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Introduction

3D printing polymerizable eutectics via RAFT
polymerizationt

Nathaniel Corrigan, & *2 Alexandra L. Mutch, ©2° Cyrille Boyer (2 *@ and

Stuart C. Thickett (2 %P

Over the past five years, there has been a notable increase in the application of three-dimensional (3D)
printing techniques mediated by reversible addition—fragmentation chain-transfer (RAFT) polymerization.
This increasing interest is due in part to the associated benefits that RAFT 3D printing systems provide, includ-
ing tighter control over macromolecular network structures and the ability to easily prepare multifunctional
materials. In parallel, deep eutectic solvents that feature polymerizable components, called polymerizable
eutectics, have also been gaining attention for their outstanding properties and ease of manufacture of func-
tional polymer materials. In this work, we develop polymerizable eutectic resins that contain RAFT agents and
are suitable for application to visible-light induced vat 3D printing. The combination of the polymerizable
eutectic components and a Z-connected bis-RAFT agent in the resin provides the resulting materials with
excellent properties derived from both the eutectic components and the degenerative chain transfer mecha-
nism of RAFT polymerization. While the base (non-RAFT) polymerizable eutectic materials display high
modulus and adhesive strength on their own, the inclusion of RAFT agents provides materials with higher
adhesive strength while retaining their high strength to higher temperatures. Moreover, the selection of
N-isopropylacrylamide as one of the eutectic components provides these materials with reversible thermo-
responsive behavior in water. The high shape fidelity and ease of preparation of these materials could be of
potential use in the design of 3D printable biomaterials and actuators.

cases, the mixture serves as both the reactant and the reaction
solvent, which enables the straightforward fabrication of structu-

Deep eutectic solvents (DESs) are an interesting class of solvents
that provide several advantages compared to traditional organic
solvents, including lower flammability, excellent solvation
capacity, and ease of recoverability, and in some cases, high elec-
trical and ionic conductivity." These excellent properties have
led to application driven research of DESs in fields as diverse as
energy, biochemistry, and chemical separations.” DESs are typi-
cally binary or ternary mixtures containing hydrogen bond donat-
ing and accepting components, where the mixture has a signifi-
cantly lower melting point compared to the individual com-
ponents. As an extension of these systems, researchers have
recently developed DESs where at least one component is poly-
merizable, so called polymerizable eutectics (PEs).>®*"° In these
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rally interesting polymer materials, including thermoresponsive
hydrogels, molecularly imprinted polymers, and highly porous
polymer scaffolds.” ™

More recently, reversible-deactivation radical polymeriz-
ation (RDRP) has been used to prepare polymer materials,
both using DESs as reaction solvents®'*™® and using PE
mixtures.”'*"'® Compared to conventional radical polymeriz-
ation, RDRP provides benefits such as tight control over
polymer molecular weights and molecular weight distri-
butions, and the ability to repetitively reactivate polymeriz-
ation to form (multi)block copolymers.*°">* Importantly, eutec-
tic-based RDRP systems retain the benefits of both the DES
and RDRP, including molecular weight control and block
copolymer formation, as well as the ability to recover solvent
components and fabricate structurally tailored materials. In
addition, PEs typically have higher viscosity compared to their
compositionally analogous counterparts prepared in tra-
ditional solvents, which can provide increased polymerization
rates while still retaining a high degree of control over the
polymerization.'">42°

In parallel with these developments, RDRP systems have
also been engineered for application to light-based three-
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dimensional (3D) printing.”*™" In several examples, the rich
history of RDRP has been leveraged to prepare 3D printed
materials with advanced functionalities, most frequently via
reversible addition-fragmentation chain-transfer (RAFT)
polymerization. Notable examples of materials made through
RAFT polymerization 3D printing include self-healing
materials,?® materials with tuneable surface properties,** and
nanostructured composite®® or fully organic®® materials with
outstanding properties.’® The ability to reversibly reactivate
dormant thiocarbonylthio (RAFT agent) functionalities during
and after 3D printing allows polymer network rearrangement
or secondary polymer chain growth processes in the presence
of additional monomers.?” Furthermore, at a fundamental
level, the inclusion of RAFT agents in 3D printing resins regu-
lates the polymerization mechanism and provides polymer net-
works with more homogeneous distributions of crosslinking
junction points, in turn providing tighter control over mechan-
ical properties.*®3°

