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Fully Recyclable Pluripotent Networks for 3D Printing
Enabled by Dissociative Dynamic Bonds
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Alejandro J. Miiller, Christophe Detrembleur,* and Haritz Sardon*

Additive manufacturing (AM) has risen in popularity due to its ability

to produce complex shapes in a material-efficient way. However, to produce
objects with advanced properties, complex multimaterial strategies are often
employed. This one-polymer-one-property paradigm significantly slows down
the application of AM, and in particular of fused deposition modeling (FDM),
for manufacturing of functional objects. In this study advantage of pluripotency
in materials is taken, i.e., the ability to attain different properties from a single
stock, to afford mechanically tunable 3D printed dynamic thermosets (moduli
from 2 MPa - 3 GPa, 1500 increase, Stress at break from 2 to 70 MPa, 35X in-
crease). To do so, FDM-compatible CO,-derived dissociative polymer networks
are designed that undergo a dynamic reaction-induced phase-separation
(DRIPS). This strategy enables the control of the size of the rigid phase with

a simple post-printing thermal treatment, cascading in spatially patterned me-
chanical properties. This study showcases new directions for the 3D printing
communities, with deep implications in soft robotics and compliant mechanics.

1. Introduction

Additive manufacturing (AM), commonly named 3D printing,
has evolved from a small-size and rapid prototyping technique

to  full-scale  manufacturing  tool
widely applied in fields!'?! ranging
from automotive,’]  construction to
biomedical.**1 Of all the 3D printing
methods, fused deposition modeling
(FDM) stands out for its simplicity, safety,
and broad range of resulting materials
properties.®”] In FDM, thermoplastic
materials are melted through a heated
nozzle and transformed into a 3D ob-
ject by depositing the melt filament
in a layer-by-layer fashion. However,
the potential of FDM suffers from the
anisotropic mechanical properties of the
prints due to the poor interfilamentous
adhesion as the different layers are bonded
only by weak non-covalent forces.[®’!

Among the different approaches to re-
duce the anisotropy while maintaining
the sustainability of FDM, the introduc-
tion of dynamic cross-links is one of
the most promising strategy.'>'*] A judicious choice of the
dynamic bond enabled the extrusion of networks based on
the transesterification reaction,* !¢ disulfide metathesis,'”]
imine exchange,!'®! thiol anhydride exchangel'’! and Diels alder
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reaction,[?22] thus opening the doors to their use in FDM

processes.l”#21l As an example, Smaldone and co-workers pro-
posed a ground-up design of a dissociative network specifically
designed for FDM showing isotropy up to 95% enabled by its
high degree of cross-linking.°! Despite of the achievement of
isotropic prints, these new materials needed long cooling times
due to the slow recovery of cross-links and were printed with
a custom-built 3D printer. While the incorporation of these dy-
namic bonds does not impede their “drop-in” in current 3D print-
ers, the introduction of a high density of cross-links in long chain
polymers can dramatically change their processing parameters.
This may result in thermal degradation side reactions and high
viscosities that hinder printability.[2°]

A recent progress in the field of dissociative networks, pluripo-
tency, i.e., the ability to attain different properties from a single
material, has been translated to the chemical space by Rowan
and coworkers. In their work, they took advantage of the dy-
namic reaction-induced phase-separation (DRIPS) as an efficient
strategy to tune the properties of polymeric materials.[2>-26] We
envision that combining adequate DRIPS morphologies, room-
temperature exchange dynamics, thermal transitions (T, e <
T,y < Tynnealing < Tupper Transition» Lut), and melt viscoelastic proper-
ties, would result in a powerful platform for the additive manu-
facturing of complex actuators with on demand mechanical prop-
erties from a single material, a feat that is achieved in light-based
3D printing but not in FDM.[?”-%] We decided to employ FDM
printing as it is a more commonly-available technique, requires
little specialized equipment and would benefit majorly from the
introduction of single material-multiple properties strategies.
To advance pluripotency into FDM, thus introducing spatially-
resolved properties from a single material, three design criteria
must be fulfilled: i) appropriate melt viscosities at high temper-
atures; ii) a wide “tempering” window, where the cross-linking
density (i.e., the ratio at equilibrium of an open/close adduct)
can be thermally modulated and topologically fixed once cooled
at room temperature!?%! and iii) a covalent bond possessing fast
reversibility at processing temperatures, which enables hot fila-
ment extrusion without incurring in melt-fracture, a common is-
sue when working with CANs.!"”] Applying this concept could be
a further evolution in FDM 3D printing as the mechanical proper-
ties of the objects could evolve after printing by simple and local-
ized annealing.!?] This could avoid other multi-material strate-
gies for the production of complex, functional structures.[”30-32]

In our search for a dynamic bond that could be amenable for
pluripotency, we paid special attention to the dialkyl-substituted
N, S-acetal group in cyclic oxazolidones. It was previously demon-
strated that the reaction of terminal thiols with the exo-vinylene
group (>C=CH,) of alkylidene oxazolidones has indeed a quick
association-dissociation dynamics below 50 °C and low activa-
tion barriers of exchange (x~16-19 kcal mol™') under catalytic
amounts of methyl sulfonic acid (MSA).[3*3* Furthermore, this
bond is sufficiently rigid (T, > T, ) and had previously pro-
vided materials with high transparency, no coloration or odor, a
set of improved characteristics compared to other networks con-
taining linear thioethers produced by radical thiol-ene or (anion-
mediated) thia-Michael reactions.**-*”] However, networks com-
prising only reversible N,S-acetal bonds as cross-linking points
undergo thermal depolymerization into monomeric fragments at
low temperatures (<100 °C), resulting in rapid loss of mechani-
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cal performance and melt viscosities unfit for FDM (Figure 1a,d).
We hypothesized that balancing network integrity and dynamic-
ity by combining permanent/dynamic cross-links would enable
the implementation of high-performance poly(oxazolidone)-type
materialsi®338*] into simultaneously pluripotent and 3D print-
able objects.

