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The rapid growth in consumption of photo-initiating 3D printing materials requires sustainable 
and competitive new materials. This study demonstrates that covalent adaptable (vitrimeric) 
acrylate and methacrylate photopolymer-based resins printed objects with high resolution 
but maintain their repairability after printing by catalyzed transesterification reactions at high 
temperatures. A very simple but high yield approach was employed to effectively synthesize 
dihydroxypropyl methacrylate (DHPMA) monomers from glycidyl methacrylate. This is an 
ideal component in photoresin formulation for vitrimer 3D printing due to its low viscosity 
and high hydroxyl group content. A methacrylate phosphate and diacrylate were introduced 
as transesterification catalyst and crosslinker, respectively. A series of methacrylate-based 
vitrimers with easily adjustable mechanical properties were developed using an appropriate 
recipe design. 3D complex objects were obtained via a bottom-up digital light processing 
(DLP) with feature sizes of around 50µm. By increasing the temperature, the exchanging 
reaction between dynamic covalent bonds endows the printed structures with repairability 
up to 95% of the initial strength following the first healing process. The developed materials 
lead a path towards additive manufacturing with a lower environmental impact.
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6.1 Introduction

In recent years, additive manufacturing (AM) technologies have been a fascinating topic for 
either academic research or industry production since they enable the construction of complex 
and individually designed structures1 from diverse materials such as metals,2, 3 ceramics,4, 5 
and polymers.6, 7 The superior compatibility with stereolithographic 3D printing as well as 
chemical and mechanical robustness make thermosetting photopolymers excel in producing 
high-resolution structures at micro-scales,8, 9 submicro-scales10, and even nano-scales.11, 12 
However, objects, once being printed, will lack reprocessability as the polymer chains are 
covalently bonded together.13 As a result, items have to be discarded if they are not correctly 
printed, are broken, or must be replaced after usage, resulting in severe environmental issues.1

The development of associative covalent adaptable networks seems to provide a promising 
prospect of making thermosetting materials reprocessable.14 At low temperatures, they behave 
similarly to typical thermosetting materials. However, once the temperature approaches 
their topological freezing temperature, the exchange processes become significantly faster, 
leading to a macroscopic flow of the polymer that follows an Arrhenius pattern similar to 
silica-based glasses, thus the term “vitrimer”.15, 16 As thermally induced bond breakage and 
reformation events take place simultaneously, vitrimers retain their crosslinking density 
at increased temperatures resulting in a superior tolerance towards chemical solvents, so 
that they only swell but do not dissolve even at high temperatures. Transesterification, as 
the initial principle used in vitrimer development, has been widely and deeply studied in 
recent years due to monomer availability and simplicity of synthesis.17 Notable, the use of an 
adequate catalyst is crucial in these systems to accelerate thermo-activated bond exchange 
processes.18 Brønsted acids,19 organometallic complexes, and organic bases are common 
transesterification catalysts for vitrimeric networks.

Zhang et al. were the first to report vitrimer 3D printing using the digital light processing 
(DLP) technique.20 This technique exhibits a high printing resolution and surface quality, as 
well as relatively quick throughput rates, due to its layer-by-layer polymerization of the resin.21 
Hydroxyl-functional mono- and diacrylates, together with organic zinc salts, were cured with 
UV radiation, which relies on photo-initiated radical driven chain growth polymerization. 
Because the networks included zinc salts and hydroxyl ester moieties, the object underwent 
catalyzed transesterifications at increased temperatures, rendering the networks self-healing 
and reprocessable properties.22 However, due to the polarity of the formulation, the solubility 
of zinc catalyst in acrylates limits their wide applications for versatile network formation. 
Triazabicyclodecene (TBD) is another well-known transesterification catalyst that was used 
by Bowman et al. to build covalent adaptable thiol-ene networks.23 However, TBD is another 
obstacle to creating photocurable transesterification-based vitrimer resin because it scavenges 
radicals, hindering the radically induced photopolymerization process.24
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Here we present a novel methacrylate resin formulation using oligomeric methacrylate 
phosphate as an effective and reactive transesterification catalyst for DLP printing repairable 
vitrimer objects. Dihydroxypropyl methacrylate (DHPMA) was synthesized, as the monomer, 
to provide a large amount of hydroxyl and ester groups benefiting the bond exchange reaction. 
The use of liquid methacrylate phosphate not only ensured that the catalysts were well 
dispersed, but also prevented the catalysts from leaking via covalent integration, which is a 
severe challenge for conventional vitrimer systems. A series of photoresin formulations was 
tested by changing network structure, mobility, and associated mechanical characteristics. 
To investigate the effect of network flexibility and the amount of functional groups on the 
kinetics of the bond exchange reaction, an associated stress relaxation test was performed. 
These vitrimer resins point out a promising solution to meet rapid growth in 3D printing 
material consumption.

