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A B S T R A C T

Vat photopolymerisation 3D printing is a convenient approach to fabricating complex polymeric objects based on 
the localised photocuring of a liquid resin. Advancing from free-radical mediated curing mechanisms, the current 
study focuses on the vat photopolymerisation 3D printing of photopolymers formed by an ionic click reaction 
between thiol and epoxy monomers. In this process, selected epoxy monomers are mixed with a tetra-functional 
thiol crosslinker and a photobase generator, which releases 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) upon light 
exposure to initiate the anionic ring-opening reaction. FTIR, photo-DSC and rheology studies reveal a slow cure 
rate of the thiol-epoxy resins at room temperature, which is significantly accelerated by increasing the tem
perature to 50 ◦C during light irradiation. By optimising the resin composition, shelf life and viscosity, printing of 
objects via digital light processing 3D printing is enabled by using a vat heated to 50 ◦C. The printed thiol-epoxy 
networks contain ample -OH and ester moieties, which undergo thermo-activated bond exchange reactions. Here, 
the photochemically liberated DBN molecules act as catalysts to accelerate the transesterification reaction at 
elevated temperatures (150–180 ◦C). Rheological measurements demonstrate the efficient and Arrhenius-like 
behaviour of the networks’ stress relaxation, giving rise to the dynamic nature of the printed photopolymers, 
which is further confirmed by reshaping experiments.

1. Introduction

Additive manufacturing (AM) has gained widespread interest in 
recent years, as it allows the fabrication of complex objects without the 
need for expensive moulds used in injection moulding or the require
ment for energy- and time-consuming post-processing steps [1]. Among 
the various AM techniques, vat photopolymerisation 3D printing stands 
out due to the high resolution and surface quality of the printed parts, 
along with the decent build speed [2]. In particular, vat photo
polymerisation 3D printing relies on the spatially controlled solidifica
tion of a liquid resin in a vat through selective light exposure. In digital 
light processing (DLP) 3D printing, photopolymerisation occurs layer- 
by-layer, significantly accelerating the build speed of the objects. 
Moreover, DLP 3D printing does not require the high temperatures used 
in fused filament fabrication (FFF), making it economical and suitable 
for the processing of temperature-sensitive materials. Additionally, 
printing with liquid resins offers a wide range of possibilities for 

combining different materials and incorporating selected fillers [3–5]. 
Due to these advantages, DLP 3D printing is employed in numerous 
application fields, including (micro)electronics, rapid prototyping, 
dentistry, and art [6,7].

Commercially available resins for DLP 3D printing are primarily 
based on photocurable (meth)acrylates [8], which are cured by radical- 
mediated chain growth polymerisation. This diffusion-controlled curing 
mechanism typically yields photopolymers with low final monomer 
conversion, high shrinkage, and internal stress, negatively affecting the 
accuracy and mechanical properties of the cured objects [9]. One 
approach to overcome shrinkage stress is the use of resins that are photo- 
cured by a step-growth mechanism, such as thiol-ene click chemistry 
[10]. In this process, thiols are added as crosslinking agents to (meth) 
acrylates and alkenes to shift the gel point to higher conversions, 
resulting in photopolymers with high network homogeneity. Click re
actions are organic reactions characterised by excellent conversion, 
stereoselectivity, and a high reaction rate under mild conditions. For 
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DLP 3D printing, thiol-ene [11–14], thiol-yne [15–17], and the cationic 
ring-opening reaction of epoxies have been utilised, all of which fulfill 
the characteristics of click chemistry [18].

However, click reactions following an anionic curing mechanism are 
still underexplored for vat photopolymerisation 3D printing, primarily 
due to their slow reaction rate. One example is the base-catalysed ring- 
opening reaction between epoxy and thiol groups (Fig. 1). In the first 
step of this reaction, the thiol groups are deprotonated in the presence of 
a strong base, yielding thiolates, which react with the epoxy groups via 
nucleophilic ring-opening. As thiolates are stronger nucleophiles than 
alkoxides, the reaction follows a step-growth mechanism, whilst 
homopolymerisation of the epoxy groups does not play a significant role 
[19]. To ensure spatial and temporal control of the reaction, photobase 
generators (PBGs) are added to the thiol-epoxy resins. Once activated 
upon light exposure, the PBG releases a strong base capable of depro
tonating the thiol and initiating the curing reactions [20].

