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Abstract: Reversible addition-fragmentation chain-transfer
(RAFT) polymerization is a valuable tool for synthesizing
macromolecules with controlled topologies and diverse chem-
ical functionalities. However, the application of RAFT poly-
merization to additive-manufacturing processes has been
prevented due to the slow polymerization rates of typical
systems. In this work, we developed and optimized a rapid
visible (green) light mediated RAFT polymerization process
and applied it to an open-air 3D printing system. The reaction
components are non-toxic, metal free and environmentally
friendly, which tailors these systems toward biomaterial
fabrication. The inclusion of RAFT agent in the photosensitive
resin provided control over the mechanical properties of 3D
printed materials and allowed these materials to be post-
functionalized after 3D printing. Additionally, photoinduced
spatiotemporal control of the network structure provided
a one-pass approach to 4D printed materials. This RAFT-
mediated 3D and 4D printing process should provide access to
a range of new functional and stimuli-responsive materials.

Introduction

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

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

Concurrently with the expansion of 3D and 4D printing
techniques, the development of reversible deactivation rad-
ical polymerization (RDRP) and other controlled polymer-
ization techniques over the past 20 years has provided
polymer chemists with new tools to enact macromolecular
syntheses.”] Particularly, reversible addition-fragmentation
chain transfer (RAFT) polymerization techniques have been
extensively studied due to their ability to produce well-
defined macromolecules with diverse architectures and
chemical functionalities under a wide range of conditions.!
RAFT polymerization utilizes a degenerative chain transfer
process between propagating radicals and thiocarbonylthio
species (RAFT agents),F™®7 which allows a large fraction of
the growing polymer chains to remain dormant. The key for
synthesizing architecturally diverse polymers via these ap-
proaches lies in the retention of the thiocarbonylthio polymer
chain-end throughout the polymerization; repeated activa-
tion of the dormant thiocarbonylthio-capped polymer chain
via transfer reactions, and subsequent monomer additions
allow the formation of all manner of block, graft, and
branched copolymers.

More recently, photocontrolled RAFT polymerization
processes have been developed that display the favorable
properties of RAFT polymerization while being activated
with benign, low energy visible light.®! Notably, our group
developed a photocatalyzed polymerization process termed
photoinduced electron/energy transfer-RAFT (PET-RAFT)
polymerization.”) In PET-RAFT polymerization, a photoca-
talyst is excited under visible or near-infrared light irradi-
ation, and subsequently transfers an electron or energy to
a thiocarboylthio species. The thiocarbonylthio species can
then fragment to produce a radical capable of initiating
radical polymerization.'"” PET-RAFT polymerization exhib-
its outstanding tolerance to molecular oxygen and can
produce polymers under a broad range of conditions with
high retention of the thiocarbonylthio chain-end. The high
chain-end fidelity of polymeric networks synthesized through
these and other photoinduced RAFT processes have also
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been exploited to expand the functionality of pre-formed
materials.""! For instance, Johnson and co-workers presented
an elegant strategy for modifying “parent” polymer networks
containing trithiocarbonate units within the polymer back-
bone.""" Under blue light irradiation in the presence of
solutions containing a photoredox catalyst and monomer, the
trithiocarbonate units were able to be activated, leading to
polymerization and modification of the original network. This
network post-functionalization provided “daughter” gels with
variable properties.

Additionally, other thiocarbonylthio functional groups
capable of degenerative chain transfer have been used in
polymeric materials to modify the as-formed network struc-
tures. Matyjaszewski and co-workers showed an early exam-
ple of a trithiocarbonate mediated network rearrangement
process.['” Remarkably, the butyl acrylate networks were able
to be cut and subsequently fused together under UV light
irradiation via photoinduced degenerative transfer between
the trithiocarbonate functionalities in each network fragment.
Similarly, dithiocarbamates have been used by Kloxin and co-
workers to relieve stress, and induce self-healing behaviour
within networks via bond rearrangement processes under UV
light."®) Notably, this example utilized the spatial control
possible with light to induce a secondary photopatterning of
the original material. Although these methods demonstrate
that RAFT agents can be incorporated into networks for rich
post-modification procedures, the slow polymerization rate
for typical RAFT polymerization (and other RDRP) pro-
cesses has precluded their direct application to 3D printing
processes. As 3D printing processes require a rapid cure time
for practical applications, 3D printing of polymeric materials
is generally conducted using comparatively rapid free-radical
or cationic polymerizations. As such, 3D printing via RAFT
polymerization has remained a great challenge and is receiv-
ing attention from various research groups, including our own.
For instance, Jin, Bagheri and co-workers in collaboration
with Boyer’s group, very recently developed a photoiniferter
based 3D printing process via direct photolysis of trithiocar-
bonates under 405 nm irradiation. Due to the nature of the
photoiniferter mechanism, this 3D printing process was
conducted in an inert atmosphere.* To extend the viability
of RAFT based 3D printing, a parallel collaboration between
our groups has also very recently investigated 3D printing
using a PET-RAFT process to activate trithiocarbonates
under fully open to air conditions and achieve a relatively
faster printing."*"!

