7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Multifunctional dithiolane monomers for
multi-scale, recyclable light-driven additive
manufacturingt

{ M) Check for updates ‘

Cite this: Polym. Chem., 2025, 16,
2108

@b Jaxon T. Cione,® Bruce E. Kirkpatrick, €<
®© Abhishek P. Dhand, @2 ¢ Jason A. Burdick,
b€ and Christopher N. Bowman

Benjamin R. Nelson,
Kendra M. Kreienbrink,
C. Wyatt Shields IV, € 2©f Kristi S. Anseth

a,b.de

*3a,e

In this work, we develop a tetrafunctional monomer incorporating 1,2-dithiolanes as the reactive group,
lipoic acid pentaerythritol ethoxylate, which is capable of photopolymerization and is suitable for light-
based additive manufacturing with high spatial resolution across various length scales. This monomer
polymerizes in either the presence or absence of exogenous photoinitiator. Using dynamic light proces-
sing and two photon lithography techniques, parts were printed on size scales ranging from multiple cm
to pm, with resolution as small as 1 pm. As a result of the dithiolane polymerization, linear disulfides are
formed, forming covalent adaptable networks directly from the polymerization reaction. Furthermore,
through heating and dilution in solvent, the network was recycled back to the lipoic acid functional
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monomer with approximately 95% monomer recovery, which was subsequently repolymerized to achieve
nearly identical modulus evolution as a function of exposure time. This work represents an advance in the
development of multifunctional dithiolane monomers, as well as recyclable resins for additive manufac-
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Introduction

Compared to linear thermoplastics, thermoset polymers are
attractive for high performance applications owing to their
shape stability and resistance to physical deformation.’
Furthermore, light-based crosslinking affords spatiotemporal
resolution in the production of thermosets, enabling precise
manipulation of shape and stiffness.> Developments in photo-
polymerization have led to a range of new technologies, includ-
ing UV and visible light-curable coatings,’ photolithography-
based 3D printing," and biofabrication techniques.’ Recent
advances in vat photopolymerization methods for 3D printing
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turing that are capable of polymerization with or without exogenous photoinitiators.

have improved upon the flexibility, speed, and resolution of
printing.® In particular, digital light processing (DLP) has
emerged as a versatile light-driven additive manufacturing
method that uses planar light projection to crosslink a liquid
photo-reactive resin into a 3D object in a layer-by-layer
manner. Although DLP enables rapid fabrication, object
resolution is often limited by the pixel size (typically about 25
to 50 um). As a complementary technique, two-photon litho-
graphy (2PL) uses a pulsed laser to scan and raster a photo-
reactive resin in a point or line-by-line manner. As a result, fea-
tures with sub-micron resolution are readily fabricated with
2PL, and 2PL has continued to increase the resolution
achieved within printed parts and features,” but the process is
less scalable. However, compared to traditional thermoplastic
extrusion printing methods, DLP and 2PL technologies achieve
much smaller feature sizes and more complex geometries,
while also facilitating faster printing.® Despite the promise of
these 3D printing modalities for the fabrication of multifunc-
tional materials, their use in the processing of dynamic
materials has been largely limited.

As printing technologies improve, these systems become
more attractive for applications including rapid prototyping,
high throughput and automatable manufacturing, and fabrica-
tion of non-moldable parts.®® However, the permanent cross-
links that give rise to thermoset materials and their desirable

This journal is © The Royal Society of Chemistry 2025
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properties also restrict their recycling and reprocessing.
Covalent adaptable networks (CANs) have been proposed as a
potential solution to overcome these limitations, through
either remolding parts to a new physical shape or degrading
them to soluble oligomers or small molecules/monomers that
can be subsequently reused.’ Specifically, complete chemical
recycling to monomer or partial degradation to functional oli-
gomers is promising for sustainable 3D printing, as these pro-
ducts are then capable of subsequent reutilization in a variety
of applications rather than only being subject to mechanical
reprocessing. However, such systems often require the
addition of virgin monomer to the recycled resin for reprinting
which diminishes the ultimate fraction of material that is
recyclable.”® While recent studies have identified systems
capable of polymerization and subsequent recycling back to a
functional monomer, many of these resins are not amenable
to subsequent photopolymerization."" A fundamental limit-
ation remains that CANs are significantly more amenable to
reprocessing rather than true recycling, which greatly limits
their applicability for light-based additive manufacturing.