Over the past few years, the light-triggered thiol-epoxy reaction has 
primarily been applied in the preparation of functional coatings. 
Bouzrati-Zerelli et al. described the light-activated curing of thiol-epoxy 
resins, which benefit from a high final monomer conversion. However, 
the resins suffered from a slow cure reaction, taking 90 min to reach final 
monomer conversion [21]. Pursuing a similar strategy, Chen et al. 
proposed the use of a PBG to retard the thiol-epoxy crosslinking reac
tion, allowing the resin components to be fully mixed without the risk of 
premature gelation [22]. Along with the long reaction time, the authors 
encountered other challenges, such as the need to use solvents to adjust 
the resin’s viscosity. To accelerate the cure kinetics of the thiol-epoxy 
resins, Jian et al. used a mixture of epoxy and acrylic resins but noted 
that the hybrid resin exhibited a poor shelf life [23]. Due to the lack of 
available resins combining rapid curing with high shelf life and low 
viscosity, to the best of our knowledge, no work has yet been published 
on the processing of thiol-epoxy systems with DLP 3D printing.

To tackle this challenge, the current study focuses on the develop
ment of DLP 3D printable thiol-epoxy resins, which provide a suffi
ciently shelf life (at temperatures up to 50 ◦C), adequate cure rate and 
conversion, good miscibility, and low viscosity. The aforementioned 
studies have been used as a starting point, describing the use of 
bisphenol A diglycidyl ether (DGEBA) and 3,4-epoxycyclohexylmethyl- 
3′,4′-epoxycyclohexane carboxylate (ECC) with varying reactivity in the 
thiol-epoxy reaction. Herein, a tetra-functional thiol is used as a cross
linker to ensure a high crosslink density in the printed objects. A 
commercially available PBG (SCD-PLB-090) was utilised, which 

liberates 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) upon irradiation with 
UV light. By optimising the composition, a resin is obtained which is 
processable by DLP 3D printing at 50 ◦C. As the cured network provides 
ample -OH (formed by the ring-opening reaction) and ester (introduced 
by the choice of crosslinker) groups, the printed objects are able to 
undergo base-catalysed transesterification reactions in the presence of 
the released DBN. The dynamic nature of the covalent bonds follows an 
associative exchange mechanism, a unique feature of vitrimers, making 
the networks malleable and reshapable [24]. The ability to process 
materials with such properties via DLP 3D printing offers significant 
opportunities, for example, in creating soft robotic structures [25]. The 
presence of functional hydroxyl groups improves wettability and adhe
sion, allowing for potential surface functionalisation in reactions 
involving these groups [26].

In previous work, our group demonstrated that DBN is an efficient 
catalyst for accelerating thermo-activated transesterification reactions 
in dynamic thiol-epoxy networks [20]. In this follow-up study, we show 
that the dynamic properties can also be introduced in 3D-processable 
thiol-epoxy photopolymers by finding a good balance between cure ki
netics and storage stability of the resins. This provides the possibility to 
process thiol-epoxy systems with a high degree of design freedom and 
additional functions based on the dynamic nature of the ester and -OH 
moieties present in the photopolymer.

2. Experimental

2.1. Materials

3,4-epoxycyclohexylmethyl-3′,4′-epoxycyclohexane carboxylate 
(ECC), bisphenol A diglycidyl ether (DGEBA), and 1-(2,4-dimethylphe
nylazo)-2-naphthol (Sudan II), used as a photoabsorber to increase the 
resolution during DLP 3D printing, were purchased from Sigma Aldrich 
(St. Louis, USA). The crosslinking agent pentaerythritol-tetrakis (3- 
mercaptopropionate) (PETMP) was obtained from Bruno Bock GmbH 
(Marschacht, Germany). 2-isopropylthioxanthone (ITX) was used as a 
photosensitiser and supplied by TCI (Tokyo, Japan). 1-Benzyl- 
3,4,6,7,8,8a-hexahydro-2H-pyrrolo[1,2-a]pyrimidine (trade name SCD- 
PLB-090) was used as a photolatent base and was kindly provided by 
SCD Dr. Sommerlade Chemistry Design GmbH (Neuenburg am Rhein, 
Germany). All chemicals were used as received, and their structures are 
shown in (Fig. 2).

