 1 eq, 1 g, 0.694 mmol), IPA/methanol (50% solid content,

1.51 mL for MeOH and 1.52 mL for IPA) and a magnetic stirrer were introduced in a
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20 mL glass vials. The mixture was heated to 60 °C to allow the solvent to dissolve
p(GlyMA),. After full solubilisation, dodecylamine (1.5 eq, 1.04 mmol, 193 mg or 3.0
eq, 2.08 mmol, 386 mg) was introduced. The vial was caped without further de-
oxygenation and reacted overnight at either room temperature, or in an oil bath (50

°C).

MAOS catalyst-free synthesis of p(GlyMA)n(amine)

Reactions for the synthesis of MKIII polymers were adapted from the following
procedure:

p(GlyMA)10 (1.44 kDa, 1 eq, 5 g, 3.47 mmol), IPA (50% solid content, 8.26 mL) and
a magnetic stirrer were introduced in a 10-20 mL microwave glass vials. The mixture
was heated to 60 °C to allow IPA to dissolve p(GlyMA),. After full solubilisation,
dodecylamine (3.0 eq, 10.40 mmol, 1.93 g) was introduced. The vial was caped
without further de-oxygenation and introduced into the microwave reactor. The
instrument was set apply 160 °C for 2 hours. After reaction, the product was purified
by precipitation in chloroform. The white solid was filtered off and added to a jar that
was placed in a vacuum oven for 48 hours, which resulted in an off-white, highly

viscous product that was used for analysis.
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4.1 Introduction

Carbon black (CB) is the name given to a class of carbon particles manufactured from
the incomplete combustion of heavy petroleum matter. CB particles are made up of
up to 95% elemental carbon, with high aromaticity and surface area.! It is one of the
oldest known pigments, with reports linking it to ancient Egypt and China,? and has
historically also been used in Gutenberg’s printing press as early as the 15" century in
oil-based printing inks. The discovery, at the turn of the 20" century, that carbon black
could be used to reinforce rubber was critical in the development of the modern tire.
It enhanced the mechanical properties, reduced thermal damage, and shielded rubber
from UV degradation, allowing the production of a strong material that could be used
for thousands of miles.® This breakthrough led to an exponential increase in the
production of carbon black. As of 2018, CB had a global market value of $ 17.5 billion,
and is projected to reach 10 million tons per annum production within a few years.*®
Today, it is still predominantly used as a reinforcing filler.6=° 90% of the carbon black
production is dedicated to reinforcement of tires and rubber products.? The other 10%
is dedicated to special applications such as in semiconductors,*®! but is also used in
paints and coatings.2~%°

The introduction of legislation in the early 2000’s set out to place a limit on the amount
of VOCs in a wide range of consumer products, including paints and coatings.?® Since
then, there has been an increased interest in finding ways to reduce the levels of
organic solvent emitted during paint application with high-solids paints, solvent-free
or water-borne systems. As such, the need for research into the production of more
efficient carbon black dispersants for water-borne suspensions, which could in turn

increase profit margins and drive customer fidelity, is quickly rising.
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In this chapter, the amphiphilic polymethacrylates synthesised in chapters 2 and 3
(ranges MKI, Il and II1) were screened as dispersants for waterborne carbon black
dispersions. For each dispersant, immediate post milling tests were carried out (DLS,
viscosity). The evaluation and comparisons of the mill bases’ properties were used to
detect deficiencies, which were addressed in subsequent generations. Storage stability
of the mill bases was also tested with TEM studies at one and three months.

The systematic evaluation of these parameters for each successive generations allowed
the identification of high-performing dispersants, whose properties were selected for.
Finally, two final mill bases stemming from the final generation of dispersants were
further studied by performing let-downs. The resulting paints’ jetness, gloss and haze

were finally analysed and compared.

4.2 Results and Discussion

4.2.1 Foreword on Methodology

In practice, it is more energy efficient to mill a pigment concentrate (also known as
mill base), and subsequently combine it with the rest of the coating components (resin,
additives) in a separate container in a step called “let-down”.

The loading of pigment influences colour strength and viscosity but in a “real life”
situation, having a low initial mill base pigment concentration might be helpful in that
more pigment can be added (to increase colour strength or jetness of the final coating),
as some customers might want to use the least necessary amount of pigment so as to
minimise impact on cost. As such, in screening studies of dispersant activity such as
the following, low pigment loading samples are preferred. A “10% CB loading”
standard mill base production method is used here (8 g of water : 1 g of dispersant : 1

g of pigment). Glass beads are added and the samples shaken overnight. This provides
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a means of imparting mechanical energy to the mill-base to break-up pigment
agglomerates. Sis and co-workers found that, while ionic (electrostatic stabilisation)
and non-ionic (steric stabilisation) dispersants could stabilise carbon blacks, non-ionic
dispersants provided enhanced stability to the system.?*

The 22 dispersants discussed in this chapter are summarised in table 4.1.
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Dispersant

code

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

Q1

Q2

Q3

Qa4

Q5

Q6

Q7

Qs

X1

X2

Table 4.1 Summary of the amphiphilic polymethacrylates dispersants used in this chapter.
aHydrophylic lipophilic balance (Griffin model, HLB = 20* (Mhydrophilic/Mtot). ° / nm

Dispersant
generation

MKI

MKI

MKI

MKI

MKI

MKI

MKI

MKI

MKI

MKI

MKI

MKII

MKII

MKII

MKII

MKII

MKII

MKII

MKII

MKIII

MKIII

Hydrophilic
segment
p(GMA);(ETA)

p(GMA)/(ETA)
p(GMA)/(ETA)
p(GMA)11(ETA)
p(GMA)11(ETA)
p(GMA)11(ETA)
p(GMA)11(ETA)
p(GMA)43(ETA)
p(GMA)43(ETA)
p(GMA)43(ETA)
p(GMA)43(ETA)
pP(GlyMA)g
P(GlyMA)g
pP(GlyMA)g
P(GlyMA)g
P(GlyMA)g
P(GlyMA)g
pP(GlyMA)g
pP(GlyMA)g
P(GlyMA)10

p(GlyMA)10

Anchor

CHT

PET

i-PT

DDT

CHT

PET

i-PT

DDT

CHT

PET

i-PT

PET

CHT

NT

DDT

TDT

OoDT

DDA

NA

HLB?

18.5

18.2

19.0

18.4

19.0

18.8

19.3

19.6

19.7

19.7

19.8

18.1

18.3

18.9

18.3

17.8

17.3

17.0

16.3

17.5

18.0

/nm

68

83.4

129

161

391

2901

275

336

132

135

167

111

68

60

74

67

71

85

201

229

243

287

1109

900

558

615

194

193

319

221

145

165

180

157

145

163

304

320

397

409

1792

2061

895

1145

305

325

493

316

321

312

452

292

247

280
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4.2.2 Analysis of Raven 5000 ultra 3

There is a wide variety of carbon blacks available on the market whose properties vary
depending on the feedstock and manufacturing process.?® The one used in this study
is Birla’s Raven 5000 ultra 3, which is typically used in the automotive industry.?®
Given the hydrophobicity of the pigment, it is not readily wetted when introduced in
water, figure S4.1. In order to evaluate the quality of a dispersion, it is necessary to
first learn about the properties and behaviour of undispersed carbon black. To this end,
multiple analytical tools are available. Brunauer-Emmett-Teller (BET) surface area
analysis is one such technique.

BET theory is used to accurately determine particle surface area, including
irregularities, by studying the adsorption of inert gases such as nitrogen on particles’
surface. Generally, the experiments are carried out under isothermal conditions at

cryogenic levels (77K), while the gas pressure is increased. This creates an adsorption

Figure 4.2 BET isotherm of undispersed Raven 5000 ultra 3 carbon black. BET measurements by

Tom Chamberlain.
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isotherm that, when studied, and in conjunction with the knowledge of the adsorbed
molecule’s cross-sectional area, can help determine the overall specific surface area
of the sample.

A BET isotherm is generally divided into two segments, figure 4.2. The bottom curve
shows the N2 adsorption onto the surface of the carbon black particles, while the top
shows desorption. The hysteresis observable between the two curves indicates the
existence of mesoporosity, usually meaning that pores exist in the range of 20-500 A
and is typical of what is referred to as type 1V isotherms. In particular, the isotherm of
the studied carbon black lacks the apparition of a plateau at higher P/Po that usually
indicates pore volume. When no plateau is visible, the hysteresis loop can be classified
as an H3 loop. H3 hysteresis loops do not allow for pore size distribution to be reliably
assessed by single-point BET, but is also relevant as it is an indicator of aggregation
of plate-like particles forming slit-like pores, which allows us to paint a more precise
picture of the structure of the pigments themselves. Carbon black pigments are
generally spherical, but are constituted paracrystalline carbon layers, which can be
assimilated to graphite. The amount of gas used for creating the first monolayer at the

surface of the particles can be calculated from the adsorption isotherm using the BET

equation:
1 C-1 P 1
wE-1)  WnC (P_O) T Wi C (eqn. 1)

where W is the volume of gas adsorbed, P/Po the relative pressure, W the volume of

adsorbate as monolayer and C the BET constant.
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Figure 4.3 Multi-point BET plot of Raven 5000 ultra 3 carbon black.