To achieve this, we designed a monomer structure that forms
permanent and dynamic bonds through two concurrent reac-
tions. We propose a bifunctional oxazolidone monomer, 3-allyl-
5,5-dimethyl-4-methyleneoxazolidin-2-one (AllOx, Figure 1), con-
taining two C=C double bonds with divergent reactivities. The
monomer is highly scalable and composed of 26 wt.% of car-
bon dioxide (CO,), making use of this widely available C1
synthon.[®#] In contrast, most polymer networks today that
combine strong and weak bonds necessitate multiple tailored
monomers or complex architectures. This strategy would greatly
simplify this conundrum by enabling the introduction of dy-
namic and permanent bonds from a single source,*®! remi-
niscent to one-monomer two-polymer systems.**%] We further
demonstrate how photo-radical and photo-acid initiators are ef-
ficient UV photocuring agents to simultaneously, or in “tan-
dem”, trigger both radical and cationic pathways of AllOx, giv-
ing rise to both thermally labile and irreversible network nodes
homogeneously distributed in the bulk material (Figure 1b,c).
More importantly the “tandem” networks present a marked (sub)
microphase-segregation via DRIPS mechanism, affording me-
chanically strong and tunable materials (from elastomeric to rigid
and ductile to stiff and brittle, Young’s moduli (Ey) = 2 MPa —
3 GPa, 1500x increase) that can be controlled by a thermal an-
nealing process, with suitable viscoelastic profiles for FDM and
mechanical reprocessability (Figure 1le). We show that we can
afford single-material 3D printed objects with spatially resolved
mechanical properties and isotropy showcasing new possible di-
rections for FDM 3D printing, with potential to actuate in soft-
robotics and compliant mechanics.

2. Probing Thiol-Ene Reactions in a Difunctional
Oxazolidone

The modular, highly scalable, and highly atom economical (AE
= 0.87) synthesis of functional oxazolidones enabled us to ac-
cess the desired AllOx monomer in >100-gram batches (78%
yield) directly from CO,. Our adapted 1-step protocol reaction be-
tween a propargyl alcohol, allyl amine, and CO, employed readily
available commercial starting materials and a cheap, heteroge-
nous Cul catalyst (Figure 2a).l*”] The targeted transparent and
liquid monomer could be easily dehydrated and purified in a dis-
tillation apparatus, overall providing an convenient preparation
route for the broader applicability of AllOx (see Supporting Infor-
mation for experimental details, Figures Sland S2, Supporting
Information).

With the new allyl-alkylidenyl-oxazolidone monomer in hand,
we set to probe the chemoselectivity of the radical versus
cationic thiol-ene processes toward the two distinct C=C func-
tional groups. Formation of the three possible S—C bonds (two
thioether via radical pathways, Figure S3a (Supporting Informa-
tion); one N, S-acetal via cationic pathways Figure S3b, Support-
ing Information)!*! was followed by sampling reactions in bulk
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Figure 1. General strategy to attain pluripotent CO,-derived oxazolidone-based polymer networks exploiting permanent/reversible thiol-ene reactions
with polythiol cross-linkers: bridged bis-oxazolidone monomers with two identical exo-vinylene groups as studied by Habets et al. (2023) formed fully
depolymerizable networks via exclusive cationic thiol-ene reactions (a); a diolefinic oxazolidone monomer (AllOx) photocured into two distinct polymer
networks by choice of initiation: a photo-radical initiator created fully permanent and non-reprocessable networks (b), while a “tandem” combination of
radical/cationic initiators generated a mix of permanent/dynamic bonds (c). Scheme of the reversible cationic thiol-ene (d). Thermally depolymerizable
photocured resins via tandem thiol-ene displayed dynamic reaction-induced phase separation (DRIPS), which can be exploited to produce 3D printable
and reprocessable materials with pluripotent characteristics, ranging from elastomeric, ductile, and stiff (e).

