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ABSTRACT: As the scope of additive manufacturing broadens,
interest has developed in 3D-printed objects that are derived from
recyclable resins with chemical and mechanical tunability. Dynamic
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covalent bonds have the potential to not only increase the \

sustainability of 3D-printed objects, but also serve as reactive sites

for postprinting derivatization. In this study, we use boronate esters as E ;2\ Postprinting
a key building block for the development of catalyst-free, 3D-printing exchange
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resins with the ability to undergo room-temperature exchange at the
cross-linking sites. The orthogonality of boronate esters is exploited in
fast-curing, oxygen-tolerant thiol—ene resins in which the dynamic
character of 3D-printed objects can be modulated by the addition of a
static, covalent cross-linker with no room-temperature bond exchange.
This allows the mechanical properties of printed parts to be varied
between those of a traditional thermoset and a vitrimer. Objects
printed with a hybrid dynamic/static resin exhibit a balance of structural stability (residual stress = 18%) and rapid exchange
(characteristic relaxation time = 7 s), allowing for interfacial welding and postprinting functionalization. Modulation of the cross-
linking density postprinting is enabled by selective hydrolysis of the boronate esters to generate networks with swelling capacities
tunable from 1.3 to 3.3.
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he ability of additive manufacturing (AM), also termed

3D printing, to produce objects with intricate, custom
shapes has led to an increasing range of applications from
biomedicine,' > construction,* and energyS to aerospace.6 In
particular, vat photopolymerization printing techniques, such
as stereolithography (SLA) and digital light processing (DLP),
have enabled facile control over part complexity at the micron
scale. While many early efforts focused on improving the
resolution of printed objects, recent attention has been
directed toward increasing the range of building blocks
incorporated into additive manufacturing resin formulations
(AM resins). This gives molecular-level control over network
properties and functional group incorporation.” For example,
Lewis and co-workers have reported a method for 3D printing
dielectric elastomer actuators that exhibit in-plane contractile
actuation modes.® Similarly, Boydston and others have
developed one-step, multimaterial strategies that allow for
distinct mechanical properties to be spatially patterned within a
3D-printed object.” "'

In addition to increasing the chemical complexity of AM
resins, recent studies have focused on 3D-printed objects that
can be modified postprinting. This work has evolved “4D
printing” strategies, which ¥enerate objects that change shape
in response to a stimulus. "> Additionally, the inclusion of
reactive chemical groups in the AM resin allows for surface
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functionalities to be altered via postprinting modification, such
as chromophore labeling or the growth of a polymer from
tethered initiating sites."*~"®

To enable even greater versatility over vat photopolymeriza-
tion techniques, such as SLA and DLP, dynamic covalent
bonds, whose exchangeable nature allows for the modification
of both shape and chemical functionality, are an emerging area
of significant potential.'”~** Dynamic bonds are used to great
effect in extrusion-based processes such as fused filament
fabrication (FFF)**** and direct-ink writing (DIW) e
demonstrating that reconfigurability serves the dual purpose
of enhancing the performance of as-printed parts and allowing
their transformation into new shapes during recycling. This is
an important sustainability benefit considering the rapidly
increasing quantity of 3D-printed material being produced
every year.”® For vat systems, such as DLP, Ge and co-workers
demonstrated the first 3D-printed reprocessable thermoset via

A Macro Letters)

=

Received: April 20, 2021
Accepted: June 21, 2021
Published: June 23, 2021

https://doi.org/10.1021/acsmacrolett.1c00257
ACS Macro Lett. 2021, 10, 857—863


https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmacrolett.1c00257&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00257?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00257?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00257?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00257?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00257?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amlccd/10/7?ref=pdf
https://pubs.acs.org/toc/amlccd/10/7?ref=pdf
https://pubs.acs.org/toc/amlccd/10/7?ref=pdf
https://pubs.acs.org/toc/amlccd/10/7?ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00257?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org/macroletters?ref=pdf

