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Abstract

Vat photopolymerisation (VVP) is a promising additive manufacturing technology which
enables the construction of complex 3D objects via versatile photochemistries. VP
techniques have demonstrated superior advantages in imparting spatiotemporal control
and providing high build rates and high printing resolution. However, current photocuring
methods are based on non-living free radical or cationic polymerisation which offer
limited control over chain growth, network formation and thus the final properties of 3D
printed materials. Moreover, inert polymer chains produced during the polymerisation are
incapable of being reactivated for post-functionalisation of pre-formed polymers. To
fabricate materials with controlled properties and post-modifiable networks,
photomediated reversible addition-fragmentation chain transfer (RAFT) polymerisation
techniques were employed in VP. The addition of RAFT agents in photoresins provided
control over polymer chain growth and network formation. Also, the retention of
thiocarbonylthio polymer chain-ends in the network imparted living characteristics to 3D

printed materials, which were easily post-modified with diverse functions and properties.

This work firstly explored photoinduced electron/energy transfer-reversible addition-
fragmentation chain transfer (PET-RAFT) polymerisation in 3D printing under visible
light irradiation in the open air. The use of an organic dye in conjunction with a tertiary
amine as co-catalyst allowed fast printing speeds. The inclusion of RAFT agents in
photoresins provided control over the mechanical properties of 3D printed materials. The
presence of latent RAFT agents in the resin allowed post-functionalisation of these
materials. Based on this study, photoresins containing RAFT agents with different
activating Z groups and leaving R groups were investigated for their application in 3D
printing. Also, the impact of the concentration of trithiocarbonates on mechanical
properties of 3D printed materials was demonstrated. In addition, the 3D printed materials
containing RAFT agents were easily post-modified via one-pot in situ aminolysis and
thiol-Michael additions. Finally, the inclusion of RAFT agents in 3D printed thermosets
materials conferred self-healing functionality. Materials containing trithiocarbonate units
that were 3D printed under visible light can perform rapid self-repair via a secondary
polymerisation mechanism under UV light irradiation under open-air conditions and at
room temperature. This study promisingly paves the way for the fabrication of novel 3D

printed thermosets with self-healing properties.
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Chapter 1. Introduction




1.1 Thesis Motivation

Polymers are an important class of engineering materials that have been mass produced
since their discovery over a century ago, from low cost commaodity polymers (such as,
polyethylene, polypropylene, polystyrene, or polyvinyl chloride) to high cost engineered
polymers (such as, polycarbonate, polyimide, nylon 6 or polyetheretherketone).!-2 The
exceedingly diverse physical and chemical properties of these polymers allows their
application in packaging, clothing, building construction, aircraft and automotive industry,
and many others.® Despite these polymeric materials being mature, driven by the high
demand for products with improved quality and performance and advanced
functionalities, the evolution of synthetic methods in polymer chemistry is of critical

significance.

Recently, reversible-deactivation radical polymerisation (RDRP) techniques, such as
nitroxide-mediated polymerisation (NMP),*5 atom transfer radical polymerisation
(ATRP),%7 reversible addition fragmentation chain transfer polymerisation (RAFT),812
have drawn large attention, mainly attributed to the ability to provide good control over
macromolecular syntheses. Unlike free radical polymerisation which invariably leads to
broad polymer chain length distributions and dead polymer chains, RDRP significantly
suppresses termination of growing polymer chains by establishing a dormant-active
equilibrium; the rapid reversible activation and deactivation dynamic equilibrium allows
all active polymer chains to grow simultaneously and imparts living characteristics to the
polymerisation.®*1> As a result, polymers with tailored molecular weight distributions
and well-defined structures can be produced, obtaining superior physical and chemical

properties ready for future applications.

Among various RDRP techniques, RAFT polymerisation is extensively employed due to
its remarkable advantages in polymer syntheses.'®?° First, a wide selection of RAFT
agents with different leaving R groups and activating Z groups dramatically improve the
effectiveness of RAFT polymerisation toward a broad scope of monomers, including the
“more activated” monomers (MAMs) (such as methyl acrylate (MA) or acrylamide (AM))
and the “less activated” monomers (LAMs) (such as vinyl acetate (VAc) or N-
vinylpyrrolidone (NVP)).% 2122 Moreover, RAFT polymerisation can proceed in a variety

of reaction media and exhibits a high tolerance to a broad range of reaction temperatures
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and high reaction pressures.' 22 More importantly, RAFT crosslinking polymerisation
provides great benefits in preparing homogeneous networks and the retention of the
dormant thiocarbonylthio polymer chain-ends throughout the RAFT polymerisation can
be reactivated to enable post-functionalisation of the pre-formed polymers with diverse
properties and functionalities under external stimuli.>-3* These attributes significantly
increase the versatility and applicability of RAFT polymerisation in many applications,

such as drug delivery, electronics, or biosensors.3-3

With the increasing demand for a cost-effective and environmentally friendly
manufacture of polymer materials, the techniques of using light as the energy source to
mediate RAFT polymerisation has emerged as a powerful tool.*>* To compare with
thermally induced RAFT polymerisation, light mediated processes can proceed at
ambient temperature and have more advantages in providing spatiotemporal control.*3-46
Further, polymerisation rates can be simply and instantaneously controlled via the change
of light intensity or wavelength.4”-* More significantly, various oxygen tolerant strategies
enable photomediated RAFT polymerisation to be conducted in the open air, which
significantly simplifies reaction procedures by eliminating deoxygenation process.**->2 In
spite of these benefits, the application of photomediated RAFT polymerisation techniques

is still underexplored.

Concurrently with the advancement of RDRP, 3D printing technology has developed
rapidly in the past few decades, causing immeasurable influence on materials science. In
comparison with traditional manufacturing which requires complicated processing
procedures, such as forging or machining, 3D printing adopts a layer-by-layer model
generation principle, allowing faster fabrication of customised materials with complex
geometries and functions tailored for various applications.>-> Among the most common
3D printing technologies, such as directed energy deposition, binder jetting or material
extrusion, vat photopolymerisation (VP) has garnered great attention in polymer science
due to the application of versatile photochemistry which enables the production of
materials with diverse physical and chemical properties via photoinduced
polymerisation.®>-¢ Furthermore, VP techniques, such as stereolithography (SLA), digital
light processing (DLP) or volumetric stereolithography, are superior in providing fast
printing speed and high printing resolution.5”-6* The photoresins used in VP typically

consist of multifunctional (meth)acrylate- or epoxide-based monomers and oligomers and
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photoinitiating species; under light irradiation at a specific area, the liquid photoresin can

be converted into solid materials within seconds.%6: 62

However, current photopolymerisation based 3D printing techniques remain a great
challenge in fabricating materials with the ability to be transformed or reprocessed after
printing, such as stimuli-responsiveness or self-healing. This is mainly because these
techniques currently adopt conventional photocuring mechanism which is primarily
reliant on non-living free radical or cationic polymerisation, offering limited control over
chain growth and producing irreversible crosslinked networks incapable of reactivation
for further chain extension.®3%* Such photocuring method critically prevents post-
functionalisation of 3D printed materials, and finally leads to the generation of a vast

majority of undegradable or unrecyclable wastes.

In this regard, the application of photomediated RAFT polymerisation in VVP is promising
for several reasons. First of all, RAFT polymerisation controls polymer chain growth and
network formation, thus allowing the tuning of final properties of crosslinked polymers.
Moreover, the dormant thiocarbonylthio species in the network can be repeatedly
activated by external stimuli to post-modify the pre-formed networks. More importantly,
the high oxygen tolerance and multiple photoinitiating system choices makes
photomediated RAFT polymerisation more practical and robust in 3D printing
environment. Therefore, this thesis aims to apply photomediated RAFT polymerisation
techniques in VP to impart living characteristics to 3D printing and fabricate novel and

functional materials.



1.2 Thesis Outline

As outlined above, photomediated RAFT polymerisation has been extensively employed
in many applications but underexplored in 3D printing; VP techniques have developed
rapidly but fabricate materials incapable of post-functionalisation. As such, it is expected
that the application of photomediated RAFT polymerisation in VP will facilitate the
fabrication of 3D printed materials with controlled properties and impart living

characteristics to these materials.

Therefore, Chapter 2 starts with the introduction of RDRP and its advantages in
polymeric materials syntheses, followed by a comprehensive review of RAFT
polymerisation mechanisms with RAFT crosslinking polymerisation and RAFT end-
group functionalisation highlighted. The majority of Chapter 2 is focused on the review
of photomediated RAFT polymerisation, including the illustration of the benefits of using
light to initiate RAFT polymerisation and three different photomediated RAFT
polymerisation mechanisms, RAFT polymerisation initiated by conventional
photoinitiators, RAFT polymerisation via iniferter polymerisation and photoinduced
electron/energy transfer (PET)-RAFT polymerisation. Finally, some major VP 3D
printing techniques, including laser scanning stereolithography, mask projection

stereolithography and volumetric stereolithography, and their applications, are reviewed.

In Chapter 3, a rapid visible light mediated PET-RAFT polymerisation process was
applied to a 3D printing system. The photoresins contained a metal-free dye (erythrosin
B) in conjunction with a tertiary amine co-catalyst and a trithiocarbonate RAFT agent to
afford polymerisation without prior deoxygenation. The reaction components are non-
toxic, metal free and environmentally friendly (water based photoresin), which tailors
these systems toward the fabrication of biomaterials. Following optimisation of the resin
formulation by varying the ratio of photocatalyst and tertiary amine, a variety of 3D
printing conditions were investigated to prepare functional materials using green light.
Furthermore, the mechanical properties of these 3D printed materials were tested under
different conditions. Interestingly, the concentration of trithiocarbonate impacts the
mechanical properties and the performance of these materials. Remarkably, the use of a
photoinduced polymerisation process provided facile spatial control over the network

structure by varying the light dose to each layer of the 3D printed material; using this
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strategy, a 4D printing process was demonstrated via 3D printing and subsequent swelling
and dehydration induced actuation. Furthermore, the trithiocarbonate species
incorporated in the polymer networks were able to be reactivated after the initial 3D
printing process, which enabled post-functionalisation of the printed materials via
secondary photopolymerisation processes. This RAFT-mediated 3D and 4D printing
process should provide access to a range of new functional and stimuli-responsive
materials. This chapter is based on the published work: Zhang et.al., A Versatile 3D and
4D Printing System through Photocontrolled RAFT Polymerisation. Angewandte Chemie
International Edition 2019, 58, 17954-17963.

In the previous chapter, visible light-induced PET-RAFT polymerisation by using
trithiocarbonate as RAFT agent was successfully applied in 3D printing. However, there
is a lack of understanding of the impacts of RAFT agents with different structures on 3D
printing process. Therefore, in Chapter 4, RAFT agents with different activating Z
groups and leaving R groups were incorporated in resin formulations and applied to open-
air 3D printing systems under green light irradiation. The Z and R groups of RAFT agents
influenced the polymerisation Kinetics and 3D printing process (cure time) and affected
the mechanical properties of 3D printed materials. The impacts of the concentration of
trithiocarbonate on mechanical properties were also investigated. The 3D printed
materials containing RAFT agents were easily post-modified after printing via one-pot in
situ aminolysis and thiol-Michael additions. The RAFT mediated photoinduced
polymerisation appears a promising method for producing novel and functional materials.
This chapter is based on the published work: Zhang et.al., Effect of Thiocarbonylthio
Compounds on Visible-Light-Mediated 3D Printing. Macromolecules 2021, 54, 1170-
1182.

VP-based 3D printing techniques have been widely used to produce high-resolution 3D
thermosetting materials. However, the lack of repairability of these thermosets leads to
the production of waste. Consideration of the incorporation of RAFT agents in the
network can be reactivated to enable a secondary polymerisation process, in Chapter 5,
RAFT agents were added to resin formulations to allow visible light mediated 3D printing
of materials with self-healing capabilities. The self-healing process was based on the
reactivation of RAFT agent embedded in the thermosets under UV light, which enabled

reformation of the polymeric network. The self-healing process can be performed at room
6



temperature without prior deoxygenation. The impact of the type and concentration of
RAFT agents in the polymer network on the healing efficiency was explored. Resins
containing RAFT agents enable 3D printing of thermosets with self-healing properties,
broadening the scope of future applications for polymeric thermosets in various fields.
This chapter is based on the published work: Zhang et.al., A Photoinduced Dual-
Wavelength Approach for 3D Printing and Self-Healing of Thermosetting Materials.
Angewandte Chemie International Edition 2022, 61, e202114111.

Finally, Chapter 6 briefly summarises the main outcomes of this thesis and outlines some

future perspectives for photomediated RAFT polymerisation in VVP.
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Polymeric materials are nowadays an integral part of numerous commercial products and
a commodity in our daily life. To meet the high demand for materials with various
properties, such as biocompatibility, self-reparability and recyclability, advances in
polymer chemistry are crucial. Conventional chain growth polymerisations, particularly
free radical polymerisation allows access to a broad scope of materials but lacks the
ability to finely control the polymerisation to make tailored macromolecules. The
irreversible chain transfer and termination reactions present in conventional free radical
polymerisation invariably leads to broad chain length distributions and dead polymer
chains. Therefore, polymerisation techniques which enable a high degree of control and

decrease the occurrence of unavoidable termination events are of great need.

Szwarc firstly applied the living concept in polymer science in 1956. Living polymers
were successfully produced via an anionic polymerisation which was initiated by the
green complex naphthalene anion, sodium cation in tetrahydrofuran in the absence of air.
As the ions formed during the reaction were well dissolved in tetrahydrofuran, the
electron transfer from a carbanionic end of a growing polymer to the sodium cation
became energetically unprofitable, in turn impeding the occurrence of termination. As a
result, the polymerisation proceeded and stopped until the monomer supply was
exhausted. It was also claimed polymerisation can be terminated in the presence of
oxygen or water. Based on this finding, block copolymers were produced with the
addition of a second monomer to the living polymers formed from the first monomer.
This work laid great foundation to the synthesis of polymers with engineered and
accurately designed macromolecular structures, compositions, and topologies. However,
to compare with radical polymerisation, the stringent reaction conditions, such as the
avoidance of oxygen and water, and the lower compatibility with vinylic monomers limit
the applications of anionic polymerisation. Therefore, imparting living characteristics to

radical polymerisation would be useful.
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2.1 Reversible Deactivation Radical Polymerisation (RDRP)

One of the first examples of “living” radical polymerisation was demonstrated by Otsu
and co-workers, who firstly introduced the initiator-transfer agent-terminator (iniferter)
concept in the polymerisation of methyl methacrylate (MMA) or styrene (St) in 1982.2 In
their work, a tetraethylthiuram disulfide iniferter was initially activated by heat to prepare
PMMA and PSt in the absence of light. As the dialkyl dithiocarbamate group can be
cleaved into radicals under irradiation, the pre-formed polymers were subsequently
reactivated by UV light in the presence of additional monomers, eventually generating
block copolymers. Although the dispersity was high, it impressively revealed the living

character of dormant polymer chains via a radical polymerisation process.

Motivated by the versatility and compatibility of radical polymerisation, including the
high tolerance to a wide variety of functional and non-functional monomers and mild
reaction conditions, enormous work has been done to develop effective living radical
polymerisation strategies.®® These strategies were developed based on three different
polymerisation mechanisms: stable radical-mediated polymerisation (SRMP), atom
transfer radical polymerisation (ATRP), and degenerative transfer radical polymerisation
(DTRP).10-14

In SRMP, chemical species undergo unimolecular bond cleavage to generate a
propagating radical and a dormant group X as shown in Figure 2.1. One example of
SRMP is nitroxide-mediated polymerisation (NMP), where X is a nitroxide. NMP
proceeds under a reversible deactivation mechanism between the stable nitroxide radical
(X) and the propagating carbon-centered radical (Pn*) to form a dormant alkoxyamine
species (Pn-X). Under high temperature, the thermally unstable dormant species can
undergo homolytic cleavage of the alkoxyamine C-ON bond to regenerate the nitroxide
radical (X) and the propagating radical (Pn), in turn establishing an activation-

deactivation equilibrium.

As for ATRP, a transition metal complex (activator, A™), can abstract a halogen atom X
from a halide initiator (R-X), to generate an oxidised halogenated metal complex
(deactivator, A™*1X) and an organic canbon-centered radical R*. The R’ can subsequently

undergo radical addition to vinyl bonds to start propagation. In a well-controlled ATRP,
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very few polymer chains undergo termination reactions. Instead, the propagating radical
Pn° can be rapidly trapped by the deactivator (A™*1X) to form a halide-capped dormant
chain (Pn-X), accompanied by the reformation of the activator (A™). (Figure 2.1). One
example of ATRP is to use copper(I) complex as the activator and bromides as the halide

species to form propagating radicals and copper(II) complex as the deactivator.

DTRP employs a chain transfer agent and involves reversible transfer of propagating
radicals between dormant species (Figure 2.1). With the addition of a propagating radical
(Pn") to a chain transfer agent, an intermediate radical is formed, followed by
fragmentation to provide a new propagating radical and a dormant polymeric compound
(Pn-X). The propagating radical can then reinitiate unreacted monomers to form new
propagating species (Pm’). Rapid equilibrium can be subsequently established between
the propagating radicals (Pn* and Pm*) and the dormant species (Pm-X or Pn-X) to allow an
equal probability for all chains to grow. One example of DTRP is to employ
thiocarbonylthio compounds as chain transfer agents, which is commonly known as

reversible addition fragmentation chain transfer polymerisation, RAFT.

P —X . P’ 4+ X' Stable radical mediated polymerization
5 z 2 e.g. NMP
(M)
: . Atom transfer radical polymerization
PrmX + AT <= Pn * A™IX g ATRP Py
(m)
. ; . Degenerate transfer radical polymerization
P,—X - =N
=% Fa Pn* Pm e.g. RAFT
(M) (M)

Figure 2.1 General mechanisms of reversible deactivation radical polymerisation.*?

As these polymerisation methods were named in many different ways (e.g., living or
controlled/living radical polymerisations), the IUPAC recommended the use of the term
reversible-deactivation radical polymerisation (RDRP) in 2010.% With the improvements
and evolution of various RDRP techniques, a wide range of polymeric materials have
been generated for the applications in drug delivery, therapeutics, nanoparticles, sensors,

adhesives, coatings, and others.16-18
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2.1.1 Benefits of RDRP

So far, there have been many effective RDRP techniques, with NMP, ATRP and RAFT
polymerisation being the most widely used. Although these techniques differ in reaction
mechanisms and employ distinct control agents, they all undergo a dormant-active
equilibrium process that allows all active polymer chains to grow simultaneously. The
rapid reversible activation and deactivation dynamic equilibrium established with the aid
of the control agent can significantly reduce the fraction of terminated chains, in turn

imparting living characteristics into the polymerisation.

One of the main benefits of RDRP techniques is that molecular weights of linear polymers
can be accurately controlled by adjusting the relative concentrations of control agent and
monomer in the system. Increasing the initial concentration of control agent relative to
the initial concentration of monomer can result in the production of polymers with lower
molecular weights. For an effective RDRP process, the rates of initialization and the
dormant-active equilibrium are rapid with respect to propagation.l® Therefore, all
polymer chains can grow evenly at the same rate. As such, the molecular weight of each
polymer chain will become comparable during the polymerisation, increasing linearly
with monomer conversions (Figure 2.2A).*? Finally, the chain length distribution will
approach a Poisson distribution, obtaining polymers with low dispersity (Figure 2.2B).
The linear relationship between polymer molecular weight and monomer conversion in
RDRP provides an efficient way to achieve polymeric materials with predictable

molecular weights.

Conversion Molecular Weight

Figure 2.2 Typical behaviour in RDRP systems. (A) a linear relationship between
monomer conversion and number average molecular weight; (B) chain length distribution
approaching a Poisson distribution and the complete shift in molecular weight upon chain

extensions. Figure adapted from Ref. [12].
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Regardless of different mechanisms of varied RDRP techniques, the retention of the
chain-end functionality of the control agent throughout the polymerisation allows
dormant polymer chains to be reactivated, enabling repeated chain extension in the
presence of additional monomers. As such, polymeric materials with well-defined
macromolecular topology, including block and graft copolymers, stars, branched and
brush polymers, can be readily synthesised.?%-3! Further, with the addition of multivinyl
monomers in the reaction mixture, topologically diverse crosslinked polymers can be
formed via RDRP. To compare with uncontrolled polymerisation techniques, RDRP is
advantageous in preparing homogeneous polymer networks. This is mainly because the
high initiation to propagation rates of RDRP allows all chains to be initiated at the early
stage of the polymerisation. Subsequently, the dormant-active equilibrium leaves
sufficient time for chains to diffuse and relax, leading to the consumption of all the
monomers or crosslinkers in the system. This facilitates the formation of more uniform

branched copolymers and finally a more homogeneous network.3?-33

RDRP also exhibits a broad tolerance to various reaction conditions. Unlike ionic
polymerisation which must be conducted in the absence of water, RDRP process can
proceed in the presence of many different solvents, such as organic or protic solvents,”
34-35 ‘jonic liquids,®6-28 supercritical carbon dioxide,®® and others, including water.'?
Moreover, although radicals generated in RDRP are sensitive to oxygen, various oxygen
tolerant strategies have been explored to enable the polymerisation to proceed in the open
air.*® Further, as early RDRP systems were mainly reliant on heat to activate the
polymerisation, their applications were limited in the fields sensitive to temperature, such
as bioapplications. In this regard, a variety of RDRP systems using different stimulus to
induce reactions have been excitingly explored, including photomediated RDRP,41-4?

electrochemical RDRP,*-* mechano-initiated RDRP,*-4¢ and enzyme-initiated RDRP.*"
48

In addition, RDRP possesses high compatibility with a broad scope of monomers,
including (meth)acrylates, (meth)acrylamide, St, acrylonitrile (AN), vinyl acetate (VAc),
N-vinylpyrrolidone (NVP), acrylic acid (AA) and many others.?% 4%-57 These monomers
can also contain various functional groups, such as carboxylic acids, hydroxyls, esters,
dialkylamino groups, and many others, which remain intact throughout the

polymerisation and can be potentially post-modified to enhance polymer functionality.
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Due to the abovementioned advantages, RDRP has become the most versatile and robust
radical polymerisation approach. Among various RDRP techniques, RAFT
polymerisation exhibits a higher tolerance to a wider range of monomers and reaction
conditions. For instance, the “less activated” monomers (LAMs), such as VAc or NVP,
are challenging to be polymerised by using other RDRP techniques, but can be
polymerised via RAFT with a good molecular weight control and low dispersities.*®: 5
58-60 Moreover, with the assistance of various oxygen tolerant strategies, RAFT
polymerisation can be performed in the air, which significantly simplifies experiment
setup and reaction procedures.® ®1 In addition, the fast initiation rate of RAFT
polymerisation is critically important for the whole research work of the thesis. Upon all
these advantages, the following sections will therefore elaborate more on RAFT
polymerisation. More research work on other RDRP techniques can be found in more

comprehensive review papers,1? 49-50,62-69
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2.1.2 Reversible addition-fragmentation chain transfer polymerisation (RAFT)

Reversible addition-fragmentation chain transfer (RAFT) polymerisation is one of the
most effective and versatile RDRP techniques. RAFT relies on a degenerative chain
transfer process to control the exchange between the active and dormant species during
polymerisation. The early reports of applying addition-fragmentation chain transfer
techniques to control molecular weight can trace back to the 1980s.2 97 However,
imparting living character to the radical polymerisation via reversible addition-
fragmentation chain transfer method appeared in 1995.7476 Building upon the work in
1998, a group of researchers from Commonwealth Scientific and Industrial Research
Organization (CSIRO) Australia utilised thiocarbonylthio compounds (RSC(Z)=S) as the
chain transfer agents and designated the process RAFT polymerization.” The design and
synthesis of thiocarbonylthio species (RAFT agents) with diverse structures significantly
improved the effectiveness of RAFT polymerisation toward various monomer systems.
So far, a wide range of RAFT agents have been developed (Figure 2.3), including the
four main classes of dithioesters (Z = alkyl or aryl),”” trithiocarbonates (Z = SR’),??
dithiocarbamates (Z = NR’R’*)"8! and xanthates (Z = OR’).828 The polymerization
process employing xanthates as the chain transfer agent was termed macromolecular
design via the interchange of xanthates (MADIX).8 The RAFT and MADIX processes
are actually identical in mechanisms, but only differ by the structure of the

thiocarbonylthio compounds.>®: 84

Dithoester Trithiocarbonate Dithiocarbamate Xanthate
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Figure 2.3 General chemical structures of four main classes of RAFT agents.

Apart from being able to confer living characteristics to the polymerisation, another
benefit of the RAFT process is that it can proceed in various reaction media, including
bulk,” organic or protic solvents,” 34-3% emulsion and mini-emulsion,?-87 Lewis acid®-
and some unconventional solvents such as ionic liquids.®¢-*” Further, RAFT
polymerisation demonstrates a high tolerance to the majority of monomers,?3 55 a broad

range of reaction temperatures (typically from ambient to 180 °C) and high reaction
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pressures (up to 5 kbar).5* 91-% These attributes increase the versatility and applicability
of RAFT polymerisation. It is reported that RAFT polymerisation has been successfully
applied in the fields of bioapplications, electronic polymers, stimuli-responsive polymers
and industrial polymeric materials.'8 97-%° More information regarding to the applications
of RAFT polymerisation can be found in other reviews.? 17:100-101 The following sections
will focus on the mechanism of RAFT polymerisation, how to make the right selection of

the RAFT agents and RAFT crosslinking polymerisation.
2.1.2.1 Mechanism of RAFT polymerisation

The mechanism of RAFT polymerisation is shown in Figure 2.4. In general, RAFT
polymerisation comprises initiation, pre-equilibrium, re-initiation, main equilibrium and
termination.5! 192-103 |n the initiation process, initiators are used to generate free radicals
which are capable of initiating polymerisation to form propagating radicals (Pn°).
Subsequently, the propagating radical (Pn") can add to the thiocarbonylthio compound
(RSC(2)=S, (1)) to form an intermediate radical species (2). Followed by the
fragmentation of the radical intermediate (2), a polymeric thiocarbonylthio compound
(PnS(Z)C=S, (3)) and a RAFT agent derived radical (R*) are generated. The radical (R")
re-initiates unreacted monomers and continues propagation to form new polymeric
propagating species (Pm®). Afterwards, the main equilibrium is rapidly established
between the propagating radicals (P»" and Pm®) and the dormant thiocarbonylthio
compounds (3) by way of the intermediate (4), providing an equal probability for all
chains to grow. As such, polymers with low dispersity can be obtained via RAFT process.
When the polymerisation is complete, most of chains possess the thiocarbonylthio end-
group and remain dormant. However, biomolecular termination of free polymeric radicals

leads to dead polymer.

20



Initiation

Initiator —_— I _— P

Reversible chain transfer/propagation

Pn + SYS_R kadd Pn_SW./S_R = Pn_S\(S + R

U ’ kﬁadd ’ k_B ’
M
k

p

Reinitiation
e M e M M 0
R — R-M ——>—> P,
ki
Chain equilibration/propagation

P Kaar  p =S

u +SYS—Pn mes\fs + P,
k

Z —addP 7 Kaddp 7
M M
k [i¢

s—p, K-adw

p P
3 4 3
Termination
. . k
P, + P, e Dead polymer

Figure 2.4 Mechanism of RAFT polymerisation showing the steps of initiation,
reversible chain transfer/propagation (also known as pre-equilibrium), reinitiation, chain

equilibration/propagation (also known as main equilibrium) and termination.>!

The effectiveness of RAFT polymerisation depends on the values of two transfer
coefficients, Cir (=ku/kp) and C-tr (= ktr/kp).5% 8 The rate constant ki is determined by the
rate constant of radical addition kadd and the partition coefficient (¢) as shown in eq 1.
Similarly, the k-« for the reverse process can be defined by eq 2. The partition coefficient
¢ is to determine the fragmentation preference of the intermediate radicals between the
products and the starting materials (eq 3). For effective RAFT agents (1) during the pre-
equilibrium in Figure 2.4, the R group should be a good leaving group, fragmenting fast
from the intermediate radical (2) toward the product side to generate radical (R*) (i.e., the
partition coefficient ¢ >0.5). Moreover, the radical (R") should effectively reinitiate the
polymerisation to form propagating radicals (Pm®), in turn avoiding the occurrence of
polymerisation retardation.>! For macro-RAFT agents (3) during the main equilibrium in

homopolymerisation, the Ci should be equal to C-« due to the analogous structures of the
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propagating radicals Pn" and Pm®, which provides the same rate constants Kadd, k-g and a

partition coefficient ¢ of 0.5.

k
ker = Kaga® = Kada 37—~ ddB+ P Eq. 1
-a
k o=k g(1—¢)=k _Koada Eq. 2
TR Pk _aaa + kg '
o=— 18 Eq. 3
k_aaa t+ kg a

2.1.2.2 Choice of RAFT agents

So far, a wide range of RAFT agents (RSC(Z)=S) have been reported. The effectiveness
of these RAFT agents in the polymerisation of different monomers is strongly determined

by the properties of the leaving R groups and the activating Z groups.

The Z group plays a vital role in affecting the rate of addition of propagating radicals to
the C=S double bond of a thiocarbonyl group.5? 8 104 The rate is higher when Z is aryl,
alkyl (dithioesters), or SR’ (trithiocarbonates), but lower when Z is OR’ (xanthates) or
NR’R’’ (dithiocarbamates). The low activity of xanthates and dithocarbamates derivatives
can be attributed to the zwitterionic canonical forms shown in Figure 2.5. The interaction
between the oxygen or nitrogen lone pairs and the C=S double bond reduces the double
bond character, in turn impeding the free radical addition.’® 1% The activity can be
enhanced when the lone pair on the oxygen or nitrogen atom is conjugated to a r-system
or interacts with an electron-withdrawing group on the Z substituents.’87% 105106 |n
addition, the Z group determines the stability of the intermediate RAFT radicals formed
during the pre-equilibrium or the main equilibrium. If the intermediate radical is
significantly stabilised, for instance by a phenyl Z group, the rate of fragmentation may
become very slow. As a result, the polymerisation can be inhibited or retarded. Many
previous reports have revealed the occurrence of retardation when the RAFT agent is
dithioester with a Z of aryl group. This is more apparent when a higher concentration of

RAFT agents is employed.107-110
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Figure 2.5 Zwitterionic canonical forms of xanthates and dithocarbamates.%4

Radically polymerisable monomers can be broadly classified into two categories, known
as the “more activated” monomers (MAMSs) and the “less activated” monomers (LAMs).
MAMs have C=C double bonds conjugated with an aromatic ring (e.g., St and
vinylpyridine), a carbonyl group (e.g., MMA, methyl acrylate (MA), methacrylamide
(MAM), acrylamide (AM)) or a nitrile (e.g., AN). LAMs have C=C double bonds
adjacent to a saturated carbon (e.g., diallyldimethylammonium chloride), on oxygen or
nitrogen lone pair (e.g., VAc) or NVP) or the heteroatom of a heteroaromatic ring (e.g.,
N- vinylcarbazole).> 8 MAMs and LAMs have different activities, with the former being
less reactive in radical addition but the latter highly reactive. As a result, to provide good
control, the selection of the RAFT agent with a suitable Z group to mediate the

polymerisation of a specific monomer is of great significance.

