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Using thiol—ene chemistry, polymerization-induced phase separa-
tion, and DLP 3D printing, we present a method for manufacturing
reactive macroporous 3D structures. This approach enables the
fabrication of structures with tunable physicochemical properties
and compressibility. Moreover, it facilitates post-functionalization
through thiol-Michael addition reactions, thereby expanding per-
formance and application potential.

Macroporous polymers, featuring pore diameters of >50 nm,
exhibit a unique combination of high surface area, rapid mass
transport, and selective permeability," making them suitable for
applications as diverse as chromatography,> adsorptive water
purification,” enzyme catalysis," drug delivery,” air filtration,®
mechanical and acoustic modulation,” and biomedical and tissue
engineering.® The broad applicability of macroporous polymers
hinges on their chemical functionality and 3D geometry.’ To date,
most of them are prepared through bulk polymerization or
solution casting, with limited control over their macro-geometry.*

The integration of 3D printing technology in producing macro-
porous materials could further broaden their potential uses.
Recent strides in this direction have been achieved through the
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introduction of polymerization-induced phase-separation to light-
based 3D printing systems.'*™® This approach enables in situ
generation and control of macroporosity, while concurrently
shaping the macro-geometry. The method has significantly
increased the achievable geometrical complexity, already finding
use in applications like miniaturized Ulbricht light-integrating
spheres,"! objects with superhydrophobicity,"* and membranes."*

However, this existing research has primarily focused on
(meth)acrylate photopolymerization and optimization of its por-
osity, with limited exploration of photoresist systems that miti-
gate brittleness - as a result, their mechanical fragility limits
practical use. Thiol-ene-based polymerization, known for its
simplicity, stands out as a potential solution."® Not only could
it increase structural flexibility to improve mechanical stability,
but it also allows for click-type post-modification, thereby deriv-
ing multiple functionalities from a single resin system.'® These
advantages make thiol-ene polymerization a promising avenue.

Here, we propose a method for 3D printing mechanically
stable, reactive macroporous structures by combining thiol-ene
chemistry with polymerization-induced phase separation and
digital light projection (DLP) 3D printing. This method allows
independent control of the physical structure and chemical
functionality of 3D printed macroporous polymers. Our find-
ings highlight the resin systems’ flexibility in forming diverse
geometries, reveal variations in both porosity and mechanical
properties across resin types, as well as demonstrate the ability
to create chemical surface patterns on 3D objects.

Thiol-ene chemistry was integrated with DLP 3D printing and
polymerization-induced phase separation to create porous struc-
tures. Upon UV activation, the thiol and alkene components
undergo a crosslinking reaction in the presence of porogens, leading
to simultaneous phase separation as shown in Fig. 1A. The method
includes washing with acetone to remove the unreacted liquid
porogen phase, followed by critical point drying to maintain the
surface porosity. This results in a polymer macrostructure with
inherent porosity filled with air (see Fig. 1B). The resin composition
(Fig. 1C) consists of a thiol component (pentaerythritol tetrakis(3-
mercaptopropionate), PETMP) with four functional groups, and a
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Fig.1 DLP printing of thiol-ene based porous 3D structures. (A) DLP
printing process using phase-separating thiol-ene resin. (B) Top: 3D
printed object after supercritical drying; Bottom: Cross-sectional SEM
showing porosity. (C) Structure of key resin ingredients: (1) pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP), (2) tri(ethyleneglycol)divinylether
(TEG), (3) polyethylene glycol 200. (D) Various printed geometries show-
casing resin versatility. (E) Reversible compression of the printed structure.

bifunctional alkene component (tri(ethyleneglycol)divinylether,
TEG). The PETMP serves primarily as a crosslinking agent due to
its higher functionality, while TEG acts in conjunction with PETMP
to form the crosslinked network. Polyethylene glycol (PEG200) is
used as a porogen because of its good miscibility with the reactive
components but limited solubility in the cured matrix (see Table S2
and Fig. S6 for all tested porogens, ESIt). The resulting phase
immiscibility during the polymerization process is crucial for devel-
oping the porous architecture. The photopolymerization process is
catalysed by Irgacure 819, with Sudan I dye as a light-absorbing
agent to enhance vertical resolution and the (2,2,6,6-
tetramethylpiperidin-1-yljoxyl (TEMPO) radical scavenger fine-
tuning the lateral resolution to match the mirror array unit cell
size of the DLP system. The resin system is compatible with
various 3D structures, ranging from basic cubes to complex
geometries with overhangs, hierarchical porosity, and chirality
(see Fig. 1D). See ESIt for more detailed manufacturing protocol.

