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Abstract

Transimination reactions are highly effective dynamic covalent reactions to enable
reprocessability in thermosets, as they can undergo exchange without the need for
catalysts, by exposing the materials to external stimuli such as heat. In this work, a
series of five biobased vanillin derived resin formulations consisting of vanillin
acrylate with vanillin methacrylate functionalized Jeffamines® were synthesized, and
3D printed using digital light projection (DLP). The resulting thermosets produced,
displayed a range of mechanical properties (Young's modulus 2.05 — 332 MPa)
which allow for an array of applications. The materials we obtained have self-healing
abilities which were characterized by scratch healing tests. Additionally, dynamic
transimination reactions enable these thermosets to be reprocessed when thermally
treated above their glass transition temperatures under high pressures using a hot-
press. Due to the simple synthetic procedures and the readily available commercial
Jeffamines®, these materials will aid in promoting a shift to materials with
predominantly biobased content and help drift away from polymers made from non-
renewable resources.

Keywords: Vanillin, vitrimer, biobased thermoset, 3D Printing, dynamic covalent
chemistry, covalent adaptable networks, imine, self-healing, thermally
reprocessable, photocuring
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Introduction

Polymeric materials, or plastics, combine unrivalled mechanical properties with low
cost, and have become a staple commodity of our modern lifestyles. However, while
offering many advantages, the new plastics economy still has major weaknesses
that are becoming more evident by the day. Plastics are mainly produced from fossil
fuels —a non-renewable resource— with a major carbon footprint that will become
much more impactful as the population and demand increase.! Furthermore,
environmental pollution caused by plastics is creating broad devastation in natural
ecosystems and is considered one of the greatest environmental challenges of our
time.? Based on this, the design of new polymeric materials should be mindful of
sustainability practices that consider the process “from cradle to grave”. Starting
materials should be obtained from renewable feedstocks to reduce the carbon
footprint from their production.® Vanillin is a biobased, aromatic compound derived
from lignin that is widely used as a flavor and fragrance ingredient. However, most
industrially produced vanillin is still obtained from petroleum-based sources as it
represents a cheaper alternative. Sustainable vanillin production still accounts for a
very small portion of the world’s supply, but it is expected to continue to grow in the
coming years, based on its promise as a potential substitute of petroleum derived
monomers like bisphenol A (BPA)* and styrene.® It is anticipated that the sustainable
production of vanillin-derived phenolics will be encouraged in large scale as new
markets are developed for its application.®

In addition to using renewable resources, once the useful life of the material is over,
it is important to provide alternative methods for disposal, such as composting and
recycling, to prevent them from ending up in landfills. Recycling is a high-value
mechanism to repurpose plastics at the end of their life, ideally, into materials for
applications of similar quality. The recycling pathway is desirable for most uses since
this keeps the material in the economy, reducing the need for additional production.’
Additionally, the ability to repair high value polymers or objects can extend their
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lifetimes, resulting in a reduction of single use plastics. Many examples of self-
healing polymers have been produced where covalent bonds can be reformed using
a catalyst®® or reconfigured through dynamic covalent exchange reactions.1%-1?

On the other hand, new materials that are compatible with competitive manufacturing
methods, such as three-dimensional printing (3DP), are essential 3DP —the process
of transforming computer-based designs into 3D structures— is achieved through
layer-by-layer deposition or polymerization of a material.** The advantages, such as
sustainability,’* low waste production,’> and customizability!® have made this a
popular technique, which is projected to augment or replace other common
manufacturing methods like injection molding in the future.'” Among 3D printing
technologies, vat photopolymerization (VP) methods like stereolithography (SLA)
and digital light projection (DLP), provide the highest resolution products and can
provide isotropic materials, which are key to obtaining optimal mechanical
performance. VP methods produce thermoset polymers, which contain covalent
crosslinks between the polymer chains, and cannot be recycled by melt processing.
In recent years, this limitation has been addressed through the development of
covalent adaptable networks (CANs),*®21 and the number of CANs that use VP is
rapidly growing. CANs incorporate dynamic functionalities that can be broken and
reformed upon exposure to external stimuli, while in some cases, maintaining their
overall bond density.?2 CANs are now bridging the gap between thermoplastics and
thermosets, enabling thermosets to have the recycling and reprocessing advantages
of thermoplastics.