A general guideline of Z selection is shown in Table 2.1.5! More active RAFT agents,
such as dithioesters (Z = alkyl or aryl) or trithiocarbonates (Z = SR’), are more suitable
for controlling polymerisation of MAMSs, while less active RAFT agents, such as
dithiocarbamates (Z = NR’'R’’) and xanthates (Z = OR’) are ineffective with MAMs.5": 7%
104, 111 This is mainly because MAM propagating radicals are less reactive and will not
add effectively to less active RAFT agents (e.g. dithiocarbamate or xanthate). As a result,
a more active RAFT agent is required for effective radical addition, in turn performing
good control over polymerisation. On the contrary, less active RAFT agents provide good
control over the polymerisation of LAMs, while more active RAFT agents may inhibit or
retard polymerisation of LAMSs.5": 79104, 111 |t js reported that the intermediate radical
formed by the addition of a less activated monomer is more stable and not in favour of
fragmentation.5”- 112 As such, a Z group which can destabilise the intermediate radical is
essential to promote fragmentation. The less active RAFT agents such as
dithiocarbamates (Z = NR’R’’) and xanthates (Z = OR’) have the Z group containing
nitrogen or oxygen. The lone pairs of the heteroatoms can effectively induct toward the

intermediate radical to destabilise it and facilitate fragmentation process.%” 112

23



polymerisation of different monomers.>!2

Table 2.1 Guidelines for selection of the Z group and R group of RAFT agents for
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aBold blue = controls well; regular black = controls, but not so well; bold grey = does not

control.

The R group is of great importance in the pre-equilibrium of the polymerisation. It should

be a better leaving group with respect to the propagating radical to force the equilibrium
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to move toward product side, fragmenting rapidly to generate radical R*.5% 8 Also, the
radical R® must efficiently reinitiate monomers to avoid retardation.’®* A general

guideline of R selection is shown in Table 2.1.5!

The stability of radical R® plays a role in determining the fragmentation rate. Increased
radical stability makes R group a better leaving group; however, if the radical R® is too
stabilised, the reinitiation rate constant ki becomes lower than the propagation rate
constant kp. As a result, it cannot effectively add to a monomer and reinitiate
polymerisation.84 97113 Steric effect is another important factor in determining the leaving
ability of radical R®. For example, in the polymerisation of MMA, iso-octyl
dithiobenzoate (R = -C(CH3s)2CCH2(CHs3)3) demonstrated a higher transfer coefficients
than tert-butyl dithiobenzoate (R = C(CHs)3z) and benzyl dithiobenzoate (R = -CH2Ph).113
The bulky structure of the R group of iso-octyl dithiobenzoate enhanced the leaving
ability. However, the steric bulk may also incur steric hindrance, which may affect the R
group reinitiating capability. Introducing electron withdrawing groups on the R group can
increase the electrophilicity of the leaving radical, in turn enhancing its affinity for
electron rich C=C double bonds to reinitiate monomer, despite the steric bulk.” 113

Moreover, this polar effect can also increase fragmentation rates of the R group.
2.1.2.3 RAFT crosslinking polymerisation

Free radical polymerisation (FRP) of vinyl monomers and divinyl crosslinkers has been
largely employed for the synthesis of highly crosslinked networks and gels. The network
structures of these polymeric materials are critically important to the performance in
various fields, such as dental materials, coatings, drug delivery, artificial organs and
microelectronic devices.*%6 However, FRP process usually leads to the formation of a
heterogeneous network which seriously impacts the mechanical properties of the final
products.t’-11% In FRP, the low rate of initiation compared to propagation leads to a very
low concentration of polymer chains at the early stage of the polymerisation. As a result,
intermolecular crosslinking reaction is limited. Instead, pendent vinyl bonds are rapidly
consumed by propagating radicals via intramolecular cyclization reactions, generating
densely crosslinked domains (nanogels).t” 120-123 These nanogels are loosely connected
toward the later stages of the reaction to form networks with highly variable crosslink

densities.
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In contrast to FRP, RAFT crosslinking polymerisation provides great benefits in
preparing homogeneous networks. In a RAFT system, all primary chains can be initiated
at the very beginning of polymerisation. Due to rapid exchange reaction between
propagating radicals and dormant chains, chain growth is frequently interrupted. As a
result, all chains grow in a reduced rate, which leaves sufficient time for chain relaxation
and diffusion, in turn promoting intermolecular crosslinking and reduce intramolecular
cyclisation. This process significantly minimises nanogels formation and gives rise to
more homogeneous networks.'?4128 Figure 2.6 compares the gelation process by free

radical polymerisation vs RAFT polymerisation.'%6
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Figure 2.6 Schematic presentations of the polymer network synthesis process for

conventional (top) and RAFT (bottom) polymerisations.1

Several studies have been attempted to fabricate polymeric materials with a network of
enhanced homogeneity via RAFT crosslinking polymerisation. For instance, Zhu and co-
workers investigated the homogeneity of networks formed via FRP and RAFT
polymerisation of oligo(ethylene glycol) dimethacrylates.'?> The dynamic mechanical
analysis (DMA\) results showed that the breadths of glass transition regions of the two
networks were distinct. The network formed via RAFT polymerisation exhibited a

narrower tan § peak than that of the counterpart formed via FRP, indicating a more
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homogeneous network of the former. The heterogeneous distribution of highly
crosslinked nanogels formed in FRP network led to a wide distribution of relaxation times
and then a wide glass transition region. In another research, De and co-workers
synthesised crosslinked polymer gels in the presence of a trithiocarbonate RAFT agent in
organic and aqueous solvents.!?* They found that gels synthesised through RAFT
polymerisation exhibited a higher swelling ratio than gels made via FRP, which was

attributed to less highly crosslinked nanogel domains in the RAFT-mediated network.

Another important advantage of networks formed via RAFT polymerisation is the
retention of the thiocarbonylthio polymer chain-end throughout the polymerisation. The
dormant chain-end can be repeatedly activated by external stimuli, such as heat or light,
to enable post-modification of the pre-formed network. One post-modification approach
is to reactivate the chain-end for the subsequent addition of new monomers or crosslinkers
to functionalise the polymeric materials. This has been widely used to produce
structurally tailored and engineered macromolecular (STEM) gels, which are polymer
networks containing latent active sites available for post-modification.'?°13 STEM gels
incorporated with functional groups in the primary network can be easily post-modified
into materials with various properties.’** 13 For example, Johnson and co-workers
demonstrated modification of “parent” polymer networks containing trithiocarbonate
(TTC) units within the polymer backbone. Irradiated by blue light with the addition of a
photocatalyst (PC)  (10-phenylphenothiazine, PTH) and monomers  (N-
isopropylacrylamide, NIPAAM) in acetonitrile, the TTC units can be activated, leading
to subsequent polymerisation and modification of the primary network (Figure 2.7).1%
This network post-functionalization enabled the production of a wide range of daughter

gels with differentiated chemical and mechanical properties.
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Figure 2.7 Demonstration of the modification of parent gels with the TTC units in the
network in the presence of a photocatalyst (10-phenylphenothiazine, PTH) and monomers

(N-isopropylacrylamide, NIPAAM) under blue light irradiation.t3

Another post-modification method is to reactivate thiocarbonylthio compounds in the
network to undergo reversible covalent bond rearrangement between network strands. 3%
138 For instance, Matyjaszewski and co-workers exploited TTC units in a crosslinked
butyl acrylate (BA) network to re-heal gels via reshuffling reactions.®*” They proposed
that the weak C-S bonds of TTC units can undergo homolytic cleavage under UV light
irradiation to generate a reactive carbon radical which can subsequently react with other
TTC units by degenerative exchange reactions (reshuffling reactions) to promote network
rearrangement and recombination (Figure 2.8). Moreover, the low glass transition
temperature (Tq below room temperature) of the crosslinked polymers enables high chain
mobility, which facilitates efficient reshuffling reactions and therefore facilitates self-
healing process. In their work, a gel sample was firstly cut into three pieces which were
subsequently fused into a cured single object under 4 h UV light irradiation in acetonitrile
and nitrogen. To demonstrate the repetitive healing capability, the once healed sample
was re-cut into three pieces and underwent a second self-healing reaction under the same
conditions. After 12 h of photoirradiation, the cut pieces were re-healed and can be

swollen in anisole for 6 h without breaking.
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Figure 2.8 Proposed mechanism of self-healing process via reshuffling reaction of TTC
units between network strands under UV light irradiation.%

2.1.2.4 RAFT end-group functionalisation

Due to the versatility of the thiocarbonylthio group, RAFT polymer chain-ends can be
functionalised via w-end modification approaches, such as reaction with nucleophiles or
aminolysis, radical induced reduction, hetero-Diels-Alder reactions, thermolysis, and
other reactions (Figure 2.9).13%-141 Thiocarbonylthio compounds reacting with
nucleophiles and ionic reducing agents is one of the most versatile and widely reported
methods of RAFT end group transformation. The thiocarbonyl group can be easily
transformed into a thiol group to allow for facile thiol-ene and other thiol modifications.*%
142-150 For example, Winnik and Qiu demonstrated that the thiocarbonylthio end group of
polymers prepared by RAFT polymerisation of NIPAAM can be easily transformed into
a stable thioether group via a mild one-pot process of thiocarbonylthio aminolysis and
Michael addition of acrylate derivatives.}*?> Moreover, a number of examples have shown
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that the thiocarbonylthio groups bearing electron-withdrawing Z groups facilitate their
use as a dienophile in a hetero-Diels-Alder cycloaddition with an appropriate diene.!4°
This method has been used in the synthesis of diblock copolymers and complex
macromolecular structures, like stars.® Stenzel and co-workers employed RAFT
polymerisation to produce PSt by using dithioesters as RAFT agents. Subsequently, star
polymers with up to 4 arms were synthesised via coupling reactions of PSt with multi-
diene coupling agents in chloroform at 50 °C.**? Thermolysis is commonly used for
thiocarbonylthio group removal. It provides an effective and simple method to yield a
sulfur-free unsaturated end group with no chemical additions.'*! However, one drawback
of thermal elimination process is the release of toxic and odorous thermolysis by-products

such as thiols and CSz released during the thermolysis of trithiocarbonates.4% 153

block copolymers X, X "click"

R*\H/\’—SH — block copolymers

xRP nucleophiles
Cu
A/v

N*Y
Y Y

S 2 [4+2]
ﬁ 2
- Co/ R 4 \o. - W
M 2 O\N A

hetero Diels Alder
X
RN X, X JV\H\F
Y Y RN/IL\’*OOH
Y Y

s o —_— NMP
radical-induced oxidation ¢ l
X, X block copolymers
RWOH
Y Y

Figure 2.9 Processes of RAFT end-group transformation via w-end modification
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approaches (R’- = radical; [H] = hydrogen donor; M = monomer).14!

30



2.2 Photomediated RAFT Polymerisation

So far, there have been two main types of initiation methods utilised to trigger RAFT
polymerisation: thermal-initiation” 22 78 104, 113 and photo-initiation,** 6% 154160 photo-
initiation processes have attracted great attention, largely due to the intrinsic benefits of
light as an external stimulus, such as low cost and ubiquity, environmentally friendly
nature, spatiotemporal control, temperature independence, various light source selections
with specific intensity and wavelength. As a result, a wide range of photomediated RAFT
techniques have been developed based on distinct photoinitiating systems. This section
will focus on the advantages of using light in RAFT photopolymerisation, and will also
illustrate three main photomediated RAFT mechanisms, including RAFT polymerisation
initiated by conventional photoinitiators, RAFT polymerisation via iniferter
polymerisation mechanism, and photoinduced electron/energy transfer-reversible

addition-fragmentation chain transfer (PET-RAFT) polymerisation.
2.2.1 Benefits of light verses heat
2.2.1.1 Temporal control

One of the most attractive advantages of using light over heat to trigger polymerisation is
temporal control.6% 161-162 |n an ideal situation, the polymerisation can be readily stopped
once light is off, and then restarted when light is reintroduced. However, in some reported
photoinduced RDRP systems, a small amount of polymer growth can still be observed
when light is off, which could be attributed to many factors, such as experimental errors
or extended lifetime of residual active catalyst.263-1% This problem can be mitigated by
changing reaction solvents, PCs, or switching to a different photo-polymerisation
techniques.*®® A good example to demonstrate temporal control was demonstrated by
Boyer and co-workers, employing chlorophyll a as the PC to initiate polymerisation under
visible light irradiation (imax = 461 and 635 nm) via PET-RAFT polymerisation.'*® This
efficient photoinitiation system provided excellent control over a broad range of
monomers with or without functional groups, resulting in controlled molecular weights
and low dispersities. More importantly, temporal control by changing the light between
“on” and “off” was demonstrated. As shown in Figure 2.10, in the absence of light, no
monomer conversion was observed; however, the reaction progressed when light was

reintroduced.
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Figure 2.10 RAFT polymerisation of MA using chlorophyll a as photocatalyst in the
presence (“ON”) or in the absence (“OFF”) of light.1®®

2.2.1.2 Spatial control

Another benefit of using light over heat to trigger polymerisation is that the former can
provide a precise activation of polymerisation in a target region in an easy and simplified
way. This selective and customizable polymerisation enables the synthesis of materials

with regionally differentiated functions and properties as needed.

Photomask technology is a featured photocontrolled method which has been used for
spatial patterning in photopolymerisation.'®”-1® Light can only pass through the
transparent region, while the opaque region stops light to pass through. One typical
application of photomask technology in polymer chemistry is to synthesise three-
dimensional (3D) polymer brushes.?% 171-172 By setting a specific pattern on the mask,
brushes can only grow in exposed regions, leaving the unexposed regions unreacted.
Moreover, through modulation of light exposure time and intensity, brush heights can be
adjusted. As a result, polymer brushes with complex and arbitrary structures can be
achieved. For example, Pester and co-workers introduced surface-initiated (SI) PET-
RAFT polymerisation in combination with photomasks for patterned polymer brushes
under visible light (Amax = 405 nm) (Figure 2.11(a)).1” In this work, the polymerisation
of N,N-dimethylacrylamide (DMAm) was conducted on a RAFT agent (S-1-dodecyl-S -
(a,a -dimethyl-a ’-acetic acid) trithiocarbonate, DDMAT) functionalised silica wafer,
using 5,10,15,20-tetraphenyl-21H,23H-porphine zinc (ZnTPP) as the PC in conjunction
with dimethyl sulfoxide (DMSO) which provides significant oxygen tolerance and allows

the reaction to proceed in air.*° By using an array of optical lenses, a grayscale photomask
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image was projected onto the wafter. Subsequently, SI-PET-RAFT polymerisation of
DMAm proceeded, resulting in the polymer brush reproduction of the original photograph
(Figure 2.11(b)). The optical contrast was attributed to different heights of the polymer

brush which was caused by distinct levels of the penetration of light through the mask.

(a)
~ SI-PET-RAFT
—_—
L] - el m
L00000000 ZnTPP/DDMAT

'(b) Pattemed Polymer Brushes

Figure 2.11 Demonstration of the formation of patterned polymer brushes via SI-PET-
RAFT process. (a) Schematic of spatial control via SI-PET-RAFT in the polymerisation
of DMAm on a DDMAT-functionalised substrate; (b) Optical micrograph of DMAmM

polymer brush (light) reproduction of an original photomask (inset) on silica (dark).'’?

Another remarkable application of photochemistry is photoinduced 3D printing, widely
known as vat photopolymerisation (VP). Generally, VP adopts a layer-by-layer curing
procedure to transform a liquid photocurable resin into customised objects. For each layer
printing, the light exposure will be confined to a precisely defined region in XY plane to
initiate the photopolymerisation.t’* Also, the printing thickness per layer and curing time
per layer can be changed to achieve adjustable Z-direction resolution as needed. There
have been many VP technologies developed since 1980s, such as stereolithography (SLA),
digital light processing (DLP), continuous liquid interface production (CLIP), volumetric
stereolithography, and others.*’>-18 More information regarding to VP technologies will
be detailed in Section 2.3.
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2.2.1.3 Light intensity and wavelength variation

In general, extrinsic rate control for thermal polymerisation processes mainly relies on
the change of reaction temperature. In comparison, photopolymerisation performs rate
control via not only temperature, but more importantly light intensity and wavelength

selection, which are more easily adjusted and can offer more instantaneous control.

At a given irradiation wavelength, the light intensity determines the number of photons
irradiated from the light source. By increasing the light intensity, the photon flux increases,
which then facilitates photoexcitation. As such, more propagating radicals can be
generated, eventually leading to a faster polymerisation rate.'”® Notably, this process is
temperature independent. Bai and co-workers successfully demonstrated polymerisation
rate control via the manipulation of light intensity in photomediated RAFT
polymerisation.*®® Using long-wave UV irradiation (4 > 320 nm) enabled direct
photolysis of a trithiocarbonate compound to trigger RAFT polymerisation of MA.
Moreover, with an increasing light intensity from 3 to 48 mW/cm?, the induction period
was dramatically reduced, and the polymerisation rate was promoted significantly
(Figure 2.12). The result indicated that higher UV light intensity accelerated the
decomposition of the trithiocarbonate compound.
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Figure 2.12 The effect of UV light intensity on polymerisation rates.°

Light wavelength selection plays an important role in affecting the photoinitiation

efficiency and reaction rate in photopolymerisation, as photoinitiators or PCs have
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different light absorption at different wavelengths. Short wavelength (1 < 350 nm) UV
irradiation was commonly used in early living photopolymerisation systems.? 73 181
Although these systems offered good control, there are many disadvantages of using high
energy UV light, such as reactant and product degradation caused by prolonged UV
exposure time, low light penetration depth and potential harm to long-term operation
users.'82-18 Therefore, photoinitiation systems have been shifting to employ longer
wavelength irradiation. So far, a wide variety of chromophores which can be excited
under long wavelength irradiation have been employed in many studies (Figure 2.13).183
For instance, Boyer and co-workers compared five different porphyrin based PCs in
RAFT polymerisation under both blue (1 = 435-480 nm) and red light irradiation (1 =
610-655 nm).>” Among them, ZnTPP exhibited the best control over the polymerisation
of MA. Moreover, as ZnTPP presents several absorption peaks from 435 to 655 nm, the
polymerisation kinetics of MA were further investigated in the presence of ZnTPP under
green (Amax = 522 nm), yellow (Amax = 565 nm), and orange (Amax = 595 nm) lights. The
kinetic results showed that the polymerisation rate relied on the light source, with the
fastest to slowest polymerisation in the sequence of yellow > green > orange > red > blue
light; the differences in polymerisation rates were mainly due to the different catalyst
absorption under each wavelength range. Therefore, it demonstrates that polymerisation

rates can be easily tuned via light wavelength manipulation.
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Figure 2.13 Examples of chromophores used in photopolymerisation. PTH: 10-
phenylpheothiazine, Ir(ppy)s: tris[2-phenylpyridinato-C2,N]iridium(lIl), MPP: 2,4,6-
tris(p-methoxyphenyl)pyrylium tetrafluoroborate, Pent: 6,13-
bis(triisopropylsilylethynyl)pentacene,  ZnTPP:  5,10,15,20-tetraphenyl-21H,23H-
porphine zinc, BChl a bacteriochlorophyll a, TPO: (2,4,6-
trimethylbenzoyl)diphenylphosphine oxide, EY: eosin Y, DTC: methyl 2-((9H-
carbazole-9-carbonothioyl)thio)-2-methylpropanoate, CDTPA: 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid, OBN: oil blue N, AlPc:

aluminium phthalocyanine.*®

Moreover, using different wavelengths to activate and control polymerisation enables
chromic orthogonal reactions; one wavelength irradiation process can proceed
independently of another to fabricate materials with various functions or properties.8+-187
For instance, Boyer and co-workers employed an orthogonal reaction route to synthesise
graft copolymers via the selective photoactivation of two PCs, pheophorbide a (PheoA)
and ZnTPP, under different irradiation wavelengths (Figure 2.14).18 PheoA was initially
activated under red light (Amax = 635 nm) to produce PMMA homopolymers in the
presence of a dithiobenzoate; subsequently, green light was used (Amax = 530 nm) to
activate ZnTPP for the polymerisation of acrylate side chains in the presence of a
trithiocarbonate. As such, a graft copolymer was successfully synthesised in one pot by

simply switching the light from red to green.
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Figure 2.14 Reaction route for the synthesis of graft copolymers via the selective

photoactivation of two PCs, PheoA and ZnTPP, in a one-pot, two-step process.*e®

Multiple wavelength irradiation approaches can also be utilised for post-modification of
pre-formed polymeric materials; two or more distinct wavelengths can be employed in
one pot to activate polymerisation and subsequent post-modification.8%-192
Matyjaszewski and co-workers demonstrated a metal-free approach for the preparation of
STEM gels by selectively activating trithiocarbonate compounds under different visible
light irradiation coupled with RAFT process.*** In Step 1, three types of primary PMMA
STEM-0 gels were initially formed under green light irradiation with 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA) as the RAFT agent in
the presence of crosslinker poly(ethylene glycol) dimethacrylate (Mn = 750)
(PEGDMAT750) or bis[(2-propionate)ethyl methacrylate] trithiocarbonate (bisSPEMAT))
and/or  trithiocarbonate  inimer  (2-(2-(n-butyltrithiocarbonate)-propionate)ethyl
methacrylate (BTPEMA)) (Figure 2.15). During this step, CDTPA was activated under
green light, undergoing -scission of the weak C-S bond to generate a tertiary carbon
radical R® for the RAFT polymerisation of MMA. However, trithiocarbonate compound
(bisPEMAT or BTPEMA) with R group composed of secondary carbon radical leaving
group remained inert and was not involved in chain transfer reactions with tertiary carbon
radicals. In Step 2, three STEM-0 gels were firstly infiltrated with a second monomer
(MA or DMAmM) and then irradiated under blue light which was able to activate both
CDTPA and bisPEMAT or BTPEMA in the pre-formed networks to start a secondary
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polymerisation. Therefore, STEM-1 gels with different mechanical properties and

polarity (hydrophilicity/hydrophobicity) were finally synthesised.
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Figure 2.15 Synthesis of three types of STEM-0 networks (A—C, Step 1) under green

light irradiation followed by post-modification in the presence of new monomers under
blue light to generate STEM-1 gels (A-C, Step 2).13
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2.2.2 RAFT polymerisation initiated by conventional photoinitiators

Photoinduced RAFT polymerisation in the presence of external photoinitiators adopts a
similar degenerative chain transfer mechanism to that of thermally initiated RAFT
polymerisation. The photoinitiators are typically classified into two categories of Type |
that generates radicals directly via bond homolytic cleavage upon absorption of light and
Type Il that generates radicals in conjunction with a co-initiator, such as an amine or
thiol 19319 Therefore, in a general photoinduced RAFT polymerisation process,
photoinitiators are activated by light to generate initiating radicals, which can add to
monomers as per the standard RAFT polymerisation process. As for an efficient
photoinduced RAFT polymerisation, the selection of light sources, photoinitiators, and

RAFT agents are of great significance.

In 2005, Cai and co-workers employed DDMAT in the polymerisation of MA in the
presence and absence of photoinitiators.'% To suppress the short-wavelength (Amax < 313
nm) UV irradiation incurred severe photodegradation of RAFT agents which undermined
the living character of polymerisation,®? long-wavelength (Amax > 365 nm) UV irradiation
was used. Initially, no polymerisation was observed in 6 hours in the absence of
photoinitiators. As such, (2,4,6-trimethylbenzoyl)diphenylphosphine oxide (TPO) as the
photoinitiator that has strong absorption from 365 to 405 nm was added, which efficiently
initiated the polymerisation. A low dispersity (B = 1.09) was finally achieved at high
monomer conversions (> 80%). Built on this work, the impacts of various UV wave range
irradiations on living behaviour of RAFT polymerisation mediated by trithiocarbonates
or dithioesters in the presence of TPO were further investigated in another report.1% The
results showed dithioesters decomposed more significantly than trithiocarbonates under
full-wave UV irradiation (4 = 254-405 nm), due to the stronger absorption in the wave
range 280-360 nm. By cutting off the short-wave range (below 320 nm), the undesired
decomposition of trithiocarbonates was significantly suppressed from 9% to 4% under
long-wave irradiation (1 = 365-405 nm), leading to a good control over the polymerisation
of MA with a low dispersity (B < 1.1) at 90% monomer conversion. By contrast, over
20% decomposition of dithioesters under long-wave irradiation was observed, resulting

in a higher dispersity of polymerisation of MMA.
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Later, Kwark  and co-workers employed the  xanthate methyl
(ethoxycarbonothioyl)sulfanyl acetate to polymerise VAc in the presence of the
photoinitiator bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide under UV irradiation
(Amax = 365 nm).1%" A rapid polymerisation with well-controlled molecular weights and
low dispersities at high monomer conversions were achieved. However, the authors also
claimed that the PVAc chain ends containing xanthate groups were not stable but can be

decomposed under UV light irradiation.

Considering above findings, more attention has been drawn to use visible light to initiate
the polymerisation. For instance, in the polymerisation of glycidyl methacrylate (GMA),
visible light (1 = 405-577 nm) was employed in the presence of 2-cyanoprop-2-yl(4-
fluoro)dithiobenzoate (CPFDB) with the addition of TPO as the photoinitiator.1® The
photolysis of CPFDB was significant under UV irradiation, but was substantially
suppressed under visible light. As a result, PGMA with a low dispersity (B = 1.2) was
synthesised. Moreover, ultrafast aqueous RAFT polymerisation in the presence of
trithiocarbonates and TPO was demonstrated under visible light irradiation.%%-2%° Except
for obtaining well-controlled low dispersity polymers, a periodic light on and off process

was also performed to reveal the temporal controllability of the photoinitiation systems.?%

Inspired by these studies, the group of Cai firstly reported the visible light initiated
polymerisation-induced self-assembly (PISA) of diacetone acrylamide (DAAm), using
sodium  phenyl-2,4,6-trimethylbenzoylphosphinate (SPTP) as a water-soluble
photoinitiator under visible light irradiation at 25 °C.?%! It was demonstrated that the
insolubility of the PDAAmM block effectively led to the in situ formation of spherical
micelles. By using the same photoinitiator SPTP, Zhang and co-workers reported an
aqueous photoinitiated PISA of 2-hydroxy-proplyl methacrylate in the presence of a
poly(ethylene glycol) (PEG) based macroRAFT agent under visible light at room
temperature.?> Remarkably, a broad range of polymer nanoparticle morphologies (e.g.,
spheres, worms, vesicles) were readily obtained by varying the degree of polymerisation
(DP) and solids content.

Photoinduced RAFT polymerisation was also applied via photo-flow processing
techniques, which is highly efficient for the synthesis of polymers in quantities that might

be difficult to obtain via batch reactions. In 2016, Guthrie and co-workers firstly
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demonstrated photoinduced RAFT polymerisation using a tubular continuous flow
reactor in the presence of CDTPA as the RAFT agent and two different conventional
photo-initiators.?%® Under UV light irradiation (4 = 310-380 nm), the polymerisation of
DMAm resulted in a good control, with a low dispersity (B <1.3) at high monomer
conversions. Further, high loadings of photoinitiators and RAFT agent significantly
increased the polymerisation kinetics, with approximately full monomer conversions after
only 5 min irradiation at 30 °C. However, the dispersity was also slightly increased to
around 1.6, which could be attributed to the increased chain termination under the forcing

conditions.

Instead of using UV light, Boyer and co-workers utilised continuous flow reactors for the
synthesis of nanoparticles with varied morphologies via alcoholic RAFT dispersion PISA
under blue light (Amax = 460 nm) irradiation.?* By varying the DP of the second block
copolymer, diverse morphologies from spheres, to worms and vesicles can be formed.
Moreover, it was also found that the impacts of photoinitiators on polymerisation rates
were more crucial in the case of using acrylate-based macroRAFT agent than that of using

methacrylate-based macroRAFT agent.

More information of photoinduced RAFT polymerisation in the presence of

photoinitiators will not be detailed here but can be found elsewhere.205-208
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2.2.3 RAFT polymerisation via iniferter polymerisation mechanism

The iniferter (referring to initiator-transfer-agent-terminator) polymerisation which was
actually discovered before RAFT polymerisation was firstly employed by Otsu and co-
workers in 1982.2 ® Although it was proposed that photoiniferter polymerisation
proceeds via a degenerative chain transfer process, unlike conventional photo-induced
RAFT polymerisation, no exogenous radical initiators are needed in photoiniferter
polymerisation (Figure 2.16). Irradiated by UV light, thiocarbonylthio compounds
undergo B-scission of the weak C-S bond to generate a stabilised thiocarbonylthio radical
and an active carbon-centered radical capable of adding across monomer vinyl bonds to
initiate polymerisation. Subsequently, degenerative chain transfer process occurs between
propagating radicals and iniferters which are not cleaved by photolysis which is similar
to the RAFT equilibrium process. Finally, the stabilised thiocarbonylthio radical can
recap a growing polymer chain to produce a dormant macroiniferter, which can be

reactivated again upon further irradiation.42 209-211
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Figure 2.16 Schematic process of RAFT photoiniferter polymerisation.?!

UV-light induced photoiniferter polymerisation has drawn great attention in early
investigations. However, long-term UV irradiation inevitably led to side reactions, such
as the direct photolytic degradation or termination reactions of iniferters, finally resulting
in poor control over the polymerisation at high monomer conversions and limiting the
overall livingness.?*2 For instance, Tardi and co-workers employed p-xylylene bis-(N,N-
diethyldithiocarbamate) as photoiniferter in the polymerisation of BA.?'3 A dramatic loss
of active end group during polymerisation was found, which was partially attributed to
the recombination of two dithiocarbamyl radicals to form tetraethylthiuram disulfide.
Also, evidence has shown that the dithiocarbamate groups were degraded during the
polymerisation, even though the mechanism could not be verified. As a result, it was
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claimed that the polymerisation process was not truly living, and full control of the molar
mass of the polymers was problematic. In a different report, Turner and Blevins
demonstrated that under UV light, the dithiocarbamate irreversibly degraded to form CS2
during the polymerisation, leading to the loss of the living nature of the functional chain-
end and a high dispersity.?** To suppress the side reactions and improve the control of the

polymerisation, long-wavelength light irradiation is preferrable.

In 2013, Bai and co-workers conducted a systematic study of the influence of light
intensity, wavelength, and iniferter concentration on the photo-iniferter polymerisation
under long-wavelength UV irradiation (imax > 320 nm).8 In this work, a narrow
dispersity (B = 1.09) of the linear PMA at a relatively high monomer conversion was
obtained in the presence of DDMAT. It was reported that the rate of polymerisation was
strongly dependent on both the concentration of DDMAT and the light intensity. Also, a
high concentration of DDMAT was the key to the good control of the polymerisation.
However, a low concentration of DDMAT led to poor control and a broad molecular
weight distribution, which was due to the irreversible degradation of DDMAT at the low
concentration. The authors also claimed that the structure of the iniferter can affect the
living behaviour of the photo-iniferter polymerisation. In comparison with the
polymerisation mediated by dithioesters,'82 1% high concentrations of trithiocarbonates
can provide a better control at a high monomer conversion and maintain the livingness of

the polymerisation.t54 215-216

Later, Johnson and co-workers employed a bis-norbornene trithiocarbonate in the
polymerisation of NIPAAM under long-wavelength UV irradiation (Amax = 352 nm).2’
Temporal control was demonstrated by switching the light “on” and “off”. As shown in
Figure 2.17, a linear relationship between the molar mass and monomer conversion was
observed across several irradiation cycles, with the final dispersity close to 1.1 at a high
monomer conversion (> 80%). Interestingly, sunlight was also used to initiate the
polymerisation of NIPAAM in the presence of the bis-norbornene trithiocarbonate,
obtaining the polymer with a lower dispersity (B = 1.09) at monomer conversion over 70%
in 5 h. This implies the potential of using visible light to initiate RAFT iniferter

polymerisation.
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Figure 2.17 Temporal control over the polymerisation of NIPAAM in the presence of

bis-norbornene trithiocarbonate under UV light irradiation.?*’

In 2015, Boyer and co-workers pioneered the iniferter-mediated polymerisation of MMA
and MA in the presence of four different thiocarbonylthio compounds under blue, green
and red lights.’>® They found the structure of the RAFT agents played a vital role in
controlling the polymerisation. Dithiobenzoate (4-cyano-4-(phenylcarbonothioylthio)
pentanoic acid, CPADB) and tritiocarbonate (2-(butylthiocarbonothioylthio) propanoic
acid, BTPA) with a secondary R group failed to initiate the polymerisation of MA or
MMA, whereas trithiocarbonates (CDTPA, and DDMAT) with a tertiary R group can be
used under blue and green light. Moreover, in the polymerisation of MMA, CDTPA
offered a better control over the molecular weight distribution (B = 1.1) under green light
than that (B > 1.2) of blue light. This could be explained as the higher energy of blue light
leading to the photolytic degradation of CDTPA. The influence of RAFT agent and
monomer structure on visible light induced photoiniferter polymerisation was also
extensively investigated in Qiao’s work.! 218219 | ater, the influence of Z group with
different electron withdrawing substituents on the initiation efficiency of iniferter
polymerisation was explored by Konkolewicz’s group.??’ They concluded that electron
donating groups can facilitate carbon-sulfur bond homolysis, in turn accelerating
fragmentation procedure. By contrast, electron withdrawing groups inhibit homolytic

cleavage, leading to a retarded reaction.

