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Vat photopolymerisatiofVP) is apromisingadditive manufacturing technology which
enables theconstructionof complex 3D objects via versatile photochemistri¢®
techniqueshave demonstrged superior advantages imparting spatiotemporal control
andprovidinghighbuild rates and high printing resolutidthowever current photocuring
method are based on nofiving free radical or cationic polymerisationwhich offer
limited control over chain growtmetwork formatiorand thus the fingbroperties of 3D
printed materials. Moreovenertpolymerchainsproducedduringthe polymerisatiorare
incapableof being reactivated forpostfunctionalisationof preformed polymers To
fabricate materials with controlled properties and pestodifiable networks
photomediatedeversible additiofiragmentation chain transféRAFT) polymerisation
technigues were employed in VP. Tédditionof RAFT agents in photoresimsovided
control overpolymer chain growth anchetwork formation Also, the retention of
thiocarbonylthio polymer chaiends in the network imparted living charasttcs to 3D

printed materials, which were easily postdifiedwith diverse functionand properties

This work firstly explored photoinduced electron/energy transéeersible addition
fragmentation chain transfer (PERAFT) polymerisationin 3D printing under visible
light irradiationin the open airThe use of an organic dye in conjunction with a tertiary
amine as caatalyst allowed fast printing speedrhe inclusion of RAFT agestin
photoresis provided control over the mechanical properties of 3D printed mateFtads
presence of latent RAFT agents in the reslilowed postfunctionalisation of these
materials Based onthis study, photoresins containing RAFT agentsth different
activating Zgroups and leaving R groupgere investigated for their application in 3D
printing. Also, the impact of the concentration of trithiocarbonates on mechanical
properties of 3D printed materials was demonstrdteaddition,the 3D printed materials
containng RAFT agents were easily pasbdified via onepot in situ aminolysis and
thiol-Michael additions. Finallythe inclusion of RAFT agents in 3D printed thermosets
materials conferred selfealing functionalityMaterialscontaining trithiocarbonate units
that were 3D printed under visible light can perform rapid-egfir via a secondary
polymerisationmechanism under UV light irradiation under og@nconditions and at
room temperaturd.his study promisingly paves the way for the fabrication of n8izel

printed thermosets with séifealing properties.
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Figure 3.2Kinetics of polymerisation for DMAmM / PEGDA mixtures in the presence
EY or EB as PC, with varied molar ratios of BTPA as RAFT agent at a
concentration of [DMAm] : [PEGDA] [TEtOHA] : [PC] : [BTPA] = 1000 : 50 : 20|:
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olar

0.1 : variable. Note: All reactions were performed using a solids content of 50 wt% under
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was performed under 4.3 mW/égreen light (max= 525 nm), using a droplet (28.) of

reaction mixture. Vinyl bond conversion over time was quantified by A&THR

spectroscopy.
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V WUL

temperatureTg), while holding the EB, BTPA, and TEtOHA concentrations constBiit

s (
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A] :

[BTPA] : [TEtOHA] = 0.01 : 164 : 382: variable : 20 in bulk; (C) sample printed w

th a

OD\HU WKLFNQHVYV RI P DQG FXUH WLPH SHU P

D\HU F

[PEGDA] : [BTPA] : [TEtOHA] =0.01: 164 : 382 :1: 20; (D) Storage modul§ ( D

QG

7DQ / IRU VDPSBEdgtireV/R 4tQ@ fteQuency of 1 Hz determined by DM
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Figure3.8 ' SULQWHG REMHFW GHILQLWLRQ XVLQJ D

layer cure times with the resin formulation of [EB] : [DMAmM] : [PEGDA] : [BTPA
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ation
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spatially resolved light doses. (A) designed geometrical properties of cross; (B) tgp view
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CJ
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e of

RAFT agents; (C) high surface wettability of 3D printed DMAM/PEDGA networks

(D)

decreased swate wettability for BA functionalised material; (E) spatially resolved
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duced

surfacefunctionalisation in the presence of pyrdd®A. .............ocooiiiiiiiiiiceene, 114
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1.1 Thesis Motivation

Polymersare animportantclassof engineering materiathathave beemassproduced

since their discovery over a century ago, from low cost commodity polymers (such as,
polyethylene, polypropylene, polystyrene, or polyvinyl chloride) to high cost engineered
polymers (such as, polycarbonate, polyimide, nylon 6 or polyetheretheej&t The
exceedinty diverse physical and chemical properties of these polymers allows their
application in packaging, clothing, building constrag, aircraft and automotive industry,
and many othersDespite 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, reversibledeactivation radical polymerisation (RDRB)chniques, such as
nitroxide-mediated polymerisation (NMP¥, atom transfer radical polymerisation
(ATRP) 57 reversible addition fragmentation chain transfer polymerisation (RAFT),
have drawn large attention, mainly attributed to the ability to provide good control over
macromolecular syntheses. Unlike free radical polymerisation whichiaaleads to
broad polymer chain length distributions and dead polymer chains, RDRP significantly
suppresses termination of growing polymer chains by establishing a deaotizet
equilibrium; the rapid reversible activation and deactivation dynamiitgqum allows

all active polymer chains to grow simultaneously and ingparhg characteristics to the
polymerisation:*'> As a result, polymers with tailored molecular weight distributions
and weltdefined structures can be produced, obtaining supphysical and chemical

properties ready for future applications.

Among various RDRP techniques, RAFT polymerisatsoextensively employed due to

its remarkable advantages in polymer synthés®sFirst, 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, igdiein
SPRUH DFWLYDWHG” PRQRPHUV 0$0V VXFK DV PHWK\OC
DQG WKH 2OHVV DFWLYDWHG™ PRQRPHUV [/$0N V XF
vinylpyrrolidone (NVP))? 222 Moreover, RAFT polymerisation can prodea a variety

of reaction media and exhibits a high tolerance to a broad range of reaction temperatures
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and high reaction pressurés?3?® More importantly RAFT crosslinking polymerisation
provides great benefits in preparing homogeneaisvarks and the retention of the
dormant thiocarbonylthio polymer chagmds throughout the RAFT polymerisaticen

be reactivated to enable pdshctionalisation of the préormed polymerswith diverse
properties and functionalitiesnderexternal stimiil3®34 These attributes significantly
increase theersatility and applicability of RAFT polymerisation in many applications,

such as drug delivery, electronics, or biosen3voi.

With the increasing demand for a ce$tective and environmentally friendly
manufacture of polymer materials, the techniques of using light as the energy source to
mediate RAFT polymerisativhas emerged as a powerful t66t> To compare with
thermally induced RAFT polymerisation, light mediated proesssn proceed at
ambient temperature and have more advantages in providing spatiotemporal‘ééhtrol.
Further, polymerisation rates can be simply and instantaneously controlled via the change
of light intensity or wavelengtf:#8 More significantly, various oxygeolerantstrategies

enable photomediated RAFT polymerisation to be conducted in the open air, which
significantlysimplifies readbn procedures by eliminating deoxygenation prod&gsin

spite of these benefits, the application of photomediated RAFT polymerisation technique

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
procedues, such as forging or machining, 3D printing adopts a Haydaiyer model
generation principle, allowing faster fabrication of customised materials with complex
geometries and functions tailored f@rious applications*>* Among the most common

3D printing technologies, such as directed energy deposition, beitiagjor 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 pidhioed
polymerisatior?>%6 Furthermore, VP techniques, such as stereolithography (SLA), digital
light processing (DLP) or volumetric stereolithography, are superior in providing fast
printing speed and high printing resolutiti®! The photoresins used in VP typically

consist of multifunctional (meth)acrylater epoxice-based monomers and oligomers and
3



photoinitiating species; under light irradiation at a specific area, the liquid photoresin can

be converted into solid materiadsthin seconds®: 62

However, curent photopolymerisation based 3D printing techniques remain a great
challenge in fabricating materials with the ability to be transformed or reprocessed after
printing, such as stimuliesponsiveness or sditaling. This is mainly becauskese
techniques currently adopt conventional photocuringechanismwhich is primarily
reliant on noHdiving free radical or cationic polymerisatiooffering limited control over

chain growth angbroducing irreversible crosslinked networks incapable of reactivation
for further chain extensiof¥.%4 Such photocuring method critically prevensd-
functionalisation of 3D printed materials, and finally leads to the generation of a vast

majority of undegradable or unrecyclable vess

Inthis regard, the application of photomediated RAFT polymerisation in pi®nsising

for severakreasons. First of all, RAFT polymerisatioantrok polymer chain growtland
networkformation, thus allowing the tuning dinal properties of crosisked polymers
Moreover, the dormant thiocarbonylthio species in the network can be repeatedly
activated by external stimuli to pestodify the preformed networks. More importantly,

the high oxygen tolerance and multiple photoinitiating system choicakesn
photomediatedRAFT 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 ThesisOutline

Asoutlined 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 plustctionalisation. As such, it expected

that the application ophotomediated RAFT polymerisation in VP will facilitate the
fabrication of 3D printed materials witleontrolled propertiesand 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 mechanissrwith RAFT crosslinking plymerisation and RAFT end
group functionalisatiomighlighted The majority ofChapter 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 fdifent photomediated RAFT
polymerisation mechanisms, RAFT polymerisation initiated by conventional
photoinitiators, RAFT polymerisation via iniferter polymerisation and photoinduced
electron/energy transfer (PERAFT polymerisation. Finally,some majorVP 3D
printing techniques, including laser scanning stereolithography, mask projection

stereolithography and volumetric stereolithography, and their applicagienszviewed.

In Chapter 3, a rapid visible light mediated PERAFT polymerisation process wa
applied to a 3D printing system. The photoresins contained a-fresadye (erythrosin

B) in conjunction with a tertiary amine -@atalyst and a trithiocarbonate RAFT agent to
afford polymerisation without prior deoxygenation. The reaction componestsosr

toxic, metal free and environmentally friendly (water basedqgslsin), which tailors

these systems toward the fabrication of biomaterials. Following optimisation of the resin
formulation by varying the ratio of photocatalyst and tertiary amineargety 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 trithiboaate 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 3Diqutimaterial; 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 reactiadted the initial 3D
printing process, which enabled pdshctionalisation of the printed materials via
secondary photopolymerisation processes. This R&lEdiated 3D and 4D printing
process should provide access to a range of new functional and s@spdnsive
materials. This chapter is based on the published work: ZhangAtédrsatile 3D and

4D Printing System through Photocontrolled RAFT Polymerisafiogewandte Chemie
International Edition2019,58, 1795417963

In the previous chapter, vide lightinduced PETRAFT polymerisation by using
trithiocarbonate as RAFT agemassuccessfully applied in 3D printing. However, there

is a lack of understanding of the impacts of RAFT agents with different structures on 3D
printing process. Thereforén 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 polymerisian 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 RAFa&gents were easily pestodified after printing via onpotin

situ aminolysis and thieMichael additions. The RAFT mediated photoinduced
polymerisation appears a promising method for producing novel and functional materials.
This chapter is based on tpablished work: Zhang et.aEffect of Thiocarbonylthio
Compounds on Visibkight-Mediated 3D PrintingMacromolecule2021, 54, 1170

1182.

VP-based 3D printing techniques have been widely used to producedsigiation 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 procEssipiter 5,

RAFT agents were added to resin formulations to allow visible light mediated 3D printing
of materials with sethealing capabilities. The sdifealing process was based the
reactivation of RAFT agent embedded in the thermosets under UV light, which enabled

reformation of the polymeric network. The sk#aling process can be performed at room
6



temperature without prior deoxygenation. The impact of the type and concentrhtio
RAFT agents in the polymer network on the healing efficiency was explored. Resins
containing RAFT agents enable 3D printing of thermosets withhsaling properties,
broadening the scope of future applications for polymeric thermosets in variliss fie
This chapter is based on the published work: Zhang efaPhotoinduced Dual
Wavelength Approach for 3D Printing and SHkaling of Thermosetting Materials.
Angewandte Chemlaternational Edition2022 61, e202114111.

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

future perspectives for photomediated RAFT polymerisation in VP.
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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, sedparability and recyclability, advances in
polymer chemistry are crucial. Conventional chain growth polymerisations, particularly
free radical polymerisation allows access to a broad scopeatdrials buiacks the

ability to finely control the polymerisation to make tailored macromolecules. The
irreversible chain transfer and termination reactjgresent inconventional free radical
polymerisation invariably leads to broad chain length distributions and dead polymer
chains. Therefore, polymerisation techniques which enable a high degree of aodtrol

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

Szwarc firstly applied the living concept in polymer science in 2d58ing polymers

were successfully produced via an anionic polymerisation which was initiated by the
green complex naphthalene anion, sodium catidetrahydaofuranin 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 theioeace 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 wereupsst 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 structuwresypositionsand topologies. bwever,

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 liviragaitteristics to

radical polymerisation would be useful.

13



2.1 Reversible Deactivation Radical Polymerisation (RDRP)

2QH RI WKH ILUVW H[DPSOHV Rl 30LYLQJ" UDGLFDO SR
and ceworkers, who firstly introduced theitiator-transfer agenterminator (iniferter)

concept in the polymerisation of methyl methacrylate (MMA) or styrene (St) in21882.

their work, atetraethylthiuram disulfidaiferter 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 -flamed polymers were subsequently
reactivaté 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 theversatility and compatibility of radical polymerisation, including the
high tolerance to a wide variety @inctional and noffunctional monomers and mild
reaction conditions, enormous work has been done to develop effective living radical
polymerisationstrategies:® These strategies were developed based on three different
polymerisation mechanisms: stable radiceddiated polyrarisation (SRMP), atom
transfer radical polymerisation (ATRP), and degenerative transfer radical polymerisation
(DTRP)1014

In SRMP, chemical species undergo unimolecular bond cleavage to generate a
propagating radical and a dormant gro<imas shown inFigure 2.1 One example of
SRMP is nitroxidemediated polymerisation (NMP), where X is a nitroxide. NMP
proceeds under a reversible deactivation mechanism between the stable nitroxide radical
(X) and the propagating carb@entered radicalRq} to form a dormant alkoxyamine
species Rr-X). Under high temperature, the thermally unstable dormant species can
undergo homolytic cleavage of the alkoxyamingOBl bond to regenerate the nitroxide
radical (X) and the propagating radicaP§, in turn establishing an activation

deactivation equilibrium.

As for ATRP, a transition metal complex (activatoff)Acan abstract a halogen atom X
from a halide initiator (RX), to generate an oxidised halogenated metal complex
(deactivator, A*1X) and an organic canbecentered radicd * The R'can subsequently

undergo radical addition to vinyl bonds to start propagation. In aceatiolled ATRP,
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very few polymer chains undergo termination reactions. Instead, the propagating radical
Pn*can be rpidly trapped bythe deactivator (R*X) to form a halidecapped dormant

chain Pn-X), accompanied by the reformation of the activatdf)(AFigure 2.1). One
H[DPSOH RI $753 LV WR XVH FRSSHU P FRPSOH[ DV WK
speciesd form propagating radicals and copp@§r¢omplex as the deactivator.

DTRP employs a chain transfer agent and involves reversible transfer of propagating
radicalsbetween dormant specieBigure 2.1). With the addition of a propagating radical
(Pn3 to a chain transfer agent, an intermediate radical is formed, followed by
fragmentation to provide a new propagating radical and a dormant polymeric compound
(Pr-X). The propagating radical can then reinitiate unreacted monomers to form new
propagatingspecies(Pm3y. Rapid equilibrium can be subsequently established between
the propagating radica{®»*andPm ) and the dormant specien(X or Pr-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.

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
reversibledeactivation radical polymeasion (RDRP) in 2016° With the improvements

and evolution of various RDRP techniquaswide range of polymeric materials have
been generated for the applicatiamslrug delivery, therapeutics, nanoparticles, sensors,

adhesives, coatings, and oth&r&



2.1.1 Benefits of RDRP

So far, there have been many effeetRDRP techniques, with NMP, ATRP and RAFT
polymerisation being the most widely used. Although these techniques differ in reaction
mechanismsand employ distinct control agents, they all undergo a dorraative
equilibrium process that allows all activelpmer chains to grow simultaneously. The
rapid reversible activation and deactivation dynamic equilibestablished with the aid

of the control agent can significantly reduce the fraction of terminated chains, in turn

imparting living characteristics to 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 thi#ial 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
dormantactive equilibrium arerapid with respect to propagatiéh.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 conversiong=igure 2.2A).12 Finally, the chain length distribution will
approach a Poisson distributjopbtainingpolymers withlow dispersity(Figure 2.2B).
Thelinear relationship between polymer molecular weight and monomer conversion in
RDRP provides an efficient way to achieve polymeric materials with predictable

molecular weights.

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

extensionsFigure adapted from Ref. [12].
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Regardless of different mechanisms of varied RDRP techniques, the retention of the
chainend functionality of the control agent throughout the polymerisation allows
dormant polymer chainto be reactivated, enabling repeatelain extension in the
presence of additional monomers. As such, polymeric materials withdefgled
macromolecular topology, including block and graft copolymers, stars, branched and
brush polymers, can be readily synthesi®ed Further, with the addition of multivinyl
monomers inthe 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 topropagation rates of RDRP allows all chains to be initiated at the early
stage of the polymerisation. Subsequently, the doraetinte equilibrium leaves
sufficient time for chains to diffuse and relax, leading to the consumption of all the
monomers or cisslinkers in the system. This facilitates the formation of more uniform

branched copolymers and finally a more homogeneous netf&rk.

RDRP also exhibits a broad tolerance to various reaction conditions. Unlike ionic
polymerisation which must be conducted in the absence of water, RDRP praness ¢
proceed in the presence of many different solvents, such as organic or protic Solvents,
3435 jonic liquids3%3® supercritical carbon dioxid®€, and others, inading watert?
Moreover, although radicals generated in RDRP are sensitiweygen, 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 difé¢iranlus to

induce reactions have been excitingly explored, including photomediated RHRP,

electrochemical RDRFZ 4 mechaneinitiated RDRP*>4¢ and enzymenitiated RDRP*"
48

In addition, RDRP possesses high compatibility wahbroad scope of monomers,
including (meth)acrylates, (meth)acrylami&s, acrylonitrile(AN), vinyl acetatéVAc),
N-vinylpyrrolidone (NVP), acrylic acid(AA) and many other¥: 4°57 Thee monomers
can also contain various functional groups, suchaalsoxylic acids, hydroxyls, esters,
dialkylamino groups, and many othersvhich remain intact throughout the

polymerisation and can be potentially pasbdified to enhance polymer functionality.
17



Due to the abovementioned advantages, RDRP has becomegheeansatile 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 instanceWNKH 3OHVYV DFWLYDWHG ™ PRQRMNMRIV /3$0)
are challenging to be polymerised by using other RDRP techniques, but can be
polymerised via RAFT with a good molecular weight control and low disper$ities.

5860 Moreover, with the assistance of various oxygen tolerant strategies, RAFT
polymerisation can be performed in the air, which significantly simplifies exeeti

setup and reaction proceduf@s®! In addition, the fast initiation rate of RAFT
polymerisation is critically importarior the whole research work of the thesis. Upon all
these advantageshe following sections will therefore elaborate more on RAFT
polymerisation. Moregesearch work on other RDRP techniques can be found in more

comprehensive review papégs?9°0. 6269
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2.1.2 Reversible additionfragmentation chain transfer polymerisation (RAFT)

Reversible additiofiragmentation chain transfer (RAFT) polymerisation is one of the
most effective and versatile RDREBchniques. 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 addifcagmentation chain transfer
techniques to control molecular wetgban trace back to the 1980<°%’3 However,
imparting living character to the radical polymerisation via reversible addition
fragmentation chain transfer method appeared in 19938uilding upon the work in

D JURXS RI UHVHDUFKHUYV IURP &RPPRQZHDOWK ¢
Organization (CSIRO) Australia utilised thiocarbonylthio compounds (RSC(Z)=S) as the
chain transfeagents and designated the process RAFT polymeriZafiba.design and
synthesis of thiocadmylthio speciesRAFT 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 develdpgdré 2.3, including the
four main classes of dithioestefZ = alkyl or aryl)’’ trithiocarbonates = 6 59
dithiocarbamates = 159%%%nd xanthates = 2 5°%82 The polymerization
process employing xanthates as the chain transfer agent was termed macromolecular
design via the interchange of xanthates (MAD¥XYhe RAFT and MADIX processes
are actually identical in mechanisms, but only differ by the structure of the

thiocarbonylthio compoundh: 8

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 343> emulsion and miremulsion®>8’ Lewis acid®®°
and some unconventional solvents such as ionic licids.Further, RAFT
polymerisation demonstrates a high tolerance to the majority of moné#riéeg a broad

range of reaction temperatures (typically from ambient to #B0and high reaction
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pressures (up to kbar)>4 99 These attributes increase the versatility and applicability
of RAFT polymerisation. It iseported that RAFT polymerisation has been successfully
applied in the fields of bioapplications, electronic polymers, stin@sponsive polymers

and industrial polymeric material®.°*°® More information regarding to the applications

of RAFT polymerisation can be found in other revié@$’: 19901 The following sections

will focus on the mechanism of RAFT polymerisation, how to make the right selection of

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

The mechanism of RAFT polymerisation is shownFigure 2.4 In general, RAFT
polymerisation comprises initiation, peguilibrium, reinitiation, main equilibrium and
termination®- 102103 |n the initiation process, initiators are used to generate free radicals
which are capable of initiating polymerisation to form propagating radical$. (P
Subsequently, the propagatingdical (R can add to the thiocarbonylthio compound
(RSC(2)=S, 1)) to form an intermediate radical speci€®). Followed by the
fragmentation of the radical intermediaf®,(a polymeric thiocarbonylthio compound
(P:S(Z)C=S, B8)) and a RAFT agerderived radicalRj are generated he radical R}
re-initiates unreacted monomers and continues propagation to form new polymeric
propagating speciesP¢). Afterwards, the main equilibrium is rapidly established
between the propagating radicalB.* and Pnj and the dormant thiocarbonylthio
compounds ) by way of the intermediatet), 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, moktbains possess the thiocarbonylthio end
group and remain dormant. However, biomolecular termination of free polymeric radicals

leads to dead polymer.
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Figure 2.4 Mechanism of RAFT polymerisation showinget steps of initiation,
reversible chain transfer/propagation (also known agqudibrium), reinitiation, chain

equilibration/propagation (also known as main equilibrium) and terminztion.

The effectiveness of RAFT polymerisation depends on the values of two transfer
coefficients,Cu (=ki/kp) andC.r (= k/k9.%1 84 The rate constark is determined by the

rate constant of radical additidaisand the partition coefficient/{ as shown ireq 1
Similarly, thek-«for the reverse process can be define@dp2 The partition coefficient

/is to determine the fragmentation preference of the intermediate radicals between the
products and the starting materiatg| Q. For effective RAFT agentd) during the pre
equilbrium in Figure 2.4,the R groushoutl be a good leaving group, fragmenting fast
from the intermediate radica?)(toward the product side to genereddical R (i.e.,the
partition coefficient />0.5). Moreover, the radicaR}) should effectively rimitiate the
polymerisation to form propagating radicaRn{, in turn avoiding the occurrence of
polymerisation retardatiott.For macreRAFT agents3) during the main equilibrium in

homopolymerisation, th€ should be equal G- dueto the analogous structures of the
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propagating radicalB.*and Bh* which provides the same rate constdaig k eand a

partition coefficient/of 0.5.
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2.1.2.2 Choice of RAFT agents

So far, a wide range of RAFT agen®&SC(Z)=3 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 rateadflition of propagating radicals to

the C=S double bond of a thiocarbonyl gréug# %*The rate is higher when Z is aryl,

alkyl (dithioesters), or6 5 @frithiocarbonates), but lower when Z@R § xanthatey or

15 1 Y@ithiocarbamatgs The low activity of xarftates and dithocarbamates derivatives
can be attributed to the zwitterionic canonical forms shoviiigare 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 freical addition’® %4 The activity can be
enhanced when the lone pair on the oxygen or nitrogen atom is conjugat&gystam

or interacts with an electremithdrawing group on the Z substituen#g? 105106 |n
addition, the Z group determines the stability of the intermediate RAFT radicals formed
during the preequilibrium 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
dithioesterwith a Z of aryl group. This is more apparent when a higher concentration of

RAFT agents is employéed©110
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Figure 2.5 Zwitterionic canonical forms of xanthates and dithocarbantétes

Radically polymerisable monomeranbe broadly classified into two categories, known

DV WKH 3PRUH DFWLYDWHG” PRQRPHUV 0$0V DQG WKHF
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 lore pair (e.g., VAc) or NVP) or the heteroatom of a heteroaromatic ring (e.qg.,

N- vinylcarbazol.>! #MAMs and LAMSs 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 suitablerdug to mediate the

polymerisation of a specific monomer is of great significance.

A general guideline of Z selection is shownTiable 2.15! More active RAFT agents,

such adithioesterqZ = alkyl or aryl)or trithiocarbonate$Z = 6 5 flare more suitable

for controlling polymerisation of MAMs, while less active RAFT agents, such as
dithiocarbamates (Z 4. 5 1 5 81d xanthate§Z = 2 5)fare ineffective with MAMS/: 7%

104, 111This 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 penfprm
good control over polymerisation. On the contrary, less active RAFT ggewtde good
control over the polymerisation of LAMs, while more active RAFT agents may inhibit or
retard polymerisation of LAM®: 79 104, 1111t is reported tht the intermediate radical
formed by the addition of a less activated monomer is more stable and not in favour of
fragmentatior?” 112As such, a Z group which can destabilise the intermediate radical is
essential to promote fragmentation. The less active RAFT agents such as
dithiocarbamates (Z =1 51 5 ®afid xanthate$Z = 2 5)ffhave 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 prétéss.
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Table 2.1 Guidelines for selection of the Z group and R group of RAFT agents for

polymerisation of different monomet$

aBold blue = controls well; regular black = controls, but not so weltj grey = does not

control.

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

be a better leaving group with respect to the propagating radical to force the equilibrium
24



to move toward product side, fragmentingidipto generate radicak .51 84 Also, the
radical R must efficiently reinitiate mosmers to avoid retardatid®® A general

guideline of R selection is shownTrable 2.1°!

The stability of radial R" plays a role in determining the fragmentation rate. Increased
radical stability makes R group a better leaving group; however, if the r&liéstoo
stabilised the reinitiation rate constamkt becomes lower than the propagation rate
constantkp. As a result, itcannot effectively add to a monomer and reinitiate
polymerisatiorf* °7: 113Steric effect is another important factor in determining the leaving
ability of radical R". For example, in the polymerisation of MMA, isatyl
dithiobenzate (R =-C(CHs)2CCHz(CHs)3) demonstrated a higher transfer coefficients
thantert-butyl dithiobenpate (R = C(Ch)s3) and benzyl dithiobenzoate (REH2Ph)113

The bulky structure of the R group of isatyl dithiobenzaete 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 wpffioit
electron rich C=C double bonds to reinitiate monomer, despite the steri€”bukk.

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

Freeradical polymerisation (FRP) of vinyl monomers and divinyl crosslinkers has been
largely employed for the synthesis of highly crosslinked networks and dpel:\eéfwork
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
productst!”119|n FRP, the low rate of initiation compartdpropagation 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, patdinyl bonds are rapidly
consumed by propagating radicals via intréenalar cyclization reactions, generating
densely crosslinked domains (nanogét$)12123 These nanogels are loosely connected
toward the later stages of the reaction to form networks with highly variable crosslink

densities.



In contrast to FRP, RAFT crosslinking polymerisation provides great benefits
preparing homogeeous 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, allchans¢y RZ LQ D UHGXFHG UDWH ZKLFK OHDYHV VXI
and diffusion, in turn promoting intermolecular crosslinking and reduce intramolecular
cyclisation. This process significantly minimises nanogels formation and gives rise to
more homogneous network¥+128 Figure 2.6 compares the gelation process by free

radical polymerisation vs RAFT polymerisati&.

Figure 2.6 Schematic presentations of the polymer network synthesis process for

conventional (top) and RAFT (bottom) polymerisatiétfs

Several studies have been attempted to fabricate polymeric materials with a network of
enhanced homogeneity via RAFT crosslinking polymerisation. For instance, Zho-and c
workers investigated the homogeneity of networks formed via FRP and RAFT
polymerisation of oligo(ethylene glycol) dimethacrylat€&sThe dynamic mechanical
analysis (DMA) results showed that the breadths of glass transition regions of the two
networks were distinct. The network formeth RAFT polymerisation exhibited a

narrower tanUpeak than that of the counterpart formed via FRP, indicating a more
2€



homogeneous network of the former. The heterogeneous distribution of highly
crosslinked nanogels formed in FRP network led to a witelolition of relaxation times

and then a wide glass transition region. In another research, De amdries
synthesised crosslinked polymer gels in the presence of a trithiocarbonate RAFT agent in
organic and aqueous solveit$.They found that gels synthesised through RAFT
polymerisation exhibited a higher swedjimatio than gels made via FRP, which was

attributed to less highly crosslinked nanogel domains in the RAE&diated network.

Another important advantage of networks formed via RAFT polymerisation is the
retention of the thiocarbonylthio polymer chandthroughout the polymerisationh@&
dormant chairend can be repeatedly activated by external stimuli, such as heat or light,
to enable posmodification of the prédormed network. One poshodification approach

is to reactivate the chaiend for the subspient 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 avdaaior postmodification?®13* STEM gels
incorporated with functional groups in the primary network can be easilypmified

into materials with various propertié¥: 134 For example, Johnson and-workers
GHPRQVWUDWHG PRGLILFDWLRQ RI 3SDUHQW" SRO\PH
(TTC) units within the polymer backbone. Irradiated by blue light with the addition of a
photocatalyst (PC) (10-phenylphenothiazine, PTH) and monomersN- (
isopropyhcrylamide, NIPAAM) in acetonitrile, the TTC units can be activated, leading
to subsequent polymerisation and modification of the primary netvaigkife 2.7).13°

This network postunctionalization 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 photocata{§Stphenylphenothiazine, PTnhd monomers
(N-isopropylacrylamide, NIPAAMJnder blue light irradiatiak®®

Another postimodification method is to reactivate thiocarbonylthio compounds in the
network to undergo reversible covalenhdaearrangement between network straits.

138 For instance, Matyjaszewski and-amrkers exploited TTC units in a crosslinked
butyl acrylate(BA) network to rehed gels via reshuffling reactions’ They proposed

that the weak € bonds of TTC units can undergo homolytic cleavage under UV light
irradiation togenerate a reactive carbon radical which can subsequently react with other
TTC units by degenerative exchangactions (reshuffling reactiont) promote network
rearrangement and recombinati@Rigure 2.8. Moreover, the low glass transition
temperatureTy below room temperature) of the crosslinked polymers enables high chain
mobility, which facilitates effia@nt reshifling reactions and therefore facilitates self
healing procesdn 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. Talemonstrate the repetitive healing capability, the once healed sample
was recut into three pieces and underwent a seconehseling reaction under the same
conditions. After 12 h of photoirradiation, the cut pieces werkeaded and can be

swollen inanisole for 6 h without breaking.
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Figure 2.8 Proposed mechanism of sékaling process via reshuffling reaction of TTC

units between network strandsder UV light irradiatiort3”
2.1.2.4 RAFT endgroup functionalisation

Due to the versatility of the thiocarbonylthio group, RAFT polymer cleaids can be
functionalised viaZend modification approaches, such as reaction with nucleophiles or
aminolysis, radical induced reduction, het&iels-Alder reactions, thermolysis, and
other reactions Higure 2.9).13%41 Thiocarbonylthio compounds reacting with
nucleophiles and ionic reducing agents is one of the most versatile and widely reported
methods of RAFT eth group transformation. The thiocarbonyl group can be easily
transformed into a thiol group to allow for facile thilQH DQG RWKHU WRLRO P
142150 For example, Winnik and iQ demonstrated that the thiocarbonylthio end group of
polymers prepared by RAFT polymerisation of NIPAASN be easily transformed into
a stable thioether group via a mild gpet process of thiocarbonylthio aminolysis and
Michael addition of acrylate digatives*?>Moreover,anumber of examples have shown

2¢



that the thiocarbonylthio groups bewey electrorwithdrawing Z groups facilitate their

use as a dienophile in a hetd@ls-Alder cycloaddition with an appropriate dieHe.