A few biobased CANs have been reported, usually consisting of associative bond
exchange mechanisms, which are known as vitrimers.23-2¢ Although a minority, there
are some reports of 3D printed materials that take advantage of CANs, with direct
ink writing (DIW) being the most used technique.?”?8 Nonetheless, a few reports that
combine the use of VP and CANs have been documented.?® There have been a few
examples of self-healing polymers used in 3D printing so far,3%-33 but only a handful
are compatible with VP .34-37

Most of the reports available combining CANs and VP use transesterification
reactions.®® However, among other areas of dynamic covalent chemistry, imine
exchange reactions have numerous advantages.®*4° They can occur rapidly and
without any significant side reactions, there are a wide variety of structures available,
simple synthetic approaches, and they have a diverse range of applications.*142
Several reports utilizing these chemistries exist, however, they are used mainly to
develop materials for extrudable hydrogels,*® epoxy resins,**#> elastomers,*¢ or
seldomly, methacrylate resins, which have not been 3D printed. Xu et al,*’ reported
two biobased, thermally reprocessable, and chemically recyclable imine vitrimers
based on methacrylate resins. The use of methacrylates (rather than acrylates) with
amine groups can help to avoid aza-Michael side reactions.® However,
methacrylate containing resins can have reduced printability due to slower
photopolymerization kinetics?® or high viscosities which can compromise their
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compatibility with photo-based 3D printers.*’ Here, we report a series of five obased,
self-healable, and reprocessable resinformulations that consist of an optimized
mixture of vanillin methacrylate-functionalized Jeffamines®, and vanillin acrylate.
The addition of vanillin acrylate allows for a reduction of the viscosity while providing
sufficiently rapid photopolymerization kinetics to allow it to be successfully printed
with a DLP 3D printer — without compromising the amount of bio-based content in
the photoresin formulation. Additionally, the presence of imine moieties allow for the
self-healing and reprocessing capabilities.

Experimental Section
Materials

All chemicals were used as received unless otherwise noted. Vanillin (99%) was
purchased from Alfa Aesar. Triethylamine (TEA), sodium chloride (NaCl) sodium
bicarbonate (NaHCO3s), hydrochloric acid (HCI), sodium hydroxide (NaOH),
dichloromethane (DCM), and tetrahydrofuran (THF) were purchased from Fisher
Scientific. Acryloyl chloride (297% stabilized with phenothiazine) was purchased
from Sigma-Aldrich. 4-dimethylaminopyridine (99%) (DMAP) was purchased from
Acros Organics. Methacrylic anhydride (94% stabilized with ca. 0.2% 2,4-dimethyl-
6-tertbutylphenol) was purchased from Alfa Aesar. Jeffamine® T-403 (J-T-403),
Jeffamine® D-400 (J-D-400), Jeffamine® ED-900 (J-ED-900), Jeffamine® D-2000
(J-D-2000), and Jeffamine® T-3000 (J-T-3000) were obtained as samples from
Huntsman. Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) was purchased
from TCI.

Synthetic Procedures

Vanillin Acrylate (VA). VA was synthesized following previously reported
procedures.*®%0 Vanillin (40g, 0.26 mol) was added to a round bottom flask and
dissolved in anhydrous DCM, followed by addition of TEA (51.4g, 0.51 mol). The
mixture was purged with N2 and cooled to 0-5°C in an ice bath. Acryloyl chloride
(16.99, 0.19mol) was added dropwise over a period of one hour. The reaction
contents were stirred for 24 hours, and vacuum filtered to remove precipitates. The
filtrate was then washed with water, NaHCOz3 (sat. aq.), HCI (0.1M, aqg.), brine, and
finally dried over Na2SOa. The product was purified using column chromatography
(6:4 hexane / ethyl acetate), to obtain the product as a clear and colorless liquid
(32.8g, 60%). (*H NMR Figure S1)