Given the developments in both PEs and RDRP-mediated
3D printing approaches, we sought to apply this combination to
determine the feasibility of 3D printing with PE mixtures that
include RAFT agents, and to investigate the resulting material
properties. While there are a few examples of 3D printing using
eutectic mixtures,*®** mostly extrusion-based 3D printing, this
research area remains largely unexplored despite the prospective

a Resin Components

—

View Article Online

Paper

benefits for manufacturing functional materials. In this work, we
prepared PE resins which contained N-isopropylacrylamide
(NIPAm) and acrylamide (Am) as the major components, with
the inclusion of N,N-methylenebisacrylamide (MBAm) as difunc-
tional crosslinking monomer and a Z-connected bis-RAFT
agent*®  2,2'-(carbonothioylbis(thio))bis(2-methylpropanoic acid)
(BisPAT) to regulate chain growth (Fig. 1a). Following formation
of the PE from the solid starting components, which is achieved
by straightforward heating of the mixtures, a visible light photo-
initiator was added and the resins were applied to a commercially
available light-based 3D printer (Fig. 1b). The resulting materials
were characterized by several mechanical testing techniques, and
the reversible thermoresponsive swelling properties were also
analyzed. Altogether, these materials were easily printable and
showed high-shape fidelity without significant optimization, with
the resulting properties displaying benefits from both the use of
a PE and the inclusion of RAFT agents in the resins (Fig. 1c).

Results and discussion

Resin development

As a base PE mixture, we selected NIPAm and Am as hydrogen
bond donor and hydrogen bond acceptor. PE mixtures featur-
ing NIPAm and Am have previously shown to have melting
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Fig. 1 3D printing PE materials via RAFT polymerization. (a) Chemicals used in resin formulations in this work; (b) schematic of 3D printing process
using commercial light-based 3D printers; and (c) favorable material properties for 3D printed PE materials, including homogeneous network struc-
tures, high adhesive strength and shear modulus, and reversible thermoresponsive swelling.
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points below room temperature at molar ratios of NIPAm : Am
=2:1 and 3:1, which represents a significant depression in
melting point compared to the individual components (T,
Nipam = 64.0 °C; Tin, am = 84.5 °C)."* Based on this work, and
the potential to use the thermoresponsive behavior of
PNIPAm,*® a PE mixture was formulated using a molar ratio of
NIPAm:Am = 3:1 (mass ratio NIPAm: Am =~ 4.8: 1), and with
10 wt% water overall to aid in dissolution of all prospective
resin components. Previous studies have shown that addition
of small quantities of water do not significantly affect the
stability of the eutectic, with the significant hydrogen bonding
in these mixtures being maintained under these
conditions.***® Due to its strong hydrogen bonding inter-
actions, water is expected to play a role in stabilizing these
hydrogen bonded eutectic mixtures. These mixtures can thus
be considered a ternary eutectic mixture due to the molar ratio
of NIPAm : Am : H,O = of 3:1:2.5. This mixture was stirred at
50 °C in an oil bath for 1 h to provide the liquid PE mixture
(ESI Methodst). To provide a resin capable of crosslinking
during 3D printing, 4 wt% overall of MBAm was added; this
mixture is referred to as the base PE mixture. The viscosity of
the base PE mixture was analyzed and determined to be 14.5 +
0.3 mPa s (ESI Methodst). The freezing point of the base
mixture was determined to be 6 °C, taken as the onset of the
exothermic transition upon cooling during differential scan-
ning calorimetry (ESI Methods and Fig. S1T). The freezing
point of this mixture is well below the melting points of both
the NIPAm and Am monomers, as expected for a eutectic
solvent mixture.

To explore the potential feasibility for 3D printing and to
screen different variations of this base PE mixture, we per-
formed droplet polymerization on glass slides using the light
source from a light-based 3D printer (Anycubic Photon S,
405 nm light array, I, = 0.81 mW cm™> at print surface). For
this exploration, we selected a type I photoinitiator, diphenyl
(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), at concen-
trations of 1 or 2 wt% overall. In addition to these two non-
RAFT agent containing resins, we formulated four other resins
which included 1 or 2 wt% TPO and 1 wt% of either 4-((((2-car-
boxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid
(CTCPA) or BisPAT. These RAFT agents were selected as they
contain carboxylic acid groups at both ends of the RAFT agent
which provided solubility in the base PE mixture. Briefly,
resins which contained no RAFT agents were able to be fully
cured in less than 30 s, while the resin with 1 wt% BisPAT and
2 wt% TPO was effectively cured in 60 s (Table S1t). Resins
containing 1 wt% BisPAT and 1 wt% TPO, or 1 wt% CTCPA
with either 1 or 2 wt% TPO required longer irradiation times
to provide solidified materials and were not considered
further. Based on these results, we developed 3 resins to be
applied to 3D printing which contained either 0, 0.5, or
1.0 wt% BisPAT, with all resins containing 2 wt% TPO within
the base PE mixture. Using these resins, we performed kinetic
analysis of droplet polymerization, using attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spec-
troscopy. For this analysis, 15 pL droplets of the resins were
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irradiated with 0.81 mW cm™2, 405 nm light (ESI Methodst)
then measured by ATR-FTIR spectroscopy. The disappearance
of the peak from 1403-1433 cm ™", corresponding to the =CH,
scissoring mode of the vinyl monomers was monitored, and
the conversion of these resins was determined (ESI Fig. S2 and
S31). Under these open-to-air conditions, the resin without
RAFT agent reached high conversion after 20 s, while the
0.5 wt% and 1.0 wt% BisPAT resins gelled around 30 s and 60
s, respectively. The resins containing BisPAT required longer
cure times, due to both the RAFT polymerization mechanism
(vide infra) and the absorption of 405 nm light by the thiocar-
bonylthio RAFT agent species.>’