6.2 Results and Discussion

Figure 6.1 (a) Synthetic approach for the preparation of DHPMA (b) 1H-NMR spectra of GMA, and DHPMA.

Synthesis of methacrylate monomer and resin formulation. Since esterification is not rapid 
and therefore not suitable for the 3D printing process,25 the ester structure was pre-introduced 
in the reactive acrylate and/or methyl- -acrylate monomers to fit the requirements of the 3D 
printing process.26 On the other hand, as an industrial manufacturing technique, the monomer 
for 3D printing needs an easy and high yield, preferably one-step, synthesis route.1 Thus, a 
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large amount of methacrylate monomer (DHPMA) was synthesized via a straightforward and 
green hydrolysis of glycidyl methacrylate (GMA), which only needed water as reactant at 80°C 
for 12hours under O2 atmosphere (to inhibit the cross-linking during the reaction), leading 
to a high yield of 96% (Fig. 6.1a). The design of the DHPMA methacrylate photomonomer 
benefits from photo-curing methacrylate moieties allowing for localized solidification of the 
material which is crucial to fit the printing process. Additionally, it should be highlighted that 
once the epoxy ring was opened, a β-hydroxyl group was generated during the formation 
of DHPMA. This hydroxyl group is close to the ester bond, and transesterification tends 
to be more effective at a β-hydroxyl ester bond.27 As the monomer for later DLP printing, 
the use of DHPMA will introduce a large amount of β-hydroxyl dynamic bonds into the 
network, which will undergo reversible exchange reactions via associative bond exchange of 
polymeric chains, which is required to obtain a repairable network after printing.

Figure 6.2 HSQC spectrum of DHPMA. The signal of the 1H and 13C coupling further proved the chemical 
structure of the monomer and the presence of traces of glycerol.

1H-NMR spectroscopy was applied to examine the conversion of GMA into DHPMA. The 
proton signal of the epoxy group (3.24, 2.84, and 2.65p.p.m.) vanished after the reaction, 
but two small unexpected peaks could be observed (Fig. 6.1b). To further investigate those 
two signals, 13C-NMR and heteronuclear single quantum coherence spectroscopy (HSQC) 
measurements were employed. As Fig. 6.2 shows, the two unexpected proton signals coupled 
with two additional carbons appearing at 61 and 75p.p.m. These carbon atoms do not belong 
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to DHPMA but to glycerol which is a byproduct of the hydrolysis reaction.  According to 
the integration, the molar ratio of glycerol to DHPMA is less than 5%, and it is furthermore 
beneficial to the transesterification within the dynamic network to be formed, due to the 
introduction of few flexible molecules with hydroxyl groups.28 Therefore, the crude product 
was utilized directly for the 3D printing tests, with no additional purification.

Figure 6.3 Formulation of 3D printable reprocessable thermosets. (a) Chemical structure of monomer, crosslinker, 
initiator, and catalyst in the photocurable resin formulation (b) polymer network obtained via UV initiated radical 
polymerization (yellow dots); (c) The transesterificaion on the intrinsic hydroxyl ester moities generate dynamic 
crosslinking points upon heating (purple dots). Chemical structures of (d) the resultant permanent crosslinked 
network, (e) DCBs and (e) free glycerol after heating.