Vanillin Methacrylate (VMA) VMA was synthesized following previously reported
procedures.*’ Vanillin (20g, 0.13 mol) was added to a round bottom flask, followed
by addition of DMAP (0.12g, 0.98 mmol), and methacrylic anhydride (22g, 0.14mol).
The mixture was refluxed at 60°C for 24 h, then cooled to room temperature. The
reaction mixture was washed with water, NaHCOs (sat. aq.), NaOH (0.5M, aq.),
NaOH (1M, aq.), brine, and dried over Na.SOa4. A white crystalline product was
obtained and used without further purification. (23.5g, 80%). (*H NMR Figure S2)
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VMA-functionalized Jeffamines® The general procedure for the synthesis of the
five Jeffamine crosslinkers was the following: VMA (2 equiv for the diamines and 3
equiv for the triamines) was added to a round bottom flask and dissolved in DCM,
followed by addition of 1.2 equiv of the different Jeffamines® (J-T-403, J-D-400, J-
ED-900, J-D-2000, and J-T-3000). The solution was stirred for 4h at room
temperature. The crude product was washed with NaOH (1M, aq.), NaHCOs (sat.
ag.), brine, and dried over Na2SOas. After evaporating the solvent at reduced
pressures, the viscous liquids obtained were used without further purification. (*H
NMR Figure S3-S7)

Resin Formulation and 3D Printing

All the resin formulations were prepared using 20 mol% of the Jeffamine®
crosslinker and 80 mol% of the diluent VA. These components were mixed with 2
wt.% of TPO photoinitiator and ultrasonicated for 30 min to degas the resin and avoid
air bubbles while printing, as well as ensure full dissolution of the photoinitiator. After
this, the resin was gently warmed with a heat gun to facilitate its flow out of the
container, and poured into the vat of the Photon Zero DLP 3D printer. The printed
shapes were ASTM D638 standard specimen type V, the raising speed was set to 3
mm/s and the exposure time set to 60 s. Once printed, the specimens were washed
twice with isopropanol, the first to remove excess unreacted resin, and the second
one while sonicating for 5 min to remove additional unreacted material. After
washing, the specimens were post-cured under a 405 nm lamp for 24 h.

Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were obtained with an attenuated total reflection (ATR) accessory
coupled to a Fourier transform infrared (FTIR) spectrometer (Cary 600 Series). All
spectra were recorded in the 4000-400 cm™ range with a resolution of 2 cm™,
accumulating 32 scans.

Thermogravimetric Analysis (TGA). TGA of 5-10 mg samples loaded into an
alumina crucible, was conducted from room temperature to 700 °C at 10°C/min, with
a flow rate of 100 mL/min N2 atmosphere using a Mettler Toledo SDT.

Tensile Testing

Uniaxial tensile testing to failure of ASTM D638 standard type V specimens was
performed using an Instron 5500A testing machine with a 50 N load cell at a rate of
10 mm/min until failure.

Compression Testing

Uniaxial compression testing was performed using an Instron 6800 universal testing
machine with a 50 kN load cell for 3D printed and reprocessed cylindrical
compression samples (10 mm diameter x 10 mm height). The samples tested
consisted of printed, annealed, and reprocessed samples. All printed samples were



post-cured for 24h in a 405 nm lamp after printing. Annealed samples were thermally
treated in a 140 °C oven for 3.5h to replicate the conditions that the reprocessed
samples had undergone. Reprocessed samples were compression molded in a
hydraulic hot press for 3.5h at 140°C in a cylindrical mold. All compression tests of
these samples were conducted at room temperature (25 °C) using a crosshead rate
of 10 mm/min until specimen failure.

Dynamic Mechanical Analysis (DMA)

The dynamic mechanical properties of the vanillin-Jeffamine® thermosets were
measured using a Discovery DMA 850 from TA Instruments in the tension mode.
The samples were tested from -25 to 200°C, or -100 to 200°C accordingly at a
frequency of 1 Hz, a 5°C/min heating rate and oscillation amplitude of 15 um.

Self-Healing Experiments

For the self-healing experiments, a small piece of the printed specimen of each
formulation was gently scratched using a razor blade. Optical microscopy images
were obtained for each scratched specimen as the “before healing” pictures, and
then were placed in between two glass slides, and held together with two binder clips
to apply pressure. The chosen temperature for the healing experiments was 80°C
as this is above the Ty of all the formulations. The samples were placed in an oven
for 3h, and after this, optical microscopy images were obtained to evaluate the
healing of each formulation. These tests were carried out in triplicate to ensure
reproducibility.