Disulfide bonds, one of the oldest forms of dynamic chem-
istries in polymers,"” are attractive for the chemical recycling
of thermosets back to a repolymerizable monomer. 1,2-
Dithiolanes, a class of ring strained cyclic disulfides, have long
been known to undergo a light-driven ring-opening polymeriz-
ation reaction,™ and recently are undergoing a renaissance in
the production of polymers. Notably, this ring-opening reac-
tion directly results in the formation of linear disulfides, inte-
grating a dynamic chemistry into the polymer backbone. With
a reported ceiling temperature of approximately 140 °C, dithio-
lanes have been investigated for depolymerization back to the
ring-closed monomer.'* Recent studies have prepared both
linear and crosslinked polymers from dithiolanes through a
variety of polymerization reactions, including direct photo-
lysis, thermally driven reactions,'® and radical,’” cationic,®
and anionic'® polymerizations. Furthermore, radical copoly-
merizations of dithiolanes and various alkenes have been
reported, enabling systematic control over the dynamic
content of these polymers.*°

To date, there has been limited exploration of multifunc-
tional dithiolanes in crosslinked thermosets. Most network-
forming strategies thus far have relied on modification of the
carboxylic acid present on many dithiolanes to add supramole-
cular interactions or an additional crosslinking moiety, or the
side-chain functionalization of a linear polymer with dithio-
lanes to enable crosslinking.”* However, for use in recyclable
additive manufacturing applications, the development of mul-
tifunctional monomers utilizing dithiolanes as the reactive
species would have significant advantages. Recently, such
monomers have been prepared as the interest in both dithio-
lanes as polymerizable moieties and additive manufacturing
grows.”” Dithiolanes are an attractive chemistry for the devel-
opment of CANs through 3D printing, as the polymerization
directly results in the formation of dynamic bonds, unlike
many other dynamic chemistries where the exchangeable
bond must be included within the monomer. Furthermore, as
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a ceiling temperature polymer, which is able to revert to the
ring closed form, dithiolanes have the potential to depolymer-
ize back to a repolymerizable monomer through simple
heating and dilution. Thus, using a simple disulfidation reac-
tion, it is possible to modulate the dynamic content of the
material post-polymerizaiton. In this work, we synthesize a
novel tetrafunctional dithiolane monomer, lipoic acid pentaer-
ythritol ethoxylate (LAPEO) using Fischer esterification, which
is an easily scalable and inexpensive synthesis strategy. LAPEO
is capable of photopolymerization into crosslinked thermosets
both with and without photoinitiator. When heat is applied to
the resultant network, thermal stress relaxation driven by di-
sulfide bond rearrangement enables reprocessing of photopo-
lymerized networks. This inherent dynamic behavior is tem-
pered through a post-polymerization disulfidation reaction
with a vinyl ether. Furthermore, in the presence of a suitable
excess of solvent, heating above the ceiling temperature causes
the polymer to revert to the ring-closed LAPEO monomer,
which is then readily recovered and repolymerized, achieving
effectively identical mechanical properties in comparison to
those of the virgin resin. When used as a photopolymerizable
3D printing resin, LAPEO forms a rubbery network capable of
reversion to monomer and subsequent reprinting, enabling a
fully circular light-based additive manufacturing resin system
amenable to multiple printing methods and length scales. For
most 3D printing applications, reactions containing initiator
are preferred due to improved reaction rates. However, re-
cycling films produced without initiator eliminates residual
initiator and initiator fragments that would otherwise accumu-
late across recycling generations, which results in increased
light attenuation. When dithiolanes are polymerized without
initiators, the monomer, polymerization reaction, and final
dynamic chemistry allows one to functionally and theoretically
infinitely extend the possible number of polymerization cycles.
This monomer system advances the state of both dithiolanes
as dynamic crosslinked polymers and recyclable 3D printing
systems across multiple length scales.

Results and discussion

LAPEO, a tetra-functional dithiolane monomer (Fig. 1a), was
synthesized from pentaerythritol ethoxylate 15/4 as a core, and
lipoic acid, a commonly available and naturally sourceable
dithiolane, as the reactive end group. Briefly, pentaerythritol
ethoxylate 15/4 and lipoic acid were refluxed in toluene for
18 hours in the presence of catalytic sulfuric acid (Fig. S17),
reacting the carboxylic acid of the dithiolane with the terminal
alcohol of the pentaerythritol ethoxylate to form an ester
linkage. The reaction proceeded to high conversion as evi-
denced by the high dithiolane functionality of the monomers
as confirmed by NMR (Fig. S2 and S3,f >95%, additionally
characterized by FTIR, Fig. S41) and high yield of monomer
(~80%). Notably, despite heating of the dithiolanes above
70 °C, i.e., the temperature at which thermal polymerization
was observed under other conditions,*'* polymer formation