Herein, we investigate 3D and 4D printing via photo-
induced RAFT polymerization (PET-RAFT 3D and 4D
printing using an organic photocatalyst) activated under
visible light (A= 525 nm, intensity =0.32 mWcm 2 The
photocatalytic system featured an organic dye (Erythrosin B,
EB) and a tertiary amine co-catalyst (triethanolamine), which
allowed 3D printing to be conducted in aqueous solutions
without prior deoxygenation. Following fabrication and
mechanical testing of the 3D printed materials, the trithiocar-
bonate groups incorporated in the networks were activated
under visible light for post-modification processes. The
dormant RAFT-capped polymer chains were able to be
reinitiated in the presence of EB under green light irradiation,

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

which enabled surface modification of the 3D printed objects.
Additionally, the use of light allowed the formation of
materials with spatially tailored properties to be printed in
a single step, which provided an avenue to print 4D materials
through swelling and dehydration induced actuation.

Results and Discussion
Optimization of resin formulations

In the development of our RAFT mediated photopoly-
merization process, we initially prioritized increasing the
polymerization rate such that application to open-air vat 3D
printing systems would provide practical printing speeds.
Based on our previous experience with organic dyes as
photocatalysts (PCs) for PET-RAFT polymerization, we
initially tested two xanthene based dyes, namely eosin'Y
(EY) and erythrosin B (EB), for their ability to mediate rapid
polymerization under green light in the presence of air. !
EY is frequently used as a biological stain, and has also
previously been used to initiate free-radical polymerization in
the presence of tertiary amines as co-catalysts via a type II
photoinitiation mechanism, as well as other organic synthetic
transformations.'”! The structurally similar EB has been used
by our group for PET-RAFT polymerization, 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 favorable photophysical and electro-
chemical properties, including a higher triplet quantum yield
(®1), decreased fluorescence quantum yield (@), and a high-
er excited state reduction potential (E°(PC/PC¥)).l%<l In
addition to the organic dye as PC, we also included a tertiary
amine as co-catalyst in this system as these formulations have
previously shown the ability to mediate rapid PET-RAFT
polymerization.'** The inclusion of tertiary amines increases
the polymerization rate by providing more energetically
favorable photoinduced electron transfer (PET) processes
under green light irradiation.['*¢1"]

The reaction components and proposed mechanism of this
photopolymerization process are shown in Figure 1; after
excitation by visible light, the photocatalyst can be reduced by
tertiary amines, generating a reduced PC and a corresponding
tertiary amine radical cation (Figure 1B). The reduced PC
can then transfer an electron to the RAFT agent, returning
the PC to the ground state. The reduced RAFT species
subsequently undergoes f-scission of the weak C-S bond to
generate a thiocarbonylthio stabilized anion species and
a radical propagating species (P,’) capable of adding across
monomer vinyl bonds. The propagating radical species can
interact with other thiocarbonylthio species and chain growth
is regulated by the regular RAFT mechanism.®” Recombi-
nation of the propagating radical with the anionic thiocarbo-
nylthio species and further electron transfer to oxygen or
tertiary amine radical cations closes the catalytic cycle.
Notably, molecular oxygen present in the reaction mixture
can be consumed by electron transfer reactions from the
reduced PC species or the anionic RAFT agent, as was
proposed by Qiao and co-workers.**'¥ Although another