This method has been ag in the synthesis of diblock copolymers and complex
macromolecular structures, like stats.Stenzel and cworkers employed RAFT
polymerisation to produce PSt by using dithioesters as RAFT agents. Subsequently, star
polymers with upd 4 arms were synthesised via coupling reactions of PSt with-multi
diene coupling agents in chloroform at 58C.152 Thermolysis is commonly used for
thiocarbonylthio group removal. It provides an effiee and simple method to yield a
sulfur-free unsaturated end group with no chemical addifibridowever, one drawback

of thermal elimination process is the release of toxic and odorous thermolsisducts

such as thiols and G&leased during the thermolysitrithiocarbonates?!0: 153

Figure 2.9 Processes of RAFT ergtoup transformation viaZend modification

D S S U R D FXrkicNtal;9H] = hydrogen donor; M = monomét}
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2.2 Photomediated RAFT Polymerisation

So far, there have been two main types of initiation methods utilised to trigger RAFT
polymerisation: thermahitiation”> 22 78 104 113nd photeinitiation,*?: 61.154160 Phote
initiation processes have attracted great attentavgely 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 waveletig As a result, a wide range of photomediated RAFT
technigues 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 photomedted RAFT mechanisms, including RAFT polymerisation
initiated by conventional photoinitiators, RAFT polymerisation via iniferter
polymerisation mechanism, and photoinduced electron/energy traesésible

additionfragmentation chain transfer (PERAFT) polymerisation.
2.2.1 Benefits of light verses heat
2.2.1.1 Temporal control

Oneof the most attractive advantages of using light over heat to trigger polymerisation is
temporal controfl 163162 |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 of, which could be attributed to many factors, such as experimental errors
or extended lifetime of residual active cataRf$t®® This problem can be mitigated by
changing reaction solvent$2Cs, or switdhing to a different photpolymerisation
techniques® A good example to demonstrate temporal control was demonstrated by
Boyer a coworkers, employing chlorophydlas thePCto initiate polymerisation under
visible light irradiation (max= 461 and 635 nm) via PERAFT polymerisatiort® This
efficient photoinitiation system provided excellent control over a broad range of
monomers wh or without functional groups, resulting in controlled molecular weights
and low dispersities. More importantly, temporal control by changing the light between
3RQ° DQG 3RIlI” ZDV GHP R QWViurd R.Y3 ihGhe dbsenck & Addt, hQ
monomerconversion 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
SUHVHQFH 321" RU LQ WKH PEVHQFH 32))" RI OLJKW

2.2.1.2 Spatial control

Another benefit of using light over heattrigger polymerisation is that the former can
provide a precise activatiaf 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 photopolymerisatithi’® 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 cistm is to synthesise three
dimensional (3D) polymer brush&s17+172 By setting a specific pattern on the mask,
brushes can only grow in exposed regions, leatiregunexposed 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 andwankers introdiced surfacénitiated (SI) PET

RAFT polymerisation in combination with photomasks for patterned polymer brushes
under visible light (max= 405 nm) Figure 2.11(a).*”2In this work, the polymerisation

of N,N-dimethylacrylamide (DMAn) was conducted on a RAFT ageBtlifdodecyt 6-

( U Usdimethyt U'-acetic acid) trithiocarbonat®@DMAT) functionalised silica wafer,
using5,10,15,2&tetrapheny21H,23Hporphine zindZnTPP) as th&Cin cornjunction

with dimethyl sulfoxidgDMSO) which provides significant oxygen tolerance and allows

the reaction to proceed in 4By using an arragf optical lenses, a grayscale photomask
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image was projected onto the wafter. SubsequenthRESIRAFT polymerisation of
DMAm proceeded, resulting in the polymer brush reproduction of the original photograph
(Figure 2.11(b). The optical contrast was altinted to different heights of the polymer

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

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

polymer brush (lightyeproduction of an original photomask (inset) on silica (d&rk).

Anotherremakable application of photochemistry is photoinduced 3D printing, widely
known as vat photopolymerisation (VP). Generally, VP adopts a-laykyer cung
procedure to transform a liquid photocurable resin into customised objects. For each layer
printing, the light exposure will be confined teecisely definedegion in XY plane to
initiate the photopolymerisatiori* Also, the printing thickness per layer and curing time

per layer can be changed to achieve adjustafdleéection resolution as needed. There
have been many VP teablngies developed since 1980s, such as stereolithography (SLA),
digital light processing (DLP), continuous liquid interface production (CLIP), volumetric
stereolithography, and other$178 More information regarding to VP technologies will

be detailed irSection 2.3
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2.2.1.3 Light intensity and wavelength variation

In general, extrinsic rate control for thermal polyisation 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 andoéBam 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 photoexcitatio As such, more propagating radicals can be
generated, eventually leading to a faster polymerisatiort faiotably, this process is
temperature independent. Bai andvearkers successfully demonstrated polymerisation
rate control via the manipulation of lighintensity in photomediated RAFT
polymerisation'8® Using longwave UV irradiation (O> 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 mWiciine inductiorperiod

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.

Figure 2.12 The effect of UV light intensity on polymerisation ratés.

Light wavelength selection plays an important role in affecting the photoinitiation
efficiency and reaction rate in photopolymerisation, as photoinitiatorBGsr have
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different light absorption at different wavelengths. Short wavelength 350 nm) UV
irradiation was commonly used in early living photopolymerisation systefhs!8?
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 ligt penetration depth and potential harm to loergn operation
userst®?183 Therefore, photoinitiation systems have been shifting to employ longer
wavelength irradiation. So far, a wide variety of chromophoreglwban be excited

under long wavelength irradiation have been employedanystudies Figure 2.13.183

For instance, Boyer and -wworkers compar five differentporphyrin based”Csin

RAFT polymerisation under both blue £ 435480 nm) and red light irradiation &
610-655 nm)**” Among them, ZnTPRxhibited 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 (max= 522 nm), yellow (max = 565 nm), and orangen{ax = 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 differencesn 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.



Figure 2.13 Examples of chromophores used in photopolymerisation. PTH: 10
phenylpheothiazine, Ir(ppy) tris[2-phenylpyridinateC2,N]iridium(lll), MPP: 2,4,6
tris(p-methoxyphenyl)pyrylium tetrafluoroborate, Pent: 6,13
bis(triisopropylsilylethyyl)pentacene,  ZnTPP:  5,10,15;@@raphenyR1H,23H
porphine zinc, BChl & bacteriochlorophyll &, TPO: (2,4,6
trimethylbenzoyl)diphenylphosphine oxide, EY: eosin Y, DTC: methy{(9&-
carbazoled-carbonothioyl)thio)2-methylpropanoate, CDTPA: -dyanc4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid, OBN: oil blue N, AlPc:

aluminium phthalocyanin&?

Moreover, using different wavelengths aativate and control polymerisation enables

chromic orthogonal reactions; one wavelength irradiation process can proceed

independently of another to fabricate materials with various functions or propé&ttf€s.
For instance, Boyer and -sworkers employed an orthogonal reaction route to synthesise
graft copolymers via the selective photoactivation of #8¥@s pheophorbide (PheoA)
and ZnTPP, under different irradiation wavelengtfigre 2.14).188 PheoA was initially
activated under red light fax = 635 nm) to produce PMMA homopolymers in the
presence of a dithiobenzoate; subsequently, green light was used 630 nm) to

activate ZnTPP for the palyerisation ofaaylate 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.

36



Figure 2.14 Reation route for the synthesis of graft copolymers via the selective

photoactivation of two PCs, PheoA and ZnTPP, in amotetwostep process?

Multiple wavelength irradiation approaches can also be utilised fompodification of
preformed polymeric materials; two or more distinct wavelengths can be employed in
one pot to activate polymerisation and subsequent posidification8®192
Matyjaszewski and cavorkers demonstrated a metegde gpproach for the preparation of
STEM gels by selectively activating trithiocarbonate compounds under different visible
light irradiation coupled with RAFT proce$¥.In Step 1, three types ofimary PMMA
STEM-0 gels were initially formed under green light irradiation wittcyanc4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic a¢l@DTPA) as the RAFT agent in

the presence of crosslinker poly(ethylene glycol) dimethacryldte £ 750)
(PEGDMA7s0) or bis[(2propionate)ethyl methacrylate] trithiocarbonate (bisPEMAT))
and/or  trithiocarbonate inimer {2-(n-butyltrithiocarbonatepropionate)ethyl
methacrylate (BTPEMA)JFigure 2.15. During this step, CDTPA was activated under
green light,undegoing Escission of the weak -S bond to generata 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 STE®Igels 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 pfermed networks to start a secondary
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polymerisation. Therefore, STEM gels with different mechanicgiroperties and

polarity (hydrophilicity/tydrophobicity) were finally synthesised.

Figure 2.15 Synthesis of three types of STEMnetworks (AL, Step 1) under green
light irradiation followed by posmodification in the presence of new monomenger
blue light to generate STEM gels (AC, Step 2):34

38



2.2.2 RAFT polymerisation initiated by conventional photoinitiators

Photoinduced RAFT polymerisation in the presence of external phatons adopts a
similar degenerative chain transfer mechanism to that of thermally initiated RAFT
polymerisation. The potoinitiators are typically classified into two categories of Type |
thatgenerates radicals directly via bond homolytic cleavage apsarption of light and
Type Il that generates radicals in conjunction with aietiator, such as an amine or
thiol.19%1%4 Therefore, in a general photoinduced RAFT polymerisation process,
photoinitiators are activated by light to generate initiating radicals, which can add to
monomers as @ 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 cawvorkers employedDMAT in the polymerisatiorof MA in the
presence and absence of photoinitiatdt3.o suppress the shamavelength (max d313

nm) UV irradiation incurred severe photodegradation of RAFT agdmnth undermined

the living character of polymerisatidf? long-wavelength( max t 365 nm)UV irradiation

was used. Initially, no polymerisation was observed in 6 hours in the absence of
photoinitiators. As such2,4,6trimethybenzoyl)diphenylphosphine oxide (TP&y the
photoinitiator that has strong absorption from 365 to 405 nm was added, which efficiently
initiated the polymerisation. A low dispersit® (= 1.09) was finally achieved at high
monomer conversions (> 80%). Buwoh 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:t&pbe.
results showed dithioestedecomposed more significantly than trithiocarbonates under
full-wave UV irradiation ( = 254405 nm), due to the stronger absorption in the wave
range 286360 nm. By cutting off the shewave range (below 320 nm), the undesired
decomposition of trithioagdonates was significantly suppressed from 9% to 4% under
long-wave irradiation (= 365405 nm), leading to a good control over the polymerisation
of MA with a low dispersity < 1.1) at 90% monomer conversion. By contrast, over
20% decomposition of ditbesters under long/ave irradiation was observed, resulting

in a higher dispersity of polymerisation of MMA.
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Later, Kwark and cavorkers employed the xanthate methyl
(ethoxycarbonothioyl)sulfanyl acetate to polymerise VAc in the presence of the
photoinitator bis(2,4,&rimethylbenzoyl)phenylphosphine oxide under UV irradiation

( max= 365 nm)!°” A rapid polymerisation withwell-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 westabtd butan be

decomposed under UV light irradiation.

Consderingabove 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 ( = 405577 nm) was employed in the presence -@yanoprop2-yl(4-
fluoro)dithiobenzoate (CPFDB) with the addition of TPO as the photoiniti$ftdhe
photolysis of CPFDB wa significant under UV irradiation, but was substantially
suppressed under visible light. As a result, PGMA with a low dispeBity {.2) was
synthesised. Mreover, ultrafast aqueous RAFT polymerisation in the presence of
trithiocarbonates and TPO wasnienstrated under visible light irradiatié??.2°° Except

for obtaining weHcontrolled bw dispersity polymers, a periodic light on and off process

was also performed to reveal the temporal controllability of the photoinitiation sy&ms.

Inspired by these studies, the group of Cai firstly reported the visible light initiated
polymerisationinduced seHassembly (PISA)f diacetone acrylamide (DAAmMusing
sodium phenyR,4,6trimethylbenzoylphosphinate  (SPTP) as a watduble
photohitiator undervisible light irradiation at 25 °€°! It was demonstrated that the
insolubility of the PDAAmM block effectively led to the situ formation of spherical
micelles. By using the same photoinitiator SPTP, Zhang andockers reported an
aqueous photoinitiated PISA oftB/droxy-proplyl methacryhte in the presence of a
poly(ethylene glycol) (PEG) based macroRAFT agent under visible light at room
temperaturé®? 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 ag also applied via phoftow 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 andvarkers firstly
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demonstrated photoinduced RAFT polyimation using a tubular continuous flow
reactor in the presence of CDTPA as the RAFT agent and two different conventional
photainitiators?°2 Under UV light irradiation ( = 310380 nm), the polymerisation of
DMAm resulted in a good control, with a low dispersi& €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 aB0 °C. However, the dispersity was also slightly increased to
around 1.6, which could be attributed to the increased chain termination unibeciting

conditions.

Instead of using UV light, Boyer and-@eorkers utilised continuous flow reactors for the
synthesis of nanoparticles with varied morphologies via alcoholic RAFT dispersion PISA
under blue light (max = 460 nm) irradiatio®* 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 photoinitiatorpalyimerisationrates

were more crucial in the caseusfing acrylatdbased macroRAFT agent than that of using

methacrylatebased macroRAFT agent.

More information of photoinducedRAFT polymerisation in the presence of

photoinitiators will not be detailed here but can be found elseviffefé.
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2.2.3 RAFT polymerisation via iniferter polymerisation mechanism

The iniferter(referring to initiatortransferagentterminator) polymerisation which was
actually discovered before RARIolymerisationwas firstly employed by Otsu and-co
workers in 1982: 73 Although it was proposed that photoiniferter polymerisation
proceeds via a degenerative chain transfer process, unlike conventiorainglioed
RAFT polymerisation, no exogenous radical initiatare needed in photoiniferter
polymerisation Figure 2.169. Irradiated by UV light, thiocarbonylthio compounds
undergo Escission of the weak-S bond to generate a stasslil thiocarbonylthioadical

and an active carberentered radical capable of adding across monomer vinyl bonds to
initiate polymerisation. Subsequenittiggenerative chain transfamocess occurs between
propagating radicaland iniferters which are not cleaved by photolysisch is similar

to the RAFT equilibrium process. Finally, tiséabilisedthiocarbonylthio radical can
recap a growing polymer chain to produce a dormant macroiniferter, which can be

reactivated again upon further irradiatin?09211

Figure 2.16 Schematic process of RAFT photoiniferter polymerisatidn

UV-light induced phatoiniferter polymerisation has drawn great attention in early
investigations. However, loAgrm UV irradiation inevitably led to side reactions, such
as the direct photolytic degradationtermination reactions of iniferters, finally resulting
in poor control over the polymerisation at high monomer conversions and limiting the
overall livingness?'? For instance, Tardi and emorkers employed-xylylene bis(N,N-
diethyldithiocarbamate) gshaoiniferterin the polymerisation dBA 213 A dramatic loss
of active end group during polymerisation was fountich was partially attributed to
WKH UHFRPELQDWLRQ RI WZR GLWKLRFDUEDP\O UDGL
Also, evidence has shown that the dithiocarbamate groups were degraded during the
polymerisation, even though the mechanism could notdodéied. As a result, it was

42



claimed that the polymerisation process was not truly living, and full control of the molar
mass of the polymers was problematio. d different report, Turner andlevins
demonstrated that under UV light, the dithiocarbarnretgersibly degraded to form @S
during the polymerisation, leading to the loss of the living nature of the functionat chain
end and a high dispersity: To suppress the side reactions and improve the control of the

polymerisation, longvavelength light irradiation is preferrable.

In 2013, Bai and cavorkers conducted a systematic study of the influence of light
intensity, wavelength, and iniferter concentration on the phofterter polymerisation
under long-wavelength UV irradiation( max > 320 nm)! In this work, a narrow
dispersity(b = 1.09 of the linear PMA at a relatively high monomer conversion was
obtained in the presence oDIMAT . It was reported that the rate of polymerisation was
strongly dependent on both the concentration of DDMAT and the light intensity. Also, a
high concentratiof 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 auth®also claimed that the structure of the iniferter can affect the
living behaviour of thephotciniferter polymerisation. In comparison with the
polymerisation mediated by dithioesté#s,'°¢high concentrations of trithiocarbonates
can provide a better control at a high monomer conversion and maintain the livingness of

the polymerisatiof®* 215216

Later, Johson and ceworkers employed a bisorbornene trithiocarbonate in the
polymerisation of NIPAAM under longvavelength UVirradiation( max = 352 nn).2’
7THPSRUDO FRQWURO zZzDV GHPRQVWUDWHG E\ VZLWFKL
Figure 2.17 a linear relationship between the molar mass and monomer conversion was
observed across several irraiibn 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 -hrbornene trithiocarbonate,
obtaining the polymer with aWwer dispersity® = 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 irradiafiéh

In 2015, Boyer and cworkers pioneered the inifertemediated polymerisation &AMA
andMA in the presence of four different thiocarbonydtbompoundsunder blue, green
and red light$®® They found the structure of the RAFT agents played a vital role in
controlling the polymerisation. Dithiobenzoatd-dyana4-(phenylcarbonothioylthio)
pentamwic acid CPADB) and tritiocarbonate {@utylthiocarbonothioylthio) 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 lne and green light. Moreover, in the polymerisation of MMA, CDTPA
offered a better control over the molecular weight distributds (.1) under green light
than that® > 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
HIWHQVLYHO\ LQYHVW P B¥PH &er| te influerRe & ZdERdumNwith
different electron withdrawing substituents on the initiation efficiency of iniferter
SRO\PHULVDWLRQ ZDV HJ[SOR U¥Ghdy \conel@bdRi@attkttiohTV JL
donating groupscan facilitate carbosulfur bond homolysis, in turn accelerating
fragmentation procedure. By contrast, electron withdrawing groups inhibit homolytic

cleavage, leading to a retarded reaction.

So far, RAFT photaniferter polymerisation has been appliadnany different fields, as

the controlled polymerisation without adding exogenous initiators, the high livingness of
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the polymer chain end, mukelection of various light sources, and the spatial and
temporal control offer great benefits. One of thesmimportant 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 reasgomgequired?+223 In
comparison, the preparation of UHMW polymers via pkiotferter polymerisation can

be performed in a mild condition. For instance, Sumerlin andvariers have
demonstrated the synthesis of UHMW polymensierlong-wavelength UV irradiation

( max = 365 nm) using thiocarbonylthio compounds in water at°G%%* A rapid
polymerisation was observed by using xanthate, obtainingnasf 2.47 ul0® g/mol in

just 5 min. Extending the reaction time to 2 h, a UHMW polymer of &137° g/mol

with a low dispersity®) =1.17) was finally obtained. In another report, the authors used
benzyl maleimide (BzMIm) as a comonomer to synthesise functionalaR{&zMIm)
under blue light irradiation fax = 450 nm) in dioxane, obtaining thé, of 2.4 ul10®
g/mol at low dispersityd = 1.10)22°

Another interesting application of this technique is to produce expandable networks
which can be postodified with desired properties and functions with the incorporation

of iniferters in the primary netwosk?®2267KH UHVHDUFK ZRUN RI -RKQVR
was possibly the first example to demonstrate the expandable network via RAFT photo
iniferter polymerisatioi!” Initially, a crosslinked gel incorporated with the TTC units in
the primary network was prepareBy exposure tosunlight, 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 DMSEIqure 2.18. Moreover, numerous studies
have been performed to produtanostructured mataifs with precise architectures via
iniferter polymerisatiorf?”??° including bottlebrush and comlike polymers by
Matyjaszewski and cworkers!3® More applications of RAFT photoiniferter

polymerisation will not be detailed here but can be found elseviffera.



Figure 2.18 Demonstration of the expandable network via RAFT phioferter

polymerisation under sunlight exposité
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2.2.4 Photoinduced electron/energy transfer (PET-RAFT polymerisation

The concept of PERAFT polymerisation was firstly introduced by Boyer and co
workers in 2014 The mechanism was proposed to undergo an electron transfer process
between a PC and a thiocarbonyltismmpound 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 speci&‘qr P.3. The radical species can initiate
polymerisation of monomers or be deactivated by the oxidatétoRr€form the danant
species. An alternative proposed mechanism for-REFT involves the energy transfer

from the excited PCto the thiocarbonylthio compound to generate radical species to
initiate the subsequent RAFT polymerisatifigre 2.19(B).233235

Figure 2.19 Proposed mechanism of PERIAFT polymerisation in the presence of
photocatalyst: (A) electron transfer and (B) energy transfer mechanism. PC:

photocatalyst=®
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PET-RAFT polymerisationhas been demonstrated to be highly versatile in the first
research work. By using an iridiuvbased PC i.e., tris[2-phenylpyridinate
C2,NJiridium(lll) (fac-[Ir(ppy)s]), under blue light irradiation fax = 435 nm), a wide
variety of monomers (both MAMs and LAMsyere successfully polymerised with a
good dispersity control in the presence of different RAFT agents including dithiobenzoate,
trithiocarbonate anaanthaté! Remarkably, UHMW homopolymer of PMA withi,

over 2 ul0® g/mol at a low dispersityE =1.08) was synthesised by using BTPA as the
RAFT agent. The BTPA engroup was subsequently confirmed ¥y NMR and U\t

Vis spectroscopy. Breover, successive chain extensions of PMA were performed,
obtaining a decablock P(M#Aycopolymer with a high molet¢ar 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.

Anather important finding during their research was tHaTHRAFT polymerisation can
proceed in the air without degassingut with some inhibition periods whefia¢
[Ir(ppy)s]) was employedOxygenis an excellent radical scavenger which can quench
propagating radicals and inhibit the polymerisation. Deoxygemaprocedure is
therefore a necessity in conventional free radical polymerisation and RDRP process.
However, in this work, it was found that tR€ has strong reductive qualities to reduce
oxygen into inactive specig¢such as superoxideAs such, an intbition period of 34 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. is€bipyridine) ruthenium(ll) chloride
(Ru(bpyxCl2, RU") was also employed to catalyse RBAFT polymerisation in the
presence of oxygen. Although Ir(ppyyas more efficient in giving higher monomer
conversions under identical reaction conditions, Ru@iiywas much less expensive
and still provided good contré#® Also, the greater solubility of Ru(bpl> enabled
PET-RAFT polymerisation to be performed in a wide range of reaction media, including

DMSO, acetonitrile, methanol, toluene and watér.

Despitethe highly efficient performance dhesetransition metal compies in PET
RAFT polymerisation, the high cost and potential toxicity limits their implementation.

The emergence ofmetallo) organephotocatalysts was expected to overcome these
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shortcomings. Porphyrins and metalloporphyrins are important functional rresecu
which have strong absorption of visible light, widely existing in the form of chlorophyll,
heme, and V& on Earth?3® Chlorophyll a was reported as the first porphybased
structure employed as a PC to catalyse RAFT polymerisation under visible LED
light ( max= 461 and 85 nm) irradiatiort>® In this work, a broad range of functional and
nonfunctional monomers were efficiently polymssd, obtaining polymers with
controlled molecular weights at low dispersities. Later, bacteriochlorogphydis utilised

as the PC which enad the PETRAFT polymerisation to be performed under long
wavelength irradiation from fared ( max= 780 nm) to neainfrared (NIR) (max = 850
nm) 1% Interestingly, polymerisation proceededaothly when the light passed through
paper barriers before reaching the reaction vessel, which was mainly attributed to the deep

penetration of NIR light.

Nontoxic and low cost metalloporphyrins were also employed in -REFT
polymerisationDuring theinvestigation of metalloporphyrins tcess their suitability
asPCto catalyse PEFRAFT polymerisation, Boyer and agorkers found that ZnTPP

was able to selectively activate trithiocarbonates under a broad range of wavelengths
(from 435 to 655), but ks effectively to activate other thiocarbonylthio compounds
(dithiobenzoate, dithiocarbamate and xanth&teMoreover, to compare with the
polymerisation mediated by Ir(p@9r Ru(bpy}Clz, very little inhibition was observed

in the presence of ZnTPP in the air. Further stafithe oxygen tolerance mechanism
was conducted by the same group in another rép@niefly, it was claimed that the
reactive triplet oxygen can be rapidly deactivated by the excited state ZnTPP into singlet
oxygen through tripletriplet annihilation (TTA), subsequently reacting with the solvent
DMSO to form dimethylsulfone (DMS£)as aby-product Figure 2.20.
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Figure 2.20 Proposed mechanism for PIERIAFT polymerisation mediated by ZnTPP in
DMSO in the presence of oxygen. JURXQG VWDW H RQWHHW R[\IHQ
triplet-triplet annihilation, DMSQ@= dimethyl sulfone?

A series of organalyes including methylene blue, fluorescein, rhodamine 6G, Nile red
and eosin Y (EY)was investigated in the polymerisation of MMA under blue light
irradiation (max = 461 nm) via PEIRAFT proces$3® EY was found to be the most
effective PC to activate PERAFT polymerisation, due to its\wer reduction potential,
longer excitation lifetime and lower fluorescence quantum yield compared with other
PCs?3° Moreover, the results for polymerisation in the air suggested that EY was able to
gquench oxygen to form superoxide anioRgy(re 2.21A). The group also employed
triethylamine (TEA) as an eleon 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, theduction period was dramatically reduced, indicating
that TEA improved the effectiveness of oxygen consumption. It was proposed that EY
was reduced to form radical anion (EYvia an electron transfer from the electron donor
(TEA). Subsequently, one paof 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 grovdlgufe 2.21B. Another
oxygen consumption mechanigtemonstrated by the group of Qiao was that the anionic
RAFT group reduced by tertiary amine can also convert oxygen into inactive superoxide
anion?®® Finally, welkdefined polymers were synthesised by optimising the

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

in the absence (A) and presence (B) of triethylamine (TEA) and their oxygen tol&fance.

Upon this work, the catalytic performance of four different xantheased organic dyes
including EY, erythrosin B (EB), rose bengal (RB) and phlexi (PB) were further
investigated*+?42 It was demonstrated that EB exhibited a higher efficiency than other
catalysts in activating PERAFT polymerisation. Moreove semiconductors, such as
Ti02,243244 ZnO?*5 or graphitic carbon nitride (§3Na),2*¢ havealso been utilised &C

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 ratgears.Table 2.2provides a

list of PCs which have been commonly used in FEFRAT polymerisation. The PCs
reported here are only a part of the broad classes of PCs employed f&QRAFHT
polymerisation. More information can be found elsewR&re:!
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Table 2.2 Examples of phimcatalysts used in PERAFT polymerisations.

RAFT Oxygen
Photocatalyst ref.
agents tolerance
opY) CPADB, BTPA, Nond ] o 61, 252
r 3 on-degasse
i BSTP, Xanthate ? 255
61, 236
Ru(bpy}Cl2 CPADB, BTPA Non-degassed B —
CPADB, BTPA,
Chlorophylla BSTP, CDTPA, Nondegassed B,R 158, 256
CDB, CPD
_ R, FR,
Bacteriochlorophyla CPADB Degassed NIR 159
CPADB, BTPA, 40, 157,
ZnTPP BSTP, CDTPA, Nondegassed B, G, Y, R 188189,
DTPA 257-258
TPP CPADB Degassed R 157
239, 241,
EY CPADB, BTPA Nondegassed B, G
259260
EB BTPA, DTPA Non-degassed G 241242
Fluorescein CPADB, BTPA Non-degassed B 61
TiO2 CPADB Degassed uv 243244
ZnO CPADB Degassed uv 245
Benzyldodecyl
g-CsN4 o Non-degassed uv 246
carbonotrithioate
PTH Bis-azide TTC Degassed B 130

aAbbreviations: BSTP3-(((benzylthio)carbonothioyl)thio)propionic acid; CDB: cumyl
dithiobenzoate; CPD: 2-cyanopropat-yl benzodithioate; DTPA: 2-
((dodecylthigcarbonylthio)thio)propanoic acitIR: near infrared; FR: fafred; 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. Diverskopoinitiating 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 objeetkich display high levels of complexity in
geometry and functiob® 261 In contrast to conventional fabrication which needs
complicated procedures ofioulding forging or machining, 3D printing allows faster
transformation on computassisted designs (CAD) and manwdang of customised
products tailored to meet individual demands and other specific applickfiadih the

rapid development and innovations in material and machine design, 3D printing
techniques have been widely employed in many diffeielas including dentistry®2263
aerospacé+?%5 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 Hiased materials.’> 27272

The American Society for Testing and Materials (ASTM) International has classified 3D
printingtechnologies into seven main categories, including binder jetting, directed energy
deposition, material extrusion, material jetting, VP, powder bed fusion and sheet
lamination?”® Amongthese 3D printing techniques, VP has drawn special attention from
material and polymer scientists due to the versatility of photochemidt’/* The
photocuring strategy behind VP is to use light to trigger polymerisation reaction in the
presence of photoinitiating species, convertingtpburable resins into solid materialé.

177 The resins used to form 3D printed objects are typically composed of multifunctional
(meth)acrylate or epoxidebased monomers and oligomers; thisvites thermoset
materials with excellent mechanical performance of high modifd€To compare with

other 3D printing technologies, \MRs demonstrated superior advantages in performing
spatiotemporal control and providing fast build rates and high printing resol(fion.
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 varigéstechniques, such

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

WLV ZLGHO\ EHOLHYHG WKDW WKH WHUP 3VWHUHROLYV
in 1980’7 It was proposed that the generation of 3D objects was layer by Fagere
222GHPRQVWUDWHY WKH PDLQ FRPSRQHQWYV dRde@@Q 6/%
of desigr?’® 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 languag
(STL) file. By decoding the STL file, the 3D model is cut into horizontal 2D slices with

the information of crossections’® Based on these information, the 3D model can be

generated layer by layer.

Figure 2.22 The concept of stereolithograpfi?

The principle behind SLA originates from the polymerisation and crosslinking reaction
of the liquid resin in the vat induced by a focused laser Iseaming (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
direction sequentially within the plam® the surface of photoresin. The curing time per
layer therefore relies on the laser beam scanning speed and the dimension of the
iluminated are&’® The vertical resolution is determined by the light penetration depth,
which can be improveldy 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 praess is repeated layby-layer until the whole object is printéd.



SLA technology has been employed to investigate mechanical performance of materials
3D printed under different conditions. For instance, the study of meethanoperties of
specimens 3D printed by usingartP ODEV p)RUP f 6/%$ SULQWHU XQGF
parameters was performed by the groupQafreshi?®! 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 poestring process had a sifjcant 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 cevorkers investigated the iniénce of build orientation, layer
thickness, strain rate and size effect on mechanical properties of samples printed by using
methacrylatebased photores#$? Interestingly, it was found that the impact offelient
EXLOG RULHQWDWLRQV RQ PHFKDQLFDO SURPpWAIWLHYV
not obvious Figure 223 +RZHYHU WKH p)ODW;Y VDPSOH SULC
exhibited reduced mechanical strength, which could be due to partial airlagger

crosssection areas.

Figure 223 Different orientations of samples printed on platform (CAD

representatiort?

SLA technology has also gained gteattention in biomedical applications and tissue
engineering. In 20168ylinakuchi and ceworkers printed dentures using methacrylate
based photoresin via SLA process. In this study, dentures were printed in three directions
(0°, 45°, and 90°), with thedtiest trueness and precision occurred in the printing direction

of 45° Figure 2.24.283 Followed by this workthe 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 orsymthesise biocompatible and biodegradable materials
for 3D printing. For example, Akkus and-emrkers printed eashaped scaffolds by
using a hybrid biocompatible resin formulated with natural and synthetic polymers
(chitosan andpoly(ethylene glycol) dicrylate (PEGDA)?% It was found that the
mechanical properties, cell adhesion and printability were determined by theafieed

of chitosan and PEGDA.

Figure 2.24 Dentures 3D printed via SLA process in thdiigerent directions (0°, 45°,
and 900y?83

In addition, SLA technique has been extensively employed to produce smart materials
via 4D prirting, which enables 3D objects to transform into another structure over time
under external stimufg® Shape memory materials are one of the main classes of smart
materials.Tanarro and cevorkers fabricated complex micn@ascular shape memory
polymer actuators, such as microclaw and spring, via-Baged printing procesg’
Moreover, Magdassi and cworkers demonstratiethe generation of shape memory
based 3D objects printed via SLA process, which can be used in flexible and responsible
electrical circuitg® Later, Huang and eworkers synthesised epo®grylate 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 lesthan 20489
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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 reite#°6
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2.3.2 Mask projection stereolithography (MPSL)

In contrast to laser scanning SLA which adopts a goyrpoint 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’® 178DLP is the most representative MPSL technique, which employs

a digital light projector to geerate dynamic mask imageSiqure 2.25.2% The lateral
resolution of DLP is usually in the range of30um, greatly depending on the resolution

of the digital projectorThe vertical resolution is highly related to the light penetration
and scattering, which can be improved with the addition of light absorbers and

polymerisation facilitatorg’8 295

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

printers?9®

DLP has been employed in many differempgdications, such as dentistAj’2%
biomedical applications and tissue engineeffit§{* and production of shape memory
materials and soft acutatoi¥®3%3 However, the light source of these applications is
mainly reliant on UV light, which has mampptential disadvantages, including low light
penetration depth, threat to cellular photodamage and causing degradation of reactant and
products’®+305The progress in LED lighsource technology in combination with a broad
range of photoinitiators has facilitated the development of visible light initiating systems
for photopolymerisatiofd?¢3%8 Stampfl and caworkers demonstrated the fabrication of

3D objects in the presence of methacryladsed photoresin, using DLP 3D printer
equipped with 405 nm projectéi® Three visible light photoinitiators were employed,
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with the ethyl(2,4,&rimethylbenzoyl)phenylphosphinate offering the highest deuble
bond conversion and best madical 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 DLP3D printing has developed rapidly and utilised in many
applications, such as bioprinting and multimaterial fabrica#i®#'* Recently, Page and
co-workers demonstrated a rapid hig¢solution DLP 3D printing (build speed up to 45
mm/h andfeature size< 100 P) activated by using four different visible light sources
including violet, blue, green and reBigure 2.26.3°> The addition of coinitiators and
opaquing agents was critical to increase the printing speed and impatiat rgsolution.
Moreover, inert gas was also necessary for printing under green and red lights, due to the
high oxygen sensitivity of the twi8eC (RB and ZnTPP). It was finally demonstrated that

with optimised printing conditions, similar mechanical pries 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.