Polym. Chem., 2025, 16, 2108-2116 | 2109


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5py00199d

Open Access Article. Published on 02 d' abril 2025. Downloaded on 29/1/2026 23:04:47.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

a b
(0]
o]
4

LAPEO monomer

ring-closed monomer

View Article Online

Polymer Chemistry

hv or R

ring-opened network

c d e

§ i i § 2.0 r
10° 10° 3 : I
E § ] ’ i 1.5 =
= =g N L [
g 10" F 3 10° i S i
£ [ E ] i F=1.0 .
@ @ 1024 ! L ] i
g™ e : £ 0.5 .
4 i —— 10mwiem? [ ] I
0 1067300 600 o W —— 20mWiem? E ] :

10+ ————— T 71— 10" o 0.0 — T

0 2000 4000 0 25 50 75 0 50 100

Time (s) Time (s) € (%)

Fig. 1

(a) LAPEO monomer structure. (b) Polymerization and depolymerization of dithiolanes to form or to recycle networks, respectively. Inset is a

polymerized LAPEO film after solvent removal, illustrating network transparency. (c) Initiator-free polymerization of LAPEO diluted in toluene
(monomer at 53 w/w%, 20 mW cm™2 405 nm light). Dashed line indicates beginning of light exposure. (d) LAPEO polymerized with photoinitiator
(BAPO, 0.5 w/w%, monomer at 53 w/w%, varied intensities 405 nm light). Dashed lines indicate region of light exposure. (e) Tensile testing of LAPEO
films at 0.5% strain per s (monomer polymerized at 53 w/w%, with 0.5 w/w% BAPO added, irradiated with 20 mW cm™2 405 nm light for 5 min per
side, 100 pm samples, solvent removed at 60 °C for 18 hours). Three replicate traces are shown. Young's modulus = 3.0 + 0.1 MPa, ultimate tensile

strength = 1.6 + 0.2 MPa, strain to break = 110 + 10%.

was not observed during the synthesis. This behavior is attrib-
uted to the ceiling temperature behavior of the dithiolane
polymerization and the dilute nature of this reaction (dithio-
lane concentration of 0.2 M)."* The Fischer esterification was
chosen because of the potential for scaleup compared to reac-
tions that involve hazardous or expensive reagents and
complex workups unsuitable for industrial production. A
yellow liquid monomer, capable of photo-
polymerization with and without initiator (Fig. 1b), was
obtained from this reaction. Using a similar Fischer esterifica-
tion, a bifunctional control was also synthesized to compare
the gelation of a 2 vs. 4 arm system (Fig. S5-S87).

To limit the optical thickness of the resin (LAPEO ¢ = 68
M~! em™ at 405 nm, LAPEO ¢ = 400 M™* cm™ at 365 nm in
decadic molar extinction, Fig. S91), monomer was diluted in
toluene prior to polymerization (monomer at 53 w/w%).
Toluene was chosen as a solvent because of its excellent
optical properties. Photopolymerization of LAPEO without
initiator proceeded relatively slowly under 405 nm light
(20 mW cm™?) with gelation (indicated by a crossover in the
storage and loss moduli) observed after approximately 400 s
(Fig. 1c). While the initiatorless LAPEO polymerization pro-
ceeded much more rapidly when initiated at shorter wave-
lengths, e.g., 365 nm, significant optical attenuation of the
light occurs due to strong absorption at the lower wavelengths.
To overcome this speed limitation, the photoinitiator phenyl-
bis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO, 0.5 w/w%)
was added, greatly reducing the time to gelation (Fig. 1d).

viscous
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Again, to limit light attenuation, polymerizations were con-
ducted in solution, with monomer diluted in toluene
(Fig. S107). Both with and without initiator, polymerized films
reached in situ storage moduli of approximately 3 MPa. Post
polymerization, LAPEO formed an optically transparent elasto-
mer film (Fig. 1b). Of note, the final modulus in the photo-
initiator-free system was higher than that of the sample con-
taining BAPO by a factor of approximately 1.5, which may be
attributed to both slower initiation (longer kinetic chains) and
solvent loss over time. To account for solvent loss after
polymerization, all subsequent mechanical measurements
were performed on dried samples. Solvent was removed in an
oven at 60 °C for 18 hours prior to mechanical testing, result-
ing in approximately 20% linear shrinkage. Dynamic mechani-
cal analysis revealed a T, of —30 °C with a full width half max
of 15 °C, indicating a relatively homogenous network structure
(Fig. S11%). Furthermore, differential scanning calorimetry
indicates a higher T, of —11 °C (Fig. S127).

