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ABSTRACT: The lack of chemical diversity in light-driven reactions for 3D printing poses challenges in the production of
structures with long-term ambient stability, recyclability, and breadth in properties (mechanical, optical, etc.). Herein we expand the
scope of photochemistries compatible with 3D printing by introducing onium photocages for the rapid formation of
poly(thiourethanes) (PTUs). Efficient nonsensitized visible-light photolysis releases organophosphine and -amine derivatives that
catalyze thiol—isocyanate polyaddition reactions with excellent temporal control. Two resin formulations comprising commercial
isocyanates and thiols were developed for digital light processing (DLP) 3D printing to showcase the fast production of high-
resolution PTU objects with disparate mechanical properties. Onium photocages represent valuable tools to advance light-driven
manufacturing of next-generation high-performance sustainable materials.

ight-driven chemistry has enabled numerous technologies,

from lithography to produce microelectronics to emergent
additive manufacturing in the fabrication of medical
devices.'™ These transformative discoveries rely on the
spatiotemporal control offered by light in polymer synthesis.
Light-induced radical polymerizations have dominated over
ionic ones because of their lower photoinitiator cost, excellent
temporal control, and faster, application-relevant, reaction
speeds (completion in <60 s). However, radical-based
photopolymerizations are majorly limited in scope to acrylics
and, more recently, thiol—ene reactions.®”

Anionic photopolymerizations can diversify the portfolio of
accessible polymers to include polysulfides,"”™"> polyest-
ers,'”"” polyamides,'®'? and poly((thio)urethanes) (P(T)-
Us).”>™>* In these polymers, the heteroatomic backbones
provide intermolecular interactions that can improve mechan-
ical performance (e.g., strength and toughness) while
simultaneously enabling plastic recyclability.”* > Among
them, polythiourethanes from thiol—isocyanate addition stand-
out in reaction speed, exceptional thermomechanical and
optical properties (e.g, high toughness, hardness, and
refractive index), and ease of triggered dynamic bond exchange
for reprocessability.”’ ' However, a lack of temporal control”!
has precluded advanced manufacturing of PTUs.

In parallel with our efforts, Sardon and co-workers
demonstrated the first example of PTU digital light processing
(DLP) 3D printing via UV-light-driven sensitization of a
commercial guanidinium photobase generator.”> The authors
showcased the utility of such networks in both recyclable
photoresins and self-healing constructs. However, poor
solubility of the ionic photobase in the resin necessitated use
of a volatile solvent (30 wt % acetone), which can compromise
resin stability, produce secondary waste, and cause part
shrinkage. Additionally, the two-component photosystem
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results in diffusion limitations that can restrict the printable
resin viscosity.

Described herein are single-component onium photocages
that provide exceptional temporal activation of thiol—
isocyanate addition, providing PTUs in a matter of seconds
upon light exposure. Moreover, activation by low-intensity
visible LEDs is accomplished without sensitization'”'*'* or
uncaging via decarboxylation,””** where CO, gas evolution
can cause termination from acidification and mechanical
embrittlement from voids.

Photocage design was constructed on four pillars: (1) o-
nitrobenzyl (oNB) for efficient uncaging, (2) tetraphenylbo-
rate counteranions”’ to avoid CO, gas release, (3) phosphine
cargo to rapidly catalyze thiol—isocyanate addition, and (4)
onium cages for temporal control (Figure 1A). A range of oONB
photobase generators (PBGs) were synthesized via a scalable
three-step process. First, PBr; converts 4,5-dimethoxy-2-
nitrobenzyl alcohol to the corresponding bromide, followed
by nucleophilic substitution with the desired amine or
phosphine. Specifically, tributylamine (TBA), tripropylphos-
phine (TPP), dimethylphenylphosphine (DMPP), and meth-
yldiphenylphosphine (MDPP) were selected. Finally, anion
exchange of bromide for tetraphenylborate ([BPh,]”) was
conducted in water (see section S1.2 for further details). The
overall yield for the three-step synthesis was 60% (DMPP),
which facilitated gram-scale photocage preparation (Figure 1B,
inset). A neutral photocage bearing tetramethylguanidine
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Figure 1. Onium photocage synthesis and characterization. (A) Scalable synthetic protocol to [oNB-R]*[BPh,]~ photocages. Conditions: (i) base
(R = TBA, MDPP, etc.), toluene, rt, 3 h, >98% yield; (ii) 2% aq. HCI, BPh,, rt, 2 h, >77% yield. (B) Representative photocage UV—vis absorption
spectra in CH;CN (8 mM) underlaid with UV (365 nm) and violet (405 nm) LED profiles. The inset photograph shows the gram-scale yield of
oNB-MDPP. (C) 3'P NMR spectra showing the generation of MDPPO upon irradiation with violet light to determine the uncaging quantum yield

(®,).