using 3-methyl mercaptopropionate (3MP) as a model mono-
functional aliphatic thiol (Figure 2, see Supporting Information
for details). As expected, conversion data as measured by 'H
NMR analyses demonstrated that the chemoselectivity of the pro-
cess strongly depended on the type of initiation. In the presence
of isopropyl thioxanthone (ITX, 1 wt.%) as an efficient type II
photoinitiator (PI) under UV irradiation (390 nm),l°!! the reac-
tion of the model thiol lacked complete chemoselectivity toward
the allyl and exovinylene C=C double bonds over an extended pe-
riod of time (Figure 2b; Figures S4 and S9, Supporting Informa-
tion). In the NMR spectra, the formation of two thioether groups
was evident by the disappearance of the resonances associated
with the olefinic groups (6 = 5.71, 5.18 ppm for allyl, 4.04 ppm
for exo-vinylene) and the appearance of new —CH,S— peaks (6
= 3.55, 3.24, 2.9-2.7, and 1.88 ppm) (Figure 2¢; Figure S5, Sup-
porting Information). However, the reaction rates differed sig-
nificantly at room temperature: within 2 min of UV irradiation,
86% of the allyl group had reacted while conversion of the exo-
vinylene group had only reached 7% (Figure 2b), suggesting that
complementary reaction pathways could be possible at short re-
action times. Using phenylbis(2,4,6-trimethylbenzoyl) phosphi-
neoxide (BAPO, 1 wt.%) as PI under equivalent conditions re-
sulted in similar reactivity, albeit higher conversions of the exo-
vinylene group were achieved at long reaction times (Figure 5;
Figures S10 and S11, Supporting Information). The structure of
the double thiol-ene radical adduct (OX_S1) was supported by 'H,
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13C NMR and high-resolution mass-spectrometry (HRMS) char-
acterization of the isolated species (Figure S5, Supporting Infor-
mation).

Next, we investigated the cationic thiol-ene pathway between
AllOx and 3MP using methanesulfonic acid (MSA) as catalyst
(Figure S3b, Supporting Information, mechanism). MSA was se-
lected as was previously demonstrated to efficiently catalyze the
cationic thiol/ene reaction.[®?! As expected, we observed a high
chemoselectivity toward the exovinylene moiety, leaving the al-
lyl C=C unreacted after 40 min at room temperature (Figure
2d; Figure S11, Supporting Information).[3*! Specifically, the 'H
NMR spectra displayed a rapid disappearance of the exovinylene
peaks (6 = 4.04 ppm) while the allyl peaks shifted to higher ppm
(6 =5.71,5.18 to 5.87, and 5.28-5.14 ppm) (Figure 2e; Figure S7,
Supporting Information). Efficient formation of the N,S-acetal
adduct (OX_S2) that reached 72% conversion after just 1 min,
could also be followed by new —Me resonances (§ = 1.59, 1.40,
1.38 ppm).

Hence, to make use of the high selectivity toward distinct
C=C at short periods of time, a fast “tandem” radical/cationic
thiol-ene process -rather than a sequential one— needed to be
devised. Inspired by previous acrylate-epoxy formulations for
vat photopolymerization,>>~°! we investigated a combination of
a photo-acid and a photoradical initiator to trigger both pro-
cesses concomitantly with the switch ON of UV irradiation
(=390 nm). The system consisted of ITX as photosensitizer,
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Figure 2. a) Model thiol-ene reaction studies and schematic representation of the radical and cationic pathways. Conversion data over time of the
reaction between AllOx monomer and mono-functional thiol methyl 3-mercaptopropionate in bulk with various initiators as determined by "H NMR
spectroscopy, following b) photo-radical thiol-ene to form bis-thioether model OX_S1 and corresponding "H NMR (c), d) cationic thiol-ene to form
N,S-acetal model OX_S2 with unreacted allyl group (e); and f) photo-tandem radical/cationic thiol-ene to form thioether/N,S-acetal model OX_S3
(g). Reagents and conditions (see Supporting Information for details): i) bulk, 1 mol% phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO), UV
irradiation (390 nm), room temperature; ii) bulk, 1 mol% methanesulfonic acid (MSA), room temperature; iii) bulk isopropyl thioxanthone (ITX) and
bis (4-methylphenyl) iodonium hexafluorophosphate (IOD) in 1:1 ratio 1 mol% UV irradiation (390 nm), room temperature. Corresponding TH NMR
spectra before and after 45 min of irradiation for radical (e), cationic (f) and tandem (g) kinetics.

which served as an efficient initiator for radical thiol-ene reac-
tion (via H-abstraction of the thiol)°!! as well as to sensitize iodo-
nium salts-based photoacids (in this work, bis(4-methylphenyl)
iodonium hexafluorophosphate (I0D))**>7] Indeed, employing
1 wt.% of the photosensitizer-photoacid ITX/IOD system in
1:1 weight ratio resulted in fast reaction kinetics and high
conversions of both C=C double bonds in the same studied
model reaction between AllOx and 3MP (Figure 2f; Figure S13,
Supporting Information). Specifically, conversions of 99% and
85% according to the 'H NMR spectra were attained for al-
lyl and exo-vinylene groups, respectively, within 1 min at room
temperature upon UV irradiation (390 nm). The simultane-
ous activation of both radical and cationic pathways was con-
firmed by the formation of the N,S-acetal and thioester adducts
(OX_S3), which presented a new —CH,S— peak (6 = 3.50-3.26
and 1.90 ppm,) and a new —Me peak (6 = 1.59, 1.43, 1.36 ppm),
which could only form by the simultaneous radical and

Adv. Mater. 2025, 37, 2417355 2417355 (4 of 12)

cationic pathways, respectively (Figure 2g; Figure S9, Supporting
Information).