Figure 2.26 Optical images of 3D printed longhorns with corresponding resins indicated
ZLWK WKH RSWLPLVHG UHVLQ FRPSRVLWLRQ DQG D VO

An important extension of DLP technique gsntinuous liquid interface production

(CLIP), which was introduced by DeSimone andvwaarkers in 205 (Figure 2.27).316
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An oxygen SHUPHDEOH 3GHDG JRQH™ ZKLFK LV D WKLQ XQF
UV-transparent window and the advancing part is introduced to maintantiauous

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 photoinitiafdrHowever, 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 DLRqrs,

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 onaers of magnitude faster
compared to other MPSL technigLié%

Figure 2.27 Demonstration of the working principle of CLIP 3D print&

In 2016, DeSimone and aworkers further demonstrated the advantages of CLIP in the
fabrication of layerless printing with advanced isotropic mechanicalvimh&!’ 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 decreasinyy slic
thickness without compromising on printing speed (40 mniftgufe 2.28. Moreover,
isotropic mechanical properties of the materials printed in the presence of abadate
photoresin were still achieved even with varied printing orientation andhgslic
thicknesses, which is always regarded as a challenge for other VP techfiitjg&s.°
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.

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 anguthy3t’
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2.3.3 Volumetric stereolithography

Distinguishing from SLA and MPSL which adopt adaypy-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 lithogr&pgdaccini and eo
workers firstly implemented three orthogonalabes to project target patterns into a
photoresin for the fabrication of complex 3D volumes as a unit oper&fidrhis
technique significantly increased the build speed of 3D geasetm a time scale of

seconds.

Followed by this work, a promising volumetstereolithography technique realised by
tomographic reconstruction was explored by Taylor antvekers3?! This technique

was also named as computed aktabgraphy(CAL). It can selectively cure the liquid
photoresin in a containedlme. As shown iifrigure 2.29AandB, 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 $ 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 (Blgare 2.29C and D).

However, tle print feature size was limited to 3.
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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;t{i@®-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 usingtaiyviolet dye in the resin. Scale
bars: 10 mn¥2!

Later, Moser and cavorkers explored a lowetendueillumination system which
improved the resolution of tomographic volumetric stereolithography tou®0
Moreover, a feedbaeknhanced system was integrated to precisely control the
photopolymerisation kinetics andnprove the geometric accuracy of the object
solidification3?? In another study, Hecht and -emrkers reported an xolography for
linear volumetric 3D printing?3 Without any computeaided optimisation and feedback
systems, this technique exhibited a resolution about ten times higher than previous known
macroscopic volumetric stereolithographyeTadvancement admographic volumetric
stereolithography paves the way of the production of objects on a microscopic and

nanoscopic level.

Recently, Yang and cavorkers employed a rapid dual colour tomographic volumetric
3D printing to realise internal mechanical property gradients kigh precisior’?* 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 argaéi functionally

graded material with an average modulus gradient of 5 MiRalpis approach opens the
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gate for the fabrication of materials with multiscale structures which is highly demanded

in tissue engineering?

In another work, Levato and amorkers successfully demonstrated fast fabrication of
large, complex fre¢éorm living tissue constructs by using c&llendly hydrogelbased
bioresins viaa visible light induced volumetric stereolithography procesgufe
2.30.325 A high cell viability (85%) was also achieved. It was claimed that volumetric
bioprinting allows the generation of geometrically complex, centirrstede objects in a

time frame from seconds to tens of seconds, which has great potential for upscaling the
production of hydrogebased materials that can be widely used in clinicallgvent

grafts, regenerative medicine and soft robotics.

Figure 2.30 Demonstration of the volumetric bioprinting process. (A) thelegin gel
resin container connected to a rotating platform; (B) tbleematic ofvolumetric
fabrication; (C) the final printed hydrogbhsed human auricle model. Printing time =
22.7 s; scale bar = 2 m#f



2.4 Summary

To summarise, the rapid development of RDRP techniques has provided chemists and
scientists with powerful tools for polymer synthesespdrticular, RAFT polymerisation
techniques have attracted great attention due to their ability to producdefietd
macromolecules with diverse architectures and chemical functionalities under various
reaction conditions. Also, RAFT crosslinking polgnsation provides great benefits in
preparing homogeneous networks. More significantly, the retention of the
thiocarbonylthio polymer chaiands throughout the RAFT polymerisation can be
repeatedly activated by external stimuli to enable -pusdification of the preformed
polymers with desired properties and functionalitieAmong various RAFT
polymerisation techniques, photomediated RAFT polymerisation has been extensively
employed due ttehe intrinsic benefits of light as an external stimulus, suclowascbst

and ubiquity, environmentally friendly nature, spatiotempoaadtrol, and temperature
independencéAlso, various photoinitiating systems enable RAFT polymerisation to be
performed in a broad range of light wavelengths. Additionally, attributedivierse
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. VRheiques, such as SLA, DLP or CLIP have
demonstrated superior advantages in performing spatiotemporal control and providing
fast build rates and high printing resolutidttowever,these techniques currently adopt
conventional photocuring method which isnparily reliant on noriving 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 architeotiand 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 {festtionalisation of printed

materials.

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

performs control ovepolymer chain growtlandnetwork formationallowing the tuning
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of material propgies More importantly, the retention of the thiocarbonylthio polymer
chainends in the network impapbtentialliving characteristics to 3D printed materials,
which can be ractivated byan external stimuluto enable postunctionalisation of the
preformed 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 toleranaexg§en and multiple photoinitiating
system choices gfhotomediatedRAFT polymerisation facilitates its application in 3D
printing environment. Consequentlythe application of photomediated RAFT
polymerisation in VRappears tde a promising approach ing production of polymeric

materials withadvanced properties and diverse functionalities.

67



2.5 Reference

1. 6]ZDUF 0 p/LYLQ\AfuréIREs\1IF&4848), 11681169.

2. Otsu, T.; Yoshida, M., Role of initiatdransfer agenterminator (iniferter) in
radical polymerizations: Polymer design by organic disulfides as iniferi2ies.
Makromolekulare Chemie, Rapid Communicati®@82,3(2), 127132.

3. Matyjaszewski, K.; Gayndd 6 *UHV]WD ' ODUGDUH ' 6KLJI
and controlled radical polymerizatiofournal of Physical Organic Chemistt®995,8(4),
306-315.

4. Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer, G. K., Narrow
molecular weight resinsyla freeradical polymerization procedglacromolecule4993,
26(11), 29872988.

5. Wang, JS.; Matyjaszewski, K., Controlled/"living" radical polymerization. atom
transfer radical polymerization in the presence of transitietal complexeslournal of

the American Chemical Societ995,11720), 56145615.

6. Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T., Polymerization of
Methyl Methacrylate with the Carbon Tetrachloride/Dichloretris
(triphenylphosphine)ruthenium(ll)/Methylaluminum Bis(ibtert-butylphenoxide)
Initiating System: Possibility of Living Radical Polymerizatidiacromoleculesl 995,
28(5), 17221723.

7. Chiefari, J.; Chong, Y.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T. P.; Mayadunne,
R. T.; Meijs, G. F.; Moad, C. L.; Moad, GLjving freeradical polymerization by
UHYHUVLEOH DGGLWLRQi ITUDJPHQWDW MBRapnfoleddle) W UD
1998,31(16), 55595562.

8. Gaynor, S. G.; Wang, -&.; Matyjaszewski, K., Controlled Radical
Polymerization by Degenerative TransfBffect of the Structure of the Transfer Agent.
Macromolecule4995,28(24), 80518056.

9. Percec, V.; Barboiu, B., "Living" Radical Polymerization of Styrene Initiated by
Arenesulfonyl Chlorides and Cul(bpy)n®lacromolecule4995,28(23),79707972.

10. Moad, C. L.; Moad, G., Fundamentals of reversible addifragmentation chain
transfer (RAFT)Chemistry Teacher InternationaD21,3(2), 3-17.

11.  Shipp, D. A, Reversibi®eactivation Radical Polymerizatiorf®olymer Reviews
2011,51(2),99-103.

12. Corrigan, N.; Jung, K.; Moad, G.; Hawker, C. J.; Matyjaszewski, K.; Boyer, C.,
Reversibledeactivation radical polymerization (Controlled/living radical
polymerization): From discovery to materials design and applicatiBregress in
PolymerScience2020,111,101311.

13.  Braunecker, W. A.; Matyjaszewski, K., Controlled/living radical polymerization:
Features, developments, and perspectiasgress in Polymer Scien@®07,32(1), 93

146.

14. Shanmugam, S.; Matyjaszewski, K., Reversible Deattbn Radical
Polymerization: Statef-theArt in 2017. In Reversible Deactivation Radical
Polymerization: Mechanisms and Synthetic Methodolodiegerican Chemical Society:
2018; pp 139.

15. Jenkins, A. D.; Jones, R. G.; Moad, G., Terminology for ltxdeactivation
radical polymerization previously called "controlled" radical or "living" radical
polymerization (IUPAC Recommendations 201Bure and Applied Chemistrg009,
82(2), 483491.

16. Matyjaszewski, K.; Muller, A. H. E.Controlled and Livig Polymerizations:
From Mechanisms to Application¥ohn Wiley & Sons: 2009.

68



17. Moad, G.; Rizzardo, E.; Thang, S. H., RAFT Polymerization and Some of its
Applications.Chemistry +An Asian Journa2013,8(8), 16341644.

18.  Stuart, M. A. C.; Huck, W. T. SGenzer, J.; Muller, M.; Ober, C.; Stamm, M.;
Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.; Urban, M.; Winnik, F.; Zauscher, S.;
Luzinov, I.; Minko, S., Emerging applications of stimtdisponsive polymer materials.
Nature Materials2010,9(2), 10:113.

19. Matyjaszewski, K., Introduction to living polymeriz. Living and/or controlled
polymerization.Journal of Physical Organic Chemisttp95,8(4), 197207.

20. Poelma, J. E.; Fors, B. P.; Meyers, G. F.; Kramer, J. W.; Hawker, C. J., Fabrication
of compex threedimensional polymer brush nanostructures through -ligédiated
living radical polymerizationAngewandte Chemie International Editi@013,52(27),
68448.

21. RoweKonopacki, M. D.; Boyes, S. G., Synthesis of Surface Initiated Diblock
CopolymerBrushes from Flat Silicon Substrates Utilizing the RAFT Polymerization
TechniqueMacromolecule2007,40(4), 879888.

22.  Mayadunne, R. T. A.; Rizzardo, E.; Chiefari, J.; Krstina, J.; Moad, G.; Postma,
A.; Thang, S. H., Living Polymers by the Use of Trithiocarbonates as Reversible
$GGLWLRQiI)UDJPHQWDWLRQ &KDLQ 7UDQVIHU 5%$)7 $J
Radical Polymaeation in Two Stepsvlacromolecule2000,33(2), 243245.

23. Benaglia, M.; Chen, M.; Chong, Y. K.; Moad, G.; Rizzardo, E.; Thang, S. H.,
Polystyreneblock-poly(vinyl acetate) through the Use of a Switchable RAFT Agent.
Macromolecule2009,42(24), 93849386.

24.  Tsarevsky, N. V.; Sarbu, T.; Gobelt, B.; MatyjaszewsKi, Synthesis of
6W\UHQHiI$FU\ORQLWULOH &RSRO\PHUVY DQG 5HODWHG
Radical PolymerizatiorMacromolecule2002,35(16), 61426148.

25. Chong,Y.K. Le, T.P.T.; Moad, G.; Rizzardo, E.; Thang, S. H., A More Versatile
Route © Block Copolymers and Other Polymers of Complex Architecture by Living
5DGLFDO 3RO\PHUL]DW L RM&acronTokeELIlEdD DI, 33(6) RRBH20V4.

26.  Clothier, G. K. K.; Guimaraes, T. R.; Khan, M.; Moad, G.; Perrier, S.; Zetterlund,
P. B., Exploitéion of the Nanoreactor Concept for Efficient Synthesis of Multiblock
Copolymers via MacroRAFMediated Emulsion PolymerizatioMCS Macro Letters
2019,8(8), 989995.

27. Danielson, A. P.; Van Kuren, D. B.; Lucius, M. E.; Makaroff, K.; Williams, C.;
Page,R. C.; Berberich, J. A.; Konkolewicz, D., Wdllefined Macromolecules Using
Horseradish Peroxidase as a RAFT Initiagacromolecular Rapid Communications
2016,37(4), 362367.

28. Yan, J.; Bockstaller, M. R.; Matyjaszewski, K., Brusiodified materials:
Control of molecular architecture, assembly behavior, properties and applications.
Progress in Polymer Scien2©€20,100,101180.

29. Voit, B. I.; Lederer, A., Hyperbranched and Highly Branched Polymer
Architectureg Synthetic Strategies and Major Charaizt&iion Aspects.Chemical
Reviews2009,10911), 59245973.

30. Sun, Z.; Wang, M.; Li, Z.; Choi, B.; Mulder, R. J.; Feng, A.; Moad, G.; Thang, S.
H., Versatile Approach for Preparing PMBased MikteArm Star Additives Based on
RAFT PolymerizationMacromokcules2020,53(11), 44654479.

31. Xu, B.; Feng, C.; Huang, X., A versatile platform for precise synthesis of
asymmetric molecular brush in one shidature Communication®017,8(1), 333.

32. Gao, H.; Matyjaszewski, K., Synthesis of functional polymeith wontrolled
architecture by CRP of monomers in the presence of -irdsss: From stars to gels.
Progress in Polymer Scien2609,34(4), 31%350.

68



33.  Moad, G., RAFT (Reversible additidnagmentation chain transfer) crosslinking
(co)polymerization ofmulti-olefinic monomers to form polymer networkBolymer
International2015,64(1), 1524.

34. Lowe, A. B.; McCormick, C. L., Homogeneous Controlled Free Radical
Polymerization in Aqueous MediAustralian journal of chemistr002,55(7), 367-379.

35. OF&RUPLFN & / IRZH $ % $TXHRXV 58)7 3RC
Developments in Synthesis of Functional W&8etuble (Co)polymers with Controlled
StructuresAccounts of Chemical Resear2®04,37(5), 312325.

36. Perrier, S.; Davis, T. .PCarmichael, A. J.; Haddleton, D. M., First report of
reversible additiodfragmentation chain transfer (RAFT) polymerisation in room
temperature ionic liquid€Chemical communicatior2002,(19), 22262227.

37. Arita, T.; Beuermann, S.; Buback, M.; Van&., Reversible addition
fragmentation chain transfer (RAFT) polymerization of styrene in fluid @PFalymers
2004,4(1).

38. Sarbu, T.; Matyjaszewski, K., ATRP of Methyl Methacrylate in the Presence of
lonic Liquids with Ferrous and Cuprous AniodMacromolecular Chemistry and Physics
2001,202(17), 33793391.

39. Xia, J.; Johnson, T.; Gaynor, S. G.; Matyjaszewski, K.; DeSimone, J., Atom
Transfer Radical Polymerization in Supercritical Carbon DioxXitkecromoleculed4.999,
32(15), 48024805.

40. Corrigan,N.; Rosli, D.; Jones, J. W. J.; Xu, J.; Boyer, C., Oxygen Tolerance in
Living Radical Polymerization: Investigation of Mechanism and Implementation in
Continuous Flow PolymerizatioMacromolecule016,4918), 67796789.

41. Pan, X.; Tasdelen, M. A.; lum, J.; Junkers, T.; Yagci, Y.; Matyjaszewski, K.,
Photomediated controlled radical polymerizatiBrogress in Polymer Scien2616,62,
73-125.

42. Chen, M.; Zhong, M.; Johnson, J. A., Lighbntrolled Radical Polymerization:
Mechanisms, Methods, and Amations. Chemical Review2016, 11617), 10167
10211.

43. Magenau Andrew, J. D.; Strandwitz Nicholas, C.; Gennaro, A.; Matyjaszewski,
K., Electrochemically Mediated Atom Transfer Radical Polymerizat8mence2011,
3326025), 8184.

44, Lorandi, F.; Fatin, M.; Shanmugam, S.; Wang, Y.; Isse, A. A.; Gennaro, A.;
Matyjaszewski, K., Toward Electrochemically Mediated Reversible Addition
Fragmentation Chaiiiransfer (eRAFT) Polymerization: Can Propagating Radicals Be
Efficiently Electrogenerated from RAFT &gts?Macromolecule2019,52(4), 1479
1488.

45.  Mohapatra, H.; Kleiman, M.; Ess&ahn, A. P., Mechanically controlled radical
polymerization initiated by ultrasounNature Chemistrg017,9(2), 135139.

46. Wang, Z.; Pan, X.; Li, L.; Fantin, M.; Yan,;Wang, Z.; Wang, Z.; Xia, H.;
Matyjaszewski, K., Enhancing Mechanically Induced ATRP by Promoting Interfacial
Electron Transfer from Piezoelectric Nanoparticles to Cu Cataligsasromolecules
2017,50(20), 79407948.

47. Zhang, B.; Wang, X.; Zhu, A.; Ma, K.; Lv, Y.; Wang, X.; An, Z., Enzyme
Initiated Reversible AdditiogfFragmentation Chain  Transfer Polymerization.
Macromolecule®015,48(21), 77927802.

48. Zhou, F.; Li, R.; Wang, X.; Du, S.; An, Z., Naratural Photoenzyatic
Controlled Radical Polymerization Inspired by DNA Photolyasegewandte Chemie
International Edition2019,58(28), 94799484.

7C



49, Nicolas, J.; Guillaneuf, Y.; Lefay, C.; Bertin, D.; Gigmes, D.; Charleux, B.,
Nitroxide-mediated polymerizatiorProgres in Polymer Scienc2013,38(1), 63235.

50. Matyjaszewski, K.; Xia, J., Atom transfer radical polymerizati@hemical
Reviews2001,101(9), 29212990.

51. Moad, G.; Rizzardo, E.; Thang, S. H., Living Radical Polymerization by the
RAFT ProcesstA Third Update Australian journal of chemistr012,65(8), 9851076.

52. Moad, G.; Rizzardo, E.; Thang, S. H., Living Radical Polymerization by the
RAFT ProcessAustralian journal of chemistrg005,58(6), 379410.

53. Moad, G.; Rizzardo, E.; Thang, S. H., Living Radical Polymerization by the
RAFT ProcessA First Updat@ustralian journal of chemistr2006,59(10), 669692.

54. Moad, G.; Rizzardo, E.; Thang, S. IRadical additionfragmentation chemistry

in polymer synthesig?olymer2008,49(5), 10791131.

55.  Moad, G.; Rizzardo, E.; Thang, S. H., Toward Living Radical Polymerization.
Accounts of Chemical Resear2008,41(9), 11331142.

56. Moad, G.; Rizzardo, E.Thang, S. H., Living Radical Polymerization by the
RAFT Process A Second Updatkeustralian journal of chemistr009,62(11), 1402
1472.

57. Rizzardo, E.; Chiefari, J.; Mayadunne, R. T. A.; Moad, G.; Thang, S. H., Synthesis
of Defined Polymers by Revelde Addition2 Fragmentation Chain Transfer: The RAFT
Process. Ii€ontrolled/Living Radical Polymerizatiopghmerican Chemical Society: 2000;
pp 278296.

58. Truong, N. P.; Jones, G. R.; Bradford, K. G. E.; Konkolewicz, D.; Anastasaki, A.,
A comparison of RAF and ATRP methods for controlled radical polymerizatidature
Reviews Chemistr3021,5(12), 859869.

59. Ding, C.; Fan, C.; Jiang, G.; Pan, X.; Zhang, Z.; Zhu, J.; Zhu, X., Photocatalyst
Free and Blue Lighinduced RAFT Polymerization of Vinyl Acetatat Ambient
TemperatureMacromolecular Rapid Communicatio@815,36(24), 21812185.

60. Stace, S. J.; Moad, G.; Fellows, C. M.; Keddie, D. J., The effect-grodp
modification on the RAFT polymerization of -Wnylpyrrolidone controlled by

3V Z LW F K pgidyHunctional dithiocarbamated?olymer Chemistry2015, 6(40),
71197126.

61. Xu, J; Jung, K.; Atme, A.; Shanmugam, S.; Boyer, C., A robust and versatile
photoinduced living polymerization of conjugated and unconjugated monomers and its
oxygen tolerancelournal of the American Chemical Socigtj14,13614), 55085519.

62. Hawker, C. J Bosman, A. W.; Harth, E., New polymer synthesis by nitroxide
mediated living radical polymerizationShemical Review8001,101(12), 36613688.

63. Moad, G.; Rizzardo, E., Chapter 1 The History of Nitroxmediated
Polymerization. In Nitroxide Mediatd Polymerization: From Fundamentals to
Applications in Materials Scienc@he Royal Society of Chemistry: 2016; pg4.

64. Solomon, D. H., Genesis of the CSIRO polymer group and the discovery and
significance of nitroxidemediated living radical polymeration. Journal of Polymer
Science Part A: Polymer Chemis§05,43(23), 57485764.

65. Rizzardo, E.; Solomon, D. H., On the Origins of Nitroxide Mediated
Polymerization (NMP) and Reversible Additidfragmentation Chain Transfer
(RAFT)<a class="reftoolshref="#FN1">*</a>. Australian journal of chemistr2012,
65(8), 9459609.

66. Tang, W.; Kwak, Y.; Braunecker, W.; Tsarevsky, N. V.; Coote, M. L
Matyjaszewski, K., Understanding Atom Transfer Radical Polymerization: Effect of
Ligand and Initiator Structes on the Equilibrium Constant®ournal of the American
Chemical Societ2008,130(32), 1070210713.

71



67. Boyer, C.; Corrigan, N. A.; Jung, K.; Nguyen, D.; NguyenKT.Adnan, N. N.

M.; Oliver, S.; Shanmugam, S.; Yeow, J., Coppkdiated Living Radical
Polymerization (Atom Transfer Radical Polymerization and Copper(0) Mediated
Polymerization): From Fundamentals to Bioapplicati@fsgemical Review2016,1164),
18031949.

68. Patten, T. E.; Matyjaszewski, K., Atom Transfer Radical Polymerization and the
Synthesis of Polymeric Materialddvanced Material4998,10(12), 901915.

69. Matyjaszewski, K., Atom Transfer Radical Polymerization (ATRP): Current
Status and Future Perspectivigmcromolecule2012,45(10), 40154039.

70. Cacioli, P.; Hawthorne, D. GLaslett, R. L.; Rizzardo, E.; Solomon, D. H.,

& RSRO\PHU L JUnhyaiuiRt®d Rlig&&Methyl Methacrylate): New Macromonomers.
Journal of Macromolecular Science: Part-Ahemistry1986,23(7), 839852.

71. Meijs, G. F.; Rizzardo, E.; Thang, S. H., Pasgdgion of controlled@nolecular
weight, olefinterminated polymers by free radical methods. Chain transfer using allylic
sulfides.Macromolecule4988,21(10), 31223124.

72. Meijs, G. F.; Rizzardo, E., Chain transfer by an addifragmentation
mechanism 7 KH X VoldnAglbxystyrene for the preparation of lomolecularweight
poly(methyl methacrylate) and polystyrenBie Makromolekulare Chemie, Rapid
Communication4988,9(8), 54#551.

73. Otsu, T.; Yoshida, M.; Tazaki, T., A model for living radical polymerizatioie.
Makromolekulare Chemie, Rapid Communicati®@882,3(2), 133140.

74.  Krstina, J.; Moad, C. L.; Moad, G.; Rizzardo, E.; Berge, C. T.; Fryd, M., A new
form of controlled growt free radical polymerizatioMacromolecular Symposi&996,
111(1), 1323.

75.  Krstina, J.; Moad, G.; Rizzardo, E.; Winzor, C. L.; Berge, C. T.; Fryd, M., Narrow
Polydispersity Block Copolymers by Fr&adical Polymerization in the Presence of
Macromonomes. Macromolecule4.995,28(15), 53815385.

76.  Matyjaszewski, K.; Gaynor, S.; Wang;S., Controlled Radical Polymerizations:
The Use of Alkyl lodides in Degenerative Transtdacromolecule4995,28(6), 2093

2095.

77. BarnerKowollik, C.; Buback, M.; @arleux, B.; Coote, M. L.; Drache, M.;
Fukuda, T.; Goto, A.; Klumperman, B.; Lowe, A. B.; McLeary, J. B.; Moad, G.; Monteiro,
M. J.; Sanderson, R. D.; Tonge, M. P.; Vana, P., Mechanism and kinetics of
dithiobenzoatanediated RAFT polymerization. . The cent situation.Journal of
Polymer Science Part A: Polymer Chemist006,44(20), 58095831.

78. Mayadunne, R. T. A.; Rizzardo, E.; Chiefari, J.; Chong, Y. K.; Moad, G.; Thang,
6 + /ILYLQJ 5DGLFDO 3RO\PHUL]DWLRQ ZLWKamHYHUYV
Transfer (RAFT Polymerization) Using Dithiocarbamates as Chain Transfer Agents.
Macromolecule4999,32(21), 6977%6980.

79. Destarac, M.; Charmot, D.; Franck, X.; Zard, S. Z., Dithiocarbamates as universal
reversible additiofiragmentation chain trarsf agents. Macromolecular Rapid
Communication2000,21(15), 10351039.

80. Moad, G., A Critical Survey of Dithiocarbamate Reversible Addition
Fragmentation Chain Transfer (RAFT) Agents in Radical Polymerizafiournal of
Polymer Science Part A: Polymer Chemist19,57(3), 216227.

81. Benaglia, M.; Chiefari, J.; Chong, Y. KMoad, G.; Rizzardo, E.; Thang, S. H.,
Universal (Switchable) RAFT Agentdournal of the American Chemical Socig09,
131(20), 69146915.

72



82.  Perrier, S.; Takolpuckdee, P., Macromolecular design via reversible adglition
fragmentation chain transfer (FA)/xanthates (MADIX) polymerizationJournal of
Polymer Science Part A: Polymer Chemist005,43(22), 53475393.

83. Charmot, D.; Corpart, P.; Adam, H.; Zard, S. Z.; Biadatti, T.; Bouhadir, G.,
Controlled radical polymerization in dispersed metdacromolecular Symposia000,
23-32.

84. Keddie, D. J.; Moad, G.; Rizzardo, E.; Thang, S. H., RAFT Agent Design and
SynthesisMacromolecule2012,45(13), 53215342.

85. Russum, J. P.; Barbre, N. D.; Jones, C. W.; Schork, F. J., Miniemulsion reversible
addition fragmentation chain transfer polymerization of vinyl acelategnal of Polymer
Science Part A: Polymer Chemis§05,43(10), 21882193.

86. McLeary, J. B.; Klumperman, B., RAFT mediated polymerisation in
heterogeneous medi@oft Matter2006,2(1), 4553.

87. Lokitz, B. S.; Lowe, A. B.; McCormick, C. L., Reversible Addition Fragmentation
Chain Transfer Polymerization of WaiBpluble, lonContaining Monomers. In
Polyelectrolytes and Polyzwitterion&merican Chemical Society: 2006; pp-955.

88. Ray, B.; Okamoto, Y.; Kamigaito, M.; Sawamoto, M.; Sencj.KKanaoka, S.;
Aoshima, S., Effect of Tacticity of Polyfidopropylacrylamide) on the Phase Separation
Tempeature of Its Aqueous SolutionBolymer JournaR005,37(3), 234237.

89. Mori, H.; Sutoh, K.; Endo, T., Controlled Radical Polymerization of an
Acrylamide Containing -Phenylalanine Moiety via RAFTMacromolecules2005,
38(22), 90559065.

90. Lutz, J-F.; Jakubowski, W.; Matyjaszewski, K., Controlled/Living Radical
Polymerization of Methacrylic Monomers in the Presence of Lewis Acids: Influence on
Tacticity. Macromolecular Rapid CommunicatioB804,2%(3), 486492.

91. Arita, T.; Buback, M.; Janssen, &ana, P., RAFTPolymerization of Styrene up

to High Pressure: Rate Enhancement and Improved CoMaairomolecular Rapid
Communication2004,25(15), 13761381.

92. Rzayev, J.; Penelle, J., HRAFT: A FreeRadical Polymerization Technique for
Obtaining Lving Polymers of Ultrahigh Molecular Weight®A\ngewandte Chemie
International Edition2004,43(13), 16911694.

93. Monteiro, M. J.; Bussels, R.; Beuermann, S.; Buback, M., High Pressure 'Living'
FreeRadical Polymerization of Styrene in the Presence of RAistralian journal of
chemistry2002,55(7), 433437.

94. Arita, T.; Buback, M.; Vana, P., Cumyl Dithiobenzoate Mediated RAFT
Polymerization of Styrene at High Temperatutdscromolecule005,38(19), 7935
7943.

95. Xu, J.; He, J.; Fan, D.; Tang, WYXang, Y., Thermal Decomposition of
Dithioesters and Its Effect on RAFT Polymerizatidiacromolecules2006, 39(11),
37533759.

96. Martin, L.; Gody, G.; Perrier, S., Preparation of complex multiblock copolymers
via aqueous RAFT polymerization at room temgpere.Polymer Chemistr2015,6(27),
48754886.

97. Boyer, C.; Bulmus, V.; Davis, T. P.; Ladmiral, V.; Liu, J.; Perrier, S.,
Bioapplications of RAFT Polymerizatio@hemical Review2009,10911), 54025436.

98. Moad, G.; Chen, M.; Haussler, M.; Postma, A.; Rizzardo, E.; Thang, S. H.,
Functional polymers for optoelectronic applications by RAFT polymerizaRotymer
Chemistry2011,2(3), 492519.

99. Moad, G., An Industrial History of RAFT Polymerization. IRAFT
Polymerization2021; pp 107-1169.

73



100. Moad, G.; Rizzardo, E., Overview of RAFT Polymerization. RAFT
Polymerization2021; pp 113.

101. Fairbanks, B. D.; Gunatillake, P. A.; Meagher, L., Biomedical applications of
polymers derived by reversible atidn-fragmentation chautransfer (RAFT)Advanced
Drug Delivery Review2015,91,141-152.

102. BarnerKowollik, C., Handbook of RAFT polymerizatiodohn Wiley & Sons:
2008.

103. Vana, P.; Quinn, J. F.; Davis, T. P.; Bar@wollik, C., Recent advances the
kinetics of reversible addition fragmentation chtrteinsfer polymerizationAustralian
journal of chemistry2002,55(6-7 SPEC.).

104. Chiefari, J.; Mayadunne, R. T. A.; Moad, C. L.; Moad, G.; Rizzardo, E.; Postma,
A.; Thang, S. H., Thiocarbonylthihr& RPSRXQGV 6& = 6i5 LQ )UHI
Polymerization with Reversible AdditieRragmentation Chain Transfer (RAFT
Polymerization). Effect of the Activating Group Elacromolecule003,36(7), 2273
2283.

105. Moad, G.; Chiefari, J.; Chong, Y. K.; Krstina; Mayadunne, R. T. A.; Postma,
A.; Rizzardo, E.; Thang, S. H., Living free radical polymerization with reversible
additionfragmentation chain transfer (the life of RAFPolymer International000,
49(9), 9931001.

106. Destarac, M.; Bzducha, W.; Tatob.; GauthiefGillaizeau, |.; Zard, S. Z.,
Xanthates as Chaifransfer Agents in Controlled Radical Polymerization (MADIX):
Structural Effect of the @\lkyl Group. Macromolecular Rapid Communicatio8602,
23(17), 10491054.

107. Perrier, S.; BarneKowollik, C.; Quinn, J. F.; Vana, P.; Davis, T. P., Origin of
Inhibition Effects in the Reversible Addition Fragmentation Chain Transfer (RAFT)
Polymerization of Methyl AcrylatdMacromolecule2002,35(22), 83068306.

108. Monteiro, M. J.; de Brouwer, H., Intmediate Radical Termination as the
OHFKDQLVP IRU 5HWDUGDWLRQ LQ 5HYHUVLEOH $GG|
PolymerizationMacromolecule2001,34(3), 349352.

109. Kwak, Y.; Goto, A.; Tsujii, Y.; Murata, Y.; Komatsu, K.; Fukuda, T., A Kinetic
Study on the Rate Retardation in Radical Polymerization of Styrene with
$GGLWLRQi)UDJPHQW D Méacramol&HIERDTR, 35D 3ID26BD29.