W is measured at various P/Po values, and the BET equation can then help describe a
linear plot of 1/W(Po/P)-1 against P/Po. After regression, the data is usually considered
usable when r? > 0.995. Figure 4.3, which shows the regressed multi-point plot for
Raven 5000 ultra 3, has an acceptable set of data points with R? = 0.999.

W, can then be found with:

W, = : =—1 =015 (eqn. 2)

o Slope+intercept "~ 6.87-0.036

And the total surface area, S, is calculated with:

Mn,

with Na the Avogadro number, An. the cross sectional area of the nitrogen adsorbate

(in m?) and Mn. the molecular weight of nitrogen. We then obtain:

0.15 X6.02e1023x1.62e~19
S =
28

We obtain a total surface area of 509.7 m2.g™*. This value is in good accordance with

that of the pigment manufacturer, who cites a surface area of 583 m?.g*.%
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Figure 4.4 TEM images of undispersed carbon black with focus on agglomerate cluster.

Generally, the optimum amount of dispersant required is a function of the pigment’s
surface area. Too little means stabilisation will be lesser and exposes users to bridging
flocculation while, If too much is used, the thickness of the protective barrier is
actually reduced as a result of overcrowding on the pigment surface. Film properties
such as adhesion or hardness can also be affected by the use of an excess of dispersants
because of the presence of free dispersant molecules in the drying film.

A general rule of thumb consists in using 2 mg of polymeric dispersant per square
metre of pigment surface area, which will be close to the optimum amount required.
Percentage Agent On Weight of Pigment (%AOWRP) is a formula used in industry to

achieve the 2 mg.m-2 loading where:

Surface Areaggr

%AOWP = . (eqn 4)

Here we therefore have %AOWP = 100%. This means that for 100 g, around 100 g of

dispersant is required, hence the 1:1 ratio of dispersant to pigment.
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Observing these same particles under TEM allows for a closer look at the structure of
the undispersed pigment powder, figure 4.4. Easily visible are amassments of spherical
particles ranging from 0.1 to 0.3 um in diameter.

Indeed, as discussed in chapter 1, carbon black’s primary particles (or nodules) are not
usually present in isolated form. Instead, they frequently fuse together to form tightly
bonded aggregates that vary in size, shape, and number of constituting nodules.
Loosely bonded agglomerates can then be formed by the physical interaction of
primary particles with aggregates. The breaking up of agglomerates is the process that
is at the core of the dispersion process and can be done by sonication, or mechanical

grinding as discussed previously.
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4.2.3 The MKI Dispersant Range

4.2.3.1 MKI Post-Milling Analysis
The relationship between agglomerate size and coating properties is a critical aspect
of coating science. With carbon black, the size of the dispersed particles will have a
direct impact on gloss, hue, colour intensity or jetness of the dry coating. A milled
sample should generally be analysed within a few hours of being prepared as this
provides an accurate state of the system, comparable to that which occurs when the
paints are being prepared by customers before application. The use of DLS is common
and in-situ measurements are preferred as they minimize disturbance of the sample.?
One of the widespread descriptors of the quality of milled samples is the median, or
Dso. It is the point in the size distribution below and above which 50% of the sample

is contained and is obtained using the cumulative plots. Figure 4.5 shows Dsg data for

Figure 4.5 Dsy data of aqueous carbon black suspensions stabilised by MKI and commercial

dispersants. (MB = mill base)
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the MKI range dispersants, along with five commercial samples (Dispex® ultra 4525,
4522, PA4580 and 4575 by BASF, as well as Solsperse™ 44000 by Lubrizol).

There are several trends observable. Firstly, P2, P3 and P4, even when placed in an
oven, could not properly be dispersed and formed masses that proved difficult to break
up. P1 performed well with a 189 nm Dso, only being outperformed by the commercial
Dispex® ultra PA4580. Dispersants P5 to P8 performed reasonably well, in a similar

fashion to the commercial samples, while samples P9 to P12 failed to stabilise the

Figure 4.6 In-situ DLS measurements of intensity distribution and cumulative plots of MBP1, MBP5-
MBP8 and undispersed carbon black.

214



Chapter 4:
Amphiphilic Polymethacrylates as Pigment Dispersants for Carbon Black

pigment suspension almost entirely. A high Dsp is an indicator of a flocculated system
which here might be a due to the high molecular weight of the stabiliser bloc (degree
of polymerisation = 42).2 The stabilisation of the system depends on the steric barrier
thickness. The dispersants’ solvophilic segments must be enough to overcome
attractive Van der Waals forces, however, excessively long polymeric chains such as
those found in P9 to P12 will lead to particle bridging throughout the sample and, as
was explained by Farrokhpay et al.,?® will also have a tendency to fold back onto
themselves which in both case can lead to flocculation of the particle, and is likely the
reason for the poor performances of dispersants P9-P12, figure S4.2.

Figure 4.6 shows the intensity based population histogram distribution and cumulative
passage plot for MBP1, MBP5-MBP8 (MB = mill base).

Pigment samples dispersed with P1, P5 and P6 yielded bimodal distributions. In each
case the populations centred on 100 and 240 nm. There are two potential reasons why
this would happen. It could be due to incomplete dispersion, but no agglomerate was
found in the size range of undispersed carbon black. It could also stem from early
flocculation occurring very shortly after dispersion.

P1, P5 and P6 gave indications of being able to stabilise carbon black more efficiently
than other dispersants. Comparing with MBP7 and MBP8, these samples are only
showing one population centred at 240 nm. This could be because they are less able

to prevent this early re-agglomeration.

4.2.3.2 MKI Dispersant aging analysis
One of the main issues during storage of paints is dispersant desorption which can lead

to flocculation of the mixture. As such, shelf-life / storage stability is an important
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Figure 4.7 TEM images of successful mill bases MBP1 and MBP5 to MBP8, 1 and 3 months after

dispersion.

variable, from a commercial perspective, that should be taken into account when
developing products. An evaluation of the viability of the mill bases is necessary and
was achieved by recording TEM images at key dates after the milling was performed

and comparing the different mill base formulation with one another.
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Figure 4.8 TEM-based size histograms of mill bases MBP1, MBP5 and MBP6 (collected from 100
measurements), 1 month after dispersion.

After a month MBP1, MBP5, MBP6 and MBP7 were still free flowing, while the
other suspensions had completely flocculated and CB crashed out of solution.

TEM images of the free-flowing mill bases are shown in figure 4.7. MBP1 still
showed very good stability of the carbon black agglomerates after 1 month while large,
mostly flocculated agglomerates were visible for MBP7 and MBP8. This issue was
also observed, to a lesser extent, with MBP5 and MBP6. Desorption of the dispersants
likely plays a role in the observed aging of the samples. Iso-propyl anchors (MBP8)
were not expected to have a strong affinity to carbon black particles’ surface. Such
cannot be said for phenylethylthiol anchors. Indeed, as discussed previously, the

surface of CB can be likened to that of graphite with high aromaticity, and n-n stacking
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Figure 4.9 (left) Images of typical flocculated suspensions and MBP1 after 3 months. *Measurements
were obtained from multiple images.

was expected to provide an additional non-covalent force that would increase the
dispersant anchor’s pigment affinity.

Size distribution of the particles can help provide additional information on the state
of the mill bases. To do so, measurements from 100 randomly selected agglomerates
were taken (from one or more images) and arranged into size distribution histograms,
figure 4.8. (It should be noted that the TEM and DLS size distributions are not directly
comparable. This is because, beyond the differences in measurement conditions, DLS
assumes a spherical shape of the particle while TEM allows for a more direct
measurement).

MBP5 and MBP6’s size histograms (average agglomerate sizes of 54.91 + 41.35 and
69.19 + 44.71 nm respectively) show more heterogeneous populations, with particle
clusters of increased size (i.e. > 120 nm), which are not present in MBP1’s population
(average size =51.72 + 22.037 nm).