3. Reversible Thiol-Ene Dynamics in Tandem
Polymer Networks

Once the reactivity of the AllOx monomer toward the radical
and cationic thiol-ene pathways was established, the formation
of polymer networks was investigated with equimolar amounts
of tetrafunctional pentaerythritol tetrakis(3-mercaptopropionate)
(S4). In such systems, we expected to control the extent of perma-
nent thioether and reversible N,S-acetals linkages by the choice
of initiator (radical vs tandem radical/cationic). In this way, we
could probe the influence of cross-linking equilibrium thermo-
dynamics (as reflected by DRIPS microstructures and extent
of dynamic bonds formed) in governing bulk materials proper-
ties. Thus, we used 1 wt.% of the same photoradical (BAPO) or
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Figure 3. Transmission electron microscopy of dynamic “tandem” oxazolidone network, T_S4, showing a DRIPS microstructure (a), and permanent
radical oxazolidone network, R_S4, without detectable features (b). (c) Reversing (teal) and non-reversing (cyan) mDSC thermograms of TS_4. (d)
Dynamic mechanical analyses (DMA) of T_S4 (teal) and R_S4 (yellow). Overlap of thiol-ene reaction dynamics with polymer thermal transitions: extend of
adduct formation in a molecular model OX_S3 (e) as calculated from "H NMR experiments of dissociated adducts by treatment at different temperatures
(f); extend of adduct formation in bulk TS_4 polymer network (g) as determined from FT-IR experiments at 25 °C after thermal annealing at various
temperatures. In situ temperature-dependent FTIR spectra of tandem material at temperatures between 25 and 175 °C (h).

tandem photosensitizer-photoacid system (ITX/IOD in 1:1
weight ratio) under otherwise similar conditions (bulk, 365 nm,
room temperature, 30 min) to yield solid polymer networks R_S4
and T_S4, respectively (Figure 1, further details on the prepara-
tion in Supporting Information). In both cases, complete con-
sumption of the C=C double bonds was confirmed by the disap-
pearance of the Fourier-transform infrared (FT-IR) resonances
at 1678 and 1640 cm™! corresponding to the stretching modes of
the exo-vinylene and allyl groups, respectively (Figure S14, Sup-
porting Information). Due to the low dipole of the C-S bonds,
the new thioether and N,S-thioacetal bonds provided weak, non-
conclusive signals in the FT-IR spectra of the isolated network.
However, both materials showed gel contents above 90% in THF,
confirming their cross-linked nature (Table S1, Supporting Infor-
mation). The photocuring reaction kinetics were quick and effi-
cient, reaching conversion of 80% with a 60 s irradiation (390 nm,
20 mW cm™2) and having a gel point of 225 s (Figure S15, Sup-
porting Information).

Despite the use of same monomeric building blocks, as well as
seemingly identical C=C conversions (resulting in likely compa-
rable network topologies), the distinct access to reversible cross-
links between R_S4 (permanent) and T_S4 (dynamic) resulted

Adv. Mater. 2025, 37,2417355 2417355 (5 of 12)

in drastically different microstructures and thermal properties.
First, a phase separated morphology was clearly present in anal-
yses of tandem network T_S4, as observed by transmission elec-
tron microscopy (TEM) (Figure 3a) and optical microscopy (OM)
(Figure S16, Supporting Information) All these results indicated
areas of higher electron density and refractive index, attributed
to hard domains (%100 nm in size) in a continuous soft ma-
trix conforming with a characteristic DRIPS microstructure. Al-
though scanning near field optical microscopy (s-NOM) cou-
pled with nano-FT-IR mapping and Confocal Raman Microscopy
could not unambiguously distinguish chemical differences be-
tween the domain phases (Figures S17 and S18, Supporting In-
formation), tracing the peak intensities at 977 and 1741 cm™ re-
vealed identical phase-separated structures as those observed by
atomic force microscopy (AFM) (Figure S19, Supporting Infor-
mation). In stark contrast, radically cross-linked network R_S4
displayed no obvious features in neither TEM (Figure 3b) nor
OM or AFM (Figures S16 and S20, Supporting Information), sug-
gesting a single polymer matrix with spatial homogeneity in its
cross-linking density.

Second, modulated differential scanning calorimetry (mDSC)
analysis of T_S4 showed two thermal transitions in the
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reversing heat flow curves (T, = 39 °C, Ty = 96 °C, Figure 3c);
the broader Ty, (which presented an onset at 69 °C) was ac-
companied by an endothermic peak in the non-reversing ther-
mogram, a sign of the expected depolymerization reaction (vide
infra). This temperature range provided ~60 °C tempering win-
dow for developing the material’s mechanical properties (that is,
the temperature range between T, and Tyy). In sharp contrast,
R_S4 displayed only one glass transition at slightly lower tem-
peratures (T, = 20 °C) and no endothermic peak in the non-
reversing heat flow curve, further confirming the permanent na-
ture of the radically cross-linked network (Figure S21, Supporting
Information). The differences in thermal transitions observed by
DSC were also paralleled in dynamic thermomechanical analy-
ses (DMTA) of photocured rectangular strips (Figure 3d). In one
hand, alpha relaxations, assigned to the T, of the materials, could
be observed in both networks (T, = 47-49 °C). Contrarily, T_S4
showed a 2-order of magnitude drop in the storage modulus (E’)
above 100 °C, while no changes in the plateau E’ were observed in
R_S4 above 100 °C. Furthermore, T_S4 showed a high but acces-
sible Tyepolymerization (155 °C, Figure S22, Supporting Information)
as determined by the final melt-flow of T_S4 in a temperature
ramp in a shear rheology, a beneficial property that points toward
its possible FDM printability.