ACS Macro Letters

pubs.acs.org/macroletters

4 )
SN YT

DABo
O
O P
0N~
%\OJJ\/\SH )4 ©f;o\/§
O

PETMP DAP

J

Figure 1. Overview of light-based 3D printing of resins, including dynamic boronate esters. Left: Monomers (diallyl boronate (DABo),
pentaerithrytol tetrakis(3-mercaptopropionate) (PETMP), and diallyl phthalate (DAP)); Center: Graphical representation of the printer; Right:
Schematic of the network structure containing a dynamic boronate ester and static diallyl phthalate cross-links.

the inclusion of hydroxyl and ester functionalities plus a zinc
catalyst. The presence of catalyst and free hydroxyl groups
enables the resulting objects to be remolded or repaired via
transesterification.”” > Dynamic covalent bonds have also
been employed in AM to weld 2D sheets into 3D parts
through the exchange of hindered urea bonds.”> While these
reactions effectively allow for postprinting modification, they
require high temperatures (>150 °C) to be activated, which
may lead to thermal degradation or unwanted side reactions,
particularly for sensitive functional groups. Interest has thus
turned toward chemistries that are active at lower temper-
atures, including imines (120 °C),** Diels—Alder adducts (110
°C),* and disulfides (60—80 °C).***”

In contrast with many other dynamic covalent chemistries
(e.g, transesterification, ”® transcarbonation,’® and urethane
exchange®), boronate esters undergo catalyst-free trans-
esterification with minimal heating (<60 °C)," ™" in which
partial hydrolysis facilitates exchange via a dissociative
pathway.”*® The mild nature of boronate exchange has led
to its use in the 3D printing of hydrogels via extrusion."’~>* An
additional feature of boronate esters is their stability during
radical chemistry,**>** making them an appealing candidate
for radical-based AM photopolymerization strategies.

This work presents a DLP-based approach toward the 3D
printing of dynamic polymer networks containing boronate
ester cross-linking units (Figure 1). Varying the relative
incorporation of dynamic boronate and static phthalate
cross-linkers in a photocurable thiol—ene resin yields control
over the 3D-printing process and mechanical behavior of the
resulting objects. The presence of a static cross-linker was
found to be necessary for maintaining dimensional stability
during printing, while the inclusion of dynamic bonds within
the 3D-printed object allows for subsequent modification, both
in structure and in function.

In the initial development of dynamic DLP resins, both
acrylic- and thiol—ene-based systems were studied, with thiol—
ene resins ultimately selected due to their oxygen tolerance,
reduced shrinkage stress, and the ease of synthesizing a diallyl
boronate monomer (DABo, Figure S1). This choice was
further guided by pioneering studies from Sumerlin and co-
workers, who demonstrated successful curing of thiol—ene
networks containing structurally similar boronate esters.**’
Additionally, recent studies demonstrate the effective trans-
lation of thiol—ene resins into SLA and DLP 3D-printing
strategies.”> > The potential disadvantages of thiol—ene
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systems, namely, malodor and poor stability, were mitigated
by the choice of a commonly used low-volatility thiol
monomer (pentaerithrytol tetrakis(3-mercaptopropionate),
PETMP) and the addition of small quantities of stabilizers
(2,6-di-tert-butyl-4-methylphenol (BHT) as radical inhibitor
and phenylphosphonic acid (PPA) as an acid costabilizer) to
the resin mixture. With the addition of these stabilizers, which
are analogous to those used previously with allyl-based
monomers,” the resin showed no notable change in viscosity
over the course of printing (ca. 8 h) or while stored at —20 °C
(4+ weeks).

For bulk systems, a formulation containing stoichiometric
quantities of DABo and PETMP, with phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO) as the initiator,
cured rapidly (tack-free time < 1 min) when exposed to 405
nm light in an open-air benchtop mold. While this resin
mixture yielded a highly cross-linked elastomer, initial attempts
at 3D printing with an analogous formulation (Table S2)
proved challenging, despite the curing kinetics remaining rapid,
with a 100 um layer thickness achieved within 20 s (Figure
S6). We concluded that the combination of rapid boronate
ester exchange coupled with the elastomeric nature of the
cured part (T, = —6 °C, as measured by DSC, Figure S2) led
to relaxation during printing, resulting in poor fidelity and
eventual failure.