110. Calitz, F. M.; McLearyJ. B.; McKenzie, J. M.; Tonge, M. P.; Klumperman, B.;
Sanderson, R. D., Evidence for Termination of Intermediate Radical Species in RAFT
Mediated PolymerizatioMacromolecule2003,36(26), 96879690.

111. Hua, D.; Xiao, J.; Bai, R.; Lu, W.; Pan, C., Xanth&tediated Controlled/Living
Free5DGLFDO 3RO\PHU L | DR&yLIRaQiadoQ: Strutture &ffect of-Group.
Macromolecular Chemistry and Phys2804,20513), 17931799.

112. Stenzel, M. H.; Cummms, L.; Roberts, G. E.; Davis, T. P.; Vana, P.; Barner
Kowollik, C., Xanthate Mediated Living Polymerization of Vinyl Acetate: A Systematic
Variation in MADIX/RAFT Agent StructureMacromolecular Chemistry and Physics
2003,204(9), 11601168.

113. Chong,Y.K.; Krstina, J.; Le, T. P. T.; Moad, G.; Postma, A.; Rizzardo, E.; Thang,
6 + 7KLRFDUERQ\OWKLR &RPSRXQGV >6& 3K 6i5@ LQ
Reversible AdditiofFragmentation Chain Transfer (RAFT Polymerization). Role of the
FreeRadicalLeaving Group (R)Macromolecule2003,36(7), 22562272.

114. Bowman, C. N.; Carver, A. L.; Kennett, S. N.; Williams, M. M.; Peppas, N. A.,
Polymers for information storage systems Ill. Crosslinked structure of
polydimethacrylates?olymer1990,31(1), 13%-139.

74



115. Patrickios, C. S., Polymer Networks: Recent Developmavitsromolecular
Symposi®010,291-2921), 1-11.

116. Kausar, N.; Chowdhry, B. Z.; Snowden, Mlicrogels from smart polymer€RC
Press: 2007; p 13869.

117. Rey, L.; Duchet, J.; Galyl.; Sautereau, H.; Vouagner, D.; Carrion, L., Structural
heterogeneities and mechanical properties of vinyl/dimethacrylate networks synthesized
by thermal free radical polymerisatidrolymer2002,43(16), 43754384.

118. Zhuo, D.; Ruan, Y.; Zhao, X.; RarR., Kinetics of UV\initiated RAFT
crosslinking polymerization of dimethacrylatdsurnal of applied polymer scien2611,
121(2), 660665.

119. Gu, Y.; Zhao, J.; Johnson, J. A., Polymer Networks: From Plastics and Gels to
Porous Framework&ngewandte Gémie International Editio2020,59(13), 50225049.

120. Tobita, H.; Hamielec, A., Modeling of network formation in free radical
polymerization Macromoleculed989,22(7), 30983105.

121. Zhu, S.; Hamielec, A., Influence of crelsk density distributionon network
formation in freeradical copolymerization of vinyl/divinyl monomeinslacromolecules
1992,25(20), 54575464.

122. Matsumoto, A., Freeadical crosslinking polymerization and copolymerization of
multivinyl compounds. InSynthesis and Photosyetis Springer Berlin Heidelberg:
1995; pp 4180.

123. Kannurpatti, A. R.; Anseth, J. W.; Bowman, C. N., A study of the evolution of
mechanical properties and structural heterogeneity of polymer networks formed by
photopolymerizations of multifunctional @th)acrylatesPolymer1998,39%12), 2507
2513.

124. Roy, S. G.; Haldar, U.; De, P., Remarkable swelling capability of amino acid
based crosnked polymer networks in organic and aqueous medid@S Applied
Materials & Interface2014,6(6), 42334241.

125. Yu, Q.; Zhu, Y.; Ding, Y.; Zhu, S., Reaction befa and network development

in raft radical polymerization of dimethacrylatdé&acromolecular Chemistry and Physics
2008,2095), 551556.

126. Norisuye, T.; Morinaga, T.; Tra@ongMiyata, Q.; Goto, A.; Fukuda, T.;
Shibayama, M., Comparison of the gedatidynamics for polystyrenes prepared by
conventional and living radical polymerizations: a tiresolved dynamic light scattering
study.Polymer2005,46(6), 19821994,

127. Yu, Q.; Xu, S.; Zhang, H.; Ding, Y.; Zhu, S., Comparison of reaction kinetics and
gelation behaviors in atom transfer, reversible addfi@gmentation chain transfer and
conventional free radical copolymerization of oligo(ethylene glycol) methyl ether
methacrylate and oligo(ethylene glycol) dimethacryl&elymer2009, 50(15), 3488
3494,

128. Bunsow, J.; Ménz, M.; Vana, P.; Johannsmann, D., Electrochemically Induced
RAFT Polymerization of Thermoresponsive Hydrogel Films: Impact on Film Thickness
and Surface Morphologacromolecular Chemistry and Phys@810,211(7), 761767.

129. Cuthbert, J.; Balazs, A. C.; Kowalewski, T.; Matyjaszewski, K., STEM Gels by
Controlled Radical Polymerizatiofirends in Chemistrg020,2(4), 341353.

130. Chen, M.; Gu, Y.; Singh, A.; Zhong, M.; Jordan, A. M.; Biswas, S.; Korley, L. T;
Balazs, A. C.; dhnson, J. A., Living Additive Manufacturing: Transformation of Parent
Gels into Diversely Functionalized Daughter Gels Made Possible by Visible Light
Photoredox Catalysi®ACS Central Scienc&17,3(2), 124134.

131. Cuthbert, J.; Beziau, A.; Gottlieb,;Fu, L.; Yuan, R.; Balazs, A. C.; Kowalewski,

T.; Matyjaszewski, K., Transformable Materials: Structurally Tailored and Engineered

75



Macromolecular (STEM) Gels by Controlled Radical Polymerizatidacromolecules
2018,51(10), 38083817.

132. Cuthbert, J.;Zhang, T.; Biswas, S.; Olszewski, M.; Shanmugam, S.; Fu, T.;
Gottlieb, E.; Kowalewski, T.; Balazs, A. C.; Matyjaszewski, K., Structurally Tailored and
Engineered Macromolecular (STEM) Gels as Soft Elastomers and Hard/Soft Interfaces.
Macromolecule2018,51(22), 91849191.

133. Shanmugam, S.; Cuthbert, J.; Kowalewski, T.; Boyer, C.; Matyjaszewski, K.,
CatalystFree Selective Photoactivation of RAFT Polymerization: A Facile Route for
Preparation of Comblike and Bottlebrush Polymitacromolecule2018,51(19), 7776
7784.

134. Shanmugam, S.; Cuthbert, J.; Flum, J.; Fantin, M.; Boyer, C.; Kowalewski, T.;
Matyjaszewski, K., Transformation of gels via catalyse selective RAFT
photoactivationPolymer Chemistrg019,10(19), 24772483.

135. Leung, D.; Bowman C. N., Reducing Shrinkage Stress of Dimethacrylate
Networks by Reversible AdditieRragmentation Chain TransfeMacromolecular
Chemistry and Physic012,2132), 198204.

136. Amamoto, Y.; Otsuka, H.; Takahara, A.; Matyjaszewski, K., Changes in Network
Structure of Chemical Gels Controlled by Solvent Quality through Photoinduced Radical
Reshuffling Reactions of Trithiocarbonate UnRES Macro Letter2012,1(4), 478481.

137. Amamoto, Y.; Kamada, J.; Otsuka, H.; Takahara, A.; Matyjaszewski, K.,
Repeatable photoinduced shialing of covalently crosinked polymers through
reshuffling of trithiocarbonate unitAingewandte Chemie International Editi@d11,
50(7), 16601663.

138. Kiloxin, C. J.; Bowman, C. N., Covalent adaptable networks: smart, reconfigurable
and responsive network syster@hiemical Society Revie®913,42(17), 716173.

139. Chong, Y. K.; Moad, G.; Rizzardo, E.; Thang, S. H., Thiocarbonylthio End Group
Remova from RAFT-Synthesized Polymers by Radidatuced Reduction.
Macromolecule2007,40(13), 44464455.

140. Willcock, H.; O'Reilly, R. K., End group removal and modification of RAFT
polymers.Polymer Chemistrg010,1(2), 149157.

141. Moad, G.; Rizzarddi.; Thang, S. H., Ertunctional polymers, thiocarbonylthio
group removal/transformation and reversible adddiagmentatiorichain transfer
(RAFT) polymerizationPolymer Internationa2011,60(1), 9-25.

142. Qiu, X.-P.; Winnik, F. M., Facile and Efficrd OnePot Transformation of RAFT
Polymer End Groups via a Mild Aminolysis/Michael Addition Sequence.
Macromolecular Rapid CommunicatioB806,27(19), 16481653.

143. Spruell, J. M.; Levy, B. A.; Sutherland, A.; Dichtel, W. R.; Cheng, J. Y.; Stoddart,
J.F.; Nelson, A., Facile postpolymerization embdification of RAFT polymerslournal

of Polymer Science Part A: Polymer Chemi&t09,47(2), 346356.

144. Lima, V.; Jiang, X.; Brokkeodijp, J.; Schoenmakers, P. J.; KlumpamB.; Van

Der Linde, R., Syritesis and characterization of telechelic polymethacrylates via RAFT
polymerizationJournal of Polymer Science Part A: Polymer Chemi2@§5,43(5), 959

973.

145. Chan, J. W.; Yu, B.; Hoyle, C. E.; Lowe, A. B., Convergent synthesisanin3

star polymergrom RAFT-prepared poly (N, Mliethylacrylamide) via a thiakne click
reaction.Chemical communicatiorZ008,(40), 49594961.

146. Nakayama, M.; Okano, T., Polymer Terminal Group Effects on Properties of
Thermoresponsive Polymeric Micelles with Contrdll©uterShell Chain Lengths.
Biomacromolecule2005,6(4), 232062327.

7€



147. Hoyle, C. E.; Bowman, C. N., ThidEne Click ChemistryAngewandte Chemie
International Edition2010,499), 15401573.

148. Boyer, C.; Granville, A.; Davis, T. P.; Bulmus, V., Modification of RAFT
polymers via thiokene reactions: A general route to functional polymers and new
architecturesJournal of Polymer Science Part A: Polymer Chemi&op9, 47(15),
37733794,

149. Shen W.; Qiu, Q.; Wang, Y.; Miao, M.; Li, B.; Zhang, T.; Cao, A.; An, Z.,
Hydrazine as a Nucleophile and Antioxidant for Fast Aminolysis of RAFT Polymers in
Air. Macromolecular Rapid Communicatiof610,31(16), 14441448.

150. Hornung, C. H.; von Kanel, KMartinezBotella, I.; Espiritu, M.; Nguyen, X.;
Postma, A.; Saubern, S.; Chiefari, J.; Thang, S. H., Continuous Flow Aminolysis of
RAFT Polymers Using Multistep Processing and Inline Analygecromolecule2014,
47(23), 82038213.

151. Sinnwell, S.; Ingk, A. J.; Davis, T. P.; Stenzel, M. H.; Barf€owollik, C., An
atomefficient conjugation approach to welefined block copolymers using RAFT
chemistry and hetero Died8lder cycloaddition.Chemical communicatior3008,(17),
20522054,

152. Inglis, A. J.; Sinnwell, S.; Davis, T. P.; Barnkowollik, C.; Stenzel, M. H.,
Reversible Addition Fragmentation Chain Transfer (RAFT) and HeterBl OVi$OGHU
Chemistry as a Convenient Conjugation Tool for Access to Complex Macromolecular
DesignsMacromolecule2008 41(12), 41264126.

153. Chong, B.; Moad, G.; Rizzardo, E.; Skidmore, M.; Thang, S. H., Thermolysis of
RAFT-Synthesized Poly(Methyl Methacrylatéustralian journal of chemistrg006,
59(10), 755762.

154. You, Y.-Z.; Hong, C:Y.; Bai, R-K.; Pan, C.Y.; Wang, J., Photdnitiated Living

Free Radical Polymerization in the Presence of Dibenzyl Trithiocarbonate.
Macromolecular Chemistry and Phys2802,203(3), 477483.

155. Xu, J.; Shanmugam, S.; Corrigan, N. A.; Boyer, C., Catdlysé Visible Light
Induced RAFT Photopolymerization. InControlled Radical Polymerization:
MechanismsAmerican Chemical Society: 2015; pp 2267.

156. McKenzie, T. G.; Fu, Q.; Wong, E. H. H.; Dunstan, D. E.; Qiao, G. G., Visible
Light Mediated Controlled Radical Polymerizatiornthe Absence of Exogenous Radical
Sources or Catalystdacromolecule2015,48(12), 38643872.

157. Shanmugam, S.; Xu, J.; Boyer, C., Exploiting Metalloporphyrins for Selective
Living Radical Polymerization Tunable over Visible Wavelengthsurnal of the
American Chemical Socie}015,137(28), 91749185.

158. Shanmugam, S.; Xu, J.; Boyer, C., Utilizing the electron transfer mechanism of
chlorophyll a under light for controlled radical polymerizati@memical Scienc2015,

6(2), 13411349.

159. Shanmgam, S.; Xu, J.; Boyer, C., Ligitegulated Polymerization under Near
Infrared/FarRed Irradiation Catalyzed by Bacteriochloropla/llAngewandte Chemie
International Edition2016,55(3), 10361040.

160. Corrigan, N.; Xu, J.; Boyer, C.; Allonas, X., Expition of te PETORAFT
Initiation Mechanism for Two Commonly Used PhotocatalySteemPhotoCher019,
3(11), 11931199.

161. Wu, Z.; Jung, K.; Boyer, C., Effective Utilization of NIR Wavelengths for Photo
Controlled Polymerization: Penetration Through Thick Barriers and Parallel Solar
SynthesesAngewandte Chemie International Editia820,59(5), 20132017.

77



162. Zhang, L.; WuC.; Jung, K.; Ng, Y. H.; Boyer, C., An Oxygen Paradox: Catalytic
Use of Oxygen in Radical Photopolymerizatiohngewandte Chemie International
Edition 2019,58(47), 1681116814.

163. Discekici, E. H.; Anastasaki, A.; Kaminker, R.; Willenbacher, J.; Trudhd?.;
Fleischmann, C.; Oschmann, B.; Lunn, D. J.; Read de Alaniz, J.; Davis, T. P.; Bates, C.
M.; Hawker, C. J., LighiMediated Atom Transfer Radical Polymerization of Semi
Fluorinated (Meth)acrylates: Facile Access to Functional Materdmarnal of tre
American Chemical Sociep17,13916), 59395945.

164. Pearson, R. M.; Lim, €H.; McCarthy, B. G.; Musgrave, C. B.; Miyake, G. M.,
Organocatalyzed Atom Transfer Radical Polymerization UsiigyWl Phenoxazines as
Photoredox CatalystSournal of the Merican Chemical Socie8016,13835), 11399
11407.

165. Anastasaki, A.; Nikolaou, V.; Zhang, Q.; Burns, J.; Samanta, S. R.; Waldron, C.;
Haddleton, A. J.; McHale, R.; Fox, D.; Percec, V.; Wilson, P.; Haddleton, D. M.,
Copper(l)/Tertiary Amine Synergy iPhotoinduced Living Radical Polymerization:
$FFHOHUDWH G- XQWW HN Qpl@&diD&nGtionadt Poly(acrylates)ournal

of the American Chemical Soci&914,136(3), 11411149.

166. Dolinski, N. D.; Page, Z. A.; Discekici, E. H.; Meis, D.;d,d-H.; Jones, G. R.;
Whitfield, R.; Pan, X.; McCarthy, B. G.; Shanmugam, S.; Kottisch, V.; Fors, B. P.; Boyer,
C.; Miyake, G. M.; Matyjaszewski, K.; Haddleton, D. M.; de Alaniz, J. R.; Anastasaki,
A.; Hawker, C. J., What happens in the dark? Asseskmgemporal control of photo
mediated controlled radical polymerization¥ournal of Polymer Science Part A:
Polymer Chemistr019,57(3), 268273.

167. Fromel, M.; Li, M.; Pester, C. W., Surface Engineering with Polymer Brush
PhotolithographyMacromolecular Rapid Communicatio620,41(18), 2000177.

168. Ramakers, G.; Krivcov, A.; Trouillet, V.; Welle, A.; Mobius, H.; Junkers, T.,
Organocatalyzed Photstom Transfer Radical Polymerization of Methacrylic Acid in
Continuous Flow and Surface Graftifgacromolecular Rapid Communicatio2817,
38(21), 1700423.

169. .DEE & 3 29%U\DQ & 6 'HQJ & & $QIJHOLQL
Photoreversible Galent Hydrogels for Soflatter Additive Manufacturing ACS
Applied Materials & Interface2018,10(19), 1679316801.

170. Zhou, X.; Liu, X.; Xie, Z.; Zheng, Z., 3patterned polymer brush surfaces.
Nanoscale2011,3(12), 49294939.

171. Discekici, E. H.; Pester, C. W.; Treat, N. J.; Lawrence, J.; Mattson, K. M.; Narupai,
B.; Toumayan, E. P.; Luo, Y.; McGrath, A. J.; Clark, P. G.; Read de Alaniz, J.; Hawker,
C. J., Simple Benchtop Approach to Polymer Brush Nanostructures Using \ligjhte
Mediated MetalFree Atom Transfer Radical Polymerizati®CS Macro Letter2016,

5(2), 258262.

172. Pester, C. W.; Narupai, B.; Mattson, K. M.; Bothman, D. P.; Klinger, D.; Lee, K.
W.; Discekici, E. H.; Hawker, C. J., Engineering Surfaces through 8ggustopFlow
PhotopatterningAdvanced Material2016,28(42), 92929300.

173. Li, M.; Fromel, M.; Ranaweera, D.; Rocha, S.; Boyer, C.; Pester, C. VPESI
RAFT: Surfacelnitiated Photoinduced Electron TransfReversible Additiort
Fragmentation Chaifiransfer Polymerizatio’ACS Macro Letter2019,8(4), 374380.

174. Layani, M.; Wang, X.; Magdassi, S., Novel Materials for 3D Printing by
PhotopolymerizationAdvanced Material2018,30(41), 1706344.

175. Appuhamillage, G. A.; Chartrain, N.; Meenaksimdaram, V.; Feller, K. D.;
Williams, C. B.; Long, T. E., 110th Anniversary: Vat PhotopolymerizaBased

78



Additive Manufacturing: Current Trends and Future Directions in Materials Design.
Industrial & Engineering Chemistry Resear2019,58(33), 1510915118.

176. Zhang, F.; Zhu, L.; Li, Z.; Wang, S.; Shi, J.; Tang, W.; Li, N.; Yang, J., The recent
development of vat photopolymerization: A revieddditive Manufacturing2021, 48,
102423.

177. Pagac, M.; Hajnys, J.; Ma, @.; Jancar, L.; Jansa, J.; Stefek,Nesicek, J., A
Review of Vat Photopolymerization Technology: Materials, Applications, Challenges,
and Future Trends of 3D Printingolymers2021,13(4), 598.

178. Ligon, S. C.,; Liska, R.; Stampfl, J.; Gurr, M.; Mulhaupt, R., Polymers for 3D
Printing aml Customized Additive Manufacturingchemical Review2017,117(15),
1021210290.

179. Kurek, P. N.; Kloster, A. J.; Weaver, K. A.; Manahan, R.; Allegrezza, M. L.; De
Alwis Watuthanthrige, N.; Boyer, C.; Reeves, J. A.; Konkolewicz, D., How Do Reaction
and Reactor Conditions Affect Photoinduced Electron/Energy Transfer Reversible
Addition #F=ragmentation Transfer Polymerizatiom@lustrial & Engineering Chemistry
Researcl2018,57(12), 42034213.

180. Wang, H.; Li, Q.; Dai, J.; Du, F.; Zheng, H.; Bai, R., R€mhe and in Situ
y,QYHVWLIJDWLRQ RI 3/LYLQJ &RQWUROOHG 3KRWRSR
TrithiocarbonateMacromolecule®013,46(7), 25762582.

181. Otsu, T.; Yamashita, K.; Tsuda, K., Synthesis, reactivity, and role-of 4
vinylbenzyl N,Ndiethyldithiocarbamate as a mononieiferter in radical
polymerization Macromoleculed4986,192), 287290.

182. Quinn, J. F.; Barner, L.; Barn&owollik, C.; Rizzardo, E.; Davis, T. P.,
5HYHUVLEOH $GGLWLRQiI)UDJPHQWDWLRQ &KDthQ 7UD
Ultraviolet RadiationMacromolecule2002,35(20), 76207627.

183. Corrigan, N.; Yeow, J.; Judzewitsch, P.; Xu, J.; Boyer, C., Seeing the Light:
Advancing Materials Chemistry through Photopolymerizati6ngewandte Chemie
International Edition2019,58(16), 51765189.

184. Blanc, A.; Bochet, C. G., Waveleng@ontrolled Qthogonal Photolysis of
Protecting Groupslhe Journal of Organic Chemist®p02,67(16), 55675577.

185. Houck, H. A.; Du Prez, F. E.; Barn&owollik, C., Controlling thermal reactivity
with different colors of lightNature Communication2017,8(1), 189.

186. Fu, C.; Xu, J.; Boyer, C., Photoaaigediated ring opening polymerization driven
by visible light.Chemical communicatior2016,52(44), 71267129.

187. Kaottisch, V.; Michaudel, Q.; Fors, B. P., Photocontrolled Interconversion of
Cationic and Radal PolymerizationsJournal of the American Chemical Sociéf17,
139(31), 1066510668.

188. Xu, J.; Shanmugam, S.; Fu, C.; Aguéyisou, K. F.; Boyer, C., Selective
Photoactivation: From a Single Unit Monomer Insertion Reaction to Controlled Polymer
ArchitecturesJournal of the American Chemical Socig16,1389), 3094106.

189. Bagheri, A.; Yeow, J.; Arandiyan, H.; Xu, J.; Boyer, C.; Lim, M., Polymerization
of a Photocleavable Monomer Using Visible LighMacromolecular Rapid
Communication2016,37(11), 905910.

190. Goldmann, A. S.; Glassner, M.; Inglis, A. J.; Bar@wollik, C., Post
Functionalization of Polymers via Orthogonal Ligation Chemisiv\acromolecular
Rapid Communication2013,34(10), 816849.

191. Xiong, X.; Xue, L.; Cui, J., Photaggered Growth and Detachment of Polymer
Brushes with Wavelength SelectivigkCS Macro Letter2018,7(2), 239243.

7S



192. Hurrle, S.; Lauer, A.; Gliemann, H.; Mutlu, H.; W6éll, C.; Goldmann, A. S.;
BarnerKowollik, C., Twoin-2 Q H -Orthogonal Photochemist on a Radical
Photoinitiating SysteniMacromolecular Rapid Communicatio817,38(13), 1600598.
193. Davidson, R. S., The chemistry of photoinitiatssne recent developments.
Journal of Photochemistry and Photobiology A: Chemi$893,73(2), 81-96.

194. Gruber, H. F., Photoinitiators for free radical polymerizatRnogress in Polymer
Sciencel992,17(6), 9531044.

195. Lu, L.; Yang, N.; Cai, Y., Welcontrolled reversible additiofragmentation
chain transfer radical polymerisation under ultraviolet radiation at ambient temperature.
Chemical communicatiorZ005,(42), 5287%5288.

196. Lu,L.;Zhang, H.; Yang, N.; Cai, Y., Toward Rapid and \AW&tintrolled Ambient
THPSHUDWXUH 5%$)7 SRO\PHUL]DWLRQ XQGHU 89i9LV 5D
RangeMacromolecule2006,39(11), 37703776.

197. Ham, M-k.; HoYouk, J.; Kwon, Y-K.; Kwark, Y.-J., Photoinitiated RAFT
polymerization of vinyl acetatdournal of Polymer Science Part A: Polymer Chemistry
2012,50(12), 23892397.

198. Yin, H.; Zheng, H.; Lu, L.; Liu, P.; Cai, Y., Highly efficient and webntrolled
ambient temperature RAFT poherization of glycidyl methacrylate under visible light
radiation.Journal of Polymer Science Part A: Polymer Chemi2097,45(22), 5091
5102.

199. Shi, Y.; Gao, H.; Lu, L.; Cali, Y., Ultréast RAFT polymerisation of poly(ethylene
glycol) acrylate in ageous media under mild visible light radiation at 25 Gemical
communication2009,(11), 13681370.

200. Shi, Y.; Liu, G.; Gao, H.; Lu, L.; Cai, Y., Effect of Mild Visible Light on Rapid
Aqueous RAFT Polymerization of Wat8oluble Acrylic Monomers at wbient
Temperature: Initiation and ActivatioMacromolecule2009,42(12), 39173926.

201. Jiang, Y.; Xu, N.; Han, J.; Yu, Q.; Guo, L.; Gao, P.; Lu, X.; Cali, Y., The direct
synthesis of interfacdecorated reactive block copolymer nanoparticles via
polymeisationinduced seHassemblyPolymer Chemistr015,6(27), 49554965.

202. Tan, J.; Sun, H.; Yu, M.; Sumerlin, B. S.; Zhang, L., PHAISA: Shedding Light

on Polymerizatiodnduced SeHAssembly ACS Macro Letter2015,4(11), 12491253.
203. Gardiner J.; Hornung, C. H.; Tsanaktsidis, J.; Guthrie, D., Continuous flow
photcinitiated RAFT polymerisation using a tubular photochemical reaEimopean
Polymer Journak016,80,200-207.

204. Zaquen, N.; Azizi, W. A. A. W.; Yeow, J.; Kuchel, R. P.; Jurskér.; Zetterlund,

P. B.; Boyer, C., Alcohebased PISA in batch and flow: exploring the role of
photoinitiators Polymer Chemistr019,10(19), 24062414.

205. Jiang, W.; Lu, L.; Cai, Y., Highly Efficient and WeGlontrolled Ambient
Temperature RAFT Polgerization under Solar RadiatiodMacromolecular Rapid
Communication2007,28(6), 725728.

206. Tan, J.; Bai, Y.; Zhang, X.; Huang, C.; Liu, D.; Zhang, L., Edamperature
Synthesis of Thermoresponsive Diblock Copolymer N@imjects via Aqueous
Photoiniteted  Polymerizatioitnduced  SelAssembly  (Photd®ISA)  using
Thermoresponsive MaciRAFT Agents Macromolecular Rapid CommunicatioR6816,
37(17), 14341440.

207. Tan, J.; Bai, Y.; Zhang, X.; Zhang, L., Room temperature synthesis of
poly(poly(ethylene glyal) methyl ether methacrylatéased diblock copolymer nano
objects via Photoinitiated Polymerizatdimduced SeHAssembly (Photd?ISA).
Polymer Chemistr016,7(13), 23722380.

8C



208. Wenn, B.; Junkers, T., Continuous Microflow PhotoRAFT Polymerization.
Macromolecule2016,49(18), 68886895.

209. Otsu, T., Iniferter concept and living radical polymerizatidournal of Polymer
Science Part A: Polymer Chemis§00,38(12), 21212136.

210. Otsu, T.; Matsumoto, A., Controlled Synthesis of Polymers Using the Iniferter
Technique: Developments in Living Radical Polymerization.Mitroencapsulation
Microgels Iniferters DiMari, S.; Funke, W.; Haralson, M. A.; Hunkeler, D.; Jdé8ller,

B.; Matsumoto, A.; Okay, O.; Otsu, T.; Powers, A. C.; Prokop, A.; Wang, T. G.; Whitesell,
R. R., Eds. Springer Berlin Heidelberg: 1998; ppl37.

211. Hartlieb, M., Photdniferter RAFT Polymerization.Macromolecular Rapid
Communication2022,43(1), 2100514.

212. Kannurpatti, A. R.; Lu, S.; Bunker, G. M.; Bowman, C. N., Kinetic and
Mechanistic Studies of Iniferter Photopolymerization&acromoleculesl 996, 29(23),
73107315.

213. Lambrinos, P.; Tardi, M.; Polton, A.; Sigwalt, P., The mechanism of the
polymerization of n.butyl acrylate initiated with N;diethyl dithiocarbamate derivatives.
European Polymer Journdl990,26(10), 11251135.

214. Turner, S. R.; Blevins, R. W., Photoinitiated block copolymer formation using
dithiocarbamate free radical chemisti§acromolecule4990,23(6), 18561859.

215. 7D]KH 9HHWLO $ &RORPHN 7 1JR\ % 3 3DYOt
Photochemistry of #henacyl XanthatesThe Journal of Organic Chemistrg011,
76(20), 82328242.

216. Gruendling, T.; Kaupp, M.; Bico, J. P.; BarneKowollik, C., Photoinduced
Conjugation of Dithioesterand Trithiocarbonat&unctional RAFT Polymers with
Alkenes.Macromolecule2011,44(1), 166174.

217. Zhou, H.; Johnson, J. A., Phetontrolled Growth of Telechelic Polymers and
End-linked Polymer GelsAngewandte Chemie International Editid@13,52(8), 2235
2238.

218. McKenzie, T. G.; Wong, E. H. H.; Fu, Q.; Sulistio, A.; Dunstan, D. E.; Qiao, G.
G., Controlled Formation of Star Polymer Nanoparticles via Visible Light
Photopolymezation.ACS Macro Letter2015,4(9), 10121016.

219. Allison-Logan, S.; Karimi, F.; Sun, Y.; McKenzie, T. G.; Nothling, M. D.; Bryant,
G.; Qiao, G. G., Highly Living Stars via Coferst PhoteRAFT Polymerization:
Exploitation for UltraHigh Molecular Weight Star Synthesi®&A\CS Macro Letter2019,
8(10), 12911295.

220. Allegrezza, M. L.; De Alwis Watuthanthrige, N.; Wang, Y.; Garcia, G. A.; Ren,
H.; Konkolewicz, D., Substituent effects in iniferter photopolymerization: can bond
homolysis be enhanced by electroniBsflymer Chemistr020,11(38), 61296133.

221. Mueller,L.; Jakubowski, W.; Matyjaszewski, K.; Pietrasik, J.; Kwiatkowski, P.;
Chaladaj, W.; Jurczak, J., Synthesis of high molecular weight polystyrene using AGET
ATRP under high pressurgeuropean Polymer Journ&011,47(4), 736734.

222. Huang, Z.; Chen, JZhang, L.; Cheng, Z.; Zhu, X., ICAR ATRP of Acrylonitrile
under Ambient and High PressuRnlymers2016,8(3), 59.

223. Truong, N. P.; Dussert, M. V.; Whittaker, M. R.; Quinn, J. F.; Davis, T. P., Rapid
synthesis of ultrahigh molecular weight and low pidpersity polystyrene diblock
copolymers by RAFImediated emulsion polymerizatioR.olymer Chemistry2015,
6(20), 38653874.

224. Carmean, R. N.; Becker, T. E.; Sims, M. B.; Sumerlin, B. S., High
Molecular Weights via Aqueous ReversiideactivationRadical PolymerizatiorChem
2017,2(1), 93101.

81



225. Carmean, R. N.; Sims, M. B.; Figg, C. A.; Hurst, P. J.; Patterson, J. P.; Sumerlin,
B. S., Ultrahigh Molecular Weight Hydrophobic Acrylic and Styrenic Polymers through
OrganicPhase Photoinifertdviediated PolymerizatiolACS Macro Letter2020,9(4),
613-618.

226. Lampley, M. W.; Harth, E., Photocontrolled Growth of Crbgsked
NanonetworksACS Macro Letter2018,7(6), 745750.

227. Arrington, K. J.; Matson, J. B., Assembly of a visible light photoreactor: an
inexpensive tool for bottlebrush polymer fyesis via photoiniferter polymerization.
Polymer Chemistr017,8(48), 74527456.

228. Corrigan, N.; Trujillo, F. J.; Xu, J.; Moad, G.; Hawker, C. J.; Boyer, C., Divergent
Synthesis of Graft and Branched Copolymers through Spatially Controlled
Photopolynerization in Flow Reactordlacromolecule®021,54(7), 34303446.

229. Yeow, J.; Sugita, O. R.; Boyer, C., Visible LigMtediated Polymerization
Induced SelAssembly in the Absence of External Catalyst or Initia®€S Macro
Letters2016,5(5), 558564.

230. Xu, J., Single Unit Monomer Insertion: A Versatile Platform for Molecular
Engineering through Radical Addition Reactions and Polymerizakiacromolecules
2019,52(23), 90689093.

231. Benetti, E. M.; Zapotoczny, S.; Vancso, G. J., Tunable Thermonss/e
SRO\PHULF 30DWIRUPV RQ *BaSe@ Shiface3 Grefiid®dvencdédd U W H L
Materials2007,19(2), 268271.

232. Krause, J. E.; Brault, N. D.; Li, Y.; Xue, H.; Zhou, Y.; Jiang, S., Photoiniferter
Mediated Polymerization of Zwitterionic Carbdataine Monomers for Lowouling

and Functionalizable Surface Coatinlglacromolecule2011,44(23), 92139220.

233. Christmann, J.; Ibrahim, A.; Charlot, V.; CroutBarghorn, C.; Ley, C.; Allonas,

X., Elucidation of the Key Role of [Ru(bpy)3]2+ in Photocatalyzed RAFT
PolymerizationChemPhysCher2016,17(15), 23092314.