Having observed different outcomes in the physical proper-
ties between the two modes of network photocuring, we sought
to demonstrate the reversible thiol-ene bond in T_S4 as the act-
ing mechanism. A combination of ex situ and in situ analyses
by 'H NMR and FT-IR spectroscopy (Figure 3e,h) provided con-
vincing evidence of the cleavage of the thiol-ene adduct and for-
mation of transient depolymerized structures, likely as a result
of the residual protic species present upon photoacid activation.
First, ex situ 'H NMR spectroscopy experiments of isolated tan-
dem model OX_S3 treated at various temperatures (15 min) to
activate the reversible N,S-acetal bond and quenched with base,
akin to a material annealing process, revealed a #40% change in
the dissociation of the N, S-acetal thiol-ene adduct between T, and
Tyr (Figure 3e.f; Figure S23, Supporting Information), similar
to other non-catalyzed thia-Michael networks.[32¢ Specifically,
new resonances of the alkylidene C=C in the parent AllOx (6 =
4.19-4.13 ppm) steadily appeared with concomitant reduction of
the -Me signal of the N,S-acetal group (6 = 1.59, 1.43, 1.36 ppm)
on raising the treatment temperature from 25 to 150 °C. The ex-
tent of dissociation was further supported by in situ FT-IR spec-
troscopy at temperatures from 25 to 150 °C of model network
T_S4. As expected, the intensity of the exo-vinylene C=C double
bond (1678 cm™) increased on heating, which also correlated
to &#50% change in the dissociation of the N,S-acetal thiol-ene
adduct (Figure 3fh). In contrast, radically photocured R_S4 dis-
played negligible increase in FT-IR resonances associated with
the alkylidene C=C when the material was subjected to an iden-
tical thermal study, attesting for its non-dissociative behavior
(Figure S24a, Supporting Information). Importantly, the extent
of the dissociated N, S-acetal thiol-ene adduct was at least partially
preserved upon cooling to room temperature after the thermal
treatment, as confirmed by FTIR spectroscopy (Figure S24b, Sup-
porting Information).

Finally, T_S4 was subjected to 150 °C for 10 min (>80% ex-
tent depolymerization), a point at which triethylamine was added
to the resulting viscous liquid in order to quench the acid cata-
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lyst and thus, to avoid the back reaction (i.e., N,S-acetal forma-
tion) when cooling.[**! The partial solubility of this material in
polar organic solvents allowed the spectroscopic and chromato-
graphic characterization of the resulting oligomers. Specifically,
'H and *C NMR analyses of the soluble fraction in DMSO-d
showed the presence of free exo-vinylene double bonds as indi-
cated by the peaks at 4.22-4.16 and 150 ppm in the 'H and 1*C
NMR spectra, respectively (Figure S25, Supporting Information).
Size exclusion chromatography (SEC) in tetrahydrofuran (THF)
revealed oligomeric species with a number average molecular
weight (M,,) of 1900 g.mol~! and a dispersity (D) of 1.9 (Figure
S26, Supporting Information). The presence of thio-ether bond
linkages (6 = 3.63 ppm, CH) in the soluble fraction further con-
firmed at least partial step-growth polymerization via permanent
radical thiol-ene, confirming that indeed both reactions occurred
during tandem photocuring.

4. Attaining Pluripotent Behavior through
Tempering

Having demonstrated the presence of DRIPS microstructures
and the influence of temperature in the extent of thiol-ene adduct
formation, we were intrigued by the effect of tempering in the ob-
served phase separation and mechanical properties (Figure 4a).
Hence, dumbbell shaped specimens (ASTM D638 TYPE V) were
prepared by photocuring films of T_S4, treatment for 24 h at five
different temperatures (40, 60, 75, 90, and 110 °C), and finally cut
to shape with a sample die. AFM studies confirmed the sea-island
type morphology with quasi-spherical domains embedded in a
continuous matrix previously observed with TEM, s-NOM, and
OM (Figure 4b; Table S2, Figures S14-S17, Supporting Informa-
tion). Interestingly, samples tempered below the onset of T, at
40 and 60 °C showcased a significant increase in domain size (84,
152,and 168 nm at 25, 40, and 60 °C, respectively) and hard-phase
area density (1.4%, 5.8%, and 25.6% at 25, 40, and 60 °C). Tem-
pering above 60 °C again decreased the size (118 and 100 nm, for
75 and 90 °C, respectively) and area coverage (16.4% and 12.1%,
for 75 and 90 °C, respectively) of hard domains, likely as a result
of the higher extent of network mobility and reduction in cross-
linking density (Figure 3c,e,g). Finaly, tempering at temperatures
above Ty;; (110 °C) completely erased the phase separated mor-
phology, in line with the expected large extent depolymerization
and immiscibility to miscibility change between the two phases
above Ty (Figure 5b; Table S2, Supporting Information).!?* Re-
markably, these changes in phase separation size and density was
also reversible: heat treatment at 60 °C for 24 h after phase eras-
ing at 130 °C was capable of partially recovering the DRIPS mi-
crostructure (Figure S27, Supporting Information), pointing to-
ward a reprocessable materials with recovery of initial morphol-
ogy and mechanical properties (vide infra).