So far, RAFT photo-iniferter polymerisation has been applied in many different fields, as

the controlled polymerisation without adding exogenous initiators, the high livingness of
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the polymer chain end, multi-selection of various light sources, and the spatial and
temporal control offer great benefits. One of the most important applications of this
technique is to synthesise ultrahigh molecular weight (UHMW) polymers. Although
UHMW polymers have been achieved via some RDRP techniques, specialised reaction
conditions, such as high pressures or heterogeneous reactions were required.??-223 |n
comparison, the preparation of UHMW polymers via photo-iniferter polymerisation can
be performed in a mild condition. For instance, Sumerlin and co-workers have
demonstrated the synthesis of UHMW polymers under long-wavelength UV irradiation
(Amax = 365 nm) using thiocarbonylthio compounds in water at 35 °C.??* A rapid
polymerisation was observed by using xanthate, obtaining an M of 2.47 x 10® g/mol in
just 5 min. Extending the reaction time to 2 h, a UHMW polymer of 8.57 x 10° g/mol
with a low dispersity (B =1.17) was finally obtained. In another report, the authors used
benzyl maleimide (BzMIm) as a comonomer to synthesise functional P(St-alt- BzMIm)
under blue light irradiation (Amax = 450 nm) in dioxane, obtaining the Mn of 2.4 x 10°
g/mol at low dispersity (B = 1.10).2%

Another interesting application of this technique is to produce expandable networks
which can be post-modified with desired properties and functions with the incorporation
of iniferters in the primary networks.*?® 226 The research work of Johnson’s group in 2013
was possibly the first example to demonstrate the expandable network via RAFT photo-
iniferter polymerisation.?'” Initially, a crosslinked gel incorporated with the TTC units in
the primary network was prepared. By exposure to sunlight, the TTC units were
reactivated and allowed the addition of new monomers into the network, obtaining a new
gel with an increased swelling ratio in DMSO (Figure 2.18). Moreover, numerous studies
have been performed to produce nanostructured materials with precise architectures via
iniferter polymerisation,??’-?2° including bottlebrush and comb-like polymers by
Matyjaszewski and co-workers.'*®* More applications of RAFT photo-iniferter

polymerisation will not be detailed here but can be found elsewhere.?30-232
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Figure 2.18 Demonstration of the expandable network via RAFT photo-iniferter

polymerisation under sunlight exposure.?*

46



2.2.4 Photoinduced electron/energy transfer (PET)-RAFT polymerisation

The concept of PET-RAFT polymerisation was firstly introduced by Boyer and co-
workers in 2014.%1 The mechanism was proposed to undergo an electron transfer process
between a PC and a thiocarbonylthio compound, followed by a RAFT polymerisation
process (Figure 2.19(A)). Under light irradiation, the PC was excited to a higher energy
level which was subsequently able to reduce the thiocarbonylthio compounds to generate
thiocarbonylthio anion and radical species (R* or Pr%). The radical species can initiate
polymerisation of monomers or be deactivated by the oxidated PC* to reform the dormant
species. An alternative proposed mechanism for PET-RAFT involves the energy transfer
from the excited PC” to the thiocarbonylthio compound to generate radical species to
initiate the subsequent RAFT polymerisation (Figure 2.19(B)).233-2%
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Figure 2.19 Proposed mechanism of PET-RAFT polymerisation in the presence of
photocatalyst: (A) electron transfer and (B) energy transfer mechanism. PC:

photocatalyst.?*
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PET-RAFT polymerisation has been demonstrated to be highly versatile in the first
research work. By wusing an iridium-based PC, i.e., tris[2-phenylpyridinato-
C2,NJiridium(I1) (fac-[Ir(ppy)s]), under blue light irradiation (Amax = 435 nm), a wide
variety of monomers (both MAMs and LAMSs) were successfully polymerised with a
good dispersity control in the presence of different RAFT agents including dithiobenzoate,
trithiocarbonate and xanthate.®* Remarkably, UHMW homopolymer of PMA with My
over 2 x 10° g/mol at a low dispersity (B =1.08) was synthesised by using BTPA as the
RAFT agent. The BTPA end-group was subsequently confirmed by *H NMR and UV-
Vis spectroscopy. Moreover, successive chain extensions of PMA were performed,
obtaining a decablock P(MA)10 copolymer with a high molecular weight (Mn ~ 82 000
g/mol). Temporal control was also demonstrated in the polymerisation of MMA. The
polymerisation paused in the absence of light while continued when light was

reintroduced.

Another important finding during their research was that PET-RAFT polymerisation can
proceed in the air without degassing, but with some inhibition periods when (fac-
[Ir(ppy)s]) was employed. Oxygen is an excellent radical scavenger which can quench
propagating radicals and inhibit the polymerisation. Deoxygenation procedure is
therefore a necessity in conventional free radical polymerisation and RDRP process.
However, in this work, it was found that the PC has strong reductive qualities to reduce
oxygen into inactive species (such as superoxide). As such, an inhibition period of 3-4 h
was observed in the polymerisation of MMA and MA, which was due to the reduction of
oxygen by the PC. After the inhibition period, the polymerisation can proceed in a similar
rate as that of the degassed reactions. The tris(bipyridine) ruthenium(ll) chloride
(Ru(bpy)sCl2, Ru™) was also employed to catalyse PET-RAFT polymerisation in the
presence of oxygen. Although Ir(ppy)s was more efficient in giving higher monomer
conversions under identical reaction conditions, Ru(bpy)sCl2 was much less expensive
and still provided good control.?%® Also, the greater solubility of Ru(bpy)sCl2 enabled
PET-RAFT polymerisation to be performed in a wide range of reaction media, including

DMSO, acetonitrile, methanol, toluene and water.23"

Despite the highly efficient performance of these transition metal complexes in PET-
RAFT polymerisation, the high cost and potential toxicity limits their implementation.

The emergence of (metallo) organo-photocatalysts was expected to overcome these
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shortcomings. Porphyrins and metalloporphyrins are important functional molecules
which have strong absorption of visible light, widely existing in the form of chlorophyll,
heme, and VB12 on Earth.?*® Chlorophyll a was reported as the first porphyrin-based
structure employed as a PC to catalyse PET-RAFT polymerisation under visible LED
light (max = 461 and 635 nm) irradiation.'®® In this work, a broad range of functional and
non-functional monomers were efficiently polymerised, obtaining polymers with
controlled molecular weights at low dispersities. Later, bacteriochlorophyll a was utilised
as the PC which enabled the PET-RAFT polymerisation to be performed under long
wavelength irradiation from far-red (Amax = 780 nm) to near-infrared (NIR) (Amax = 850
nm).° Interestingly, polymerisation proceeded smoothly when the light passed through
paper barriers before reaching the reaction vessel, which was mainly attributed to the deep

penetration of NIR light.

Non-toxic and low cost metalloporphyrins were also employed in PET-RAFT
polymerisation. During the investigation of metalloporphyrins to access their suitability
as PC to catalyse PET-RAFT polymerisation, Boyer and co-workers found that ZnTPP
was able to selectively activate trithiocarbonates under a broad range of wavelengths
(from 435 to 655), but less effectively to activate other thiocarbonylthio compounds
(dithiobenzoate, dithiocarbamate and xanthate).!>” Moreover, to compare with the
polymerisation mediated by Ir(ppy)s or Ru(bpy)sClz, very little inhibition was observed
in the presence of ZnTPP in the air. Further study of the oxygen tolerance mechanism
was conducted by the same group in another report.*® Briefly, it was claimed that the
reactive triplet oxygen can be rapidly deactivated by the excited state ZnTPP into singlet
oxygen through triplet-triplet annihilation (TTA), subsequently reacting with the solvent
DMSO to form dimethylsulfone (DMSQO3) as a by-product (Figure 2.20).
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Figure 2.20 Proposed mechanism for PET-RAFT polymerisation mediated by ZnTPP in
DMSO in the presence of oxygen. 3 = ground state oxygen, *A = singlet oxygen, TTA =
triplet-triplet annihilation, DMSO: = dimethyl sulfone.*®

A series of organo-dyes including methylene blue, fluorescein, rhodamine 6G, Nile red
and eosin Y (EY) was investigated in the polymerisation of MMA under blue light
irradiation (Amax = 461 nm) via PET-RAFT process.?®® EY was found to be the most
effective PC to activate PET-RAFT polymerisation, due to its lower reduction potential,
longer excitation lifetime and lower fluorescence quantum yield compared with other
PCs.2% Moreover, the results for polymerisation in the air suggested that EY was able to
guench oxygen to form superoxide anions (Figure 2.21A). The group also employed
triethylamine (TEA) as an electron donor which was expected to improve the reaction
yield in conjunction with EY. It was reported that in the presence of oxygen, the
polymerisation rate of the TEA engaged reaction was doubled that of the reaction in the
absence of TEA. In addition, the induction period was dramatically reduced, indicating
that TEA improved the effectiveness of oxygen consumption. It was proposed that EY
was reduced to form radical anion (EY* ) via an electron transfer from the electron donor
(TEA). Subsequently, one part of EY* ~ played a role in reducing oxygen into inactive
species, whereas the other part transferred an electron to the RAFT agent to generate an
anionic group and a propagating radical for chain growth (Figure 2.21B). Another
oxygen consumption mechanism demonstrated by the group of Qiao was that the anionic
RAFT group reduced by tertiary amine can also convert oxygen into inactive superoxide
anion.?*®  Finally, well-defined polymers were synthesised by optimising the

concentration of EY and TEA under air.
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Figure 2.21 Proposed mechanisms for PET-RAFT polymerisation mediated by eosin Y

in the absence (A) and presence (B) of triethylamine (TEA) and their oxygen tolerance.?%

Upon this work, the catalytic performance of four different xanthene-based organic dyes
including EY, erythrosin B (EB), rose bengal (RB) and phloxine B (PB) were further
investigated.?*1-242 It was demonstrated that EB exhibited a higher efficiency than other
catalysts in activating PET-RAFT polymerisation. Moreover, semiconductors, such as
Ti02,243-24 Zn0?* or graphitic carbon nitride (g-C3sN4),%*¢ have also been utilised as PC
for PET-RAFT polymerisation. The photocatalytic system mediated by semiconductors
provides great benefits of excellent physicochemical stability, high oxidative capacity,
low cost, and low toxicity, drawing great attention in recent years. Table 2.2 provides a
list of PCs which have been commonly used in PET-RFAT polymerisation. The PCs
reported here are only a part of the broad classes of PCs employed for PET-RAFT

polymerisation. More information can be found elsewhere.247-251
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Table 2.2 Examples of photocatalysts used in PET-RAFT polymerisations.

RAFT Oxygen
Photocatalyst A ref.
agents® tolerance
ooy) CPADB, BTPA, o | o 61, 252-
r 3 on-degasse
PRy BSTP, Xanthate ° 2%
61, 236-
Ru(bpy)sCl2 CPADB, BTPA Non-degassed B 237 254
CPADB, BTPA,
Chlorophyll a BSTP, CDTPA, Non-degassed B,R 158, 256
CDB, CPD
_ R, FR,
Bacteriochlorophyll a CPADB Degassed NIR 159
CPADB, BTPA, 40,157,
ZnTPP BSTP, CDTPA, Non-degassed B, G, Y,R 1818,
DTPA 257-258
TPP CPADB Degassed R 157
239, 241,
EY CPADB, BTPA Non-degassed B, G
259-260
EB BTPA, DTPA Non-degassed 241-242
Fluorescein CPADB, BTPA Non-degassed B 61
TiO2 CPADB Degassed uv 243-244
ZnO CPADB Degassed uv 245
Benzyldodecyl
g-CsN4 o Non-degassed uv 246
carbonotrithioate
PTH Bis-azide TTC Degassed B 130
aAbbreviations: BSTP: 3-(((benzylthio)carbonothioyl)thio)propionic acid; CDB: cumyl
dithiobenzoate; CPD: 2-cyanopropan-2-yl benzodithioate; DTPA: 2-

((dodecylthio)carbonylthio)thio)propanoic acid; NIR: near infra-red; FR: far-red; R: red;
Y: yellow; G: green; B: blue; UV: ultraviolet.

Overall, photomediated RAFT polymerisation is a versatile and robust technology for the
synthesis of polymeric materials. Diverse photoinitiating systems and a wide range of

light wavelength selections to activate polymerisation in combination with various
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oxygen tolerance strategies enable this technology to be promisingly applied in many
different fields.
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2.3 Vat Photopolymerisation 3D printing

3D printing, also known as additive manufacturing, was firstly introduced in 1980s with
the aim of producing customised objects which display high levels of complexity in
geometry and function.!® 261 In contrast to conventional fabrication which needs
complicated procedures of moulding, forging or machining, 3D printing allows faster
transformation on computer-assisted designs (CAD) and manufacturing of customised
products tailored to meet individual demands and other specific applications.'’® With the
rapid development and innovations in material and machine design, 3D printing
techniques have been widely employed in many different fields including dentistry,262-263
aerospace,?%42% automotive industry,?®® electronics,?®’ medicine,?%82%° and food
industry?’© by using a broad range of printing materials such as ceramics, metals and

alloys, polymers, glass and bio-based materials.t’’- 271-272

The American Society for Testing and Materials (ASTM) International has classified 3D
printing technologies into seven main categories, including binder jetting, directed energy
deposition, material extrusion, material jetting, VP, powder bed fusion and sheet
lamination.?”® Among these 3D printing techniques, VP has drawn special attention from
material and polymer scientists due to the versatility of photochemistry.t’ 274 The
photocuring strategy behind VP is to use light to trigger polymerisation reaction in the
presence of photoinitiating species, converting photocurable resins into solid materials.*’*
177 The resins used to form 3D printed objects are typically composed of multifunctional
(meth)acrylate- or epoxide-based monomers and oligomers; this provides thermoset
materials with excellent mechanical performance of high modulus.?5-2’® To compare with
other 3D printing technologies, VP has demonstrated superior advantages in performing
spatiotemporal control and providing fast build rates and high printing resolution.’®
Moreover, using light as the external stimuli, the polymerisation process becomes less
temperature sensitive, and can be controlled by selecting specific wavelength and light

intensity.

Therefore, the following sections will focus on introducing various VP techniques, such

as SLA, DLP and many others as well as their applications.
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2.3.1 Laser scanning stereolithography (SLA)

It is widely believed that the term “stereolithography” (SLA) was coined by Hull’s patent
in 1980s.2"7 It was proposed that the generation of 3D objects was layer by layer. Figure
2.22 demonstrates the main components of an SLA instrument based on Hull’s concept
of design.?’® A general process of SLA printing starts with the design of a 3D model with
CAD software, which will be subsequently converted to a standard tessellation language
(STL) file. By decoding the STL file, the 3D model is cut into horizontal 2D slices with
the information of cross-sections.?’® Based on these information, the 3D model can be

generated layer by layer.

N
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Z stage
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Figure 2.22 The concept of stereolithography.?’®

The principle behind SLA originates from the polymerisation and crosslinking reaction
of the liquid resin in the vat induced by a focused laser beam scanning (usually in the UV-
range).?® The spot size of the laser beam determines the accuracy of the print. The laser
beam scanning is usually controlled by galvanometric mirrors, moving along the X-Y
direction sequentially within the plane on the surface of photoresin. The curing time per
layer therefore relies on the laser beam scanning speed and the dimension of the
illuminated area.r’® The vertical resolution is determined by the light penetration depth,
which can be improved by adding light absorbers to the photoresin. In a typical printing
process, the platform of an SLA instrument is immersed in the vat. Once a layer is cured,
the platform is lowered or raised in the Z direction with a fixed height of a layer. The

curing process is repeated layer-by-layer until the whole object is printed.t’’
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SLA technology has been employed to investigate mechanical performance of materials
3D printed under different conditions. For instance, the study of mechanical properties of
specimens 3D printed by using a Formlabs ‘Form 2’ SLA printer under different printing
parameters was performed by the group of Qureshi.?®! It concluded that the layer
thickness played a vital role in affecting both the material mechanical behaviour and the
geometrical accuracy, due to its influence on the penetration of UV light through the
layers. Moreover, the post-curing process had a significant impact on tensile properties
of the 3D objects, with the samples exhibiting isotropic behaviour and obtaining
dramatically increased elastic modulus and ultimate tensile stress. By using the same
printer, Kiran and co-workers investigated the influence of build orientation, layer
thickness, strain rate and size effect on mechanical properties of samples printed by using
methacrylate-based photoresin.?® Interestingly, it was found that the impact of different
build orientations on mechanical properties of samples printed ‘on edge’ (0° - 90°) was
not obvious (Figure 2.23). However, the ‘FlatX’ sample printed in a different plane
exhibited reduced mechanical strength, which could be due to partial curing of larger

cross-section areas.

Figure 2.23 Different orientations of samples printed on platform (CAD

representation).?

SLA technology has also gained great attention in biomedical applications and tissue
engineering. In 2016, Minakuchi and co-workers printed dentures using methacrylate-
based photoresin via SLA process. In this study, dentures were printed in three directions
(0°, 45°, and 90°), with the highest trueness and precision occurred in the printing direction

of 45° (Figure 2.24).2% Followed by this work, the same group also conducted the
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investigation of the impact of printing direction on stress distribution on denture
models.?®* However, due to the cytotoxic nature of these photopolymers in the resin,
recent research has moved on to synthesise biocompatible and biodegradable materials
for 3D printing. For example, Akkus and co-workers printed ear-shaped scaffolds by
using a hybrid biocompatible resin formulated with natural and synthetic polymers
(chitosan and poly(ethylene glycol) diacrylate (PEGDA)).%> It was found that the
mechanical properties, cell adhesion and printability were determined by the feed-ratio
of chitosan and PEGDA.

Figure 2.24 Dentures 3D printed via SLA process in three different directions (0°, 45°,
and 90°).283

In addition, SLA technique has been extensively employed to produce smart materials
via 4D printing, which enables 3D objects to transform into another structure over time
under external stimuli.?®® Shape memory materials are one of the main classes of smart
materials. Tanarro and co-workers fabricated complex micro-vascular shape memory
polymer actuators, such as microclaw and spring, via SLA-based printing process.?®’
Moreover, Magdassi and co-workers demonstrated the generation of shape memory-
based 3D objects printed via SLA process, which can be used in flexible and responsible
electrical circuits.?® Later, Huang and co-workers synthesised epoxy-acrylate hybrid
photopolymer for the fabrication of shape memory polymers by using an SLA 3D printer.
The 3D printed material demonstrated a rapid shape recovery rate, with the recovery

process taking less than 20s.28
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Overall, SLA technology is also progressing in many other fields, such as sensors,

piezoelectric materials, soft actuators, which can be found in other reivews,17> 290-2%
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2.3.2 Mask projection stereolithography (MPSL)

In contrast to laser scanning SLA which adopts a point-by-point printing method, mask
projection stereolithography (MPSL) can print each layer of objects in one exposure by
projecting mask images onto the resin surface. As such, MPSL provides a higher printing
speed than SLA.176.178 DLP is the most representative MPSL technique, which employs
a digital light projector to generate dynamic mask images (Figure 2.25).2% The lateral
resolution of DLP is usually in the range of 10-50 um, greatly depending on the resolution
of the digital projector. The vertical resolution is highly related to the light penetration
and scattering, which can be improved with the addition of light absorbers and

polymerisation facilitators.1"8 2%

(a) Stereolithography (SLA) (b) Digital Light Processing (DLP)

Support
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Liquid | o -
Resin / " |'| |'|
Scanning \L—
Mirror \_ Laser —

~~ Projector

Figure 2.25 Comparison between the working principle of (a) SLA and (b) DLP 3D

printers.2%

DLP has been employed in many different applications, such as dentistry,2%7-2%
biomedical applications and tissue engineering,?°*-3* and production of shape memory
materials and soft acutators.3°2-33 However, the light source of these applications is
mainly reliant on UV light, which has many potential disadvantages, including low light
penetration depth, threat to cellular photodamage and causing degradation of reactant and
products.3%4-3% The progress in LED light-source technology in combination with a broad
range of photoinitiators has facilitated the development of visible light initiating systems
for photopolymerisation.3%6-3% Stampfl and co-workers demonstrated the fabrication of
3D objects in the presence of methacrylate-based photoresin, using DLP 3D printer

equipped with 405 nm projector.3%® Three visible light photoinitiators were employed,
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with the ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate offering the highest double-
bond conversion and best mechanical properties. Surprisingly, the tensile strength and
elongation at break of the objects 3D printed on this 405 nm DLP printer were even
competitive with those printed with other 3D printing techniques. Followed by this work,
visible light induced DLP 3D printing has developed rapidly and utilised in many
applications, such as bioprinting and multimaterial fabrication.®!%-34 Recently, Page and
co-workers demonstrated a rapid high-resolution DLP 3D printing (build speed up to 45
mm/h and feature size < 100 um) activated by using four different visible light sources
including violet, blue, green and red (Figure 2.26).3!®> The addition of coinitiators and
opaquing agents was critical to increase the printing speed and improve spatial resolution.
Moreover, inert gas was also necessary for printing under green and red lights, due to the
high oxygen sensitivity of the two PC (RB and ZnTPP). It was finally demonstrated that
with optimised printing conditions, similar mechanical properties of the objects printed
under different wavelengths can be achieved. This study was set as a good example to
demonstrate the versatility of DLP printing technique which is compatible with a wide

range of light sources and provides a high print speed.

/ Violet Resin Blue Resin \

f Green Resin

\

Figure 2.26 Optical images of 3D printed longhorns with corresponding resins indicated

with the optimised resin composition and a slicing thickness of 100 pm.3%°

An important extension of DLP technique is continuous liquid interface production

(CLIP), which was introduced by DeSimone and co-workers in 2015 (Figure 2.27).316
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An oxygen-permeable “dead zone” which is a thin uncured resin interface between the
UV-transparent window and the advancing part is introduced to maintain a continuous
object production. Oxygen inhibition is inevitably encountered in free radical
polymerisation in air, stopping chain propagation by combining with free radicals to form
peroxides or quenching photoinitiator.5? However, CLIP takes the advantage of this
feature to create an uncured liquid layer, in turn maintaining the cured part to be
continuously exposed to the light to print while elevating. As for SLA or DLP printers,
after printing each layer, the platform needs to be moved for the separation of cured parts
from the surface of the vat and for the renewal of liquid resin, then repositions to continue
printing. As a result, the printing speed of CLIP is up to two orders of magnitude faster

compared to other MPSL techniques.36
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Figure 2.27 Demonstration of the working principle of CLIP 3D printer.3!6

In 2016, DeSimone and co-workers further demonstrated the advantages of CLIP in the
fabrication of layerless printing with advanced isotropic mechanical behaviour.3*” To
compare with existing SLA or DLP 3D printing techniques, the staircasing effect on the
objects 3D printed via CLIP process can be substantially controlled by decreasing slicing
thickness without compromising on printing speed (40 mm/h) (Figure 2.28). Moreover,
isotropic mechanical properties of the materials printed in the presence of acrylate-based
photoresin were still achieved even with varied printing orientation and slicing
thicknesses, which is always regarded as a challenge for other VP techniques. 282 318-319
Overall, the continuous fabrication of CLIP enables 3D printed materials with improved
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surface properties without sacrificing on printing speed as well as isotropic mechanical

properties.

20 pm Slicing 0.4 pm Slicing

100 pm Slicing

!”’
i

Figure 2.28 The slope feature of the open book fabricated with the same build speed of
40 mm/h but with different slicing thicknesses (100, 20 and 0.4 um).3/
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2.3.3 Volumetric stereolithography

Distinguishing from SLA and MPSL which adopt a layer-by-layer fabrication procedure,
volumetric stereolithography is a new VP technique which can create an object directly
in three dimensions. In 2017, inspired by the holographic lithography, Spadaccini and co-
workers firstly implemented three orthogonal beams to project target patterns into a
photoresin for the fabrication of complex 3D volumes as a unit operation.®?° This
technique significantly increased the build speed of 3D geometries on a time scale of

seconds.

Followed by this work, a promising volumetric stereolithography technique realised by
tomographic reconstruction was explored by Taylor and co-workers.2?! This technique
was also named as computed axial lithography (CAL). It can selectively cure the liquid
photoresin in a contained volume. As shown in Figure 2.29A and B, a container of liquid
resin is rotated at a set rate in synchronisation with computed patterns of light irradiated
from the projector. After the resin has been exposed from all angles, the accumulation of
light dose is created. When the amount of absorbed light dose accumulates above a
threshold value, the resin will be solidified, thus the object can be fabricated as a whole,
without the presence of layer structures as observed in DLP (Figure 2.29C and D).

However, the print feature size was limited to 300 pm.
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Figure 2.29 Demonstration of CAL volumetric fabrication. (A) the concept of CAL
volumetric fabrication; (B) the components of CAL system; (C) time-sequenced views of
the object during a CAL print; (D) the printed object after washing away uncured resin;
(E) the object from (D) painted for clarity; (F) the same geometry of (D) in larger size;
(G) opaque version of the geometry in (F) by using crystal violet dye in the resin. Scale
bars: 10 mm.32

Later, Moser and co-workers explored a low-etendue illumination system which
improved the resolution of tomographic volumetric stereolithography to 80 pm.
Moreover, a feedback-enhanced system was integrated to precisely control the
photopolymerisation kinetics and improve the geometric accuracy of the object
solidification.®?? In another study, Hecht and co-workers reported an xolography for
linear volumetric 3D printing.32® Without any computer-aided optimisation and feedback
systems, this technique exhibited a resolution about ten times higher than previous known
macroscopic volumetric stereolithography. The advancement of tomographic volumetric
stereolithography paves the way of the production of objects on a microscopic and

nanoscopic level.

Recently, Yang and co-workers employed a rapid dual colour tomographic volumetric
3D printing to realise internal mechanical property gradients with high precision.®?* In
this work, blue light was utilised to polymerise acrylate monomers, while UV light was
utilised for the polymerisation of epoxy monomers. The orthogonal chemistry allowed
the polymerisation of different monomers selectively, in turn creating a functionally

graded material with an average modulus gradient of 5 MPa/pum. This approach opens the
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gate for the fabrication of materials with multiscale structures which is highly demanded

in tissue engineering.3%

In another work, Levato and co-workers successfully demonstrated fast fabrication of
large, complex free-form living tissue constructs by using cell-friendly hydrogel-based
bioresins via a visible light induced volumetric stereolithography process (Figure
2.30).3% A high cell viability (85%) was also achieved. It was claimed that volumetric
bioprinting allows the generation of geometrically complex, centimetre-scale objects in a
time frame from seconds to tens of seconds, which has great potential for upscaling the
production of hydrogel-based materials that can be widely used in clinically relevant

grafts, regenerative medicine and soft robotics.
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Figure 2.30 Demonstration of the volumetric bioprinting process. (A) the cell-laden gel
resin container connected to a rotating platform; (B) the schematic of volumetric
fabrication; (C) the final printed hydrogel-based human auricle model. Printing time =

22.7 s; scale bar = 2 mm.3%6
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2.4 Summary

To summarise, the rapid development of RDRP techniques has provided chemists and
scientists with powerful tools for polymer syntheses. In particular, RAFT polymerisation
techniques have attracted great attention due to their ability to produce well-defined
macromolecules with diverse architectures and chemical functionalities under various
reaction conditions. Also, RAFT crosslinking polymerisation provides great benefits in
preparing homogeneous networks. More significantly, the retention of the
thiocarbonylthio polymer chain-ends throughout the RAFT polymerisation can be
repeatedly activated by external stimuli to enable post-modification of the pre-formed
polymers with desired properties and functionalities. Among various RAFT
polymerisation techniques, photomediated RAFT polymerisation has been extensively
employed due to the intrinsic benefits of light as an external stimulus, such as low cost
and ubiquity, environmentally friendly nature, spatiotemporal control, and temperature
independence. Also, various photoinitiating systems enable RAFT polymerisation to be
performed in a broad range of light wavelengths. Additionally, attributed to diverse
oxygen tolerance techniques, RAFT polymerisation can proceed in the open air without

the complex procedure of deoxygenation.

Concurrently with the evolution of RDRP, VP 3D printing technology has developed
promptly in the past few decades. VP techniques, such as SLA, DLP or CLIP have
demonstrated superior advantages in performing spatiotemporal control and providing
fast build rates and high printing resolution. However, these techniques currently adopt
conventional photocuring method which is primarily reliant on non-living free radical or
cationic polymerisation. Although this photocuring pathway has demonstrated the
effectiveness and efficiency in 3D printing, it leads to limited control over polymer chain
growth, crosslinked network architecture, and the final properties of polymeric materials.
More importantly, the dead polymer chains produced via this process are unable to be
reactivated for further chain growth, which prevents post-functionalisation of printed

materials.

In this regard, the application of photomediated RAFT polymerisation in VP is expected
to solve these problems to make functional polymeric materials. RAFT polymerisation

performs control over polymer chain growth and network formation, allowing the tuning
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of material properties. More importantly, the retention of the thiocarbonylthio polymer
chain-ends in the network impart potential living characteristics to 3D printed materials,
which can be reactivated by an external stimulus to enable post-functionalisation of the
pre-formed networks. Further, due to the high compatibility of a broad scope of
monomers in RAFT polymerisation, materials with selective functions and properties
could be generated. Moreover, the high tolerance of oxygen and multiple photoinitiating
system choices of photomediated RAFT polymerisation facilitates its application in 3D
printing environment. Consequently, the application of photomediated RAFT
polymerisation in VP appears to be a promising approach in the production of polymeric

materials with advanced properties and diverse functionalities.
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3.1 Introduction

The development of additive manufacturing techniques over the past 30 years has had an
immeasurable impact on materials science.> Compared to traditional subtractive
manufacturing, additive manufacturing has allowed the production of materials with
arbitrary geometries while minimizing waste, and has provided non-experts access to
complex materials. Among the most common 3D printing techniques (fused filament
fabrication, 3D inkjet printing, etc.) photoinduced processes have garnered significant
attention, largely due to the inherent benefits of light as an external stimuli, including
temperature insensitivity, high biocompatibility, and spatiotemporal control; 3D printing
via stereolithography (SLA), projection microstereolithography, and digital light
processing (DLP) techniques all exploit the ability for light to be constrained in a well-
defined region to produce geometrically complex objects.®'* Moreover, the extensive
range of photochemistry available to perform photoinduced polymerisation has provided

materials with diverse physical and chemical properties.