To prepare the photoresin, DHPMA was first mixed with bi-functional glycerol 
1,3-diglycerolate diacrylate (GDGDA, crosslinker), phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO, initiator) and Miramer A99 (catalyst) to form a homogeneous 
photoresin (Fig. 6.3a). Then, radical polymerization, initiated under patterned UV radiation, 
takes place within the printer on the acrylate and methacrylate functional groups of DHPMA 
and GDGDA to form permanent covalent crosslinking points (yellow dots in Fig. 6.3b 
and detailed chemical structure in Fig. 6.3d). Layer-by-layer solidification continues until 
the full 3D structure is completed (see Methods for details). Similar to DHPMA, there is 
a high concentration of the β-hydroxyl ester bonds in the GDGDA molecules resulting in 
a dynamic crosslinking network27. Following heating to a high temperature (e.g. 160°C) 
transesterification between the ester and hydroxyl groups will take place rapidly, forming 
dynamic covalent bonds (DCBs, purple dots in Fig 6.1c), catalyzed by the incorporated 
Brønsted acid catalyst-Miramer A9922. 

Additionally, viscosity is a crucial parameter for successful printing, and is generally required 
to be the less than 2Pa.s because of the DLP printer working mechanism.29-31 In Table 1 it 
can be seen that viscosity decreases, as expected, with increasing DHPMA concentration, as 
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shown in the series: D5G5, D7G3, and D9G1. DHPMA’s bulky structure provides networks 
with more flexibility as well. Hence, it influences not only the viscosity of the uncured resin, 
but also the dynamic bond exchange reaction of DCBs in the cured network.

Usually, once a printed structure manufactured with normal thermosetting 3D printing 
materials is broken, it cannot be recovered or repaired since the chemically crosslinked 
networks are irreversibly destroyed. However, the resin developed here are different, since 
the DCBs allow the printed structures to be repaired via thermally initiated self-healing.

Vitrimer
resin

DHPMA GDGDA Miramer A99 BAPO Viscosity

mol% mol% wtl% wtl% Pa·s

D5G5 50 50 15 1 1.33

D7G3 70 30 15 1 0.55

D9G1 90 10 15 1 0.26

Table 6.1 Composition of the vitrimeric methacrylate formulations.

The healing process based on heat-triggered transesterification is seen in Fig. 6.3b and c, where 
neighboring hydroxy groups attack adjacent ester bonds at high temperatures. Simultaneously, 
the breakage of and regeneration of ester bonds take place at the same location. resulting in 
topological reorganization of the macromolecular network. As the transesterification-induced 
topological rearrangement between the attached interface, separated parts were eventually 
connected together to form a homogeneous repaired network. The vitrimer network can relax 
stress at the macroscopic level through breaking and reforming dynamic crosslinks due to 
bond exchange processes.

Figure 6.4 (a) Normalized stress relaxation curves of cured resins vs. temperature of various formulations. (b) 
Uniaxial tensile tests are used to investigate the mechanical characteristics of cured resins in different compositions.

To investigate the dynamic properties, rheology experiments were carried out to study 
the stress relaxation behavior. A library of resin formulations with different ratios of two 
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components (DHPMA and GDGDA, Table 1) were tested at different temperatures in order 
to explore the influence of DHPMA on our resin system. All formulated vitrimer resins 
were cured in 25 × 15 × 1mm Teflon molds under UV (λ= 365nm) radiation for 15min, to 
ensure full network conversion, and then analyzed for a time-dependent evolution of the 
relaxation modulus at 140°C. Relaxation times (τ) were calculated from Maxwell’s model 
for viscoelastic fluids as the time required to relax to 1/e (36.7%) of the initial stress or 
modulus.20 The results revealed that, as the DHPMA composition increases, the relaxation 
time dropped dramatically, suggesting that the bond exchange reaction is more intensive. 
It could be attributed to the quantity of free -OH groups and network flexibility that are 
essential to preserve efficient stress relaxation.32, 33

Tensile tests were employed to examine the mechanical properties of different compositions. 
The more DHPMA in the composition, as indicated in Fig. 6.5b, the more flexibility in the 
network, indicated by the increased elongation at break Interestingly, lower crosslinking 
density not only results in a more flexible network but also a stronger network, which can be 
explained by the fact that the longer chain length between crosslinks will lead to orientation 
during the large deformation resulting in strain hardening behavior. Consequently, D9G1was 
selected for the remaining experiments due to its highest mechanical strength.