The effect of the thermal tempering and hard-phase volume
coverage was immediately apparent in the mechanical proper-
ties of the resulting materials, enabling to target an impressive
wide range of E, stresses at break (o}), and elongations at break
(ep) (Figure 4c; Table S3, Supporting Information). Initially, pho-
tocured materials stored at ambient temperature (below T, 1.4%
hard area density) were rigid and ductile (E = 1.6 GPa, &, = 44%;
o, = 21 MPa; €4 = 2.5%; 0y;0q = 29 MPa), while they became
more brittle upon tempering below the onset of Ty affording
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Figure 4. a) Scheme of the applied thermal treatment to T_S4: 1) UV-photocuring of the monomer resin (30 min), 2) annealing at various temperatures
(25 °C (green), 40 °C (yellow), 60 °C (orange), or 110 °C (dark red) for 24 h), and 3) cooling to room temperature. b) Atomic force microscopy (AFM)
imaging of T_S4 after thermal annealing. c) Representative uniaxial tensile testing data of T_S4 specimens (ASTM dogbone Type V) after different heat
treatments (10 mm min~'). d) Demonstration of local annealing on a dogbone specimen by applying torque. e) Application of a tensile stress to a locally
annealed dogbone, displaying larger extensibility in the soft section and corresponding strain field.

materials that are stiff (Eincreased by x1.1 and x1.9, ¢, decreased
by %0.09 and x0.06, and o, increased by x2.1 and x2.6, at 40 and
60 °C, respectively). Within this tempering window, the increased
density of hard domains (5.8%, and 25.6%) restricted the mobil-
ity of the polymer network in a similar manner as a (nano) fillers
can strengthen a matrix.5®%) Mirroring the decrease of size and
area coverage of hard domains above the onset of Ty, observed in
the AFM, tempered materials at 75 and 90 °C where respectively
softer (E=1 GPa, &, = 12.5%; 0}, = 15.5 MPa; £ ;9 = 3.3%; 0304
= 24 MPa) and elastomeric without a yield point (E = 11.7 MPa,
¢, =88%; o}, = 7.7 MPa). Finally, when the material was treated at
temperatures above Ty (Figure 4-b) an even softer elastomeric
material was obtained (E =2 MPa, &, = 108%; 6, = 2 MPa), that
displayed elastic recovery above 95% over ten stretching cycles
(Figure S28, Supporting Information). This simple tempering
procedure enabled to reach properties from elastomeric to rigid
plastics from a single pluripotent material in a wider range in
respect to previous studies.[2°]

Previously, locally graded mechanical properties were achieved
with multimaterial design in FDM to achieve multi-performance
objects.[®®! Pluripotent materials have the potential to achieve
the same feat but without the complexity of multimaterial
printing.[#¢!l To demonstrate this ability, we prepared a dogbone
sample with a rigid side (60 °C, 24 h) and a softer side (110 °C,
4 h). When applying torque, only the soft side responded to the
stimulus by cork-screw twisting (Figure 4d). Upon release of the
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stress, the sample elastically returned to the initial state. A sim-
ilarly treated specimen was subjected to a uniaxial tensile test.
Digital image correlation was used to compute the global strain
field and thus identify the difference in mechanical behavior of
the two regions (Figure 4e). Upon a global strain of 4.0%, the up-
per part deformation was 6.1% when the lower rigid part only de-
formed of 1.1%. As expected, the deformation and final rupture
were localized in the softer region, proving that locally controlled
mechanical properties were achievable through spatially resolved
annealing.

To further investigate the effect of cross-linking density on the
mechanical properties of the materials, we extended the network
synthesis to tri-functional (lower cross-linking density) and hexa-
functional (higher cross-linking density) poly-thiols (Trimethylol-
propane tris(3-mercaptopropionate)), S3, and dipentaerythritol
hexakis(3-mercaptopropionate), S6). Using equimolar amounts
of AllOx with S3 or S6, both radical (R_S3 and R_S6) and tandem
(T_S3 and T_S6) networks were photocured under identical con-
ditions of photoinitiation as those employed with tetra-thiol S4.
Supporting Information includes detailed explanation and ther-
momechanical and spectroscopic characterizations, which con-
firmed the consumption of all the C=C (allyl and alkylidene)
groups upon irradiation (Figure S29, Supporting Information).
Similarly to T_S4, DRIPS microstructures (a dual phase mor-
phology with circular domains embedded in a continuous ma-
trix as determined by AFM (Figure 5a; Table S4, Supporting
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Figure 5. a) Atomic force microscopy (AFM) imaging of T_S3 and T_S6
after thermal annealing at 25 °C (green) and 60 °C (orange) for 24 h. b)
Ashby plot of uniaxial tensile data for materials studied in this work.

Information), and two thermal transitions (T, = 9-44 °C,
Tyronset = 33-60 °C, Ty = 80-118 °C, for T_S3 and T_S6, re-
spectively; Figure S30, Supporting Information) were present
in both tandem materials. Again, the phase morphology was
greatly dependent on the T,,eing 20d its relative position with
respect to Ty, Tyr gnser» a0 Tyr (Table S4, Supporting Informa-
tion). Hence, T_S3 displayed no detectable phase separation at
ambient temperature, and only a sparse number of small spheri-
cal domains were observed (48 nm, 1.9% of the area) after anneal-
ing at 60 °C. In contrast, T_S6 already showed a large number
of quasi-spherical domains at ambient temperature (84 nm, 6%
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hard-phase area density), which greatly increased in size and area
coverage upon heat treatment at 60 °C (600 nm, 15% hard-phase
area density). Regardless of their T, e, T-S3 and T_S6 were
found to be amorphous due to the lack of crystalline features ob-
served in the X-Ray diffractograms (Figure S31, Supporting Infor-
mation). In contrast, radical networks (R_S3 and R_S6) had no
DRIPS microstructures, given the presence of a single thermal
transition (T, = -7 and 41 °C for R_S3 and R_S6, respectively,
Figure S32, Supporting Information).