Recently, some interesting 3D and 4D printing techniques have been developed by
several research groups that exploit the unique attributes of light to produce complex
materials.*>-?° For instance, Hawker and co-workers developed a new approach for visible
light controlled 3D printing based on the bleaching of photochromic molecules, which
allowed large cure depths and printed materials devoid of layer defects.’” Notably, the
use of a single resin formulation containing both cationic and radically sensitive
components enabled one step printing of multimaterial objects. Schwartz and Boydston
have also demonstrated a dual wavelength 3D and 4D printing approach that activated
dual cationic and radical polymerisations under UV and visible irradiation wavelengths,
respectively.'® The use of a multi-wavelength DLP system provided 4D printed materials
with tailored anisotropic properties that showed swelling induced actuation based on the
spatial confinement of each wavelength during the one-pass layer-by-layer printing
process. In other works by Dunn, Ge and co-workers, the independence of thermal and
photo-induced chemistry was utilised for 3D printed multimaterial, shape memory, and
reprocessable polymers.?% 3 In these examples, the use of light to 3D print the initial

objects enabled the secondary material transformations to be independently activated.
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Concurrently with the expansion of 3D and 4D printing techniques, the development of
reversible deactivation radical polymerisation (RDRP) and other controlled
polymerisation techniques over the past 20 years has provided polymer chemists with
new tools to enact macromolecular syntheses.3!-3" Particularly, reversible addition-
fragmentation chain transfer (RAFT) polymerisation techniques have been extensively
studied due to their ability to produce well-defined macromolecules with diverse
architectures and chemical functionalities under a wide range of conditions.*®-4* RAFT
polymerisation utilises a degenerative chain transfer process between propagating
radicals and thiocarbonylthio species (RAFT agents),? 4% 42 which allows a large fraction
of the growing polymer chains to remain dormant. The key for synthesizing
architecturally diverse polymers via these approaches lies in the retention of the
thiocarbonylthio polymer chain-end throughout the polymerisation; repeated activation
of the dormant thiocarbonylthio-capped polymer chain via transfer reactions, and
subsequent monomer additions allow the formation of all manner of block, graft, and

branched copolymers.

More recently, photocontrolled RAFT polymerisation processes have been developed that
display the favourable properties of RAFT polymerisation while being activated with
benign, low energy visible light.#>%* Notably, our group developed a photocatalyzed
polymerisation process termed photoinduced electron/energy transfer-RAFT (PET-
RAFT) polymerisation.*>-*0 In PET-RAFT polymerisation, a photocatalyst (PC) is excited
under visible or near-infrared light irradiation, and subsequently transfers an electron or
energy to a thiocarbonylthio species. The thiocarbonylthio species can then fragment to
produce a radical capable of initiating radical polymerisation.5*%2 PET-RAFT
polymerisation exhibits outstanding tolerance to molecular oxygen and can produce
polymers under a broad range of conditions with high retention of the thiocarbonylthio
chain-end. The high chain-end fidelity of polymeric networks synthesised through these
and other photoinduced RAFT processes have also been exploited to expand the
functionality of pre-formed materials.5° For instance, Johnson and co-workers
presented an elegant strategy for modifying “parent” polymer networks containing
trithiocarbonate units within the polymer backbone.5® Under blue light irradiation in the
presence of solutions containing a PC and monomer, the trithiocarbonate units were able
to be activated, leading to polymerisation and modification of the original network. This

network post-functionalisation provided “daughter” gels with variable properties.
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Additionally, other thiocarbonylthio functional groups capable of degenerative chain
transfer have been used in polymeric materials to modify the as-formed network
structures. Matyjaszewski and co-workers showed an early example of a trithiocarbonate
mediated network rearrangement process.®® Remarkably, the butyl acrylate (BA)
networks were able to be cut and subsequently fused together under UV light irradiation
via photoinduced degenerative transfer between the trithiocarbonate functionalities in
each network fragment. Similarly, dithiocarbamates have been used by Kloxin and co-
workers to relieve stress, and induce self-healing behaviour within networks via bond
rearrangement processes under UV light.®* Notably, this example utilised the spatial
control possible with light to induce a secondary photopatterning of the original material.
Although these methods demonstrate that RAFT agents can be incorporated into networks
for rich post-modification procedures, the slow polymerisation rate for typical RAFT
polymerisation (and other RDRP) processes has precluded their direct application to 3D
printing processes. As 3D printing processes require a rapid cure time for practical
applications, 3D printing of polymeric materials is generally conducted using
comparatively rapid free-radical or cationic polymerisations. As such, 3D printing via

RAFT polymerisation has remained a great challenge.

Herein, we investigate 3D and 4D printing via photoinduced RAFT polymerisation (PET-
RAFT 3D and 4D printing using an organic PC) activated under visible light (Zmax = 525
nm, intensity = 0.32 mW/cm?. The photocatalytic system featured an organic dye
(Erythrosin B, EB) and a tertiary amine co-catalyst (triethanolamine, TEtOHA), which
allowed 3D printing to be conducted in agueous solutions without prior deoxygenation.
Following fabrication and mechanical testing of the 3D printed materials, the
trithiocarbonate groups incorporated in the networks were activated under visible light
for post-modification processes. The dormant RAFT-capped polymer chains were able to
be reinitiated in the presence of EB under green light irradiation, which enabled surface
modification of the printed objects. Additionally, the use of light allowed the formation
of materials with spatially tailored properties to be printed in a single step, which provided

an avenue to print 4D materials through swelling and dehydration induced actuation.
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3.2 Experimental Section
3.2.1 Materials

Triethanolamine (TEtOHA, Sigma-Aldrich, 99%), dimethylsulfoxide (DMSO, chem-
supply), basic aluminium oxide (Al20s, Sigma-Aldrich, 99.9%), 2-
(butylthiocarbonothioylthio) propanoic acid (BTPA, Boron Molecular), absolute ethanol
AR (chem supply), 1-pyrenemethyl methacrylate (pyrene-MMA, Sigma-Aldrich, 99%),
Eosin Y disodium salt (EY, Sigma-Aldrich, >85%) and Erythrosin B (EB, dye content
90%, Sigma-Aldrich) were used as received. Poly(ethylene glycol) diacrylate average Mn
250 (PEGDA, Sigma-Aldrich, >92%), butyl acrylate (BA, Sigma > 99 %) and N,N-
dimethylacrylamide (DMAm, Sigma-Aldrich, 99%) were deinhibited by percolation

through basic alumina column before use.
3.2.2 Instrumentation

Attenuated total reflectance-fourier-transform infrared (ATR-FTIR) spectroscopy was
employed to monitor vinyl bond conversions, using an approach similar to Magdassi,
Banin, and co-workers.®? A Bruker Alpha FT-IR equipped with room temperature DTGS
detectors was used for measurement. Each spectrum composed of 16 scans with a
resolution of 4 cm™ was collected in the spectral region between 4000-500 cm-. Analysis

was performed using OPUS software.

A TA instruments Q800 dynamic mechanical analyser (DMA) was used to obtain
mechanical property measurements on the 3D printed materials. The Q800 DMA was
equipped with a TA instruments liquid nitrogen gas cooling accessory (GCA) for

temperature control.

Micromake L4, the LCD digitally masked DLP 3D printer modified with a green LED
light board (Amax = 525 nm, lo = 0.32 mW/cm?) was employed to print rectangular samples
for DMA analysis. The light intensity was measured using a Newport 843-R power meter.
The targeted material geometries and .stl files were generated using Autodesk Fusion 360,
and printing parameters (slicing thickness and layer cure times) were generated using
Micromake L4 software.
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UV—Vis spectroscopy spectra were recorded using a CARY 300 spectrophotometer
(\Varian) equipped with a temperature controller. All measurements were obtained by
placing the 3D printed film ina 1 cm % 1 cm glass cuvette. The spectra were baseline

corrected against the empty cuvette.

Contact angle measurements were performed using Motic live imaging module, a
Moticam 5.0 MP camera, a KSV instruments Cam 200 backlight. The photographs were
processed using Microsoft powerpoint, and the contact angle was determined using Fiji

imageJ software.
3.2.3 Experimental procedure

Polymerisation for determination of reaction Kinetics

A typical polymerisation solution was prepared as follows: to a 4 mL glass vial was added
0.53 mg (2.2 umol, 1 equiv) of BTPA, followed by 222.0 mg (2.2 mmol, 1000 equiv) of
DMAm and 27.99 mg (0.11 mmol, 50 equiv) of PEGDA. 84.09 pL (27.8 mmol) distilled
water was then added, followed by 98.5 mL of a stock solution of EB in distilled water at
0.2 mg/mL (0.022 umol EB, 0.01 equiv), and 66.82 mL of a stock solution of TEtOHA
in water at 100 mg/mL (0.045 mmol, 20 equiv) to make the total reaction mixture 50 wt%
monomer and crosslinker (DMAm and PEGDA). If the reaction was performed in bulk,
the EB stock solution was prepared with DMAmMm as solvent. The reaction mixture was
then covered with foil, vortexed for ~10 s, sonicated for 20 s, prior to the irradiation. A
20 uL aliquot of the reaction mixture was then pipetted onto the ATR crystal plate and
irradiated with a household LED lamp emitting green light (Amax = 525 nm) with an
intensity at the polymerisation surface, lo = 4.3 mW/cm? as measured using a Newport

843-R power meter.

Vinyl bond conversion was calculated based on the disappearance of the methylene group
vibrations at 981 cm-* assigned to the out of plane bending mode of the =C-H group. The
integral under this peak in the range of 935-1000 cm™ was evaluated after increasing
irradiation times and compared to the peak in the range of 1236-1268 cm™ assigned to
the amide C-N stretching mode for solution polymerisation. The vinyl bond conversion
for polymerisation performed in bulk was calculated based on the disappearance of the
methylene group vibrations at 981 cm assigned to the out of plane bending mode of the

=C-H group. The integral under this peak in the range of 935-1000 cm* was evaluated
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after increasing irradiation times and compared to the peak in the range of 1685-1760 cm-
L assigned to the acryl C=0 stretching mode. The vinyl bond conversion was calculated
from Equation 1, where stdo is the integral under the curve in the range of 1236-1268
cm-! for solution polymerisation and 1685-1760 cm™ for polymerisation in bulk before
irradiation, stdx is the integral under the curve in the range of 1236-1268 cm- for solution
polymerisation and 1685-1760 cm™ for polymerisation in bulk after x mins irradiation,
into is the integral under the curve in the range of 935-1000 cm* before irradiation, and
intx is the integral under the curve in the range of 935-1000 cm™ after irradiation for x

mins. All FTIR measurements were performed in triplicate.

Vinyl bond conversion = 1 — (intx/ stdx) / (into / stdo) Eq. 1

3D printing procedures of rectangular samples

A typical procedure for 3D printing is as follows: to a 20 mL glass vial was added 32.03
mg (0.134 mmol, 1 equiv) of BTPA, followed by 1.89 g (19.1 mmol, 142 equiv) of
DMAm and 12.82 g (51.28 mmol, 382 equiv) of PEGDA. 295.5 uL of a stock solution of
EB in DMAm at 4.0 mg/mL (1.3 umol EB, 0.01 equiv and 2.87 mmol DMAm, 22 equiv)
and 400.9 mg TEtOHA (2.69 mmol, 20 equiv) was then added to make a total equivalents
of DMAm = 164, and [DMAm] : [PEGDA] = 30 : 70. The total mass for all reaction
mixtures used for polymerisation in bulk was 15 g, and the molality of BTPA, EB, and
TEtOHA was fixed. The reaction mixture was then covered with foil, vortexed for ~10 s,
sonicated for 20 s, prior to addition to the 3D printer vat (vat dimensions 60 mm x 60 mm
x 20 mm), and subsequently irradiated with spatially controlled green light during the 3D
printing process. The targeted material geometries (40 x 13 x 1.6 mm (I, w, t)) and .stl
files were generated using Autodesk Fusion 360. The sample printing parameters (slicing
thickness and layer cure times) were generated using Micromake L4 software. The sample
was then printed by using Micromake L4 DLP 3D printer. To ensure adhesion between
the 3D printed material and the build stage, the first two (bottom) layers of the material
were irradiated for 150 s, after which the regular cure time per layer was 13 s/layer with
a layer thickness of 20 um. The Z lift distance was 1 mm, the Z lift speed was 30 mm/min,
and the Z retract speed was 300 mm/min. After the object was printed, the build stage
was removed, and the residual polymerisation surface was briefly washed with ethanol.
The material was allowed to dry for 5 mins then analysed by DMA.

94



3D printing procedures of the cross-shaped sample

The resin formulation of [EB] : [DMAmM] : [PEGDA] : [BTPA] :[TEtOHA]=0.01: 1000 :
50 :1:20in a50 wt% solution of water was used to print the cross-shaped sample. The
sample geometries (25 x 5 x 2 mm (I, w, t)) and .stl files were generated using Autodesk
Fusion 360. The sample printing parameters (slicing thickness and layer cure times) were
generated using Micromake L4 software. The sample was then printed by using
Micromake L4 DLP 3D printer. The first layer was printed with a layer slicing thickness
of 20 um and a cure time 150 s, while the subsequent 20 um layers (99 layers) were
exposed to green light for only 13 s. The Z lift distance was 1 mm, the Z lift speed was
30 mm/min, and the Z retract speed was 300 mm/min. After the object was printed, the
build stage was removed, and the residual polymerisation surface was briefly washed with

ethanol.

Calculation of light dose per layer in 3D printing

The light source produces 0.32 mW/cm? at the polymerisation surface (3.2 W/m?). The
surface of the cross is 2.25 cm?, i.e. 0.000225 m?. As such the light dose on the cross is
0.00072 J/s. Now, the bottom layer experiences 150 s irradiation = 0.1080 J, while the

subsequent layers receive 13 s irradiation = 0.0094 J per layer.

3D printing procedures of films

The resin formulations of [EB] : [DMAmM] : [PEGDA] : [BTPA] : [TEtOHA] = 0.01 :
164 :382:1:20and [EB]:[DMAm]: [PEGDA] : [BTPA] : [TEtOHA] = 0.01 : 164 :
382 : 0: 20 in bulk were used to print films. The sample geometries (35 x 7 x 1. mm (I,
w, t)) and .stl files were generated using Autodesk Fusion 360. The sample printing
parameters (slicing thickness and layer cure times) were generated using Micromake L4
software. The sample was then printed by using Micromake L4 DLP 3D printer. To
ensure adhesion between the 3D printed material and the build stage, the first two (bottom)
layers of the material were irradiated for 150 s, after which the regular cure time per layer
was 20 s/layer with a layer thickness of 20 um. The Z lift distance was 1 mm, the Z lift
speed was 30 mm/min, and the Z retract speed was 300 mm/min. After the object was
printed, the build stage was removed, and the residual polymerisation surface was briefly

washed with ethanol.
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3D printing procedures of samples for post-modification

The resin formulation of [EB] : [DMAmM] : [PEGDA] : [BTPA] : [TEtOHA] =0.01: 164 :
382 :5: 20 in bulk was used to print rectangular samples. The sample geometries (50 x
30 x 2 mm (I, w, t)) and .stl files were generated using Autodesk Fusion 360. The sample
printing parameters (slicing thickness and layer cure times) were generated using
Micromake L4 software. The sample was then printed by using Micromake L4 DLP 3D
printer. To ensure adhesion between the 3D printed material and the build stage, the first
two (bottom) layers of the material were irradiated for 150 s, after which the regular cure
time per layer was 25 s/layer with a layer thickness of 20 um. The Z lift distance was 1
mm, the Z lift speed was 30 mm/min, and the Z retract speed was 300 mm/min. After the
object was printed, the build stage was removed, and the residual polymerisation surface

was briefly washed with ethanol.

DMA test of 3D printed rectangular samples

In DMA test, a 3D printed sample was measured with digital callipers, placed into the
calibrated single cantilever clamp, and fixed into place with a torque wrench operated at
aforce of 5in Ib. The GCA was used to adjust the temperature to -25 °C and subsequently
hold isothermal conditions for 2 minutes. The temperature was then ramped to 100 °C at
a rate of 2 °C/min while the frequency was held constant at 1 Hz, using a displacement
of 30 um. The storage modulus was determined around room temperature (specifically at
the closest temperature to 20 °C) and 1 Hz, while the glass transition temperature (Tg)
was calculated as the temperature at which the 1 Hz Tan ¢ curve peaked. All DMA results

were performed using duplicate samples.

Contact angle measurements on 3D printed samples

The 3D printed material surface was washed with a solution of ethanol prior to contact
angle measurements. A 20 uL droplet of water was then pipetted onto the surface and left
for 1 min prior to measurement of the contact angle. The photographs were processed
using Microsoft powerpoint, and the contact angle was determined using Fiji imageJ

software.
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3.3 Results and Discussion
3.3.1 Optimisation of resin formulations

In the development of our RAFT mediated photopolymerisation process, we initially
prioritised increasing the polymerisation rate such that application to open-air vat 3D
printing systems would provide practical printing speeds. Based on our previous
experience with organic dyes as PCs for PET-RAFT polymerisation, we initially tested
two xanthene based dyes, namely eosin Y (EY) and erythrosin B (EB), for their ability to
mediate rapid polymerisation under green light in the presence of air.5-%° EY is frequently
used as a biological stain, and has also previously been used to initiate free-radical
polymerisation in the presence of tertiary amines as co-catalysts via a type Il
photoinitiation mechanism, as well as other organic synthetic transformations.”®"® The
structurally similar EB has been used by our group for PET-RAFT polymerisation, where
it was determined to be a more effective PC compared to EY and similar halogenated
xanthene dyes, such as phloxine B and rose bengal, due to its favourable photophysical
and electrochemical properties, including a higher triplet quantum yield (&), decreased
fluorescence quantum vyield (&r), and a higher excited state reduction potential
(EO(PC**/?3PC*)).54-65 In addition to the organic dye as PC, we also included a tertiary
amine as co-catalyst in this system as these formulation have previously shown the ability
to mediate rapid PET-RAFT polymerisation.®” The inclusion of tertiary amines increases
the polymerisation rate by providing more energetically favourable photoinduced

electron transfer (PET) processes under green light irradiation.56 77

The reaction components and proposed mechanism of this photopolymerisation process
are shown in Figure 3.1; after excitation by visible light, the PC can be reduced by tertiary
amines, generating a reduced PC and a corresponding tertiary amine radical cation
(Figure 3.1B). The reduced PC can then transfer an electron to the RAFT agent, returning
the PC to the ground state. The reduced RAFT species subsequently undergoes f-scission
of the weak C-S bond to generate a thiocarbonylthio stabilised anion species and a radical
propagating species (Pn®) capable of adding across monomer vinyl bonds. The
propagating radical species can interact with other thiocarbonylthio species and chain
growth is regulated by the regular RAFT mechanism.®® Recombination of the propagating

radical with the anionic thiocarbonylthio species and further electron transfer to oxygen
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or tertiary amine radical cations closes the catalytic cycle. Notably, molecular oxygen
present in the reaction mixture can be consumed by electron transfer reactions from the
reduced PC species or the anionic RAFT agent, as was proposed by Qiao and co-
workers.53 78 Although another mechanism involving direct electron transfer from the
excited state PC to the RAFT agent is possible, the inclusion of tertiary amines in these

mixtures favours the reductive PET-RAFT process shown in Figure 3.1B.5¢
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Figure 3.1 Thiocarbonylthio containing photopolymerisation resins. (A) reaction
components; (B) proposed PET-RAFT mechanism. PC: photocatalyst; NRs: tertiary
amine; PET: photoinduced electron transfer.
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For the initial model polymerisations, N,N-dimethylacrylamide (DMAm) and
poly(ethylene glycol) diacrylate (PEGDA, average Mn = 250 g/mol) were used as
monomer and crosslinker, respectively. 2-(Butylthiocarbonothioylthio) propanoic acid
(BTPA) was selected as RAFT agent and triethanolamine (TEtOHA) was used as a
tertiary amine co-catalyst, and the reaction was performed in water at a total solids content
of 50 wt%. The initial ratio of [DMAmM] : [PEGDA] : [BTPA] : [TEtOHA] was 1000 :
50 :1: 20 and the ratio of catalyst (EY or EB) to BTPA was either 0.1: 1 or 0.1 : 0. The
model polymerisations were conducted in open-air droplets (20 pL) under 4.3 mW/cm?
green light (Amax = 530 nm) irradiation. WWe monitored the polymerisation kinetics of these
systems under different conditions by following the disappearance of the peak assigned
to the vinylic =C-H out of plane bending mode in ATR-FTIR spectroscopy. Particularly,
the vinyl bond conversions after 1 min (cimin) and 4 mins (asmin) Were used as a
comparative guide; we reasoned those systems that present faster rates in the early stages
of the polymerisation (i.e., high aamin values), and those that present negligible induction
periods (a1min), would be more suitable for implementation in 3D printing processes. This
is particularly pertinent in 3D printing conducted in open-air vats, where the concentration
of molecular oxygen is required to be reduced to a critical concentration prior to the onset

of polymerisation.?3 25 79-82

The evolutions of vinyl bond conversions with time for the initial reactions, as determined
by online ATR-FTIR spectroscopy, are shown in Figure 3.2. The catalytic system using
EB provided faster polymerisation rates compared to EY for analogous recipes due to its
favourable photocatalytic properties. Unexpectedly, however, the presence of BTPA in
both systems provided a noticeable rate increase compared to systems that did not include
the thiocarbonylthio species. The rate increase observed with the addition of RAFT agent
can be attributed to an additional reaction pathway, that is, reduction of the RAFT agent
by the radical anion PC species formed after photoreduction by the tertiary amine.
Recently, Sikes and co-workers proposed a photochemical mechanism for the
regeneration of ground state EY based on oxidation of the EY radical anion by molecular
oxygen;® as the thiocarbonylthio species is also capable of oxidizing the dye radical anion
species, the regeneration of the ground state PC for further catalytic cycles should also be

present in our system.
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Figure 3.2 Kinetics of polymerisation for DMAm / PEGDA mixtures in the presence of
EY or EB as PC, with varied molar ratios of BTPA as RAFT agent at a molar
concentration of [DMAmM] : [PEGDA] : [TEtOHA] : [PC] : [BTPA] = 1000 : 50 : 20 :
0.1 : variable. Note: All reactions were performed using a solids content of 50 wt% under
green light (Amax = 525 nm and lo = 4.3 mW/cm?).

Given that EB provided faster polymerisation kinetics compared to EY in the model
reactions, we subsequently investigated the effect of altering the other reaction
components on the polymerisation rate. The initial experiments performed with varying
concentrations of TEtOHA showed that for analogous recipes, the polymerisation rates
of EB catalysed systems were faster than those of EY catalysed systems (Figure 3.3 and
Table 3.1). Therefore, EB was selected as the PC for further experiments. Interestingly,
in the absence of BTPA and TEtOHA the polymerisation still proceeded, albeit it at a

much slower rate compared to the other systems.
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Figure 3.3 Kinetics of polymerisation for DMAm / PEGDA mixtures using EB or EY as
catalyst and varied concentrations of BTPA and TEtOHA. (A) [EB]: [DMAmM] :
[PEGDA] : [BTPA] : [TEtOHA] = 0.1 : 1000 : 50 : 1 : variable; (B) [EB] : [DMAmM] :
[PEGDA] : [BTPA] : [TEtOHA] = 0.1 : 1000 : 50 : O : variable. (C) [EY] : [DMAmM] :
[PEGDA] : [BTPA] : [TEtOHA] = 0.1 : 1000 : 50 : 1 : variable; (D) [EY] : [DMAmM] :
[PEGDA] : [BTPA] : [TEtOHA] =0.1: 1000 : 50 : 0 : variable. Note: All reactions were
performed using a solids content of 50 wt% under green light (Amax =525 nmand lo = 4.3

mW/cm?).
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Table 3.1 Effect of changing catalyst and concentrations of TEtOHA and BTPA on the
polymerisation kinetics of DMAmM / PEGDA mixtures performed in 50 wt% solutions of

water.2

A4min  A1min

# PCIPCl [DMAM [PEGDA] [BTPA] [TEOHA] o

1 EY 0.1 1000 50 1 0 165 14
2 EY 0.1 1000 50 1 5 392 7.2
3 EY 0.1 1000 50 1 10 453 9.6
4 EY 0.1 1000 50 1 20 493 120
5 EY 0.1 1000 50 1 40 441 103
6 EY 0.1 1000 50 0 0 133 3.0
7 EY 0.1 1000 50 0 5 175 5.0
8 EY 0.1 1000 50 0 10 209 79
9 EY 0.1 1000 50 0 20 26.3 105
10 EY 0.1 1000 50 0 40 229 1.7
11 EB 0.1 1000 50 1 0 10.3 0.0
12 EB 0.1 1000 50 1 5 49.7 5.2
13 EB 0.1 1000 50 1 10 639 8.8
14 EB 0.1 1000 50 1 20 78.3 16.7
15 EB 0.1 1000 50 1 40 743 13.9
16 EB 0.1 1000 50 0 0 11.7 0.8
17 EB 0.1 1000 50 0 5 36.3 7.8
18 EB 0.1 1000 50 0 10 37.1 10.0
19 EB 0.1 1000 50 0 20 41.1 111
20 EB 0.1 1000 50 0 40 48.1 139

aConditions: reaction was performed using a solids content of 50 wt% monomer and
crosslinker, with water as solvent. Polymerisation was performed under 4.3 mW/cm?
green light (Amax = 525 nm), using a droplet (20 uL) of reaction mixture. °Conversion

determined by ATR-FTIR spectroscopy.

As the initial experiments performed with varying concentrations of TEtOHA showed
that the ratio of [EB] : [BTPA] : [TEtOHA] of 0.1 : 1 : 20 provided the fastest

polymerisation after 4 mins irradiation with vinyl bond conversion reaching 78.3%
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(Table 3.1), the ratio of [BTPA] : [TEtOHA] = 1 : 20 was fixed while the catalyst
concentration was varied. As shown in Figure 3.4, the polymerisation proceeded
efficiently with EB : BTPA ratios between 0.1 and 0.005, and the fastest polymerisation
occurred with a ratio of 0.025 : 1. Additionally, there was only a modest rate difference
between this system and the system containing 2.5 times less EB ([EB] : [BTPA] =0.01:
1).

Conversion, %

Time / min

Figure 3.4 Kinetics of polymerisation for DMAm / PEGDA mixtures with varied molar
ratio of EB as PC at a fixed molar concentration of [DMAmM] : [PEGDA] : [TEtOHA] :
[BTPA] =1000:50 : 20 : 1. Note: All reactions were performed using a solids content
of 50 wt% under green light (Amax = 525 nm and lo = 4.3 mW/cm?).

The solids content in these model reactions was also varied between 25, 50, and 75 wt%
while changing the TEtOHA ratio and EB ratio relative to RAFT agent; polymerisation
proceeded in all cases with the 50 wt% system providing the fastest rates (Figure 3.5 and
Table 3.2).
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Figure 3.5 Kinetics of polymerisation for DMAm / PEGDA mixtures using BTPA as
RAFT agent at different concentrations of EB and TEtOHA and different total solids
content. (A) solid content = 25%; (B) solid content = 50%; (C) solid content = 75%.
Conditions: [EB] : [DMAmM] : [PEGDA] : [BTPA] : [TEtOHA] = 0.01/0.025 : 1000 : 50 :
1:10/20. Polymerisation was performed under 4.3 mW/cm?green light (Amax = 525 nm),
using a droplet (20 uL) of reaction mixture. Vinyl bond conversion over time was
quantified by ATR-FTIR spectroscopy.
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Table 3.2 Effect of changing catalyst and TEtOHA molar ratios, and the solids content

of monomer and crosslinker on the polymerization kinetics of DMAmM / PEGDA

mixtures.?

Weight Q4min Q1min
_ [EB] [DMAm] [PEGDA] [BTPA] [TEtOHA]

ratio (%) (%) (%)°
25 0.01 1000 50 1 10 71.1 20.1
25 0.01 1000 50 1 20 81.1 28.5
25 0.025 1000 50 1 10 77.9 24.5
25 0.025 1000 50 1 20 87.9 28.5
50 0.01 1000 50 1 10 84.5 24.5
50 0.01 1000 50 1 20 88.9 28.0
50 0.025 1000 50 1 10 95.8 24.5
50 0.025 1000 50 1 20 98.6 28.8
75 0.01 1000 50 1 10 53.7 14.3
75 0.01 1000 50 1 20 59.2 17.8
75 0.025 1000 50 1 10 69.4 14.9
75 0.025 1000 50 1 20 77.1 19.3

aConditions: reaction was performed using a solids content of 25 wt%, 50 wt% and 75
wt% monomer and crosslinker, respectively, with water as solvent. Polymerisation was
performed under 4.3 mW/cm? green light (Amax = 525 nm), using a droplet (20 uL) of
reaction mixture. °Conversion determined by ATR-FTIR spectroscopy.

Encouragingly, these green light mediated model photopolymerisations presented rapid
cure times under low energy (lo = 4.3 mW/cm?) green light. Prior to implementation in
the 3D printing setup, we altered the ratio of monomer to crosslinker to tailor toward high
modulus, free-standing materials once printed. Figure 3.6A shows the polymerisation
rate under various ratios of [DMAmM] : [PEGDA], using constant concentrations and ratios
of [EB] : [BTPA] :[TEtOHA] = [0.01] : [1] : [20]. These reactions were performed in
bulk to more closely match the prospective 3D printing conditions. Interestingly, the
monomer conversions in these polymerisations did not surpass 70 %; this may be due to
the formation of a rigid network in the early stages of polymerisation, and the inability of
the pendent double bonds from PEGDA to participate in further reaction on the time

scales investigated.®* Regardless, we noticed that the polymers produced with higher
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concentrations of PEGDA were free standing after the droplet polymerisation, which is
to be expected given the higher network connectivity compared to the systems with higher
molar fractions of DMAmM. The polymerisation performed in bulk presented relatively
slow rates when the [DMAmM]: [PEGDA] ratio was above 70 : 30 and there was solubility
issues below aratio of 30 : 70 (Table 3.3). Comparatively, polymerisation using a 50 wt%
formulation presented fast polymerisation rates with the vinyl bond conversion surpassing
88% after 4 minutes for ratios of DMAmM: PEGDA between 95 : 5 and 70 : 30 (Figure
3.6B). Higher concentrations of PEGDA resulted in solubility issues in the 50 wt% system.
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Figure 3.6 Kinetics of polymerisation for DMAm / PEGDA mixtures using BTPA as
RAFT agent at different total solids content of DMAmM and PEGDA and varied DMAmM /
PEGDA ratios. (A) bulk (solvent free) reaction using a ratio of [EB] : [BTPA] : [TEtOHA]
=0.01:1:20and aconstant BTPA molality of 8.96 mmol/kg; (B) solids content 50 wt%
monomer and crosslinker using a ratio of [EB] : [BTPA] : [TETOHA] =0.01:1: 20 and
a constant BTPA molality of 8.96 mmol/kg. N.B. DMAmM : PEGDA ratio of 95 : 5 actually
performed using a ratio of 1000 : 50 (approximately 95 :5). Conditions: Polymerisation
was performed under 4.3 mW/cm?green light (Amax = 525 nm), using a droplet (20 uL) of

reaction mixture. Vinyl bond conversion over time was quantified by ATR-FTIR
spectroscopy.
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Table 3.3 Effect of changing monomer and crosslinker molar ratios in an aqueous system
(50 wt%) and in the absence of solvent (bulk) on the polymerisation kinetics of DMAmM /
PEGDA mixtures.?

# Weight ratio (wt %) [DMAmM]  [PEGDA]  a4min (%)¢  a1min (%)°

1 50 95b 5P 88.9 28.0
2 50 90 10 93.4 31.6
3 50 85 15 97.9 37.5
4 50 80 20 99 50.1
5 50 75 25 99 524
6 50 70 30 -d -d

7 Bulk 70 30 23.3 0.3
8 Bulk 60 40 51.8 1.5
9 Bulk 50 50 62.2 14.7
10 Bulk 40 60 66.5 30.8
11 Bulk 30 70 65.7 35.8
12 Bulk 10 90 -d -d

aConditions: reaction was performed both in aqueous solution with a solids content of 50
wt% monomer and crosslinker and in the absence of water as solvent (bulk).
Polymerisation was performed under 4.3 mW/cm? green light (Amax = 525 nm), using a
droplet (20 uL) of reaction mixtures. BTPA molality was 8.96 mmol/kg and the ratio of
[EB] : [BTPA] : [TEtOHA] was fixed at 0.01 : 1 : 20. PRatio of DMAmM : PEGDA was
1000 : 50 (approximately 95 :5). “Conversion determined by ATR-FTIR spectroscopy.
dL_ow monomer to crosslinker molar ratios led to poor solubility of the reagents.