234. Corrigan, N.; Xu, J.; Boyer, C.; Allonas, XExploration of the PEERAFT
Initiation Mechanism for Two Commonly Used PhotocatalySteemPhotoCher019,
3(11), 11931199.

235. Seal, P.; Xu, J.; De Luca, S.; Boyer, C.; Smith, S. C., Unraveling Photocatalytic
Mechanism and Selectivity in PERAFT Polymerization. Advanced Theory and
Simulations2019,2(6), 1900038.

236. Xu, J.; Jung, K.; Boyer, C., Oxygen Tolerance Study of Photoinduced Electron
TransferiReversible  AdditionfFragmentation  Chain  Transfer  (PRRAFT)
Polymerization Mediated by Ru(bpy)3CKacromolecule2014,47(13), 42174229.

237. Xu, J.; Jung, K.; Corrigan, N. A.; Boyer, C., Aqueous photoinduced
living/controlled polymerization: tailoring for bioconjugatioBhemical Scienc2014,

5(9), 35683575.

238. Bellotti, V.; Simonutti, R., New lght in Polymer Science: Photoinduced
Reversible AdditiorFragmentation Chain Transfer Polymerization (FEAFT) as
Innovative Strategy for the Synthesis of Advanced Materallymers2021,13(7), 1119.

239. Xu, J.; Shanmugam, S.; Duong, H. T.; Boyer, Organephotocatalysts for
photoinduced electron transferversible additiodfragmentation chain transfer (PET
RAFT) polymerizationPolymer Chemistr015,6(31), 56155624.

240. Fu, Q.; Xie, K.; McKenzie, T. G.; Qiao, G. G., Trithiocarbonates as imtrins
photoredox catalysts and RAFT agents for oxygen tolerant controlled radical
polymerization Polymer Chemistr017,8(9), 15191526.

82



241. Wu, C.; Corrigan, N.; Lim, C. H.; Jung, K.; Zhu, J.; Miyake, G.; Xu, J.; Boyer, C.,
Guiding the Design of Organic hBtocatalyst for PE-RAFT Polymerization:
Halogenated Xanthene Dyddacromolecule2019,52(1), 236248.

242. Corrigan, N.; Zhernakov, L.; Hashim, M. H.; Xu, J.; Boyer, C., Flow mediated
metalfree PEFRAFT polymerisation for upscaled and consistent pelyproduction.
Reaction Chemistry & Engineerir&19,4(7), 12161228.

243. He, J:Y.; Lu, M., Photoinduced electron transfewersible addition
fragmentation chain transfer (PHEIAFT) polymerization of acrylonitrile in
miniemulsion.Journal of Macromoleglar Science, Part 2019,56(5), 443449.

244. Cheng, B-F.; Wang, LzH.; You, Y -Z., Photoinduced electron transfewversible
additionfragmentation chain transfer (PHEIAFT) polymerization using titanium
dioxide.Macromolecular Researc?016,24(9), 811815.

245. Liang, E.; Liu, M:s.; He, B.; Wang, GX., ZnO as photocatalyst for photoinduced
electron transfexeversible additiodfragmentation chain transfer of methyl methacrylate.
Advances in Polymer Technolog§18,37(8), 28792884.

246. Fu, Q.; Ruan, Q.; McKenzie, T. G.; Reyhani, A.; Tang, J.; Qiao, G. G.,
Development of a Robust PERAFT Polymerization Using Graphitic Carbon Nitride (g
C3N4).Macromolecule2017,50(19), 75097516.

247. Zhu, Y.; Liu, Y.; Miller, K. A.; Zhu, H.; Egap, E., LelHalide Perovskite
Nanocrystals as Photocatalysts for PEAFT Polymerization under Visible and Near
Infrared IrradiationACS Macro Letter2020,9(5), 725730.

248. Zhu, Y.; Egap, E., PERAFT polymerization catalyzed by cadmium selenide
guantum dots (@Qs): Graftingfrom QDs photocatalysts to make polymer
nanocompositefolymer Chemistr020,11(5), 10181024.

249. Liang, Y.; Ma, H.; Zhang, W.; Cui, Z.; Fu, P.; Liu, M.; Qiao, X.; Pang, X., Size
effect of semiconductor quantum dots as photocatalysBEGRAFT polymerization.
Polymer Chemistr020,11(31), 49614967.

250. Zhang, L.; Shi, X.; Zhang, Z.; Kuchel, R. P.; Namivad@dngeneh, R.; Corrigan,
N.; Jung, K.; Liang, K.; Boyer, C., Porphyrinic Zirconium Mefatganic Frameworks
(MOFs) as Heterogewmus Photocatalysts for PHIAFT Polymerization and
StereolithographyAngewandte Chemie International Editid621,60(10), 54895496.

251. Hakobyan, K.; Gegenhuber, T.; McErlean, C. S. P.; Millner, M., Vidigat-
Driven MADIX Polymerisation via a Reable, LowCost, and No#Toxic Bismuth
Oxide PhotocatalysAngewandte Chemie International Editi2819,58(6), 18281832.
252. Fu, C.; Xu, J.; Kokotovic, M.; Boyer, C., Oiftot Synthesis of Block Copolymers
by Orthogonal RingDpening Polymerization and FERAFT Polymerization at Ambient
TemperatureACS Macro Letter2016,5(4), 444449.

253. Shanmugam, S.; Xu, J.; Boyer, C., Photoinduced Electron TraRsfeersible
Addition #Fragmentation Chain Transfer (PIRIAFT) Polymerization of Vinyl Acetate
and NVinylpyrrolidinone: Kinetic and Oxygen Tolerance Stulacromolecule2014,
47(15), 49304942.

254. Shanmugam, S.; Boyer, C., Steredemporal and Chemical Control through
Photoactivation of Living Radical Polymerization: Synthesis of Block and Gradient
CopolymersJournal of the American Chemical Soci2g815,13731), 99889999.

255. Jung, K.; Xu, J.;Zetterlund, P. B.; Boyer, C., Visibleight-Regulated
Controlled/Living Radical Polymerization in MiniemulsioACS Macro Letter2015,
4(10), 11391143.

256. Wu, C.; Shanmugam, S.; Xu, J.; Zhu, J.; Boyer, C., Chlorophyll a crude extract:
efficient photedegradable photocatalyst for PHRIAFT polymerization. Chemical
communication2017,53(93), 1256012563.

83



257. Gormley, A. J.; Yeow, J.; Ng, G.; Conway, 0. Boyer, C.; Chapman, R., An
OxygenTolerant PETRAFT Polymerization for Screening Structdfetivity
RelationshipsAngewandte Chemie International Editia018,57(6), 15571562.

258. Ng, G.; Yeow, J.; Xu, JBoyer, C., Application of oxygen tolerant PIRIAFT to
polymerizatiorinduced selHassemblyPolymer Chemistr017,8(18), 28412851.

259. Yeow, J.; Chapman, R.; Xu, J.; Boyer, C., Oxygen tolerant photopolymerization
for ultralow volumesPolymer Chemistr017,8(34), 50125022.

260. Figg, C. A.; Hickman, J. D.; Scheutz, G. M.; Shanmugam, S.; Carmean, R. N.;
Tucker, B. S.; Boyer, C.; Sumerlin, B. S., Cel@oding Visible Light Polymerizations

To Elucidate the Activation of Trithiocarbonates Using EositMécromolecule2018,
51(4), 13701376.

261. Gao, W.; Zhang, Y.; Ramanujan, D.; Ramani, K.; Chen, Y.; Williams, C. B.;
Wang, C. C. L.; Shin, Y. C.; Zhang, S.; Zavattieri, P. D., The status, challenges, and future
of additive manufacturing in engineerir@gomputerAided Desigr2015,69, 65-89.

262. Prasad, S.; Kader, N. A.; Sujatha, G.; Raj, T.; Patil, S., 3D printing in dentistry.
Journal of 3D Printing in Medicin€018,2(3), 8391.

263. Tian, Y.; Chen, C.; Xu, X.; Wang, J.; Hou, X.; Li, K.; Lu, X.; Shi, Hee, E:S.;
Jiang, H. B., A Review of 3D Printing in Dentistry: Technologies, Affecting Factors, and
Applications.Scanning2021,2021,9950131.

264. Joshi, S. C.; Sheikh, A. A., 3D printing in aerospace and its-temg
sustainability Virtual and Phyg&al Prototyping2015,10(4), 175185.

265. Wang, Y:C.; Chen, T.; Yeh, ¥L., Advanced 3D printing technologies for the
aircraft industry: a fuzzy systematic approach for assessing the critical fathas.
International Journal of Advanced Manufacturilgchnology2019,10510), 405940609.

266. Ahmed, N. A.; Page, J. R., Manufacture of an Unmanned Aerial Vehicle (UAV)
for Advanced Project Design Using 3D Printing Technolofyplied Mechanics and
Materials 2013,397-400,970-980.

267. Foo, C. Y.; Lim, H.N.; Mahdi, M. A.; Wahid, M. H.; Huang, N. M., Three
Dimensional Printed Electrode and Its Novel Applications in Electronic Devices.
Scientific Report2018,8(1), 7399.

268. Liaw, C-Y.; Guvendiren, M., Current and emerging applications of 3D printing
in medicine.Biofabrication2017,9(2), 024102.

269. Chung, P.; Heller, J. A.; Etemadi, M.; Ottoson, P. E.; Liu, J. A.; Rand, L.; Roy,
S., Rapid and Loweost Prototyping of Medical Devices Using 3D Printed Molds for
Liquid Injection Molding.The Journal of Visualized Experime2314,(88), e51745.

270. Liu, Z.; Zhang, M.; Bhandari, B.; Wang, Y., 3D printing: Printing precision and
application in food sectof.rends in Food Science & Technoldfy17,69,83-94.

271. Xu, X.; Awad, A.; RoblegViartinez, P.; Gaisford, S.; Goyanes, A.; Basit, A. W.,
Vat photopolynerization 3D printing for advanced drug delivery and medical device
applicationsJournal of Controlled Releas2021,329,743757.

272. Shahrubudin, N.; Lee, T. C.; Ramlan, R., An Overview on 3D Printing
Technology: Technological, Materials, and Applioas.Procedia Manufacturin@019,
35,12861296.

273. ASTM International F27922a. Standard terminology for additive
manufacturing technologies. ASTM International: West Conshohocken, PA, 2012.
274. Zhang, J.; Xiao, P., 3D printing of photopolymd?slymer Chemistry2018,9(13),
153061540.

275. Kaiser, T., Highly crosslinked polymeRrogress in Polymer Scien&889,14(3),
373450.

84



276. Wendel, B.; Rietzel, D.; Kuhnlein, F.; Feulner, R.; Hulder, G.; Schmachtenberg,
E., Additive Processing of Polymeldacromolecular Materials and Engineerir208,
293(10), 799809.

277. Hull, C. W. Apparatus for production of thre@nensional objects by
stereolithography. U.S. Patent 4575330, 1986.

278. Huang, J.; Qin, Q.; Wang, J., A Review of Stereolithography: Pseseand
SystemsProcesse2020,8(9).

279. Dolenc, A.; Makela, 1., Slicing procedures for layered manufacturing techniques.
ComputerAided Desigri994,26(2), 119126.

280. Bartolo, P.,Stereolithography: Materials, Processes and Applicati@inger
Sdence & Business Media: Berlin, Germany, 2011.

281. Garcia, E. A.; Ayranci, C.; Qureshi, A. J., Material Propdvignufacturing
Process Optimization for Form 2 VBhoto Polymerization 3D Printerdournal of
Manufacturing and Materials Processi2§20,4(1), 12.

282. Naik, D. L.; Kiran, R., On anisotropy, strain rate and size effects in vat
photopolymerization based specimefdditive Manufacturin@018,23,181-196.

283. Hada, T.; Kanazawa, M.; Iwaki, M.; Arakida, T.; Soeda, Y.; Katheng, A.; Otake,
R.; Minakuchi, S., Effect of Printing Direction on the Accuracy ofBinted Dentures
Using Stereolithography Technologylaterials2020,13(15), 3405.

284. Hada, T.; Kanazawd).; lwaki, M.; Arakida, T.; Minakuchi, S., Effect of printing
direction on stress distortion of thrdenensional printed dentures using
stereolithography technologylournal of the Mechanical Behavior of Biomedical
Materials 2020,110,103949.

285. Morris, V. B.; Nimbalkar, S.; Younesi, M.; McClellan, P.; Akkus, O., Mechanical
Properties, Cytocompatibility and Manufacturability of Chitosan:PEGDA HyGed
Scaffolds by Stereolithographfnnals of Biomedical Engineerid17,45(1), 286296.

286. Momeni, F.; M.Mehdi Hassani.N, S.; Liu, X.; Ni, J., A review of 4D printing.
Materials & Design2017,122,42-79.

287. Lantada, A. D.; de Blas Romero, A.; Tanarro, E. C., Miascular shape
memory polymer actuators with complex geometries obtained by laselishegraphy.
Smart Materials and Structur&916,25(6), 065018.

288. Zarek, M.; Layani, M.; Cooperstein, I.; Sachyani, E.; Cohn, D.; Magdassi, S., 3D
Printing of Shape Memory Polymers for Flexible Electronic Deviokdvanced
Materials 2016,28(22), 44494454,

289. Yu, R.;Yang, X.; Zhang, Y.; Zhao, X.; Wu, X.; Zhao, T.; Zhao, Y.; Huang, W.,
ThreeDimensional Printing of Shape Memory Composites with Ep&ggylate Hybrid
PhotopolymerACS Applied Materials & Interfacez)17,9(2), 18201829.

290. Wang, W; Sun, J.; Guo, B.; Chen, X.; Ananth, K. P.; Bai, J., Fabrication of
piezoelectric nangeramics via stereolithography of low viscous and-aqueous
suspensionslournal of the European Ceramic Soci220,40(3), 682688.

291. Chan,V.; Park, K.; Collesy M. B.; Kong, H.; Saif, T. A.; Bashir, R., Development
of Miniaturized Walking Biological Machine&cientific Report2012,2(1), 857.

292. Chan, V.;Jeong, J. H.; Bajaj, P.; Collens, M.; Saif, T.; Kong, H.; Bashir, R.,-Multi
material biefabrication ofhydrogel cantilevers and actuators with stereolithograpddy.

on a Chip2012,12(1), 8898.

293. Zolfagharian, A.; Kouzani, A. Z.; Khoo, S. Y.; Moghadam, A. A. A.; Gibson, |.;
Kaynak, A., Evolution of 3D printed soft actuato&ensors and Actuators Ahisical
2016,250,258-272.



294. Gul, J. Z.; Sajid, M.; Rehman, M. M.; Siddiqui, G. U.; Shah, I.; KimHK.Lee,
J-W.; Choi, K. H., 3D printing for soft roboticga review.Science and Technology of
Advanced Material2018,19(1), 243262.

295. Al Rashid, A.; Ahmed, W.; Khalid, M. Y.; Kog, M., Vat photopolymerization of
polymers and polymer composites: Processes and applicatiddisive Manufacturing
2021,47,102279.

296. Zhao, W.; Wang, Z.; Zhang, J.; Wang, X.; Xu, Y.; Ding, N.; Peng, Z., Vat
Photopolymerization 3D Printing of Advanced Soft Sensors and Actuators: From
Architecture to FunctiorAdvanced Materials Technologi2621,6(8), 2001218.

297. Barone, S.; Neri, P.; Paoli, A.; Razionale, A. V.; Tamburrino, F., Development of
a DLP 3D pmter for orthodontic applicationBrocedia Manufacturin@019,38,1017%

1025.

298. Yousef, H.; Harris, B. T.; Elathamna, E. N.; Morton, D.; Lin,-8/, Effect of
additive manufacturing process and storage condition on the dimensional accuracy and
stability of 3D-printed dental cast3he Journal of Prosthetic Dentist3p21

299. X < / 'Yf$PDWR $ 5 <DQ $ 0 :DQJ 5 4- 'LQJ
Dimensional Printing of Poly(glycerol sebacate) Acrylate Scaffolds via Digital Light
ProcessingACSApplied Bio Material2020,3(11), 75757588.

300. Chen, H.; Lee, S. Y.; Lin, Y. M., Synthesis and Formulation of Baked
Urethane Acrylates for DLP 3D Printeolymers2020,12(7), 1500.

301. Xue, D.; Zhang, J.; Wang, Y.; Mei, D., Digital Light ProsegrBased 3D
Printing of CellSeeding Hydrogel Scaffolds with Regionally Varied Stiffne&€S
Biomaterials Science & Engineerir2§19,5(9), 48254833.

302. Patel, D. K.; Sakhaei, A. H.; Layani, M.; Zhang, B.; Ge, Q.; Magdassi, S., Highly
Stretchable antdV Curable Elastomers for Digital Light Processing Based 3D Printing.
Advanced Material2017,29(15), 1606000.

303. Keshavarzan, M.; Kadkhodaei, M.; Forooghi, F., An investigation into
compressive responses of shape memory polymeric cellular lattickustaifabricated

by vat polymerization additive manufacturirRplymer Testin@020,91,106832.

304. Bagheri, A.; Jin, J., Photopolymerization in 3D PrintiA@S Applied Polymer
Materials2019,1(4), 593611.

305. Zheng, Z.; Eglin, D.; Alini, M.; Richats, G. R.; Qin, L.; Lali, Y., Visible Light
Induced 3D Bioprinting Technologies and Corresponding Bioink Materials for Tissue
Engineering: A ReviewEngineering2021,7(7), 966978.

306. Xiao, P.; Zhang, J.; Dumur, F.; Tehfe, M. A.; Morlgavary, F.; GraffB.;
Gigmes, D.; Fouassier, J. P.; Lalevée, J., Visible light sensitive photoinitiating systems:
Recent progress in cationic and radical photopolymerization reactions under soft
conditions.Progress in Polymer Scien2615,41, 32-66.

307. Shao, J.; Huang Y., Fan, Q., Visible light initiating systems for
photopolymerization: status, development and challengelimer Chemistry2014,
5(14), 41954210.

308. Neumann, M. G.; Schmitt, C. C.; Ferreira, G. C.; Corréa, I. C., The initiating
radical yields and the efficiency of polymerization for various dental photoinitiators
excited by different light curing unit®ental Materials2006,22(6), 576584.

309. Steyer, B.; Neubauer, P.; Liska, R.; Stampfl, J., Visible Light Photoinitiator for
3D-Printing of Tough Methacrylate ResirMaterials2017,10(12), 1445.

310. Lim, K. S.; Levato, R.; Costa, P. F.; Castilho, M. D.; Ale@leozco, C. R.; van
Dorenmalen, K. M. A Melchels, F. P. W.; Gawlitta, D.; Hooper, G. J.; Malda, J.;
Woodfield, T. B. F., Bieresin for high resolution lithograpHyased biofabrication of
complex celladen constructdiofabrication2018,10(3), 034101.

86



311. Schwartz, J. J.; Boydston, A. Multimaterial actinic spatial control 3D and 4D
printing. Nature Communication2019,10(1), 791.

312. Kwak, H.; Shin, S.; Lee, H.; Hyun, J., Formation of a keratin layer with silk
fibroin-polyethylene glycol composite hydrogel fabricated by digital light processing 3D
printing. Journal of Industrial and Engineering Chemisg919,72,232-240.

313. Maturi, M.; Pulignani, C.; Locatelli, E.; Vetri Buratti, V.; Tortorella, S.; Sambiri,
L.; Comes Franchini, M., Phosphorescent-thésed resin for digital light processing
(DLP) 3D-printing. Green Chemistr020,22(18), 62126224,

314. Zanon, M.; Baruffaldi, D.; 8ngermano, M.; Pirri, C. F.; Frascella, F.; Chiappone,
A., Visible lightinduced crosslinking of unmodified gelatin with PEGDA for DB
printable hydrogels£uropean Polymer Journ&021,160,110813.

315. Ahn, D.; Stevens, L. M.; Zhou, K.; Page, Z. Rapid HighResolution Visible
Light 3D Printing.ACS Central Scienc020,6(9), 15551563.

316. Tumbleston, J. R.; Shirvanyants, D.; Ermoshkin, N.; Janusziewicz, R.; Johnson,
A. R.; Kelly, D.; Chen, K.; Pinschmidt, R.; Rolland, J. P.; Ermoshkin, A.; SskiUt.

T.; DeSimone, J. M., Additive manufacturing. Continuous liquid interface production of
3D objectsScience2015,347(6228), 13491352.

317. Janusziewicz, R.; Tumbleston John, R.; Quintanilla Adam, L.; Mecham Sue, J.;
DeSimone Joseph, M., Layerldabrication with continuous liquid interface production.
Proceedings of the National Academy of Scie204%,11342), 1170311708.

318. Chockalingam, K.; Jawahar, N.; Chandrasekhar, U., Influence of layer thickness
on mechanical properties in stereolignaphy.Rapid Prototyping Journa2006,12(2),
106-113.

319. Garcia, E.; Ayranci, C.; Qureshi, A. Ibigital light processing (DLP):
anisotropic tensile considerationProceedings of the 28th Annual International Solid
Freeform Fabrication Symposium, 20pp 413425.

320. Shusteff, M.; Browar Allison, E. M.; Kelly Brett, E.; Henriksson, J.; Weisgraber
Todd, H.; Panas Robert, M.; Fang Nicholas, X.; Spadaccini Christopher, Mst€ne
volumetric additive manufacturing of complex polymer structuBsence Advances
2017,3(12), eaa05496.

321. Kelly Brett, E.; Bhattacharya, |.; Heidari, H.; Shusteff, M.; Spadaccini
Christopher, M.; Taylor Hayden, K., Volumetric additive manufacturing via tomographic
reconstructionScience2019,3636431), 10751079.

322. Loterie, D.; Delrot,P.; Moser, C., Highesolution tomographic volumetric
additive manufacturingNature Communication2020,11(1), 852.

323. Regehly, M.; Garmshausen, Y.; Reuter, M.; Konig, N. F.; Israel, E.; Kelly, D. P.;
Chou, C:Y.; Koch, K.; Asfari, B.; Hecht, S., Xolagphy for linear volumetric 3D
printing. Nature2020,5887839), 626624.

324. Wang, B.; Engay, E.; Stubbe, P. R.; Moghaddam, S. Z.; Thormann, E.; Almdal,
K.; Islam, A.; Yang, Y., Stiffness control in dual color tomographic volumetric 3D
printing. Nature @mmunication2022,13(1), 367.

325. Shapira, A.; Dvir, T., 3D Tissue and Organ Prinfingope and Reality.
Advanced Scienc2021,8(10), 2003751.

326. Bernal, P. N.; Delrot, P.; Loterie, D.; Li, Y.; Malda, J.; Moser, C.; Levato, R.,
Volumetric Bioprintingof Complex LivingTissue Constructs within Secondglvanced
Materials2019,31(42), 1904209.

327. Hudson, D. E.; Hudson, D. O.; Wininger, J. M.; Richardson, B. D., Penetration of
/IDVHU /LJKW DW xDQG x QP L ®@hcwRediciQeHand sV X H 6 L
Surgery2013,31(4), 163168.

87



&KDSWHU $ 9OHUVDWLOH ' DQG '
WKURXJK SBKRWRFRQWUROOHG 5%

Thecontents of this chapter were publisheddhang, Z.; Corrigan, N.; Bagheri, A.; Jin,
J.; Boyer, C.A Versatile 3D and 4D Printing System through Photocontrolled RAFT
PolymerisationAngewandte Chemiaternational Edition2019,58(50), 1795417963

88



3.1 Introduction

The development of additive manafaring techniques over the past 30 years has had an
immeasurable impact on materials sciehteCompared to traditional subtractive
manufacturing, additive manufacturing has allowed the production of materials with
arbitrary geometries while minimizing waste, and has providedemperts access to
complex materials. Among the most common 3D printechniques (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 biocompatibilignd 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 quiex object$:4 Moreover, the extensive
range of photochemistry available to perform photoinduced polymerisation has provided

materials withdiverse 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
materialst>2° For instance, Hawker and-eeorkers developed a new apprbdor visible

light controlled 3D printing based on the bleaching of photochromic molecules, which
allowed large cure depths and printed materials devoid of layer dé&féttsably, the

use of a single resin formulation containing both cationic eawtically 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 visibldiat@n wavelengths,
respectively* The use of a mukivavelength DLP system provided 4D printed materials
with tailored anisotropic properties that showed swelling induced actuation based on the
spatial confinement of each wavelength dgrithe onepass layeby-layer printing
process. In other works by Dunn, Ge anelawkers, the independence of thermal and
photoinduced chemistry was utilised for 3D printed multimaterial, shape memory, and
reprocessable polymet3.2°In these examples, the use of light to 3D print the initial

objects enabled the secondary material transformations to be independently activated.

8¢



Concurrently with the expansion of 3D and 4D printing techniques, the geveltd 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 synthé$és.Particularly, reversible additien
fragmentation chain transfer (RAFT) polymerisation techniques have been extensively
studied due to their ability to prade welldefined macromolecules with diverse
architectures and chemical functionalities under a wide range of condittdrRAFT
polymerisation utilises a degenerative chain transfer process between propagating
radicals and thiocarbonylthio species (RAFT agetitsy, *Avhich allows a large fraction

of the growing polymer chains to remain dormant. The key for synthesizing
architecturally diverse polymers via these approaches i the retention of the
thiocarbonylthio polymer chaiand throughout the polymerisation; repeated activation

of the dormant thiocarbonylthicapped polymer chain via transfer reactions, and
subsequent monomer additions allow the formation of all maoinblock, 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 ligHg** Notably, our group developed a photocatalyzed
polymerisation process termed photoinduced electron/energy tréd®skr (PET

RAFT) polymerisatiort>>°In PET-RAFT polymerisation, a photocatalystC)is excited

under visible or neainfrared lightirradiation, and subsequently transfers an electron or
energy to a thiocarlmylthio species. The thiocarbonylthio species can then fragment to
produce a radical capable of initiating radical polymerisati§h. 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
chainend. The high chaiend fidelity of polymeric networks synthesised tigh these

and other photoinduced RAFT processes have also been exploited to expand the
functionality of preformed material§3>® For instance, Johnson ancb-workers
SUHVHQWHG DQ HOHJDQW VWUDWHJI\ IRU PRGLI\LQJ
trithiocarbonate units within the polymer backb&aginder blue light irradiation in the
presence of solutions containing?@ and monomer, the trithiocarbonate units were able

to be activated, leading to polymerisation and modification of the original network. This

network posffunctionaLVDWLRQ SURYLGHG 3GDXJKWHU" JHOV ZL
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Additionally, other thiocarbonylthio functional groups capable of degenerative chain
transfer have been used in polymeric materials to modify theramd network
structures. Matyjaszewski and-amrkers showed an early example of a trithiocarbonate
mediated network rearrangement proc8s&emarkably, the butyl acrylat¢BA)
networks were able to be cut and subsequently fused together under UV light irradiation
via photoinduced degenerative transfer between th@oarbonate functionalities in
each network fragment. Similarly, dithiocarbamates have been used by Kloxin-and co
workers to relieve stress, and induce $e&léling behaviour within networks via bond
rearrangement processes under UV IfJH¥lotably, this example utilised the spatial
control possible with light to induce a secondary photopattgrof the original material.
Although these methods demonstrate that RAFT agents can be incorporated into networks
for rich postmodification procedures, the slow polymerisation rate for typical RAFT
polymerisation (and other RDRP) processes has prethindé 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 freeadical or cationic polymerisation&s 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 orgam€) activated under visible lightgax= 525

nm, intensity = 0.32 mW/cf The photocatalytic system featured an organic dye
(Erythrosin B, EB) and a tertiary amine-catalyst (triethanolaminelEtOHA), 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 postmodification processes. The dormant RA€apped polymer chains were able to

be reinitiatedn 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, whichgutovid

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, SigmaAldrich, 99%), dimethylsulfoxide (DMSO, chem
supply), basic aluminium oxide (ADs, SigmaAldrich, 99.9%), 2-
(butylthiocarbonothioylthio) propanoic acfBTPA, Boron Molecular), absolute ethanol
AR (chem supply)1-pyrenemethyl methacrylate (pyreMMA, SigmaAldrich, 99%),
Eosin Y disodium salt (EY, Sigmaldrich, >85%)and ErythrosirB (EB, dye content
90%, SigmaAldrich) were used as received. Poly(ethylene glycol) diacrylate avbtage
250 (PEGDA, Sigmaldrich, >92%), butylacrylate (BA, Sigma > 99 %) and,N-
dimethylacrylamide (DMAm, Sigmaldrich, 99%) were deinhibited by percolan

through basic alumina column before use.
3.2.2 Instrumentation

Attenuated total reflectandeurier-transform infrared (ATRFTIR) spectroscopy was
employed to monitor vinyl bond conversions, using an approach similar to Magdassi,
Banin, and cawvorkers®? A BrukerAlpha FT-IR equipped with room temperature DTGS
detectors was used for measurement. Each spectrum composed of 16 scans with a
resolution of 4 crd was collected in the spectral region between 400cm:. 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 (max= 525 nmlo=0.32 mW/cm) was employed to primectangular samples

for DMA analysis. The light intensity was measured using a NewporR3d@ver meter.

The targeted material geometries and .stl files were generated using Autodesk Fusion 360,
and printing parameters (slicing thickness and layer cure times) were genesiaigd

Micromake L4 software.
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89i9LV VSHFWURVFRS\ VSHFWUD ZHUH UHFRUGHG XVL
(Varian) equipped with a temperature controller. All measurements were obtained by
placing the 3D printed film in a 1 cm x 1 cm glass cuvette. gextra 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 powerpoiahd 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

PJ P Rv) of BITPA, followed by 222.0 mg (2.2 mmol, 1000 equiv) of
'0O$P DQG PJ PPRO HTXLY RI 3(*'$ /
water was then added, followed by 98.5 mL of a stock solution of EB in distilled water at

PJ P/ P ROM1 (exuiv), 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 (DMAmM and PEGDA). If the reaction was performed in bulk,
the EB stock solution was praged with DMAm as solvent. The reaction mixture was
then covered with foil, vortexed for ~10 s, sonicated for 20 s, prior to the irradiation. A

/| DOLTXRW RI WKH UHDFWLRQ PL[WXUH ZDV WKHQ S
irradiated with a houselo LED lamp emitting green light fax = 525 nm) with an
intensity at the polymerisation surfade= 4.3 mW/cn 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 cr assigned to the out of plane bending mode of thél=gZoup. The
integral under this peak in the range of 93W0 cm' was evaluated after increasing
irradiation times and compared to the peak in the range of1288 cm' assigned to

the amide GN 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 ¢mssigned to the out of plane bending mode of the

=C-H group. The integral under this peak in the range of @R® cm' was evaluated
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after increasing irradiation times and compared to the peak in the range <f 268B6m

L assigned to the acryl C=0 stretching mode. The vinyl bond conversion wasiteaicul
from Equation 1, wherestd is the integral under the curve in the range of 12368
cnrt for solution polymerisation and 168560 cm' for polymerisation in bulk before
irradiation,std is the integral under the curve in the range of 12368 cmt for solution
polymerisation and 1685760 cm' for polymerisation in bulk aftex mins irradiation,
into is the integral under the curve in the range of-2860 cm! before irradiation, and
intc is the integral under the curve in the range of-2860 cm! after irradiation forx

mins. All FTIR measurements were performed in triplicate.

Vinyl bond conversion = H(intx/ stdk) / (into / stah) 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
'0O$P DQG J PPRO HTXLY RI1 3¢k'sblutionof / R I
(% LQ '0O$P DW PJ P/ PRO (% HTXLY DQG P
and 400.9 mg TEtOHA (2.69 mmol, 20 equiv) was then added to make a total equivalents
of DMAmM = 164, and [DMAm] : [PEGDA] = 30 : 70. The total mass for all reactio
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 60nmm

x 20 mm), and subsequently irradiated with spatially controlled green light during the 3D
printing process. The targeted material geometd@sx(13 x 1.6 mml(w, 1)) and .stl

files were generated using Autodesk Fusion 360. The sample priatiageters (slicing
thickness and layer cure times) were generated using Micromake L4 softivasample

was then printed by using Micromake L4 DLP 3D prinfes.ensure adhesion between

the 3D printed material and the build stage, the first two (bottaye)s of the material

were irradiated for 150 s, after which the regular cure time per layer was 13 wiidyer

D OD\HU WKL F N@dR\litvdiRtdnce wBs 1 mm, the Z lift speed was 30 mm/min,
and the Z retract speed was 300 mm/min. After tHeoblwas 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.
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3D printing procedures of the crossshaped sample

The resin formulatin of [EB] : [DMAmM] : [PEGDA] : [BTPA] :[TEtOHA] =0.01 : 1000 :

50 :1:20in a 50 wt% solution of water was used to print the-sfussed sample. The
sample geometries (25 x 5 x 2 minw, 1)) and .stl files were generated using Autodesk
Fusion 360. Tie 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
RI P DQQAJW® WLPH V ZKLOH WKH VXEVHTXHQW
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 waremoved, 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/cat the polymerisation surface (3.2 W)mThe
surface of the cross is 2.25 §me. 0.000225 h 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 formwdtions of [EB] : [DMAm] : [PEGDA] : [BTPA] : [TEtOHA] = 0.01 :

164 :382:1:20 and [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 I, mm (
w, 1)) and .stl fileswere 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 prirder.
ensure adhesion between tliz@inted 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/layeZ LWK D OD\HU W K IThReNAJifd Msvankd was 1Anm, the Z lift
speed wag80 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.



