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Abstract: Vat photopolymerization 3D printing has traditionally relied on free radical crosslinking between
alkenes to produce non-degradable parts, which may have limited use in the biomedical and clinical
spaces. Photopolymer resins containing functionalized degradable polymers, specifically polyesters, are
greatly interesting for 3D printing tissue scaffolds and medical devices. Unfortunately, most polyesters
produced for these applications have been made using metal-containing catalysts, which are not without
risk for medical applications. Organocatalysis is a viable alternative route to achieving the same types of
polyesters. Here, ring opening copolymerization (ROCOP) of allyl and cyclohexene-containing polyesters
is examined using bipyridine and a guanidine-containing catalyst. The role of the catalysts, initiators, and
cocatalysts are examined for bulk, open air ROCOP reactions. Unlike previous efforts with organocatalysis,
the examined catalysts here could be used to tailor the dispersity of the polyesters, with ~10 kDa
polyesters with dispersity ranging from 1.3 to 2.5 examined for the impact on rheological and
thermomechanical properties related to resin/part behavior. The bipyridine catalysts and a thiourea
cocatalyst further are shown, through the introduction of new fluorescence emissions of the purified
polyesters. This work demonstrates that tuning the dispersity of polyester photopolymers provides a
direct method of tailoring physical and optical properties in 3D/4D printable materials.

Keywords: Organocatalysis, ring opening copolymerization (ROCOP), 3D/4D printing, polyester, thiol-ene
photocrosslinking

Introduction

Additive manufacturing has become one of the most prominent new methods of producing unique or
personalized prototypes and devices.* 3D printing technology, properly utilized, would provide avenues
towards patient-specific implants which are rapidly available in clinical settings. Achieving such a goal
requires the parallel development of both the materials platform (the printable materials) as well as the
processing methodologies. The hardware component of this, specifically the 3D printing modality which
includes considerations such as part stability and resolution, is very advanced and could be competitive
with other contemporary medical device or tissue scaffold manufacturing methods.>*! The limitation lies
with the polymeric materials, and their compatibility/suitability for a given modality, and it is this lack of
materials that must be addressed to successfully see patient-specific medical devices enter the clinicat a
large scale.

Vat photopolymerization offers a unique balance of mechanical stability, economic flexibility, and
throughput that is crucial for personalized medicine.’® The covalent crosslinking between print layers
results in a more mechanically robust part compared with fused filament fabrication, and the use of visible
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light lends itself theoretically to a scalable system without increasing user risk.’® While free-radical
crosslinking and epoxide opening are still the most common crosslinking chemistries for vat
photopolymerization 3D printing, such materials are often associated with broader property distributions
or less reliable tunability, such as with mechanical behaviors or hydrolytic degradation rates.?18 Thiol-
ene crosslinking is an alternative gelation mechanism in vat photopolymerizations and 3D printing which
provides greater reproducibility and lower variation in properties.1# 1°-30

Ring-opening copolymerization (ROCOP) of polyesters provides an opportunity to access photopolymers
possessing the necessary functional groups, such as alkenes, necessary for thiol-ene photocrosslinking.
The Coates, Darensbourg and Williams groups have been extremely successful, and prolific, with ROCOP
for producing stereo-controlled, block, and functional polyesters, but the focus in these works has been
on metallic catalysts which are potentially risks for medical applications.?® 318 The Becker group has
similarly explored a magnesium-containing catalyst for the production of poly(propylene fumarate), a
polyester which may undergo free radical crosslinking and has found use in vat 3D printing of a variety of
tissue scaffolds and medical devices.1?16- 4950 Using a tin-containing catalyst, Brooks et al demonstrated
how stereochemistry (both malate and fumarate-containing polyester isomers) as well as stoichiometry
(thiol to alkene ratio) could tailor physical properties for photocrosslinkable polyesters.?> While these
studies demonstrate the utility of the polyesters for 3D printing, for certain biomedical applications tin
and other metal catalysts are a source of concern due to the potential carcinogenic, reproductive toxicity,
teratogenicity and developmental problems, and similar risks.>2>3 While the metal-based catalysts are
very successfully leveraged for ROCOP, exploring organocatalysts which present lower risk profiles could
offer significant advantages for the biomedical field.