Fig. 1. The mechanism of the nucleophilic ring-opening reaction of epoxides in 
the presence of thiols, redrawn from Ref. [19] (PBG corresponds to the pho
tobase generator and B: to the activated base). Fig. 2. Chemical structures of the compounds used in this study.
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2.2. Preparation of resin formulations

For the sample preparation, SCD-PLB-090, ITX, and Sudan II were 
placed in light-protected vials and dissolved in the epoxy resin (either 
ECC or DGEBA). The formulations were mixed with a magnetic stirrer 
(300 rpm) at 50 ◦C for 30 min. Subsequently, the mixtures were cooled 
to room temperature, and PETMP was added in a stoichiometric amount 
of thiol groups relative to the epoxide groups. This was followed by 15 
min of stirring and an ultrasonication step for another 15 min at room 
temperature. The compositions of the resin formulations under investi
gation are summarised in (Table 1).

2.3. Characterisation of resins

Rheological experiments were performed using an MCR 501 
rheometer (Anton Paar, Austria). The viscosity measurements were 
carried out in rotation mode with a shear rate of 300 s− 1. The distance 
between the rotating disc and the base was set at 100 μm. Tests were 
conducted between 25 and 70 ◦C. The same setup in oscillation mode 
was used to detect the gel point. The oscillation value was 10 % of a full 
rotation, the frequency was 1 Hz, and the sample gap was 100 μm. 
During this test, the resin was illuminated with light from an Omnicure 
S2000 UV lamp without additional light filters and with a power density 
of 35 mW/cm2 for 15 min.

The conversion of the resin components was monitored using FTIR 
spectroscopy on a Vertex 70 spectrometer (Bruker, USA). The mea
surements were carried out in the range of 4000–950 cm− 1 with a 
spectral resolution of 4 cm− 1. For sample preparation, 10 μL of the resin 
was placed between two CaF₂ discs, and the depletion of the functional 
groups was followed upon visible light exposure with an LED lamp 
(Opsytec Dr. Groebel LED Control 5S) with a power density of 35 mW 
cm− 2 (λ = 405 nm). For the kinetics studies at elevated temperature, the 
coated discs were heated on a hot plate. Once 50 ◦C was reached, the 
sample was irradiated with the LED lamp for 4 min, and an FTIR spec
trum was taken. These steps were repeated until no further changes were 
observed in the obtained FTIR spectra. Using SpectraGryph software, 
peak areas in the regions of 2567 cm− 1 (-SH groups), 1595 cm− 1 (C–N 
bond), and 1737 cm− 1 (C––O non-reacting ester groups in the thiol resin 
used, as internal reference) were calculated. From these data, the con
version of the PBG was calculated using Eq. (1), and the conversion of 
the PETMP was calculated using Eq. (2), according to the work of Ber
goglio et al. [27]. 
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where Ax is the area of the corresponding peak at the selected mea
surement time and t = 0 corresponds to the first measurement.

Photo-DSC measurements were carried out on a NETZSCH Photo- 

DSC 204 F1 Phoenix (Germany) equipped with an Omnicure S2000 
UV Lamp with a cut-off filter between 400 and 500 nm as the light 
source. Samples of 10 mg ± 0.1 mg were analysed in open aluminium 
crucibles. The samples were illuminated with a power density of 35 
mW/cm2 for 15 min. Measurements were carried out isothermally at 
100, 90, 80, 70, and 60 ◦C under a nitrogen flow of 20 mL/min.