3D printing procedures of samples forpostmodification

The resin formulation of [EB] : [DMAmM] : [PEGDA] : [BTPA] : [TEtOHA] =0.01: 164 :

382 :5:20in bulk was used to print rectangular samples. The sample geometries (50 x
30 x 2 mm [, w, 1)) and .stl files were generated using Autodegkion 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 fdestage, the first

two (bottom) layers of the material were irradiated for 150 s, after which the regular cure
time per layer was 25 s/layf LWK D OD\HU W K ITRNAJifd distankd was 1P

mm, the Z lift speed was 30 mm/min, and the Z retpaeed 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 digdallipers, placed into the
calibrated single cantilever clamp, and fixed into place with a torque wrench operated at
aforce of 5in lb. The GCA was used to adjust the temperatt28 t& and subsequently

hold isothermal conditions for 2 minutes. The pemature 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
R P 7KH VWRUDJH PRGXOXV ZDV GHWHUPLQHG DUR
the closest temperature to 20 °C) and 1 Hzilevthe glass transition temperatuiig)(

was calculated as the temperature at which the 1 HZ Tarve 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
DQJOH PHDVXUHPHQWYV § /| GURSOHW RI ZDWHU ZDV
for 1 min prior to measurement of the contact angle. The photographs werespdoces
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 inceasing the polymerisation rate such that application to-apevat 3D
printing systems would provide practical printing speeds. Based on our previous
experience with organic dyes as PCs for HEAFT polymerisation, we initially tested

two xanthene basatyes, namelgosin Y (EY) and erythrosin B (EBfor their ability to
mediate rapid polymerisation under green light in the presence®éfaitY is frequently

used as a biological stain, and has also previously been used to initiatadiosd
polymerisatim in the presence of tertiary amines ascatalysts via a type i
photoinitiation mechanism, as well as other organic synthetic transform&énghe
structurally similar EB has been used by our grau®’ET-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 highipiet quantum yield ¢ 1), decreased
fluorescence quantum vyield-§), and a higher excited state reduction potential
(EY(PC" [*PC*)).54%5 In addition to the organic dye as PC, we also included a tertiary
amine as cecatalyst in this system as these formulation have previously shown the ability
to mediate rapid PERAFT polymerisatiorf” The inclusion of tertiary amines increases

the polymerisation rate by providing more energetically favourable photadduc

electron transfer (PET) processes under green light irradf&tion.

The reaction components and proposed mechanism of this photopolymerisation process
are shown ifFigure 3.1; after excitation by visible light, tHeCcan be reduced by tertiary
amines, generating a reduced PC and a corresponding tertiary eadioal 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 undagsssn

of the weak €S bond to generate a thiocarbonylthio stabilised anion species and a radical
propagating species (B capable of adding across monomer vinyl bonds. The
propagating radical species can interact with other thiocarbonylthio spedieshaim

growth is regulated by the regular RAFT mechani&Recombination of the propagating

radical with theanionic 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
reducedPC species or the anionic RAFT agent, as was proposed by Qiao and co
workers®® 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 PERIAFT process shown iRigure 3.1B56

Figure 3.1 Thiocarbonylthio containing photopolymerisation resins. (A) reaction
componentsy(B) proposed PEFRAFT mechanism. PC: photocatalyst; HRertiary
amine; PET: photoinduced electron transfer.
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For the initial model polymerisationsN,N-dimethylacrylamide (IMMAm) and
poly(ethylene glycol) diacrylate (PEGDA, averalyy = 250 g/mol)were used as
monomer and crosslinker, respective®y(Butylthiocarbonothioylthio) propanoic acid
(BTPA) was selected as RAFT agent and triethanolamine (TEtOHA) was used as a
tertialy amine cecatalyst, 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 OTheO.
model polymerisations were conducted inod@n. U GURSOHWYV /| °XQGHL
green light (max= 530 nm) irradiation. We monitored the polymerisation kinetics of these
systems under different conditions by following the disappearanites pkakassigned

to the vinylic =GH out of plane bending mode in ATIRTIR spectroscopy. Particularly,

the vinyl bond conversions after 1 minigin) and 4 mins (smin) Were used as a
comparative guide; we reasorntbdse systemihat present faster rates in thelyatages

of the polymerisation (i.e., highuminvalues), and those that present negligible induction
periods (.1min), would be more suitable for implementation in 3D printing processes. This
is particularly pertinentin 3D printing conducted in of@@rvats, where the concentration

of molecular oxygen is required to be reducedddtical concentration prior to the onset

of polymerisatior?3: 25 7982

The evolutions of vinyl bond conversions with time for the initial reactions, as determined
by online ATRFTIR spectroscopy, are shownkigure 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 RAfRE agent

by the radical anion PC species formed after photoreduction by the tertiary amine.
Recently, Sikes and ewmorkers proposed a photochemical mechanism for the
regeneration of ground state EY based on oxidation of the EY radical anion by molecular
oxygen?®3as 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 DMAmM / PEGDA mixtures in the presence of
EY or EB asPC with varied molar ratios of BTPA as RAFT agent at a molar
concentration of [DMAmM] : [PEGDA] : [TEtOHA] : [PC] : [BTPA] = 1000 : 50 : 20 :
0.1 : variableNote: All reactions were performed using a solids content of 50 wt% under

green light (max= 525 nm ando = 4.3 mW/cn).

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
conceftrations of TEtOHA showed that for analogous recipes, the polymerisation rates
of EB catalysed systems were faster than those of EY catalysed sySigune 8.3 and

Table 3.1). Therefore, EB was selected as B@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 DMAmM / PEGDA mixtures using EB or EY as
catalyst and varied concentrations of BTPA and TEtOHA) [EB]: [DMAmM] :
[PEGDA] : [BTPA] : [TEtOHA] = 0.1 : 1000 : 50 : 1variable (B) [EB] : [DMAm] :
[PEGDA] : [BTPA] : [TEtOHA] = 0.1 : 1000 : 50 : Ovariable (C) [EY] : [DMAmM] :
[PEGDA] : [BTPA] : [TEtOHA] = 0.1 : 1000 : 50 : 1variable (D) [EY] : [DMAM] :
[PEGDA] : [BTPA] : [TEtOHA] = 0.1 : 1000 : 50 : Ovariable Note: All reactions were
performed using a solids conterit50 wt% under green lightfax= 525 nm ando = 4.3
mW/cn?).
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Table 3.1 Effect of changing catalyst and concentrations of TEtOHA and BTPA on the

polymerisation kinetics of DMAmM / PEGDA mixturesnformed in 50 wt% solutions of

water?
# PC [PC] [DMAm] [PEGDA] [BTPA] [TEtOHA] Umin - Urin
(%) (%)
1 EY o1 1000 50 1 165 1.4
2 EY 01 1000 50 1 392 7.2
3 EY 01 1000 50 1 10 453 96
4 EY 01 1000 50 1 20 493 120
5 EY 01 1000 50 1 40 441 103
6 EY 01 1000 50 0 133 3.0
7 EY 01 1000 50 0 175 5.0
8 EY 01 1000 50 0 10 209 7.9
9 EY 01 1000 50 0 20 263 105
10 EY 01 1000 50 0 40 229 7.7
11 EB 01 1000 50 1 103 0.0
12 EB 0.1 1000 50 1 49.7 52
13 EB 0.1 1000 50 1 10 639 88
14 EB 0.1 1000 50 1 20 783 16.7
15 EB 0.1 1000 50 1 40 743 139
16 EB 01 1000 50 0 117 08
17 EB 0.1 1000 50 0 36.3 7.8
18 EB 0.1 1000 50 0 10 371 100
19 EB 0.1 1000 50 0 20 411 111
20 EB 01 1000 50 0 40 481 13.9

aConditions: reaction was performed using a solids content of 50 wt% monomer and
crosslinker, with water as solvent. Polymerisation was performed under 4.3 rhiW/cm
green light (max = 525 nm), using a droplet (26.) of reaction mixture?Conversion

determined by ATRFTIR 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 afte4 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 kigure 3.4, the polymerisation proceeded
efficiently with EB : BTPA ratiodetween 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).

Figure 3.4 Kinetics of polymerisation for DMAm / PEGDA mixtures with varied molar
ratio of EB asPCat a fixed molar concentration fldMAmM] : [PEGDA] : [TEtOHA] :
[BTPA] = 1000 :50: 20 : 1. Note: All reactions were penied using a solids content
of 50 wt% under green lightfax= 525 nm ando = 4.3 mW/cn).

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; paligation
proceeded in all cases with the 50 wt% system providing the fastestigte® 3.5 and

Table 3.2.
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Figure 3.5 Kinetics of polymerisation for DMAmM 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] : [DMAm] : [PEGDA] : [BTPA] : [TEtOHA] =0.01/0.025 : 1000 : 50 :

1 : 10/20.Polymerisation was performed under 4.3 mW/gneen light (max= 525 nm),
using a droplet (204.) of reaction mixture. Vinyl bond conversion over time was

guantified by ATRFTIR 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 Wmin Wmin
_ [EB] [DMAm] [PEGDA] [BTPA] [TEtOHA]

ratio (%) (%)P (%)
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/cmgreen light (max = 525 nm), using a droplet (2&.) of
reaction mixtue."Conversion determined by ATRTIR spectroscopy.

Encouragingly, these green light mediated model photopolymerisations presented rapid
cure times under low energip € 4.3 mW/cmd) green light. Prior to implementation in

the 3D printing setup, we altered the ratio of monomer to crosslinker to tailor toward high
modulus, freestanding materials once printeeigure 3.6A shows the polymerisation

rate under various ratios of[ DMAMJPEGDA], 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 polymations 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 investigateéld. Regardless, we noticed that the polymersduced 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 inkbptesented relatively

slow rates when the [DMAmM]: [PEGDA] ratio was above 70 : 30 and there was solubility
issues below a ratio of 30 : 70able 3.3. Comparatively, polymerisation using a 50 wt%
formulation presented fast polymerisation rates with thy bond conversion surpassing

88% after 4 minutes for ratios of DMAm: PEGDA between 95 : 5 and 70 Figaré

3.6B). Higher concentrations of PEGDA resulted in solubility issues in the 50 wt% system.

Figure 3.6 Kinetics of polymerisation for DMAmM / PEGDA mixtures using BTPA as
RAFT agent at different total solids content of DMAm and PEGDA and varied DMAm /
PEGDA ratios. (A) bulk (solvent free) reaction using a ratio of [EB] : [BTPA] : [TEtOHA]
=0.01: 1 20 and a constant 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/Ky.B.DMAm : PEGDA ratio of 95 : 5 actually
performed using a ratio of 1000 : 50 (approximately 95 :5). Conditions: Polymerisation
was performed under 4.3 mW/égreen light (max= 525 nm), using a droplet (28.) of
reaction mixture. Vinyl bond conversion over time was quantified by &THR

spectroscop.
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Table 3.3 Effect of changing monomer and crosslinker molar ratios in an aqueous system
(50 wtb) and in the absence of solvent (bulk) on the polymerisation kinetics of DMAmM /
PEGDA mixturest

#  Weightratio (Wt %) [DMAm]  [PEGDA]  Umin(%)  Umin (%)°

1 50 95 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 52.4
6 50 70 30 -d -d

7 Bulk 70 30 23.3 0.3
8 Bulk 60 40 51.8 15
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{gnmeen light (max = 525 nm), using a
droplet (20 &) of reaction mixtures. BTPA molality was 8.96 mmol/kg and the ratio of
[EB] : [BTPA] : [TEtOHA] was fixed at 0.01 : 1 : 20Ratio of DMAm : PEGDA was
1000 : 50 (approximately 95 :5onversion determined by AFRTIR spectroscopy.
d_ow monomer to crosslinkenolar 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, wigen 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 soureg £ 525 nm

lo = 0.32 mW/cri). Initially, three different resin formulations with varying ratios of
[DMAmM] : [PEGDA] and fixed concentrations of BTPA, EB, and TEtOHA were used to
print a simple rectangular prism with dimensions 40 x 13 x 1.6lnvm§ (Figure 3.7C).
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7KHVH REMHFWV ZHUH SULQWHG XVLQJ D OD\HU VOLFL
of 13 s. The storage moduluEY DQG JODVV WU D Q) LotwheRognt&d H P S H |
materials were then determined by dynamic mechanical analysis (DMA) by performi

a temperature ramp frorb0 °C to 100 °C at a frequency of 1 igure 3.7D).EY ZDV
FDOFXODWHG DW URT®KRwWIlellpwad takeaX tddHdmagmum of the Tan

/ curve at a frequency of 1 Hz. As shownFigure 3.7A, the samples printed ioulk

with [DMAm] : [PEGDA|] ratios of 30 : 70, 40 : 60, and 50 : 50, all showed sinkil§r

values in the range of 250 MPa at 2D. TheTy for the 30 : 70, 40 : 60, and 50 : 50
[DMAmM] : [PEGDA] systems was 30, 31, and 33, respectively. This increaggwith

the increase of DMAmM concentration was expected given the relativelfi{ugioMAmM

(890°C) compared to typical PEG based acrylafiggypically less than 0 °C¥8" The

samples printed with a higher mole fraction of PEGDA,(86 : 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 DMAm : PEGDA ratio on the storage modub§ ( DQG JODVV WUL
temperatureTg), while holding the EB, BTPA, and TEtOHA concentoat 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
OD\HU WKLFNQHVYV RI P DQG FXUH Wi[FBH: [ BMAMOD\HU F
[PEGDA] : [BTPA] : [TEtOHA] = 0.01 : 164 : 382 : 1 : 20; (D) Storage modul§ ( D Q G
7DQ / IRU VDP SHEdtireVX/R 4tQ@ fteQuency 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 concentwatiroh
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) significanthceedtheE] DV
well as thely. 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 describédoby Fox, and

Stockmayer, these networks have a higher free volume, and thus lower moddiy&and
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% Notably, a range of functional groups, including trithiocarbonates, have been utilised
for the formation and rearrangemaitcrosslinked networks, as well as for producing
shapememory and selhealing materials, and even to induce permanent phase changes
of polymeric material8¥1% The inclusion of these trithcarbonate 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 finevious section used a layer slicing
WKLFNQHVV RI P DQG D WRWDO OD\HU FXUH WLPH F
cm/h. Using the same resin formulation, the slicing thickness was then increased to 100
P DQG WKH FXUH WLP lgedtdl L3, QM) 26l dnd ID\s, Widb @d te ill
defined objects, except for the system that used a 30 s exposurEigare 3.8). Under

these conditions, the build rate was increased to 1.2 cm/h.

Figure 3.8 3D printed object definition using a 10én layer slicing thickness and various
layer cure times with the resin formulation[&B] : [DMAmM] : [PEGDA] : [BTPA] :
[TEtOHA] = 0.01: 164 : 382 :1: 20 in bulkA) 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-defined objects when the
VOLFLQJ WKLFNQHVYV SHU OD\HU ZDV UH G Xtbtal Gghtv R I
dose by altering the slicing thickness and cure time per layer affected the résditilgQ G

Tg of the 3D printed materials. For instance, increasing the layer cure time while holding
the layer slicing thickness constant led to stiffer materf@igure 3.9A). At a slicing
WKLFNQHVV RI P DQG OD\HU FEYHEDVNLPHORID AK MWXHH
VOLFLQJ WKLFNQHVV RI P DQGIO®NHMWK AXWHIVWQ WH. QR
was 161 MPa. Additionally, printed materials tthgere postured through irradiation

under green light (nax= 525 nm,lo = 4.3 mW/cm) showed increasing 1 DTQ @lues

up to 6 h posture time, which further demonstrated the ability for the mechanical
properties of these materials to be manipulated via the irradiation parantegen® (

3.9B).

Figure 3.9 Mechani@l properties of 3D printed materials by using the resin formulation

of [EB] : [DMAm] : [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 temperatuig)( First number on-axis label indicates
OD\HU WKLFNQHVV LQ P DQG VHFRQG QXPEHU LQGLFD
(B) effect of postcuring times under 4.3 mW/&ygreen light (max= 525 nm) irradiation

on resulting storage modululSY DQG JODVV WUDQY.LWLRQ WHPSHUL

3.3.3 4D printed materials through spatially controlled aqueous

photopolymerisation

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

actuationt® 196109 As 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 olects to be printed in aqueous solutions. To date, only a handful of
aqueous 3D printing systems have been develépedidue to the insolubility of typical
photoinitiators and monomers in water, however, the current system tailors toward 3D
bioprinting due to the high biocompalibi of aqueous systents. 2728 112 Tg
demonstrate the utility of our formulation, a hydrogel withtispist resolved properties

was 3D printed and subsequently dehydrated aissvetled 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 liglsedo each layer was designed as shown

in Figure 3.10A and printed using a ratio of [EB] : [DMAm] : [PEGDA] : [BTPA] :
[TEtOHA] =0.01:1000:50:1: 20 in a 50%tsolution of water. Using this geometry,
WKH ILUVW OD\HU zZDV SULQWHG ZLWK D OD\HU VOLFLC
FRUUHVSRQGLQJ WR D WRWDO GRVH RI P- ZKLOH \
were exposed to green light forlgrl3 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 highecure time was swollen with wateFigure 3.10Q. Subsequently,

the cross was removed from the petri dish, flipgédyre 3.10D), and exposed to a slow
stream of compressed air to induce evaporation. Correspondingly, the arched cross
flattened and then vrerted its arch as the material dehydratedyre 3.10E and B.
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Figure 3.10 Swelling and desolvation induced actuation of a material 3D printed with
spatially resolved light doses. (A) designed getioal 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 dehydmati(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 postmodification of 3D printed

materials

Interestingly, our pink coloured 3D pted materials changed colour after pogting
under green light irradiation, resulting in materials that displayed a yellowHmueré
3.11A). To verify that the yellow colour was the remaining RAFT agent in the 3D printed
materials, UWVis spectroscopyvas used to analyse films with dimensions 35 x 7 x 1
mm (, w, f) 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 bulkigure
3.11Bshows the UWis spectra for films before and after a 45 min pmsging process
under 4.3 mW/crhgreen light irradiation. Both films printed in the presence and absence
of BTPA displayed the typi¢€EB absorption peak around 540 nm which disappeared
after postcuring, however, only the film containing BTPA displayed and additional peak
at 435 nm both before and after the photoinduced-@ostg procesg This peak
corresponds to the spin forbidden: CEtransition of the thiocarbonyl group, and

demonstrates the retention of the BTPA end group in our mat&rials.
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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 pastng under green light
irradiation. From top: 3D printed film before pasiring, after posturing for BTPA
containing esins, and after posuring for RAFT agenfree resins; (B) absorbance
spectra before and after pastring for films 3D printed in the presence and absence of
RAFT agents; (C) high surface wettability of 3D printed DMAM/PEDGA networks; (D)
decreased swate wettability for BA functionalised material; (E) spatially resolved
fluorescence of 3D printed materials containing RAFT agent through photoinduced

surfacefunctionalisation in the presence of pyrevidA.

The ability to reinitiate polymerisation fronodnant thiocarbonylthio endroups 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 faait@nipulation of surface properties. Indeed,
many groups have investigated the initiation of surface tethered thiocarbonylthio species
to impart functionality on the surface of materifsi'® As our 3D printed materials
contained thiocarbonylthio species throughout the network as well as on the surface, we
posited that we could poe#fiinctionalise our materials viaa 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, mwri)(

using a recipe of [EB] : [DMAmM] : [PEGDA] : [BTPA] : [TEtOHA] = 0.01 : 164882 :

5 : 20; the monomers used during the 3D printing process provided a hydrophilic surface
with high wettability (contact angle = 33°), as shownFigure 3.11C Following
fabrication, the 3D printed object was thoroughly washed with ethanol amdatigon
mixture in the 3D printer vat was then switched tdwyl 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 0.3Zm\feen

light for 5 mins to induce polymerisation on the surface of the hydrophilic network and
change the surface properties. As showrFigure 3.11D the 3D printed material
displayed a lower surface wettability following the secongeymerisation 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 surfaopepties of our RAFT
containing 3D printed materials, a spatially controlled polymerisation process using
fluorescent monomers was performed. A DMAM/PEGDA network was fabricated and
subsequently exposed to green light irradiation in the presence -mfrete
methylmethacrylate (pyrefdMA), DMAm, and EB ([EB] : [pyreneMMA] : [DMAmM]

= 0.01 : 20 : 980). The spatially controlled irradiation was demonstrated in the form of
OHWWHUV VSHOOLQJ 3816:" DFURVV WKH PDWHULDO V.
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 312 nm)

to determine if the pyrerRIMA was successfully attached to the surface of the 3D
printed material. As shown ifrigure 3.11E the 3D printed material showed strong
IOXRUHVFHQFH RQO\ LQ WKH 3816:" UHJLRQ WKDW ZDV
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 processss
developed The use of the osmic 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 ggms thus tailor toward 3Dioprinting applications.
Remarkably, the ability to spatially control the dose of light applied during the 3D printing
process provided stimufesponsive materials in a opass fabrication process, as
demonstrated by swellingnd dehydration induced actuation of a 4D printed hydrogel.
The spatially controlled properties conferred on these hydrogels demonstrate the first 4D
printing using a RDRP procesMore importantly, the retention of the RAFT
functionality during the 3D pniting process allowed the 3D printed materials to be easily
postmodified 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 monomewhich 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 pdsanctionalisation. The versatility of this
photomediated RAFTpolymerisation process provides access to a range of new
functional and stimulresponsive 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 comyastasted
designs into customised objects engineered to meet specific demAnusng the
various 3D printing approaches, photoinduced techniques such as stereolith¢gtajohy

or digital light processing (DLP) have attracted significant attention due to the versatility
of photochemistry and high printing resolution and spéeMoreover, temperature
independent photoinduced 3D printing processes are more suitable for bioengineering
applicaions®'? However, current photoinduced 3D printing is primarily based on
nonliving radical and cationic polymerisation, whisgloGXFHYVY pGHDGY SRO\PHI
inactive to further chain growth processes, thus impeding controfiedt
functionalisation of the printed objects. Furthermore, using such-liviog
polymerisations leads to heterogeneous polymer networks due to the lack of control over
the chain growth processtEs? Indeed, in free radical polymerisation systems, polymer
chains grow rapidly after initiation anshdergo intramolecular cyclisation and significant
termination in the early stages of the reaction, generating nanogels with high crosslink
densitiest>'® These nanogelsra 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 (RE)Rystems, particularly atom transfer
radical polymerisation (ATRP) and reversible addifagmentation chain transfer
polymerisation (RAFT) polymerisation, have been extensively studied due to their ability
to impart living characteristics to radicablgmerisation processés?® For RAFT
polymerisation, the thiocarbonylthispecies (RAFT agents) play a critical role by
providing an equilibrium between dormant RAFT agent capped polymer chains and
active propagating species via degenerate chain tra&fsfeks a result, the growth of all
chains in the reaction mixture is more even, and-defiined polymers with varics
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 re&éfion.

Notably, sing RDRP for polymer network synthesis has been shown to provide
advantages compared to uncontrolled FRP systems. For instancéuZmaco-workers
investigated the homogeneity of networks formed via free radical polymerisation and
RAFT polymerisationof oligo(ethylene glycol) dimethacrylates. Remarkably, the
addition of dithobenzoate RAFT agents resulted in a less crosslinked and more
homogeneous networfkIn addition, De and cavorkers synthesised crosslinked polymer
gels in the presence of a trithiocarbonate RAFT agent in orgadiagueous solvents.

They found that gels synthesised througAHFR polymerisation exhibited a higher
swelling ratio than gels made via FRP, which was attributed to less highly crosslinked
nanogel domains in the RAHTiediated network. Despite these findings, the typically
slow polymerisation rate of RDRP systems hagdly limited their direct application in

3D printing.

To overcome these limitations, our group applied photoinduced electron/energy transfer
RAFT (PETRAFT) polymerisatioff2° to visible light mediated 3D printindf.In the
PET-RAFT process, polymerisation is conducted under visible or-in&ared light
irradiation in the presence of a photocataly&€), which is photoexcited to induce an
electron or energy ansfer to RAFT agents. The reduced or excited RAFT agent species
subsequently fragments to produce an initiating radical for polymerisatidareover,

the excited statBC species provide outstanding oxygen toleraiféewhich facilitates
application to open to air 3D printing systems. Inde€Hapter 3 demonstrated a
versatile 3D and 4D printing system via RRAFT polymerisation under green light
irradiation and open to air conditioffsThe 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 mateatals
displayed swelling and dehydration induced actuation. In collaboration with our group,
Bagheri, Jin and cavorkers have also applied PERIAFT polymerisation to 3D printing,
similarly employing trithiocarbonate RAFT agents under blue light and gigan |
irridiation.*”#8 While these works have collectively demonstrated the ability to induce

RDRP in photoinduced 3D printing systems, more thorough investigation into the RAFT
12¢€



agents used has not been perforrdedRAFT 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 thischaptey 3D printing via PETRAFT polymerisatbn was applied under visible light
irradiation (max = 525 nm, intensity = 0.32 mW/&n The kinetics of various
thiocarbonylthio species with different activating Z groups and homolytic leaving R
groups in the resin formulations were investigated to ptetiieir 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 postmodification of the 3D printed objects witRAFT agents in the resin was
achieved via a onpot transformation of thiocarbonylthio groups through aminolysis and
thiol-Michael addition to introduce a fluorescent functionality in the 3D printed polymer
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4.2 Experimental Section
4.2.1 Materials

Triethanolamine (TEtOHA, Sigmaldrich, 99%), lexylamine (SigmaAldrich, 99%),
dimethyl sulfoxide (DMSO, chenrsupply), dimethylformamide (DMF, cheraupply),
basic aluminium oxide (ADs, SigmaAldrich, 99.9%),2-(butylthiocarbonothioylthio)
propanoic acid (BTPA, Boron Molecular), 4-cyanc4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic aciDTPA, Boron Molecula),
dibenzyl trithiocarbonate (DBTTC, Boron Moleculay, 4-cyang4-
(phenylcarbonothioylthio) pentanoiacid (CPADB, Boron Moleculay, cyanomethyl
(3,5-dimethyt1H-pyrazole)carbodithioate (DTCI1Boron Moleculay and 2cyanobutan

2-yl 4-chloro-3,5-dimethyt1H-pyrazolel-carbodithioate (DTC2,Boron Moleculay,
absolute ethanol AR (chem supply);pyrenemethylmethacrylate (pyrenBMMA,
SigmaAldrich, 99%) ancErythrosin B (EB, dye content 90%, Sig+A&drich) were used

as received. Poly(ethylene glycol) diacrylate averdge 250 (PEGDA, Sigma
Aldrich, >92%) and ply(ethylene glycol) methyl ether acrylate averd§je480 (PEGA,
SigmaAldrich) were deinhibited by percolation through basic alumina column before
use. Methyl 2-((ethoxycarbonothioyl)thio) propanoate (Xanthate) was synthesised by

literature protocolg®
4.2.2 Instrumentation

Attenuated total reflectandeurier-transform infrared (ATRFTIR) spectroscopy was
employed to monitor vinyl bond conversions, using an approach similar to Magdassi,
Banin, ancco-workers 2° A Bruker Alpha FFIR equipped with room temperature DTGS
detectors was used for measurement. Each spectrum composed of 16 scans with a
resolution of 4 cmd was collected in the spectral region between 400cm:. 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 Q8Q0Ma#/
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 (max= 525 nmlo=0.32 mW/cm) was employed to primectangular samples

for DMA analysis. The light intensity was measured using a NewporR3d@ver meter.

The targeted material geometries and .stl files were generated using Autodesk Fusion 360,
and printing parameters (slicing thickness and layer cares)i were generated using

Micromake L4 software.

Anycubic Photon S, the LCD digitally masked DLP 3D printer modified with a green
LED light board (max = 525 nm lo = 0.32 mW/cm) was employed to print complex
objects. The light intensity was measured using a NewporR8@8wer meter. Printing
parameters (slicing thickness and layer cure times) were generated using Photon
WorkShop software.

8 919 Lapectroscopy 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 weredseline 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: 40was prepred as follows: to a 4 mL glass vial was

DGGHG PJ PRO HTXLY RI %73$ IROORZHG E

HTXLY RI 3(*$ DQG PJ PPRO HTXLY RI 3(*

VROXWLRQ RI (% LQ 3(*$ DW  P2eduiv and 0.06 i@l PEGA,
HTXLY ZDV WKHQ DGGHG IROORZHG E\ / RI D VV

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 : The reaction mixture

was then covered with foil, vortexed for ~10 s, sonicated for 20 s, prior to the irradiation.

$ /| DOLTXRW RI WKH UHDFWLRQ PL[WXUH ZDV WKHQ
irradiated with a household LED lamp emitting grdigit ( max = 525 nm) with an
intensity at the polymerisation surfade= 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 159655 cm' assigned to the stretching mode of thel#C

group. The integral under this peak in the range of 45E5 cm' was evaluated after
increasing irradiation times and compared to the peak in the range ofL866Gcm*
assigned to the acrylate C=@edching mode. The vinyl bond conversion was calculated
from Equation 1, wherestd is the integral under the curve in the range of 16800

cnt! before irradiationstdk is the integral under the curve in the range of 16800 cm

1 afterx mins irradiation,into is the integral under the curve in the range of 15885

cnr! before irradiation, anihtx is the integral under the curve in the range of 15885

cnr! afterirradiation forx mins. All FTIR measurements were performed in triplicate.

Vinyl bond conversion = H(intx/ std) / (into / stab) 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 frBgquation 1, wherestd is the
integral under the curve in the range of 168800 cm! of the resin before printingtd

is the integral under the curve in the range of 16800 cm' of the 3D sample powder,

into is the integral under the curve in the range of 15885 cm' of the resin biore
printing, andintx is the integral under the curve in the range of 15885 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,
HTXLY RI 3(*$ DQG J PPRO HTXLY RI 3

sStRFN VROXWLRQ RI (% LQ 3(*$ DW PJ P/ PRO (%

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 [PHGAPEGDA] = 30 : 70. The total volume

for all reacton 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
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sample geometries (40 x 12 x 2 mimn, 1)) and .stl files were generated using Autodesk
Fusion 360. The sample printing parameters (slicing thickness and layer curemeres)
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 &p€rs/|

after which the regular cure time per layer was 20 s/layer or 40 s/layer with a layer
WKLFENQHVV RI P 7KH = OLIW GLVWDQFH ZDV PP W
the Z retract speed was 300 mm/min. After the object was printed, the lagkl\sas
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 giPEGA] : [PEGDA] : [RAFT] : [EB] : [TEtOHA] =571:1333:5:

0.2: 40 was used to print a theatre complExe theatre complex .stl file was downloaded

from the internet! The dimensions of the object were 45.9 x 45.99 x 29 mm (X, v, 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 ensre 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
UHJXODU FXUH WLPH SHU OD\HU ZDV V OD\HU ZLWK
distancewas 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 digit@lers placed

into the calibrated single cantileveraoip, and fixed into place with a torque wrench
operated at a force of 1 in-Ib. The GCA was used to adjust the temperatbide®@ and
subsequently hold isothermal conditions for 3 minutes. The temperature was then ramped
to 100 °C at a rate of 2 °C/minhile the frequency was held constant at 1 Hz, using a
GLVSODFHPHQW RI P 7KH VWRUDJH PRGXOXV ZDV G
at the closest temperature-#b °C) and rubbery plateau region (specifically at the closest
temperature to 50 9@&nd 1 Hz, while the glass transition temperatligeWas calculated

as the temperature at which the 1 Hz Tawcurve peaked. All DMA results were

performed using duplicate samples.
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Aminolysis of 3D printed samples

A typical aminolysis procedure of 3Dipted samples is as follows: a rectangular sample
with dimensions of 30 x 8 x 1.5 mm) {, t) was printed using the resin formulation of
[BPTA] : [PEGA] : [PEGDA] : [EB] : [TEtOHA] = 25 : 571 : 1333 : 0.2 : 40. After
printing, the sample was pestired under green light a= 525 nm, 7.1 mW/ cf) 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 clai@d 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 hexylanyibe (

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

PPRO HTXLY RI %73% IROORZHG E\ I RI
measurement, the UVis spectrum was nasured prior to the addition of hexylamine in
D FP1 FP JODVV FXYHWWH 6XEVHTXHQWO\ / KH

was added to make the ratio of [BTPAhexylamine] =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 RAHMediated 3D and 4D printing process was
demonstrated undervisible light, however, a single RAFT agentp-
(butylthiocarbonothioylthio) propanoic acid (BTPAWwas used in relatively low
concentration4? To elicit more thorough details on the effects of RAFT agents in such
3D printing processes, different RAFT agents were applied to a r@Dd&inting system

at higher concentrations. Initially, the photopolymerisation conditions were optimised to
achieve fast polymerisation rates and enable practical 3D printing speeds. For these model
polymerisationspoly(ethylene glycol) methyl ether ataye (PEGAaverageMn= 480 g

mol?!) and poly(ethylene glycol) diacrylate (PEGDa#&erageMn = 250 g mol) were

used as monomer and crosslinker, respectively. PEG oligomers anebd2EG
monomers are widely considered as 4taxic and have been applied various fields,

such as medicin®;>3 self-healing material8} drug delivery§® and tissue engineerirt§.
Erythrosin B (EB)was selected dCin conjunction withtriethanolamine (TEtOHA#&S
co-catalyst, and the reaction was performed in the absence of solvent (bulk) to match
prospective 3D printing conditions. The initial ratio 6(fHGA] : [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 iaiopen
GURSOHWYV I X Qfaxs 823 rurtiol @.3enM\IdAYV The polymerisation
kinetics of these systems under different concentrations of BTPA were monitored by
following the decrease of the ATIRTIR absorption peak assigned to the stretching mode

of the vinylic group =CH 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 boodnversions 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 process€sAfter 4 min irradiation, the systems that
contained 0, 5, and 10 equiv. of BTPA showed reasonable monomer conversigns (
50%, Figure 4.1A). The system with [BTPA] : [EB] = 25 : 0.025 displayed a reduced

vinyl bond conversion after 4 min. & 23.2%), and critically showed negligible vinyl
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bond @nversion 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 coioveaster

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 reinitiation ability of the homolytic leaving group radicabin the initial

RAFT agenf™® Barlow, Moad andco-workers also showed that RAFT agent
concentrations affect the inhibition time, with increasing concentrations of

thiocarbonylthio compoundsading to increased inhibition tinse.