Organocatalysis is known to provide a number of avenues towards producing polyesters, including the
traditional polycondensations as well as by ROCOP mechanisms and other important classes of
polymers.>* > Organic Lewis acid/base pairs have been recently explored as viable routes to making a
wide array of polyesters as well as other polymers, as these catalysts may be stereo- or chemoselective
as well as resulting in high molecular weights.*®>® Work by Dove and Waymouth demonstrated
thiourea/DBU cocatalysts as a means of generating high molecular weight, THF-insoluble poly(lactic acid)
with narrow dispersity below 1.2.6%-61 The Li group has successfully demonstrated the synthesis of triazine
phosphazenes as catalysts for highly selective ROCOP of phthalic anhydride with common epoxides to
achieve molecular weights up to ~40 kDa with dispersity below 1.2.52 Recently, Merckle et al
demonstrated the use of functional thioureas co-catalysts with DBU to achieve up to nearly 50 kDa
polyesters (P < 1.3) via ROCOP in open-air, bulk conditions, demonstrating a simple system with
translational potential for various disciplines and industries due to the low barrier for implementation.53
Importantly, the amine-functional thiourea co-catalyst incorporated into the polyester backbone, serving
as an initiator for the ROCOP.?

Control of dispersity has become a growing interest in multiple fields, and with many of the representative
organocatalyst studies focusing on narrow molecular weight distributions and high molecular weights,
there is an obvious gap in photopolymer material characterization that should be addressed: the role of
dispersity in polyester photopolymer physical properties.®*% As DBU has been shown by numerous
authors to be successful for organocatalysis of polyesters and other degradable materials, similar amidine
catalysts were considered as viable alternatives.20. 2660, 61,63,67-71 1 1 3 3-tetramethylguanidine (TMG) has
been reported as a commercial and economical alternative to DBU.”? As pyrazoles have found use as
ligands in ROP of lactide, and due to structural and pka similarities with DBU, (1H-pyrazolo[3,4-B]pyridine)
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and (1H-pyrrolo[2,3-B]pyridine) bipyridinal bases were selected for exploration in the ROCOP of allyl
glycidol ether (AGE) and cis-cyclohexene-1,2-dicarboxylic anhydride (CHA), to provide further insight into
the role of organocatalysis in this polyester system. We demonstrate the use of these catalysts for tailoring
the dispersity of the polyesters while still achieving high molecular weights above 25 kDa. These dispersity
differences are then explored for utility in 3D printing photopolymers, comparing viscoelastic and
thermomechanical properties while ultimately being used for printing complex prototypes using thiol-ene
photocrosslinking.

Results and Discussion
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Scheme 1. The idealized structure of the examined monomers and the resultant polyester repeat unit,
along with the examined organobase catalysts, thio-urea co-catalysts, and initiators.
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The pyrazole 1H-pyrazolo[3,4-Blpyridine (Pyrz34) and pyrrolo species 1H-pyrrolo[2,3-B]pyridine (Pyrr23)
were explored as organocatalysts, with two different thioureas (N-(p-tolyl)thiourea (Npt TU) and N,N’-
diphenylthiourea (diphenyl TU)) as co-catalysts. Propargyl alcohol, Npt TU, TMG, Pyrz34, and Pyrr23 were
examined as initiators as well (Scheme 1).The role of time, catalyst and co-catalyst species, and initiator
species was examined for tailoring the molecular weight and dispersity of polyester photopolymers
synthesized from AGE and CHA.

The Pyrz34 catalyst, without a co-catalyst or initiator species included, resulted in molecular weights
exceeding 20 kDa while maintaining a dispersity below 1.3 for reactions conducted at 100 °C over 48 h.
This system further had the benefit of displaying a nearly linear relationship between conversion and
molecular weight without dramatically altering the dispersity at any conversion point up to ~90% (Figure
1), and importantly, the resultant polymer displayed ~98% or greater ester linkages over the course of the
polymerization, with the final polyester displaying 99% or greater ester linkages (Table 1). The inclusion
of the Npt TU and diphenyl TU cocatalyst, or the use of the propargyl alcohol initiator, resulted in similar
molecular weights but with dispersity values above 2.0 in all cases. Importantly, the conversion was
increased to above 95% with the thioureas and the alcohol initiator. The selectivity of the systems was
also not significantly reduced, with more than 98% ester linkages in the final polyester photopolymers.

The Pyrr23 catalyst resulted in 8-10 kDa molecular weights with 1.8 < D < 2.6, where molecular weight
growth was linear (relative to conversion) until 90%. Using Npt TU as a co-catalyst resulted in polyesters
with molecular weights of approximately 13 kDa, and a dispersity of ~1.6. The highest molecular weight,
nearly 29 kDa with a dispersity of up to ~2.4, was achieved when using the diphenyl TU cocatalyst. The
incorporation of thioureas Npt TU and diphenyl TU, as well as propargyl alcohol, all resulted in lower
molecular weights compared with the Pyrr23 by itself until monomer conversions above 80%.