(oNB-TMG)'>** was also prepared and tested as a control.
UV—vis absorption spectroscopy revealed peak absorption
bands at ~350 nm that tailed into the visible (>400 nm)
spectrum for all oNB derivatives (Figures 1B and S6). Thus,
we anticipated that activation with either 365 or 405 nm LEDs
would be possible.

The uncaging efficiency for oONB-MDPP was determined
using *'P NMR spectroscopy (Figure 1C and section S3.2).
Release of MDPP upon 405 nm LED irradiation (100 mW/
cm?) was tracked by proxy of methyldiphenylphosphine oxide
(MDPPO) generated in situ. A concentrated solution of o0NB-
MDPP (72 mM), together with PPh; as an internal standard
(36 mM) ensured approximately quantitative light absorption
and strong NMR signals at low conversions (<10%). This
minimized the competitive absorption of the oNB byproduct
to determine the internal uncaging quantum yield (®,). The
MDPPO signal appeared at irradiation times of 2.5, S, and 10
min, revealing a respectable @, of 5.5 + 0.3%, which was in
line with our prior findings for dimethoxy oNB photoc-
ages. 3

Real-time Fourier transform infrared (RT-FTIR) spectros-
copy in an attenuated total reflectance (ATR) configuration
was employed to characterize thiol—isocyanate addition to
PTUs activated by onium photocages (Figure 2A). A model
resin comprising hexamethylene diisocyanate (HMDI) and
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP)
with a 1:1 functional group ratio was tested with four oNB—
onium photocages (0.5 mol %), which were readily miscible
without the need for solvent. Irradiation with a violet LED
(405 nm, 20 mW/cm?) caused rapid polymerization without
inhibition after the 10 s dark period (Figure 2B). Monomer to
polymer conversion (p) was determined by monitoring the
disappearance of the isocyanate (N=C=0) stretch at ~2270
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ecm™'.*® The three phosphonium photocages resulted in

comparable polymerization rates (~170—190 mM/s), which
were >2 times higher than the ammonium photocage (~70
mM/s). Notably, photopolymerization only occurred with
[BPh,]” counterions and not Br~, [BF,]”, and [B(Ph-
(CF3),)s]” ([BArf,]7) (Figures S13—S15), signifying the
importance of counterion selection. We hypothesized that
oNB undergoes photocyclization and elimination®” to release
an ammonium— or phosphonium—borate ion pair followed by
its degradation in an analogous fashion to that described for
[BPh,]” guanidinium salts irradiated with deep-UV light
(<254 nm),'® which yields arylborane fragments and the
corresponding amine or phosphine (Figure S20).

Given similar photopolymerization rates for the different
phosphonium photocages, we selected oNB-MDPP for future
studies due to its qualitatively enhanced resin miscibility.
Exposing the same model resin to intensities ranging from 2 to
80 mW/cm’ resulted in an ~16-fold increase in polymerization
rate, from 35 to 574 mM/s (based on isocyanate conversion),
respectively (Figure 2C). This provided an approximately
linear relationship between polymerization rate and light
intensity (Figure S19), characteristic of base-catalyzed thiol-
Michael addition reactions which lack bimolecular termination
pathways.”® Notably, ~50% monomer conversion occurs
within 10 s of irradiation for intensities >20 mW/cm?, and
the maximum conversion of ~60% was thought to result from
vitrification.