In tensile testing, these materials exhibit a high strain to
break of 110 + 10%, reaching an ultimate tensile strength of
1.6 + 0.2 MPa. Furthermore, given the sulfur content of these
networks, these materials also have excellent optical properties
as far as clarity and refractive index. The refractive index of the
monomer is 1.512 at 589.3 nm, rising to 1.529 after polymeriz-
ation for a An of 0.017. Additionally, these materials exhibit
high transmission through the visible region (Fig. S137).

Since the crosslinks present in this material are disulfide
bonds, the network remains dynamic after polymerization. By

This journal is © The Royal Society of Chemistry 2025
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raising the temperature, stress relaxation increases pro-
portional to the rate of disulfide metathesis. To characterize
this behavior, samples (100 pm thick) were polymerized using
0.5 wt% BAPO and exposed to 20 mW cm > 405 nm light for
5 minutes per side, followed by solvent removal at 60 °C for
18 hours. Stress relaxation was performed at various tempera-
tures, holding the strain at 5%. At ambient temperatures,
stress relaxation is limited; however, at elevated temperatures
the samples relieve significant amounts of stress. At 150 °C,
the stress is completely relaxed within 8 hours (Fig. 2a). An
activation energy of 148 + 2 k] mol™" was calculated from the
Arrhenius behavior of the stress relaxation, which is similar to
values reported for other disulfide-crosslinked CANs.>?

While dynamic bond rearrangement is a valuable tool for
altering material structures and recycling, it is not always a
desirable feature in the final material produced, particularly
when the dynamic chemistry is thermally triggered. To remove
disulfides from the network without overall modification to
the network architecture, the disulfidation reaction was
employed. Using a monofunctional alkene monomer, the di-
sulfide bond was replaced by two thioethers, effectively insert-
ing a carbon-carbon single bond (from the alkene) flanked by
thioether linkages in place of the previous disulfide (Fig. 2b).
Previous studies have shown that vinyl ethers are particularly
favorable for this reaction, so ethylene glycol vinyl ether
(EGVE) was selected.*® 60 w/w% EGVE and 0.5 w/w% BAPO
were dissolved in acetone, and the LAPEO film was swelled
overnight in this solution. Since there is no effective change in
the network connectivity, and only a minor increase in M.
(since EDVE has a molecular weight of 88.11, a single addition
of EGVE across a disulfide theoretically increases M, by 11%)
there should be a limited effect on the modulus of the material,
which was confirmed with in situ rheology (Fig. S14t).
Comparing the stress relaxation of films at 120 °C, there was a
5-fold increase in the characteristic time for stress relaxation
after disulfidation (Fig. 2c). Notably, these materials are more
brittle after the disulfidation, reaching a strain to break of 25 =+
3% at a similar ultimate tensile strength of 1.7 + 0.3 MPa. We
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attributed this behavior to decreased dynamic content of the
network, which reduces the bond exchange rate and correspond-
ingly its extensibility (Fig. S15f). However, upon disulfidation,
the refractive index of the material remains constant at 1.529,
but the attenuation in the UV region is shifted to shorter wave-
lengths, likely through the conversion of both linear and cyclic
disulfides to thioethers (Fig. S167).