To increase dimensional stability, the dynamic nature of the
diallyl boronate monomer was balanced by dilution with a
static cross-linking monomer, that is, diallyl phthalate (DAP).
Recent studies have shown that the introduction of static cross-
links into a dynamic covalent network can result in residual
stresses upon relaxation that help maintain shape at the
expense of the full recovery of mechanical properties upon
reprocessing.****°"*> To investigate the effect of a static cross-
linker, benchtop samples were prepared containing varying
amounts of DABo and DAP (keeping the total allyl content
constant), and the stress relaxation behavior was examined
after curing (Figure S3). While the fully static sample (0 mol %
DABo) showed minimal stress relaxation as expected for a
highly cross-linked thermoset, the addition of a boronate
monomer resulted in increasing relaxation. This data was
further explored by fitting to a stretched exponential decay
(Table S1), which allowed the identification of two regimes. As
with previous hybrid static/dynamic systems,**"%* samples
with high percentages of dynamic monomer (60—100 mol %
DABo) exhibited the full stress relaxation characteristic of
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Figure 2. Images of 3D printed cubic lattices with 0, 15, and 30 mol % DABo incorporation. (a) As printed and (b) after one month at room
temperature. (c) Room-temperature stress relaxation of 3D printed cylindrical samples, 0, 15, and 30 mol % DABo incorporation, measured in
shear via parallel-plate (8 mm) rheometry with a strain of 0.1%. Inset shows an image of a representative cylindrical sample.

traditional covalent adaptable networks, with little difference in
characteristic relaxation times among formulations containing
60 or 100 mol % DABo. However, below a critical threshold of
DABo monomer loading, a percolating nondynamic network is
formed, resulting in an increase in the characteristic relaxation
time (from 23 s for 60 mol % DABo to 56 s for 40 mol %
DABo). Additionally, the retention of residual stress (6% for
40 mol % DABo, increasing to 24% for 20 mol % DABo) was
observed. Notably, this transition occurs at a lower dynamic
loading than that pred1cted by theory (x67% for a tetrafunc-
tional cross-linker),®’ which is consistent with empirical
observations for similar systems.***® This discrepancy can be
attributed to the structural imperfections inevitably present
within an experimental network, including incomplete
conversion, loop formation, and dangling chains, which are
not accounted for by theory.”’ These imperfections are
expected to arise at least in part from minor hydrolysis of
the boronate cross-links, which has been observed under
ambient conditions.*

From these benchtop, bulk-cured results, it was apparent
that low DABo loadings (<40 mol %) led to a desirable
balance of rapid relaxation and reinforcing residual stress. To
investigate how these mixed static/dynamic systems behave
during 3D printing, resins with DABo incorporations from 0—
30 mol % were prepared (Table S3), and a cubic lattice was
printed using a DLP system (Figure 2a). The effect of varied
dynamic character is evident, as both the fully static (0 mol %
DABo) and 15 mol % DABo samples printed successfully,
while the 30 mol % DABo showed failure during the print as
well as creep immediately afterward. This relaxation in the 30
mol % DABo system can again be attributed in large part to the
rapidity of boronate exchange at room temperature as well as
the low T, (18 °C) of the thiol—ene network (measured by
DMA, Flgure S11). However, we note that the low conversions
achieved during the printing process also appear to play a role.
Upon the completion of a standard postprint photochemical
cure, the 3D-printed objects achieved high conversions, as
observed by the substantial reduction in thiol signal (FTIR,
Figure S7) and allyl resonances (solid-state NMR, Figure S8)
and large gel fractions (>90%,Table S4). No visible creep was
observed for prolonged periods at room temperature, even in
the case of samples with 30 mol % DABo (Figure 2b).

To further study the interplay of dynamic and static cross-
linking, cylindrical samples with 0, 15, and 30 mol % DABo
incorporation were printed, and room-temperature stress
relaxation measurements were performed. The printed samples
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exhibited similar behavior when compared to benchtop, bulk-
cured samples, with decreasing residual stress arising from
increased incorporation of DABo. The measurements of the
printed samples show that the 30 mol % DABo system retains
less than 10% of the applied stress, which, as is evident from
the visual results, is insufficient to reinforce the network. As a
result, the window of resin formulations for successful printing
was identified as <30 mol % DABo.