The TMG catalyst system, regardless of cocatalyst or initiator species examined, resulted in significantly
smaller molecular weights (below 5 kDa) with dispersity approaching 2.0. Conversions, unlike with the
bicyclic catalysts, ranged from 20% up to 88%, but most TMG catalyst combinations investigated remained
between 50 and 70%.

Table 1. Synthetic conditions and characterizations of cis-4-cyclohexene-1,2-dicarboxylic anhydride (CHA)
and allyl glycidyl ether (AGE) derived polyesters as functions of selected catalyst/co-catalyst and initiator
(propargyl alcohol (prop-OH)) combinations. All polymerizations were conducted in bulk, open air, at 100
°C, with a CHA:AGE:catalyst ratio of 200:200:1. (n =3)

Catalyst/cocatalyst | Time | M, M, TOF Conversion | Ester Dispersity (D)
(h) (NMR) (SEC) (h) % linkage % | (M./M,)
(kDa) (kDa)
TMG 1 0.7 0.3 48.4 24.2 84 1.16
3 0.7 0.3 20.1 60.2 99 1.16
6 0.8 0.3 11.0 65.8 99 1.16
12 0.8 0.3 6.3 75.8 90 1.17
24 1.1 0.3 33 78.8 96 1.17
48 2.4 1.9 1.8 87.6 95 1.70
Pyrr23 1 3.5 5.6 102.8 51.4 99 1.80
3 12.0 13.1 61.3 91.9 99 2.12
6 11.7 10.3 31.3 93.8 95 1.94
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Figure 1. Representative size exclusion chromatography (SEC) curves for ROCOP catalyzed by TMG (A),
Pyrr23 (D), and Pyrz34 (G) as a function of time. Molecular weight and dispersity as functions of conversion
for TMG catalyst systems (B, C), Pyrr23 catalyst system (E, F) and Pyrz34 catalyst systems (H, I). All
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polymerizations were conducted in bulk, open air, at 100 °C, with a CHA:AGE:catalyst ratio of 200:200:1 .
(n=3)

The time required to achieve polyester photopolymers was further examined. Generally, TMG catalyst
systems achieved 20 to 60% monomer conversion within the first hour at 100 °C, followed by slow, linear
increases over 48 hours up to 80% (Figure 2). This equated to ~15 repeat units maximum achievable with
the TMG catalysts. By comparison, the Pyrr23 species displayed 50 to 85% conversion within the first hour,
greater than 90% conversion by 2 hours, and 95% conversion by 6 hours for most of the examined catalyst
combinations. While the polymerizations were carried out to 48 hours for consistency across the study,
there are significantly decreasing returns for prolonging this polymerization as between 50 and 100 repeat
units could be achieved within 2-6 hours in a primarily linear relationship (conversion vs molecular
weight). By contrast, the Pyrz34 catalyst yielded approximately 10 to 50% conversion within the first hour,
and up to approximately 85% by 24 hours for all catalyst compositions. This indicates that after 24 h, the
same diminishing returns are found for the polymerization with Pyrz34. As could be expected, it is at this
point that the dispersity begins to significantly increase above 2.0 in most Pyrz34 systems. Critically
evaluating the results seems to indicate the following behaviors: the Pyrr23 system likely provides the
most rapid conversion in comparison with the other two species, regardless of co-catalyst or initiating
species. However, the Pyrr23 may also result in the broadest dispersity as well.
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Figure 2. Monomer consumption, molecular weight, and dispersity as functions of time for TMG catalyst
systems (A- C), Pyrr23 catalyst system (D-F) and Pyrz34 catalyst systems (G-I). All polymerizations were
conducted in bulk, open air, at 100 °C, with a CHA:AGE:catalyst ratio of 200:200:1 . (n = 3)

Part of the success of the Pyrr23 and Pyrz34 relative to the TMG is likely a similar result to the recent
insight by Merckle et al., where Npt TU was shown to incorporate into the polyester backbone during
synthesis as indicated by NMR.?2 Here, this behavior was found through the fluorescent behavior of the
resultant polyesters, which previously did not display such optical properties, indicating the incorporation
of certain catalysts that act as initiating species as well (Figure 3).