After 3 months, all mill-bases but MBP1 were re-agglomerated. Interestingly, even if
free flowing, as was the case with MBP5, TEM reveals widespread flocculation in the
sample, making cluster measurement impossible. MBP1’s population had also shown

signs of aging, with an average cluster size of 62.8 £ 36.2 nm and a mode interval of
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60-69 nm (as opposed to 40-49 nm after a month), as well as several clusters > 120
nm in size. As a dispersant, however, P1 has overall shown that it can perform better
than most tested commercially available dispersants, with an acceptable shelf life,
figure 4.9.
Moreover, two of the best performing dispersing agents, P1 & P5, had a dodecane
anchor. An interesting report was published by Huffer et al.?® where the authors
attempted to predict the sorption efficiency of various aliphatic and aromatic
compounds onto multi-walled carbon nanotubes (MWCNT). Amongst the various
conclusions of the paper, it was stated that (i) the adsorption isotherm onto MWCNT
was closer to linear sorption for aliphatic compounds than aromatic ones and (ii) the
sorption of cycloalkanes and iso-alkanes was overall worse that the corresponding
aliphatic alkanes. This therefore seems to suggest that the linear aliphatic anchor
groups (DDA) would indeed be better able to disperse carbon black than the aromatic
(PET), cyclic (CHT) or small (i-PT). This also raised the question of the existence of
an optimal anchor length that would maximise adsorption onto CB surfaces.
Several aspects of the formulations were thereupon modified to address these issues:

(i) P2, P3 and P4 not dispersing in water indicated that, in practice, it would
be advantageous to integrate a more hydrophilic segment in our dispersant candidates.
This would prevent lumping of the dispersant powders, and potentially lead to a better
dispersion.

(if) An investigation of the optimal linear aliphatic anchor length should be
conducted.

(iii) Particle bridging becomes an issue with higher molecular weight

dispersants. Having seen no indication of such issue with dispersants P1, P5-P8,
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further dispersant synthesis should target molecular weights ranging from 1 to 2.5

kDa.

4.2.4 The MKII Dispersant Range

4.2.4.1 MKII Post-Milling Analysis
In the second generation of dispersants, the issues above were addressed by (i) using
poly(glycerol monomethacrylate) (GIlyMA) as a stabiliser block. GIlyMA is a very
hydrophilic monomer and thus circumvents the need for a ring-opening step. This
monomer was also shown to be non-toxic and antifouling.3-32 Finally, the side-chain
is functional and its —OH groups can be derivatised to, for example, “encapsulate” the
particles. (ii) We wished to study linear aliphatic anchors in more depth. Accordingly,
6 aliphatic chains of varying carbon lengths, i, were employed (withi=3, 6, 9, 12, 14,
18). (iii) Finally, all CCTP macromonomers retained for post-polymerisation
functionalisation had average number molecular weights of 1.5 kDa (degrees of

polymerisation between 8 and 15). Eight dispersant candidates (Q1 to Q8) were

Figure 4.10 Images of MKII surfactants dispersed in water.

220



Chapter 4:
Amphiphilic Polymethacrylates as Pigment Dispersants for Carbon Black

prepared for testing. All samples were dispersed in water with relative ease, figure
4.10. Dso data comparing the MKI and MKII range shows a much improve
performance across the whole range, figure 4.11.

Examining the MBP1/MBQ6, MBP6/MBQ2 and MBP7/MBQ1 pairs can be useful,

as the main difference will lie in the stabiliser block. This allows a comparison of

Figure 4.11 Dso data of aqueous carbon black mill bases stabilised with (top) MKI and MKII

dispersants and (bottom) P1, MKII and commercially available pigment dispersants.
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p(GlyMA)g’s performance as opposed to that of p(GMA)11(ETA). We can observe a
difference in Dso of 23, 33, and 48 nm, respectively in favour of the MKII dispersants.
This then suggests that p(GlyMA) is a better stabiliser. Polymer solvation is an
important factor to consider. This result could be due to the increased hydrophilicity
of p(GlyMA) over that of p(GMA)(ETA). Auschra et al.* claim that aminic moieties
have a high affinity to, and work well with many pigments. While still hydrophilic,
this would imply that for similar polymer lengths, the MKI dispersants could arrange
themselves more compactly, leading to a thinner steric barrier than in the case MKII
MBs, figure 4.12. MBQ3 performed the poorest (Dso = 319 nm), likely owing to its
insufficiently affinic iso-propyl anchor (which was also seen with MBP8). It is MBQ5
(C9 anchor) that, in contrast, performed best with a 145 nm Dso. Overall, the results
imply that an ideal anchor could be found where 9 <i<12.

The particle size distribution was also much more homogenous for MBQ5, and is
much closer to a normal distribution with a mode at 144 nm. MBQG6 displays the same
bimodal distribution as was seen with MBP1 and MBP5, with local modes at 78 and
290 nm, figure S4.4.

The flow behaviour of pigment dispersion can be an important practical assessment
tool of the quality of the dispersion. The better the wetting and stabilising of the

pigments, the more the mill bases are expected to express a Newtonian flow

Figure 4.12 Dispersed CB pigments with both adsorbed layer in red and steric barrier in blue.
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behaviour.3>*%3" On the other hand, less efficiently dispersed systems will have higher
viscosities with shear-thinning behaviour due to shear-induced disaggregation of
agglomerates that were not broken up during the milling process, or that appeared due
to pigment flocculation. As mentioned previously, in order to produce a coating, it is
more energy efficient to mill a pigment concentrate, or mill base, then “let down” into
the coating. This mill base should be easily mixable with the resin; and low mill base
viscosity is often preferred.

The flow curves of all dispersions using MKII dispersants are shown as log-log plots

of viscosity or shear stress against a 1 to 2400 s* shear rate range, figure 4.13.%’
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Figure 4.13 Log-log flow curve plots of MKII dispersants-stabilised aqueous carbon black
suspensions, undispersed CB and p(GlyMA).

Initially most dispersions showed relatively low viscosities 15 mPa.s® <n < 100 mPa.s”
! comparable to those of inkjet printing ink formulations,* and tended towards 9-10
mPa.s when shear rate approached 2400 s1.3°4° This is a product of shear-thinning,
as is expected for most suspensions, but which indicates incomplete dispersion. Also
visible are an increase is in viscosity at high shear rates for MBQ5 and MBQ?7, as well
as a downturn in viscosity for MBQ6 at around 175 s, which are likely measurement
artefacts. Interesting behaviour can however also be observed. Q5 and Q7 based

dispersions largely displayed Newtonian behaviour (between 10 and 1000 s*), with
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viscosity remaining relatively constant and hints of shear thinning at lower shear rate,
going from, respectively 4.47 and 3.81 mPa.s™* (at y = 1 s) to 3.06 and 2.87 mPa.s*
(at y = 10 s™%). This behaviour is usually preferred at this step over shear-thinning, as
the mill base can be “let-down” into the resin more easily. However, it is important to
note that none of the dispersions studied would pose a significant issue with regards
to low shear rate viscosity given the low viscosities and yield point.

The yield point is defined as the stress required to set the fluid in motion. It is not
measured directly. Instead, various mathematical curve fitting models have been
developed to measure it.**** As such, the yield point is not a constant and largely
depends the model used. Here, it was elected to use the Casson model, which was first
used to describe the behaviour of pigment-oil suspensions. This mathematical model
is generally more suited to shear thinning material, with a Casson equation that can be

written as
VT =t +n.v (eqn. 4)
Where T is the shear stress (Pa), T, the Casson yield point (Pa), 1. the Casson

viscosity (Pa.s) and y the shear rate (s). The yield point is then calculated as the

Table 4.1 Casson yield stress values of carbon black mill bases dispersed using MKII dispersants.
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square of the intercept obtained from the 7%° against y°° plot. The yield points for our
mill bases are reported in table 4.1. The Casson model seems to provide a good fit,
with high coefficients of determination (R?), which indicates >90% of values that will
fall within the regression line. Across the board, we observe low yield points for all
mill bases but it is interesting to point out that MBQ6, which was based on a C12
anchor, has the highest yield point of all tested mill bases. Q6 was one of the better
dispersants. Intuitively, this mill base would be expected to have lower resistance to
flow, similar to that of MBQ5. This discrepancy, along with the measurement artefact,

warrants more testing.

4.2.4.2 MKII Dispersants aging analysis
We wished to focus on the Q5 and Q6 dispersants. After a month, MBQ5 showed
little signs of flocculation, figure 4.14 (note: due to external factors, 1 month TEM

measurements of Q6 based suspensions could not be recorded).
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Figure 4.14 TEM image and population size distribution of MBQ5 one month after milling.
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Figure 4.15 TEM image and population size distribution of MBQ5 and MBQ6 three months after

milling.

Comparisons after three months, however, show clear indications of flocculation for
both MBs (MBQ7 and MBQ8’s histogram are provided in figure S4.5). With
MBQ5/6 having mean agglomerate sizes of 74.2 + 43.8 and 73.7 £ 52.5 nm, as well
as medians of 63 and 53 nm respectively, both dispersions appeared to age relatively
similarly, figure 4.15. However, overall, both Q5 and Q6 dispersants possessed
imparted improved stabilisation to carbon black suspensions than commercial
products. Both mill bases had low viscosities needed at this step of the paint
formulation process.