By decreasing the loading of dynamic DABo cross-linker to
25 mol %, a range of high complexity 3D lattices were printed
with excellent fidelity (Figure 3). All three contain well-defined

angled view —C»

top view

Figure 3. 3D models of three different lattices (left and right) and
side-/top-down images of the resulting 3D-printed objects (center)
from a resin containing 25 mol % DABo. Scale bars represent 1 cm.

internal structures that were preserved in the final object, with
the sharpness of corners and edges not softened by midprint
creep. Furthermore, despite the 1:3 molar ratio of dynamic
(DABo) versus static (DAP) cross-linker, cylindrical samples
printed with 25 mol % DABo incorporation revealed rapid
stress relaxation with a residual stress of less than 20% (Figure
§12). In addition, the room-temperature relaxation results in
the noticeable smoothing of layer boundaries and surface
defects relative to objects printed with the 0 mol % DABo
formulation (Figure S13). This apparent reduction in
interfacial boundaries highlights the potential of using low
loadings of a room-temperature-exchangeable cross-link to
achieve 3D-printed objects with in situ smoothing of the
layered structures inherent to DLP and SLA techniques.
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A key feature of dynamic boronate ester cross-linking is the
room-temperature, catalyst-free exchange between functional
groups within the network (Figure 4a), which enables

(a)

Figure 4. (a) Graphical representation of dynamic exchange between
network strands involving boronate cross-link units. Images of (b) ice
cream cone and ice cream as printed and (c) welded after 16 h at
65 °C.

postprinting modification such as interfacial welding and
secondary functionalization. While the presence of a static
DAP cross-linker prevents fully cohesive self-healing, the
boronate ester loading is sufficient to permit cross-linking
between parts after heating to 65 °C (Figure S14). To
demonstrate how this cross-linking allows multipart welding, a
model ice cream cone and ice cream were printed separately
(Figure 4b). Upon contact between the two parts and a
thermal treatment, boronate esters exchanged across the
interface. The resultant ensemble was able to support its
own weight upon inversion (Figure 4c and Supporting
Information, video), while no welding was observed for the
corresponding 0 mol % DABo sample subjected to the same
conditions (Figure S15 and Supporting Information, video).
In addition to multipart welding, the presence of dynamic
covalent bonds also allows for molecular-level tunability via
boronate ester exchange. For example, treating DABo-
containing networks with a boronic acid, in this case, 3-
(dansylamino)phenylboronic acid (DAPBA), results in a
fraction of the cross-links being replaced by the DAPBA
fluorophore, as shown in Figure Sa. To illustrate the
orthogonal nature of this functionalization process, printed
samples containing either 0 mol % or 25 mol % DABo were
placed in a solution of DAPBA at room temperature, followed
by Soxhlet extraction to remove noncovalently bound
fluorophore. The presence of the fluorophore in each network
was then monitored spectroscopically via fluorimetry. Interest-
ingly, a notably more intense DAPBA emission peak was
observed for the dynamic network containing 25 mol % of
DABo units compared to the fully static network containing 0
mol % DABo. This difference in emission intensity is
rationalized by the ability of the boronate esters to undergo
transesterification with diols, leading to the covalent attach-
ment of fluorophore within the DABo-containing networks
(Figure Sb). This transesterification of the DABo cross-linking
sites can also be used to selectively functionalize 3D-printed
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Figure S. (a) Graphical representation of the exchange reaction
between network boronate esters and a fluorescent boronic acid (3-
(dansylamino)phenylboronic acid (DAPBA). (b) Fluorimetry results
after exchange and Soxhlet extraction for the 25 mol % DABo sample
and a 0 mol % DABo control. (c) Demonstration of dynamic
exchange with DAPBA in a printed starfish sample that was
subsequently welded to a printed rock, yielding a mixed
fluorescent/nonfluorescent system that was imaged under both
ambient light and with irradiation from a 365 nm lamp.