2.4. DLP 3D printing

DLP 3D printing was carried out on a “Doppio” 3D printer prototype 
(W2P Engineering GmbH, Austria). The printer was equipped with an 
LED light engine from In-Vision Digital Imaging Optics GmbH with a 
pixel size of 50 μm, a wavelength of 405 nm, and an intensity of 35 mW/ 
cm2. Printing was conducted at 50 ◦C. After printing, all samples were 
post-treated in a Form Cure lamp (Formlabs, Netherlands) at 50 ◦C.

For bottom exposure tests, nine discs with a diameter of 1 cm were 
printed at varying irradiation times. The thickness of the previously 
cleaned and dried discs was then measured using a micrometre gauge. 
Three measurements were taken for each series, and the arithmetic 
average was calculated. To test the accuracy of the print, three identical 
objects were printed with different individual layer thicknesses of 25, 50 
and 100 μm respectively. All printed objects were gently cleaned with 
isopropanol.

To determine the thermal stability of the photopolymers, thermog
ravimetric analysis was carried out on a TGA/DSC3+ (Mettler Toledo 
GmbH, Switzerland). The measurements were performed under a ni
trogen atmosphere in a temperature range from 30 ◦C to 900 ◦C with a 
heating rate of 10 ◦C/min.

Dynamic mechanical analysis of DLP 3D-printed test specimens (35 
mm × 0.5 mm × 22 mm) was carried out using a dynamic mechanical 
analyser DMA/SDTA861e (Mettler-Toledo, Switzerland). The experi
ments were performed in a nitrogen atmosphere over a temperature 
range from − 30 ◦C to 150 ◦C with a heating rate of 3 ◦C/min. The fre
quency was set at 1 Hz, the maximum displacement was 3 μm, and the 
maximum force was 8 N. The glass transition temperature (Tg) was 
determined by the temperature at the maximum of the loss factor.

Stress relaxation measurements of DLP 3D-printed samples (discs 
with a diameter of 10 mm and a thickness of 0.3 mm) were carried out 
using a Physica MCR 501 rheometer (Anton Paar, Austria). The tests 
were performed with a plate-to-plate geometry, a torque strain of 3 %, 
and a normal force of 10 N, between 150 and 180 ◦C.

A shape programming experiment was performed to demonstrate the 
shape memory properties of the photopolymers. For this purpose, two 
samples (55 mm × 8 mm × 1 mm) were DLP 3D-printed. One of the test 
specimen was heated to 80 ◦C, bent in half, and cooled to room tem
perature maintaining its new shape. The other one was heated to 150 ◦C, 
bent in half, and kept in this new position for 30 min. After this time, the 
sample was cooled to room temperature maintaining its new shape. Both 
samples were then heated to 80 ◦C, and the shape changes were visually 
monitored.

3. Results and discussion

3.1. Reactivity and stability of thiol-epoxy resins

For the design of a resin formulation processable by DLP 3D printing, 
various key properties such as cure kinetics, viscosity, and storage sta
bility must be considered [28]. In the first step, resin mixtures with a 
stoichiometric concentration of PEMTP and ECC were prepared (the 
molar ratio between epoxy and thiol groups was 1:1) with varying 
concentrations of SCD-PLB-090 as a photobase generator. In its inactive 
state, SCD-PLB-090 has a pKa value of 7.4, which shifts to 13.4, once 
DBN is liberated upon irradiation with UV light. DBN, as a strong base, is 
then able to efficiently catalyse the ring-opening reaction between 
epoxy and thiol moieties [29,30]. To shift the absorption window to the 
visible light spectral region and to obtain a good match with the emitting 

Table 1 
Composition of tested resins.

Formulation Epoxy momoner SCD-PLB-090 ITX Sudan II

ID (wt%) (wt%) (wt%)

DGEBA-8 DGEBA 8 2 0.1
ECC-8 ECC 8 2 0.1
ECC-5 ECC 5 2 0.1
ECC-2 ECC 2 2 0.1
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light (405 nm) of the printer’s light engine, isopropylthioxanthone (ITX) 
was added as a photosensitiser [18]. In all formulations, the ITX content 
was kept constant at 2 wt% to ensure a comparable transparency of the 
resin formulations in the visible light region [22,23]. In general, the 
ECC-based resin mixtures had a low viscosity of 60 mPa⋅s, making them 
ideal candidates for DLP 3D printing.