3D printing and material adhesion

The three resins were then applied to 3D printing using layer
thicknesses of 50 um and cure times of 15, 30, or 45 s per layer
for the resins containing 0, 0.5, or 1.0 wt% BisPAT, respect-
ively. While these cure times are slightly lower than the kinetic
analysis via ATR-FTIR, this can be attributed to the 3D printing
process being less influenced by oxygen inhibition from air.
Simple disks were initially printed to check the overall feasi-
bility of 3D printing using these resins. These disks were post-
cured under 405 nm irradiation for 15 min (ESI Methodsf¥).
The double bond conversions were also measured before and
after post-curing, with all materials showing high conversions
before and after post-curing (conversion >94% in all cases, ESI
Fig. S4 and Table S27). As shown in ESI Fig. S5,T the materials
printed using resins both with and without RAFT agents were
printed into well-defined disks, which indicated a successful
3D printing process. However, when trying to remove simple
objects from the build stage, we observed an extremely high
adhesion between the 3D printed materials and the build
stage. Moreover, the adhesion anecdotally became stronger
with the inclusion of RAFT agents in the resin, with the
1.0 wt% BisPAT materials proving exceedingly difficult to
remove from the build stage without breaking the printed
object. The high baseline adhesion of these materials is attrib-
uted the use of a PE formulation. Indeed, previous PE
materials have demonstrated very high adhesion.*® However,
to the best of our knowledge, an increased adhesion in
network copolymers due to the incorporation of RAFT agents
has not been previously observed.

To explore the adhesive properties of these resins more
closely, we performed lap shear testing using aluminum laps
to mimic the aluminum alloy used in our 3D printer build
stage. For these experiments, the photoinitiator was replaced
with a thermal initiator, azobisisobutyronitrile, and the resins
were thermally cured between the laps using a heat gun (ESI
Methodst). The results of the lap shear testing are shown in
Fig. 2 and confirmed the observation of increasing adhesion
with increasing BisPAT concentration. The stress at break for
the aluminum laps was 797, 972, and 1353 kPa for the
samples containing 0, 0.5, or 1.0 wt% BisPAT, respectively.
These values are on the same order as previously disclosed PE
materials”® and also “instant” cyanoacrylate adhesives.>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Shear stress at failure for polymer network materials cured
between aluminum laps. No-RAFT samples (blue) were prepared with
the base PE mixture; 0.5 wt% samples (red) were prepared using the
base PE mixture and 0.5 wt% BisPAT; 1.0 wt% samples (green) were pre-
pared using the base PE mixture and 1.0 wt% BisPAT; PEGDA no RAFT
samples (grey) were prepared with pure PEGDA 250; PEGDA 1.0 wt%
BisPAT samples (orange) were prepared with pure PEGDA 250 and
1.0 wt% BisPAT overall; PEGDA 1.0 wt% DBTTC samples (purple) were
prepared with pure PEGDA 250 and 1.0 wt% DBTTC overall. All samples
also contained 2 wt% TPO overall.

Subsequently, we tested the adhesion between a non-PE
resin composed of poly(ethylene glycol) diacrylate (PEGDA
250, average M, = 250 g mol™'), a common crosslinking
monomer used in 3D printing, and 1 wt% of either BisPAT or
dibenzyl trithiocarbonate (DBTTC). DBTTC was selected as it is
a Z-connected bis-RAFT agent with a similar structure to
BisPAT, albeit with benzyl, rather than propanoic acid leaving
groups (ESI Fig. S61). PEGDA-based resins were required as a
control here, as DBTTC and other non-acidic RAFT agents were
not readily soluble in the base PE mixture. Very interestingly,
inclusion of either BisPAT or DBTTC led to a significant
increase in the shear stress at failure compared to the no RAFT
system, indicating that the increased adhesion is not specific
to the acidic BisPAT RAFT agent, and instead is likely to be a
result of using RAFT polymerization with Z-connected bis-
RAFT agents.