Angew. Chem. Int. Ed. 2019, 58, 17954—17963

85U8017 SUOWWIOD BA 11D 3|cedl|dde aup Aq paueoh a1e S8 [ole O ‘88N 4O Sa|nJ 10} AIg1T8UIIUO A8]IA U (SUORIPUCD-PUR-SLLBY WD A3 | 1M ARe.q 1 UT|uUO//SANY) SUORIPUOD Pue SWiB | 8y} 88S *[£202/0/02] Uo Ariqiauliuo Ae|im ‘puelbug meN JO AisieAlun Aq 809ZT6TOZ 3IUe/Z00T OT/I0p/LI0d A8 |1m Aelq1jeul|uoj/Sdny woy pepeo|umoq ‘0G ‘6TOZ ‘ELLETZST


http://www.angewandte.org

Research Articles

~—_“~7 Internati
NR
A B 3
............................................................. &l M .
=>_ H NR3 —_— P,
d % o i PET
o) :
A= i Visible
PEGDA P Light
=\:o
—N
: Erythronsin B (EB) \
) disodium salt
A JL OH S OZ .................................................. .
o p,-s7'z
(o] e " ot
BTPA (bt NRy
NR;
100 c 100 D 100 E
] ’ ] - ] )
o\o‘ 75] & e\o- 75} 7 L EB e\e‘ 754 DMAm : PEGDA
c c - 0.01 c -~ 70:30
° 1 X ° 1 o 1
g 50 ~ -~ EY:BTPA=0.1:1 .2, 50 -~ 0.05 g 50- -~ 60:40
g < EY:BTPA=0.1:0| £ /4 - 0,025 g -~ 50:50
O 254 -»- EB:BTPA=0.1:1| © 254 / -e- 0.01 O 254 -~ 40:60
-~ EB:BTPA=0.1:0 -~ 0.005 - 30:70
0 * T 5 T ¥ T " T " 0 T T T 0 b T B S PR B |
0 5 10 15 20 25 0 2 4 6 8 0 2 4 6 8 10
Time / min Time / min Time / min

Figure 1. Thiocarbonylthio containing photopolymerization resins. A) Reaction components; B) proposed PET-RAFT mechanism. PC: photo-
catalyst; NR;: tertiary amine; PET: photoinduced electron transfer; C) comparison of vinyl bond conversions for photopolymerizations performed
in the presence of EY or EB as photocatalyst, with varied molar ratios of BTPA as RAFT agent; D) vinyl bond conversion vs. time for varied
EB:BTPA ratios at a fixed molar concentration of [DMAm]:[PEGDA]:[BTPA]:[TEtOHA] =1000:50:1:20, using a solids content of 50 wt-%; (E) vinyl
bond conversions vs. time for varied [DMAm]:[PEGDA] ratios at a ratio of [EB]:[BTPA]:[TEtOHA]=0.01:1:20, performed in bulk with fixed EB,
BTPA, and TEtOHA concentrations. Note: All reactions were performed under green light (1,...=530 nm and intensity =4.3 mWcm ).

mechanism involving direct electron transfer from the excited
state PC to the RAFT agent is possible, the inclusion of
tertiary amines in these mixtures favors the reductive PET-
RAFT process shown in Figure 1B.1>

For the initial model polymerizations, N,N-dimethylacryl-
amide (DMAm) and poly(ethylene glycol) diacrylate (PEG-
DA, average M, =250 gmol ') were used as monomer and
crosslinker, respectively.  2-(Butylthiocarbonothioylthio)
propanoic acid (BTPA) was selected as RAFT agent and
triethanolamine (TEtOHA) was used as a tertiary amine co-
catalyst, and the reaction was performed in water at a total
solids content of 50 wt-%. The initial ratio of [DMAm]:
[PEGDA]:;[BTPA]:[TEtOHA] was 1000:50:1:20 and the ratio
of catalyst (EY or EB) to BTPA was either 0.1:1 or 0.1:0. The
model polymerizations were conducted in open-air droplets
(20 puL) under 4.3 mWcm 2 green light (1, =530 nm) irra-
diation. We monitored the polymerization kinetics of these
systems under different conditions by following the disap-
pearance of peak assigned to the vinylic =C—H out of plane
bending mode in ATR-FTIR spectroscopy (Supporting
information, Characterization). Particularly, the vinyl bond
conversions after 1 min (a;,) and 4 mins (ayy;,) were used as
a comparative guide; we reasoned that systems that present
faster rates in the early stages of the polymerization (i.e., high
Oymin Values), and those that present negligible induction
periods (i), Would be more suitable for implementation in
3D printing processes. This is particularly pertinent in 3D
printing conducted in open-air vats, where the concentration