Reprocessing

To evaluate the reprocessability of the samples, the printed specimens were ground
into small pieces through mechanical grinding and then placed into a metallic mold
and compressed under 1500 psi at 140°C for 3h using a Carver hydraulic press.
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Scheme 1. General scheme for the synthesis of VA and the five different
Jeffamine® crosslinkers.

6



Results and Discussion
Synthesis and photoreactive resin formulation for 3D printing

The synthesis of the resin components is illustrated in Scheme 1. All the resin
components were functionalized with acrylate and methacrylate groups which are
reactive towards radical photopolymerization. VMA was used to generate the
methacrylated crosslinkers with the dynamic imine functionalities as methacrylate
groups are less reactive than acrylate groups towards the aza-Michael reaction.
Therefore, the Jeffamine® amine groups will predominantly react with the phenolic
aldehyde group of VMA to generate the imines.

To be compatible with DLP 3D printing technologies, photoresins require low
viscosity so that the resin can recoat the vat surface completely before the next
printed layer. The five different imine-containing crosslinkers synthesized are all
viscous liquids. To decrease this viscosity, and to retain fast enough
photopolymerization kinetics for the formulation to be 3D printable, VA was used as
a reactive diluent. Different formulations were created to qualitatively evaluate the
printability and the best performing formulation was the 20 mol% crosslinker, and 80
mol% VA. Therefore, this composition ratio was employed for all the formulations,
which showed good printing accuracy using DLP 3D printing as seen in figure 1.

J-T-403-MA-VA J-D-400-MA-VA J-ED-900-MA-VA J-D-2000-MA-VA J-T-3000-MA-VA
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Figure 1. Complex structures printed with the five different Vanillin-Jeffamine®
formulations (scale bar 2 cm).

Structural characterization

FTIR was used to confirm the presence of the imine functionalities (1645 cm™) in
the cured thermosets, as well as, to evaluate the conversion of the vinyl groups by
the reduction of the signal of the =C—H peak at 945 cm™ (Figure S8). Additionally,
gel fractions by swelling in water and ethanol, were calculated, obtaining



percentages above 95% for most of the formulations indicating good incorporation
of the components into the network (Figure S9-S10).

Thermal characterization of the thermosets

TGA of the five resin formulations were obtained to evaluate their thermal stability
(Figure S11). A 5 wt% decomposition temperature was observed above 150°C for
all formulations indicating a max temperature range for evaluating the dynamic
behaviors. DMA experiments were performed to elucidate the glass transition
temperatures (Tg). Obtaining the T4 helps to determine a temperature above which
the polymer networks more easily move around each other to participate in the bond
rearrangement reactions. The Ty values obtained from the peak of tan & were 66,
33, 22, -18 and -26°C for J-T-403-MA-VA, J-D-400-MA-VA, J-ED-900-MA-VA, J-D-
2000-MA-VA, and J-T-3000-MA-VA respectively (Figure 2, Table 1). As a general
trend we observed that the higher Tq corresponded to the lowest molecular weight
tri- and diamine Jeffamines® with a polypropylene glycol backbone (J-T-403 and J-
D-400). The Tg of the diamine with the polyethylene glycol backbone and
intermediate molecular weight resided in the middle (J-ED-900). The lowest Tgs
correspond to the di- and triamine with the highest molecular weights (J-D-2000 and
J-T-3000). This can be explained by the higher imine density, as well as, the size of
the chains in the crosslinker backbones. The longer the chains in the crosslinker, the
lower the impediment for the rearrangement of the atoms that need to perform the
exchange, resulting in lower Tgs. Additionally, the shape of the Tan & can help us
elucidate the homogeneity of the polymer networks. As seen for J-D-2000-MA-VA
we observe a very broad Tan & peak which suggests heterogeneous networks.
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Figure 2. A) Plot of the storage modulus in MPa of the five formulations. B) Plot of
the Tan delta of the five formulations.