Using an intensity of 20 mW/cm? temporal control was
assessed by extending the initial dark period from 10 to 300 s
during RT-FTIR experiments (Figure 2D). Furthermore, the
phosphonium photocages were directly compared with
previously reported ionic xanthone carboxylate, neutral oNB,
and coumarinylmethyl photocages bearing various guanidine
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Figure 2. Thiol—isocyanate photopolymerizations monitored using RT-FTIR spectroscopy. (A) Chemical structures for model resin components
and illustration of the ATR RT-FTIR setup used to monitor isocyanate (NCO) conversion (p) over time (¢) in forming PTUs. HMDI and PETMP
were used in a 2:1 molar ratio with no added solvent. (B) Representative photopolymerizations with oNB photocages exposed to violet light (405
nm, 20 mW/cm?) after a 10 s dark period. (C) Influence of LED intensity on photopolymerization using o0NB-MDPP. (D) Temporal control of
oNB-MDPP against a guanidine-caged xanthone carboxylate salt and neutral TMG photocages. The LED was turned on at 300 s (405 nm, 20

mW/ sz)_

cargoes (Figures 2D and S16—S18). The xanthone salts had
poor miscibility in the resin, which coupled with their weak
violet-light absorption, resulted in no observable polymer-
ization. However, adding solvent CH;CN (9 wt %) to aid
miscibility led to rapid gelation. Similarly, neutral photocages
containing TMG led to PTU formation in the dark, precluding
their utility in photocurable resins requiring temporal control
(e.g, 3D printing). We hypothesized that the caged TMG-
carbamates activated isocyanates to nucleophilic attack by
thiols. In stark contrast, the present phosphonium photocages
caused no dark reaction yet underwent rapid polymerization
upon light exposure.

To showcase the breadth of properties achievable with PTU
3D printing, two disparate resins were created using
inexpensive commercial isocyanates and thiols: a hard, strong
resin and a soft, extensible one (Figure 3A). The hard PTU
resin comprised isophorone diisocyanate (IPDI) and trime-
thylolpropane tris(3-mercaptopropionate) (TMPMP) with an
ethoxylated analog (ETTMP-700) in an ~9:1 molar ratio.
Qualitatively, TMPMP provided stronger, less brittle materials
relative to PETMP, with further mechanical property improve-
ments observed by adding ETTMP-700 (see sections S3.5 and
$3.8 for more details). The soft resin comprised p-tolylene 2,4-
diisocyanate-terminated poly(propylene glycol) (TDI-PPG)
together with 2,2'-(ethylenedioxy)diethanethiol (DODT) and
TMPMP in an ~13:1 molar ratio.
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Photopolymerizations with a 405 nm LED (80 mW/cm?)
were monitored using RT-FTIR spectroscopy in a transmission
configuration, with 100 pm thick samples to match printing
(Figure 3B). In both the hard and soft resins, 10 wt %
acetonitrile was added to improve resin stability and photocage
mixing, where photocage crystallinity notably influenced the
ease of solubilization (Figure $26). With 1 and 2 mol % oNB-
MDPP in the hard and soft resins, respectively, rapid
photopolymerizations ensued. Specifically, isocyanate con-
version rates of 1280 and 375 mM/s for the hard and soft
resins were measured, reaching a conversion plateau in ~30 s.
According to the Carothers equation (section $3.5), the hard
and soft formulations should theoretically reach their
respective gel points at 83% and 98% conversion, which
correspond to ~13 and ~15 s by RT-FTIR spectroscopy,
respectively. Photorheology of the soft resin under identical
conditions (405 nm LED, 80 mW/cm? 100 um thickness)
provided a gel point of ~7 s (Figure S27). In either case, this
displayed the high monomer conversions necessary for gelation
to occur in networks formed via a step-growth mechanism,
which contrasts with standard acrylic resins used for 3D
printing, where uncontrolled radical chain growth causes
gelation at low conversions.”” Delayed gelation and the
formation of more uniform networks have the potential to
improve stability and mechanical performance by reducing the
density of residual reactive functionality and topological
defects.
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Figure 3. Onium photocages in PTU 3D printing. (A) Chemical structures for hard and soft resin formulations, which include 9 wt % CH;CN. (B)
Photopolymerization kinetics monitored using transmission RT-FTIR. (C) Uniaxial tensile testing data of hard and soft dogbones prepared using
DLP 3D printing with violet light (405 nm, 80 mW/cm?) at exposure times of 20 and 15 s/100 um layer, respectively. The insets show
photographs of the hard and soft dogbones along with zoomed-in stress—strain plots. (D) Complex 3D print with (i) digital rendering, (ii)
photograph of hard knot (printed at 8 s/25 um layer), and (iii) SEM images.