Angew. Chem. Int. Ed. 2019, 58, 17954—17963
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of molecular oxygen is required to be reduced to a critical
concentration prior to the onset of polymerization.*1’]

The evolution of vinyl bond conversions with time for the
initial reactions, as determined by online FTIR spectroscopy,
are shown in Figure 1C. The catalytic system using EB
provided faster polymerization rates compared to EY for all
analogous recipes due to its favorable photocatalytic proper-
ties (Supporting information, Figure S2). Unexpectedly, how-
ever, the presence of BTPA in both systems provided
a noticeable rate increase compared to systems that did not
include the thiocarbonylthio species. The rate increase
observed with the addition of RAFT agent can be attributed
to an additional reaction pathway, that is, reduction of the
RAFT agent by the radical anion PC species formed after
photoreduction by the tertiary amine. Recently, Sikes and co-
workers proposed a photochemical mechanism for the
regeneration of ground state EY based on oxidation of the
EY radical anion by molecular oxygen;®! as the thiocarbo-
nylthio 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.
Interestingly, in the absence of BTPA and TEtOHA the
polymerization still proceeded, albeit it at a much slower rate
compared to the other systems (Supporting information,
Figure S2).

Given that EB provided faster polymerization kinetics
compared to EY in the model reactions, we subsequently
investigated the effect of altering the other reaction compo-
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nents on the polymerization rate. 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 polymerization after 4 mins irradiation (Support-
ing information, Table S1). As such, the ratio of [BTPA]:
[TEtOHA] =1:20 was fixed while the catalyst concentration
was varied. As shown in Figure 1D, the polymerization
proceeded efficiently with EB:BTPA ratios between 0.1 and
0.005, and the fastest polymerization 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, Supporting information, Table S2
and Figure S3). 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.
Polymerization proceeded in all cases with the 50 wt-%
system providing the fastest rates (Supporting information,
Figure S4 and Table S3).

Encouragingly, these green light mediated model photo-
polymerizations presented rapid cure times under low energy
(I, =4.3 mW cm ™) green light. Prior to implementation in the
3D printing setup, we altered the ratio of monomer to
crosslinker to tailor toward high modulus, free-standing
materials once printed. Figure 1 E shows the polymerization
rate under various ratios of DMAm:PEGDA, using constant
concentrations and ratios of [EB]BTPA]:[TEtOHA]=
0.01:1:20 (Supporting information, Methods). These reactions
were performed in bulk to more closely match the prospective
3D printing conditions. Interestingly, the monomer conver-
sions in these polymerizations did not surpass 70 %; this may
be due to the formation of a rigid network in the early stages
of polymerization, and the inability of the pendent double
bonds from PEGDA to participate in further reaction on the
time scales investigated.”!! Regardless, we noticed that the
polymers produced with higher concentrations of PEGDA
were free standing after the droplet polymerization, which is
to be expected given the higher network connectivity
compared to the systems with higher molar fractions of
DMAm. The polymerization performed in bulk presented
relatively slow rates when the [DMAm]: [PEGDA] ratio was
above 70:30 and there was solubility issues below a ratio of
30:70 (Supporting information, Table S4). Comparatively,
polymerization using a 50 wt-% formulation presented fast
polymerization rates with the vinyl bond conversion surpass-
ing 88% after 4 minutes for ratios of DMAm: PEGDA
between 95:5 and 70:30 (Supporting information, Figure S5).
Higher concentrations of PEGDA resulted in solubility issues
in the 50 wt-% system.