Our research reveals that the thiol-ene based polymers exhibit
significantly lower stiffness than traditional methacrylate-based
polymers used in 3D printing. Specifically, the non-porous version
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of our thiol-ene polymers exhibits a Young’s modulus of 13 MPa,
which is significantly lower than the 202 MPa observed in a
methacrylate-based reference polymer.’* This reduced stiffness
contributes to greater elasticity (see Fig. 1E), which is an advanta-
geous property for many practical applications where flexibility
and mechanical stability are important.'”

Mechanical compressibility of the macroporous polymers
was tested using cyclic compressive loading-unloading stress-
strain with increasing upper limit and constant lower limit
(testing was along the printing direction with 10% min " load-
ing/unloading rate) (Fig. 2A).'® As reference, methacrylate-based
macroporous polymers (50% porogen) were printed according to
the literature'” (see ESIt) and the thiol-ene-based resin prepared
with 50 wt% of PEG and a thiol: alkene (PETMP: TEG) stoichio-
metric molar ratio of 1: 2. We observed that these thiol-ene porous
polymer cubes can bear a cyclic compressive strain higher than
50%, as opposed to ~30% for the corresponding polymethacrylate
cubes. Furthermore, they demonstrate good elastic recoverability
as is evident by comparing the hysteresis loops, which is further
quantified in Fig. 2B using the relative energy recovery (calculated
as area under the unloading curve normalized with respect to area
under the loading curve) for the different maximum strains. At
30% strain, the recovery was 80% for the thiol-ene-based porous
structures, while mere 23% for the polymethacrylate ones.

We hypothesize that the enhanced elasticity is due to a multi-
faceted interplay between the pronounced cross-linking of the
thiol-ene polymer and the presence of PEG additives that play a
plasticizing role to further enhance flexibility by reducing inter-
molecular forces." Our findings are consistent with previous
research where thiol-ene-based polymers typically exhibit a lower
modulus compared to methacrylate-based polymers, despite the
higher monomer conversion rate of the former.>>*'

Different concentrations of PEG200 porogen (40 wt%,
50 wt%, and 70 wt%) were employed to modify the porosity
of thiol-ene polymers. Scanning electron microscope images,
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Fig. 2 Comparative cyclic compressibility and energy recovery. (A) Cyclic
compressibility of a porous thiol-ene and methacrylate-based material. (B)
Energy recovery calculated for both materials using the ratio between the
areas under the unloading and loading curves.
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Fig. 3 Impact of porogen weight fraction on the porous structure. (A)

SEM images cross-sections of selected 5 mm 3D-printed cubes. Porosity is
calculated using adaptive thresholding. (B) Stress—strain curves. (C) Calcu-
lated Young's moduli and compression strengths.

as shown in Fig. 34, illustrate this porosity on cross-sections of
the printed cubes (see Fig. S3 for pore size distributions
showing mean pore diameters >100 nm, ESIt). Samples with
higher porogen content also exhibited a marked increase in
volumetric shrinkage, increasing from 7.75% to 60.4%. This
change is attributed to increased porosity due to higher fraction
of porogen, highlighting the significant influence of porogen
on the material’s properties. As porosity increases, we could
expect an enhancement in the structures’ elasticity. Indeed,
objects printed without porogen were notably fragile exhibiting
a maximum compressive strain of approximately 30%, whereas
those created with porogen solvent, facilitating phase separa-
tion, yielded significantly more elastic, soft materials with
maximum compressive strain higher than 50%.

As a result, we explore how varying levels of porosity affect the
mechanical properties of cube-shaped thiol-ene-based polymers.
Fig. 3B illustrates stress-strain curves and compression test data
(along the print direction), showing that different porogen fractions
(0, 40, 50, 60, 70 wt%) combined with a constant cross-linker
stoichiometric molar ratio (thiol:alkene; 1:2) result in diverse
mechanical properties. As shown in Fig. 3C, the Young’s modulus
(E) decreases significantly with increasing porogen content, while
the compression strength () does not change significantly until
>50% porogen, where it eventually increases. Respectively, their
values change from 13 MPa and 7.4 MPa in porogen-free samples
(0 wt%) to 0.6 MPa and 30 MPa in samples with 70 wt% PEG200,
demonstrating that the porogen fraction substantially influences
the material’s mechanical properties. We hypothesize that the
observed increase in compressive strength may be attributed to
changes in pore geometry rather than porosity.”* Evidently, the
macroporosity can markedly alter the mechanical resilience of 3D-
printed polymeric materials. For comparison, an 80% porous non-
3D printed macroporous PMMA has E~ 85 MPa and ¢ ~5 MPa.*®