We propose that the increase in adhesion is ascribed to the
enhanced network relaxation that occurs during RAFT
polymerization to form the PE network. As noted previously,
allowing polymer chain relaxation during the formation of
adhesives can increase adhesion by reducing the internal
stress within the polymer network.’>>® It has been well docu-
mented that using degenerate transfer radical polymerization,
including with Z-connected bis-RAFT agents, can reduce
internal stress within polymer networks.”*>® For the RAFT
agents used in this work, degenerate transfer between a propa-
gating radical and a dormant Z-connected trithiocarbonate
polymer chain can lead to network reconfiguration, which pro-
motes stress relaxation by allowing chains to adopt a more pre-
ferred configuration. A schematic of this process is shown in
the ESI Fig. S7.1 As noted previously, the build-up of internal
stress (shrinkage stress) within polymer networks increases
faster at higher double bond conversions,>*™®' however, the
reduction in internal stress when using addition-fragmenta-
tion chain transfer mechanism also occurs most prominently
during the same stage of the reaction.’®®>%® 1In these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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addition-fragmentation chain transfer network syntheses, the
final internal stress is frequently reduced by >75% compared
to analogous non-adaptable networks. Notably, in these pre-
vious systems, the time scales for polymerization were on the
order of seconds (typically in the range of 10-100 s after an
inhibition period),’®®>%® which further supports the ability of
our 3D printed systems to relieve internal stress via this
mechanism in this time frame. In addition, network copoly-
mer synthesis mediated by RAFT polymerization is associated
with a delayed onset of gelation due to the formation of lower
molecular weight branched copolymers in the early stages of
the reaction.”"*> Rapid polymerization, as in the case of the
no-RAFT system, does not allow enough time for viscous flow
of the polymer chains to relieve the stress formed from shrink-
age of the resins.®"®* For the systems containing RAFT agent,
as the gel point is delayed there is additional time for the
polymer chains to relax internal stress via viscous flow prior to
gelation and fixation of the network structure. The reduction
in internal stress via both these mechanisms ultimately leads
to greater adhesive strength.

While the increased adhesion may be favorable in some
applications, it was initially problematic in our 3D printing
system. To more easily remove the PE materials from the build
stage after 3D printing, a layer of sacrificial pre-polymer
(PEGDA 250) was printed onto the build stage prior to printing
with PE resins. After printing, the PE materials were easily
removed and the PEGDA layer was peeled away from the 3D
printed materials prior to analysis (ESI Methods¥). Using this
process, we 3D printed a range of relatively simple shapes for
characterization of the material mechanical properties, specifi-
cally rectangular prisms for dynamic mechanical analysis
(DMA), thin cylinders (disks) for analysis of swelling behavior,
and dog-bone shaped pieces for tensile testing.

Material mechanical properties

To examine the properties of the 3D printed PE materials, we
first performed dynamic mechanical analysis (DMA). For the
samples analyzed by DMA, the materials were first dried under
vacuum at 50 °C for 72 h. Samples that were not dried pro-
duced irregular results in DMA at temperatures higher than
~65 °C. Fig. 3 shows the results from DMA, with all samples
showing high room temperature shear modulus values above 3
GPa, and modulus at the rubbery plateau (~195 °C) in the
range of 10 MPa (Table S31). While the shear modulus was in
the same range at high and low temperatures, the tan é curves
showed significantly different behavior for materials 3D
printed with 0, 0.5 and 1.0 wt% of BisPAT in the resin. For the
no RAFT sample, there were two clearly visible peaks in the
tan § curve, one at ~130 °C and the other at ~152 °C, which is
discussed below. The onset of the increase in tané, corres-
ponding to the start of the glass transition, occurred at ~85 °C,
with the broad double peak tailing off around 195 °C. In com-
parison, the samples which contained BisPAT showed nar-
rower tan § peaks and were unimodal, however, the peak of the
tan  curve was observed at roughly the same temperature for
the 0.5 wt% BisPAT system (glass transition temperature, Ty ~

RSC Appl. Polym., 2024, 2, 914-925 | 917
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Fig. 3 Shear modulus (G’) and tan § for 3D printed materials. Materials
prepared using: (a) PE resin with no additional RAFT agent; (b) PE resin
with 0.5 wt% BisPAT; (c) PE resin with 1.0 wt% BisPAT. Blue points
correspond to shear modulus (G') and red points correspond to tané.
Figures show representative samples.

154 °C) and marginally higher for the 1.0 wt% BisPAT system
(Ty =~ 158 °C). For the 0.5 and 1.0 wt% BisPAT samples, the
onset of the glass transition occurred at ~95 and ~105 °C,
respectively, and the tan § peak again tailed off around 195 °C.
The increase in the onset temperature of the glass transition
for the materials prepared using RAFT agents indicates they
retain their glassy high-modulus state at higher temperatures
than the corresponding no-RAFT PE sample.

While previous network copolymers synthesized via RAFT
polymerization have shown narrower tané peaks in compari-
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son to those made via free-radical polymerization,® the
appearance of two distinct tan § peaks is more likely due to
two compositionally different copolymers within the material.
Materials with two phase-separated domains have previously
shown similar effects, where the T, of each individual polymer
is observed in the DMA tané curve.®® In this case, for the
sample prepared without RAFT agent, the two tand peaks
occur around 130 and 152 °C; the low temperature tan é can be
ascribed to copolymers rich in NIPAm (T, wpam &~ 135 °C
(ref. 67-69)) while the higher temperature tané peak corres-
ponds to a more mixed copolymer featuring both NIPAm and
Am (Tg, am ~ 194 °C (ref. 67, 70 and 71)).