Table 1. Dynamic Mechanical Analysis of the five formulations

J-T-403-MA-VA 0.71+0.092 65.58 £ 1.63 1497.44 £ 470.89 147.77 £ 60.43
J-D-400-MA-VA 0.89 £ 0.031 32,99 +£0.91 85.41+13.74 64.054 + 8.89
J-ED-900-MA-VA 0.81 £ 0.040 22.097 £ 1.82 24.53+4.40 19.18 £4.25
J-D-2000-MA-VA 0.46 £ 0.026 -18.14 +£6.74 3.29+1.05 0.90+0.31
J-T-3000-MA-VA 0.50+0.16 -26.51+2.94 3.90+0.60 0.46 + 0.096

Tg = Glass transition temperature (°C), E'= Storage modulus (MPa), E” = Loss
modulus (MPa)

Evaluation of Mechanical Properties

Tensile testing was conducted to evaluate the mechanical properties of all the
printed formulations. For each formulation, at least five specimens were tested and
representative stress-strain curves of all the formulations are shown in Figure 3, as
well as a comparison of the calculated ultimate tensile strength (UTS), strain at
break, and Young’'s modulus. From the results, we observed that the J-T-403-MA-
VA thermoset showed the highest UTS and Young’'s modulus since J-T-403 is a
triamine which provides the final product with a highly crosslinked network. When
compared with its equivalent diamine (in molecular weight) J-D-400-MA-VA, we
observed a reduction of about half of the UTS and Young’s modulus, but an increase
in the strain at break. This can be explained by the fact that the crosslinking density
of the diamine is lower than the triamine. This increases the UTS, but the less
crosslinked polymer chains have more freedom to move around each other and relax
stress which improves the elasticity. When comparing J-T-403-MA-VA and J-D-400-
MA-VA with their equivalents J-T-3000-MA-VA and J-D-2000-MA-VA respectively,
we observed a similar trend with the strain at break with the diamine having higher
elasticity than the triamine. However, in terms of UTS and Young’s modulus, J-T-
3000-MA-VA showed the lowest values of all the formulations. This is because the
J-T-3000 has a high molecular weight, which provides a very soft material when
comparing it with lower molecular weight formulations. In the case of J-ED-900-MA-
VA, it gives intermediate UTS and Young’s modulus values, but the highest strain at
break. This can be explained because the structure of the oligomeric J-ED-900 is
composed of PEG units that can easily move around each other, being able to relax
stress resulting in an elastic material.
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Figure 3. A) Plot of the tensile testing experiments of the five different thermoset
formulations. B) Comparison between the strain at break, C) ultimate tensile
strength and D) Young’s modulus of the five different thermosets.

Additionally, compression testing was conducted to obtain the reprocessing or
healing efficiency. Samples were run in triplicate for as printed, annealed and
reprocessed samples of the five different formulations. Results of the compressive
tests of the as printed samples are shown in Figure S12.

Self-healing and reprocessing

To evaluate the healing behavior, small pieces of each polymer were scratched with
a razor blade and then monitored through optical microscopy before and after the
thermal treatment at 80°C for 16h. The heat triggered imine exchange reactions,
which have been reported to occur readily and without side reactions at
temperatures between 50 to 130°C,%! allow for the rearrangement of the polymer
chains to form bonds between the interface of the cut material, and therefore healing
the inflicted defects. Two controls without the dynamic crosslinkers were prepared
to demonstrate that the healing is caused by the dynamic imine moieties. These
controls consisted of VA, cured without crosslinker, and VA cured with 20 mol% of
ethylene glycol dimethacrylate as a crosslinker. As seen from the images (Figure 4)
the controls showed no healing behavior, however, all five thermoset formulations
with the dynamic crosslinkers demonstrated excellent self-healing behaviors with
complete disappearance of the inflicted scratches. The only formulation that still
showed scarring at the site of the cut was the J-T-403-MA-VA and this can be
explained because it has the highest crosslink density. Additional experiments to
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evaluate the healing of the crosslinkers cured without any diluent were performed.
For this, 2 mL samples of the five methacrylated Jeffamines® were UV-cured and
the same procedure for the healing experiments mentioned above were performed.
The results showed that the crosslinkers demonstrated efficient healing behaviors
after 16h of heating at 80°C, with complete disappearance of the inflicted scratch
(Figure S13). However, these crosslinker formulations were too viscous on their own
and required curing times that were too long for 3DP.

Controls
Cut VA Healed Cut VA+EGDM Healed

Five formulations
J-T-403-MA-VA Healed J-D-2000-MA-VA

J-D-400-MA-VA Healed J-T-3000-MA-VA

J-ED-900- MA—VA

..
o 4 T

Figure 4. Optical microscopy images of the self-healing experiments for all
thermosets (scale bar 400um).