Controlling mechanical properties of RAFT-containing 3D-
printed materials

Having established that photomediated polymerization
led to reasonable cure rates for our thiocarbonylthio con-
taining resins, we then applied our resin to a 3D printing
setup. For all 3D printing conducted in this work, a DLP 3D
printer was used to spatially confine the material formation
via digital masking of the green LED light source (A, =

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

525 nm, I,=0.32 mW cm ). A full description of the printing
setup and procedures can be found in the Supporting
information, Methods. Initially, three different resin formu-
lations with varying ratios of [DMAm]:[PEGDA] and fixed
concentrations of BTPA, EB, and TEtOHA were used to
print a simple rectangular prism with dimensions 40 x 13 x
1.6 mm (1, w, t). These objects were printed using a layer
slicing thickness of 20 um and a layer cure time of 13 s. The
storage modulus (£') and glass transition temperature (7,) of
the printed materials were then determined by dynamic
mechanical analysis (DMA) by performing a temperature
ramp from —50°C to 100°C at a frequency of 1 Hz (Fig-
ure 2D). E’ was calculated at room temperature (~20°C),
while 7, was taken as the maximum of the Tan J curve at
a frequency of 1 Hz. As shown in Figure 2 A, the samples
printed in bulk with [DMAm]:[PEGDA] ratios of 30:70,
40:60, and 50:50, all showed similar £’ values in the range of
250 MPa at 20°C. The T, for the 30:70, 40:60, and 50:50
[DMAm]:[PEGDA] systems was 30, 31, and 33, respectively.
This increase in T, with the increase of DMAm concentration
was expected given the relatively high 7, of DMAm (= 90°C)
compared to typical PEG based acrylates (7, typically less
than 0°C).”? The samples printed with a higher mole fraction
of PEGDA (i.e., 30:70 DMAmM:PEGDA) resulted in 3D
materials with slightly sharper features. Therefore, the
DMAm : PEGDA ratio was fixed at 30:70 for subsequent
tests.

We then examined the effect of the BTPA concentration
on the mechanical properties of the 3D printed materials. As
the thiocarbonylthio species plays a vital role in mediating the
radical polymerization process, we expected that altering its
concentration would change the network structure, and in
turn, the resultant material properties. As shown in Fig-
ure 2B, increasing the concentration of BTPA from 0, 8.96,
22.39, and 44.79 mmol per kg of resin (0, 100, 250, and
500 equivalents to EB) significantly reduced the E’ as well as
the 7, The reduced stiffness in the materials containing
a higher concentration of BTPA was ascribed to the corre-
spondingly lower segmental molecular weight between cross-
links and higher concentration of chain ends; as described by
Flory, Fox, and Stockmayer, these networks have a higher free
volume, and thus lower modulus and Tg.m] Notably, a range of
functional groups, including trithiocarbonates, have been
utilized for the formation and rearrangement of crosslinked
networks, as well as for producing shape-memory and self-
healing materials, and even to induce permanent phase
changes of polymeric materials.”! The inclusion of these
trithiocarbonate species thus allows controlled tuning of the
material mechanical properties based on their concentrations.
We subsequently investigated the build rate of our 3D printed
materials. The model system used to fabricate the 3D printed
objects in the previous section used a layer slicing thickness of
20 um and a total layer cure time of 13 s, resulting in a build
rate of 0.55cmh™!. Using the same resin formulation, the
slicing thickness was then increased to 100 um and the cure
time per layer was changed to 13, 20, 25, and 30 s, which led to
ill-defined objects, except for the system that used a 30s
exposure time (Supporting information, Figure S6). Under
these conditions the build rate was increased to 1.2 cmh'.
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Figure 2. Samples 3D printed with photocontrolled RAFT polymerization. A) Effect of changing the DMAm : PEGDA ratio on the storage modulus
(E') and glass transition temperature (T,), while holding the EB, BTPA, and TEtOHA concentrations constant; B) effect of changing RAFT
concentrations using a ratio [EB:[DMAm]:[PEGDA]:[BTPA]:[TEtOHA]=0.01:164:331:variable:20 in bulk; C) sample printed with a layer thickness
of 20 um and cure time per layer of 13 s using a recipe of [EB]:[DMAm|:[PEGDA]:[BTPAJ:[TEtOHA]=0.01:164:331:1:20; D) Storage modulus (E')
and Tan O for sample shown in Figure 2C at a frequency of 1 Hz determined by DMA. Error bars were calculated using duplicate samples.