When polymerized using DBU and propargyl alcohol, the polyesters were found to have an excitation peak
at approximately 470 nm but displayed negligible fluorescence emissions (Figure 3B). By comparison,
polyesters initiated by the Pyrz34 catalyst display an excitation peak centered at ~350 nm and an emission
peak at ~¥430 nm with a tail extending past 650 nm and a full width half maximum (FWHM) of 114 nm.
Comparatively, the Pyrr23 initiated polyester displayed an excitation peak at ~420 nm and an emission
peak at ~460 nm with a FWHM 91 nm, with a distinctly different emissions curve shape compared to the
Pyrz34. Importantly, polyesters synthesized as reported by Merckle et al using DBU and Npt TU also
display fluorescence, where the excitation peak is found at ~340 nm and the emission peak at ~450 nm
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with FWHM of 81 nm. These behaviors further indicate that the incorporation reported by Merckle et al

is found with these bicyclic catalysts as well.2
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Figure 3. (A) Proposed incorporation mechanism for functional catalyst initiation and incorporation into
the polyester backbone and corresponding fluorescence excitation and emission spectra of the resultant
polyesters. (B-J) The resulting fluorescence demonstrating the incorporation of the TMG, Pyrr23, and
Pyrz34 catalysts into the backbone of the CHA-co-AGE polyester.

As previously noted, using the bicyclic pyridine-type catalysts provided a means with which to produce
polyester photopolymers with control over molecular weight dispersity while maintaining the molecular
weight and ester linkage content. While Merckle et al. indicated that the thermosets produced via thiol-
ene photocrosslinking (crosslinked using the 4-arm thiol PETMP) do not have a molecular weight
dependency at 10 kDa with regards to the elastic moduli and other mechanical properties, it was unclear
what the relationship would be with molecular weight dispersity. To that end, polyester photopolymers
with molecular weights (M,) of ~10 kDa, with discrete dispersity (D) distributions of 1.2, 1.5, 2.0, and 2.5
were produced for physical characterization.

Polymer rheological behavior, a critical consideration for vat photopolymerization 3D printing, was
examined using unirotational and oscillatory parallel plate shearing. As should be expected for consistent
molecular weight, Newtonian fluid polymers with varying dispersity, the dynamic viscosity (1) was found
to increase as the dispersity narrowed (decreased from 2.5 to 1.2) (Figure 4, Table 2). Noticeably, the 1.28
species displayed u~ 593.2 + 28.3 Pa x s, while 2.50 u~ 22.3 £ 3.9 Pa x s, lower by more than an order of
magnitude. For polyester photopolymer resins intended for 3D printing and vat photopolymerizations,
this is a critical decrease as the upper threshold for most commercial resins is below 10 Pa x 5.26 73 To
achieve this, diluents often utilized for highly viscous polymers, diluent concentrations of up to 50% or
more may be required. As the higher dispersity polyesters display viscosity values within the same
magnitude as the commercial resins, it is expected that only low concentrations, if any, will be required
once the resin is compounded with the thiol crosslinker. For the 2.5P photopolymer, compounding a
photopolymer resin with an appropriate viscosity, where PETMP has a viscosity of approximately 0.5 Pa x
s, would be readily achievable through a simple stoichiometric balance of thiol to alkene groups, while
the 1.2D formulation required propylene carbonate or similar diluents.?% 74
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Figure 4. Representative dynamic viscosity as a function of shear rate for ~10 kDa polyesters with different
molecular weight distributions, determined from unirotational parallel plate viscosity. (N =3, n = 20)

To that end, the photopolymer resin was compounded (stoichiometric balance of in-chain alkenes with
PETMP’s thiols) (Figure 5A), with Irgacure 819 as the photoinitiator, resulting in a resin that could be
crosslinked using visible (405 nm) light. In the 3D printer, these resins could be rapidly processed into
porous tissue scaffolds within seconds of irradiation time. Using 0.5 wt% initiator loading, solidification
sufficient to stabilize the structure during the peeling and lifting steps was found within 5 s of irradiation
at 405 nm. The porous scaffolds were analyzed by microCT (Figure 5B), and were found to be identical, as
expected, to previous examples produced using narrow dispersity polyesters reported by Merckle and
Brooks, polycarbonates reported by Weems, and bioderived polymyrcene reported by Constant.?% 22 2526

Table 2. Molecular and physical properties of polyester photopolymer and thermosets.