While many CANs are capable of reprocessing by harnes-
sing their ability to rearrange the network structure, dithio-
lanes are uniquely suited for both reprocessing and recycling
because of their ceiling temperature behavior, which enables
complete reversion to reactive monomers. To revert dithiolanes
back to their ring-closed state, polymers were heated in the
presence of a solvent. Due to the ceiling temperature behavior,
a true sink condition (i.e. effective zero concentration of
monomer present in the solvent at all times) is not needed,
and rather, the concentration only needs to be sufficiently low
to favor the equilibrium shift. This behavior is an advantage
that ceiling temperature polymers have compared to other
CANs, as all exchangeable networks may be depolymerized in
a true sink condition; however, the volume of solvent required
is much lower for a ceiling temperature polymer. Kim and co-
workers recently reported on the apparent impact of the
chosen solvent, indicating that N,N-dimethylformamide (DMF)
is important to the degradation process, building on previous
work by Feringa and coworkers that also relied on DMF.>®
DMF is highly hygroscopic and contains trace water, leading to
the equilibrium formation of dimethylamine and formic acid
through hydrolysis.”® Under these conditions, dimethylamine
is present at approximately 0.1% under ambient conditions
and likely catalyzes depolymerization of poly(lipoic acid) cross-
links.>” Considering these results and the requirement of a
relatively high boiling point, DMF was selected for the re-
cycling process for our networks. Heating polymerized LAPEO
samples (~100 mg, 53 w/w% in toluene, polymerized using
20 mW cm™2 for 5 min per side with 0.5 w/w% BAPO, solvent
removed at 60 °C for 18 hours) to 120 °C in 10 mL of DMF for
3 hours resulted in complete degradation of the polymer
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Fig. 2 Dynamic behavior of polymerized films. (a) Stress relaxation at temperatures varied from 100-150 °C (darkest blue = 100 °C, lightest blue =
150 °C). Dashed lines indicate the stretched exponential fit. Inset: Arrhenius plot of tau as a function of temperature to calculate the activation
energy for stress relaxation. From the fit, £, = 148 + 2 kJ mol™2. (b) Scheme for the disulfidation reaction with a vinyl ether which subsequently limits
dynamic behavior. (c) Stress relaxation with and without disulfidation post-processing at 120 °C. The relaxation times were found to be, with disulfi-

dation 7 = 8.1 x 10° s and without disulfidation, 7 = 1.4 x 10° s.
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network. Removal of the depolymerization solvent in vacuo
resulted in 95 + 4% of the monomer being recovered by mass
over three separate trials. NMR spectroscopy indicated full
reversion to monomer, with no remaining polymer peaks
(Fig. 3b). Additionally, GPC results confirmed near complete
reversion to monomer with a small fraction of remaining oli-
gomeric content (Fig. S171). However, any residual oligomer
did not greatly affect the polymerization of the recycled
monomer, as the reaction proceeded similarly to the virgin
monomer when photoinitiator was added (Fig. 3c). This con-
version back to monomer is a yield similar to many other
depolymerizable polymers*® and did not require the addition
of any catalysts or other small molecules beyond solvent.
Furthermore, the temperatures necessary for this reversion are
relatively mild compared to many thermally reversible poly-
merizations, which may be beneficial or disadvantageous
depending on the desired operating temperature range for the
device.?® A feature of this approach with respect to this reversi-
bility is that the temperature sensitivity of reversion and
exchange are tunable through changes in the monomer and
polymer structures used here,?® as well as modulation of the
disulfidation reaction. Films that have undergone the disulfi-
dation reaction are no longer recyclable, revealing disulfida-
tion as an effective tool for modulating this key property.

To assess the ability to integrate the LAPEO into photolitho-
graphic processes, photopatterned polymerizations were con-
ducted at varied length scales with multiple printing tech-
niques. To accommodate versatile methods of printing, it is
worthwhile to note that LAPEO is capable of being printed
both with and without initiator, a feature partly enabled by the
tetrafunctional geometry of the monomer, which allows for
network formation at lower conversions than in the bifunc-
tional case. In comparison to a matched bifunctional
monomer (PEG core, matched dithiolane concentration and
arm length), the photoinitiated times to gelation are compar-
able, with the tetrafunctional LAPEO having a slightly shorter
gelation time. However, in the non-initiated case, LAPEO gels
much more rapidly, enabling initiator free printing at con-
siderably lower light doses (Fig. S187).
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First, to investigate the mesoscale printing capabilities, a
commercial DLP printer with a 405 nm light source was used
to fabricate centimeter-scale 2.5D structures (e.g., University of
Colorado buffalo logo) with high fidelity. Since photocrosslink-
ing of LAPEO without photoinitiator proceeds slowly with
405 nm light at intensities commonly used in projection
(Fig. 1c), initiator (BAPO, 0.5 w/w%) was added to the resin to
speed up the maskless DLP-based light projection, resulting in
centimeter-scale patterns on the order of seconds. In contrast,
when the length scale of the features required is microns, no
initiator was used for 2PL, as the local light dose used is much
higher using the confocal lasers. Specifically, using a confocal
microscope equipped with a two-photon laser, 2PL at 730 nm
was used to print a rendering of the Great Wave Off Kanagawa
without the need for exogenous photoinitiator (Fig. 4b). To
quantify the resolution achieved with 2PL, positive and nega-
tive features of varying sizes were printed and quantified
(Fig. 4c). In both positive and negative features, resolutions of
1 pm were achieved in the xy plane, and there is linearity in
feature size when printing across size scales (Fig. 4d).
Expanding on the scale and complexity, 3D objects were
printed using DLP for larger objects (Fig. S19f) and a
Nanoscribe 2PL system for smaller objects (Fig. 4e). As with
the 2D 2PL, no exogenous initiator was used in the printing of
the micron scale parts. 2PL enables rapid production of arrays
of microscale printed parts (Fig. S201) with high fidelity and
resolution, showcasing this resin as a tool for rapid
prototyping.