3.3.2 Controlling mechanical properties of RAFT containing 3D printed

materials

Having established that photomediated polymerisation led to reasonable cure rates for our
thiocarbonylthio containing resins, we then applied our resin to a 3D printing setup. For
all 3D printing conducted in this work, a DLP 3D printer was used to spatially confine
the material formation via digital masking of the green LED light source (Amax = 525 nm,
lo = 0.32 mW/cm?). Initially, three different resin formulations with varying ratios of
[DMAm] : [PEGDA] and fixed concentrations of BTPA, EB, and TEtOHA were used to

print a simple rectangular prism with dimensions 40 x 13 x 1.6 mm (I, w, t) (Figure 3.7C).
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These objects were printed using a layer slicing thickness of 20 um and a layer cure time
of 13 s. The storage modulus (E’) and glass transition temperature (Tg) of the printed
materials were then determined by dynamic mechanical analysis (DMA) by performing
a temperature ramp from -50 °C to 100 °C at a frequency of 1 Hz (Figure 3.7D). E’ was
calculated at room temperature (= 20 °C), while Ty was taken as the maximum of the Tan
o curve at a frequency of 1 Hz. As shown in Figure 3.7A, the samples printed in bulk
with [DMAm] : [PEGDA] ratios of 30 : 70, 40 : 60, and 50 : 50, all showed similar E’
values in the range of 250 MPa at 20 °C. The Tq4 for the 30 : 70, 40 : 60, and 50 : 50
[DMAmM] : [PEGDA] systems was 30, 31, and 33, respectively. This increase in Tg with
the increase of DMAmM concentration was expected given the relatively high Tgof DMAM
(= 90 °C) compared to typical PEG based acrylates (Tg typically less than 0 °C).8>%7 The
samples printed with a higher mole fraction of PEGDA (i.e., 30 : 70 [DMAm] : [PEGDA])
resulted in 3D materials with slightly sharper features. Therefore, the [DMAmM] : [PEGDA]
ratio was then fixed at 30 : 70 for subsequent tests.
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Figure 3.7 Samples 3D printed with photocontrolled RAFT polymerisation. (A) effect of
changing the DMAmM : PEGDA ratio on the storage modulus (E’) and glass transition
temperature (Tg), while holding the EB, BTPA, and TEtOHA concentrations constant; (B)
effect of changing RAFT concentrations using a ratio [EB] : [DMAmM] : [PEGDA] :
[BTPA] : [TEtOHA] = 0.01 : 164 : 382: variable : 20 in bulk; (C) sample printed with a
layer thickness of 20 pm and cure time per layer of 13 s using a recipe of [EB] : [DMAmM] :
[PEGDA] : [BTPA] : [TEtOHA] =0.01: 164 :382:1: 20; (D) Storage modulus (E’) and
Tan & for sample shown in Figure 3.7C at a frequency of 1 Hz determined by DMA.
Error bars were calculated using duplicate samples.

We then examined the effect of the BTPA concentration of the mechanical properties of
the 3D printed materials. As the thiocarbonylthio species plays a vital role in mediating
the radical polymerisation process, we expected that altering its concentration would
change the network structure, and in turn, the resultant material properties. As shown in
Figure 3.7B, increasing the concentration of BTPA from 0, 8.96, 22.39, and 44.79 mmol
per kg of resin (0, 100, 250, and 500 equivalents to EB) significantly reduced the E’ as
well as the Tg. The reduced stiffness in the materials containing a higher concentration of
BTPA was ascribed to the correspondingly lower segmental molecular weight between
crosslinks and higher concentration of chain ends; as described by Flory, Fox, and
Stockmayer, these networks have a higher free volume, and thus lower modulus and Tg.88
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% Notably, a range of functional groups, including trithiocarbonates, have been utilised
for the formation and rearrangement of crosslinked networks, as well as for producing
shape-memory and self-healing materials, and even to induce permanent phase changes
of polymeric materials.®*1% The inclusion of these trithiocarbonate species thus allows
controlled tuning of the material mechanical properties based on their concentrations. We
subsequently investigated the build rate of our 3D printed materials. The model system
used to fabricate the 3D printed objects in the previous section used a layer slicing
thickness of 20 um and a total layer cure time of 13 s, resulting in a build rate of 0.55
cm/h. Using the same resin formulation, the slicing thickness was then increased to 100
um and the cure time per layer was changed to 13, 20, 25, and 30 s, which led to ill-
defined objects, except for the system that used a 30 s exposure time (Figure 3.8). Under
these conditions, the build rate was increased to 1.2 cm/h.
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Figure 3.8 3D printed object definition using a 100 um layer slicing thickness and various
layer cure times with the resin formulation of [EB] : [DMAmM] : [PEGDA] : [BTPA] :
[TEtOHA] =0.01: 164 :382:1:20in bulk. (A) 13 s exposure time per layer; (B) 20 s
exposure time per layer; (C) 25 s exposure time per layer; (D) 30 s exposure time per

layer.
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Similarly, a layer cure time of 20 s was required to form well-defined objects when the
slicing thickness per layer was reduced to 50 um. As expected, changing the total light
dose by altering the slicing thickness and cure time per layer affected the resulting E’ and
Tq of the 3D printed materials. For instance, increasing the layer cure time while holding
the layer slicing thickness constant led to stiffer materials (Figure 3.9A). At a slicing
thickness of 100 um and layer cure time of 30 s the resulting E” was 100 MPa, while at a
slicing thickness of 100 pm and layer cure time of 40 s the E’ of the resulting material
was 161 MPa. Additionally, printed materials that were post-cured through irradiation
under green light (Amax = 525 nm, lo = 4.3 mW/cm?) showed increasing E’ and Tq values
up to 6 h post-cure time, which further demonstrated the ability for the mechanical
properties of these materials to be manipulated via the irradiation parameters (Figure
3.9B).
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Figure 3.9 Mechanical properties of 3D printed materials by using the resin formulation
of [EB] : [DMAmM] : [PEGDA] : [BTPA] : [TEtOHA] =0.01 : 164 : 382 : 1 : 20 in bulk.
(A) effect of layer slicing thickness and irradiation time per layer on resulting storage
modulus (E’) and glass transition temperature (Tg). First number on x-axis label indicates
layer thickness in um and second number indicated exposure time per layer in seconds;
(B) effect of post-curing times under 4.3 mW/cm? green light (Amax = 525 nm) irradiation

on resulting storage modulus (E’) and glass transition temperature (Tg).

3.3.3 4D printed materials through spatially controlled aqueous
photopolymerisation

Spatially controlled light intensities have been previously explored by several groups for
controlling the mechanical properties of 3D materials prepared by conventional
photopolymerisation, and even for 4D printing via swelling and dehydration induced

actuation.'® 106109 Ag the mechanical properties of our 3D printed materials were
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dependent on the light exposure, we decided to exploit these differences to print a material
with spatially resolved properties. Furthermore, our resin formulations were water soluble,
which allowed objects to be printed in aqueous solutions. To date, only a handful of
aqueous 3D printing systems have been developed'?-1!! due to the insolubility of typical
photoinitiators and monomers in water, however, the current system tailors toward 3D
bioprinting due to the high biocompatibility of aqueous systems.?? 27-28 112 Tg
demonstrate the utility of our formulation, a hydrogel with spatially resolved properties
was 3D printed and subsequently dehydrated and re-swelled for actuation; as such, a 4D
printed material was fabricated using our photosensitive resin. A cross shaped object with
spatially resolved properties based on the light dose to each layer was designed as shown
in Figure 3.10A, and printed using a ratio of [EB] : [DMAmM] : [PEGDA] : [BTPA] :
[TEtOHA] =0.01:1000:50:1: 20 in a 50 wt% solution of water. Using this geometry,
the first layer was printed with a layer slicing thickness of 20 um and a cure time 150 s,
corresponding to a total dose of 108.0 mJ, while the subsequent 20 um layers (99 layers)
were exposed to green light for only 13 s, resulting in lower dose of light (9.4 mJ per
layer) (Figure 3.10B). The cross was then placed in a water filled petri dish filled with
the layer exposed to the higher light dose facing down; the cross started to deform as the
layer with the higher cure time was swollen with water (Figure 3.10C). Subsequently,
the cross was removed from the petri dish, flipped (Figure 3.10D), and exposed to a slow
stream of compressed air to induce evaporation. Correspondingly, the arched cross

flattened and then inverted its arch as the material dehydrated (Figure 3.10E and F).
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Figure 3.10 Swelling and desolvation induced actuation of a material 3D printed with

spatially resolved light doses. (A) designed geometrical properties of cross; (B) top view
of swollen cross geometry (layer exposed to higher light dose on bottom of object); (C)
cross with layer exposed to higher light dose on the bottom, after 5 mins in water; (D)
flipped swollen cross before dehydration (layer exposed to higher light dose on top); (E)
cross after 80 seconds of dehydration; (F) cross after 7 mins of dehydration.

3.3.4 Reactivation of trithiocarbonate groups for post-modification of 3D printed

materials

Interestingly, our pink coloured 3D printed materials changed colour after post-curing
under green light irradiation, resulting in materials that displayed a yellow hue (Figure
3.11A). To verify that the yellow colour was the remaining RAFT agent in the 3D printed
materials, UV-Vis spectroscopy was used to analyse films with dimensions 35 x 7 x 1
mm (I, w, t) printed in both the absence and presence of BTPA using resin formulations
of [EB] : [DMAm] : [PEGDA] : [BTPA] : [TEtOHA] =0.01:164:382:1:20and [EB]:
[DMAm] : [PEGDA] : [BTPA] : [TEtOHA] = 0.01 : 164 : 382 : 0 : 20 in bulk. Figure
3.11B shows the UV-Vis spectra for films before and after a 45 min post-curing process
under 4.3 mW/cm? green light irradiation. Both films printed in the presence and absence
of BTPA displayed the typical EB absorption peak around 540 nm which disappeared
after post-curing, however, only the film containing BTPA displayed and additional peak
at 435 nm both before and after the photoinduced post-curing process.®® This peak
corresponds to the spin forbidden n — z* transition of the thiocarbonyl group, and

demonstrates the retention of the BTPA end group in our materials.**
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Figure 3.11 Secondary polymerisation from 3D printed materials to change the surface
properties. (A) colour change in 3D printed films via post-curing under green light
irradiation. From top: 3D printed film before post-curing, after post-curing for BTPA
containing resins, and after post-curing for RAFT agent-free resins; (B) absorbance
spectra before and after post-curing for films 3D printed in the presence and absence of
RAFT agents; (C) high surface wettability of 3D printed DMAM/PEDGA networks; (D)
decreased surface wettability for BA functionalised material; (E) spatially resolved
fluorescence of 3D printed materials containing RAFT agent through photoinduced

surface-functionalisation in the presence of pyrene-MMA.

The ability to reinitiate polymerisation from dormant thiocarbonylthio end-groups in the
presence of diverse monomers has allowed multifunctional polymeric materials with
diverse architectures to be synthesised in a straightforward manner. Moreover, surface-
initiated RAFT polymerisation enables facile manipulation of surface properties. Indeed,
many groups have investigated the initiation of surface tethered thiocarbonylthio species
to impart functionality on the surface of materials.''3%1¢ As our 3D printed materials
contained thiocarbonylthio species throughout the network as well as on the surface, we
posited that we could post-functionalise our materials via a secondary

photopolymerisation process to change the surface properties. To demonstrate this
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concept, we 3D printed a rectangular prism with dimensions of 50 x 30 x 2 mm (I, w, t)
using a recipe of [EB] : [DMAm] : [PEGDA] : [BTPA] : [TEtOHA] =0.01: 164 : 382 :
5 : 20; the monomers used during the 3D printing process provided a hydrophilic surface
with high wettability (contact angle = 33°), as shown in Figure 3.11C. Following
fabrication, the 3D printed object was thoroughly washed with ethanol and the reaction
mixture in the 3D printer vat was then switched to a butyl acrylate (BA) solution
containing EB with a ratio of [EB] : [BA] = 0.01 : 1000 and a small amount of ethanol
(1.2 vol%) to help solubilise the EB. The vat was then irradiated with 0.32 mW/cm? green
light for 5 mins to induce polymerisation on the surface of the hydrophilic network and
change the surface properties. As shown in Figure 3.11D, the 3D printed material
displayed a lower surface wettability following the secondary polymerisation process, as
demonstrated by a higher water contact angle (64°). As such, the surface properties of our

3D printed materials were altered after the secondary polymerisation process.

To further demonstrate the ability to change the surface properties of our RAFT
containing 3D printed materials, a spatially controlled polymerisation process using
fluorescent monomers was performed. A DMAmM/PEGDA network was fabricated and
subsequently exposed to green light irradiation in the presence of 1-pyrene
methylmethacrylate (pyrene-MMA), DMAm, and EB ([EB] : [pyrene-MMA] : [DMAmM]
=0.01: 20 : 980). The spatially controlled irradiation was demonstrated in the form of
letters spelling “UNSW” across the material surface. Following 10 min irradiation, the
3D printed material was removed from the build stage and carefully washed three times
with a 1/1 volume mixture of DMSO/ethanol and irradiated with UV light (1 = 312 nm)
to determine if the pyrene-MMA was successfully attached to the surface of the 3D
printed material. As shown in Figure 3.11E, the 3D printed material showed strong
fluorescence only in the “UNSW” region that was exposed to light during the secondary
photopolymerisation, thus indicating a spatially controlled functionalisation from the

RAFT agent on the surface of our 3D printed materials.
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3.4 Conclusion

In summary, a water soluble and environmentally friendly photocurable resin containing
thiocarbonylthio compounds for application to 3D and 4D printing processes was
developed. The use of the organic dye EB in conjunction with triethanolamine as co-
catalyst and BTPA as RAFT agent allowed build speeds up to 1.2 cm/h, and provided a
platform for photoinduced 3D printing in aqueous solutions under benign, low energy
green light irradiation; these systems thus tailor toward 3D-bioprinting applications.
Remarkably, the ability to spatially control the dose of light applied during the 3D printing
process provided stimuli-responsive materials in a one-pass fabrication process, as
demonstrated by swelling and dehydration induced actuation of a 4D printed hydrogel.
The spatially controlled properties conferred on these hydrogels demonstrate the first 4D
printing using a RDRP process. More importantly, the retention of the RAFT
functionality during the 3D printing process allowed the 3D printed materials to be easily
post-modified after printing. The reinitiation of dormant RAFT agents on the surface of
the 3D printed hydrophilic network structure was demonstrated by chain extension with
a hydrophobic monomer, which resulted in an increase in surface hydrophobicity. Surface
functionalisation of the 3D printed material was also able to be spatially confined through
selected irradiation during the post-functionalisation. The versatility of this
photomediated RAFT polymerisation process provides access to a range of new
functional and stimuli-responsive materials which can be applied for the design of

biocompatible materials.
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4.1 Introduction

3D printing is an additive manufacturing (AM) technology that has been developed to
fabricate advanced materials with complex geometries and functions. In comparison to
conventional fabrication, 3D printing allows faster transformation of computer-assisted
designs into customised objects engineered to meet specific demands.! Among the
various 3D printing approaches, photoinduced techniques such as stereolithography (SLA)
or digital light processing (DLP) have attracted significant attention due to the versatility
of photochemistry and high printing resolution and speed.?® Moreover, temperature
independent photoinduced 3D printing processes are more suitable for bioengineering
applications.1®1? However, current photoinduced 3D printing is primarily based on
nonliving radical and cationic polymerisation, which produces ‘dead’ polymers that are
inactive to further chain growth processes, thus impeding controlled post-
functionalisation of the printed objects. Furthermore, using such non-living
polymerisations leads to heterogeneous polymer networks due to the lack of control over
the chain growth processes.'®>'* Indeed, in free radical polymerisation systems, polymer
chains grow rapidly after initiation and undergo intramolecular cyclisation and significant
termination in the early stages of the reaction, generating nanogels with high crosslink
densities.!>® These nanogels are loosely connected towards the later stages of the

reaction to form networks with highly variable crosslink densities.

As an alternative to photoinduced free radical polymerisation (FRP), photoinduced
reversible deactivation radical polymerisation (RDRP) systems, particularly atom transfer
radical polymerisation (ATRP) and reversible addition-fragmentation chain transfer
polymerisation (RAFT) polymerisation, have been extensively studied due to their ability
to impart living characteristics to radical polymerisation processes.!’?¢ For RAFT
polymerisation, the thiocarbonylthio species (RAFT agents) play a critical role by
providing an equilibrium between dormant RAFT agent capped polymer chains and
active propagating species via degenerate chain transfer.?’-3? As a result, the growth of all
chains in the reaction mixture is more even, and well-defined polymers with various
architectures and chemical functionalities can be synthesised. Similarly, the formation of
polymer networks through RAFT and other RDRP processes occurs in a more controlled
manner; lower molecular weight chains formed during the initial stages of the

polymerisation have sufficient time to relax and diffuse, significantly reducing nanogel
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formation and facilitating intermolecular crosslinking reactions to produce more

homogeneous networks in the later stages of the reaction.33-3°

Notably, using RDRP for polymer network synthesis has been shown to provide
advantages compared to uncontrolled FRP systems. For instance, Zhu, Yu and co-workers
investigated the homogeneity of networks formed via free radical polymerisation and
RAFT polymerisation of oligo(ethylene glycol) dimethacrylates. Remarkably, the
addition of dithobenzoate RAFT agents resulted in a less crosslinked and more
homogeneous network.®* In addition, De and co-workers synthesised crosslinked polymer
gels in the presence of a trithiocarbonate RAFT agent in organic and aqueous solvents.2?
They found that gels synthesised through RAFT polymerisation exhibited a higher
swelling ratio than gels made via FRP, which was attributed to less highly crosslinked
nanogel domains in the RAFT-mediated network. Despite these findings, the typically
slow polymerisation rate of RDRP systems has largely limited their direct application in
3D printing.

To overcome these limitations, our group applied photoinduced electron/energy transfer-
RAFT (PET-RAFT) polymerisation®¢-* to visible light mediated 3D printing.*° In the
PET-RAFT process, polymerisation is conducted under visible or near-infrared light
irradiation in the presence of a photocatalyst (PC), which is photoexcited to induce an
electron or energy transfer to RAFT agents. The reduced or excited RAFT agent species
subsequently fragments to produce an initiating radical for polymerisation.** Moreover,
the excited state PC species provide outstanding oxygen tolerance,*>-*¢ which facilitates
application to open to air 3D printing systems. Indeed, Chapter 3 demonstrated a
versatile 3D and 4D printing system via PET-RAFT polymerisation under green light
irradiation and open to air conditions.*° The use of an organic dye in conjunction with a
tertiary amine as cocatalyst and a trithiocarbonate RAFT agent allowed build speeds of
up to 1.2 cm/h and provided control over the mechanical properties of the 3D printed
materials. Furthermore, light dose dependent printing provided 4D printed materials that
displayed swelling and dehydration induced actuation. In collaboration with our group,
Bagheri, Jin and co-workers have also applied PET-RAFT polymerisation to 3D printing,
similarly employing trithiocarbonate RAFT agents under blue light and green light
irridiation.*-%8 While these works have collectively demonstrated the ability to induce

RDRP in photoinduced 3D printing systems, more thorough investigation into the RAFT
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agents used has not been performed. As RAFT agent structures plays a crucial role in the
ability to mediate successful RDRP, understanding their effects on 3D printing is critical

for the future design of advanced polymeric materials.

In this chapter, 3D printing via PET-RAFT polymerisation was applied under visible light
irradiation (Amex = 525 nm, intensity = 0.32 mW/cm?). The kinetics of various
thiocarbonylthio species with different activating Z groups and homolytic leaving R
groups in the resin formulations were investigated to predict their feasibility in 3D
printing, followed by mechanical testing of the 3D printed materials. The impact of the
addition of different RAFT agents in the resin formulations was also explored. Finally,
the post-modification of the 3D printed objects with RAFT agents in the resin was
achieved via a one-pot transformation of thiocarbonylthio groups through aminolysis and
thiol-Michael addition to introduce a fluorescent functionality in the 3D printed polymer

network.
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4.2 Experimental Section
4.2.1 Materials

Triethanolamine (TEtOHA, Sigma-Aldrich, 99%), hexylamine (Sigma-Aldrich, 99%),
dimethyl sulfoxide (DMSO, chem-supply), dimethylformamide (DMF, chem-supply),
basic aluminium oxide (Al203, Sigma-Aldrich, 99.9%), 2-(butylthiocarbonothioylthio)
propanoic acid (BTPA, Boron Molecular), 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA, Boron Molecular),
dibenzyl trithiocarbonate (DBTTC, Boron Molecular), 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CPADB, Boron Molecular), cyanomethyl
(3,5-dimethyl-1H-pyrazole)-carbodithioate (DTC1, Boron Molecular) and 2-cyanobutan-
2-yl 4-chloro-3,5-dimethyl-1H-pyrazole-1-carbodithioate (DTC2, Boron Molecular),
absolute ethanol AR (chem supply), 1-pyrenemethyl methacrylate (pyrene-MMA,
Sigma-Aldrich, 99%) and Erythrosin B (EB, dye content 90%, Sigma-Aldrich) were used
as received. Poly(ethylene glycol) diacrylate average Mn 250 (PEGDA, Sigma-
Aldrich, >92%) and poly(ethylene glycol) methyl ether acrylate average Mn 480 (PEGA,
Sigma-Aldrich) were deinhibited by percolation through basic alumina column before
use. Methyl 2-((ethoxycarbonothioyl)thio) propanoate (Xanthate) was synthesised by

literature protocols.*
4.2.2 Instrumentation

Attenuated total reflectance-fourier-transform infrared (ATR-FTIR) spectroscopy was
employed to monitor vinyl bond conversions, using an approach similar to Magdassi,
Banin, and co-workers.>° A Bruker Alpha FT-IR equipped with room temperature DTGS
detectors was used for measurement. Each spectrum composed of 16 scans with a
resolution of 4 cm was collected in the spectral region between 4000-500 cm-t. Analysis

was performed using OPUS software.

A TA instruments Q800 dynamic mechanical analyser (DMA) was used to obtain
mechanical property measurements on the 3D printed materials. The Q800 DMA was
equipped with a TA instruments liquid nitrogen gas cooling accessory (GCA) for

temperature control.
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Micromake L4, the LCD digitally masked DLP 3D printer modified with a green LED
light board (Amax = 525 nm, lo = 0.32 mW/cm?) was employed to print rectangular samples
for DMA analysis. The light intensity was measured using a Newport 843-R power meter.
The targeted material geometries and .stl files were generated using Autodesk Fusion 360,
and printing parameters (slicing thickness and layer cure times) were generated using
Micromake L4 software.

Anycubic Photon S, the LCD digitally masked DLP 3D printer modified with a green
LED light board (Amax = 525 nm, lo = 0.32 mW/cm?) was employed to print complex
objects. The light intensity was measured using a Newport 843-R power meter. Printing
parameters (slicing thickness and layer cure times) were generated using Photon
WorkShop software.

UV—Vis spectroscopy spectra were recorded using a CARY 300 spectrophotometer
(\Varian) equipped with a temperature controller. All measurements were obtained by
placing the 3D printed samples or reaction mixtures in a 1 cm x 1 cm glass cuvette. The

spectra were baseline corrected against the empty cuvette.
4.2.3 Experimental procedure

Polymerisation for determination of reaction Kinetics

A typical polymerisation solution with the recipe of [PEGA] : [PEGDA] : [BTPA] : [EB] :
[TEtOHA] =571 : 1333 :5:0.2 : 40 was prepared as follows: to a 4 mL glass vial was
added 0.54 mg (2.27 umol, 5 equiv) of BTPA, followed by 68.56 mg (0.14 mmol, 315
equiv) of PEGA and 150.98 mg (0.6 mmol, 1333 equiv) of PEGDA. 26.5 pL of a stock
solution of EB in PEGA at 3 mg/mL (0.091 umol EB, 0.2 equiv and 0.06 mmol PEGA,
133 equiv) was then added, followed by 26.98 uL of a stock solution of TEtOHA in PEGA
at 100 mg/mL (0.018 mmol, 40 equiv and 0.056 mmol PEGA, 123 equiv) to make a total
equivalents of PEGA = 571, and [PEGA] : [PEGADA] = 30 : 70. The reaction mixture
was then covered with foil, vortexed for ~10 s, sonicated for 20 s, prior to the irradiation.
A 20 pL aliquot of the reaction mixture was then pipetted onto the ATR crystal plate and
irradiated with a household LED lamp emitting green light (Amax = 525 nm) with an
intensity at the polymerisation surface, lo = 4.3 mW/cm? as measured using a Newport

843-R power meter.
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Vinyl bond conversion was calculated based on the disappearance of the methylene group
vibrations in the range of 1590-1655 cm! assigned to the stretching mode of the =C-H
group. The integral under this peak in the range of 1590-1655 cm was evaluated after
increasing irradiation times and compared to the peak in the range of 1660-1800 cm™
assigned to the acrylate C=0 stretching mode. The vinyl bond conversion was calculated
from Equation 1, where stdo is the integral under the curve in the range of 1660-1800
cmt before irradiation, stdx is the integral under the curve in the range of 1660-1800 cm-
L after x mins irradiation, into is the integral under the curve in the range of 1590-1655
cm! before irradiation, and intx is the integral under the curve in the range of 1590-1655

cm ! after irradiation for x mins. All FTIR measurements were performed in triplicate.

Vinyl bond conversion = 1 — (intx/ stdx) / (into / stdo) Eq. 1

Vinyl bond conversions of 3D printed samples

The vinyl bond conversions of 3D printed samples were obtained by placing the ground
sample powder on the ATR crystal plate, and then compressed by lowering the testing
arm. The vinyl bond conversion was calculated from Equation 1, where stdo is the
integral under the curve in the range of 1660-1800 cm of the resin before printing, stdx
is the integral under the curve in the range of 1660-1800 cm™ of the 3D sample powder,
into is the integral under the curve in the range of 1590-1655 cm™ of the resin before
printing, and intx is the integral under the curve in the range of 1590-1655 cm™* of the 3D
sample powder. All FTIR measurements were performed in triplicate.

3D printing procedures of rectangular samples

A typical procedure for 3D printing a rectangular sample is as follows: to a 20 mL glass
vial was added 21.6 mg (0.0906 mmol, 5 equiv) of BTPA, followed by 4.28 g (8.91 mmol,
491 equiv) of PEGA and 6.04 g (24.16 mmol, 1333 equiv) of PEGDA. 636.5 uL of a
stock solution of EB in PEGA at 5.0 mg/mL (3.6 umol EB, 0.2 equiv and 1.45 mmol
PEGA, 80 equiv) and 107.9 mg TEtOHA (0.72 mmol, 40 equiv) was then added to make
a total equivalents of PEGA = 571, and [PEGA] : [PEGDA] = 30 : 70. The total volume
for all reaction mixtures used for polymerisation in bulk was 10 ml. The reaction mixture
was then covered with foil, vortexed for ~10 s, sonicated for 20 s, prior to addition to the
3D printer vat (vat dimensions 60 mm x 60 mm x 20 mm), and subsequently irradiated

with spatially controlled green light during the 3D printing process. The rectangular
130



sample geometries (40 x 12 x 2 mm (I, w, t)) and .stl files were generated using Autodesk
Fusion 360. The sample printing parameters (slicing thickness and layer cure times) were
generated using Micromake L4 software. The sample was then printed by using
Micromake L4 DLP 3D printer. To ensure adhesion between the 3D printed material and
the build stage, the first two (bottom) layers of the material were irradiated for 150 s/layer,
after which the regular cure time per layer was 20 s/layer or 40 s/layer with a layer
thickness of 20 um. The Z lift distance was 1 mm, the Z lift speed was 30 mm/min, and
the Z retract speed was 300 mm/min. After the object was printed, the build stage was
removed, and the residual polymerisation surface was briefly washed with ethanol. The

material was allowed to dry for 5 mins then analysed by DMA.

3D printing procedures of the theatre complex

The resin formulation of [PEGA] : [PEGDA] : [RAFT] : [EB] : [TEtOHA] =571 : 1333 :5:
0.2 : 40 was used to print a theatre complex. The theatre complex .stl file was downloaded
from the internet.>! The dimensions of the object were 45.9 x 45.99 x 29 mm (X, Y, 2).
The printing parameters (slicing thickness and layer cure times) were generated using
Photon WorkShop software and the object was printed by using Anycubic Photon S DLP
3D printer. To ensure adhesion between the 3D printed material and the build stage, the
first 10 (bottom) layers of the material were irradiated for 150 s/layer, after which the
regular cure time per layer was 30 s/layer with a layer thickness of 20 um. The Z lift
distance was 1 mm, the Z lift speed was 360 mm/min, and the Z retract speed was 360

mm/min.

DMA test of 3D printed rectangular samples

In DMA test, a 3D printed rectangular sample was measured with digital callipers, placed
into the calibrated single cantilever clamp, and fixed into place with a torque wrench
operated at a force of 1 in-Ib. The GCA was used to adjust the temperature to -50 °C and
subsequently hold isothermal conditions for 3 minutes. The temperature was then ramped
to 100 °C at a rate of 2 °C/min while the frequency was held constant at 1 Hz, using a
displacement of 30 um. The storage modulus was determined at glassy state (specifically
at the closest temperature to -45 °C) and rubbery plateau region (specifically at the closest
temperature to 50 °C) and 1 Hz, while the glass transition temperature (Tg) was calculated
as the temperature at which the 1 Hz Tan ¢ curve peaked. All DMA results were

performed using duplicate samples.
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Aminolysis of 3D printed samples

A typical aminolysis procedure of 3D printed samples is as follows: a rectangular sample
with dimensions of 30 x 8 x 1.5 mm (I, w, t) was printed using the resin formulation of
[BPTA] : [PEGA] : [PEGDA] : [EB] : [TEtOHA] = 25 : 571 : 1333 : 0.2 : 40. After
printing, the sample was post-cured under green light (Amax= 525 nm, 7.1 mW/ cm?) for
10 min, and then was submerged in DMF solution containing hexylamine with a molar
ratio of [hexylamine] : [BTPA] = 100 : 1 at room temperature. The amount of BTPA
contained in the 3D printed sample was calculated assuming a constant weight percentage
of BTPA in both the resin and the 3D printed materials. The concentration of BTPA in
the resin was 0.96 wt%. Therefore, 10 mL DMF solution containing hexylamine (~2

vol%) was employed to aminolyse the sample.

Aminolysis of BTPA in DMF solution containing hexylamine

The aminolysis solution was prepared as follows: to a 20 mL glass vial was added 3.9 mg
(0.0163 mmol, 1 equiv) of BTPA, followed by 3784 pL of DMF. As a baseline
measurement, the UV-Vis spectrum was measured prior to the addition of hexylamine in
alcm x 1 cm glass cuvette. Subsequently, 216 pL hexylamine (1.63 mmol, 100 equiv)
was added to make the ratio of [BTPA] : [hexylamine] = 1 : 100. The total volume for all

reaction mixtures used for aminolysis was 4 ml.
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4.3 Results and Discussion

4.3.1 Optimisation of resin formulations

In the previous chapter, a rapid RAFT-mediated 3D and 4D printing process was
demonstrated under visible light, however, a single RAFT agent, 2-
(butylthiocarbonothioylthio) propanoic acid (BTPA), was used in relatively low
concentrations.*® To elicit more thorough details on the effects of RAFT agents in such
3D printing processes, different RAFT agents were applied to a model 3D printing system
at higher concentrations. Initially, the photopolymerisation conditions were optimised to
achieve fast polymerisation rates and enable practical 3D printing speeds. For these model
polymerisations, poly(ethylene glycol) methyl ether acrylate (PEGA, average Mn =480 g
mol?) and poly(ethylene glycol) diacrylate (PEGDA, average Mn = 250 g molt) were
used as monomer and crosslinker, respectively. PEG oligomers and PEG-based
monomers are widely considered as non-toxic and have been applied in various fields,
such as medicine,®>-53 self-healing materials,> drug delivery,® and tissue engineering.%
Erythrosin B (EB) was selected as PC in conjunction with triethanolamine (TEtOHA) as
co-catalyst, and the reaction was performed in the absence of solvent (bulk) to match
prospective 3D printing conditions. The initial ratio of [PEGA] : [PEGDA] : [EB] :
[TEtOHA] was 1000 : 500 : 0.025 : 20 and the ratios of [BTPA] : [EB] were varied
between 0 : 0.025 and 50 : 0.025. The model reactions were performed in open-air
droplets (20 pL) under green light (Amax = 525 nm, lo = 4.3 mW/cm?). The polymerisation
kinetics of these systems under different concentrations of BTPA were monitored by
following the decrease of the ATR-FTIR absorption peak assigned to the stretching mode
of the vinylic group =C-H unit.