Figure 6.5 (a) Temperature effects on stress relaxation of cured D9G1 samples. (b) Relaxation time obtained 
from measurements at 100−160°C and their fitting to Arrhenius equation.

Transesterification is temperature dependent as well, as seen in Fig. 6.5a, and is more intense 
at elevated temperatures. At different temperatures, the relaxation modulus G(t) is a time-
dependent function that can be expressed as:

G(t)=G0 exp(-t/τ*)

where G0 is the initial modulus at t = 0 and τ* is the characteristic relaxation time. The 
characteristic relaxation time τ* was plotted as a function of the inverse temperature (Fig. 
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6.5b), and this relation fits the Arrhenius equation:

lnτ* (T)=lnτ0+ Ea/RT

where τ0 is the characteristic relaxation time at the infinite temperature, Ea is the activation 
energy of the transesterification reaction (J·mol-1), R is the universal gas constant (J·mol-1·K-1) 
and T is the temperature at which the stress relaxation experiment was performed. Owing 
to the amount of hydroxyl groups and solvable catalyst, the obtained activation energy Ea is 
8.66kJ·mol-1 which is lower than for previously reported transesterification vitrimer systems.15, 

20, 24, 28, 34

Stereolithographic 3D printing and recyclability. After multiple test prints, we decided 1s 
as the print process’s exposure time. The printing quality of formulation D9G1 was tested 
using FTIR analysis. The remarkable decrease in the signal representing the C=C stretch 
vibration (1630cm-1) (Fig. 6.6a) indicates that DMPHA and GDGDA radical polymerization 
is efficient and rapid. Tensile bars (Fig. 6.6b) demonstrate how the desired process generates 
high edge definition. The printed rook tower prototypes with sophisticated architecture were 
visually assessed, confirming high print quality and clean surface finishing (Fig. 6.6c). To 
test the compatibility with DLP, SEM was used to examine the microstructure of the printed 
product. Although vertical edges of the helices are slightly rough, caused by more intense 
radiation on the top surface,35 each layer was entirely fused with others to allow for the 
construction of a complex structure.

Figure 6.6 (a) FTIR spectra for uncured (blue) D9G1 and cured (yellow) D9G1M0.15 printed on a DLP 3D 
printer. Picture of (b) the printed tensile bars (“dog bones”), (c) rook tower printed with D9G1M0.15, and (d) the 
trace of the layer cured in single exposition under the SEM.

The total crosslinking density within the vitrimer remains constant throughout thermally 
driven topological rearrangement, enabling printed objects to be repaired. During the repairing 
experiment, tensile bars with a circular hole were printed to represent structure faults, where 
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vitimer resin was first placed in the hole, followed by UV curing and heat treatment (see 
Methods). Uniaxial tensile tests were performed on faulty, repaired, and original samples to 
evaluate repair efficiency. It reveals that fracture stress will recover to over 95%, indicating 
that the healing process will effectively bond the filled part to the edges of the artificial defect.

Figure 6.7 (a) Image of the original, faulty (with hole) and repaired sample. A red dye was used to visualize the 
repaired defect. (b) Comparison of the nominal stress vs. strain for the dogbone samples.

6.3 Conclusion

New formulations of photo printable vitrimer resin were developed using DHPMA, GDGDA, 
and the monofunctional catalyst Miramer A99 in diverse compositions. When compared to 
conventional transesterification catalysis (organic zinc salts or amine bases), Miramer A99 
not only dissolves well in acrylate or methyacrylate resin, but also has no effect on curing 
kinetics, which is essential for a quick printing process. As a hydroxy rich and low viscosity 
monomer, DHPMA is an ideal candidate for the DLP 3D printing to construct vitrimer 
objects with complex structures. When the temperatures increase, Miramer A99 catalyzes 
transesterification between hydroxy groups and ester, resulting in topological reorganization 
to effective repair damaged printed items. Our approach offers a competitive alternative to 
explore vitrimer in repairable customized manufacturing and prototyping applications due to 
the simple high yield synthesis of DHPMA.