Finally, printed parts were recycled using the same re-
cycling techniques as applied to bulk polymerized LAPEO to
yield repolymerizable monomer. The recovered monomer was
subsequently reprinted using any of the techniques explored
here. As a proof-of-concept demonstration, a part printed by
DLP was recycled to resin and diluted in toluene with initiator.
This new resin was then printed using 2PL to achieve a part
with similar feature sizes and resolution as the virgin resin
(Fig. 4f). This recycling and reprinting capability represents a
key component of a circular economy of 3D printing uniquely
suited for rapid prototyping.
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Fig. 3 Recycling of LAPEO polymerized films. (a) Scheme for the ring-closing monomer reversion reaction. 95 + 4% monomer was recovered on
three recycling experiments. (b) NMR of virgin and depolymerized monomer indicating full reversion to monomer. (c) In situ photorheology of virgin

monomer compared to recycled monomer photopolymerization reactions.
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Fig. 4 Lithography of LAPEO across length scales. (a) University of Colorado buffalo logo printed in LAPEO using a DLP projector with photoinitiator
(405 nm, 0.5 w/w% BAPO, scale bar = 5 mm). (b) Great Wave Off Kanagawa printed via 2PL in LAPEO without initiator (730 nm, scale bar = 50 um).
(c) Resolution test of LAPEO using 2PL (730 nm, scale bar = 50 um). (d) Quantification of printed features compared to intended feature size. (e) La
Pieta printed with Nanoscribe 2PL without initiator (790 nm, scale bar = 10 pm). (f) La Pieta printed from recycled LAPEO with Nanoscribe 2PL with

initiator (790 nm, 0.5 wt% BAPO, scale bar = 10 pm).

Conclusion

Results herein demonstrate advances in dithiolane crosslinked
thermosets and formulations as recyclable additive manufac-
turing resins. Specifically, LAPEO was developed as a tetrafunc-
tional dithiolane monomer via a scalable Fischer esterification
synthesis. This monomer is capable of photopolymerization
with and without initiator to form rubbery elastomers.
Harnessing the ceiling temperature behavior of dithiolanes,
films were recycled back to a reactive monomer, which was
subsequently repolymerized. Finally, LAPEO is well suited to
photolithography, with high resolution and pattern fidelity
across multiple length scales. Taken together, the recycling
capabilities of this resin, the flexibility of the initiator-free
crosslinking, and the printing at multiple length scales make
this system uniquely capable of rapid prototyping with additive
manufacturing.

Methods

Materials

All chemicals were purchased from Sigma and used as received
unless otherwise noted. 405 nm light was supplied via a
Thorlabs 405 nm LED collimated light source.

LAPEO synthesis

In a 1 L two-necked round bottom flask (RBF), lipoic acid
(4.14 g, 20.075 mmol) was combined with pentaerythritol
ethoxylate (15 repeats ethylene glycol/4 arms, 2 g, 2.509 mmol)

This journal is © The Royal Society of Chemistry 2025

and a magnetic stir bar. The round bottom flask was then
placed into an oil bath and connected to a Dean-Stark appar-
atus and a condenser. 100 mL toluene was added, and the
mixture was purged with argon and heated to 130 °C while stir-
ring. Once fully refluxing, 3 drops of sulfuric acid diluted in
1 mL of toluene was added dropwise. The RBF was then
covered in aluminum foil and refluxed while stirring for
18 hours. After the toluene was removed in vacuo, the
monomer was refluxed in ethyl acetate with activated charcoal
to remove carbonized impurities for 3 hours. This mixture was
filtered through sand and Celite to remove the charcoal, and
the filtrate was washed with saturated sodium bicarbonate (2x)
and brine (1x). The organic phase was dried over magnesium
sulfate and concentrated in vacuo. Monomer was further puri-
fied via flash chromatography with a gradient from 0-20%
MeOH in DCM. A viscous, optically transparent yellow sub-
stance remained after concentration in vacuo with a yield of
approximately 80%. Products were analyzed with 'H NMR
(Fig. S21).