Dispersants with C9 and C12 anchors needed a more in-depth analysis as potential
ideal Raven 5000 ultra 3 pigment dispersant. More testing is also needed to address
the observed visco- and rheometric discrepancies.

There are, however, a few reasons for not wanting to use thiol-based anchors, chief

amongst which is the odour/smell of the compounds.
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Figure 4.16 Dsp data of the MKIII-based dispersions compared to MBP1, MBQ5/6 and Solsperse
44000.

4.2.5 The MKIII Dispersant Range: Producing a Paint
Formulation

4.2.5.1 MKIII Dispersants Analysis
The MKIII range was developed in order to, primarily, substitute the thiol-based
anchors to their respective amine counterparts, here, nonylamine and dodecylamine.
This range of dispersants was, in addition, produced in view of addressing the
increasing need of coating manufacturers to produce their goods in an eco-friendly
manner. All dispersant synthesis steps were carried out in IPA, which is generally
considered a safe solvent that is not classified as dangerous for the environment. The
use of thiols was circumvented, in part due to the foul smells and health concerns.
Finally, amines such as dodecylamine were used in the optic that, in higher industrial

scales, the chemicals could be sourced from the purification of organic pollutants.
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Figure 4.17 DLS intensity histograms of MBX1, MBX2 and Solsperse 44000.

Dodecylamine hydrochloride, for instance, is a cationic surfactant that is widespread
in pigments and dye stuff manufacture, and is often discarded in waste waters.*
Looking at the Dsp data, we see a reversal in performance, with p(GlyMA)o(DDA)
(MBX1, Dsp = 144.5 nm) performing better than p(GlyMA)io(NA) (MBX2, Dso =
163.1 nm), figure 4.16. Moreover, DLS population histograms shows mono-modal
distributions for both dispersions (MBX1 mode = 172 nm, MBX2 mode = 204 nm),
not dissimilar to that of the commercially available product Solsperse 44000. Repeats
of the dispersion of carbon black using X1 (4 in total) showed excellent repeatability
which confirmed DLS (Dso = 150.9 £+ 4.8 nm) and rheology analyses (average Casson
yield point = 28.86 + 3.05 mPa, discussed later), figures 4.17, S4.6 and S4.8.

MBX1 had a much-improved viscosity over its homologous MBQ6 suspensions
throughout the investigated shear rate range, figure 4.17. It is unclear exactly why this

difference in behaviour is observed, but one potential explanation is the introduction
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Figure 4.18 Log-log flow curve plots of MKIII dispersants, MBQ5, MBQ6 and Solsperse 44000 and
p(GlyMA)o-stabilised carbon black suspension, alongside measurements for undispersed CB.

of an amine-based anchor which, as discussed previously, is quite affinic towards the
pigment surface and could impart an at least marginal improvement in attraction of
the anchor to carbon black. It is also interesting to observe that both MBX1 and MBX2
displayed Newtonian flow behaviour, with yield points of 4.9 and 0.324 mPa (as

opposed to 1.6 mPa for Solsperse 44000-based suspensions), figure S4.7.
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Both X1 and X2 dispersants displayed low Dso values (145 and 166 nm respectively),
indicating good dispersing performance, but also showerd good aging of the mill bases
with minimal flocculation (SI, figure S4.9, S4.10 and S4.11. note: due to COVID-19
restrictions, the 3 months measurement point could not be met, images were taken at
4 months, but size histograms were not produced). Furthermore, the low mill bases
viscosities and Newtonian-flow behaviours can facilitate the let-down step in either
case. Both dispersants dispersed CB better than pre-existing commercial products,
while still having pendant hydroxyl groups available for further modification.
However, dodecylamine, at £76/1L is two orders of magnitude less expensive than
nonylamine (£425/100 g). The synthesis involves a polymerisation step and a single
post-polymerisation modification step. It is expected that the overall cost of production
of the synthesis of X1, even at higher scales, will remain low. The monomer, GlyMA,
can be prepared from the hydrolysis of glycidyl methacrylate, an inexpensive, widely
available monomer (£59/500mL). DDA is also solid at room temperature, therefore
easier to handle. This makes X1 preferable from economic and synthetic viewpoints.
As such, X1 will be chosen as final dispersant candidate for this project and will be

the subject of further work.
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4.2.5.2 Colorimetry
In addition to DLS and viscosity measurements, other requirements need to be
satisfied when designing carbon black dispersants. Looking further ahead after the
mill base production step, is the “let-down” step that leads to the production of the
final coating formulation and presupposes colorimetric assessments of said coatings.
Black coatings, technically, do not impart colour to surfaces, but serve more as a way
to hide the surface, the perceived degree of blackness can be measured and is typically
called “jetness”. The colour properties can be quantitatively measured using industry

standard methodology. In this work, the method is adapted from DIN 6174. This

Figure 4.19 Coatings of X1, X2 and Solsperse 44000 stabilised paints spread onto black & white

card with K-bar. Measurements by Robert Jennings.
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Table 4.2 Colorimetric, gloss and haze data of let-down samples prepared using X1, X2, Solsperse

44000 and p(GlyMA)1o with an undispersed carbon black control.

methodology allows the measurement of three parameters My and M, respectively the
hue independent and dependant degree of jetness and dM the absolute contribution of
hue, table 4.2. Figure 4.18 shows natural and halogen images of the dry coatings plates
used to evaluate colorimetric properties (images from control measurements are
shown in figure S4.12). It is seen that Solsperse 44000 based coatings, having higher
My and M. values, would be perceived as having higher blackness the MKIII based
formulation. Hue can be evaluated from the difference between the two jetness
parameters, usually when:

- dM < 0: coatings have brownish undertones

- dM = 0: coatings are achromatic

- dM > 0: coatings have blueish undertones

In the automotive industry, blue undertones are perceived as a lusher, vivid colour and

is used for exteriors, while brown/red undertones will be warmer and preferred for
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interiors. Here, both of the MKI 11 dispersants impart a brown undertone to the coating,
against the achromaticity of the Solsperse based coating, which could make them good
candidates for interior applications. Finally, we see that our developed dispersant also
contribute towards both lower haze, and higher gloss than what the commercial
product, which in either case is favourable towards our product.

To confirm the repeatability of our results we, here too, repeated the let-down step for
the favoured X1 dispersant (three times) and measured jetness, haze and gloss, which
generally confirmed our previous measurements with average values of My, M. and
dM of 263 + 2.2, 260 £ 1.3 and -2 +0.7, as well as average haze and 200 gloss of 33.15
+ 2.00 and 90.6 £ 0.53, see figure S4.13. With every polymeric product that is
considered for commercial applications comes the need to consider the weatherability
of said product. Polymer degradation comes with the presence of labile groups such
as esters or amides. Therefore, the backbone of our dispersants should remain stable.
The side chains, with the presence of ester functionalities, however, might be
susceptible to hydrolysis reactions. However, having established that the resulting
paints would be better suited for interiors due to their colourimetric properties,
exposure to water, and weatherability, are less likely to occur during the lifecycle of

the product.
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4.3 Conclusions and Outlook

The reports of the application of CCTP to carbon black and coating science, is mostly
found in the academic and patent literature of the 1990’s and, if infrequent in the last
decade, found little success. In this body of work, three generations of amphiphilic
polymethacrylates synthesised in previous chapters, namely MKI, Il and 11, were here

tested as stabilisers in carbon black aqueous suspensions.

Dispersants from the MKI range were tested first. It was found that an increase to the
hydrophilicity of the stabilising segment would be necessary, but also that linear
aliphatic anchors could potentially adsorb onto the pigment surface better than other
types of tested anchors (aliphatic ring, short aliphatic, aromatic) according to in-situ
DLS and TEM measurements. Finally, particle bridging started to occur at higher
molecular weights, which prompted the use thereafter of dispersants with targeted
molecular weights ranging from 1 to 2.5 kDa.
The MKII range was developed from the observations made during the MKI
investigation. A poly(glycerol monomethacrylate) hydrophilic segment provided
sufficient hydrophilicity to allow easy dispersion of the polymers in water. An
investigation into the length of aliphatic linear anchors also suggested than chain
lengths of 9-12 carbon provided the best stability to the systems.
The stability of aqueous pigment suspensions relies on several factors:

- The quality of adsorption of the hydrophobic segment onto the pigment

surface.
- The effectiveness of the repulsion induced by the stabilising segments.

- The long-term stability of the system
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Using a systematic, iterative process, stabilisers were tested and the properties that
afforded increased stability of the pigment system selected for. Using a one step
methodology p(GlyMA) was, in chapter 3, reacted with the hydrophobic alkylamines
using microwave-assisted synthesis. Amines were used, as they are less malodorous
and comparatively less toxic than thiols. Two final dispersant candidates (MKIII) with
C9 and C12 anchors, were obtained. These dispersants performed best and showed
excellent repeatability and aging, outperforming current commercially available

products.