The curing kinetics as a function of the SCD-PLB-090 concentration 
(2–8 wt%) were studied upon light irradiation at 405 nm using FTIR 
spectroscopy. The related FTIR spectra are provided in the supporting 
information (Fig. S1a-S1i). During the curing reaction, the IR signal 
corresponding to the characteristic thiol groups at 2567 cm− 1 decrease, 
on the other hand the signal at 3500 cm− 1 associated with -OH groups 
arose. Due to an overlapping of peaks in the region of 800–900 cm− 1, the 
decrease of the epoxy groups could not be followed quantitatively. Thus, 
the normalised IR band of the thiol groups was plotted versus curing 
time to evaluate the cure kinetics at room temperature (Fig. 3b). A peak 
appeared at 1665 cm− 1, which is assigned to the formed C––N group of 
the released DBN, confirming the photoactivation of the catalyst. In 
addition, the photo-triggered liberation of DBN was observed by the 
disappearing peaks at 1640 and 1595 cm− 1, which are related to the 
subtraction of hydrogen from the C–H group in the 6-position of 1- 
benzyl-3,4,6,7,8,8a-hexahydro-2H-pyrrolo[1,2-a]pyrimidine, and the 
cleavage of the C–N bond of the protective group during the formation 
of DBN, respectively. The peak at 1595 cm− 1 was chosen to calculate the 
catalyst conversion because its base is flat and thus gives less error at 
high conversion. Fig. 3a shows the catalyst conversion in ECC-8 versus 
exposure time.

Comparing the decrease of the -SH (ring-opening reaction) and the 
decrease of C–N bands at 1595 cm− 1 (related to the release of DBN), the 
experiment revealed that the activation of the catalyst occurs within 
considerably shorter illumination times than the curing of the thiol and 
epoxy monomers. The intensity of the C–N signal remained constant 
(indicating maximum release of DBN) after 3 min of light exposure. 
Once the maximum release of the catalyst was obtained, the lamp was 
switched off, and it took more than three hours to reach a final thiol 
conversion of over 90 % under dark conditions. Interestingly, the effect 
of the PBG concentration on the cure rate and final monomer conversion 
was negligible (Fig. S1j).

Based on tests with varying amounts of catalyst, we conclude that in 
thin films a higher content of the photolatent base does not slow down 
the formation of catalysing species due to an inner filter effect as the ITX 
conent was kept constant in the three formulations. On the other hand, 
the results suggest that the low rate of the curing reaction (at room 
temperature) cannot be significantly accelerated by a higher number of 
DBN molecules in the system. As the release of the catalyst and the 
number of catalysing species were not the rate-limiting steps of the 

curing reaction, the reaction temperature was gradually increased. Resin 
ECC-8 was chosen for further studies to ensure a sufficient amount of 
DBN present in the thiol-epoxy network for subsequently catalysing 
bond exchange reactions at elevated temperatures (required for the 
reshaping of printed parts). In the first step, the FTIR experiment was 
repeated at 50 ◦C. The higher temperature considerably accelerated the 
ring-opening reaction, and a monomer conversion >90 % was already 
obtained within 40 min, whilst the thiol conversion amounted to 10 % 
after 4 min of light exposure.