'H NMR (400 MHz, CDCL3, §): 4.28-4.09 (m, 2H), 3.75-3.42
(m, 16H), 3.24-3.08 (m, 2H), 2.54-2.43 (m, 1H), 2.41-2.31 (m,
2H), 1.98-1.88 (m, 1H), 1.76-1.40 (m, 1H).

2 arm dithiolane monomer synthesis

In a 1 L two-necked round bottom flask (RBF), lipoic acid
(5.5 g, 26.67 mmol) was combined with hexaethylene glycol (6
repeats ethylene glycol, 2 g, 6.667 mmol) and a magnetic stir
bar. The round bottom flask was then placed into an oil bath
and connected to a Dean-Stark apparatus and a condenser.
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100 mL toluene was added, and the mixture was purged with
argon and heated to 130 °C while stirring. Once fully refluxing,
3 drops of sulfuric acid diluted in 1 mL of toluene was added
dropwise. The RBF was then covered in aluminum foil and
refluxed while stirring for 18 hours. After the toluene was
removed in vacuo, the monomer was refluxed in ethyl acetate
with activated charcoal to remove carbonized impurities for
3 hours. This mixture was filtered through sand and Celite to
remove the charcoal, and the filtrate was washed with satu-
rated sodium bicarbonate (2x) and brine (1x). The organic
phase was dried over magnesium sulfate and concentrated in
vacuo. Monomer was further purified viag flash chromatography
with a gradient from 0-20% MeOH in DCM. A viscous, opti-
cally transparent yellow substance remained after concen-
tration in vacuo with a yield of approximately 80%. Products
were analyzed with "H NMR (Fig. S67).

'H NMR (400 MHz, CDCL3, 6): 4.28-4.09 (m, 2H), 3.75-3.42
(m, 11H), 3.24-3.08 (m, 2H), 2.54-2.43 (m, 1H), 2.41-2.31 (m,
2H), 1.98-1.88 (m, 1H), 1.76-1.40 (m, 1H).

Absorbance measurements

LAPEO extinction coefficients were measured using UV/Vis
spectroscopy (Thermo Fisher Scientific Evolution 300) at wave-
lengths from 300-500 nm with data intervals of 1 nm through
quartz cuvettes with a path length of 1 cm. Molar extinction
coefficients were calculated using Beer’s Law. Film % transmit-
tance was measured using the same instrument through a
200 pm thick film over a range from 200-1100 nm.

Attenuation measurements

The light penetration depth (D,) at a given wavelength, i.e., the
depth at which 1/e fraction of the light is absorbed, was calcu-
lated using eqn (1),*" where A is the absorbance of the liquid
resin at a given wavelength as measured on a nanodrop
(Thermo Scientific) and b is the pathlength through which the
absorbance was measured. LAPEO monomer plus 0.5 wt%
BAPO was diluted in toluene to the various concentrations
measured.
_ —log(1/e) 0.43

= ) w

Rheology

In situ rheology. A TA instruments RSA-2 rheometer was
fitted with an 8 mm quartz tool for photoirradiation and a
Peltier plate for temperature control. 2.5 pL of 53 w/w %
monomer in toluene with or without phenylbis(2,4,6-trimethyl-
benzoyl)phosphine oxide (BAPO) photoinitiator was pipetted
onto the surface of the Peltier plate, and the tool was lowered
to a height of 25 pm. A strain of 5% and a frequency of 1 Hz
were applied during time course measurements. After 30 s of
baseline measurement, the samples were illuminated with
various intensities of 405 nm. 3 measurements were taken per
condition, and the average and standard deviation were
plotted.
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Thermal stress relaxation. Films of polymerized LAPEO were
prepared by polymerizing 53 w/w % LAPEO in toluene contain-
ing 0.5 w/w % BAPO using 20 mW cm™> 405 nm light at a
thickness of 100 pm between RainX coated glass slides.
Solvent was removed in an oven at 60 °C for 18 hours. Using a
TA instruments DHR-3 rheometer, films were subjected to 5%
constant strain at various temperatures, and the evolution of
stress was tracked. Stress was normalized to the maximum
value.

Disulfidation of LAPEO films. LAPEO films were prepared as
described above. After solvent removal, films were immersed
in 60 ww % ethylene glycol vinyl ether in acetone for
18 hours. Films were exposed to 405 nm light (20 mW c¢m™>
for 5 minutes per side) and solvent was removed at 60 °C for
18 hours prior to stress relaxation experiments. I situ rheology
was performed on a DHR-3 rheometer with a strain of 5% and
a frequency of 1 Hz, exposed to 20 mW cm > 405 nm light.