Based on these differences, the second low temperature T,
peak observed in the sample without RAFT agent may point to
differences in the network microstructure compared to the
RAFT samples. As noted by Chiklis and Grasshoff, the reactiv-
ity ratios for NIPAm (r;) and Am (r,) are r; = 0.50 and r, = 1.00,
respectively, indicating that Am will be preferentially incorpor-
ated into the polymer chain over NIPAm.”> As such, in the
early stages of the polymerization, polymers will have a slightly
higher Am content compared to the feed ratio. Later in the
reaction the polymer will have higher NIPAm content com-
pared to the feed ratio. Previous literature on reactivity ratios
in uncontrolled radical copolymerization versus RAFT copoly-
merization have noted that RAFT polymerization either has no
effect on the reactivity ratios, or further increases the incorpor-
ation of the higher reactivity monomer (Am in this case).”>””>
To verify that we have some compositional drift in our ternary
PE system, "H NMR was used to track the conversions of the
NIPAm and Am units during photopolymerization for the no
RAFT and 1.0 wt% BisPAT systems under 405 nm irradiation.
Full details on this experiment are provided in the ESI
Methods.i It was observed that the Am was preferentially
incorporated in the polymers in the early stages of this model
reaction, as shown in ESI Fig. S8, S9, and Tables S4, S5.1 The
experimentally determined reactivity ratios’® for NIPAm ()
and Am (r,) were r; = 0.55 and r, = 1.83 for the no-RAFT
system, and r, = 0.51 and r, = 1.97 for the system containing
1.0 wt% BisPAT. These values support the preferential incor-
poration of Am in the early stages of the reaction, and the for-
mation of NIPAm-rich polymers at the later stages of the reac-
tion. Despite the high Am reactivity, the polymers at the start
of the polymerization still contain reasonable mole fractions
of NIPAm due to its 3-fold concentration in the initial mixture
(ESI Table S57).

Considering that the high weight fraction of NIPAm in
these mixtures, it follows then that composition of chains gen-
erated in the later stages of the reaction will have a very high
proportion of NIPAm. For PE materials prepared using RAFT
polymerization, however, the prominent low temperature T,
corresponding to a relatively pure NIPAm phase was not
observed. A shoulder on the low temperature side of the tan §
curve was observed for both the 0.5 and 1.0 wt% BisPAT
samples around 135 °C, however, the intensity of this peak
was comparatively low. Given the reactivity ratios from litera-
ture and experiments which favor the early incorporation of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Am in both RAFT and non-RAFT systems, we attribute the uni-
fication of the T, in the BisPAT containing PE materials to
differences in the chain growth process for the RAFT network
copolymerization compared to the no-RAFT system.

At the early stages of the reaction in uncontrolled radical
polymerization of multivinyl monomers, highly crosslinked
nanogels are formed due to rapid polymerization and intra-
molecular cyclization reactions. These nanogels undergo inter-
molecular crosslinking later in the reaction to form the final
network that features high heterogeneity in terms of density of
crosslinking points.”” In addition, these polymer chains
cannot be reactivated for further chain growth. As such, in our
PE system we are likely to see isolated nanogels which contain
a disproportionately high concentration of Am units within
the polymer chains. Comparatively, RAFT polymerization of

no RAFT
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Paper

multivinyl monomers is associated with a delayed onset of
gelation, due to the formation of lower molecular weight
branched polymers in the early stages of the reaction, which
combine later in the reaction to form a copolymer network
with a more homogeneous distribution of crosslink
junctions.*>”®7° Importantly, the chains produced in the
earlier stages of the reaction, which have a higher proportion
of Am units, are dormant chains which contain trithiocarbo-
nate units within the polymer backbone. When degenerate
chain transfer between propagating macroradicals and
dormant polymers occurs, the polymer main chain is fragmen-
ted and the network can relax. This process supports the
diffusion of Am rich polymer strands away from their original
locations within the material. A schematic representation of
this process is shown in Fig. 4. Altogether, the degenerate

O BisPAT

High NIPAm or Am conc.

Fig. 4 Schematic of network copolymer formation in the no-RAFT and BisPAT PE 3D printing systems. (a) No-RAFT starting materials form: (b) high
crosslink density nanogels in the early stages of the reaction that are rich in Am due to the NIPAm—Am reactivity ratios; (c) later in the no-RAFT reac-
tion the nanogels are crosslinked with the resulting copolymer chains showing a higher relative NIPAm composition. (d) Starting materials in the
systems containing BisPAT: (e) form more highly branched polymer chains prior to gelation which still contain a high Am content, but also contain
trithiocarbonate units within the main chains; (f) further reaction and degenerative chain transfer allows the main chains to fragment and react
further with NIPAm in the later stages of the reaction. The relaxation of the Am rich copolymer chains effectively increases the homogeneity of the
Am—NIPAm composition throughout the network.
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chain transfer process leads to network materials with more
homogeneous microstructures.