The dispersants developed in this body of work consisted of AB dispersants, meaning
they were made up of one anchor and one stabilising segment. However, dispersants
can have multiple anchors and/or stabilising segments, such that we can encounter
ABA, BAB, A(B)n, or (AB) dispersants. Future work, therefore, will first allow a
widening and exploration of the influence of the number of anchors or stabilising
segments on the quality of the dispersion.

It is anticipated that this can be achieved using dimer amines. Dimer amines are a
class of compounds increasingly found in the literature and in industry. Companies
such as Croda are able to produce dimer amines from renewable sources. They are
usually prepared by modification of dimer acids, themselves obtained by dimerization
of unsaturated fatty acids derived from waste vegetable oil. As such, building on the
methodology presented in chapter 3, the dispersant would be of the structure A-B-A,
a triblock copolymer: p(GlyMA).,-DA-p(GlyMA), which combines linear aliphatic
anchors and two stabilising segments, while also being partly prepared from renewable

resources.
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Furthermore, having hydroxyl groups radiating out of the stabilising segments also
offers potential for future work. These reactive moieties can, after pigment
stabilisation, be reacted in an inter-molecular fashion through esterification using
diacids. This could constitute a pigment encapsulation step that could further negate

pigment re-agglomeration.
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4.4 Experimental Data

4.4.1 Additional Figures and Schemes

Figure S4.1 Undispersed carbon black in water.

Figure S4.2 Particle bridging from long solvophilic chains.
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Figure S4.3 DLS intensity histogram and cumulative plot of MBP9.

Figure S4.4 DLS intensity histogram and cumulative plot of MBQ5 and MBQ6.
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Figure S4.5 TEM-based size histograms of MBQ7 and MBQ8 three months after milling.

Figure S4.6 Dso (left) and DLS intensity histogram of MBX1 (with repeats) and controls.
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MBX1, p(GlyMA),,(DDA) MBX2, p(GlyMA),o(NA) 544K
@ Avg = 61.83 nm £ 33.23 @ Avg = 83.03 nm + 44.94 @ Avg =92.75 nm £67.21

Figure S4.9 TEM images of MBX1, MBX2 and Solsperse 44000 dispersions, one month after milling.

Figure S4.10 TEM-based size histograms of MBX1, MBX2 and Solsperse 44000 dispersions, one

month after milling.
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MBX1, p(GlyMA),,(DDA) MBX2, p(GlyMA),o(NA)

Figure S4.11 TEM images of MBX1, MBX2 and Solsperse 44000 dispersions, four months after
milling.

Figure S4.12 Images of the coating plates used for gloss and jetness measurements of undispersed
carbon black, as well as p(GlyMA)1o and X1-stabilised carbon black under natural light.
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Figure S4.13 Jetness and gloss data obtained from all X1-based dispersions.

4.4.2 Materials
Unless stated otherwise, all chemicals mentioned were purchased from Sigma-Aldrich
and were used without further purification.

Carbon black Raven® 5000 ultra® 3 pigment was purchased from Birla Carbon.

4.4.3 Instrumentation
BET surface area measurements of samples were performed using a Quantachrome
Quadrasorb-evo. Samples were degassed at 200 °C for 6 hours prior to analysis to
remove surface contaminants. Then known amounts of N2 were introduced into the
evacuated sample tubes and adsorbed onto the particle surface at cryogenic
temperature whilst measuring the change in relative pressure from which the surface

area is determined based on the theory by Brunauer, Emmett and Teller
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In-situ dynamic light scattering (DLS) measurements were carried out on a nanotrack
flex by microtrac. Milling samples were transferred into 20 mL vials. Each

measurement consisted of 1x30 seconds run time.

Transmission electron microscopy (TEM) images were obtained on a JEOL 2100 TEM
fitted with a Gatan Ultrascan 1000 camera. Samples were diluted at 0.1% v/v and one
drop was cast on a carbon coated TEM copper grid. After 2 minutes the drop was

blotted off with filter paper. All samples were prepared without using a stain.

Rheology measurements were carried out with a discovery HR1 rheometer.
Measurements were made at room temperature with 0.0 sec Soak time. 10 shear rates
values were selected for measurement (1.0, 10.0, 37.6, 102.1, 176.0, 297.0, 491.0,
837.0, 1408.0, 2392.0 1/s). Max equilibration time was set at 60 with a sample period

of 10.0 seconds and a 5% tolerance.

A datacolour 550 was used to measure the XYZ values (in the 1976 colour space. The

following formulae were used to determine jetness parameters:

1

100
1 1 1
MC =100 x (l0g10 X - l0g10 T + l0g10 T
94.81 107.34 100
dM = M, — M,

Finally, Gloss/haze were measured with a Byk gardner haze/gloss meter, calibrated

against the standard tile.
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4.4.4 Experimental Procedures
Mill base preparation
A 10% carbon black loading protocol was followed for the preparation of the studied
mill bases. In glass vials were first dispersed 1 g of dispersant (from MKI, MKII, MKI|I
or commercial ranges) in 8 g of distilled water. After full dispersion, 1 g of carbon
black and 17 g of glass beads (3 mm in diameter) were added. The vials were

subsequently capped, tapped, and shaken horizontally for 16 hours.

Let-down preparation

To prepare let-down samples, 1 g of mill base was added to 5 g of Setaqua 6160 (ex
Allnex) acrylic resin. The mixture was shaken thoroughly and then coated onto black
and white cards with K-bar 6 (wet film thickness = 60 um). The plates were then air

dried for 3 hours and then oven cures at 120 °C. for 30 min (dry film thickness = 25

pum).
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5.1 Introduction

Macroporous polymers have garnered increasing interest over the last few years.*™
Such materials can be used for energy and gas storage,>® heat insulation’ and cell
culture®® applications.

One of the ways that was developed to obtain such materials uses high internal phase
emulsions (HIPEs).2® HIPEs are “water in oil” inverse emulsions whereby the
continuous phase is generally made up of monomer(s), initiator, crosslinker and a
surfactant. The internal, droplet phase is added dropwise under vigorous stirring and,
to satisfy the HIPE requirements, must take up a volume of at least 74% with regards
to the continuous phase, figure 1.14. From this HIPE can then be produced polyHIPEs
when the continuous phase is polymerised. FRP is the traditionally used method, but
other techniques can be employed. Deleuze et al.}' used ring-opening metathesis
polymerisation of a norbornene derivative to prepare easy to handle, non-brittle

polyHIPEs, but the use of ATRP2 or RAFT™ has also been reported.

Figure 5.1 PolyHIPE synthesis process.
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Chen et al.}* synthesised thiol-ene/-yne-based polyHIPEs using a commercially
available multifunctional thiol with multi-functional acrylic, allyl ether- or alkyne-
based monomers. It has been previously shown that the mechanical properties of
polyHIPE materials correlate with the degree of functionality of monomers used.
PolyHIPEs made from pentaerythritol tetraacrylate produced material with higher
yield strengths than those made from 1,6-hexanediol diacrylate or trimethylolpropane
triacrylate.}* Other reactions such as Diels-Alder and copper-catalysed azide-alkyne
cycloaddition click reactions have been successfully implemented in the preparation
of polyHIPE materials.'>® Careful consideration in the selection of monomers helps
tune the properties of the final polyHIPE material. Therefore, the development of
synthetic approaches that allow wider access to bespoke multifunctional
macromonomers and/or crosslinking agents that can be incorporated into polyHIPE
preparations are desirable.

CCTP is a facile and interesting controlled polymerisation technique that has been
employed for the preparation of low molecular weight functional
polymethacrylates."?® Much of our current knowledge of CCTP comes from
investigations carried out by commercial organisations such as DuPont?! and
ICI/Zeneca,?*?® complemented in academia by Gridnev,?*% Heuts,?® Davis and
Haddleton.?"-28

McEwan et al.?® for instance utilised CCTP to produce relatively low molecular weight
branched polymers containing high levels of terminal vinyl functionalities that showed
potential as reactive sites for further chemistries.

The current work was designed to combine CCTP with emulsion templating
techniques to produce polyHIPE materials with tuneable properties. CCTP provides

control over branching and molecular weight of the CCTP derived branched
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macromonomer crosslinkers, which can in turn lead to the generation of polyHIPE
materials where functionality and rigidity can be tailored.

In this chapter, we describe the free radical polymerisation of ethylene glycol
dimethacrylate (EGDMA) via CCTP to produce vinyl-terminated branched EGDMA-
based macromonomers, which are then used as crosslinking agents in the formulation
of HIPEs containing various acrylic co-monomers. Photochemical curing of these
HIPEs led to well-defined polyHIPE materials. Morphological and mechanical

properties of the synthesised materials were studied.
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5.2 Results and Discussion
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Scheme 5.1 CCT mechanism for the homopolymerisation of EGDMA.