Similarly, a layer cure time of 20 s was required to form well-
defined objects when the slicing thickness per layer was
reduced to 50 um. As expected, changing the total light dose
by altering the slicing thickness and cure time per layer
affected the resulting £' and 7, of the 3D printed materials.
For instance, increasing the layer cure time while holding the
layer slicing thickness constant led to stiffer materials
(Supporting information, Figure S7). At a slicing thickness
of 100 um and layer cure time of 30 s the resulting £ was
100 MPa, while at a slicing thickness of 100 um and layer cure
time of 40s the E' of the resulting material was 161 MPa.
Additionally, printed materials that were post-cured through
irradiation under green light (A,,,=525nm, [,=
4.3 mWecm?) showed increasing E' and T, values up to 6 h
post-cure time, which further demonstrated the ability for the
mechanical properties of these materials to be manipulated
via the irradiation parameters (Supporting information, Fig-
ure S8).

4D-printed materials through spatially controlled aqueous
photopolymerization

Spatially controlled light intensities have been previously
explored by several groups for controlling the mechanical
properties of 3D materials prepared by conventional photo-
polymerization, and even for 4D printing via swelling and
dehydration induced actuation.”**! As the mechanical prop-
erties of our 3D printed materials were dependent on the light
exposure, we decided to exploit these differences to print
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a material with spatially resolved properties. Furthermore,
our resin formulations were water soluble, which allowed
objects to be printed in aqueous solutions. To date, only
a handful of aqueous 3D printing systems have been
developed® due to the insolubility of typical photoinitiators
and monomers in water, however, the current system tailors
toward 3D bioprinting due to the high biocompatibility of
aqueous systems.P"™™?l To demonstrate the utility of our
formulation, a hydrogel with spatially resolved properties was
3D printed and subsequently dehydrated and re-swelled for
actuation; as such, a 4D printed material was fabricated using
our photosensitive resin. A cross shaped object with spatially
resolved properties based on the light dose to each layer was
designed as shown in Figure 3 A, and printed using a ratio of
[EB]:[DMAm|:[PEGDA]:[BTPA]:[TEtOHA] = 0.01:1000:
50:1:20 in a 50 wt-% solution of water. Using this geometry,
the first layer was printed with a layer slicing thickness of
20 pm and a cure time 150 s, corresponding to a total dose of
108.0 mJ, while the subsequent 20 pm layers (99 layers) were
exposed to green light for only 13 s, resulting in lower dose of
light (9.4 mJ per layer). The cross was then placed in a water
filled petri dish with the layer exposed to the higher light dose
facing down; the cross started to deform as the layer with the
higher cure time was swollen with water (Figure 3C and
Supplementary Video 1). Subsequently, the cross was re-
moved from the petri dish, flipped (Figure 3D), and exposed
to a slow stream of compressed air to induce evaporation.
Correspondingly, the arched cross flattened and then inverted
its arch as the material dehydrated (Figure 3E,F).
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Figure 3. Swelling and desolvation induced actuation of a material 3D printed with spatially resolved light doses. A) Designed geometrical
properties of cross; B) top view of swollen cross geometry (layer exposed to higher light dose on bottom of object); C) cross with layer exposed
to higher light dose on the bottom, after 5 mins in water; D) flipped swollen cross before dehydration (layer exposed to higher light dose on top);
E) cross after 80 seconds of dehydration; F) cross after 7 mins of dehydration (see Supplementary Video 1).

Reactivation of trithiocarbonate groups for the modification of
3D-printed materials

Interestingly, our pink colored 3D printed materials
changed color after post-curing under green light irradiation,
resulting in materials that displayed a yellow hue (Fig-
ure 4 A). To verify that the yellow color was the remaining
RAFT agent in the 3D printed materials, UV-vis spectroscopy
was used to analyze films printed using our resins in both the
absence and presence of BTPA. Figure 4 B shows the UV-vis
spectra for films before and after a 45 min post-curing process
under 4.3 mW cm? green light irradiation. Both films printed
in the presence and absence of BTPA displayed the typical
EB absorption peak around 540 nm which disappeared after
post-curing, however, only the film containing BTPA dis-