Following DMA analysis, we performed tensile testing on
our 3D printed samples. As shown in ESI Fig. S10 and
Table S6,f samples with 0.5 wt% BisPAT showed slightly
higher yield stress (6, = 24.2 MPa) and elongation at break (e,
= 0.7 mm mm™ "), but slightly lower Young’s modulus values
(E' = 143.2 MPa), compared to the sample prepared without
RAFT (o, = 20.9 MPa, &, = 0.6 mm mm ', E' = 160.7 MPa).
Overall, this provided materials with increased tensile tough-
ness (11.4 MJ m~> for 0.5 wt% BisPAT vs. 7.7 MJ m™> for the
no-RAFT sample). Further increasing the BisPAT concentration
to 1 wt% provided materials with noticeably reduced Young’s
modulus (E' = 79.7 MPa) and yield stress (o, = 7.2 MPa), but
with greater extensibility (&, = 0.9 mm mm™). The reduction
in yield stress ultimately provided materials with a reduced
tensile toughness of 5.2 MJ m~>. This decrease in modulus
and increase in extensibility has been previously observed in
other RAFT mediated 3D printing systems, particularly at
higher RAFT agent concentrations.”**® The chain transfer

a
3
= =4
o =
2 5.
)
N
)
Q.
= 1- e no RAFT
o)
© = 0.5 wt% BisPAT
= a2 1.0 wt% BisPAT
0 T T T T T T T 7 AT
0 30 60 90 120150180210240 1440
c Time (min)
0.3
§8 0.2-
= 0.1 no RAFT
' = 0.5wt% BisPAT
a2 1.0 wt% BisPAT

0 10 20 30 40 50
Time (min)
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mechanism decreases the concentration of physical entangle-
ments, providing more flexible materials with lower Young’s
modulus.”®

In a final examination of the 3D printed PE material pro-
perties, swelling tests were performed on 3D printed PE disks
(ESI Fig. S11f). Disks with dimensions of 8 x 1 mm (d X t)
were 3D printed and post-cured, then placed in vials filled
with water at room temperature (ESI Methodst). The mass of
the disks was monitored periodically over 24 h to determine
the rate of water uptake, as well as the water content absorb-
able at equilibrium. As shown in Fig. 5a, at room temperature
(22 °C) the PE materials swelled significantly over 24 h, with
the water uptake of the no-RAFT, 0.5 wt% and 1.0 wt% BisPAT
systems reaching 2.23, 2.66 and 2.69 g g, respectively. In
comparison, when the disks were swelled at 50 °C, which is
above the lower critical solution temperature (LCST) of
NIPAm,*® a volume phase transition occurs with the resulting
water uptake at equilibrium significantly reduced (Fig. 5b).
The water uptake at 50 °C was 1.03, 1.14 and 1.16 g g~* for the
no-RAFT, 0.5 wt% and 1.0 wt% BisPAT materials, respectively.

oy

3
. e no RAFT
"o = 0.5wt% BisPAT
2 29 . 1.0wt% BisPAT
-z
)
s
5 1 =
©
<
0 T T T T T T T 77 AT
0 30 60 90 120150180210240 1440
d Time (min)
0.5+
0.4
= 0.3-
= 0.2 no RAFT
0.1- = 0.5wt% BisPAT
a4 1.0 wt% BisPAT
0.0 T T

0 10 20 30 40 50
Time (min)

Fig. 5 Water uptake in 3D printed PE materials prepared using various BisPAT concentrations. (a) Water uptake over 24 h at 22 °C and at (b) 50 °C;
(c) kinetics of water uptake in the early stages of the swelling experiments for PE materials swelled at 22 °C, and at (d) 50 °C. Shaded error lines in all
graphs represent the 99% confidence intervals of the fits. Graphs shown in a and b were fitted with a one-phase (exponential) decay, while graphs
shown in c and d were fitted using the Korsmeyer and Peppas model (details in ESIT).
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At both temperatures, the materials containing RAFT agents
showed higher water uptake at equilibrium, however, there
was essentially no difference between the 0.5 wt% and the
1.0 wt% systems. In any case, due to the high NIPAm content
in these PE materials, there was an obvious thermoresponsive
swelling behavior for all three materials, with lower equili-
brium water absorption above the LCST, as expected. As these
BisPAT materials also contain carboxylic acid end-groups,
swelling was performed to equilibrium in a pH = 1.0 solution
to check the behavior when the carboxylic acids were proto-
nated. In all materials, the swelling at equilibrium was
reduced compared to the neutral pH swelling samples, with
the no RAFT samples swelling the least (ESI Table S7t). This
supports the physical network structure as the dominant
factor in changing the swelling behavior of these materials.