5.2.1 Branched p(EGDMA) Macromonomer Synthesis
Free-radical polymerisation of multi-vinyl monomers usually yields insoluble
crosslinked materials. It can however, result in the formation of branched polymers
when using chain transfer agents, such as cobaloximes within a CCTP process, as
shown in scheme 5.1. Sherrington and co-workers developed a free radical one-step
process to access branched polymers whereby vinyl monomers are polymerised in the
presence of a crosslinking comonomer and balancing levels of a chain transfer agent,

often referred to as the Strathclyde methodology.*°
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Figure 5.1 Overlay of GPC (CHCls, 30 °C) traces for p(EGDMA) (P1, 0.0490 mol% CoBF) prepared
by CCTP monitored hourly. Measurements by David Seow.

The strategy of balancing the level of a crosslinking comonomer with that of a free-
radical chain transfer agent prevents gelation and allows control over the degree of
branching to the polymer architecture.3! However, in this Strathclyde methodology,
both large amounts of chain transfer agents, typically > 10%, are required and adverse

organic functionalities (e.g. thiols) are incorporated into the polymer backbone.

Table 5.1 p(EGDMA) branched homopolymers synthesised in this study. *Determined from ‘H-
NMR.
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Conversely, CCTP offers a convenient and efficient method to control the branching
topology of the polymeric product by regulating chain transfer without having to use
excessive quantities of chain transfer agent, i.e. ppm levels as opposed to > 10 wt%.3%-
% The branched polymers formed from these reactions exhibit low solution viscosity
with high surface functionalisation using relatively low levels of chain transfer agents
making CCTP of EGDMA an ideal candidate for branched polymer synthesis.
Homopolymerisation of EGDMA via CCTP has been previously carried out under
some specific conditions.?®

Two different concentrations of CoBF were used for the polymerisation of EGDMA;
0.049 and 0.0735 mol% (475 and 710 ppm respectively) with respect to EGDMA,
table 5.1. Low molecular weight branched oligomers were obtained, along with
oligomeric products as seen by GPC, figure 5.1. As the reaction proceeds, molecular

weight and dispersity increased whilst the number of dimers, trimers and oligomeric

Figure 5.2 GC-FID monitored conversion for the homopolymerisation of EGDMA by CCTP (P1,
0.0490 mol% CoBF).
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products decreased in conjunction with the increase of the number of branched
products. Polymerisation was quenched after four hours. Attempts to increase the
timeframe of the reaction to 6 hours or more all resulted in gelation thus limiting
monomer conversion to < 90%. This, along with the drift to higher molecular weight
could be indicative of the catalyst being degraded during the reaction. A reaction time
of 4 hours was chosen for all subsequent reactions, limiting catalyst decomposition.

Conversion of EGDMA to p(EGDMA) was also monitored using GC-FID, figure 5.2.
Rapid monomer consumption was observed within the first hour, which subsequently
began to plateau, leading to final conversions of around 85-90% without observable
crosslinking after 4 hours. A linear increase in molecular weight was also observed,
reaching values for M, of approximately 4100 g.mol™* with dispersities increasing to

4, figure 5.3. As expected, decreasing the concentration of CoBF led to an overall

Figure 5.3 Evolution of (A.) number average molecular weight (M) and (B.) dispersity with respect
to polymerisation time obtained from GPC (CHCls, 30 °C) analysis of the homopolymerisation of
P1 by CCTP.
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Figure 5.4 *H-NMR (CDCls, 400 MHz at 25 °C) spectrum of the P1 macromonomer prepared by
CCTP.

increase in molecular weight, however, no significant variation in monomer
conversion was observed.

'H-NMR confirmed the successful synthesis of the p(EGDMA) branched products,
with external and internal vinyl hydrogen environments characterised by the
appearance of peaks observed at 5.6, 6.1 and 6.2 ppm, figure 5.4. The ratios of external
vinyl groups to internal vinylidene were calculated, for p(EGDMA) crosslinker P1 as
approximately 1.40. Similarly, for P2, the ratio was calculated as 1.20 (table 5.1). Each
EGDMA addition to the propagating branched EGDMA provides a further locus from
which to branch from as this is a “cascade polymerisation”; hence, the probability of
branching increases with molecular weight.

Finally, figure 5.5 shows a MALDI-ToF spectrum of p(EGDMA). Two series of peaks
are observed separated by 198.1 Da and corresponding, for each population, to the

EGDMA repeat unit (with Na* or K ions respectively). The highest intensity peak at
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Figure 5.5 MALDI-ToF spectrum of branched P1 after 4 hours. Spectrum taken by Dr James S.

Town.

831.3 m/z corresponds to the tetramer. The peak that contains the lowest isotope
conformation of all atoms in the species indicates that each chain contains a number
of vinyl terminations equal to the degree of polymerisation plus one, indicating that
the CCTP synthesis has end group fidelity and all crosslinking points have been

preserved.

5.2.2 PolyHIPE Synthesis
Water-in-oil high internal phase emulsions (HIPEsS) were prepared at ambient
temperature by the slow addition of deionised water, under constant mechanical
stirring, to the continuous organic phase, which contained comonomers, surfactant,
organic solvent and photo-initiator. A HIPE is achieved when the volume of the

internal droplet phase becomes more than > 74% of the total emulsion volume.® The
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HIPE internal phase volume fraction (@) used in all preparations was 90% and,
following transfer to a mould, the formed HIPEs were cured under UV radiation using
a Fusion UV Systems Inc. Light Hammer® 6 variable power UV curing system with
LC6E benchtop conveyor and mercury discharge ‘H’ bulb that provides broad, high
intensity UV light (200 watts/cm).

Branched p(EGDMA) macromonomers P1 and P2 were used in the preparation of
polyHIPEs with the aim of exploiting their vinyl chain ends allowing for the synthesis
of highly porous, mechanically stable polymeric networks. Dichloroethane (DCE) has
in the past been successfully employed as a porogen in polyHIPE preparation.®® The
optimal porogen to monomer ratio has been previously reported to be between 40-50
w%, which closely matched the monomer to solvent ratio used in the CCTP of
EGDMA. It was therefore reasoned that a one-pot reaction could be employed for the
polyHIPE synthesis, which would not only be convenient and cost-effective, but may
also lend interesting properties to the material. In order to produce stable HIPEs from
EGDMA branched macromonomers, a number of formulations were tested under
various conditions and monomer contents (figure S5.2). Moreover, due to EGDMA’s
hydrophilicity making the production of stable HIPEs challenging, UV photochemical
curing was chosen over thermal curing as it provided higher reaction rates and shorter
polymerisation times, thus minimising potential phase separation. In these HIPE
formulations, a photoinitiator was used consisting of a blend of diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide and 2-hydroxy-2-methylpropiophenone and a
polymeric surfactant (PEG 30-dipolyhydroxystearate -Hypermer B246-; HLB = 6)
was employed as steric stabiliser, Kkinetically hindering coalescence and

agglomeration. 041
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Despite the prolonged exposure to high intensity UV light, initial curing experiments
of HIPEs made from p(EGDMA) macromonomers P1 and P2 proved unsuccessful.
Acrylate monomers have propagation rate coefficients, kp that are up to one order of
magnitude higher than methacrylates and are therefore able to enhance curing of
HIPEs.*? Consequently, three different acrylate comonomers: 2-ethylhexy!l acrylate
(EHA), isobornyl acrylate (IBOA) and 2-methoxyethyl acrylate (MEA) were
separately investigated as propagation promoters in the preparation of polyHIPEs.
HIPEs prepared with propagation promoters were found to cure efficiently without
any noticeable phase separation. However, it was observed that the polyHIPE
materials formed displayed different morphologies (discussed later). The morphology
of the polyHIPE plays a key role in determining their suitability for different
applications. EHA-based HIPE prepared at a 25% volume ratio of EHA with respect
to the crosslinker solution were found to yield a stable HIPE that cured into a
polyHIPE material. However, HIPE formulations with low EHA content were unable
to cure. Upon an increase of EHA content, very stable, polymerisable HIPEs were
formed (figure S5.3). This could be potentially attributed to the hydrophobic character
of EHA monomer, offering resistance to droplet coalescence in emulsions. Similarly,
IBOA-based polyHIPEs were successfully synthesised. IBOA is a hydrophobic
monomer, and can also offer stability to the emulsion through resistance to droplet
coalescence.