objects by either partial swelling with DAPBA solution, leading
to exchange only in the areas exposed to the boronic acid
(Figure S19) or through a combined functionalization/welding
approach (Figure Sc). The latter involves the printing of two
separate objects, of which only one is exposed to the DAPBA
solution, and then both objects are welded together to form
the final structure. Using this convergent approach, a 3D-
printed starfish (25 mol % DABo) was exposed to the
fluorophore solution and then subsequently welded to a 3D-
printed rock (25 mol % DABo) that had not been exposed to
DAPBA. This resulted in a hybrid fluorescent/nonfluorescent
system, illustrating the power of this modular strategy for
fabricating spatially functionalized 3D printed ensembles.
The versatility of boronate esters as a modular cross-linking
unit can be further examined based on their ability to undergo
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facile hydrolysis in the presence of water. The consequence of
this process for a dual network containing both labile and static
cross-links is that hydrolysis of the boronate esters leads to a
programmable decrease in cross-linking density, while the
stability of the static DAP-derived cross-links prevents full
dissolution (Figure 6a). Cylindrical samples were printed

B Pre-H,0
W Post-H,0

w

-

Swelling Capacity (THF)
N

0
0 15 25 0 15 25
mol% DABo mol% DABo
(d)
asprinted  {
H,O/THF
0% 25%

Figure 6. (a) Cartoon of boronate ester hydrolysis. (b) Decrease in
dry sample mass after exposure to 10% (v/v) H,O in THF. (c) THF
swelling capacity for samples containing varied quantities of DABo
before (red) and after (blue) exposure to 10% (v/v) H,O in THF.
(d) Demonstration of difference in swelling between 0 mol % and 25
mol % DABo samples, both exposed to 10% (v/v) H,O in THF.

containing DABo loadings of 0, 15, and 25 mol % and
subsequently exposed to a solution of 10% (v/v) H,O in THF.
The dry masses of the samples were measured before and after
this exposure, with the larger mass loss observed for samples
with higher DABo loadings, which is suggestive of the
hydrolytic cleavage of the boronate esters (Figure 6b). This
hydrolysis is further supported by the changes in swelling
capacity (defined as (m, — m;)/m,, where m, is the dry mass
and mj, is the solvated mass) of the samples, as measured in
THE before and after exposure to water (Figure 6¢c). While the
larger swelling capacity of the samples with more DABo cross-
linker can be attributed in part to polarity differences, as an
upward trend is apparent in the prehydrolyzed samples, this
increase is magnified postexposure to water. Notably, after
exposure to water, the 25 mol % DABo sample exhibits more
than double the swelling capacity of the 0 mol % analogue.
This additional swelling capacity is attributed to a combination
of decreased cross-linking density and changing polarity arising
from the liberation of diols upon hydrolysis of the boronate
esters. The resulting difference in swelling behavior is visually
apparent, with the 25 mol % sample increasing in size to a
much larger degree than the 0 mol % control sample (Figure
6d).

In conclusion, we demonstrated a DLP-based strategy for
the 3D-printing of dynamic covalent networks based on
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boronate esters. The degree of relaxation in printed parts can
be tuned via the relative percentage of dynamic boronate esters
versus static phthalate cross-links, with the critical boronate
concentration (relative to total allyl monomer content) found
to be 25 mol %. Using resins containing up to 25 mol % DABo,
objects were fabricated with complex three-dimensional
geometries that exhibit dynamic character, which allows for
the welding of multiple objects. Furthermore, exchange with
free boronic acids enables the postfabrication introduction of
chemical motifs, such as the spatial patterning of fluorescent
groups. Selective hydrolysis of the boronate esters is also
possible, which gives solvated networks with a degree of
swelling dependent on the initial loading of dynamic DABo
cross-linker. As a result, the inclusion of exchangeable boronate
cross-links in a thiol—ene resin is a powerful strategy for the
production of 3D-printed dynamic thermosets that can be
modified under mild conditions. Future work will broaden the
scope of this approach, including the investigation of higher-T,
monomers for increased dimensional stability during printing
and the design of hydrophilic systems for fabricating
biocompatible, dynamic 3D hydrogels.
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