The presence of the imine moieties also allowed remolding or reprocessing of the
materials triggered by heat. All the polymers were readily reprocessed into cylinders
with complete incorporation of the material pieces into the new cylinder shape as
seen in Figure 5. To qualitatively analyze the incorporation of the fragments into the
new shape, microscopy images were obtained of the control and of the five
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formulations with the dynamic crosslinkers. As seen in Figure S14, the control still
showed the small fragments of the material with an uneven surface, whereas the
Jeffamine® formulations showed even incorporation of the pieces, which confirmed
their reprocessability.

The healing and reprocessing efficiency was calculated from the comparison
between the reprocessed samples and the annealed samples. The results shown in
Figure 6 and Figure S15, showed that the property with the highest recovery is the
strain at break.

J-T-403-MA-VA J-D-400-MA-VA J-ED-900-MA-VA J-D-2000-MA-VA J-T-3000-MA-VA
— j e

L

Figure 5. Thermal reprocessing by hot pressing at 140°C and 1500 psi for all five
thermoset formulations.
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Figure 6. Bar plot comparison of the % recovery of the mechanical properties for
all samples after reprocessing.
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Chemical degradation experiments

Chemical degradation experiments were performed by placing a small piece (10mg)
of each of the five polymers in a 1M solution of hexylamine in THF for three days to
break the imine crosslinks and dissolve the polymer. Additionally, a control sample
was placed in pure THF which remained practically unchanged (Figure S16). All the
polymer samples in hexylamine dissolved and the solution was evaluated through
'H NMR. The spectra showed the characteristic peaks of vanillin, as well as a peak
at 8 ppm which corresponded to an imine, likely due to the transimination of
hexylamine with the imine crosslinks of the polymer network (Figure S17).

Conclusion

Five 3D printable, self-healable, reprocessable, and chemically degradable
thermoset polymers were fabricated by functionalization of different Jeffamines®
with VMA and formulated with VA to allow for printability. The addition of VA to the
formulations helped reduce the viscosity of the resin, as well as, provided sufficient
photopolymerization kinetics to be compatible with DLP 3DP. The five thermosets
showed varied mechanical properties (Young's modulus 2.05 — 332 MPa) which
indicates a possibility of nhumerous applications depending on the mechanical
requirements. The dynamic imine moieties imparted the polymers with self-healing
and reprocessing capabilities through heat-triggered transimination reactions.
Microscopy images showed complete disappearance of the inflicted scratches, as
well as, complete incorporation of the ground polymer fragments into the new shape
after reprocessing. Future work will include more in-depth thermal characterization
to quantitatively analyze the vitrimer behavior of these thermoset polymers. Due to
the simple synthetic procedures and the commercial availability of Jeffamines®, this
series of resins provides a promising alternative to commonly used 3D printable
formulations. These advances are necessary in order to shift to materials with
predominantly biobased content and to help drift away from polymers made from
non-renewable resources.
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Figure S2. 'H NMR Vanillin Methacrylate in CDCls.
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Figure S4. H NMR Jeffamine® D-400 methacrylate (J-D-400-MA) in CDCls.
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Figure S6. 'H NMR Jeffamine® D-2000 methacrylate (J-D-2000-MA) in CDCls.
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Figure S7. 'H NMR Jeffamine® T-3000 methacrylate (J-T-3000-MA) in CDCls.
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Figure S8. FTIR spectra of resins and cured polymer formulations.
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Figure S10. Gel content and swelling experiments in water for 3 days.
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Figure S11. Thermogravimetric analysis of the five thermosets.
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Figure S12. A) Plot of the compressive testing experiments of the five different
thermoset formulations. B) Comparison between the strain at break, C)
Compressive strength and D) Young’s modulus of the five different thermosets.

J-T-403 Healed Cut J-D-400 Healed

J-ED-900 Healed Cut J-D-2000 Healed

J-T-3000 Healed

Figure S13. Optical microscopy images of the self-healing of the five thermosets
without any reactive diluent (scale bar 400um).
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Figure S15. Comparison of mechanical properties in compression of as printed,

annealed and reprocessed samples for the five different formulations.
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Figure S17. *H NMR spectra of the solution in 1M hexylamine/THF of the five
polymers showing the characteristic peaks of vanillin.
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