Due to the rapid curing time provided by photo-polymerisation, an opportunity was
presented to attempt the use of unconventional monomers, such as those that may form
less stable HIPEs.!8 Therefore, once reliable polyHIPE formulations were established
using hydrophobic monomers, polyHIPE synthesis using a hydrophilic monomer such

as 2-methoxyethyl acrylate (MEA) was explored. MEA is a water-soluble monomer
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and its resulting polymer is moderately hydrophobic. It has been reported that MEA
polymers exhibit excellent blood-compatibility and therefore have been explored as a
coating material for biomedical devices.**** MEA-based HIPEs were found to be
significantly less viscous than their EHA- or IBOA-based counterparts. This is likely
to be due to the enhanced partitioning of MEA stemming from its polar nature, thereby
increasing the droplet size of the internal phase and reducing the viscosity of the HIPE.
Furthermore, it is possible that there is some diffusion of MEA monomer into the
aqueous phase, lowering the concentration of MEA in the continuous oil phase and
causing destabilisation of the emulsion. This can, in turn, decrease the rate of
polymerisation, therefore impeding the formation of a 3D network. The comparatively
low propagation rate of methacrylates as well as the added steric hindrance
surrounding the macromonomers’ vinyl groups are thought to be the reasons why no
polyHIPEs were formed without the addition of the acrylate propagation promoters.
While the addition of propagation promoters enable the synthesis of the polyHIPE, it
is unknown whether all, or some of the vinyl bonds are first reacted with propagation
promoters before reaction with other cross-linkers. This, in turn, implies the formation
of linear “bridges” between cross-linkers composed of one or more acrylates. Whether
all acrylates are reacted can be investigated by grinding of the polyHIPE, followed by
the soaking of the resulting powder in an NMR solvent, which would dissolved any
unreacted material.

As it is an important factor in the synthesis of polyHIPEs, we also wished to
investigate the effects p(EGDMA) crosslinkers’ size. To this effect, polyHIPE
preparations were carried out with P2 as crosslinker (figure S5.4). A correlation

between the hydrophobicity of the monomer and the ability to form a polyHIPE was
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identified. The difference in curing ability between the EHA and IBOA compositions
is likely due to the difference in propagation rates of the respective monomers.

The bulky IBOA monomer has a lower propagation rate coefficient while EHA
propagates significantly faster, typically around 10 and 17 kL.molt.s? at ambient

temperature, respectively.*

Figure 5.6 SEM images of polyHIPEs synthesised using P1 or P2 as cross-linking agents. Images
taken by Dr Ahmed M. Eissa.
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5.2.3 PolyHIPE Characterisation
Morphologies of EHA-, IBOA- and MEA-based polyHIPEs were studied using
scanning electron microscopy (SEM), figure 5.6, which showed that all prepared
polyHIPE materials possessed an interconnected network of pores. PolyHIPEs that
exhibit highly interconnected voids have previously been utilised in 3D cell culture
and tissue engineering applications as such morphology allows cell infiltration into
the material as well as free movement of nutrients and waste products to and from
cells.*~8 It is known that the morphology and pore size distribution of polyHIPEs are
governed by both the emulsion droplet diameter at the gel point and the polymerisation
rate. The droplet diameter is determined by the emulsion stability and shear during
emulsion preparation. Polymerisation rate affects morphology as a slow
polymerisation allows emulsion coarsening to occur before gelation, resulting in a
larger droplet diameter. The morphologies of polyHIPEs obtained from EHA and
IBOA show little variation from each other, most likely due to the fact that these
monomers have similar hydrophobicity character and therefore their corresponding
emulsions will have approximately the same emulsion stability and droplet diameter.
Conversely, as all comonomers used are acrylates, it is assumed that their propagation
rate constants are similar. However, polyHIPEs made from MEA were found to have
a more closed-cell structure compared to those made from EHA and IBOA,
presumably due to the hydrophilic character of MEA and hence the lower stability of
its emulsions, as discussed above. It seems that comonomer type has a considerable
influence on void diameter. PolyHIPEs made from macromonomer crosslinker P1 and
comonomer IBOA exhibited the most well-defined, open cellular morphologies for
this set of monomers used in this work. All other polyHIPE materials lacked defined

cellular structures, instead resembling macroporous polymer morphologies
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Table 5.2 3 samples average Young’s moduli (kPa, + SD) of the polyHIPEs prepared in this study.

consequently, attempts to determine void diameter distributions for these materials
were not successful. However, where possible the majority of voids in these materials
were found to be in the range of 5 — 20 um in diameter. A plausible explanation for
the loss of cellular morphology is the collapse of the HIPEs before gelation.
Nevertheless, no apparent evidence of phase separation of emulsions was observed.
An alternative explanation could be due to the influence of the porogen, DCE.
Previous work by Cameron et al.*® concluded that the porogen in an emulsion mixture
can act as a co-surfactant, lowering the interfacial tension. This induces phase
separation of the monomeric continuous phase during polymerisation. This is
accompanied by the enlargement of the window to such an extent that the cellular
structure is no longer obvious.

Good mechanical properties of polyHIPEs are essential in determining their end-
applications. Fabrication of polyHIPEs with tuneable mechanical properties proves to
be advantageous in the investigation for new applications of these porous materials.
For instance, Owen et al.>® showed that stiff pure IBOA-based polyHIPE promoted
osteogenic differentiation of mesenchymal cells much better than other types of softer,
acrylate-based polyHIPE. Consequently, compression tests were performed on all
prepared polyHIPE materials. Stress-strain curves for all materials revealed typical

rigid foam behaviour where curves with an initial linear elastic region followed by a
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Figure 5.7 Surface wettability of polyHIPESs at room temperature using dyed water, with images taken

after 15 seconds.

plateau were observed. Compressive (Young’s) moduli values for all polyHIPE
materials are presented in table 5.2. Moduli values were calculated from the slope of
the linear elastic region at low strain (< 10 %), and each measurement was repeated 3
times for increased accuracy. Results showed that EHA- and MEA-based polyHIPEs
are quite flexible and could recover almost completely to their original dimensions
after compression. However, IBOA-based polyHIPEs are relatively rigid, showing
irreversible deformation as a result of brittle crushing of the foam microstructure.
Results also showed that the compressive (Young’s) moduli values for polyHIPE
materials derived from macromonomer crosslinker P1 are lower than those for
polyHIPE materials derived from P2. This can be attributed to the formation of
stronger networks when a lower molecular weight macromonomer crosslinker P2 is

used.
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Due to extreme surface roughness and high porosity of polyHIPES, contact angle
measurements cannot be related to surface tension and therefore yields unreliable
results. Instead, surface wettability has been investigated by depositing a drop of
deionised water coloured with red food dye, onto dry polyHIPE surfaces, figure 5.7.
Immediately after application, the coloured water droplet had dispersed on the surface
of a MEA-based polyHIPE, with the bulk of the droplet quickly penetrating through
the surface, verifying the hydrophilic nature of the polyHIPE. However, the low
hydrophilicity of the EHA-based polyHIPE allowed the droplet to maintain its shape
for several seconds, before it began to spread across the surface. Conversely, the water
droplet did not disperse on the IBOA-based polyHIPE surface and the water droplet
held its spherical shape for at least 15 min, remaining on the surface and was not
absorbed into the material through capillary action. These results suggest that
hydrophilic / hydrophobic properties of the starting comonomers can be retained in
the resulting polyHIPEs, highlighting the tailored surface functionality of these

materials.

5.2 Conclusions and Outlook

The preparation of a range of polyHIPE materials by combining catalytic chain
transfer polymerisation (CCTP) and emulsion templating using branched
macromonomers and a range of commercially available functional acrylates has been
described. CCTP was first employed for the synthesis of EGDMA-based branched
macromonomers to be used as crosslinkers in HIPE formulations. Control over
branching and molecular weight was achieved by using different CoBF

concentrations. One-pot preparation of polyHIPEs without any need for purification
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of CCTP macromonomers was also demonstrated, highlighting the potential of this
approach for industrial scale-ups.

It was found necessary to employ acrylate comonomers (EHA, IBOA and MEA) to
promote propagation and hence favour the formation of crosslinked networks. These
comonomers with various hydrophobic characteristics were shown to retain their
properties in the resulting polyHIPE, highlighting the tunability of the material.
Further, by varying the crosslinker size, the propagation promoter type or ratio thereof,
a wide array of polyHIPEs could be obtained with varying degrees of hydrophilicity
and mechanical properties, opening the door to the synthesis of products with finely
tuned properties for targeted applications. This was first shown by the surface
wettability experiments, while SEM confirmed that the prepared polyHIPES possessed
high levels of porosity and interconnectivity. Finally, their mechanical behaviour
under compression was studied and correlated with the nature of the monomer as well
as the molecular weight and degree of branching of the crosslinker, higher molecular
weight branched crosslinkers leading to weaker crosslinking and therefore a more
brittle material.