The network cross-linking density not only influenced the sub-
micron morphology but as expected, gave stark differences in
mechanical properties. As expected, given its lower cross-linking
density, T_S3 was softer when compared to T_S4 while T_S6 was
more rigid owing to a higher network density. The effect of T_S3
and T_S6 tempering was demonstrated after annealing at three
different temperatures (25, 60, 110 °C) (Figure S33, Supporting
Information); full mechanical characterization is presented in
Table S3 (Supporting Information). Taking all tandem materials
(T_S3, T_S4, T_S6), the range of obtained properties expanded
thanks to the combination of pluripotency and the tuning of the
network density (Figure 5b): 3-orders of magnitude in E (2 MPa to
3.3 GPa), 2-orders of magnitude in &, (2% to 108%), and 1-order
of magnitude in ¢ (2 MPa to 70 GPa). In comparison, the range of
tensile properties attained by the radical networks (R_S3, R_S4,
R_S6), which are not responsive to tempering, were substantially
narrower (Table S3, Supporting Information). The combined re-
sults from spectroscopic and mechanical analyses suggest that,
contrasting with previously studied thia-Michael networks, the
mechanical properties of tandem oxazolidone-based cross-linked
materials are governed by a combination of phase separation and
cross-linking density (extent of adduct formation).[¢]

While recycling has been proven for other homogenous,
single-phase N,S-acetal-based materials on the basis of their re-
versible thiol-ene reaction,!*)] we wanted to understand the in-
fluence of the phase separation on polymer flow and potential
reprocessability of the dynamic thermosets. To rationalize these
effects, we first measured stress relaxation of T_S4 after treat-
ment above Tyr (110 °C, 24 h, Figure S34a, Supporting Infor-
mation), where phase separation was erased, and compared with
a T_S4 sample with a fully developed dual phase morphology
(60 °C, 24 h, Figure 6a). Analyses on heating from 70 °C up-
wards in a timescale that would not interfere with the DRIPS
microstructure, uncovered that, in fact, the flow activation en-
ergy (Egoy) for both samples to be similar (74 k] mol~!, Figure
6B; Figure S34b, Supporting Information), values within range
of previously reported cationic-mediated and anionic-mediated
thio-ene and thio-Michael networks.[2¢33] Importantly, while the
Eq.,, did not vary between the two, we found a difference in the
relaxation times (Table S5, Supporting Information).

Indeed, the phase separated material displayed x1.3-1.6
slower relaxation times at the measured temperatures, a
phenomenon previously reported for other phase separated
systems.[%2] This behavior can be explained on the basis of
hard domains hindering bond exchange by trapping part of
the dynamic linkages and/or acting as a physical barrier for
exchange.[6364]

We then studied the mechanical recyclability of the tandem
materials by grinding a sample of photocured T_S4 and hot
pressing for 3 min at 100 °C under 1 ton of pressure. Under
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Figure 6. a) Stress relaxation of the tandem material T_S4 with fully de-
veloped phase morphology (previously tempered at 60 °C, 24 h), lines are
fitted first order Maxwellian. b) Arrhenius plot of relaxation times versus
temperature for tempered tandem material T_S4. c) recycling process d)
Evolution of Young’s Modulus over 10 recycling cycles. e) Stress—Strain
curves of virgin and recycled tandem material.

these conditions, colorless, transparent, and homogeneous films
were obtained (Figure 7c). To re-introduce a developed DRIPS
microstructure, the films were then subsequently treated at 60 °C
for 24 h. After 10 recycling cycles, the mechanical properties re-
mained practically unchanged with E remaining between 3.0
2.8 GPa (Figure 7d,e). The material did not show any discol-
oration and its IR spectrum and DSC trace were unchanged
after 10 cycles (Figure S35a,b, Supporting Information), sug-
gesting that the material did not degrade during reprocessing.
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These results are quite remarkable, as it implies that the cationic-
mediated mechanism necessary for the reversible thiol-ene reac-
tion remained functioning after many reprocessing cycles, sug-
gesting no decomposition of any catalytic protic species.