Figure 4.1 Kinetics of polymerisation for PEGA / PEGDA mixtures using BTPA as
RAFT agent. (A) vinyl bond conversions 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 conversiors time for varied
TEtOHA molar ratios at molar concentrations of [PEGA] : [PEGDA] : [BTPA] : [EB] :
[TEtOHA]= 1000 : 500 : 50 : 0.025 : [variable]; (C) vinyl bond conversietime for
varied EB molar ratios atoar concentrations of [PEGA] : [PEGDA] : [BTPA] : [EB] :
[TEtOHA] = 1000 : 500 : 50 : [variable] : 40. Note: All reactions were performed in bulk

under green light fhax= 525 nm ando = 4.3 mW/cm).
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To find suitable conditions for rapid polymerisation the presence of higher
concentrations of BTPA (50 equivthe 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] = 5M:025 : 40), which led to

an increase in monomer conversion at 4 min 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, wiei the EB concentration was varied
between 0.025, 0.1, 0.2, 0.3, and 0.4 equiv. As showhigare 4.1C, the fastest
polymerisation occurred with the ratio of [EB] : [BTPA] = 0.3 : 50 after 4 min irradiation,
however, only slight differences in conversiere 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 BTPA4-(((dodecylthio)carbonothioyl)thio) pentanoic acid (CDTPA),

and dibenzyl trithiocarbonate (DBTTE) 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 (B 5 {dithioesters (Z = alkyl or

aryl), xanthates (Z =2 5)f anddithiocarbamates (Z =1 5  §.{Clthioesters, aromatic
aminebased dithiocarbamates and trithiocarbonates are reactive RAFT agents with high
WUDQVIHU FRQVWDQWYV DQG VXLWDEOH IRBWRROQWUR
monomers (MAMSs) where the vinybind is conjugated to an aromatic ring (e.g., styrene
(St)), a carbonyl group (e.g., methyl acrylate (MA)) or a nitrile (e.g., acrylonitrile (AN)).

611n comparison, xanthates and alkyl dithiocarbamates which have low transfer constants
FDQ EH VHOHFWHG IRU FRQWUROOLQJ SRO\PHULVDWL
where the vinybond is adjacent to an oxygen or nitrogen lone pair (e.g., vinyl acetate
(VAc) or N-vinylpyrrolidone (NVP)) or the heteroatom of a heteroaromatic ring (¢-g.,
vinylcarbazole (NVC))? 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-cyano4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA), dibenzyl
trithiocarbonate BTTC), 4-cyance4-(phenylcarbonothioylthio) pentanoic acid
(CPADB), methyl 2((ethoxycarbonothioyl)thio) propanoat¥anthate), cyanomethyl
(3,5-dimethyt1H-pyrazole}carbodithioate@TC1) and 2cyanobutarR-yl 4-chloro-3,5-
dimethyt1H-pyrazolel-carbodithioate DTC?2).

To investigate the effect of RAFT structures, several RAFT agents were sehactedy
cyanae4-(phenylcarbonothioylthio) pentanoic acidRFADB) as dithibenzoat€ZDTPA,
DBTTC and BTPA as trithiocarbonatescyanomethyl (3,slimethyl1H-pyrazole)
carbodithioate PTC1) and 2cyanobutar?-yl 4-chloro-3,5-dimethyt1H-pyrazolel-
carbodithioate PTC2) as dithiocarbamates, and methy{(8thoxycarbonothioyl)thio)
propanoateXanthate) as a xanthat@-igure 4.2). Taloring towards high modulus, free
standing 3D printed materials, ratios ¢tHGA] : [PEGDA] : [EB] : [TEtOHA] :
[RAFT]=571:1333: 0.2: 40: 5/50 were adopted.o 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 inTable 4.1 As shown inFigure 4.3A, the formulation without RAFT agents
presented a higher polymerisation rate than those containing RAFT agéhtwith

the vinyl bond conversion reaching 60.0% after 1 min irradiation, and 89.8% after 4 min
(Table 4.7). 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 groupigire 4.2). Therefore, a more thorough

analysis of thecombined 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 Hstar), the fragmentation efficiencysag), and the
radical stabilisaon energies of leaving group radicals (RSERJ were employed to
provide a semquantitative method of assessing the kinetic behaviour of the RAFT
agents>64

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

agents?

RAFT? [RAFT]2  Umin(%)°  Umin (%)° Wmin (%)° Wnmin (%)°
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

DTC 1 5 6.4 49.3 71.1 79.7

DTC 2 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

DTC 1 50 1.9 155 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 [RAHPEGA] :
[PEGDA] : [EB] : [TEtOHA] = variable :571: 1333: 0.2 : 40. Polymerisation was
performed in bulk under 4.3 mW/émreen light (max= 525 nm), using a droplet (24.)

of reaction mixture?Vinyl bond conversion was determined by AFRIR spectroscopy.



Figure 4.3 Kinetics of polymerisation for PEGA / PEGDA mixtures using various RAFT
agents. (A) vinyl bond conversions time for varied RAFTagents at a fixed molar
concentration of [PEGA] : [PEGDA] : [RAFT] : [EB] : [TEtOHA] 571:1333:5:0.2:

40; (B) vinyl bond conversionwys time for varied RAFT agents at a fixed molar
concentration of [PEGA] : [PEGDA] : [RAFT] : [EB] : [TEtOHA] §71: 1333: 50 :
0.2: 40. Note: All reactions were performed in bulk under green lighiE 525 nm and
intensity = 4.3 mW/cn).

The fastest kinetics among all the formulations containing 5 equiv. RAFT agents was
observed for the polymerisation using xanthaiaif = 54.1% and.amin = 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 fro@-#tayl Z group and

the thiocarbonyl bondf xanthate, which gives rise to zwitterionic canonicains, in

turn enhancing the stability of xanthatéHgan = 86.8 kJ/molFigure 4.4).%5 Although

the fragmentation efficiency is high (as given by a very exothethtigg = -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 polymerisatiobehavioursimilar to that of the free radical polymexison. A
decrease of polymerisation rate was observed wiekanthate ratio was increased from

5 to 50 equiv. and the vinyl bond conversion was25.4% at 1 min and = 85.5% at 4

min (Figure 4.3B and Table 4.).
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Figure 4.4 Values of (Hstay (Hiag DQG 56( RlI 5% N- PRO IRU 5%$)7 DJHC
work 8364 The values oftHstanand (Hragare associated with the effect of Z group, while

the value of RSE of Hs associated with the effect of R group. The vafiRSE of Rf

of acrylate (assumed to have the struclH{CHs)(CO)OCH) was used as a reference

for the secondary acrylic propagating radical species in the system.

Polymerisation using 5 equiv. of BTPAIso led to slightly decreased vinyl bond
convesions at 1 min (= 37.3%) and 4 min (= 88.1%) compared with the no RAFT
system Figure 4.3A and Table 4.).5 The rate was further reduced for the system with

50 equiv. of BTPA, with an observed 1 min inhibition period and reduced conversion (

= 25.9%) after 2 min; the monomer conversion reached 56.1% after 4 min. The reduction
in rate andincrease in inhibition period with increasing BTPA concentration was
expected in this system, as has been shown previously for other RAFT mediated

polymerisationsKigure 4.3B).6°

For the brmulation containing 5 equiv. of CDTPA, the induction period was prolonged
to 1 min, however, the polymerisation then proceeded rgpwlith a vinyl bond
conversion of 61.6% after 2 min and 82.8% after 4 rRigyre 4.3A and Table 4.).

The increased inhition period compared to BTPA was attributed to two factors which
have been discussed in the literafti€.Given that the propagating radical species are
secondary acrylic radicals (RCH(CH3)COOCH), the RSE of polymeric propagating

radical species will be roughly 41.3 kJ/méidure 4.4). Consequentlyalthoughthe Z
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groups of BTPA and CDTPA are essentially the same, téneary carbon 4-
cyanopentanoic acjdradical leaving group on @PTA group is less efficient at
reinitiating polymerisation of acrylates due to its increased stabRiBE(ofR* §

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. Indeedwhen increasing the CDTPA concentration to 50 equiv., no polymerisation
was observedfter 10 min irradiation due to a long inhibition period, as showfigare

4.3B.

For the formulation containing the symmetrical trithiocarbonate DBTTC at 5 equiv., a
long induction period (1 min) was observedrigure 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 ofR*= 58.9kJ/mol Figure 4.4). Comparatively, no vinyl bond conversion
was observed after 10 min at higher concentra{id@ 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 irradiatogu(e 4.3A and

B). To compare with CDTPA which has the same homolytic leaving group as BPAD
the phenyl Z group of CPADB contributes more to stabilizing the initial intermediate
RAFT radical, leading to much slower fragmentation in thegop@librium (as given by

a very enibthermic (Hirag = 21.0 kJ/mol,Figure 4.4), and significantly retarded

polymerisation, as has been seen in previous Wors$8

For resins containing dithiocarbamates, two RAFT agents DTC1 and DTCaiffetient
pyrazolebased Z groups and different leaving R groups were sel@cfexishown in
Figure 4.3A and Table 4.1for systems containing 5 equiv. of RAFT agent, the vinyl
bond conversion of DTC1 formula reached 6.4% in 1 min &@% 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 showrFigure 4.4, the3,5dimethyt1H-pyrazole

Z group on DTC1 decreases its stabilifHstab § N 4) Bdrpared with BTPA
(Hstab 859.4 kJ/mol) and thus the addition of acrylic propagating radicals is more
efficient to DTC1. However, the release of cyanomethyl radicals from DRSE (©fR *

= 31.9kJ/mo) is energetically unfavorable comparedrétease 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
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as normal. As for DTC2the varied polymerisatiobehaviour 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 grolRSE ofR* § kJ/mol,Figure

4.4) on DTC2 led to reduced efficiency iniméiating polymerisation and caused slow
polymerisationThis behaviour is in agreement with the BTPA and CDTPA systams.
higher concentrations (50 equiv.) of DTC1 the inhibition period remained at 1 min,
however, the polymerisation rate was again reduceaching 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.commercial DLP 3D printer modified with a green LED

light board (max = 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 [ RAFPEGA :

[PEGDA] : [EB] : [TEtOHA] =5 :571: 1333: 0.2: 40 were used to print simple
rectangular samples with dimensiof@ x 12 x 2 mml( w, 1) (Figure 4.5A). These
REMHFWY ZHUH SULQWHG XVLQJ D ILjhtiG varibld singleD L F L C
layer cure time of 20 or 40 s/layer. The storage modui$ ( DQG JODVV WUL
temperature Tg) of the printed objects were subsequently examined by dynamic
mechanical analysis (DMA) by performing a temperature ramp f6@HC to 100 °C at

a frequency of 1 HzZTheEYf ZDV V H (643 FGAaHAB0 BCVWo provide mechanical
property information in both the glassy and rubbery states, Wiilas determined from

the peak of th@an / curve at a frequency of 1 HEiQure 4.5B). Additionally, the vinyl

bond conversions of the 3D printed objects were determined by examining tRE ARR

absorption peak assigned to the stretching mode of the vinylic group.
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Figure 4.5 Rectangular samplgD printed via PETIRAFT polymerisation. (A) sample

" SULQWHG ZLWK D OD\HU WKLFNQHVV RI P DQG FXL
of [BTPA] : [PEGA] : [PEGDA] : [EB] : [TEtOHA] =5: 571 : 1333: 0.2 : () storage
modulus (( 9 and Tan Gor the sample at a frequency of 1Hz determined by DMA.

As shown inTable 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
formulationscontaining no RAFT agent, BTPA, or Xanthate exhibited high vinyl bond
conversions ( = 79.1:82.9% at 20 s/layer cure time), while the DTC2, CDTPA, and
DBTTC formulations displayed lower conversions< 69.076.5% 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 shownTiable 4.2 as the layer cure time was increased from 20

to 40 s/layerboth theE ] D YW and-45°C) and thelyincreased for the samples printed

in the presence or absence of RAFT agents. The extended layer cure time increased the
vinyl bond conversion, resulting the formation of a more highly crosslinked network

and stiffer materials with a high&g.5%’* The increases & LQ JODVV\ VWDWH
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 highdsf] R | “ 0 30am\®400 + 70 MPa a45°C.

The addition of xanthate or BTPA in the resin slightly reduceE&tfieDQG FDXVHG P |
changes to th&y. Comparatively, th&e | DT & 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 &gents.

RAFTA Cure time / T, EY 03D Vinyl bo.nd
layer conversiof
(s) (°C) 50°C -45°C (%)
No RAFT 20s -1.8 27621 2300 £+ 30
40 s 0.2 31.9+ 0.4 2400x 70
Xanthate 20s -2.4 22.0+0.6 1950 + 80 79.1
40 s 0.3 23.3x1.7 2150 = 60 84.2
BTPA 20s -1.5 252+13 2050 = 20 82.9
40 s 0.0 289+14 2050+ 100 88.1
CDTPA 20s -3.9 196+1.9 1750 £ 40 72.5
40 s -1.8 22.1+£1.7 1900 £+ 60 80.7
DTC 2 20s -5.8 15.2+0.8 1450 + 70 76.5
40s -5.7 157+ 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

aSamplesZHUH ' SULQWHG ZLWK D OD\HU WKLFNQHVV RI
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 (max= 525 nmlo = 0.32 mW/cri) 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
investgation 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 decreaseEdf D WC and-45 °C) and theTg of the

two samples were observed. However, extending the cure time to 120 s/layer increased
theEY DT @& the sample printed with 50 equiv. of BTPA in the resin, especialy at
45°C,where theé fwas

in the absence of RAFT agentsonger cure times were not suitable for samples printed
14z

+ 20MPa which was higher compared to the objects printed



in the absence of RAFT agents, as overcuring of each layer causefihéd objects due
to light scatterind? In comparison to the BTPA system, increasing the cure time per layer
for the system containing 50 equiv. xanthate led to negligible increa&e ihRRbove

and below the glass transition regidrable 4.3.

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

RAFT? [RAFT] Curetime/ Ty EY 03D Vinyl bond
layer conversiof
(s) (°C) 50°C _45°C (%)
No RAFT O 40 s 0.2 31.9+04 2400+ 70
BTPA 5 40 s 0.0 289+14 2050 % 100 88.1
50 40 s +19 + 30
80s +04 + 30
120s +2.8 + 20
Xanthate 5 40 s 23.3x 1.7 2150 + 60 84.2
50 40 s +0.2 + 80
80s +09 + 10
120s +0.8 + 100

aSamplesZHUH ' SULQWHG ZLWK D OD\HU WKLFNQHVYV RI
using molar concentrations of [RAFT]JPEGA] : [PEGDA] : [EB] : [TEtOHA] = variable :
571:1333: 0.2: 40;"Vinyl bond conversion was determined by AFRIR spectroscopy.

A commercial DLP 3D printer modified with a green LED light boargh(= 525 nmlo

= 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 objectsainstrece

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 §téups’® At

the early stages of FRP, intermolecular crosslinking is limited due to the very low
concentration of polymer chains. As a result, the penginyl bonds are consumed
rapidly by propagating radicals viatramolecular cyclisation reactions, yielding various

nanogels with highly compact structurés® 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 prapagaadicals 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 cycliaat resulting in the production of more
homogeneous networR$3® Figure 4.6 compares the gelation process foge radical

polymerisation versus RAFT polymerisation.

Figure 4.6 Schematic pesentations 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 struce 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 mooenbgeneous crosslink
densities; however, the differences inBl® FRPSDUHG WR WKH V\VWHP ZL
were still limited. At the rubbery plateau region (80), the storage modulus of the

sample printed with 50 equiv. BTPA “ 03D ZDV ORZHU WKD
14t



sample printed without RAFT agent “ 03D LQGLFDWLQJ WK
of the sample 3D printed with BTPA was less crosslinkgglufe 4.6). We propose that

the reduced modulus may be due tarammeased number of dangling ch&nds on the

highly branched polymers formed during the RAFT mediated network fornfatfSn’*

9 Further studies are needed to corroborate this behaviour. In the glassy4&ta@,(

the storage modulus of tharaple printed with 50 equiv. BTPA( + 20 MPa)

was higher than the 3D printed sample without RAFT agé&fis 2400+ 70 MPaTable

4.3), which is consistent with a previous stiidyt has been demonstrated that below the

Tg, the storage modulus of the polymer is primarily cdmdby the free volumé’
Furthermore, according to the free volume theory, the stiffness ses@a 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®!

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 stahitiyad].
Although theTg of the objects printed with the resin containing 50 equiv. of xanthate
increased under long layer cure time, they were still beld.0Additionally, these
objects showed an upper limit of storage modutu§ (8 0 345 °BC)éven at a

high vinyl bond conversiofi. = 88.9%,Table 4.3. As discussed regarding the kinetics
performance of various RAFT agents, the high stability of xanthiite.f= 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 polymerisatioultiregsin the formation of

nanogels and thus less rigid materials belowlth@igure 4.6).”°

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 BU&tA

used to provide a broad concentration range for investigating the impacts of BTPA

concentrations on the mechanical properties of 3D materials. As shdvguire 4.7, a

long inhibition period and significant polymerisation regguction were obserdgein 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 (
14€



88%) of the sample printed by using 25 equiv. of BTPA in the resiexascted, the
correspondinde Y D O X'H Wel@ QeBveen that of the objects printed with the resin
having 5 equiv. and 50 equiv. of BTPAgble 4.4. However, thee DT & the 3D
objects containing 100 equiv. of BTPA was reduced, with the high§st -45 °C
reaching 1900 = 160 MPa afidbeing-1.9 °C even under 168per 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 n&twlaring 3D

printing &°

Figure 4.7 Kinetics of polymerisation for PEGA / PEGDA mixtures using varied molar
ratios of BTPA as RAFT agent affiaed molar concentration of [PEGA] : [PEGDA] :
[EB] : [TEtOHA] = 571 : 1333 : 0.2 : 40, performed in bulk. Note: All reactions were
performed under green lightax= 525 nm and intensity = 4.3 mW/ém



Table 4.4 The mechanical properties of samples 3D printed with varied concentrations
of BTPA?2

[BTPAJ? Cure time / T, EY 03D Vinyl bo.nd
layerR conversiof
(s) (°C) 50°C -45°C (%)
0 20s 27.6+21 2300 + 30
40 s 31.9+ 0.4 2400+ 70
5 20s -1.5 252+13 2050 = 20 82.9
40 s 0.0 289+14 2050+ 100 88.1
25 20s +0.3 + 90
40 s +0.0 + 40
80s +2.2 * 140
50 40 s +19 + 30
80s +04 + 30
120s +2.8 + 20
100 \% +0.6 + 50
\ +1.2 + 10
\ +20 1900 £ 160

@6DPSOHV ZHUH ' SULQWHG ZLWK D OD\HU WKLFNQHVV
in the presence of varied molar ratios of BTPA using a recipe of a fixed molar
concentration ofPEGA] : [PEGDA] : [EB] : [TEtOHA] =571: 1333: 0.2: 40;° Vinyl bond
conversion was determined by ATFRRIR spectroscopy. A commercial DLP 3D printer
modified with a green LED light boardnax= 525 nmlo = 0.32 mW/cr) was employed

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

Thereafter, @8D 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
ZDV VHW DV P SHU OD\HU IRU WKH SXUSRVH RI REW
Furthernore, to achieve a rigid object without compromising on printing speed, a 30
s/layer cure time was selected. As showRigure 4.8 to compare with the original .stl

file image, the 3D printed object exhibited great printing details. The shell overhang

curing 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.

Figure 4.8 3D printed theatre complex. (A) original .stl file image; (B) the theatre
complex printed using the resin formulation [BEGA] : [PEGDA] : [RAFT] : [EB] :
[TEtOHA] =571:1333:5:0.2: 40; (C) side viewof the theatre complex.

4.3.4 Postmodification of 3D printed objects

Thiocarbonylthio groups offer further possibilities for pastctionalization. These end
groups can be easily transformed into thiol groups via aminolysis, to allow for facite thiol
ene and other thiahodifications®?°! Indeed, theabustness and high efficiency of thiol

ene chemistry have been exploited to introduce functional acrylates into aminolysed
RAFT polymers in ongot processes under mild conditici§3 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 baquiBed by
aminolysis of the thiocarbonate furarts and thickene reactions to change the material
properties in a onpot 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 prihtebject was rigid and was produced using reasonable
printing speed. Aectangular sample with dimensioos30 x 8 x 1.5 mml(w, t) was
printedat a layer slicing thicknessof P DQG D FXUH WLPH RI V OD\F

As shown inFigure 4.9C, the orange colared 3D printed sampleF{gure 4.9A)
displayed the typical EB and BTPA absorption peaks around 540 nm and 435 nm,
respectively*? °2After postcuring under green light gax= 525 nm, 7.1 mW/c#) for 10

min, the sample displayed a yellow hiegire 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 UWis spectroscopy Higure 4.9C). Subsequent] aminolysis was
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performed by submerging the pastred 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 usinyit)\8pectroscopyafter
treatment with hexylamine for 30, 60, 120, and 150 rkigure 4.9E). The BTPA
absorption signal at 435 nm reduced significantly after 30 min, but the chaogjeumn

of the sample was not obvious. However, after 120 min, the BTPA absorption peak wa
significantly reduced and the sample became obviously discolo&igdré 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
spedes Figure 4.9E).% To verify this was attributed to EB and not a RAFT agent
derived byproduct, another experiment was performed with a ~5 vol% hexylamine
solution containing [hexylamine] : [BTPA] =100 : 1 in 4 ml DMHdure 4.9F at room
temperature. Aexpected, 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 Aminolysisof 3D printed materials to change 3D printed material properties.

$ VDPSOH SULQWHG ZLWK D OD\HU WKLFNQHVV RI
a recipe of [PEGA] : [PEGDA] : [BPTA] : [EB] : [TEtOHA] $71: 1333: 25 :0.2: 40,
(B) sample pascured for 10 min under green lightnéx = 525 nm , 7.1 mW/cH); (C)
absorbance spectra of the sample 3D printed in the presence of BTPA before and after
postcuring for 10 min under green lightrx = 525 nm, 7.1 mW/cH); (D) sample
aminolysed for 12@nin 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;@#Sprbance spectra before and after
aminolysis of anixture with a molar ratio of [BTPA: [hexylamine] = 1 : 100 in a total

volume of 4 ml DMF solution at room temperature

Subsequently, a oraot transformation of the RAFT agent end group was performed via
aminolysis of thiocarbonylthio groups and irduztion of a fluorescent functional group
from 1-pyrene methyl methacrylate (PyMMEigure 4.10A). An object withdimensions

of 40 x 12 x 2 mml(w, t) was first 3D printed, then pestired under green light (7.1
mW/cn?) 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 arpbital shaker. After 1 h reaction, the sample was
carefully washed with a 1/1 volume mixture of DMSO/ethanol and irradiated with UV
light ( =312 nm). As shown iRigure 4.10B bottom, PyMMA was successfully grafted

to the surface of the aminolysed 3Drpeid 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 orbitalkendor 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 fluorescenctentreatmentKigure 4.108 middle).

Figure 4.10 Postmodification of 3D printed objects. (A) schematic showing process of
onepot transformation of RAFT agent end groups via performing aminolysis of
thiocarbonylthio groups and thidllichael addition to introducing fluorescent PyMMA
group; (B) fluorescence images of 3D printed samples. From top to bottom: original 3D
printed sample before pestiring, postcured 3D printed sample exposed to a solution of
PyMMA in DMF for 1 h, postcured 3D printed sample exposed to a solution of PyMMA
and hexylamine in DMF for 1 h; (C) fluorescence image of themostified 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
R P DQG FXUH WLPH SHU OD\HU RI \Y

The mechanical property of the sample after{postlification was also investigated. The
sample with dimensions 40 x 12 x 2 mgw(, f) was firstly 3D printed and was then post
cured under green light (7.1 mW/&nfior 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 &1 D WC

of 40.3 + 1.0 MPa, which is higher than that of the sample withoutrpodification €

= + 0.0). The increased modulus can be attributed to the reactivation of the RAFT

end groups in the material during thespcuring 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-Miohael reaction

with pendent vinyl groups maglsohaveoccurred 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 networksd essubsequent relaxation. To
demonstrate the integrity of complex 3D printed objects after-mposification, the
theatre complex 3D printed using the recipe containing 5 equiv. of BTPA was firsty post
cured for 10 min under green lightméx = 525 nm, 7.1 mW/cA). 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 reactitme sample was carefully washed with a 1/1
volume mixture of DMSO/ethanol and irradiated with UV light(312 nm). As shown

in Figure 4.10C the object remained intact after functionalisation and displayed

fluorescence on areas of the theatre comgiakwere 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 tpelymerisation 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 thtocarbonates such as CDTPA or pyrazmeed 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 mechanal behaviourof the 3D printed materials; tief R1 PDWHULDOV S
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
concentrationsThe 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 oljects. The thiocarbonylthio end groups were aminolysed to thiols, which were
subsequently reacted via a thiichael addition reaction, and functionalisation of the

3D printed objects was demonstrated via a-poieaminolysis 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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5.1 Introduction

Vat photopolymerisation has become a promising 3D printing technique ehatiies

the fabrication of complex 3D objects with advantageous material properties via versatile
photochemistrie® Among the various 3D printing approaches, photoinduced
techniqgues such as stereolithography (SLA) and digital light processing (DLP) 3D
printing present fast build rates and high printing resolution with low featuré: 8#?e.

The photocuring strategy behind the 3D photop@sigation 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)acrylateor epoxidebased monomers and oligomers; this
provides thermoset materials which have excellent mechanical performance with high
modulus but lack repairability due to the irreversibly crosslinked polymer netwdrks.

As aresult, these thermosets cannot be repaired after damage, leading to wasted resources

and materials, and the production of environmental pollutdnts.

Recently, researchers have incorporated dynamic covalent bonds in crosslinked polymer
networks to enable reversible network reareangnt and reformation under external
stimuli.1®: 1823 |mportantly, dynamic covalent chemistry has been used to imbue 3D
printed materials with seliealing properties, allowing these materials to-ssir

cracks and otlre damage and thus recover material mechanical strength and
functionality?#33 As such, materials with dynamic covalent bonds can have extended
lifespans, which helps to reduce plastic waste generatoboraate more sustainable 3D
printing. The sekhealing of materials with dynamic covalent bonds is typically induced
either thermally or photochemically. Indeed, dedfling based on thermally reversible
reactions such as DieMlder reactions or transesification has been demonstrated for
thermosets 3D printed via vat photopolymerisafbrt® Smaldone and eworkers
successfully employed SLA 3D printing to print objects with -keléling properties
provided via DielsAlder chemistry?® After damage, the 3D printed objects recovered 99%
of their original tensile strength under two sequential thermal treatments @ k@4

h followed by 80 for 24 h. In another example, Ge andnarkers repaired a 3D printed
object by exploiting transesterificatidhUpon heating to 186 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 therpred network.
162



However, these thermalyiggered healing procedures demand terafuees over 106,
which limit potential applications and practicality. In comparison;ise#ling processes
that use light can be performed at ambient temperatures in a spatiadiplled manner

due to the ability to confine the light to specific, &teyl aread*°

Photoinduced covalent bond rearrangement via reversible adftdagmentation chain
transfer (RAFT) chemistry hdmsecome an emerging approach for-$wéling covalently
crosslinked materiaf®: 38 40In these systems, thiocarbonylthiongmounds (RAFT
agents) can play roles as both a chain transfer agent during formation of the polymer
network, and also as an initiatvansferagentterminator (inifertery>> under specific

light irradiation to enable posbodification of the networR&%? According to previous
studies, the RAFT agents incorporated in the network can facilitatéhesdlhg via
reshuffling reactions between network strands and via pieaictivation of chains which

can subsequently polymeride® 63 As shown inScheme 5.1the RAFT agent group
within the network can undergo Uividuced photolysis to cleave the weals®ond and
generate a thiocarbonylthio radical fragment and a reactive cadmeredadical R
Subsequently, the radicaf€an react with other thearbonylthio groups by degenerative
exchange reactions (reshuffling reactions) to promote network rearrangement and
recombination. Alternatively, the radical*Ban initiate chain growth with monomers
or/and crosslinkers via a phetontrolled RAFT processo extend or rebuild the
network>* 6468 For instance, Matyjaszewski and-amrkers exploited trithiocarbonate
(TTC) units ina crosslinked butyl acrylate network to-hreal gels via degenerative

reshuffling reactions under 4 h UV light irradiation in acetonitrile and nitrég&#h 5°

Scheme 5.85elf-healing via photaeversible deactivation radical polymerisation (photo

RDRP) and reshuffling reactions in the presence of photoiniferters.
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However, in theabsence 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 -@eorkers demonstrated séialing behaviour by using TTC units
incorporatedn the network to grow polymer chains via photoersible deactivation
radical polymerisation (photBRDRP)2 In the presence of deoxygenateolusions
containing photocataly$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 irradiati8nwhile these examples elegantly
demonstrate the utility of photoinduced dynamic covalentibevithin network polymers,

to the best of our knowledge, there are no 3D printed thermoset materials whtbadelf

capability triggered by light.

RAFT polymerisation has recently been applied to photoinduced 3D printing to produce
materials with vadus functions and propertié€s 5969 7671 |n this chapter we investigate

the selthealing of thermosets obtained via a RAREdiated photoinduced 3D printing
process. A Norrish type | photoinitiation system was adopted to facilitate RAFT
photopolymerisation under violet liglitmax = 405 nm), using symmetric difunctional
RAFT agents to mediate the network formation. The-Iseifling behaviour of the
resulting materials was demonstrated under 365 nm irradiation at room temperature;
critically, the distinct irradiation wavelengthallowed efficient photopolymerisation
during 3D printing and subsequent network reformation of severed 3D printed thermosets.
Furthermore, selhealing was performed under optrair conditions and did not require

any specialised equipment. The impafcvarying 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 demonstrthie significance of the RAFT agent structures on

healing efficiency.
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5.2 Experimental Section
5.2.1 Materials

2-hydroxyethyl acrylate (HEAMn = 116.12 g mot, SigmaAldrich, 96%), ethylene
glycol dimethacrylate (EGDMAMn = 198.22 g mot, SigmaAldrich, 98%), (2,4,6
trimethylbenzoyljliphenyphosphine oxide (TPGGigmaAldrich, >97%), poly(ethylene
glycol) diacrylate averaghln 250 (PEGDA, Sigm&ldrich, >92%), acrylic acid (AA,
SigmaAldrich, 99%, dimethylsulfoxide (DMSO, cherupply), dibenzyl
trithiocarbonate (DBTTC, Boron Molecular, 98% and 3-
(((benzylthio)carbonothioyl)thio)propionic acid (BSTBoron Moleculay were used as
received. The doublside tape was purchased frorrPXess IT.

5.2.2 Instrumentation

Attenuated total reflectandeurier-transform infrared (ATRFTIR) spectroscopy was
employed to monitor vinyl bond conversions, using an approach similar to Magdassi,
Banin, ancco-workers.”? A Bruker Alpha FFIR equipped with room temperature DTGS
detectors was used for measurement. Each spectomposed of 16 scans with a
resolution of 4 cm was collected in the spectral region between 4000 cm’. Analysis

was performed using OPUS software.