With the results of this preliminary study, more tailoring of polyHIPEs can be
envisaged. The described synthetic approach can be used as a route to produce the next
generation of polyHIPE materials where functionality and rigidity can be tightly
tailored for a wide range of applications. These applications would, in part, comprise
the test of these polyHIPEs as scaffolds for cell growth such as primary human
endometrial cells, as was shown by Eissa et al..® while p(EGDMA) could be
investigated as crosslinker in similar network-creating applications, for instance 3D

printing technology.
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5.4 Experimental Data

5.4.1 Polymer Characterisation
p(EGDMA):
IH-NMR (400 MHz, CDCl; at 25 °C): & 6.20- 6.35 (internal CHaHp=C), 6.05-6.15
(terminal CHaHb=C), 5.50-5.60 (terminal CHaHb=C + internal CH:H»,=C), 4.15-4.45
(OCH2CH20), 2.45-2.60 (backbone CH:), 2.15-2.20 (backbone CH:), 1.85-2.05

(terminal CHz3), 1.00-1.50 (backbone CHj),

Code CoBF / mg CoBF / mol%
P1 20 0.049
P2 30 0.0735

Figure S5.1 Amount of CoBF used in EGDMA homopolymerisations.

GPC (CHClIs, 30°C): P1: M, = 1030 g mol?, My = 4090 g mol?, B = 4.0; P2: M, =

660 g.mol™, My = 21500 g mol™*, b =3.3

Distilled Photo H:0 Rate of
P1 Surfactant
Entry Water/ Initiator / addition / HIPE  PolyHIPE
/mL /9 _
mlL mlL mL.min*
Not
1 2.5 225 0.4 0.4 4.5 N/A
Stable
2 2.5 22.5 0.4 0.4 1.125 Stable No
3 2.5 225 0.8 0.4 1.125 Stable No
4 2.5 225 0.8 0.4 1.125 Stable No

Figure S5.2 Initial HIPE formulations with P1.
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propagation Distilled

Propagation P1 Surfactant HIPE
Entry promoter Water PolyHIPE
promoter /mL /g Stability
/mL /mL
Not

1 EHA 0.5 0.5 9 0.1 No

stable

Not

2 EHA 0.5 0.5 9 0.2 No

stable
3 EHA 0.6 0.15 6.75 0.1 Stable No
4 EHA 2.4 0.2 235 0.2 Stable No
5 EHA 2.4 0.4 25 0.2 Stable Yes
6 EHA 2.4 0.6 27 0.2 Stable Yes
7 EHA 2.4 0.8 29 0.2 Stable Yes
8 IBOA 2.4 0.6 27 0.2 Stable Yes
9 IBOA 2.4 0.8 29 0.2 Stable Yes
10 MEA 2.4 0.6 27 0.2 Stable Yes
11 MEA 2.4 0.8 29 0.2 Stable Yes
12 MEA 2.4 1 30 0.2 Stable Yes
13 MEA 2.4 1.4 33 0.2 Stable Yes
14 MEA 2.4 1.8 37 0.2 Stable Yes

Semi-
15 MEA 2.4 2.2 41 0.2 No

stable

Table S5.3 PolyHIPE formulations using P1 and acrylate propagation promoters.

Distilled
Propagation P2/ propagation Surfactant HIPE
Entry Water PolyHIPE
promoter mL  promoter / mL /g Stability
/mlL
1 EHA 2.4 0.8 29 0.2 Stable Yes
2 IBOA 2.4 0.8 29 0.2 Stable Yes
3 MEA 2.4 0.8 29 0.2 Stable Yes

Table S5.4 PolyHIPE formulations using P2 and acrylate propagation promoters.
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5.4.2 Materials
Unless stated otherwise, all chemicals mentioned were purchased from Sigma-Aldrich
and were used without further purification.
Hypermer B246 and V-601 were obtained from Croda international and Wako

Chemicals respectively.

5.4.3 Instrumentation
CHClI3 Gel-Permeation Chromatography (GPC) was carried out on an Agilent Infinity
Il MDS instruments equipped with differential refractive index (DRI), viscometry
(VS) and dual angle light scatter (LS) detectors. The system was equipped with 2 x
PLgel Mixed C columns (300 x 7.5 mm) and a PLgel 5 um guard column. The eluent
used was CHCI3z with 2 % TEA (triethylamine) additive. Samples were run at 1ml/min
at 30 °C. PMMA standards between 540 Da and 1000 kDa (Agilent EasyVials) were
used for calibration. Ethanol was added as a flow rate marker. Analyte samples were
filtered through a GVHP membrane with 0.22 um pore size before injection. number
average molecular weight (Mn,cpc) and dispersity (D) values of synthesized polymers

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

Gas chromatography flame ionisation detection (GC-FID) analysis was performed on
a Shimadzu GC2014 equipped with a Shimadzu A0C20iautosampler, the injection
temperature was 250 °C. The GC was fitted with a Restek Rxi-1ms (15 m length, 0.25
mm ID and 0.25 pm film thickness). The carrier gas was hydrogen, supplied by an
external hydrogen generator. The injection volume was 1 pl with a 39 split ratio. The
detector was a flame ionisation detector (FID) with a flame temperature of 320 °C,

and a sampling rate of 40 ms. The heating profile was 60 °C for 1 minutes and then
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heated to 320°C at 40 °C min-1iwhere it remained for a further 2.5 minutes. Data

processing was carried out using Shimadzu GC solutions software.

Nuclear magnetic resonance (NMR, H and 3C) spectra were recorded at room
temperature on a Bruker Avance 111 HD-400 or 300 using either deuterated chloroform

or deuterated dimethyl sulfoxide referenced against TMS as a reference.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) spectra were
collected using a Bruker Autoflex Speed, equipped with a 337 nm nitrogen laser,
operating in reflectron positive mode with an ion source voltage of 19 kV. Results
were accumulated in 10 readings of each spot with 500 laser shots, leading to a total
of 5000 laser shots per spectra. Laser power was tuned to keep noise low while
maintaining the signal as to not remove any trace peaks. The samples were dissolved
into the appropriate solvent at concentrations of 10 mg ml, along with the cationizing
agent sodium iodide (Nal) at 0.1 mg mlt. A matrix solution was then made up of trans-
2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]Jmalononitrile (DCTB) in THF at
a concentration of 40mg ml, along with Nal at 0.1 mg mI™. 10 pl of both the matrix
and sample solutions were then mixed together, and 0.5 pl of the resulting solution

was then spotted on an MTP 384 ground steel target plate.

Scanning electron microscopy (SEM) imaging was carried out on a Zeiss SUPRA 55-
VP FEGSEM operating at 25 kV. Fractured polyHIPE pieces were sputter-coated with
gold using a QUORUM sputter coating system. Images were taken with an OXFORD

X-ray analysis system and GATAN CL system. Average void size distribution was
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calculated using Image J Version 1.50i. A statistical correction factor was applied to

the measured values.

The mechanical behaviour of polyHIPE materials under compression was evaluated
using a Shimadzu EZ-LX compact table-top universal tester equipped with a 500 N
load cell fitted with compression plates tested at ambient temperature. The polyHIPE
samples were cubes of 0.5 mm in dimension. Compression was continued until a final
strain of around 50% was reached. Experiments were repeated in triplicates using three

different samples of each material to obtain average Young's modulus values.

5.4.4 Experimental Procedures

EGDMA Homopolymerisation

A 100 mL rbf with CoBF and a stirrer bar was de-oxygenated for 30 min via nitrogen
bubbler. A separate 100 mL rbf with EGDMA (20 mL), DCE (25 mL), anisole (1 mL)
and V-601 (200 mg) was immersed in an ice bath and de-oxygenated for 20 min. The
liquids were transferred to the solids under positive nitrogen pressure. The solution
was degassed for a further 5 min under continuous stirring. The RBF was immersed
in an oil bath at 70 °C for 4 hours under nitrogen. Samples were taken hourly (approx.
0.1 ml) via degassed syringe in order to obtain GPC, GC-FID and H-NMR
measurements. The reaction terminated by removal from heat and introduction of

oxygen.

PolyHIPE preparation
In a 100 mL two-necked RBF covered in foil, an oil phase consisting of PEGDMA

solution (2.4 mL), acrylate (EHA, IBOA or 2-methoxyethyl acrylate) and Hypermer
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B246 (0.2 g unless stated) was sonicated until homogenous. The photoinitiator (0.8
mL unless stated), a blend of diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide and 2-
hydroxy-2-methylpropiophenone, was added to the mixture with continuous stirring
at ambient temperature using a D-shaped PTFE paddle attached to an overhead stirrer
at 350 rpm. An aqueous phase of deionised water was added drop-wise to the oil phase
over 20 min, with continuous stirring, to form a HIPE with an internal (aqueous) phase
volume fraction of 90%. Once all the aqueous phase was added, the HIPE was
transferred into cylindrical PTFE moulds (diameter 15 mm, depth; 2 mm, 3.5 mm and
5 mm) that was secured between two glass plates. The HIPE was passed under a UV
irradiator (Fusion UV Systems Inc. Light Hammer® 6 variable power UV curing
system with LC6E benchtop conveyor and mercury discharge ‘H’ bulb) 25 times on
each side, at a belt speed of 5.0 m min’. The cured polyHIPE material was washed by

immersion in acetone and dried at ambient temperature for 24 h.
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