5. FDM of Pluripotent Materials toward Functional
Builds

The melt-flow properties of depolymerized networks above Tj;
(>100 °C), which enabled the reprocessing of solid films, en-
ticed the prospect of applying the tandem dynamic networks in
filament-based additive manufacturing. For adequate printabil-
ity, materials are required to display: i) complex viscosities below
10° Pa-s at reasonable printing temperatures, and ii) significant
shear thinning, since it allows exiting the nozzle easily and retain-
ing the shape after deposition, resulting in high definition and
controlled flow.['”5] Viscosity measurements by shear-rheology
determined that T_S4 and T_S6 displayed shear thinning in all
tested temperatures, ranging from 100-150 and 160-190 °C, re-
spectively (Figure 7a; Figures S36 and S37, Supporting Infor-
mation). Moreover, complex viscosities at high frequencies (at
100 Hz) were well within the printability region, revealing a de-
sirable rheological behavior for FDM.[%]

While pellet extrusion has some inherent challenges such as
the need for a consistent material flow,[®’] we selected this tech-
nology as itis closer to commercial models and has been regarded
as a strong tool in the industrialization of FDM printing.[8-71]
As a proof of concept, pieces of photocured T_S6 were extruded
through a twin screw extruder at 165 °C into filaments of 2 mm
in diameter, which were subsequently pelletized into fragments
between 3-5 mm in size (Figure S38, Supporting Information). A
minor change in coloration from yellow to dark yellow was noted,
possibly due to thermal degradation of the materials. The pellets
were fed into a modified Ender 3 NEO printer fitted with a v4
universal pellet extruder and a 0.4 mm nozzle heated to 150 °C
(Figure 7b; Figure S39, Supporting Information). Under these
printing conditions (0.2 mm layer, 7.5 mm s~!, 50% infill), a sin-
gle walled geometric vase structure, a complex spiral vase, and a
pyramid were printed measuring several centimeters (Figure 7c,
top, Figure S40, Supporting Information for a zoomed version).
The selected infill had reasonable resolution; small variations
were observed in the Z-axis as a result of inconsistent flow due
to the complex single-screw system that fed the nozzle.”) Im-
portantly, the printed objects displayed significant interlayer co-
hesion as shown in scanning electron microscopy (SEM) images
(Figure 7c, bottom), highlighting the bridging ability of T_S6 af-
ter deposition.

This observation prompted us to investigate the ability of
printed tandem materials to produce isotropic prints. In tra-
ditional FDM, weak non-covalent forces between different lay-
ers results in poor interfilamentous adhesion and significant
anisotropic mechanical properties.!®°! This has significantly lim-
ited the industry adoption of FDM to small-scale and bespoke
prototyping tool. Addressing this challenge has been highlighted
as a key advancement toward expanding 3D printing toward func-
tional applications, in a market that is projected to grow to 1$ tril-
lion by 2030.12" To demonstrate this, 2.5D rectangular structures
of T_S4 were printed with a single-filament direction, and subse-
quently rigidified at 60 °C for 24 h. Analyses by DMTA showed
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Figure 7. a) Plot of complex viscosity versus frequencies of T_S6 at temperatures ranging from 160 to 190 °C obtained by melt shear rheology.
b) Diagram of the FDM printing head with pellet extrusion and photography of the printing process of T_S6. c) Top: photographs of 3D printed single-
walled geometric vase (left), spiraling vase (center), and pyramid (right) with 50% infill. Bottom: scanning electron microscopy (SEM) images of cut
sections of T_S6 printed object by extrusion FDM. d) Frequency sweeps of 3D printed specimens (T_S4) perpendicular and parallel to the bead orienta-
tion e) Scheme of functional gripper with spatially resolved mechanical properties, and demonstration of a 3D-printed functional gripper that exploits
areas of distinct rigidity to lift a weight (arrows show the direction and location of the applied forces).

no significant difference in E’ as measured in the 0° and 90° ori-
entation with respect to the filaments highlighting its isotropic
behavior (Figure 5d).!”]

As a final proof of the ability of thiol-ene based printed ther-
mosets to display localized mechanical properties, a simple grip-
per was printed and locally heated to have a soft junction that
connected two rigid arms (Figure 5e). First, the object was tem-
pered at 60 for 24 h to completely rigidify it; then, the connecting
bar was locally heated over a hot plate at 110 °C for 1 h to pro-
vide the elastic section. As a result of this treatment, the gripper
was able to open and close effortlessly when actuated manually
through the bending of the middle section and hold and lift a
weight of 100 g with the tip of the rigid arms. The ability to have
spatially-resolved mechanical properties has a high potential to
impact the fields of compliant mechanics and soft robotics.”?!

6. Conclusion

We have presented a new strategy for the production of pluripo-
tent materials that enables their introduction in the field of addi-
tive manufacturing. With this strategy we attain properties rang-
ing from Young’s Moduli of 2 MPa and elongation at break of
100% toward moduli of 3 GPa and stress at break of 55 MPa
with a single resin. By exploiting two double bonds with differ-
ent reactivity, the monomer could form a mixture of dynamic
N,S-acetals and non dynamic thioether moieties that cascaded
toward desirable viscoelastic properties showing both shear thin-
ning behavior and complex viscosity apt for FDM printing. Fur-
thermore, they gave isotropic prints owing to the strong covalent

Adv. Mater. 2025, 37, 2417355 2417355 (10 of 12)

bonding between filaments. Importantly, the materials presented
a dynamic reaction-induced phase-separation (DRIPS) mecha-
nism that could be exploited to tune the properties by simple
thermal annealing in a fully reversible manner. As a proof of
concept, we created a functional gripper with spatially resolved
mechanical properties by simple localized heating, presenting a
new paradigm for achieving functionality in 3D printing. The
efficient reprocessability of the N,S-acetal moiety was further
demonstrated by mechanical recycling the material for 10 cycles,
resulting in a minor reduction in mechanical properties. The
wide window of mechanical properties reveals the potential of the
concept of pluripotency for the production of next-gen 3D print-
ing materials, with deep implication in compliant mechanics and
soft robotics.
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