Fourier Transform Neanfrared (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
mechaical 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/crhviolet light ( max= 405 nm)was employed. The light intensity was
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measured using a Newport 8&®3power 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 tensildérength and elongation at break of 3D printed dumbdiediped samples.

Hitachi S3400N Scanning electron microscopy (SEM)ich is fitted with secondary

and backscatter electron detectors was used to acquire SEM images at an accelerating
voltage of 15 kVor 30 kV. Samples were mounted on aluminium stubs using double
sided adhesive tape and coated with 3Qotatinum nanoparticles using Quorum Q300T

D Plus sputter coater.

An Oriel VeraSol LED solar simulator consisting of the EBIR20 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-Beléling test.

5.2.3 Experimental procedure

Polymerisation for determination of reaction kinetics
A typical polymerisation solution wh the recipe ofDBTTC] : [HEA] : [EGDMA] :

[TPO]=1:60:6:0.2DV SUHSDUHG DV IROORZYV PJ PR
PJ PRO HTXLY RI 732 / PPRO F
/ PPRO HTXLYwaR&dded tbd 4 mL glass vial. The reaction mixture

was then covered with foil, vortexed for ~10 s, sonicated for 20 s, prior to the irradiation.

$ /| DOLTXRW RI WKH UHDFWLRQ PL[WXUH ZDV WKHQ
irradiated with a Tiorlaks mounted LED with a collimation adapteméx= 405 nm) with

an intensity at the polymerisation surfalee; 3.6 mW/cni as measured using a Newport
843 R power meter. Gel formation of the droplet was confirmed by observation and finger
touch, with the dwplet 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 1590655 cm' assigned to the stretching mode of thel#@roup. The

integral under tis peak in the range of 15955 cm' was evaluated after increasing
irradiation times and compared to the peak in the range of 1880 cm' assigned to

the acrylate C=0 stretching mode. The vinyl bond conversion was calculated from

Equation 1, wherestdo is the integral under the curve in the range of 16800 cm'
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before irradiationstd is the integral under the curve in the range of 16800 cm' after
X mins irradiation,into is the integral under the curve in the range of 156885 cm'
before irradiation, anahtx is the integral under the curve in the range of 15885 cm'

after irradiation forx mins. All FTIR measurements were performed in triplicate.

Vinyl bond conwvesion = 1 (intx/ std) / (into / stah) 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 théd@inylic stretchingovertone at 6126220

cnrt between 3D printed samples and uncured r€sia’* Analysis was performed using
OPUS software 7.5. 3 mL of uncured resin was placed in a 1x1 cm quartz cuvette to
collea the absorption spectrum in the spectral region between-8@00D 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
corversion was calculated frolaquation 2, Where E kB the integral under the curve

in the range of 6126220 cm' for the 3D printed sampleE: 3 B the integral under the
curve in the range of 6126220 cmt' for the uncured resink - . isthe thickness of the

3D printed sample, ané& q r aisitlae path length of the cuvette.

Vinyl bond conversion = H(int¢/ into) / (tsample/ teuvette) Eq.2

3D printing procedures of dumbbellshaped samples

A typical procedure for 3D printing a dumbbsehaped sample is as follows: 469.1 mg
(1.61 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 EGDg&

added to a 20nL 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@®Bmm x 20 mm). Th&D printed dumbbelshaped 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 276 mm.
The.stl files were generated using Autodesk Fusion 360 and printing parameters (slicing

thickness and layer cure times) weyenerated using Photon Workshop software. The
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dumbbelishaped 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 drated for 150 s/layer, after which the regular cure
WLPH SHU OD\HU zZDV V OD\HU ZLWK D OD\HU WKLFN
resolutionthe last (top) layer of the material was irradiated for 150 s. The Z lift distance
was 1 mm, the Z lifspeed was 1 mmg/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-@ad for 10 min through
irradiation undewiolet light ( max= 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 layerfor 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]=1:6:54:4:0.5 was 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

Theresin formulation with a ratio of [DBTTC] HEA] : [EGDMA] : [TPO] =1:60: 4:

0.5 was used to print simple rectangular samples with dimenéfbrsl2 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 (boytens) la

of the material were irradiated for 150 s/layer, after which the regular cure time per layer
ZDV V OD\HU ZLWK D OD\HU WKLFNQHVV RI theP 7R |
last (top) layer of the material was irradiated for 150 s. The disftance was 1 mm, the

Z lift speed was 1 mrg/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 posted for 10nin through irradiation under violet

light ( max = 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 (bottptayers 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 fivet two (bottom) layers and the last (top)

layer was increased to 100 s/layer.

3D printing procedures of complex objects

The resin formulation JDBTTC] : [HEA] : [EGDMA] : [TPO] =0.25:60: 4 : 0.5 was

used to print a violin modeThe violin .stl file was downloaded from the interreThe
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 aper laure 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 materat irradiated for 150
s/layer, after which the regular cure time per layer was 40 s/layer with a layer thickness
RI P 7KH = OLIW GLVWDQFH ZDV BRndW&Hretra@LIW \
speed was 3 mm/s. After the object was printed, thid Btage was removed, and the
residual polymerisation surface was briefly washed with ethanol. The material was then
postcured for 10 min through irradiation under violet lightd = 405 nm,lo = 9.6

mW/cn?) for further experiments.

The resin formulavn of [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60:4: 0.5 was

used to print a hook modédihe hook .stl file was generated using Autodesk Fusion 360.
The maximum width, length and height of the object wiefe8 mm, 50.0 mmand 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 pniatexdal

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
RI P 7KH ODVW WRS OD\HU RI WK tdPdbdirHdigh O Z D
surface resolution. The Z lift distance was 1 mm, the Z lift speed was & amd/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 wash&d athanol. The material was

then postcured for 10 min through irradiation under violet lightsx= 405 nm,Jo = 9.6

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

In DMA test, a 3D printed sample was measured with diga#lipers, placed into the

calibrated single cantilever clamp, and fixed into place with a torque wrench operated at

aforce of 3in-Ib. The GCA was used to adjust the temperatub®t€ and subsequently

held at isothermal conditions for 3 min. The tengpere 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
P The storage modulus was determined around room temperature (specifically at

the closest temperature to 20 °C) and 1 Hz, wihiéeglass transition temperatuiig)(

was calculated as the temperature at which the 1 HZ Garve peakedAll DMA results

were performed using duplicate samples.

Tensile test of 3D printed dumbbeHlshaped samples

Tensile tests were performed at rotmmperature under a crosshead speed of 1.1 mm/min.
Tensile strength was calculated by dividing the maximum load (N) by the average original
crosssectional area (fin the gage length segment of the specimetdelongation at
break was obtained by dividjrthe 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 selthealing procedure is as follows: the 3D printeanbbelishaped sample
was cut into two gproximately equal pieces with a sharp blade, and then the two parts
were placed in close contact with the addition of OPEGDA (Mn= 250 g maot)
between the contact area, which had dimensions of 8 Buhsequently, the sample was
fixed with doubleside 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 (max = 365 nn) 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 composeg-bf/droxyehyl acrylate (HEA) as the
monomer and ethylene glycol dimethacrylate (EGDMA) as the crosslibigehenyl
(2,4,6trimethylbenzoyl) phosphine oxide (TP@jas employed as the Norrish type |
photoinitiator, due to its highly effective initiation performanegorted in other work$:

80 Moreover, the reactive radicals generated by TPO cleavage under violet light
irradiation ( max= 405 nm) can rapidly consume oxygen dissolveti@resins, enabling

the printing system to be applied without deoxygenattdibenzyl trithiocarbonate
(DBTTC), a difunctional RAFT agent which consists of symmetric leaving R groups was
selected as the RAFT agent for network formation. As noted previousign@ected
RAFT agents such as DBTTC can display efficientbeHling due to the location of the
TTC placement within the polymer main ch&in® 63 9t has been shown that higher
concentrations of TTC units within the polymer network candaefficient selfhealing.

For instance, Matyjaszewski and -workers demonstrated that increasing the
concentration of thiuram disulfide can significantly promote thetsediing efficiency

of polymer gel$® Based on these previous works, we hypothesited a high
concentration of RAFT agent in the 3D printing resin formulation would favor efficient
selthealing for our 3D printed materials. However, an increase in RAFT concentration
has also been shown to increase time to gelation, with longer priintiag required to
obtain weltdefined 3D printed objectS: 7° This motivated us to optimise the resin
formulation prior to applicatin 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 opefir droS O HW V [ XQGHU Y LRSI JokceW LU U |
3.6 mW/cn?) and monitored by following the decrease of the vinyliclH@roup via

ATR-FTIR spectroscopy.

As shown inFigure 5.1A, an increased polymerisatioate was observed when the
DBTTC concentration was decreased, with the system containing [DBTTC] : [HEA] =
1 : 60 displaying the fastest polymerisation kinetics: 31.3% after 4 min irradiation).

In comparison, both the [DBTTC] : [HEA] = 1 : 20 and 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.(< 17.0%,Figure 5.1A), which can significantly increase 3D
printing time and reduce practical®y.”°The long induction period observed when using
the resin containing DBTTC was attributed to the poor reinitiating ability of the benzyl
leaving R graips as well as the absorption of light by DBTTC at high concentréfions.
The ratio of DBTTC relativedt HEA was not decreased further, as the high concentration
of the TTC units in the network can accelerate thelssdling reaction® Thereforea

ratio of [DBTTC] : [HEA] = 1 : 60 was set¢ed. 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 inFigure 5.1B, using 0.5 equiv. of TPO resulted in the fastest
polymerisation while further addition PO 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 syster§#:84 Thus, the ratio fothe photoinitiator was fixed at 0.5 equiv. for
further experiments. Additionally, as the crosslinking density has been shown by
Matyjaszewski and cworkers to affect the chain mobility, and thus the-befiling
efficiency, the molar ratio of HEA to EGDA was varied®® As shown inFigure 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 frestanding 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 optithise
resin formulation to 3D print setiealing materials.
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Figure 5.1 Kinetics of polymerisatiorfor HEA/EGDMA mixtures using DBTTC as
RAFT agent. (A) vinyl bond conversions 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 converen vstime for varied TPO molar
ratios at molar concentration of [DBTTC] : [HEA] : [EGDMA] : [TPO]=1:60:6:
[variable} (C) vinyl bond conversionstime forvaried[HEA] : [EGDMA] molar ratios

at a ratio of [DBTTC] : [TPO] = 1: 0.5, the recipes welesign 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]=1:64.9:3.2:05
(approximately [HEA] : [EGDMA] = 60 : 3)Note: All reactions were performed under
violet light ( max= 405 nm ando = 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 boarth{x = 405 nm,lo = 0.51
mW/cn¥). All 3D printing was performed without deoxyugtion. The optimised resin

17¢



formulation i.e., [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60: 4 : 0.5, was used to
print dumbbeHlshaped objects-(gure 5.2A) for subsequent selfealing and mechanical

tests. The dimensions of these objects were based on AJ&34 Type V standards.

To obtain 3D printed objects with high resolution, a layer slicingtHiQHVV R P D
a single layer cure time of 80 s/layer was used. A reduced curing time per layer (60 s/layer)
was also attempted but resulted irdiéifined 3D printed object$-igure 5.2B). Before
performing the selhealing tests, the 3D printed obje were postured for 10 min under

violet light irradiation (max= 405 nm,lo = 9.6 mW/cn3) to fully polymerise unreacted
monomers. The vinyl bond conversions of the objects were determind€l HiR
spectroscopy by following the absorption peaks asdigoghe stretching mode of the
vinylic group. After postcuring, near quantitative vinyl bond conversions were observed

for all 3D printed objects. As previously mentioned, the incorporation of photoiniferters
into the network enables polymeric materialsindergo selhealing reactions via TTC
reshuffling (Scheme 236 39However, previous works employed materials containing
crosslinked polymers with low glass transition temperaturgisglow room temperature).

Low Tg enables high chain mobility for network rearrangement, which helps to facilitate

efficient reshuffling reactions and therefore facilitates thelsedfing proces® 6°

Figure 5.2 Dumbbeltshaped samples 3D printed using a resin formulatigp®TTC] :
[HEA] : [EGDMA] : [TPO] =1 :60: 4 : 0.5 at a layer slicing thickness of P (A)
Dumbbeltshaped 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 dumblatied samples
into two pieces, and then placing the two gart close contact under 365 nm light

irradiation (max = 365 nm) Figure 5.3A); these tests were performed at room
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temperature and in an opair environment. Unfortunately, the cut sample did not self
heal after 16 h of light exposure, which was attouto the low mobility of polymer
chains in these material3y(= 37.9°C,Figure 5.4A). Consequently, the sdiiealing
approach was modified to take advantage of the pleatctivation of RAFT group under

UV light (Scheme 5.1 Indeed, it is expected th#te 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)cdjéate (PEGDA), were
investigated for their ability to aid in the network formation and-lsetling process.
Pleasingly, the system with PEGDA added at the cut material interfaces displayed
noticeable sethealing behaviour after only 30 min irradiatisnth 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 4which is an agreement withrgvious studie$® 32
However, no sethealing was observed after 30 min due to the low propagation rate
constant of EGDMA® The healed samples retained integrity and withstood bending
deformation without breakagé&ifure 5.3A). This result was in alignment with Chen,
Johnson and e R U N H U ¥ WhigiRderhbnstrated that in the presencB®@bnly, the
crosslinked gels containing TTC units resulted in poor healing. In contrast with the
addition of a solution containing monomer, crosslinker &@lat the interface, th

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 hded sample, (C) crossectional view of the healed sample, and (D) the
magnified crossectional view of the healed sample showing disappearance of interfacial

region after healing process.

Figure 5.4 Starage modulus (§ and Tan Gor sample 3D printed withdiff erent resin
formulations at a frequency of 1 Hz measured by DM 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] : [HEAEGDMA] :
[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 thepresence of TTC units in this s¢léaling 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 iradiation for 24 h, 35 = 2% tensile strength recovery was obsenadudie(

5.1), which was attributed to the low homolysis rate e ®onds under white ligh?.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 irhsaling tests. For the neRlC
containing samplesl{=41.2°C,Figure 5.4B), healing was not observed afié h even

with the addition of PEGDA at the material interfaces. Furthermore, when PEDGA was
replaced with a mixed solution containing #RAFT agent at a ratio of [DBTTC] :
[PEGDA] = 1 : 64, no selhealing was observed after 2 h irradiation. This detnates

that the incorporation of TTC units in the polymeric network is essential for this self
healing reaction to occur. To better visualise the-lsedfled material printed with the
resin of [DBTTC] : [HEA] : [EGDMA] : [TPO]=1:60:4:0.5, the suciacontact area

was examined SEM. As shown kigure 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 wernedbeethe
crosssectional view along the contact area, indicating that the two separated parts were

successfully mergedr{gure 5.3C and D.



Table 5.1 Mechanical properties of samples 3D printed with the resin of [DBTTC] :
[HEA] : [EGDMA] : [TPO] =1:60: 4: 0.5selfhealing at various healing time.

Healing time Tensile strengt Tensile strength Elongation at Elongation at brea

(min) (KPa) recovery (%) break (%) recovery (%)
Precut 1450 + 50 - 150+ 5 -
Precut? 2150 + 150 - 150 + 10 -
5 700 + 80 49+ 5 40+ 5 262
15 1200 + 50 83+3 80 + 15 53+ 10
30 1450 + 40 98+3 1105 74+ 3
60 1800 + 90 123+ 6 1101 76+ 2
90 1700 + 100 118+ 7 95+5 65+ 2
60° 850 + 40 58 + 2 80+5 57+ 4
60° 450 + 100 29+8 40 + 10 24+9
60 x 244 500 + 20 35+2 80+ 10 52+5

30riginal 3D printed sampldésradiated under 365 nm for 60 min before tension ¥8&t.
printed sampleself-healed three times with each healing performed for 60 min under
365 nm light irradiation€3D printed samples selfealed with the addition of 50 vol%
PEGDA in DMSO at the cumaterial interfaces under 365 nm light irradiatié8D
printed samples seliealed with the addition of PEGDA at the cut material interfaces

under white light irradiation for 24 h.

To quantitatively evaluate the séléaling process, tensile tests weaaried out to
compare stresstrain properties between the original and healed samples at various
healing times Kigure 5.5). Tensile tests were performed at room temperature under a
crosshead speed of 1.1 mm/min. To determine the healing efficiencgtitseof tensile
strength and elongation at break between the healed samples and the original samples
were considered{gure 5.6A and B Table 5.1). For the material fabricated using a resin

with [DBTTC] : [HEA] : [EGDMA] : [TPO] =1:60 : 4 : 0.5, theut 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 reagBihi = 3% and elongation at break

reaching 74 + 3% of the original values in 30 min.
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Figure 5.5 Stressstrain curves of the original sample and healed samples at various
healing time Thedumbbellshaped sample 3D printed by using the résimulation of
[DBTTC] : [HEA] : [EGDMA] : [TPO] =1 :60: 4: 0.5 ata layer slicing thickness of 50

P DQG D VLQJOH OD\HU FXUH WLPH RI V OD\HU

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 aftediation 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 increaseith extended healing time but plateaued at 123 + 6%
after 60 min irradiationKigure 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 bpughly 50% after 60 min UV light irradiatiod &ble 5.1), which

17¢



was attributed to the formation of new crosslinks in the material due to the reshuffling of
the TTC unit%®” The selfhealing process under 60 min irradiation was successfully
repeated three times by cutting and healing samples at the same point, with the tensile
strength receering 58 + 2% and elongation at break recovering 57 £T48l¢ 5.1). The
reduced healing efficiency was attributed to the damaged contact surface caused by
successive cuttingthe impact of PEGDA concentration on sékaling efficiency was

also investigted. 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%4dble 5.1). To further explore the potential of the self
healing systm, the sethealing test was conducted on more rigid materials. To obtain 3D
printed objects with higher modulus aigl acrylic acid (AA)was incorporated in the

resin formulation to yield [DBTTC] : [AA] : [HEA] : [EGDMA] : [TPO]=1:6:54:4:
0.5.As shown inFigure 5.7, theE§ D WC andTgof 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 eloragation

break recovery reaching 33 + 9%aple 5.2.

Figure 5.7 Storage modulus ((§ and Tan Gfor sample 3D printed witlthe resin
containing[DBTTC] : [AA] : [HEA] : [ EGDMA] : [TPQ =1 :6:54 :4: 0.5 at a cure
time per layer of 100 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 mar ratio of [DBTTC] : [EGDMA] : [AA+HEA] :
[TPO] =1:4:60 :0.5selthealing undeB65 nmirradiation for 60 min.

[AA] : [HEA] Healing time _ Tensile strengiElongatior Elongation at
Tensile strengtl
recovery  at break break recover

(min) (KPa) (%) (%) (%)
0:60 Precut 1450 + 50 - 150+ 5 -
60 1800 + 90 123+ 6 1101 76+ 2
6:54 Precut 3750 = 300 + 10 -
60 2650 + 150 71+4 + 20 339

Further experiments were conducted to gain a deeper insight intoghet of DBTTC
concentration in the 3D printed samples on the healing efficiency. Due to the faster
polymerisation rates at lower concentration of DBTTg, layer cure time was adjusted

to 40 s to obtain welllefined 3D printed samples with the resinataming 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 shdwablm

5.3 the tensile strength increased with a decreasimgentration 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
additionfragmentation chain transfer process, which can diiaaily alleviate shrinkage

stress and promote relaxation of the netwi§fR.
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Figure 5.8 Kinetics of polymerisationvith variedDBTTC concentratiorat fixed molar
concentratiorof [HEA] : [EGDMA] : [TPO] =60:4:0.5.

Table 5.3 Mechanical properties of original samples 3D printed with various
concentrations of DBTTC ithe 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 1405
0.25 2400 £ 150 140+ 1
0.50 1950 + 60 140+ 10
1.00 1450 + 50 150+ 5

As previouslydescribed, the samples containing different concentrations of DBTTC were
cut, and sethealing was performed by adding PEGDA at the interface and irradiating
with UV light. While selfhealing proceeded for all samples containing DBTTC, the
healing efficiemwy 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 gy 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 cdfid EA] : [EGDMA] :

[TPO] = 60 : 4 : 0.5. Selhealing was performed under UV light irradiation at room

temperature with PEGDA at the material interface.

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

Healing time Tensile strength Tensile strength Elongation at Elongation at brea

(min) (KPa) recovery (%) break (%) recovery (%)
Precut 1950 + 60 - 140 + 10 -
15 1250+ 5 651 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 : 0.5selfhealing at various healing time.

Healing time Tensile strength Tensile strength Elongation at Elongation at brea

(min) (KPa) recovery %o) break (%) recovery (%)
Precut 2400 = 150 - 140+ 1 -
15 1100 + 200 45+ 8 505 35+3
30 1400 + 100 585 50+1 361
60 1950 + 5 82+1 70+ 10 47 +5
90 1800 + 150 755 605 41 + 2

To further understand the effect of photoiniferter structure orhsaling efficiency, a
monofunctional RAFT agen3;:(((benzylthio)carbonothioyl)thio) propanoic acid (BSTP)
was selected and compared with the difunctional DBTTC RAFT a@SWEP has the
same benzyl leaving R group as DBTTC but a different Z group (propanoic acid for BSTP
vsbenzyl for DBTTC).The resin formulatiofBSTP] : [HEA] : [EGDMA] : [TPO] =1 :

60 : 4 : 0.5 was applied to print dumbbsilaped objects with layer @itimes of 60

s/layer used to avoid overcuring in the comparatively fast BSTP systgmd 5.10.

Figure 5.10 Kinetics of polymerizatiorwith differentRAFT agentsatfixed molarratio
of [RAFT] : [HEA] : [EGDMA] : [TPOl =1:60:4:0.5.

184



As shown inTable 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 iRigure 5.11A the tensile strength recovery for the BSTP
sample was 70 = 4% in 60 miwhich 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 nfigyre 5.11B. The different healing
efficiency was attributed to the differestructure 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 oéegtft.3% 992 |n comparison,

the asymmetric BSTP leads to polymerisation with the TTC units remainingend

the network at the terminwd all chains. The effective reshuffling with DBTTC provides
more contact points between the two network fragments, thus allowing more effective

strength recovery? 36

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

Healing time Tensile strength Tensile strength Elongation ai Elongatbon at breal

(min) (KPa) recovery (%) break (%) recovery (%)
Precut 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 [RAHHEA] : [EGDMA] :

[TPO] =1:60:4:0.5. Seliealing 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 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 sk#aled 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 tor8D pr
more complex objects with sdiiealing 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
FRPSDUHG WR UHVLQV ZLWK KLJKHU 5%)7 DIJHQW FRQFI
and a single layer cure time of 40 s/layer were used to obtain the 3D printed violin model
with high resolution. As shown iRigure 5.12 the tunning pegs and stringsdze easily
identified. After printing, the violin was rinsed with ethanol, followed by jmsing
through irradiation under violet light fax = 405 nm) for 10 min. Subsequently, the
fingerboard was cut in the middle and the two parts were plaaddse contact with the
addition of PEGDA at the contact surface. The object was then subjected to 365 nm light
irradiation (max = 365 nm) in air at room temperaturgigure 5.12. After 60 min

irradiation, the violin was repaired with fully recovered appeagan
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Figure 5.12 Photoinduced selfiealing of geometrically complex objects 3D printed via
photoRDRP. Top: 200 g weightlifting test @hook before and after sé¢léaling. Hook
was 3D printed using thesin formulation [DBTTC] : [HEA] : [EGDMA] : [TPO] =1

60 : 4 : 0.5 and was sdiealed 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 sethealed under 365 nm irradiation for

60 min in air at room temperature.



5.4 Conclusion

In summary, RAFT agents were incorporated into photopolymerisation resins to
investigate the fabrication of higiesolution 3D printed thermosets witklfshealing
functionality. Objects containing TTC units that were 3D printed under visible light (

= 405 nn) can perform rapid selepair via a secondary polymerisation mechanism under
UV light irradiation (max = 365 nn) under an opeto-air conditims 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 elomgattioreak 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 DB&Eed the TTC

units in the middle of each polymer chain rather than the terminus of all chains, resulting
in a superior selfepairing capability. This work promisingly paves the way for the

fabrication of novel 3D printed thermosets with dedfaling poperties.
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6.1 Conclusion

In the past decade¥,P asa promising additive manufacturing technologgs been
extensively employed immany applications, such agentistry, tissue engineering,
biomedical applications, and production of smart materiathyanced VP techniques
allows the fabrication of complex 3D objects in fast pniptspeed and high printing
resolution.Moreover the versatility of photochemistgpplied behind these techniques
enables the production of polymeric materials with diverse physical and chemical
properties Despitethese advantagesontliving free radical or cationic polymerisation
mechanism adopted by current VP photocuring metipoaiduce inert polymers which
are unable tdbe reactivated for further chain growth, significantly preventing {post
functionalisation of 3D printed material&lso, 3D printed thermosets with irreversibly
crosslinked polymer networkeannot be repaired afterachage, leading to wasted

resources and materials.

Photomediated RAFT polymerisation is a versatile and roRD$RP technique which
performs good control over polymer chain growtia photostimulation Also, the
retention othiocarbonylthio polymer chaiandsin polymer materialsan bereactivated

by external stimuli to enable pestodification of preformed polymersTherefore, the
main purpose of this thesigas to apply photomediated RAFT polymerisation techniques
in VP to fabricatematerials in a controlled manner and impart living characteristics to
these materialsThis body of work has demonstrated thaltotomediated RAFT
polymerisatiorcan be appliedth 3D printingunder visible light irradiation in the open air
usinga commercial 3D printerFurther,the inclusion ofRAFT agents in photoresins
provides control ovemechanical properties of 3D printed materiatgl allows post
functionalisation ofpreformednetworks Moreover, the incorporation of RAFT agents
in the polymeric network enables 3D printing of thermosets withheafingcapabilities

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

In Chapter 3, PET-RAFT polymerisatiorwas firgly exploitedin 3D printingby using a
customised DLP 3D printamder green light irradiatiof max = 525nm) in an operair
condition. Thephotoinitiating system composedanf organic dy&B in conjunction with
triethanolamineas cocatalyst allowed fst printing speedslt was shown that the

mechanical properties of 3D printed materialsre tuned by varying the concentration
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of the RAFT agent in resin formulation84oreover, the retention of the RAFT
functionality during the 3D printing process allowed the 3D printed materiaisdergo
surface posmodificationafter printing.The dormant RAFT agents on the surface of the
3D printed materials can be reinitiated in the presesi EB under green light irradiation
starting a secondary polymerisation with newly added monomé&nsiface
functionalsation was also able to be spatiatigntrolled through selected irradiation
during the postunctionalsation. The versatility of tlsi photomediated RAFT
polymergation process provides access to a range of new functional and -stimuli

responsive materials.

By utilising the same photoinitiating system the previous chaptem Chapter 4,
photoresins containingarious thiocarbonylthiospecieswere investigated for their
application in 3D printingBoth the activating Z groups and leaving R groupd &a
significantimpact on the polymesation rate, which affeetithe 3D printing process and

the resulting mechanical properties of 3D pgthmaterialsPhotoresingontaining BTPA

or xanthatewhich provided fast polymerisation kinetiegere in favour of network
formation, leading to the production of rigid materidlbe differences in mechanical
properties between the objects 3D printethmabsence or presencdrithiocarbonates

were further investigated. At the rubbery plateau region, the storage modulus of the
sample printed withrithiocarbonatesvaslower than that of the sample printed without
RAFT agentsindicating that the network of the sample 3D printed with trithiocarbonates
was less crosslinkedkurther the impact of the concentration of trithiocarbonates on
mechanical properties of 3D printed madls was demonstratedlhe 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 polymesation rates at higheRAFT concentrationsFinally, 3D printed
materialswith the incorporation of RAFT agents in the netwavikere easily post

functionalisedvia onepotin situaminolysis and thieMichael additions.

In Chapter 5, RAFT polymerisation was applied to visibight-induced 3D printing to
produce higkresolution 3D printed thermosets with sle#faling capabilitiedn this work,
RAFT agents played roles as both a chain transfer agent during formation of the polymer
network,andas an iniferteunderUV light irradiation to enable poshodification of the

network in the presence of additional monomer or crosslinkeiNorrish type |
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photoinitiation system was adopted to facilitate RAFT photopolysagon under violet
light irradiation ( max = 405 nm)in 3D printing using symmetric difunctional RAFT
agents to mediate the network formatic8D printed materials(Ty above room
temperaturelontainingTTC units canthen perform rapid seffepair via a secondary
polymerisatiorwith freshly added crossligkunder UV light irradiation (max= 365 nn)

in the open air at room temperatufidne concentration of TTC units in the resuas
critically importantin 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. Selfealing efficiency was alsofluenced by the structure of RAFT
agentsncorporated in the network. It was demonstrated timatraterial3D printed in

the presence dfymmetric difunctional RAFT agemésuledin a superior selfepairing
capability over that 3D printed in the presence of asymmetric monofunctional RAFT
agen. This work promisingly paves the way for the fabrication of novel 3D printed

thermosets with seliealing properties.

As demonstrated throughout the wopkotomediated RAFT polymerisatidachniques
can be applied in 3D printing to fabricate matenaith controlledmechanicaproperties
under visible light irradiation in the open aMore importantly,3D printed materials
incorporated with RAFT agents in the network can be easilyfpostionalised viazZ
end modification approachesuch as ongot in situ aminolysis and thieMichael
additions. Alternatively, théhiocarbonylthio species in the network can bacteated
underlight irradiation startinga secondary polymerisation with newly added monomers
or crosslinkers to poshodify the preformed mateaals. This postmodification process
can also be spatially controlled through selected irradiation to a specific Tdrea
application of theversatie and robusphotomediated RAFT polymerisatidaechniques
in 3D printing provides acess to abroad 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 1980sarious 3D printing
techniqgues emerged and developed rapidly in the past deedldasng the fabrication

of materials with arbitrary geometries and functions tailored for individual demands and
specificapplicationsAmongthese techniques, VP hgarnered significant attentidrom
material and polymer scientistiue toits fast build speed and high printing resolutasn

well asthe versatilityof photochemistry®?> However, the current photocuring method
adopts nodiving radical polymerisation or cationic polymerisatigmerforming less
control over chain growth androducing inert polymersincapable of post
functionalisationThe application ofphotomediated RAFT polymerisation3® printing
allows thetuning ofmaterialmechanical propertieand more importantlimpars living
characteristicsnto the network The dormant thiocarbonylthio species in 3D printed
materials can beepeatedly activatednder external stimuli and then starsecondary
polymerisation with freshly added monomers, generating materials with new functions

such as selhealing capability upon damage

However, a great amount of work is requirefuity reach the potential gghotomediated
RAFT polymerisation in 3Dprinting. A promising aspect isto develop 3D
photopolymerisation systems toward longer wavelength irradiation, suehl bght or
NIR light induced systemin comparison with short wavelength irradiatidong
wavelengthwith low energyirradiation cages less cellular photodamage, increasing the
scope for potentialapplication in 3D bioprinting34® Moreover, long wavelength
irradiationprovides deeper light penetration, whishable toincrease slicinghickness
for each layeprinting, in turn increasing printing speells mentioned irsection 2.3
Page and cavorkers demonstrated a rapid higégsolution DLP 3D printing activated by
using red light irradiatiorf max= 615 nn) in the presence of ZnTPR RC®° With the
addition of coinitiators and opaquing agenashighresolution object was fabricated
rapidly with the print speed of 11 s curing time per laigwever, no latent active sites
were incorporated in the pfermed materials, which were unable to be pustified
with new functionsTherefore, inspired bthis work, it is expected th&ng wavelength
induced RAFT polymerisatiorould providefast fabrication ofhigh-resolution 3D
printed materiawith dormant thiocarbonylthispeciesn the network which can be pest

functionalised fowvarious applications.
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Another promising opportunity for photomediateé\FT processed 3D printingis to
apply photoorthogonalcontrol over the polymerisatiorto fabricate materials with
controlled properties Employing distinct wavelengths to activate and control
polymerisaton enables photomorthogonal reactions;one reaction can proceed
independently of another under specific wavelength irradiation, in turn producing
materials with various function$his strategyhas been applied organic chemistry and
RDRP, but not in phatmediated RAFT processes in 3D printf§g°-?11 214Therefore,

it is expected that the switch of liglsburceduring te printing process could be
programmed, in turn activating polymerisation under selected wavelength irradaation

finally obtained 3D materials with controlled functions and properties.

Certainly, a great deal of works still needed toexplore more dicient and robust
photoinitiation system#r 3D printingand develop newCs orRAFT agentgor specific
applicationsIn addition,the developmenbf VP techniquess also of great significance

to facilitate the progress dfie abovementionedew conceps, such as highly improved
projection techniques to provide higher printing resoluéind fast printing speed 8D
printersequipped with more light sources to provide programmable wavelength switch
function. Taken all together, the advancement of phwdiated RAFT processes in 3D
printing will bring more opportunitieso create new functional materials for numerous

applications.
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