A B — RAFT 0 min
# UNSW campo 5 oa -~ RAFT 45 min
e % — no RAFT 0 min
54 E - no RAFT 45 min
£ 02
o
[ gL st 3 .~
| B3 ety Ed S
8 .7 8 STTHOWSNEAIN 13) 1415 AEEER
i 0.0
u"‘zaz'/'-,:"v‘-'f'»su.ylxe 400 500 600 700 800
(asalpslus oo ettt bbbl

[ PR e E N

Figure 4. Secondary polymerization from 3D printed materials to
change the surface properties. A) Color change in 3D printed films via
post-curing under green light irradiation. From top: 3D printed film
before post curing, after post-curing for BTPA containing resins, and
after post-curing for RAFT agent-free resins; B) absorbance spectra
before and after post-curing for films 3D printed in the presence and
absence of RAFT agents; C) high surface wettability of 3D printed
DMAm/PEDGA networks; D) decreased surface wettability for nBA
functionalized material; E) spatially resolved fluorescence of 3D print-
ed materials containing RAFT agent through photoinduced surface-
functionalization in the presence of pyrene-MMA.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

played and additional peak at 435 nm both before and after
the photoinduced post-curing process.””’ This peak corre-
sponds to the spin forbidden n — m* transition of the
thiocarbonyl group, and demonstrates the retention of the
BTPA end group in our materials.®

The ability to reinitiate polymerization from dormant
thiocarbonylthio end-groups in the presence of diverse
monomers has allowed multifunctional polymeric materials
with diverse architectures to be synthesized in a straightfor-
ward manner. Moreover, surface initiated RAFT polymeri-
zation enables facile manipulation of surface properties.
Indeed, many groups have investigated the initiation of
surface tethered thiocarbonylthio species to impart function-
ality on the surface of materials”® As our 3D printed
materials contained thiocarbonylthio species throughout the
network as well as on the surface, we posited that we could
post-functionalize our materials via a secondary photopoly-
merization process to change the surface properties. To
demonstrate this concept, we 3D printed a rectangular prism
with dimensions of 50x30x2 mm using a recipe of [EB]:
[DMAm]:[PEGDA]:[BTPA]:[TEtOHA] = 0.01:164:331:5:20.
The monomers used during the 3D printing process provided
a hydrophilic surface with high wettability (contact angle =
33°), as shown in Figure 4 C. Following fabrication, the 3D
printed object was thoroughly washed with ethanol and the
reaction mixture in the 3D printer vat was then switched to an
n-butylacrylate (nBA) solution containing EB with a ratio of
[EB]:[nBA]=0.01:1000 and a small amount of ethanol (1.2
vol-%) to help solubilize the EB. The vat was then irradiated
with 0.32 mW cm 2 green light for 5 mins to induce polymer-
ization on the surface of the hydrophilic network and change
the surface properties. As shown in Figure 4D, the 3D printed
material displayed a lower surface wettability following the
secondary polymerization process, as demonstrated by a high-
er water contact angle (64°). As such, the surface properties of
our 3D printed materials were altered after the secondary
polymerization process, which is also in agreement with works
very recently published by our groups.!"!

To further demonstrate the ability to change the surface
properties of our RAFT containing 3D printed materials,
a spatially controlled polymerization process using fluores-
cent monomers was performed.*! A DMAm/PEGDA net-
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work was fabricated and subsequently exposed to green light
irradiation in the presence of 1-pyrene methylmethacrylate
(pyrene-MMA), DMAm, and EB ([EB]:[pyrene-MMA]:
[DMAm]=0.01:20:980). The spatially controlled irradiation
was demonstrated in the form of letters spelling “UNSW”
across the material surface. Following 10 min irradiation, the
3D printed material was removed from the build stage and
carefully washed three times with a 1/1 volume mixture of
DMSO/ethanol and irradiated with UV light (1 =312 nm) to
determine if the pyrene-MMA was successfully attached to
the surface of the 3D printed material. As shown in Fig-
ure 4E, the 3D printed material showed strong fluorescence
only in the “UNSW?” region that was exposed to light during
the secondary photopolymerization, thus indicating a spatially
controlled functionalization from the RAFT agent on the
surface of our 3D printed materials, which has also recently
been used for a similar system published in the literature by
our groups (Supporting Information, Figure S9).[1%

Conclusion

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