6.4 Materials and Methods

Materials. Glycidyl methacrylate (GMA, 97%), Phenyl bis(2,4,6-trimethylbenzoyl) 
phosphine oxide (BAPO) and glycerol 1,3-diglycerolate diacrylate (GDGDA, technical 
grade) were purchased from Sigma-Aldrich. Aceton (HPLC grade), ethyl acetate (HPLC 
grade) and isopropyl alcohol (AR, grade) (IPA) were supplied by Boom B.V. Miramer A99 
was kindly provided by Miwon Specialty Chemical (Korea). Milli-Q water (resistivity 18 
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MΩ·cm, 25°C) was freshly produced before use. All the chemicals were used as received.

DHPMA monomer synthesis. Glycidyl methacrylate (100mL) was added to Milli-Q water 
(400mL, about 20% solution) in a 50mL round-bottomed flask equipped with an oxygen 
balloon to avert polymerization of the monomer formed. Then, the emulsion was vigorously 
stirred at 80°C for 12 hours. The obtained homogeneous aqueous solution was first extracted 
with ethyl acetate (3×100mL). Then, organic layers were washed with brine (2×20mL), 
dried over Na2SO4. Finally, the solvent was removed under the air flow. 1H-NMR (400MHz, 
CDCl3) δ: 6.09 (s, 1H), 5.56 (s, 1H), 4.16 (d, J = 5.6Hz, 2H), 3.90 (m, 1H), 3.77 (m, 2H), 3.69 
(m, 1H), 3.64 (m, 1H), 3.54 (m, 1H), 1.89 (s, 3H) ppm.

Additive Manufacturing (3D printing). First, D9G1 resin was obtained by a straightforward 
process: DHPMA (151.2g), GDGDA (37.8g), and BAPO (2.17), were firstly mixed by 
magnetic stirring at 55°C for 1h to achieve a clear solution. Subsequently, Miramer A99 
(28.35g) was added to the solution, followed by another 10 min mixing at room temperature.

Then, Cubicreator LP (Software) was used to regulate the orientation of digital object for 
the printing process. A LCD printer (λ = 405nm, Phrozen Sonic Mini 4K 3D Printer) was 
employed for the printing process with preprogrammed settings (named “ABS-Like”) as the 
default configuration. The exposure time was 1s and the printed layer was 50μm. Following 
the printing, the objects were taken off from the working plate and washed with IPA for 
20min to remove the excess resin. Finally, 30min postcuring process was carried out in a UV 
oven (λ = 405nm, 39W) at 60°C.

Material characterization.

Nuclear magnetic resonance (NMR) analysis was carried out on a Bruker Avance II 400 or 
Bruker Ascend 600 FT-NMR spectrometer at 25°C in the deuterated solvent as indicated.

Scanning electron microscopy (SEM) was performed on a FEI Nova NanoSEM 650 with an 
18kV accelerating voltage. Before the test, the specimens were coated with 10nm Au using a 
Cressington Sputter Coater 208HR

Fourier-transform infrared spectroscopy (FTIR) measurements were recorded  on a Bruker 
IFS88 FTIR spectrometer.

Rheology experiments were performed on an Anton Paar MCR 302 with parallel plate 
geometry. Specimens were tested under a strain of 1% with an axial force of 1N.

Uniaxial tensile tests were done on an Instron Machine equipped with a 1kN cell to measure 
the mechanical performance of the materials with 2mm/min strain rate at room temperature. 
The tensile bar sample size was 15mm (width) × 3mm (thickness) × 30mm (length).

Repairing printed samples. The D9G1 polymer solution was used to directly print the 
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control sample and the sample with a hole on the DLP printer. The printed samples were 
30mm in length, 10mm in width, and 1.5mm in thickness. The diameter of the hole in the 
samples printed with a defect was 5 mm. All of the printed objects were heated for 4 hours at 140°C. 
D9G1 (was labeled red with Sudan II) resin was filled in the hole of the sample, followed by 
10min of UV (365nm) irradiation and 4 hours of heat treatment at 140 °C. Mechanical testing was 
carried out on the Instron Machine.
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