Tensile testing of DLP 3D-printed dogbones using exposure
times of 20 and 15 s/100 um layer (40S nm LED, 80 mW/
cm?) for the hard and soft resins, respectively, was
accomplished next (Figure 3C and section $3.9). The hard
system provided materials with a strength (maximum stress,
Omax) Of 54 MPa and stiffness (Young’s modulus, E) of ~1500
MPa. In contrast, the soft system provided materials with E ~
1 MPa that could stretch (fracture strain, &) to ~200% of their
original size with hysteresis (<5%) and elastic recovery (>99%)
comparable to natural rubber (Figures S31—S35). These
extreme properties are competitive with optimized industrial
acrylic resins.*”

As a final demonstration, complex 3D objects were produced
with both resin systems (Figure 3D and sections $3.10 and
$3.11). A rolling hull knot was selected as a challenging 3D
structure that necessitated high lateral and vertical resolution
along with sufficient mechanical integrity to withstand the
printing process (Figures 3D and $36—S45). For the hard and
soft resins, exposure times of 8 and 3.5 s/25 um layer,
respectively, were used. Notably, the soft resin was more
reactive because of the use of aryl isocyanates in place of
aliphatic ones, leading to a slow background reaction over the
course of hours after mixing (Figures S46—S49). A small
amount of octanoic acid (0.15 mol %) was added to the soft
resin as a stabilizer, along with Sudan I (0.0003 mol %) as an
opaquing agent to improve resolution. The prints were
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characterized with scanning electron microscopy, revealing
excellent print fidelity, with layer thicknesses averaging 36 + 7
and 98 + 6 pm for 25 and 100 pm hard knots, respectively.
Additionally, lateral features as small as ~100 ym were possible
based on resolution prints from the hard and soft resins
(Figures 528—S30).

In summary, phosphonium oNB photocages were synthe-
sized with a scalable three-step process and used to catalyze the
rapid formation of PTUs upon exposure to violet (405 nm)
light. High uncaging yields (®, = 5.5%) of MDPP led to
thiol—isocyanate polyaddition reactions with maximum con-
versions reached in <30 s. Finally, oNB-MDPP was used in
DLP 3D printing to produce high-resolution structures with
disparate mechanical properties, from strong and stiff to soft
and elasticc. We postulate that coupling various oNB
derivatives, or possibly other triplet-forming dyes, with
onium [BPh,]” salts may serve as a platform to temporally
generate organobases with light. This would enable light-driven
advanced manufacturing of materials beyond the traditionally
employed acrylics and epoxies such as those with improved
long-term stability and unique mechanical properties, recycla-

bility, stimuli-responsive behavior, and multifunctionality.
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(trifluoromethyl) phenyl]borate; OXA-DBU, 2-(9-oxoxanthen-
2-yl)propionic acid 1,8-diazabicyclo[5.4.0Jundec-7-ene salt;
OXA-DBN, 2-(9-oxoxanthen-2-yl)propionic acid 1,5-
diazabicyclo[4.3.0]non-5-ene salt; OXA-TBD, 2-(9-oxoxanth-
en-2-yl)propionic acid 1,5,7-triazabicyclo[4.4.0]dec-S-ene salt;
RT-FTIR, real-time Fourier transform infrared; ATR,
attenuated total reflectance; QY, quantum yield; HOMO,
highest occupied molecular orbital; LUMO, lowest unoccupied
molecular orbital; DLP, digital light processing; HMDI,
hexamethylene diisocyanate; PETMP, pentaerythritol tetrakis-
(3-mercaptopropionate); TMG, tetramethylguanidine; IPDI,
isophorone diisocyanate; TDI-PPG, tolylene 2,4-diisocyanate-
terminated poly(propylene glycol) (average M, ~ 2300);
ETTMP, ethoxylated trimethylolpropane tris(3-mercaptopro-
pionate); DODT, 3,6-dioxa-1,8-octanedithiol; TMPMP, tri-
methylolpropane tris(3-mercaptopropionate); SEM, scanning
electron microscopy
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