The change in vinyl bond conversion with time for the initial polymerisations are shown
in Figure 4.1A. Based on previous work, the vinyl bond conversions after 1 min and 4
min were used as an important guide; systems that present a high vinyl bond conversion
after 4 min and exhibit a short induction period (< 1 min) are more suitable for
implementation in 3D printing processes.*® After 4 min irradiation, the systems that
contained 0, 5, and 10 equiv. of BTPA showed reasonable monomer conversions (a ~
50%, Figure 4.1A). The system with [BTPA] : [EB] = 25 : 0.025 displayed a reduced

vinyl bond conversion after 4 min (a = 23.2%), and critically showed negligible vinyl
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bond conversion after 1 min due to a longer inhibition time. This result indicates a reduced
likelihood of successful 3D printing at practical build speeds. Furthermore, increasing the
BTPA ratio to 50 equiv relative to EB led to no observable vinyl bond conversion after
10 min irradiation. The inhibition effect in these RAFT polymerisations can be attributed
to either the slow fragmentation of the initial intermediate RAFT radical or the
insufficient re-initiation ability of the homolytic leaving group radical from the initial
RAFT agent.5%° Barlow, Moad and co-workers also showed that RAFT agent
concentrations affect the inhibition time, with increasing concentrations of

thiocarbonylthio compounds leading to increased inhibition time.®°
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Figure 4.1 Kinetics of polymerisation for PEGA / PEGDA mixtures using BTPA as
RAFT agent. (A) vinyl bond conversions vs time for varied molar ratios of BTPA as
RAFT agent at molar concentrations of [PEGA] : [PEGDA] : [BTPA] : [EB] : [TEtOHA]
= 1000 : 500 : [variable] : 0.025 : 20; (B) vinyl bond conversion vs time for varied
TEtOHA molar ratios at molar concentrations of [PEGA] : [PEGDA] : [BTPA] : [EB] :
[TEtOHA]= 1000 : 500 : 50 : 0.025 : [variable]; (C) vinyl bond conversion vs time for
varied EB molar ratios at molar concentrations of [PEGA] : [PEGDA] : [BTPA] : [EB] :
[TEtOHA] = 1000 : 500 : 50 : [variable] : 40. Note: All reactions were performed in bulk
under green light (Amax = 525 nm and lo = 4.3 mW/cm?).
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To find suitable conditions for rapid polymerisation in the presence of higher
concentrations of BTPA (50 equiv.), the concentrations of EB and TEtOHA were altered
to optimise the catalytic system. The polymerisation kinetics were monitored using an
increased ratio of TEtOHA, ([BTPA] : [EB] : [TEtOHA] = 50 : 0.025 : 40), which led to
an increase in monomer conversion at 4 min (a = 13.9%, Figure 4.1B). The concentration
of TEtOHA was not increased further to limit its effect as a plasticizing agent. Thus, the
ratio of [BTPA] : [TEtOHA] =50 : 40 was fixed, while the EB concentration was varied
between 0.025, 0.1, 0.2, 0.3, and 0.4 equiv. As shown in Figure 4.1C, the fastest
polymerisation occurred with the ratio of [EB] : [BTPA] = 0.3 : 50 after 4 min irradiation,
however, only slight differences in conversion were observed between this system and
the system containing 1.5 times less EB (i.e., at a ratio of [EB] : [TEtOHA] : [BTPA] =
0.2 : 40 : 50). As such, the ratio of catalyst and cocatalyst was fixed at [EB] : [TEtOHA]

= 0.2 : 40 for further experiments.
4.3.2 Kinetics comparison between different RAFT agents

To date, only three RAFT agents have been applied in DLP 3D printing, namely
trithiocarbonates BTPA, 4-(((dodecylthio)carbonothioyl)thio) pentanoic acid (CDTPA),
and dibenzyl trithiocarbonate (DBTTC).%% 4" However, a much larger pool of RAFT
agents exists, which could be potentially employed in 3D printing. Thiocarbonylthio
(RSC(2)=S) RAFT agents include trithiocarbonates (Z = SR’), dithioesters (Z = alkyl or
aryl), xanthates (Z = OR’), and dithiocarbamates (Z = NR’R’’). Dithioesters, aromatic
amine-based dithiocarbamates and trithiocarbonates are reactive RAFT agents with high
transfer constants and suitable for controlling polymerisation of “more-activated”
monomers (MAMSs) where the vinyl bond is conjugated to an aromatic ring (e.g., styrene
(St)), acarbonyl group (e.g., methyl acrylate (MA)) or a nitrile (e.g., acrylonitrile (AN)).4®
%1 In comparison, xanthates and alky! dithiocarbamates which have low transfer constants
can be selected for controlling polymerisation of “less activated” monomers (LAMs)
where the vinyl bond is adjacent to an oxygen or nitrogen lone pair (e.g., vinyl acetate
(VACc) or N-vinylpyrrolidone (NVP)) or the heteroatom of a heteroaromatic ring (e.g., N-
vinylcarbazole (NVC)).4% 61
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Figure 4.2 Various RAFT agents used in this work composed of thiocarbonylthio group
(orange), activating Z group (red) and leaving R group (blue), 2-
(butylthiocarbonothioylthio) propanoic acid (BTPA), 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA), dibenzyl
trithiocarbonate (DBTTC), 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid
(CPADB), methyl 2-((ethoxycarbonothioyl)thio) propanoate (Xanthate), cyanomethyl
(3,5-dimethyl-1H-pyrazole)-carbodithioate (DTC1) and 2-cyanobutan-2-yl 4-chloro-3,5-
dimethyl-1H-pyrazole-1-carbodithioate (DTC2).

To investigate the effect of RAFT structures, several RAFT agents were selected, namely
cyano-4-(phenylcarbonothioylthio) pentanoic acid (CPADB) as dithibenzoate, CDTPA,
DBTTC and BTPA as trithiocarbonates, cyanomethyl (3,5-dimethyl-1H-pyrazole)-
carbodithioate (DTC1) and 2-cyanobutan-2-yl 4-chloro-3,5-dimethyl-1H-pyrazole-1-
carbodithioate (DTC2) as dithiocarbamates, and methyl 2-((ethoxycarbonothioyl)thio)
propanoate (Xanthate) as a xanthate (Figure 4.2). Tailoring towards high modulus, free-
standing 3D printed materials, ratios of [PEGA] : [PEGDA] : [EB] : [TEtOHA] :
[RAFT]=571:1333:0.2: 40 : 5/50 were adopted. To clearly differentiate the inhibition
period and subsequent polymerisation rate for systems mediated by different RAFT
agents, vinyl bond conversions at each interval over the first 4 min of the reaction are
reported in Table 4.1. As shown in Figure 4.3A, the formulation without RAFT agents
presented a higher polymerisation rate than those containing RAFT agents,>” 6 62 with
the vinyl bond conversion reaching 60.0% after 1 min irradiation, and 89.8% after 4 min
(Table 4.1). Critically, the differences in polymerisation behaviour in the presence of
RAFT agents depend on the RAFT agent structure, and more precisely, on the structures
of the activating Z groups and leaving R groups (Figure 4.2). Therefore, a more thorough

analysis of the combined effects of the Z and R groups on the polymerisations was
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considered to explain the polymerisation Kinetics. Three thermodynamic descriptors,

including RAFT agent stability (4Hstab), the fragmentation efficiency (4Hrag), and the

radical stabilisation energies of leaving group radicals (RSE of R’), were employed to

provide a semi-quantitative method of assessing the kinetic behaviour of the RAFT

agents,53-64

Table 4.1 Kinetics of polymerisation for PEGA / PEGDA mixtures using various RAFT

agents.2
RAFT 2 [RAFT]?  aimin (%)°  azmin (%)°  asmin (%)°  aamin (%)°
No RAFT 0 60.0 83.0 88.3 89.8
Xanthate 5 54.1 81.4 88.4 90.4
BTPA 5 37.3 73.6 84.5 88.1
DTC1 5 6.4 49.3 71.1 79.7
DTC2 5 0.0 58.5 76.3 80.4
CDTPA 5 0.0 61.6 78.8 82.8
DBTTC 5 1.3 37.8 60.3 70.5
CPADB 5 0.0 0.0 0.0 0.0
Xanthate 50 25.4 62.6 79.1 85.5
BTPA 50 0.6 25.9 43.1 56.1
DTC1 50 1.9 15.5 28.3 38.6
DTC 2 50 0.2 0.9 0.9 0.9
CDTPA 50 0.0 0.0 0.0 0.0
DBTTC 50 0.0 0.0 0.0 0.0
CPADB 50 0.0 0.0 0.0 0.0

aConditions: reaction was performed using molar concentrations of [RAFT] : [PEGA] :
[PEGDA] : [EB] : [TEtOHA] = variable : 571 : 1333 : 0.2 : 40. Polymerisation was
performed in bulk under 4.3 mW/cm? green light (Amax = 525 nm), using a droplet (20 uL)

of reaction mixture. ®Vinyl bond conversion was determined by ATR-FTIR spectroscopy.
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Figure 4.3 Kinetics of polymerisation for PEGA / PEGDA mixtures using various RAFT
agents. (A) vinyl bond conversions vs time for varied RAFT agents at a fixed molar
concentration of [PEGA] : [PEGDA] : [RAFT] : [EB] : [TEtOHA] =571:1333:5:0.2:
40; (B) vinyl bond conversions vs time for varied RAFT agents at a fixed molar
concentration of [PEGA] : [PEGDA] : [RAFT] : [EB] : [TEtOHA] = 571 : 1333 : 50 :
0.2 : 40. Note: All reactions were performed in bulk under green light (Amax = 525 nm and
intensity = 4.3 mW/cm?).

The fastest kinetics among all the formulations containing 5 equiv. RAFT agents was
observed for the polymerisation using xanthate (aimin = 54.1% and a4min = 90.4%, Table
4.1) and was closely aligned with the kinetics in the absence of RAFT agent. The fast
polymerisation Kinetics can be attributed to the low reactivity of the thiocarbonyl bond
due to the interaction between the lone pair of the oxygen from the O-ethyl Z group and
the thiocarbonyl bond of xanthate, which gives rise to zwitterionic canonical forms, in
turn enhancing the stability of xanthate (4Hsw = 86.8 kJ/mol, Figure 4.4).%> Although
the fragmentation efficiency is high (as given by a very exothermic AHfrag = -44.3 kJ/mol,
Figure 4.4), the stability of the starting RAFT agent is too high to allow efficient addition
of the relatively stable secondary acrylic radical species to the thiocarbonyl bond,
resulting in polymerisation behaviour similar to that of the free radical polymerisation. A
decrease of polymerisation rate was observed when the xanthate ratio was increased from
5 to 50 equiv. and the vinyl bond conversion was a = 25.4% at 1 min and o = 85.5% at 4
min (Figure 4.3B and Table 4.1).
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Figure 4.4 VValues of AHstab, AHfrag and RSE of Re (kJ/mol) for RAFT agents in the present
work.%3-64 The values of 4Hstab and AHrag are associated with the effect of Z group, while
the value of RSE of R* is associated with the effect of R group. The value of RSE of R*
of acrylate (assumed to have the structure CH(CH3)(CO)OCHS3) was used as a reference

for the secondary acrylic propagating radical species in the system.

Polymerisation using 5 equiv. of BTPA also led to slightly decreased vinyl bond
conversions at 1 min (o = 37.3%) and 4 min (a = 88.1%) compared with the no RAFT
system (Figure 4.3A and Table 4.1).5* The rate was further reduced for the system with
50 equiv. of BTPA, with an observed 1 min inhibition period and reduced conversion (a
= 25.9%) after 2 min; the monomer conversion reached 56.1% after 4 min. The reduction
in rate and increase in inhibition period with increasing BTPA concentration was
expected in this system, as has been shown previously for other RAFT mediated

polymerisations (Figure 4.3B).%°

For the formulation containing 5 equiv. of CDTPA, the induction period was prolonged
to 1 min, however, the polymerisation then proceeded rapidly, with a vinyl bond
conversion of 61.6% after 2 min and 82.8% after 4 min (Figure 4.3A and Table 4.1).
The increased inhibition period compared to BTPA was attributed to two factors which
have been discussed in the literature.5’-%° Given that the propagating radical species are
secondary acrylic radicals (R = CH(CHs)COOCHSs), the RSE of polymeric propagating

radical species will be roughly 41.3 kJ/mol (Figure 4.4). Consequently, although the Z
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groups of BTPA and CDTPA are essentially the same, the tertiary carbon (4-
cyanopentanoic acid) radical leaving group on CDPTA group is less efficient at
reinitiating polymerisation of acrylates due to its increased stability (RSE of R* = 59.0
kJ/mol, Figure 4.4). As such, the higher concentration of these tertiary propagating
species compared to acrylic propagating species is expected to reduce the polymerisation
rate. Indeed, when increasing the CDTPA concentration to 50 equiv., no polymerisation
was observed after 10 min irradiation due to a long inhibition period, as shown in Figure
4.3B.

For the formulation containing the symmetrical trithiocarbonate DBTTC at 5 equiv., a
long induction period (1 min) was observed in Figure 4.3A, which can be rationalised in
terms of the poor reinitiating abilities of the two identical benzyl leaving R groups with a
high RSE of R* = 58.9 kJ/mol (Figure 4.4). Comparatively, no vinyl bond conversion
was observed after 10 min at higher concentrations (50 equiv.) of DBTTC (Figure 4.3B).
Similarly, for the formulations containing both low concentration and high concentration
of CPADB, no polymerisation was observed after 10 min irradiation (Figure 4.3A and
B). To compare with CDTPA which has the same homolytic leaving group as CPADB,
the phenyl Z group of CPADB contributes more to stabilizing the initial intermediate
RAFT radical, leading to much slower fragmentation in the pre-equilibrium (as given by
a very endothermic AHfrag = 21.0 kJ/mol, Figure 4.4), and significantly retarded

polymerisation, as has been seen in previous works.57 66-68

For resins containing dithiocarbamates, two RAFT agents DTC1 and DTC2 with different
pyrazole-based Z groups and different leaving R groups were selected.5* As shown in
Figure 4.3A and Table 4.1 for systems containing 5 equiv. of RAFT agent, the vinyl
bond conversion of DTC1 formula reached 6.4% in 1 min and 79.7% in 4 min, while the
polymerisation for the DTC2 system showed a 1 min inhibition period and a vinyl bond
conversion of 80.4% after 4 min. As shown in Figure 4.4, the 3,5-dimethyl-1H-pyrazole
Z group on DTC1 decreases its stability (4Hstb = 48.0 kJ/mol) compared with BTPA
(4Hstao =~ 59.4 kJ/mol) and thus the addition of acrylic propagating radicals is more
efficient to DTC1. However, the release of cyanomethyl radicals from DTC1 (RSE of R’
= 31.9 kJ/mol) is energetically unfavorable compared to release of acrylic propagating
radicals (RSE of R* = 41.3 kJ/mol), in turn reducing polymerisation rate. In contrast,

BTPA will release energetically analogous radicals and the polymerisation will continue
140



as normal. As for DTC2, the varied polymerisation behaviour compared with DTC1
system can be primarily ascribed to differences in the structures of the leaving R groups.
The high stability of tertiary nitrile substituted R group (RSE of R* = 59.0 kJ/mol, Figure
4.4) on DTC2 led to reduced efficiency in reinitiating polymerisation and caused slow
polymerisation. This behaviour is in agreement with the BTPA and CDTPA systems. At
higher concentrations (50 equiv.) of DTC1 the inhibition period remained at 1 min,
however, the polymerisation rate was again reduced, reaching 38.6% conversion after 4
min (Table 4.1). Comparatively, the DTC2 formulation showed a very significant 8 min
inhibition period and slow polymerisation thereafter, with the conversion reaching 11.3%
after 10 min (Figure 4.3B).

4.3.3 3D printing and mechanical properties comparison with various RAFT

agents

Based on the kinetics performance of the resins containing various thiocarbonylthio
species, formulations containing xanthate, BTPA, CDTPA, DBTTC and DTC 2 were then
applied to a 3D printing setup. A commercial DLP 3D printer modified with a green LED
light board (Amax = 525 nm, lo = 0.32 mW/cm?) was employed to spatially control the
formation of the 3D objects. Initially, resin formulations with a ratio of [RAFT] : [PEGA] :
[PEGDA] : [EB] : [TEtOHA] = 5 : 571 : 1333 : 0.2 : 40 were used to print simple
rectangular samples with dimensions 40 x 12 x 2 mm (I, w, t) (Figure 4.5A). These
objects were printed using a fixed layer slicing thickness of 20 um and a variable single
layer cure time of 20 or 40 s/layer. The storage modulus (E’) and glass transition
temperature (Tg) of the printed objects were subsequently examined by dynamic
mechanical analysis (DMA) by performing a temperature ramp from -50 °C to 100 °C at
a frequency of 1 Hz. The E’ was selected at -45 °C and 50 °C to provide mechanical
property information in both the glassy and rubbery states, while Tg was determined from
the peak of the Tan ¢ curve at a frequency of 1 Hz (Figure 4.5B). Additionally, the vinyl
bond conversions of the 3D printed objects were determined by examining the ATR-FTIR

absorption peak assigned to the stretching mode of the vinylic group.
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Figure 4.5 Rectangular sample 3D printed via PET-RAFT polymerisation. (A) sample
3D printed with a layer thickness of 20 um and cure time per layer of 20 s using a recipe
of [BTPA] : [PEGA] : [PEGDA] : [EB] : [TEtOHA] = 5: 571 :1333: 0.2 : 40; (B) storage
modulus (£°) and Tan o for the sample at a frequency of 1Hz determined by DMA.

As shown in Table 4.2, the vinyl bond conversions of the samples printed with various
formulations under 20 s/layer cure time were between 69.0% and 82.9%. Specifically, the
formulations containing no RAFT agent, BTPA, or Xanthate exhibited high vinyl bond
conversions (a = 79.1-82.9% at 20 s/layer cure time), while the DTC2, CDTPA, and
DBTTC formulations displayed lower conversions (a = 69.0-76.5% at 20s/layer). This
behaviour was in alignment with the kinetics results obtained in the previous section and
demonstrate that the choice of RAFT agent has a significant effect on the 3D printing
process. In addition, as shown in Table 4.2, as the layer cure time was increased from 20
to 40 s/layer, both the E’ (at 50 °C and -45 °C) and the Tgincreased for the samples printed
in the presence or absence of RAFT agents. The extended layer cure time increased the
vinyl bond conversion, resulting in the formation of a more highly crosslinked network
and stiffer materials with a higher T4.6%"* The increases of E’ in glassy state were more
obvious, especially for the samples printed with the resins containing CDTPA, DTC2 or
DBTTC. Under a cure time of 40 s/layer, the object printed with the resin having no
RAFT agents had the highest E’ 0f 31.9 +£ 0.4 MPa at 50 °C and 2400 + 70 MPa at -45 °C.
The addition of xanthate or BTPA in the resin slightly reduced the E” and caused minor
changes to the Tq. Comparatively, the E” and Tg of the samples printed with the resin
containing CDTPA, DTC2 or DBTTC were lower, as their slow polymerisation kinetics

negatively affected the network formation.
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Table 4.2 The mechanical properties of samples 3D printed with various RAFT agents.?

R AFTR Cure time / Ty £ (MPa) Vinyl b-ond
layer? conversion®
(s) (°C) 50°C -45 °C (%)
No RAFT 20s -1.8 27621 2300 £ 30 82.4
40s 0.2 319+04 2400+ 70 87.0
Xanthate 20s -2.4 22.0+£0.6 1950 + 80 79.1
40s 0.3 233+ 1.7 2150 £ 60 84.2
BTPA 20s -1.5 252+13 2050 + 20 82.9
40s 0.0 289114 2050 + 100 88.1
CDTPA 20s -3.9 19.6+1.9 1750 + 40 72.5
40s -1.8 22.1+1.7 1900 + 60 80.7
DTC2 20s -5.8 15.2+0.8 1450 £ 70 76.5
40s -5.7 15.7+2.2 1600 + 50 82.1
DBTTC 20s -5.7 8.6+0.6 1100 + 20 69.0
40s -3.7 17.0+£0.8 1500 + 60 81.8

aSamples were 3D printed with a layer thickness of 20 pm and 20 s/layer and 40 s/layer
in the presence of various RAFT agent using a recipe of [PEGA] : [PEGDA] : [RAFT] :
[EB] : [TEtOHA] =571 : 1333 : 5: 0.2 : 40; "Vinyl bond conversion was determined by
ATR-FTIR spectroscopy. A commercial DLP 3D printer modified with a green LED light
board (Amax =525 nm, lo = 0.32 mW/cm?) was employed to spatially control the formation

of the 3D printed samples.

As the resin formulations containing xanthate and BTPA provided a fast 3D printing build
rate without compromising on material stiffness, they were selected for further
investigation at higher concentrations. The minimum cure time needed for successful
prints using resins containing 50 equiv. of xanthate and BPTA was 40 s/layer, under
which the corresponding vinyl bond conversions were 79.3% and 76.2%, respectively
(Table 4.3). As such, an obvious decrease of E’ (at 50 °C and -45 °C) and the Tq of the
two samples were observed. However, extending the cure time to 120 s/layer increased
the E’ and Tq of the sample printed with 50 equiv. of BTPA in the resin, especially at -
45 °C, where the E” was 2700 + 20 MPa which was higher compared to the objects printed

in the absence of RAFT agents. Longer cure times were not suitable for samples printed
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in the absence of RAFT agents, as overcuring of each layer caused ill-defined objects due
to light scattering.” In comparison to the BTPA system, increasing the cure time per layer
for the system containing 50 equiv. xanthate led to negligible increases in E’ both above

and below the glass transition region (Table 4.3).

Table 4.3 Mechanical properties of 3D printed samples containing BTPA and Xanthate.?

RAFT2 [RAFT] Curetime/ Tq E’ (MPa) Vinyl bond
layer@ conversion®
(s) (°C) 50°C -45°C (%)
NoRAFT O 40s 0.2 31.9+04 2400+ 70 87.0
BTPA 5 40s 0.0 289+14 2050 = 100 88.1
50 40s -2.2 12.7+1.9 1750 = 30 76.2
80s 2.0 241+0.4 2350 + 30 87.1
120s 2.0 26.2+2.8 2700 = 20 89.1
Xanthate 5 40s 0.3 23.3%+1.7 2150 £ 60 84.2
50 40s -7.8 193+0.2 1900 + 80 79.3
80s -5.1 19.0+£0.9 2050 =+ 10 86.1
120s -4.4 20.0+0.8 2000 £+ 100 88.9

aSamples were 3D printed with a layer thickness of 20 um and varied cure time per layer
using molar concentrations of [RAFT] : [PEGA] : [PEGDA] : [EB] : [TEtOHA] = variable :
571:1333:0.2: 40; "Vinyl bond conversion was determined by ATR-FTIR spectroscopy.
A commercial DLP 3D printer modified with a green LED light board (Amax = 525 nm, lo
= 0.32 mW/cm?) was employed to spatially control the formation of the 3D printed

samples.

The differences in mechanical properties between the 3D printed objects in the absence
or presence of RAFT agents may be a result of differences in the formation of the polymer
networks. Indeed, the network developing processes in free radical polymerisation (FRP)
and RAFT agents involved system have been investigated by many groups.33-3% 73-76 At
the early stages of FRP, intermolecular crosslinking is limited due to the very low
concentration of polymer chains. As a result, the pendent vinyl bonds are consumed
rapidly by propagating radicals via intramolecular cyclisation reactions, yielding various

nanogels with highly compact structures.”-’> As the reaction proceeds, the number of
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these nanogels increases and intermolecular reactions occur, eventually forming a
heterogeneous network. In contrast to the FRP technique, the RAFT polymerisation
system establishes an equilibrium between propagating radicals and dormant chains,
allowing all chains to grow more evenly throughout the polymerisation. An effective
chain transfer process promotes chain relaxation and diffusion, favouring intermolecular
crosslinking and reducing intramolecular cyclization, resulting in the production of more
homogeneous networks.®*3 Figure 4.6 compares the gelation process by free radical

polymerisation versus RAFT polymerisation.
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Figure 4.6 Schematic presentations of polymer network synthesis process: (A) highly
crosslinked nanogels formation via free radical polymerisation (FRP) and the resulting
heterogenous network structures; (B) RAFT polymerisation process leading to more
homogeneous network structure via the formation of more highly branched polymers in

the earlier stages of the polymerisation.

For the objects 3D printed in the presence of BTPA, an effective chain transfer process is
likely to have resulted in the formation of networks with more homogeneous crosslink
densities; however, the differences in the E’ compared to the system without RAFT agents
were still limited. At the rubbery plateau region (50 °C), the storage modulus of the

sample printed with 50 equiv. BTPA (E’ = 26.2 + 2.8 MPa) was lower than that of the
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sample printed without RAFT agents (E’ = 31.9 + 0.4 MPa), indicating that the network
of the sample 3D printed with BTPA was less crosslinked (Figure 4.6). We propose that
the reduced modulus may be due to an increased number of dangling chain-ends on the
highly branched polymers formed during the RAFT mediated network formation.* 6% 77-
9 Further studies are needed to corroborate this behaviour. In the glassy state (-45 °C),
the storage modulus of the sample printed with 50 equiv. BTPA (E’ = 2700 = 20 MPa)
was higher than the 3D printed sample without RAFT agents (E’ = 2400 + 70 MPa, Table
4.3), which is consistent with a previous study.®* It has been demonstrated that below the
Tg, the storage modulus of the polymer is primarily controlled by the free volume.®
Furthermore, according to the free volume theory, the stiffness increases as the fractional
free volume decreases, which suggests that the sample printed with 50 equiv. BTPA had
less free volume due to more limited nanogel formation during the early stages of the

reaction.8!

As previously mentioned, the performance of xanthate as a chain transfer agent for the
polymerisation of more activated monomers is poor due to its high stability (4Hstab).
Although the Ty of the objects printed with the resin containing 50 equiv. of xanthate
increased under long layer cure time, they were still below 0 °C. Additionally, these
objects showed an upper limit of storage modulus (E” = 2000.0 MPa at -45 °C) even at a
high vinyl bond conversion (o = 88.9%, Table 4.3). As discussed regarding the kinetics
performance of various RAFT agents, the high stability of xanthate (4Hstab = 86.8 kJ/mol,
Figure 4.4) significantly reduces the addition of secondary acrylic radical species to the
thiocarbonyl bond. As a result, the xanthate formulations are likely to act similarly to the
no RAFT systems at the early stage of the polymerisation, resulting in the formation of

nanogels and thus less rigid materials below the Tq (Figure 4.6).78

As BTPA provided a good balance of polymerisation rates and efficient chain transfer
behaviour, further experiments were conducted to gain deeper insight into its effects and
potential in 3D printing. Resin formulations containing 25 and 100 equiv. of BTPA were
used to provide a broad concentration range for investigating the impacts of BTPA
concentrations on the mechanical properties of 3D materials. As shown in Figure 4.7, a
long inhibition period and significant polymerisation rate reduction were observed in the
resin containing 100 equiv. of BTPA. Therefore, a layer cure time of 80 s was applied to

obtain a complete 3D printed object. As expected, at a high vinyl bond conversion (a =
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88%) of the sample printed by using 25 equiv. of BTPA in the resin, as expected, the
corresponding E’ values and Ty were between that of the objects printed with the resin
having 5 equiv. and 50 equiv. of BTPA (Table 4.4). However, the E’ and Tg of the 3D
objects containing 100 equiv. of BTPA was reduced, with the highest E’ at -45 °C
reaching 1900 + 160 MPa and Tgbeing -1.9 °C even under 160 s/per layer. This result
was attributed to the slow polymerisation kinetics, which significantly reduced the degree
of crosslinking and resulted in the incomplete formation of the network during 3D
printing.°

100

Conversion, %

100

0 S 10 15

Time / min
Figure 4.7 Kinetics of polymerisation for PEGA / PEGDA mixtures using varied molar
ratios of BTPA as RAFT agent at a fixed molar concentration of [PEGA] : [PEGDA] :
[EB] : [TEtOHA] = 571 : 1333 : 0.2 : 40, performed in bulk. Note: All reactions were
performed under green light (Amax = 525 nm and intensity = 4.3 mW/cm?).
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Table 4.4 The mechanical properties of samples 3D printed with varied concentrations

of BTPA.2

(BTPAJ? Cure time / T, £ (MPa) Vinyl bf)nd
layer? conversion®

(s) (°C) 50 °C -45°C (%)

0 20s -1.8 276%21 2300 + 30 82.4

40 s 0.2 319+04 2400+ 70 87.0

5 20s -1.5 252+13 2050 + 20 82.9

40s 0.0 28914 2050 + 100 88.1

25 20s -3.4 18.2+0.3 1700 =90 74.8

40 s 0.4 24.6 £0.0 2300 + 40 82.5

80s 1.9 27922 2400 + 140 88.3

50 40s -2.2 12.7+1.9 1750 = 30 76.2

80s 2.0 24104 2350 £ 30 87.1

120s 2.0 262+2.8 2700 = 20 89.1

100 80 s -8.8 9.0+0.6 1500 =50 72.1

120 s -2.0 9.8+1.2 1800 £+ 10 81.5

160 s -1.9 13.0+2.0 1900 * 160 82.7

aSamples were 3D printed with a layer thickness of 20 pm and varied cure time per layer
in the presence of varied molar ratios of BTPA using a recipe of a fixed molar
concentration of [PEGA] : [PEGDA] : [EB] : [TEtOHA] = 571 : 1333 : 0.2 : 40; ® Vinyl bond
conversion was determined by ATR-FTIR spectroscopy. A commercial DLP 3D printer
modified with a green LED light board (Amax = 525 nm, lo = 0.32 mW/cm?) was employed

to spatially control the formation of the 3D printed samples.

Thereafter, a 3D theatre complex was printed using the recipe containing 5 equiv. of
BTPA to demonstrate the ability to 3D print more complex objects. The slicing thickness
was set as 20 um per layer for the purpose of obtaining a 3D print with high resolution.
Furthermore, to achieve a rigid object without compromising on printing speed, a 30
s/layer cure time was selected. As shown in Figure 4.8, to compare with the original .stl
file image, the 3D printed object exhibited great printing details. The shell overhang

curling outlines were sharply printed, with a clear shadow projecting on the wall. All
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shells were also easily distinguished, and the theatre front face and stage were exquisitely

printed with natural transitions.

| SES R

Figure 4.8 3D printed theatre complex. (A) original .stl file image; (B) the theatre

complex printed using the resin formulation of [PEGA] : [PEGDA] : [RAFT] : [EB] :
[TEtOHA]=571:1333:5:0.2 : 40; (C) side view of the theatre complex.