Photo-DSC analysis was additionally performed to determine the 
heat enthalpy of the curing reaction (Fig. 4a). It should be noted that a 
different light source was used (a medium-pressure mercury emitter 
with a 400–500 nm cut-off filter) compared to the previously described 
FTIR studies. At 50 ◦C, it was not possible to follow any curing reaction 
as the evolved reaction heat was too low to be measured. At 60 ◦C, a very 
broad curve was observed, which is typical for curing reactions suffering 
from delayed monomer conversion. By raising the temperature from 60 
to 100 ◦C, the increase in reactivity was clearly demonstrated by the 
shift in the time needed to reach the maximum heat flow from 10 min to 
1 min. At the same time, the maximum heat flow increased from 0.68 to 
3.98 mW/mg (Fig. 4a). The heat of the reaction obtained at 80 and 
100 ◦C amounted to 473 and 466 J/g, respectively. Between 70 and 
90 ◦C, the curves still showed a pronounced tailing caused by the 
delayed step-growth reaction between thiol and epoxy groups. At 
100 ◦C, the tailing disappeared, and the cure kinetics were comparable 
to some radical-mediated thiol-ene systems reported in literature [31]. 
The conversion of monomers calculated based on DSC analysis is in good 
agreement with the results of FTIR analysis (Fig. 4b).

While a higher temperature is beneficial for accelerating the cure 
kinetics, it poses several challenges when it comes to the 3D printing of 
thiol-epoxy resins. The applicable temperature is limited by the evapo
ration of volatile monomers during printing and the hardware of the 
printer. With the printer used in this study, the vat could be heated to a 
maximum temperature of 65 ◦C. However, in the thiol-epoxy resins 
under investigation, the major issue was the poor storage stability of the 
resin. Althought resin ECC-8 was stable over several days at room 
temperature, it started gelling at temperatures above 70 ◦C, even under 
dark conditions. This is related to basic impurities catalysing the chain 
reaction of curing. Moreover, SCD-PLB-090 carries tertiary amino 
groups in its inactive state, which are also able to catalyse the curing 
reaction at elevated temperatures [32].

To evaluate the storage stability of the thiol-epoxy resin, rheological 
studies were carried out on resin ECC-8, which was kept at different 
temperatures, and the change in viscosity was monitored under dark 
conditions (Fig. 5a). At 50 ◦C, the resin remained stable for at least 6 h, 
which makes the 3D printing of objects feasible. At 60 and 70 ◦C, 

Fig. 3. (a) Monitoring the release of the catalyst over irradiation time (405 nm), following the decrease of the normalised C–H peak at 1640 cm− 1 on resin ECC-8 
and (b) following the normalised -SH absorption band at 2567 cm− 1 over irradiation time (405 nm) to determine the thiol conversion. The irradiation was carried out 
at 25 and 50 ◦C.
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prepolymerisation of the resin commenced after 3 h under dark condi
tions, and the viscosity steadily increased after 6 h. Repeating the 
experiment under simultaneous visible light irradiation showed a 
distinctive increase in storage and loss modulus related to the photo- 
induced curing reaction (Fig. 5b).

Unsurprisingly, by increasing the temperature from 25 to 50 ◦C, the 
light-induced increase in the modulus is sharper and occurs within a 
shorter time, which is in good agreement with the photo-DSC and FTIR 
data. However, even at 50 ◦C, the gel point is reached only after 31 min. 
In further rheological studies, ECC was replaced with the more reactive 
and higher viscous DGEBA resin (DGEBA-8). While the resin had a 
higher viscosity (210 mPa⋅s), premature gelation was observed at 50 ◦C, 
with the viscosity drastically increased after 20 min. At room tempera
ture, the resin remained only stable for 2 h, which is insufficient for any 
DLP 3D printing application.

3.2. DLP 3D-printing with thiol-epoxy resins

All subsequent 3D printing experiments were conducted with ECC-8 
at 50 ◦C. Although the cure kinetics were significantly slower than 
typical radical-mediated resin systems used in vat photopolymerisation 
3D printing, the resin provided sufficiently high storage stability at 50 ◦C 
and benefited from a low viscosity. To evaluate the influence of the cure 
kinetics on the printability, bottom exposure tests were performed to 
determine the minimum exposure time and thickness of a single printed 