An advantage of thiol-ene based polymerization is the ability
to access free thiol groups (or double bonds) through off-
stoichiometry. This enables additional chemical functionalization
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through thiol-ene Michael or radical reactions. To illustrate this
potential, we initially showcased the bulk functionalization of 3D
printed macroporous polymer structures using Michael-type
thiol-ene conjugation.*® In this case, objects prepared with off-
stoichiometry thiol-ene (OSTE) formulations were subjected to
thiol-Michael addition reactions using two different acrylates:
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA, hydrophobic) and 2-
hydroxyethyl methacrylate (HEMA, hydrophilic), which effectively
altered the wettability properties of the materials.

The wettability of 5 x 5 x 5 mm? thiol-ene cubes printed
with OSTE molar ratios of 1.50:2.0 (PETMP: TEG) underwent
significant changes due to the modifications. Initially, the
unmodified material exhibited moderate hydrophilicity with a
maximum/initial apparent contact angle (CA) of 62°, as shown
in Fig. 4A. After modification, Fig. 4B shows a marked increase
in hydrophobicity, with the CA increasing to 135° for the
surface and 155° for the cross section, confirming the effective-
ness of the reaction throughout the 3D printed object, support-
ing its potential for applications that require robust
superhydrophobicity.”® Interestingly, the CA for the bulk mate-
rial is slightly higher than that of the surface. This difference can
be attributed to the rougher structure of the cross-section in
comparison to the surface (see ESIf). On the other hand, for
HEMA, the focus was on increasing hydrophilicity to improve
water wicking, as shown in Fig. 4C. This enhancement is
quantified in Fig. 4D, which compares the wicking behaviour
on both the surface and a cross section of the modified material,
showing a reduced maximum/initial CA and different wicking
rates. The success of these functionalizations in enhancing both
hydrophobic and hydrophilic properties was further confirmed
by Raman spectroscopy of the surfaces. Fig. 4E demonstrates
this by showing a decrease in the intensity of the S-H stretching
band at ~2575 em " in the modified structures.

Finally, we demonstrated the possibility of selective functio-
nalization of 3D-printed macroporous structures via thiol-ene
radical reaction (Fig. 4F). Such an ability to chemically pattern the
surface of three-dimensional objects is important for the com-
bined shaping and chemical functionalization of 3D structures.”®
Our resin system facilitates such patterning, as exemplified in a
two-step functionalization process using a 3D photomask (details
in Fig. S1, ESI): First, a localized click reaction was used to render
subregions hydrophilic, which effectively consumed the thiols in
those areas. This was followed by the hydrophobization of the
remaining exposed thiols, modifying both the overall bulk and the
unreacted surface areas of the material. The modified structure
consists of 2 mm hydrophilic patches within a hydrophobic
matrix, showcasing selective water attraction and repulsion in
one object. For visual evidence, see the ESI{ video.

In summary, a method for 3D printing thiol-ene macropor-
ous polymers via polymerization-induced phase separation was
developed, exploring the interplay between ink formulation, pore
structure, and mechanical properties. Comparative analyses
revealed that thiol-ene based networks possess enhanced elasticity
compared to polymethacrylates, characterized by a 50% reversible
compressibility. The introduction of off-stoichiometry enables both
surface and bulk functionalization of these materials, including

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Post-modification effects on thiol-ene porous polymer cubes.
Photos illustrating the different wettability of (A) as-printed material, (B)
hydrophobically (PFDA) and (C) hydrophilically (HEMA) functionalized. (D)
Wicking dynamics of unmodified vs. HEMA-modified cubes; S = surface
and CS = cross-section. (E) Raman spectra comparing surfaces of unmo-
dified and modified cubes. (F) Bifunctional chemical wettability patterning
on a 3D object with adherent water droplets.

chemical patterning, as evidenced by changes in wetting properties,
verified by water contact angle and Raman spectroscopy.

The method presented here contributes to the evolving land-
scape of 3D-sculpted macroporous polymers, particularly in
tailoring their mechanical properties and enabling chemical
patterning with (photo-initiated) click-chemistry. Wettability
patterning is just one example of chemical patterning, but finds
applications in fog harvesting,”” anti-counterfeit,”® spatial con-
trol of nucleation® for crystal growth,*® and programmable cell
migration®' - these studies were based on monotonic chemical
gradients or 2D patterns. Chemical patterning of 3D objects
multiplies the possibilities, highlighting its potential as a versa-
tile tool in the field of 3D printed macroporous materials.
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