4.3.4 Post-modification of 3D printed objects

Thiocarbonylthio groups offer further possibilities for post-functionalization. These end
groups can be easily transformed into thiol groups via aminolysis, to allow for facile thiol-
ene and other thiol-modifications.2°! Indeed, the robustness and high efficiency of thiol-
ene chemistry have been exploited to introduce functional acrylates into aminolysed
RAFT polymers in one-pot processes under mild conditions.?283 As the thiocarbonylthio
groups contained in the 3D printed objects were embedded throughout the network as
well as on the surface, is was expected that the materials could be post-modified by
aminolysis of the thiocarbonate functions and thiol-ene reactions to change the material
properties in a one-pot process. Therefore, the aminolysis process of the 3D materials
containing RAFT agents was examined. The resin formulation containing 25 equiv. of
BTPA was selected, as the 3D printed object was rigid and was produced using reasonable
printing speed. A rectangular sample with dimensions of 30 x 8 x 1.5 mm (I, w, t) was

printed at a layer slicing thickness of 20 um and a cure time of 40 s/layer.

As shown in Figure 4.9C, the orange coloured 3D printed sample (Figure 4.9A)
displayed the typical EB and BTPA absorption peaks around 540 nm and 435 nm,
respectively.*? 9 After post-curing under green light (Amax = 525 nm, 7.1 mW/cm?) for 10
min, the sample displayed a yellow hue (Figure 4.9B), which was due to the remaining
RAFT agent in the material; this was verified by the almost unchanged BTPA absorption
peak in the UV-Vis spectroscopy (Figure 4.9C). Subsequently, aminolysis was

149



performed by submerging the post-cured 3D printed sample in 10 ml DMF solution
containing hexylamine (~2 vol%) with a molar ratio of [hexylamine] : [BTPA] =100 : 1
at room temperature. The samples were analysed using UV-Vis spectroscopy after
treatment with hexylamine for 30, 60, 120, and 150 min (Figure 4.9E). The BTPA
absorption signal at 435 nm reduced significantly after 30 min, but the change in colour
of the sample was not obvious. However, after 120 min, the BTPA absorption peak was
significantly reduced and the sample became obviously discoloured (Figure 4.9D).
Interestingly, a peak around 540 nm appeared to increase with the decrease of BTPA
absorption peak, which was ascribed to the reformation of strongly light absorbing EB
species (Figure 4.9E).% To verify this was attributed to EB and not a RAFT agent-
derived by-product, another experiment was performed with a ~5 vol% hexylamine
solution containing [hexylamine] : [BTPA] =100 : 1 in 4 ml DMF (Figure 4.9F) at room
temperature. As expected, no absorption peak was observed around 540 nm after 10 min
reaction, while the decreasing BTPA absorption peak around 435 nm was still clearly

visible.
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Figure 4.9 Aminolysis of 3D printed materials to change 3D printed material properties.
(A) sample printed with a layer thickness of 20 um and cure time per layer of 40 s using
arecipe of [PEGA] : [PEGDA] : [BPTA] : [EB] : [TEtOHA] =571 :1333:25: 0.2 : 40;
(B) sample post-cured for 10 min under green light (Amax = 525 nm , 7.1 mW/cm?); (C)
absorbance spectra of the sample 3D printed in the presence of BTPA before and after
post-curing for 10 min under green light (imax = 525 nm, 7.1 mW/cm?); (D) sample
aminolysed for 120 min with a molar ratio of [hexylamine] : [BTPA] =100 : 1 in 10 ml
DMF solution at room temperature; (E) absorbance spectra before and after aminolysis
for samples 3D printed in the presence of BTPA; (F) absorbance spectra before and after
aminolysis of a mixture with a molar ratio of [BTPA] : [hexylamine] =1 : 100 in a total

volume of 4 ml DMF solution at room temperature.

Subsequently, a one-pot transformation of the RAFT agent end group was performed via
aminolysis of thiocarbonylthio groups and introduction of a fluorescent functional group
from 1-pyrene methyl methacrylate (PyMMA, Figure 4.10A). An object with dimensions
of 40 x 12 x 2 mm (I, w, t) was first 3D printed, then post-cured under green light (7.1
mW/cm?) for 10 min, and finally submerged in a 5 ml DMF solution containing
hexylamine (~12 vol%) with a molar ratio of [BTPA] : [hexylamine] : [PYMMA]=1 :
100 : 10 at room temperature in an orbital shaker. After 1 h reaction, the sample was
carefully washed with a 1/1 volume mixture of DMSO/ethanol and irradiated with UV
light (A = 312 nm). As shown in Figure 4.10B, bottom, PyMMA was successfully grafted
to the surface of the aminolysed 3D printed sample, which showed strong fluorescence

under 312 nm irradiation. For comparison, another experiment was conducted where the
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3D printed material was submerged in a PyMMA solution (~3 wt% in DMF) in the
absence of hexylamine and left in an orbital shaker for 1 h at room temperature. As the
primary amine was not present, the aminolysis of thiocarbonyl groups did not occur, and
the PyMMA was unable to be tethered to the 3D printed material. Correspondingly, this
material showed negligible fluorescence after treatment (Figure 4.10B, middle).

Figure 4.10 Post-modification of 3D printed objects. (A) schematic showing process of
one-pot transformation of RAFT agent end groups via performing aminolysis of
thiocarbonylthio groups and thiol-Michael addition to introducing fluorescent PyMMA
group; (B) fluorescence images of 3D printed samples. From top to bottom: original 3D
printed sample before post-curing, post-cured 3D printed sample exposed to a solution of
PYMMA in DMF for 1 h, post-cured 3D printed sample exposed to a solution of PyMMA
and hexylamine in DMF for 1 h; (C) fluorescence image of the post-modified 3D printed
theatre complex. The object was printed using the resin formulation of [PEGA] :
[PEGDA] : [BTPA] : [EB] : [TEtOHA] =571 : 1333 :5: 0.2 : 40 with a layer thickness

of 20 um and cure time per layer of 40 s.

The mechanical property of the sample after post-modification was also investigated. The
sample with dimensions 40 x 12 x 2 mm (I, w, t) was firstly 3D printed and was then post-
cured under green light (7.1 mW/cm?) for 10 min. Subsequently, it was immersed for 1 h
in a 5 ml DMF solution containing PyMMA/hexylamine (~12 vol%) with a molar ratio
of [BTPA] : [hexylamine] : [PyMMA]=1:100 : 10. This sample displayed an E’ at 50 °C
of 40.3 + 1.0 MPa, which is higher than that of the sample without post-modification (E’
=24.6 £ 0.0). The increased modulus can be attributed to the reactivation of the RAFT

end groups in the material during the post-curing step under green light, which led to
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further crosslinking of the polymer network through unreacted vinyl bonds. In the
presence of PyMMA and hexylamine, further crosslinking via the thiol-Michael reaction
with pendent vinyl groups may also have occurred to increase the material modulus due
to the aminolysis of RAFT end groups into thiol. Pleasingly, however, the post-
modification process did not degrade the 3D printed materials, as might have been
expected upon swelling of the polymer networks and subsequent relaxation. To
demonstrate the integrity of complex 3D printed objects after post-modification, the
theatre complex 3D printed using the recipe containing 5 equiv. of BTPA was firstly post-
cured for 10 min under green light (max = 525 nm, 7.1 mW/cm?). Subsequently, the
theatre complex was inverted and submerged halfway in a 60 ml DMF solution containing
hexylamine (~4 vol%) with a molar ratio of [BTPA] : [hexylamine] : [PyMMA]=1:100:
10 at room temperature. After 1 h reaction, the sample was carefully washed with a 1/1
volume mixture of DMSO/ethanol and irradiated with UV light (4 = 312 nm). As shown
in Figure 4.10C, the object remained intact after functionalisation and displayed

fluorescence on areas of the theatre complex that were exposed to the PyMMA solution.
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4.4 Conclusion

In summary, resins containing various thiocarbonylthio species were investigated for
their application in 3D printing. Both the activating Z groups and leaving R groups have
a considerable impact on the polymerisation rate, which affects the 3D printing process
and the resulting mechanical properties of 3D printed materials. The resins containing
BTPA or xanthate produced rigid 3D printed objects. By contrast, the materials printed
in the presence of trithiocarbonates such as CDTPA or pyrazole-based dithiocarbamates
which demonstrated a slower polymerisation rate, were softer even under extended cure
times per layer. The addition of BTPA in the 3D printing resins significantly affected the
resulting mechanical behaviour of the 3D printed materials; the E’ of materials printed in
the presence of increasing concentrations of BTPA increased to a point, and reduced
thereafter, which was ascribed to reduction in polymerisation rates at higher BTPA
concentrations. The resins containing high concentrations of BTPA were still printable,
however, long cure times per layer were required. The presence of thiocarbonylthio
groups into the 3D materials also provided an easy route for the functionalisation of 3D
printed objects. The thiocarbonylthio end groups were aminolysed to thiols, which were
subsequently reacted via a thiol-Michael addition reaction, and functionalisation of the
3D printed objects was demonstrated via a one-pot aminolysis process and addition of
fluorescent monomer. The RAFT mediated photopolymerisation process has become an
important approach for producing new functional materials that can be utilised for various

purposes.
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Chapter 5. Effect of Thiocarbonylthio Compounds on
Visible Light Mediated 3D Printing

The contents of this chapter were published in: Zhang, Z.; Corrigan, N.; Boyer, C. A
Photoinduced Dual-Wavelength Approach for 3D Printing and Self-Healing of
Thermosetting Materials. Angewandte Chemie International Edition 2022, 61(11),
e202114111.
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5.1 Introduction

Vat photopolymerisation has become a promising 3D printing technique which enables
the fabrication of complex 3D objects with advantageous material properties via versatile
photochemistries.'® Among the various 3D printing approaches, photoinduced
techniques such as stereolithography (SLA) and digital light processing (DLP) 3D
printing present fast build rates and high printing resolution with low feature size.” ®
The photocuring strategy behind the 3D photopolymerisation is based on using light as
the stimulus in the presence of photoinitiating species, converting reactive liquid resins
into solid materials.! The resins used to form 3D printed objects are typically composed
of multifunctional (meth)acrylate- or epoxide-based monomers and oligomers; this
provides thermoset materials which have excellent mechanical performance with high
modulus, but lack repairability due to the irreversibly crosslinked polymer networks.4-16
As aresult, these thermosets cannot be repaired after damage, leading to wasted resources

and materials, and the production of environmental pollutants.’

Recently, researchers have incorporated dynamic covalent bonds in crosslinked polymer
networks to enable reversible network rearrangement and reformation under external
stimuli.’®: 18-22 Importantly, dynamic covalent chemistry has been used to imbue 3D
printed materials with self-healing properties, allowing these materials to self-repair
cracks and other damage and thus recover material mechanical strength and
functionality.?-3® As such, materials with dynamic covalent bonds can have extended
lifespans, which helps to reduce plastic waste generation and create more sustainable 3D
printing. The self-healing of materials with dynamic covalent bonds is typically induced
either thermally or photochemically. Indeed, self-healing based on thermally reversible
reactions such as Diels-Alder reactions or transesterification has been demonstrated for
thermosets 3D printed via vat photopolymerisation.?* 26 Smaldone and co-workers
successfully employed SLA 3D printing to print objects with self-healing properties
provided via Diels-Alder chemistry.?® After damage, the 3D printed objects recovered 99%
of their original tensile strength under two sequential thermal treatments at 110°C for 24
h followed by 80°C for 24 h. In another example, Ge and co-workers repaired a 3D printed
object by exploiting transesterification.?* Upon heating to 180°C for 4 h, the damaged
object regained its mechanical performance due to the reformation of ester bonds between

the adjacent hydroxyl and ester functional groups present in the pre-formed network.
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However, these thermally-triggered healing procedures demand temperatures over 100°C,
which limit potential applications and practicality. In comparison, self-healing processes
that use light can be performed at ambient temperatures in a spatially-controlled manner

due to the ability to confine the light to specific, targeted areas.34-3°

Photoinduced covalent bond rearrangement via reversible addition-fragmentation chain
transfer (RAFT) chemistry has become an emerging approach for self-healing covalently
crosslinked materials.®® 3 40 In these systems, thiocarbonylthio compounds (RAFT
agents) can play roles as both a chain transfer agent during formation of the polymer
network, and also as an initiator-transfer-agent-terminator (iniferter)*:->> under specific
light irradiation to enable post-modification of the network.56-62 According to previous
studies, the RAFT agents incorporated in the network can facilitate self-healing via
reshuffling reactions between network strands and via photo-reactivation of chains which
can subsequently polymerise.35-38 63 As shown in Scheme 5.1, the RAFT agent group
within the network can undergo UV-induced photolysis to cleave the weak C-S bond and
generate a thiocarbonylthio radical fragment and a reactive carbon-centered radical R*.>®
Subsequently, the radical R* can react with other thiocarbonylthio groups by degenerative
exchange reactions (reshuffling reactions) to promote network rearrangement and
recombination. Alternatively, the radical R* can initiate chain growth with monomers
or/and crosslinkers via a photo-controlled RAFT process to extend or rebuild the
network.>* 64-68 For instance, Matyjaszewski and co-workers exploited trithiocarbonate
(TTC) units in a crosslinked butyl acrylate network to re-heal gels via degenerative

reshuffling reactions under 4 h UV light irradiation in acetonitrile and nitrogen.3> 63 6°

Photo-RDRP Reshuffling Reaction
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Scheme 5.1 Self-healing via photo-reversible deactivation radical polymerisation (photo-

RDRP) and reshuffling reactions in the presence of photoiniferters.
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However, in the absence of solvent, the healing time was extended to 48 h, resulting in
an incompletely healed object as noted by the presence of small cracks on the surface.®®
Chen, Johnson and co-workers demonstrated self-healing behaviour by using TTC units
incorporated in the network to grow polymer chains via photo-reversible deactivation
radical polymerisation (photo-RDRP).38 In the presence of deoxygenated solutions
containing photocatalyst (PC), monomer and crosslinker, the TTC units were reactivated
to mediate further polymerisation at the cut interfaces, yielding a healed material with no
visible damage under 4 h blue light irradiation.®® While these examples elegantly
demonstrate the utility of photoinduced dynamic covalent bonds within network polymers,
to the best of our knowledge, there are no 3D printed thermoset materials with self-healing

capability triggered by light.

RAFT polymerisation has recently been applied to photoinduced 3D printing to produce
materials with various functions and properties.tt 5°-60. 70-71 |n this chapter, we investigate
the self-healing of thermosets obtained via a RAFT-mediated photoinduced 3D printing
process. A Norrish type | photoinitiation system was adopted to facilitate RAFT
photopolymerisation under violet light (Amax = 405 nm), using symmetric difunctional
RAFT agents to mediate the network formation. The self-healing behaviour of the
resulting materials was demonstrated under 365 nm irradiation at room temperature;
critically, the distinct irradiation wavelengths allowed efficient photopolymerisation
during 3D printing and subsequent network reformation of severed 3D printed thermosets.
Furthermore, self-healing was performed under open-to-air conditions and did not require
any specialised equipment. The impact of varying the concentration of RAFT agents in
the resin on the healing efficiency was also explored. Finally, the healing ability of the
3D objects printed in the presence of difunctional RAFT agent and monofunctional RAFT
agent was compared to demonstrate the significance of the RAFT agent structures on

healing efficiency.
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5.2 Experimental Section
5.2.1 Materials

2-hydroxyethyl acrylate (HEA, Mn = 116.12 g mol, Sigma-Aldrich, 96%), ethylene
glycol dimethacrylate (EGDMA, Mn = 198.22 g mol?, Sigma-Aldrich, 98%), (2,4,6-
trimethylbenzoyl)diphenylphosphine oxide (TPO, Sigma-Aldrich, >97%), poly(ethylene
glycol) diacrylate average Mn 250 (PEGDA, Sigma-Aldrich, >92%), acrylic acid (AA,
Sigma-Aldrich, 99%), dimethylsulfoxide (DMSO, chem-supply), dibenzyl
trithiocarbonate (DBTTC, Boron Molecular, 98%) and 3-
(((benzylthio)carbonothioyl)thio)propionic acid (BSTP, Boron Molecular) were used as

received. The double-side tape was purchased from X-Press IT.
5.2.2 Instrumentation

Attenuated total reflectance-fourier-transform infrared (ATR-FTIR) spectroscopy was
employed to monitor vinyl bond conversions, using an approach similar to Magdassi,
Banin, and co-workers.”> A Bruker Alpha FT-IR equipped with room temperature DTGS
detectors was used for measurement. Each spectrum composed of 16 scans with a
resolution of 4 cm™ was collected in the spectral region between 4000-400 cm-. Analysis

was performed using OPUS software.

Fourier Transform Near-Infrared (FTNIR) spectroscopy was performed using a Bruker
Vertex 70 Fourier transform spectrometer. FTNIR spectroscopy was employed to
determine vinyl bond conversion of 3D printed samples. Analysis was performed using
OPUS software 7.5.

A TA instruments Q800 dynamic mechanical analyzer (DMA) was employed to obtain
mechanical property measurements on the 3D printed objects. The Q800 DMA was
equipped with a TA instruments liquid nitrogen gas cooling accessory (GCA) for

temperature control.

Anycubic Photon S, the LCD digitally masked DLP 3D printer with an LED light array
emitting 0.51 mW/cm? violet light (max = 405 nm) was employed. The light intensity was
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measured using a Newport 843-R power meter. Printing parameters (slicing thickness and

layer cure times) were generated using Photon WorkShop software.

A Mark-10 testing machine with a 25 N load cell or a 1000 N load cell was employed to
measure tensile strength and elongation at break of 3D printed dumbbell-shaped samples.

Hitachi S-3400N Scanning electron microscopy (SEM) which is fitted with secondary
and backscatter electron detectors was used to acquire SEM images at an accelerating
voltage of 15 kV or 30 kV. Samples were mounted on aluminium stubs using double-
sided adhesive tape and coated with 30 nm platinum nanoparticles using Quorum Q300T

D Plus sputter coater.

An Oriel VeraSol LED solar simulator consisting of the LSS-7120 LED controller and
LSH-7520 LED head was used as the light source to provide white light according to AM

1.5 Standard Spectral irradiance in the self-healing test.
5.2.3 Experimental procedure

Polymerisation for determination of reaction Kinetics

A typical polymerisation solution with the recipe of [DBTTC] : [HEA] : [EGDMA] :
[TPO]=1:60:6:0.5was prepared as follows: 11.7 mg (40.38 umol, 1 equiv) of DBTTC,
7.0 mg (20.19 pumol, 0.5 equiv) of TPO, 254.3 uL (2.42 mmol, 60 equiv) of HEA, 45.7
uL (0.24 mmol, 6 equiv) of EGDMA was added to a4 mL glass vial. The reaction mixture
was then covered with foil, vortexed for ~10 s, sonicated for 20 s, prior to the irradiation.
A 20 pL aliquot of the reaction mixture was then pipetted onto the ATR crystal plate and
irradiated with a Thorlabs mounted LED with a collimation adapter (Amax = 405 nm) with
an intensity at the polymerisation surface, lo = 3.6 mW/cm? as measured using a Newport
843-R power meter. Gel formation of the droplet was confirmed by observation and finger
touch, with the droplet being rigid and holding the shape to free stand. Vinyl bond
conversion was calculated based on the disappearance of the methylene group vibrations
in the range of 1590-1655 cm-! assigned to the stretching mode of the =C-H group. The
integral under this peak in the range of 1590-1655 cm was evaluated after increasing
irradiation times and compared to the peak in the range of 1660-1800 cm™ assigned to
the acrylate C=0O stretching mode. The vinyl bond conversion was calculated from

Equation 1, where stdo is the integral under the curve in the range of 1660-1800 cm™
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before irradiation, stdx is the integral under the curve in the range of 1660-1800 cm™ after
x mins irradiation, into is the integral under the curve in the range of 1590-1655 cm!
before irradiation, and intx is the integral under the curve in the range of 1590-1655 cm!

after irradiation for x mins. All FTIR measurements were performed in triplicate.

Vinyl bond conversion = 1 — (intx/ stdx) / (into / stdo) Eq. 1

Vinyl bond conversions of 3D printed samples

FTNIR spectroscopy was employed to determine vinyl bond conversion of 3D printed
samples by comparing the integral of the C-H vinylic stretching overtone at 6120-6220
cm* between 3D printed samples and uncured resin.*¢ 73-74 Analysis was performed using
OPUS software 7.5. 3 mL of uncured resin was placed in a 1x1 cm quartz cuvette to
collect the absorption spectrum in the spectral region between 4000-8000 cm™. The
thickness of the 3D printed sample was measured using a digital calliper. The 3D printed
samples were placed in the cuvette to obtain absorption spectra. The final vinyl bond
conversion was calculated from Equation 2, Where int; is the integral under the curve
in the range of 6120-6220 cm™ for the 3D printed sample, into is the integral under the
curve in the range of 6120-6220 cm-! for the uncured resin, tsampie is the thickness of the

3D printed sample, and tcuvecte 1S the path length of the cuvette.

Vinyl bond conversion = 1 — (int¢/ into) / (tsample / tcuvette ) Eq. 2

3D printing procedures of dumbbell-shaped samples

A typical procedure for 3D printing a dumbbell-shaped sample is as follows: 469.1 mg
(2.61 mmol, 1 equiv) of DBTTC, 281.3 mg (0.81 mmol, 0.5 equiv) of TPO, 10.72 mL
(102.11 mmol, 63.2 equiv) of HEA, 1.28 mL (6.79 mmol, 4.2 equiv) of EGDMA was
added to a 20 mL glass vial. The total volume for all reaction mixtures used for
polymerisation in bulk was 12 ml. The reaction mixture was then covered with foil,
vortexed for ~10 s, sonicated for 20 s, prior to addition to the 3D printer vat (vat
dimensions 60 mm x 60 mm x 20 mm). The 3D printed dumbbell-shaped samples were
inspired by a standard sample (D638 Type V) with a length of 54 mm, a gage length of
7.62 mm, a width of 9.53 mm, a gage width of 3.18 mm and a thickness of 2.6 mm.”
The .stl files were generated using Autodesk Fusion 360 and printing parameters (slicing

thickness and layer cure times) were generated using Photon Workshop software. The
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dumbbell-shaped sample was then printed by using Anycubic Photon S DLP 3D printer.
To ensure adhesion between the 3D printed material and the build stage, the first two
(bottom) layers of the material were irradiated for 150 s/layer, after which the regular cure
time per layer was 80 s/layer with a layer thickness of 50 um. To obtain a high surface
resolution, the last (top) layer of the material was irradiated for 150 s. The Z lift distance
was 1 mm, the Z lift speed was 1 mm/s, and the Z retract speed was 3 mm/s. After the
object was printed, the build stage was removed, and the residual polymerisation surface
was briefly washed with ethanol. The material was then post-cured for 10 min through
irradiation under violet light (Amax = 405 nm, lo = 9.6 mW/cm?) for further experiments.
Due to the fast polymerisation kinetics of the resin without RAFT agents (near
guantitative vinyl bond conversions after 30 s violet light irradiation), the regular cure
time per layer for printing no RAFT samples was adjusted to 20 s. Moreover, the cure
time for the first two (bottom) layers and the last (top) layer was decreased to 40 s/layer.
With the addition of acrylic acid, the cure time per layer for the resin formulation of
[DBTTC] : [AA] : [HEA] : [EGDMA] : [TPO] =1:6:54:4:0.5was increased to 100
s/layer. Also, the cure time for the first two (bottom) layers and the last (top) layer was

increased to 100 s/layer.

3D printing procedures of rectangular samples

The resin formulation with a ratio of [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60:4:
0.5 was used to print simple rectangular samples with dimensions 40 x 12 x 2.6 mm (I,
w, t). The .stl files were generated using Autodesk Fusion 360 and printing parameters
(slicing thickness and layer cure times) were generated using Photon Workshop software.
The object was then printed by using Anycubic Photon S DLP 3D printer. To ensure
adhesion between the 3D printed material and the build stage, the first two (bottom) layers
of the material were irradiated for 150 s/layer, after which the regular cure time per layer
was 80 s/layer with a layer thickness of 50 um. To obtain a high surface resolution, the
last (top) layer of the material was irradiated for 150 s. The Z lift distance was 1 mm, the
Z lift speed was 1 mm/s, and the Z retract speed was 3 mm/s. After the object was printed,
the build stage was removed, and the residual polymerisation surface was briefly washed
with ethanol. The material was then post-cured for 10 min through irradiation under violet
light (Amax = 405 nm, lo = 9.6 mW/cm?) for further experiments. For the resin without
RAFT agent, the samples were printed using a single layer cure time of 20 s/layer.

Moreover, the cure time for the first two (bottom) layers and the last (top) layer was
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decreased to 40 s/layer. For the resin formulation of [DBTTC] : [AA] : [HEA] :
[EGDMA]: [TPO]=1:6:54:4":0.5, the samples were printed using a single layer cure
time of 100 s/layer. Also, the cure time for the first two (bottom) layers and the last (top)

layer was increased to 100 s/layer.

3D printing procedures of complex objects

The resin formulation of [DBTTC] : [HEA] : [EGDMA] : [TPO] =0.25:60: 4 : 0.5 was
used to print a violin model. The violin .stl file was downloaded from the internet.”® The
maximum width, length and height of the object were 32.8 mm, 89.3 mm and 7.0 mm,
respectively. The printing parameters (slicing thickness and layer cure times) were
generated using Photon Workshop software. The violin model was then printed by using
Anycubic Photon S DLP 3D printer. To ensure adhesion between the 3D printed material
and the build stage, the first 8 (bottom) layers of the material were irradiated for 150
s/layer, after which the regular cure time per layer was 40 s/layer with a layer thickness
of 50 um. The Z lift distance was 1 mm, the Z lift speed was 1 mm/s, and the Z retract
speed was 3 mm/s. After the object was printed, the build stage was removed, and the
residual polymerisation surface was briefly washed with ethanol. The material was then
post-cured for 10 min through irradiation under violet light (Amax = 405 nm, lo = 9.6

mW/cm?) for further experiments.

The resin formulation of [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60:4:0.5 was
used to print a hook model. The hook .stl file was generated using Autodesk Fusion 360.
The maximum width, length and height of the object were 17.3 mm, 50.0 mm and 3.0
mm, respectively. The printing parameters (slicing thickness and layer cure times) were
generated using Photon Workshop software. The hook model was then printed by using
Anycubic Photon S DLP 3D printer. To ensure adhesion between the 3D printed material
and the build stage, the first 2 (bottom) layers of the material were irradiated for 150
s/layer, after which the regular cure time per layer was 80 s/layer with a layer thickness
of 50 um. The last (top) layer of the material was irradiated for 150 s to obtain a high
surface resolution. The Z lift distance was 1 mm, the Z lift speed was 1 mm/s, and the Z
retract speed was 3 mm/s. After the object was printed, the build stage was removed, and
the residual polymerisation surface was briefly washed with ethanol. The material was
then post-cured for 10 min through irradiation under violet light (Amax = 405 nm, lo = 9.6

mW/cm?) for further experiments.
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DMA test of 3D printed rectangular samples

In DMA test, a 3D printed sample was measured with digital callipers, placed into the
calibrated single cantilever clamp, and fixed into place with a torque wrench operated at
a force of 3in-1b. The GCA was used to adjust the temperature to -50°C and subsequently
held at isothermal conditions for 3 min. The temperature was then ramped to 100°C at a
rate of 2°C/min while the frequency was held constant at 1 Hz, using a displacement of
30 um. The storage modulus was determined around room temperature (specifically at
the closest temperature to 20 °C) and 1 Hz, while the glass transition temperature (Tg)
was calculated as the temperature at which the 1 Hz Tan 6 curve peaked. All DMA results

were performed using duplicate samples.

Tensile test of 3D printed dumbbell-shaped samples

Tensile tests were performed at room temperature under a crosshead speed of 1.1 mm/min.
Tensile strength was calculated by dividing the maximum load (N) by the average original
cross-sectional area (m?) in the gage length segment of the specimen and elongation at
break was obtained by dividing the extension at the point of specimen rupture (change in

gage length) by the original gage length and multiplying by 100.

Self-healing experiments

A typical self-healing procedure is as follows: the 3D printed dumbbell-shaped sample
was cut into two approximately equal pieces with a sharp blade, and then the two parts
were placed in close contact with the addition of 10 uL PEGDA (Mn = 250 g mol?)
between the contact area, which had dimensions of 8 mm?. Subsequently, the sample was
fixed with double-side tape on a glass slide (dimensions 76 mm x 19 mm x 1 mm) and
covered with another piece of glass slide with two binder clips (dimension 25 mm in
width). An 80 W UV (Amax = 365 nm) light board (dimensions 70 mm x 130 mm) was

used for healing test in air at room temperature, with the sample placed 8 cm underneath.
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5.3 Results and Discussion
5.3.1 Optimisation of resin formulations

The initial photocurable resins were composed of 2-hydroxyethyl acrylate (HEA) as the
monomer and ethylene glycol dimethacrylate (EGDMA) as the crosslinker. Diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) was employed as the Norrish type |
photoinitiator, due to its highly effective initiation performance reported in other works.!!:
780 Moreover, the reactive radicals generated by TPO cleavage under violet light
irradiation (Amax = 405 nm) can rapidly consume oxygen dissolved in the resins, enabling
the printing system to be applied without deoxygenation.'* Dibenzyl trithiocarbonate
(DBTTC), a difunctional RAFT agent which consists of symmetric leaving R groups was
selected as the RAFT agent for network formation. As noted previously, Z-connected
RAFT agents such as DBTTC can display efficient self-healing due to the location of the
TTC placement within the polymer main chain.3® 3. 63.69 |t has been shown that higher
concentrations of TTC units within the polymer network can favour efficient self-healing.
For instance, Matyjaszewski and co-workers demonstrated that increasing the
concentration of thiuram disulfide can significantly promote the self-healing efficiency
of polymer gels.®® Based on these previous works, we hypothesised that a high
concentration of RAFT agent in the 3D printing resin formulation would favor efficient
self-healing for our 3D printed materials. However, an increase in RAFT concentration
has also been shown to increase time to gelation, with longer printing times required to
obtain well-defined 3D printed objects.®® 7© This motivated us to optimise the resin
formulation prior to application in 3D printing. The molar ratio of [DBTTC] : [TPO] was
initially selected to be 1 : 0.5 and the ratio of [DBTTC] : [HEA] was varied between 1 :
20 and 1 : 60 with a fixed ratio of [HEA] : [EGDMA] at 10 : 1. These reactions were
performed in open-air droplets (20 puL) under violet light irradiation (Amax = 405 nm, lo =
3.6 mW/cm?) and monitored by following the decrease of the vinylic =C-H group via

ATR-FTIR spectroscopy.