Dynamic mechanical analysis

Films were prepared as described above for the thermal stress
relaxation measurements. DMA was performed using a TA
instruments RSA-2. A cyclic strain of 0.03% was applied at a
frequency of 1 Hz, and the temperature was ramped from —80

to 40 °C at a rate of 3 °C min™".

Tensile testing

Tensile testing was conducted using a TA instruments RSA-2
on rectangles ~5 mm on length, 3.5 mm in width, and 100 pm
thick. Samples were subjected to a strain rate of 0.5%/s until
failure.

Differential scanning calorimetry

Films were prepared for DSC as described above for DMA. DSC
was performed on samples with a heat cool heat cycle at 5 °C
min~" from —80 to 180 °C. First cooling and second heating
steps are shown.

Refractive index measurements

Refractive index was measured with an Anton Paar Abbemat
refractometer at a wavelength of 589.3 nm.

LAPEO recycling

100 pm thick films with masses of ~100 mg were prepared by
irradiating 53 w/w% LAPEO in toluene with 0.5 w/w% BAPO
through RainX coated glass slides with 20 mW cm™ 405 nm
light. Polymerized films were added to 10 mL of DMF in
20 mL scintillation vials. The samples were heated to 120 °C
for 3 hours, and the DMF was removed in vacuo. The mass of
the recovered sample was compared to the original mass of the
sample, and "H NMR (400 MHz, CDCL;) and GPC (in chloro-
form) were used to compare the initial and recovered
monomers.

Photopatterning

Photopatterning was performed using a Zeiss LSM 710 laser
scanning confocal microscope. LAPEO was photopatterned

This journal is © The Royal Society of Chemistry 2025
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neat without initiator on an acrylated cover slip. Laser power
used was approximately 1 mW, with a pixel size of 2.37 pm
and a pixel dwell time of 6.3 psec.

DLP printing

Maskless meso-scale patterning and 3D printing were per-
formed using a Lumen Alpha DLP printer (Volumetric Inc.,
USA) with 405 nm light source and 35 um pixel size as
described previously.®* Briefly, LAPEO resins were dispended
within the vat and each layer (50 pm) was subjected to light
exposure (12 seconds, 20 mW c¢m™?). Resin was composed of
53 w/w% LAPEO in toluene with 0.5 w/w% BAPO initiator. To
prevent adhesion of resin and subsequent delamination of the
print, a thin layer of fluorinated oil (Krytox, 500 pL) was added
to the vat before dispensing the resin. Acrylated cover slips
were adhered to the build platform to facilitate attachment of
the base layers during printing. The vat was filled with excess
LAPEO to prevent drying or evaporation of the object to be
printed during the entire process. Post-printing, the objects
were removed from the build platform, rinsed with toluene,
and subsequently imaged.

Nanoscribe printing

Three-dimensional microstructures were printed using the
Nanoscribe Photonic Professional GT2. STL designs were
created in Blender and converted to print files using DeScribe
(Nanoscribe). Prints were completed using Nanowrite. Prints
were completed using the oil-immersion (ZEISS - Immersol
518F) configuration with the 63x objective on a borosilicate
substrate coated with ~0.5 nm of Pt to improve finding the
interface. Reflectivity of the Pt film caused bubbling due to
overexposure at the surface, so the first 10 base layers
(~0.3 pm each) were printed at a lower laser power than the
bulk structure. Standard LAPEO prints were completed with
CoreLaserPower (CLP) = 70% (where 100% = 50 mW),
CoreScanSpeed (CSS) = 8000 pm s~', BaseLaserPower (BLP) =
30%, and BaseScanSpeed (BSS) = 9000 pm s™'. Recycled La
Pieta was printed with CLP = 55%, CSS = 8000 um s, BLP =
32.5%, and BSS = 9000 um s '. Prints were developed in
toluene for 10 minutes.

Secondary electron microscopy (SEM)

SEM images were taken using the Hitachi TM-4000 Plus II
with EDS tabletop SEM. Due to the non-continuous nature of
the metal coatings over the entire stencil and/or particle
surface, the low vacuum charge reduction mode was used at
5-10 kV. Images were taken with either the secondary electron
(SE) mode or a mix of SE and backscattering modes.

PVD coating

Sputter coating was used for all PVD in this paper using a
Cressington 108 auto sputter coater at ~0.5 A s’ ~0.5 nm
were deposited on borosilicate substrates prior to printing.
~2 nm were deposited onto printed structures before imaging
with SEM.
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