To examine the differences in swelling rates and network
behavior for each of these systems, we used the mass transfer
model applied by Korsmeyer, Peppas and coworkers for solute
transport in hydrogels: M,/M,, = K-t", where M, and M,, are the
mass at time ¢ and at equilibrium, respectively, K is a complex
term representing the diffusion constant, and » is an exponent
which details the mass transport behavior.®® Full details of the
modelling are shown in the ESI Methods.} Fig. 5c and d shows
the differences in the swelling rate during the early stages of
the experiments. For the samples swelled at 22 °C, there was
essentially no difference in the swelling behavior, with each
sample showing analogous preexponential factors and expo-
nents from the model fitting (ESI Table S8t). The exponents
from this fit were between 0.49 and 0.53, indicating typical
Fickian mass transport behavior.?°"%?

In contrast, the materials swelled at 50 °C showed variable
swelling rates relative to their equilibrium water content, with
increasing RAFT concentrations providing swelling profiles
with lower exponents (ESI Table S8f%). In particular, the expo-
nents for the no-RAFT, 0.5 wt% and 1.0 wt% BisPAT samples
were 0.64, 0.56, and 0.54, respectively. Although the exponents
for the 0.5 wt% and 1.0 wt% samples were slightly higher at
50 °C than at 22 °C, they were still close to 0.5, indicating
mass transport behavior close to Fickian. However, the expo-
nent for the no-RAFT sample (n = 0.64) was significantly
higher, which indicates anomalous behavior in between
Fickian and Case II transport, where both polymer relaxation
and diffusion processes affect the overall mass transport.®!
The higher exponent here indicates that there is a greater con-
tribution of chain relaxation during the swelling of the no-
RAFT samples, which is attributed to the solvation of collapsed
PNIPAm rich domains above the LCST. The higher exponent
here is also in alignment with the proposed network structures
in Fig. 4, where the no-RAFT samples have domains richer in
NIPAm compared to the BisPAT samples and require
additional chain relaxation to reach equilibrium swelling.

3D printed lattices and reversible swelling behavior

PNIPAm network materials have gained great interest in
several fields, particularly in biomedicine for tissue engineer-
ing scaffolds,®® biomolecule separation matrices,*"**> and drug

© 2024 The Author(s). Published by the Royal Society of Chemistry
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delivery materials,®® among others.?””*® This has been largely
driven by the ability to reversibly expand and contract these
materials via external temperature control around physiologi-
cal temperatures. To demonstrate the ability for the 3D printed
PE materials to undergo multiple cycles of reversible volume
change, we swelled 3D printed PE samples containing 0.5 wt%
BisPAT at 22 °C and 50 °C and measured their mass after each
cycle. Fig. 6 shows the corresponding sawtooth plot, indicating
the average water uptake for these materials after each hot
(50 °C) and cold (22 °C) swelling cycle (ESI methodst). After 7
cycles of cold swelling and 7 cycles of hot swelling, the gels
still had water uptake close to the values in the first cycle,
demonstrating the reversible thermoresponsive nature of these
materials.

Aside from the notable properties of these thermo-
responsive PE materials, their ability to be rapidly manufac-
tured via 3D printing brings some additional benefits, most
notably the ability to quickly form functional materials with
relatively unconstrained geometries. To demonstrate the effec-
tiveness of these resins in 3D printing, we used a 0.5 wt%
BisPAT resin to prepare a complex lattice structure that would
be extremely tedious to prepare using conventional manufac-
turing techniques. The designed lattice model is shown in
Fig. 7a and features a 4 x 4 x 4 unit-cell array; the targeted
overall dimensions were 30 x 30 x 30 mm and the target strut
thickness was ~850 pm. The 3D printing of this model was
performed using identical parameters to the previous 3D print-
ing, ie., 30 s layer cure times and 50 pm layers, and with four
bottom layers printed for 45 s each. As shown in Fig. 7b and c,
the lattice was successfully printed with high-shape fidelity,
with struts clearly printed and each unit cell readily observa-
ble. Both the overall dimensions and the strut thickness was
the same as targeted, within measurement error (within
200 pm overall and 100 um for strut thickness) but the four

22°C 50°C

Water uptake (g/g)

O r—T—T T T T T T T T T T T T
123 4567 8 91011121314
#

Fig. 6 Sawtooth plot showing the reversible thermoresponsive behav-
ior of 3D printed materials prepared using a resin containing 0.5 wt%
BisPAT. Points in the blue shaded regions represent samples swelled at
22 °C and sample points in the red shaded regions represent samples
swelled at 50 °C.
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45 min 60 min 72 min