layer. For this purpose, the discs were printed with different exposure 
times at 405 nm (35 mW/cm2) and their thickness was then measured. 
Based on FTIR kinetics studies, it is known that the theoretical minimum 
exposure time required for maximum activation of the catalyst under the 
test conditions is approximately 3 min. Based on photo-rheology, the 
time to reach the gel point was determined to be 31 min. Therefore, in 
the first test, 9 discs were exposed between 80 and 240 s, increasing the 
exposure time for each subsequent disc by 20 s, and then leaving the 
discs in the vat without exposure for 30 min to complete dark curing. 
Images of the cured discs are illustrated in Fig. 6a. The graphic shows 
that all discs were successfully cured, but the two discs with the shortest 
exposure time could not be removed from the vat because they were too 
thin. The related Jacobs working curve is provided in Fig. 6b, which 
clearly shows that the discs’ thickness increases with rising exposure 
time. Based on the logarithmic curve fitting (R2 = 0.9517), the calcu
lated minimum exposure time for a single layer is 44 s, and the minimum 
energy dose is 1.54 J/cm2. These data and previous experiments allow 
us to assume that this corresponds to a 45 % conversion of the catalyst. 
Which means that the solidification of the discs occurs even though the 
catalyst is not fully activated. This confirms the results of the previous 
data showing that - at a high concentration of the PBG (8 wt%) - the 
limiting factor is the rate of chain reaction between the thiolate and the 
epoxide (Fig. S1j).

Bottom exposure tests were repeated with resins containing a lower 
amount of catalyst to assess the effect of the catalyst concentration on 

Fig. 4. Photo-DSC curves on resin ECC-8: (a) Evolution of the heat release achieved at different temperatures during visible light irradiation and (b) reaction yield 
based on heat flow integration.

Fig. 5. Rheological data on studied resins: (a) Monitoring the viscosity over time at different temperatures and (b) change in storage and loss modulus upon visible 
light irradiation at 25 and 50 ◦C for resin ECC-8.
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the thickness of the cured layer. For a sample containing 2 wt% of 
catalyst (ECC-2), the discs did not solidify. In the presence of 5 wt% 
catalyst (ECC-5), the discs were successfully cured, and the results are 
provided in Fig. 6b. Here, only 5 discs could be removed from the build 
platform, and their thickness was lower compared to the samples ob
tained with resin ECC-8. Based on the results, it can be concluded that 
the amount of catalyst does not accelerate the reaction, but its concen
tration affects the initiation of the chain reaction in the deeper regions of 
the resin layer. This phenomenon was not observed during photo-DSC 
and FTIR tests as the thickness of the sample was significantly lower 
and the effect of catalyst concentration was not detectable. Based on the 
results further printing experiments were carried out with ECC-8 using 
an exposure time of 5 min and 25 mW/cm2. Such parameters should lead 
to the full activation of the catalyst needed for the dynamic exchange of 
bonds in later tests when reducing light intensity should mitigate the 
negative impact of scattered light.

In the next step, the influence of the dark curing reaction was 
determined. For this purpose, the layer was exposed to light for 5 min 
and then left for defined times. The shortest waiting time at which it was 
possible to obtain a solid disc was 15 min, which, together with the 
exposure time of 5 min, gives a layer printing time of 20 min. The 
determined time coincides with the results of photo-rheology, where a 
visible increase in modulus occurred 20 min after the start of light 
exposure. Then, the printing platform was lowered to a height of 100, 
50, and 25 μm to determine if the disc cured within the minimum 
determined time would attach to the platform. The test was successful 
for all single-layer thicknesses under investigation. Further experiments 
confirmed that it is possible to cure another layer on the first one using 
these parameters. When a new layer is printed, the previous layer has 
time to complete dark curing. This shortened the time needed to cure a 
100 μm layer from 31 min to 20 min. Based on the tests performed, 20 
min was determined as the minimum total time required to cure a 100 
μm thick layer under the applied conditions (50 ◦C, 25 mW/cm2) for 
resin ECC-8.