As shown in Figure 5.1A, an increased polymerisation rate was observed when the
DBTTC concentration was decreased, with the system containing [DBTTC] : [HEA] =
1 : 60 displaying the fastest polymerisation kinetics (o = 31.3% after 4 min irradiation).
In comparison, both the [DBTTC] : [HEA] =1 : 20 and 1 : 40 systems exhibited a long
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induction period (> 2 min) and slower polymerisation kinetics with low vinyl bond
conversion after 4 mins (a < 17.0%, Figure 5.1A), which can significantly increase 3D
printing time and reduce practicality.® ° The long induction period observed when using
the resin containing DBTTC was attributed to the poor reinitiating ability of the benzyl
leaving R groups as well as the absorption of light by DBTTC at high concentrations.®°
The ratio of DBTTC relative to HEA was not decreased further, as the high concentration
of the TTC units in the network can accelerate the self-healing reactions.®® Therefore, a
ratio of [DBTTC] : [HEA] =1 : 60 was selected. Subsequently, the photoinitiator (TPO)
concentration was optimised by varying between 0.1, 0.25, 0.5, 1 and 2 equiv. relative to
DBTTC. As shown in Figure 5.1B, using 0.5 equiv. of TPO resulted in the fastest
polymerisation while further addition of TPO reduced the polymerisation rate. This result
was attributed to the increased light absorption of the resin containing higher
concentrations of TPO, which limited the light penetration and decreased the cure depth
through the system.81-84 Thus, the ratio of the photoinitiator was fixed at 0.5 equiv. for
further experiments. Additionally, as the crosslinking density has been shown by
Matyjaszewski and co-workers to affect the chain mobility, and thus the self-healing
efficiency, the molar ratio of HEA to EGDMA was varied.®® As shown in Figure 5.1C,
changing the concentration of [HEA] : [EGDMA] from 60 : 6 to 60 : 3 resulted in a
negligible change in the kinetics. However, the gel formation rate was reduced with low
EGDMA concentration; systems with [HEA] : [EGDMA] =60 : 6 and 60 : 4 gelled after
3 min irradiation, while no free-standing gel was observed after 5 min irradiation for the
system with [HEA] : [EGDMA] = 60 : 3. Consequently, the system with a molar ratio of
[DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60 : 4 : 0.5 was selected as the optimised
resin formulation to 3D print self-healing materials.
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Figure 5.1 Kinetics of polymerisation for HEA/EGDMA mixtures using DBTTC as
RAFT agent. (A) vinyl bond conversions vs time for varied [DBTTC] : [HEA] molar
ratios with constant TPO molar ratio [DBTTC] : [TPO] = 1: 0.5 and fixed molar ratio of
[HEA] : [EGDMA] = 10 : 1; (B) vinyl bond conversion vs time for varied TPO molar
ratios at molar concentration of [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60:6 :
[variable]; (C) vinyl bond conversion vs time for varied [HEA] : [EGDMA] molar ratios
at a ratio of [DBTTC] : [TPO] = 1: 0.5, the recipes were design to maintain fixed molar
concentrations of DBTTC and TPO. As such, the molar ratios used in these experiments
were [DBTTC] : [HEA] : [EGDMA] : [TPO]=1:60:6:0.5 ([HEA] : [EGDMA] =60
6), [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:63.2: 4.2 : 0.5 (approximately [HEA] :
[EGDMA] =60 : 4), and [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:649:3.2:05
(approximately [HEA] : [EGDMA] =60 : 3). Note: All reactions were performed under
violet light (Amax = 405 nm and lo = 3.6 mW/cm).

5.3.2 Self-healing of 3D printed materials

After successful optimisation of the resin, we decided to 3D print objects using a
commercial DLP 3D printer with a violet LED light board (Amax = 405 nm, lo = 0.51
mW/cm?). All 3D printing was performed without deoxygenation. The optimised resin
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formulation i.e., [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60: 4 : 0.5, was used to
print dumbbell-shaped objects (Figure 5.2A) for subsequent self-healing and mechanical
tests. The dimensions of these objects were based on ATSM D638 Type V standards.”™
To obtain 3D printed objects with high resolution, a layer slicing thickness of 50 um and
asingle layer cure time of 80 s/layer was used. A reduced curing time per layer (60 s/layer)
was also attempted but resulted in ill-defined 3D printed objects (Figure 5.2B). Before
performing the self-healing tests, the 3D printed objects were post-cured for 10 min under
violet light irradiation (Amax = 405 nm, lo = 9.6 mW/cm?) to fully polymerise unreacted
monomers. The vinyl bond conversions of the objects were determined by FTNIR
spectroscopy by following the absorption peaks assigned to the stretching mode of the
vinylic group. After post-curing, near quantitative vinyl bond conversions were observed
for all 3D printed objects. As previously mentioned, the incorporation of photoiniferters
into the network enables polymeric materials to undergo self-healing reactions via TTC
reshuffling (Scheme 1).25-%6: 3% However, previous works employed materials containing
crosslinked polymers with low glass transition temperatures (Tg below room temperature).
Low Tgq enables high chain mobility for network rearrangement, which helps to facilitate

efficient reshuffling reactions and therefore facilitates the self-healing process.3% 9
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Figure 5.2 Dumbbell-shaped samples 3D printed using a resin formulation of [DBTTC] :
[HEA] : [EGDMA] : [TPO] =1:60 : 4 :0.5 at a layer slicing thickness of 50 pm. (A)
Dumbbell-shaped samples printed using a single layer cure time of 80 s/layer and (B) a

single layer cure time of 60 s/layer.

Self-healing tests were conducted by cutting the 3D printed dumbbell-shaped samples
into two pieces, and then placing the two parts in close contact under 365 nm light

irradiation (Amax = 365 nm) (Figure 5.3A); these tests were performed at room
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temperature and in an open-air environment. Unfortunately, the cut sample did not self-
heal after 16 h of light exposure, which was attributed to the low mobility of polymer
chains in these materials (Tq = 37.9°C, Figure 5.4A). Consequently, the self-healing
approach was modified to take advantage of the photo-reactivation of RAFT group under
UV light (Scheme 5.1). Indeed, it is expected that the thiocarbonylthio groups can be
activated under UV light irradiation to start a secondary polymerisation with freshly
added monomer and crosslinker to produce a new network. As such, two different
crosslinkers, namely EGDMA and poly(ethylene glycol) diacrylate (PEGDA), were
investigated for their ability to aid in the network formation and self-healing process.
Pleasingly, the system with PEGDA added at the cut material interfaces displayed
noticeable self-healing behaviour after only 30 min irradiation with 365 nm light, as
evidenced by the formation of a single piece, with the rupture on the surface hardly
visualised (Figure 5.3A). For the system using EGDMA as the interface crosslinker, the
self-healing process required 4 h which is an agreement with previous studies.3® 38
However, no self-healing was observed after 30 min due to the low propagation rate
constant of EGDMA.2 The healed samples retained integrity and withstood bending
deformation without breakage (Figure 5.3A). This result was in alignment with Chen,
Johnson and co-workers’ work3 which demonstrated that in the presence of PC only, the
crosslinked gels containing TTC units resulted in poor healing. In contrast with the
addition of a solution containing monomer, crosslinker and PC at the interface, the

damaged gels were completely healed.
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Figure 5.3 Self-healing process of 3D printed samples. (A) demonstration of the self-
healing process on a dumbbell shaped object 3D printed using a resin formulation of
[DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60: 4 :0.5; SEM images of (B) the top
surface of the healed sample, (C) cross-sectional view of the healed sample, and (D) the
magnified cross-sectional view of the healed sample showing disappearance of interfacial

region after healing process.
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Figure 5.4 Storage modulus (£°) and Tan ¢ for samples 3D printed with different resin
formulations at a frequency of 1 Hz measured by DMA. (A) sample printed with the resin
containing [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60: 4 : 0.5 at a cure time per
layer of 80 s; (B) sample printed with the resin containing [DBTTC] : [HEA] : [EGDMA] :
[TPO]=0:60:4:0.5 at a cure time per layer of 20 s.

We also performed additional control experiments to demonstrate the importance of light
irradiation and the presence of TTC units in this self-healing process. As expected,
samples were not healed after 16 h in the absence of UV light, as the TTC units of DBTTC
in the network cannot be activated without light irradiation at room temperature. Under
white light irradiation for 24 h, 35 + 2% tensile strength recovery was observed (Table

5.1), which was attributed to the low homolysis rate of C-S bonds under white light.>° To
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demonstrate the importance of TTC in the polymer network, control samples were printed
in the absence of DBTTC and subsequently used in self-healing tests. For the non-TTC
containing samples (Tg=41.2°C, Figure 5.4B), healing was not observed after 16 h even
with the addition of PEGDA at the material interfaces. Furthermore, when PEDGA was
replaced with a mixed solution containing free-RAFT agent at a ratio of [DBTTC] :
[PEGDA] =1 : 64, no self-healing was observed after 2 h irradiation. This demonstrates
that the incorporation of TTC units in the polymeric network is essential for this self-
healing reaction to occur. To better visualise the self-healed material printed with the
resin of [DBTTC] : [HEA] : [EGDMA] : [TPO]=1:60:4:0.5, the surface contact area
was examined SEM. As shown in Figure 5.3B, the top surface of the healed sample
shows the position of the cut, which is visible due to the slight misalignment of the
severed pieces during sample preparation. In contrast, no cracks were observed in the
cross-sectional view along the contact area, indicating that the two separated parts were

successfully merged (Figure 5.3C and D).
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Table 5.1 Mechanical properties of samples 3D printed with the resin of [DBTTC] :
[HEA] : [EGDMA] : [TPO] =1:60:4: 0.5 self-healing at various healing time.

Healing time Tensile strength Tensile strength  Elongation at Elongation at break

(min) (KPa) recovery (%) break (%) recovery (%)
Pre-cut 1450 £ 50 - 150 +5 -
Pre-cut 2 2150 £+ 150 - 150 = 10 -
5 700 + 80 49+5 40%5 26+ 2
15 1200 £ 50 83+3 80 +15 53 +10
30 1450 + 40 98+3 110+£5 74+3
60 1800 + 90 123+6 1101 762
90 1700 + 100 118+ 7 95+5 65+2
60° 850 + 40 58 +2 805 57+4
60°¢ 450 + 100 29+8 40+ 10 24+ 9
60 x 24 d 500 + 20 35+2 80+ 10 52+5

20riginal 3D printed samples irradiated under 365 nm for 60 min before tension test. °3D
printed samples self-healed three times with each healing performed for 60 min under
365 nm light irradiation. 3D printed samples self-healed with the addition of 50 vol%
PEGDA in DMSO at the cut material interfaces under 365 nm light irradiation. 93D
printed samples self-healed with the addition of PEGDA at the cut material interfaces

under white light irradiation for 24 h.

To quantitatively evaluate the self-healing process, tensile tests were carried out to
compare stress-strain properties between the original and healed samples at various
healing times (Figure 5.5). Tensile tests were performed at room temperature under a
crosshead speed of 1.1 mm/min. To determine the healing efficiency, the ratios of tensile
strength and elongation at break between the healed samples and the original samples
were considered (Figure 5.6A and B, Table 5.1). For the material fabricated using a resin
with [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60:4:0.5, the cut sample was rapidly
healed, recovering 49 + 5% of the original tensile strength and 26 + 2% recovery in
elongation at break in only 5 min irradiation. With increasing irradiation time, the material
continued to recover, with the tensile strength reaching 98 + 3% and elongation at break

reaching 74 + 3% of the original values in 30 min.
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Figure 5.5 Stress-strain curves of the original sample and healed samples at various
healing time. The dumbbell-shaped sample 3D printed by using the resin formulation of
[DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60:4:0.5at a layer slicing thickness of 50

pm and a single layer cure time of 80 s/layer.
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Figure 5.6 Healing efficiency of samples 3D printed with the resin of [DBTTC] : [HEA] :
[EGDMA] : [TPO]=1:60:4:0.5 at various healing time. (A) tensile strength recovery,
and (B) elongation at break recovery of samples after irradiation under UV light at room

temperature over time.

The recovered mechanical strength was ascribed to the increased PEGDA conversion
with time, and thus the more complete reformation of crosslinked network. Overall,
tensile strength recovery increased with extended healing time but plateaued at 123 + 6%
after 60 min irradiation (Figure 5.6A). As a control experiment, we also measured the
tensile strength of the uncut material after exposure to UV light. Interestingly, the tensile

strength increased by roughly 50% after 60 min UV light irradiation (Table 5.1), which
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was attributed to the formation of new crosslinks in the material due to the reshuffling of
the TTC units.?%-87 The self-healing process under 60 min irradiation was successfully
repeated three times by cutting and healing samples at the same point, with the tensile
strength recovering 58 + 2% and elongation at break recovering 57 + 4% (Table 5.1). The
reduced healing efficiency was attributed to the damaged contact surface caused by
successive cutting. The impact of PEGDA concentration on self-healing efficiency was
also investigated. Under 60 min irradiation, the tensile strength recovery and elongation
at break recovery of samples healed with a 50 vol% solution of PEGDA in dimethyl
sulfoxide was less than 30% (Table 5.1). To further explore the potential of the self-
healing system, the self-healing test was conducted on more rigid materials. To obtain 3D
printed objects with higher modulus and Tg, acrylic acid (AA) was incorporated in the
resin formulation to yield [DBTTC] : [AA] : [HEA] : [EGDMA] : [TPO]=1:6:54:4:
0.5. As shown in Figure 5.7, the E” at 20 °C and Tg of the samples containing AA were
850 = 70 MPa and 47.4 °C, respectively. The healing efficiency of the samples containing
AA slightly decreased, with tensile strength recovery reaching 71 £+ 4% and elongation at
break recovery reaching 33 £ 9% (Table 5.2).

Temperature (°C)

Figure 5.7 Storage modulus (£’) and Tan ¢ for sample 3D printed with the resin
containing [DBTTC] : [AA] : [HEA] : [EGDMA] : [TPO] =1:6:54:4:0.5ata cure
time per layer of 100 s at a frequency of 1 Hz measured by DMA.
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Table 5.2 Mechanical properties of samples 3D printed with the resin containing varied
molar ratio of [AA] : [HEA] at a fixed molar ratio of [DBTTC] : [EGDMA] : [AA+HEA] :
[TPO] =1:4:60:0.5 self-healing under 365 nm irradiation for 60 min.

[AA] : [HEA]Healing time ) Tensile strengthElongation Elongation at
Tensile strength
recovery at break break recovery

(min) (KPa) (%) (%) (%)
0:60 Pre-cut 1450 + 50 - 150 + 5 -
60 1800 + 90 123+6  110=*1 76+ 2
6: 54 Pre-cut 3750 + 300 - 230 £ 10 -
60 2650 + 150 714 80 + 20 33+9

Further experiments were conducted to gain a deeper insight into the impact of DBTTC
concentration in the 3D printed samples on the healing efficiency. Due to the faster
polymerisation rates at lower concentration of DBTTC, the layer cure time was adjusted
to 40 s to obtain well-defined 3D printed samples with the resins containing 0.5 and 0.25
equiv. of DBTTC (Figure 5.8). Tensile tests were subsequently performed on the 3D
printed samples with various concentrations of DBTTC in the resin. As is shown in Table
5.3, the tensile strength increased with a decreasing concentration of DBTTC, with the
no RAFT sample exhibiting the highest tensile strength at 2800 = 150 KPa. This is
because the network formation of the samples containing TTC units undergoes an
addition-fragmentation chain transfer process, which can dramatically alleviate shrinkage

stress and promote relaxation of the network.88-8°
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Figure 5.8 Kinetics of polymerisation with varied DBTTC concentration at fixed molar
concentration of [HEA] : [EGDMA] : [TPO] =60:4:0.5.

Table 5.3 Mechanical properties of original samples 3D printed with various
concentrations of DBTTC in the resin at a fixed molar ratio of [HEA] : [EGDMA] : [TPO]
=60:4:0.5.

[DBTTC] Tensile strength Elongation at break
(KPa) (%)
0.00 2800 * 150 140+ 5
0.25 2400 £ 150 140+ 1
0.50 1950 + 60 140 £ 10
1.00 1450 £ 50 150+5

As previously described, the samples containing different concentrations of DBTTC were
cut, and self-healing was performed by adding PEGDA at the interface and irradiating
with UV light. While self-healing proceeded for all samples containing DBTTC, the
healing efficiency was apparently reduced with decreased DBTTC concentrations
(Figure 5.9A and B, Tables 5.1, 5.4 and 5.5). After 15 min irradiation, the tensile
strength recovery was 83 * 3% for the system with 1 equiv. DBTTC compared to 45 + 8%
for the sample printed using 0.25 equiv. of DBTTC. Furthermore, samples containing
0.25 equiv. DBTTC regained only 80% of their initial strength after 60 min irradiation,

along with an elongation at break recovery of less than 50%.
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Figure 5.9 Mechanical property recovery vs time for 3D printed samples. (A) tensile
strength recovery, and (B) elongation at break recovery for samples 3D printed using
varied concentrations of DBTTC in the resin at a fixed molar ratio of [HEA] : [EGDMA] :
[TPO] = 60 : 4 : 0.5. Self-healing was performed under UV light irradiation at room
temperature with PEGDA at the material interface.

Table 5.4 Mechanical properties of samples 3D printed with the resin of [DBTTC] :
[HEA] : [EGDMA] : [TPO] =0.5:60 : 4 : 0.5 self-healing at various healing time.

Healing time Tensile strength  Tensile strength  Elongation at Elongation at break

(min) (KPa) recovery (%) break (%) recovery (%)
Pre-cut 1950 + 60 - 140 £ 10 -
15 1250 £ 5 65+1 60 + 10 43+9
30 1600 + 150 83+7 90+ 10 65+4
60 2050+ 70 107 4 85+1 62+1
90 2200 £ 90 115+5 85+5 63+3
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Table 5.5 Mechanical properties of samples 3D printed with the resin of [DBTTC] :
[HEA] : [EGDMA] : [TPO] =0.25: 60 : 4 : 0.5 self-healing at various healing time.

Healing time Tensile strength  Tensile strength  Elongation at Elongation at break

(min) (KPa) recovery (%) break (%) recovery (%)
Pre-cut 2400 £ 150 - 1401 -
15 1100 + 200 45+ 8 505 35+3
30 1400 + 100 58+5 50+1 36+1
60 1950 £ 5 82+1 70+ 10 47 %5
90 1800 + 150 75%5 60+5 41+2

To further understand the effect of photoiniferter structure on self-healing efficiency, a
monofunctional RAFT agent, 3-(((benzylthio)carbonothioyl)thio) propanoic acid (BSTP),
was selected and compared with the difunctional DBTTC RAFT agent; BSTP has the
same benzyl leaving R group as DBTTC but a different Z group (propanoic acid for BSTP
vs benzyl for DBTTC). The resin formulation [BSTP] : [HEA] : [EGDMA] : [TPO] =1
60 : 4 : 0.5 was applied to print dumbbell-shaped objects with layer cure times of 60

s/layer used to avoid overcuring in the comparatively fast BSTP system (Figure 5.10).

100+
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Figure 5.10 Kinetics of polymerization with different RAFT agents at fixed molar ratio
of [RAFT] : [HEA] : [EGDMA] : [TPO]=1:60:4:0.5.
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As shown in Table 5.6, the healing efficiency of the 3D printed samples with the BSTP
was significantly reduced compared to the samples containing DBTTC at the same
concentration. As shown in Figure 5.11A, the tensile strength recovery for the BSTP
sample was 70 + 4% in 60 min, which was lower than that of DBTTC (tensile strength
recovery = 123 + 6%). The elongation at break recovery was also lower for BSTP,
reaching a plateau at 61 £ 1% after 60 min (Figure 5.11B). The different healing
efficiency was attributed to the different structure of the RAFT agents. For DBTTC, the
symmetric leaving R groups allow polymer chains to grow on both sides of the TTC unit,
and also allows effective reshuffling of the TTC units to occur.3%-36.39.90-92 1n comparison,
the asymmetric BSTP leads to polymerisation with the TTC units remaining pendent to
the network at the terminus of all chains. The effective reshuffling with DBTTC provides
more contact points between the two network fragments, thus allowing more effective

strength recovery.3>36

Table 5.6 Mechanical properties of samples 3D printed with the resin of [BSTP] : [HEA] :
[EGDMA] : [TPO] =1:60:4: 0.5 self-healing at various healing time

Healing time Tensile strength  Tensile strength Elongation at Elongation at break

(min) (KPa) recovery (%) break (%) recovery (%)
Pre-cut 3050 + 70 - 200 + 20 -
15 1300 + 20 42 +1 85+ 10 41+4
30 1750 + 250 57+8 100 + 10 48 +6
60 2150 + 100 704 1301 61+1
90 2000 + 150 65+ 6 120 £ 15 587
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Figure 5.11 Mechanical property recovery vs time for 3D printed samples. (A) tensile
strength recovery, and (B) elongation at break recovery for samples 3D printed with
varied RAFT agents in the resin at a fixed molar ratio of [RAFT] : [HEA] : [EGDMA] :
[TPO] =1:60:4:0.5. Self-healing was performed under UV light irradiation at room
temperature with PEGDA at the material interface.

To quantitatively demonstrate the healing ability of 3D printed objects, a hook model was
3D printed using a resin formulation containing a high concentration of DBTTC at a ratio
of [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60:4:0.5. As shown in Figure 5.12, the
hook hang on a steel rod, with the torus end lifting a 200 g weight. Afterwards, the hook
was cut in the middle and then self-healed under UV light with PEGDA at the interface.
After 60 min, the hook successfully regained strength and was able to hold the 200 g
weight with no obvious rupture at the cut area. To demonstrate the ability to 3D print
more complex objects with self-healing functionality, a violin model was 3D printed
using a resin formulation of [DBTTC] : [HEA] : [EGDMA] : [TPO] =0.25:60:4:0.5.
The lower DBTTC concentration was selected to provide a more practical build speed
compared to resins with higher RAFT agent concentration. A slicing thickness of 50 um
and a single layer cure time of 40 s/layer were used to obtain the 3D printed violin model
with high resolution. As shown in Figure 5.12, the tunning pegs and strings can be easily
identified. After printing, the violin was rinsed with ethanol, followed by post-curing
through irradiation under violet light (Amax = 405 nm) for 10 min. Subsequently, the
fingerboard was cut in the middle and the two parts were placed in close contact with the
addition of PEGDA at the contact surface. The object was then subjected to 365 nm light
irradiation (Amax = 365 nm) in air at room temperature (Figure 5.12). After 60 min

irradiation, the violin was repaired with fully recovered appearance.
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Figure 5.12 Photoinduced self-healing of geometrically complex objects 3D printed via
photo-RDRP. Top: 200 g weightlifting test on a hook before and after self-healing. Hook
was 3D printed using the resin formulation [DBTTC] : [HEA] : [EGDMA] : [TPO] =1
60 : 4 : 0.5 and was self-healed under 365 nm irradiation for 60 min in air at room
temperature. Bottom: model violin 3D printed using the resin formulation [DBTTC] :
[HEA] : [EGDMA] : [TPO] =0.25: 60 : 4 : 0.5 self-healed under 365 nm irradiation for

60 min in air at room temperature.
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5.4 Conclusion

In summary, RAFT agents were incorporated into photopolymerisation resins to
investigate the fabrication of high-resolution 3D printed thermosets with self-healing
functionality. Objects containing TTC units that were 3D printed under visible light (Amax
=405 nm) can perform rapid self-repair via a secondary polymerisation mechanism under
UV light irradiation (Amax = 365 nm) under an open-to-air conditions and at room
temperature. The concentration of TTC units in the resin played an important role in
affecting the healing efficiency, with the object containing a high concentration of TTC
units resulting in a higher tensile strength recovery and elongation at break recovery. Self-
healing efficiency was also compared between the objects 3D printed with the resin
containing symmetric difunctional RAFT agent DBTTC and asymmetric monofunctional
RAFT agent BSTP. The objects 3D printed in the presence of DBTTC retained the TTC
units in the middle of each polymer chain rather than the terminus of all chains, resulting
in a superior self-repairing capability. This work promisingly paves the way for the

fabrication of novel 3D printed thermosets with self-healing properties.
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6.1 Conclusion

In the past decades, VP as a promising additive manufacturing technology has been
extensively employed in many applications, such as dentistry, tissue engineering,
biomedical applications, and production of smart materials. Advanced VP techniques
allows the fabrication of complex 3D objects in fast printing speed and high printing
resolution. Moreover, the versatility of photochemistry applied behind these techniques
enables the production of polymeric materials with diverse physical and chemical
properties. Despite these advantages, non-living free radical or cationic polymerisation
mechanism adopted by current VP photocuring methods produce inert polymers which
are unable to be reactivated for further chain growth, significantly preventing post-
functionalisation of 3D printed materials. Also, 3D printed thermosets with irreversibly
crosslinked polymer networks cannot be repaired after damage, leading to wasted

resources and materials.

Photomediated RAFT polymerisation is a versatile and robust RDRP technique which
performs good control over polymer chain growth via photostimulation. Also, the
retention of thiocarbonylthio polymer chain-ends in polymer materials can be reactivated
by external stimuli to enable post-modification of pre-formed polymers. Therefore, the
main purpose of this thesis was to apply photomediated RAFT polymerisation techniques
in VP to fabricate materials in a controlled manner and impart living characteristics to
these materials. This body of work has demonstrated that photomediated RAFT
polymerisation can be applied in 3D printing under visible light irradiation in the open air
using a commercial 3D printer. Further, the inclusion of RAFT agents in photoresins
provides control over mechanical properties of 3D printed materials and allows post-
functionalisation of pre-formed networks. Moreover, the incorporation of RAFT agents
in the polymeric network enables 3D printing of thermosets with self-healing capabilities.

The main outcomes of the work are summarised in the following paragraphs.

In Chapter 3, PET-RAFT polymerisation was firstly exploited in 3D printing by using a
customised DLP 3D printer under green light irradiation (max = 525 nm) in an open-air
condition. The photoinitiating system composed of an organic dye EB in conjunction with
triethanolamine as co-catalyst allowed fast printing speeds. It was shown that the

mechanical properties of 3D printed materials were tuned by varying the concentration
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of the RAFT agent in resin formulations. Moreover, the retention of the RAFT
functionality during the 3D printing process allowed the 3D printed materials to undergo
surface post-modification after printing. The dormant RAFT agents on the surface of the
3D printed materials can be reinitiated in the presence of EB under green light irradiation,
starting a secondary polymerisation with newly added monomers. Surface
functionalisation was also able to be spatially controlled through selected irradiation
during the post-functionalisation. The versatility of this photomediated RAFT
polymerisation process provides access to a range of new functional and stimuli-

responsive materials.

By utilising the same photoinitiating system as the previous chapter, in Chapter 4,
photoresins containing various thiocarbonylthio species were investigated for their
application in 3D printing. Both the activating Z groups and leaving R groups had a
significant impact on the polymerisation rate, which affected the 3D printing process and
the resulting mechanical properties of 3D printed materials. Photoresins containing BTPA
or xanthate which provided fast polymerisation kinetics were in favour of network
formation, leading to the production of rigid materials. The differences in mechanical
properties between the objects 3D printed in the absence or presence of trithiocarbonates
were further investigated. At the rubbery plateau region, the storage modulus of the
sample printed with trithiocarbonates was lower than that of the sample printed without
RAFT agents, indicating that the network of the sample 3D printed with trithiocarbonates
was less crosslinked. Further, the impact of the concentration of trithiocarbonates on
mechanical properties of 3D printed materials was demonstrated. The modulus in the
glassy state of materials printed in the presence of increasing concentrations of
trithiocarbonates increased to a point, and reduced thereafter, which was ascribed to
reduction in polymerisation rates at higher RAFT concentrations. Finally, 3D printed
materials with the incorporation of RAFT agents in the network were easily post-

functionalised via one-pot in situ aminolysis and thiol-Michael additions.

In Chapter 5, RAFT polymerisation was applied to visible light-induced 3D printing to
produce high-resolution 3D printed thermosets with self-healing capabilities. In this work,
RAFT agents played roles as both a chain transfer agent during formation of the polymer
network, and as an iniferter under UV light irradiation to enable post-modification of the

network in the presence of additional monomer or crosslinker. A Norrish type |
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photoinitiation system was adopted to facilitate RAFT photopolymerisation under violet
light irradiation (Amax = 405 nm) in 3D printing, using symmetric difunctional RAFT
agents to mediate the network formation. 3D printed materials (Tq above room
temperature) containing TTC units can then perform rapid self-repair via a secondary
polymerisation with freshly added crosslinker under UV light irradiation (Amax = 365 nm)
in the open air at room temperature. The concentration of TTC units in the resin was
critically important in affecting the healing efficiency, with the object containing a high
concentration of TTC units resulting in a higher tensile strength recovery and elongation
at break recovery. Self-healing efficiency was also influenced by the structure of RAFT
agents incorporated in the network. It was demonstrated that the material 3D printed in
the presence of symmetric difunctional RAFT agent resulted in a superior self-repairing
capability over that 3D printed in the presence of asymmetric monofunctional RAFT
agent. This work promisingly paves the way for the fabrication of novel 3D printed

thermosets with self-healing properties.

As demonstrated throughout the work, photomediated RAFT polymerisation techniques
can be applied in 3D printing to fabricate materials with controlled mechanical properties
under visible light irradiation in the open air. More importantly, 3D printed materials
incorporated with RAFT agents in the network can be easily post-functionalised via -
end modification approaches, such as one-pot in situ aminolysis and thiol-Michael
additions. Alternatively, the thiocarbonylthio species in the network can be reactivated
under light irradiation, starting a secondary polymerisation with newly added monomers
or crosslinkers to post-modify the pre-formed materials. This post-modification process
can also be spatially controlled through selected irradiation to a specific area. The
application of the versatile and robust photomediated RAFT polymerisation technigques
in 3D printing provides access to a broad range of novel materials with diverse

functionalities and properties.
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6.2 Future Perspectives

Since the first SLA instruments introduced by Hull in 1980s,% various 3D printing
techniques emerged and developed rapidly in the past decades, allowing the fabrication
of materials with arbitrary geometries and functions tailored for individual demands and
specific applications. Among these techniques, VP has garnered significant attention from
material and polymer scientists, due to its fast build speed and high printing resolution as
well as the versatility of photochemistry.?°> However, the current photocuring method
adopts non-living radical polymerisation or cationic polymerisation, performing less
control over chain growth and producing inert polymers incapable of post-
functionalisation. The application of photomediated RAFT polymerisation in 3D printing
allows the tuning of material mechanical properties, and more importantly imparts living
characteristics into the network. The dormant thiocarbonylthio species in 3D printed
materials can be repeatedly activated under external stimuli and then start a secondary
polymerisation with freshly added monomers, generating materials with new functions,

such as self-healing capability upon damage.

However, a great amount of work is required to fully reach the potential of photomediated
RAFT polymerisation in 3D printing. A promising aspect is to develop 3D
photopolymerisation systems toward longer wavelength irradiation, such as red light or
NIR light induced system. In comparison with short wavelength irradiation, long
wavelength with low energy irradiation causes less cellular photodamage, increasing the
scope for potential application in 3D bioprinting.3*® Moreover, long wavelength
irradiation provides deeper light penetration, which is able to increase slicing thickness
for each layer printing, in turn increasing printing speed. As mentioned in section 2.3,
Page and co-workers demonstrated a rapid high-resolution DLP 3D printing activated by
using red light irradiation (Amax = 615 nm) in the presence of ZnTPP as PC.%° With the
addition of coinitiators and opaquing agents, a high-resolution object was fabricated
rapidly with the print speed of 11 s curing time per layer. However, no latent active sites
were incorporated in the pre-formed materials, which were unable to be post-modified
with new functions. Therefore, inspired by this work, it is expected that long wavelength
induced RAFT polymerisation could provide fast fabrication of high-resolution 3D
printed materials with dormant thiocarbonylthio species in the network which can be post-

functionalised for various applications.
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Another promising opportunity for photomediated RAFT processes in 3D printing is to
apply photoorthogonal control over the polymerisation to fabricate materials with
controlled properties. Employing distinct wavelengths to activate and control
polymerisation enables photoorthogonal reactions; one reaction can proceed
independently of another under specific wavelength irradiation, in turn producing
materials with various functions. This strategy has been applied in organic chemistry and
RDRP, but not in photomediated RAFT processes in 3D printing.46: 207-211, 214 Therefore,
it is expected that the switch of light source during the printing process could be
programmed, in turn activating polymerisation under selected wavelength irradiation to

finally obtained 3D materials with controlled functions and properties.

Certainly, a great deal of work is still needed to explore more efficient and robust
photoinitiation systems for 3D printing and develop new PCs or RAFT agents for specific
applications. In addition, the development of VP techniques is also of great significance
to facilitate the progress of the abovementioned new concepts, such as highly improved
projection techniques to provide higher printing resolution and fast printing speed or 3D
printers equipped with more light sources to provide programmable wavelength switch
function. Taken all together, the advancement of photomediated RAFT processes in 3D
printing will bring more opportunities to create new functional materials for numerous

applications.
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