Species: M, M, Te Viscosity E Strain UTS (MPa) | Toughness
Dispersity | (NMR) | (SEC) | (DSC) | (Paxs) | (MPa) at (MPa x m=)
(P) (kDa) (kDa) (°C) break
(Mw/M,) (%)
1.20 11.7 11.8 29.2 593.2+ | 582.7 | 10.8+ | 38.5+8.0 | 346.2+75.2
28.3 + 2.2
117.3
1.5 114 11.8 20.8 73.2 146.7 | 23.2+ 7.6+1.4 | 129.8+30.0
19.6 +55.8 1.4
2.00 9.5 8.4 19.8 57.7 + 1939 | 33.1+ 87+15 |1483+20.5
10.3 +36.2 17.8
2.5 10.0 9.4 17.5 223+ 160.0 7.4+ 8.5+0.6 45,0 +14.7
3.9 +29.3 1.9
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Figure 5. Idealized reaction schematic of pyrazole-initiated poly(AGE-CHA ester) crosslinked with PETMP
under 405 nm light to form the thermoset material (A), which was then processed via DLP-type 3D printing
into a porous scaffold (B) showing the side view (left) and top view (right) that was fixed to the build plate.

The polyester resins were further crosslinked into ASTM Type IV dogbones for monotonic, uniaxial tensile
testing for failure analysis, while films were used for thermal analysis by DSC (Figure 6). Thermal analysis
supported the rheological performance displayed by the thermoplastic precursors, but in this instance
increasing dispersity lowered the glass transition temperature (T,) of the thermoset. Mechanical property
comparisons revealed interesting behaviors for these materials when elongated to failure (Figure 7). For
example, the 1.2 D samples were statistically more rigid (greater elastic moduli values), while the
remaining samples demonstrated no differences between them. Statistically distinct differences were
found for other examined properties, as well. Strain at break was found to be statistically lower between
the 1.28 and the others, but was greater than the 2.5 D..

Interestingly, the 2.50 samples were brittle in a similar manner to the 1.2D species, but to an even greater
degree (lower strain at break, statistically). It is hypothesized that this behavior relates to the free volume
of the resultant network, where the lower molecular weight diluents serve to increase the network size
while simultaneously requiring an increasing number of crosslinks to achieve the “infinite” molecular
weight. These two factors likely limit flexibility without influencing the glassy nature of the polyester
thermoset network.
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The ultimate tensile strength (UTS) also was demonstrated to be dependent upon the dispersity. The
lowest examined dispersity, 1.2D, was found to be statistically significant in comparison with the higher
dispersity species, the rest of which were not different from each other. For the 1.2D series, the average
UTS was approximately 35 MPa while the other values displayed less than 10 MPa UTS. Again, this is likely
the result of the plasticizing behavior of the lower molecular weight “impurities” within the networks.
Similarly, the toughness of the thermosets followed trend of 1.2D samples being more robust while the
higher dispersity samples displayed less durable behavior (~*350 MPa x m= for 1.2 while the rest of the
samples displayed toughness values below 150 MPa x m=). This likely means that cyclic analysis of these
samples would also show significant differences with the higher dispersity resulting in more rapid sample
degradation under loading. Ultimately, this insight may be used to define the applications for these
materials. For example, the narrower dispersity could be targeted towards a specific part, such as a tough
and stiff bone tissue scaffold. Alternatively, the broader dispersity samples could find use in general
prototyping or as an all-purpose photopolymer resin used to evaluate the structure or stress
concentrations as a means of selecting a specific tissue system and design requirements.
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Figure 6. Representative (A) thermograms and (B) tensile stress-strain curves of thermoset polyesters
derived from different dispersity photopolymers. (Precursor photopolymer MW ~ 10 kDa by SEC)
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Figure 7. Mechanical properties of dogbones elongated uniaxially to failure, including (A) elastic moduli,
(B) strain at break, (C) ultimate tensile strength, and (D) toughness as a function of polyester
photopolymer precursor dispersity. (n = 7)

Conclusions

In conclusion, the role of organocatalysts for ROCOP of functional polyesters was explored, providing a
route towards tailoring the molecular weight dispersity and influencing the resultant physical properties
of crosslinked polyesters. The examined species of bicyclic catalysts provided an opportunity to discretely
tailor the dispersity of the resultant polyesters between 1.2 and 2.5 while maintaining a high molecular
weight of ~25 kDa. Dispersity control was used to examine the thermomechanical behavior of the
photopolymers and resultant 3D printed thermosets. Increasing dispersity was found to decrease the
viscosity, a benefit for 3D printing resins, but also was shown to decrease the elastic moduli, UTS and
toughness of the materials while increasing the strain at break. This tradeoff of physical properties would
be useful for exploitation in the design of 3D printable resins with tuned physical behaviors, without
altering the molecular weights.
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