Fig. 7 3D printing complex lattice structures prepared using a PE resin containing 0.5 wt% BisPAT. (a) designed model file; (b) material after 3D
printing, isolation, and washing; (c) close up of lattice showing finer details of the struts; (d) 3D printed lattice after swelling in water for 24 h at
22 °C; (e) selected photos from the swelling of the 3D printed PE lattice, showing a monotonic increase in overall dimensions over the first 72 min of
this procedure. Scale: the designed lattice model dimensions were 30 x 30 x 30 mm, which closely matched (<200 um deviation in all axes) the
printed dimensions for the material shown in b. The dimensions of the swelled lattice shown in d were 48.3 x 48.1 x 47.7 mm (l, w, h).

bottom layers were slightly overcured; these deviations should
be readily rectified by adjusting the printing conditions.
Regardless, without optimization of the 3D printing con-
ditions, clearly well-defined 3D printed lattices were success-
fully produced.

Given the previous demonstration of effective swelling in
these PE materials, we performed a final test to demonstrate
the swelling capability of the 3D printed lattice. The dimen-
sions of the lattice were taken before and after swelling to equi-
librium at 22 °C, and as shown in Fig. 7d, the complex lattice
prepared using the PE resin was effectively swelled in water,
retaining the overall shape of the 3D printed material. A video
of the early stages of this swelling process are included in the
ESI,T with selected frames from ~15 min intervals shown in
Fig. 7e. The dimensions of the swelled 3D printed lattice were
48.3 x 48.1 x 47.7 mm ([, w, h), with the slightly lower height of
this material attributed to the defects on the bottom layers
which slightly restricted the expansion in this direction.

The success of the 3D printing process with these PE resins
can be attributed to both the PE formulation and the inclusion
of RAFT agents in these resins. Compared to NIPAm solutions,
PE mixtures have higher viscosity which can provide faster
polymerization.'»>**> This is especially important in RAFT
polymerization-based 3D printing, where the delayed onset of
gelation can often induce the need for longer cure times.
While the cure time in the current work is not exceptionally
low, these resins are prepared with very low crosslinker concen-
trations (<4 wt% overall of MBAm), which is significantly lower
than typical formulations. During the 3D printing process, the
high adhesion and modulus of these materials also circum-
vents issues associated with excessive peel force which can
often lead to 3D printing failure. Finally, the inclusion of RAFT

922 | RSC Appl. Polym., 2024, 2, 914-925

agents which absorb at 405 nm act as photoblockers, restrict-
ing erroneous curing outside of the desired region.

Conclusion

In this work, polymerizable eutectic resins featuring NIPAm
and Am as monomers and a Z-connected bis-RAFT agent
(BisPAT) as chain transfer agent were applied to light-based 3D
printing to prepare thermoresponsive network copolymers.
These resins displayed high adhesion, with the adhesive
strength increasing with increasing RAFT agent concentration,
which was attributed to the increased polymer relaxation in
these systems. Mechanical property data also showed that
these PE materials were rigid and strong, with room tempera-
ture shear modulus exceeding 3 GPa. The inclusion of RAFT
agents also affected the thermomechanical properties of the
resulting materials, with a unification of the glass transition
temperature observed for the materials printed with BisPAT.
The degenerate chain transfer process and polymer relaxation
during 3D printing with RAFT agents provided materials with
more homogeneous microstructures, which was also sup-
ported by analysis of the swelling behavior, both above and
below the volume phase transition temperature of these
materials. The reversibility of this thermoresponsive behavior
was also demonstrated by repetitive cycling at 22 °C and 50 °C.
Finally, the capabilities of these resins in 3D printing were
demonstrated via the production of geometrically complex
lattice structures with high-shape fidelity compared to
designed models. The high shape flexibility imparted by the
3D printing process (e.g., the complex lattice structure),
coupled with the thermoresponsive behavior of these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials, tailors these 3D printed materials to prospective
applications in both healthcare and sensing. For healthcare,
personalized 3D materials (e.g., wound dressings) may be
printed to interface with geometrically arbitrary parts of the
human body. Materials loaded with drug would then release to
the affected areas. For sensing applications, actuating
materials based on temperature changes could be used to
design sensors that require intricate parts or geometries.

Altogether, the 3D printing resins developed in this work
showed a range of favorable properties due in part to both the
PE and the RAFT polymerization mechanism with the
inclusion of Z-connected bis-RAFT agents. The high-shape
fidelity of these materials, combined with high strength makes
3D printing straightforward. This work should inform the
design of future 3D printing system using RAFT agents and
polymerizable eutectics, especially for those with focus on
applications in thermoresponsive materials.

Data availability

Data has been deposited at UNSWorks, an Open Access insti-
tutional repository which enables UNSW researchers to make
their research outputs freely available and accessible. A doi
indicator will be provided after the data has been accepted by
the UNSWorks (data submitted, acceptance in progess as of
28" June 2024).
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