To determine the printing resolution, a comb-like object with teeth 
varying in width and distance was printed. A model of the printed object 
and its dimensions are shown in Fig. S2a. To investigate the effect of 
printing speed on accuracy, three identical objects were printed with the 
same irradiation time per layer but differing in layer thickness, which 
amounted to 25, 50, and 100 μm. Photographs of the printed model 
objects are provided in Figs. S2b and S2c. Even thought all three objects 
were successfully printed, the speed of printing and the power of light 
had a significant impact on the accuracy of the print, as can be seen in 
the photographs (Fig. S2). The structure printed with a layer thickness 

of 100 μm had the highest accuracy. The lower layer thickness (and 
prolonged exposure time) favoured the formation of over-cured regions 
at the edges of the printed structures, compromising on the printing 
resolution. As a Sudan dye was added as a photo absorber, this effect is 
not expected to be caused by light scattering but by the migration of the 
unbound, active catalyst to the non-exposed areas. This is particularly 
facilitated by the elevated temperature of the vat and the low viscosity of 
the resin. The chain reaction between thiol and epoxide can proceed and 
activate the monomers beyond the region of light. This process is 
influenced primarily by the mobility of the components, which is related 
to the possibility of migration of active ingredients.

To demonstrate the capability of printing more complex (in x,y- 
direction) structures, rectangular-shaped objects with inscribed logos 
were DLP 3D printed with a single layer thickness of 100 μm, using 5 min 
of irradiation and 15 min of dark-curing time per layer. Despite some 
unevenness on the surface and partial over-curing, all details of the logos 
were successfully reproduced. This can be observed by comparing the 
3D model of the logos shown in Fig. 7a with the photograph of the print 
provided in Fig. 7b. Fig. 7c presents a microscopic image at ten times 
magnification, highlighting the smallest printed letters. Although the 
build speed was quite slow, this experiment serves as a proof of concept 
for the applicability of the tested resin in DLP technology.

Alongside the optimisation of printing parameters, the ageing of the 
resin was investigated. For this purpose, the resin from the vat (after 
printing at 50 ◦C for 6 h) was collected and placed in a refrigerator at 
0 ◦C. The change in viscosity was monitored over 7 days using rheology, 
and the shelf life of the resin “after printing” was compared to that of a 
freshly prepared batch of resin, which was stored either at 25 ◦C or 0 ◦C 
(Fig. 8a). At 0 ◦C, the freshly prepared sample remained stable for 14 
days, with a negligible increase in viscosity. At 25 ◦C, however, the resin 
exhibited a reduced stability, with a noticeable rise in viscosity after 7 
days. In contrast, the increase in viscosity of the uncured resin collected 
post-printing was considerably more pronounced, reaching 6 Pa⋅s after 
two weeks of storage in the fridge.

This behaviour is primarily attributed to the migration of liberated 
DBN to the non-exposed areas of the resin during printing, which 
induced partial pre-curing of the resin. This pre-curing process 
continued during storage in the presence of alkaline species. This was 
corroborated by FTIR spectroscopy, which showed a decrease in the 
thiol signal (2567 cm− 1) and an increase in the -OH band (3500 cm− 1) 
during storage (Fig. 8b). It should be noted that these viscosity mea
surements were performed at 25 ◦C, whilst the printing was conducted 
at 50 ◦C. At 50 ◦C, the viscosity of the aged resin amounted to 90 mPa⋅s, 
which still permitted the printing of the recovered resin after two weeks 

Fig. 6. (a) Photograph of discs (d = 1 cm) printed during the bottom exposure test of resin ECC-8 and (b) distribution of the discs’ thickness versus exposure time. 
After light exposure, the thickness of the discs was measured after 30 min at 50 ◦C.
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of storage. For a proof-of-concept, the resin recovered after printing and 
stored for two weeks at 0 ◦C was used to reprint the logo by applying the 
same printing parameters as for the fresh resin. All features were 
reproduced successfully (Fig. S3a) but the resolution of the letters was 
negatively affected by overpolymerization (Fig. S3b). The results sug
gest that the pregelation of the resin compromises on the quality of the 
printed object whilst the stability of the resin is still sufficiently high for 
DLP 3D printing.

Despite efforts to optimise the composition of the thiol-epoxy resin 
and to adjust the printing parameters, its performance remained inferior 
to that of acrylate, epoxy, or thiol-acrylate based resins reported in the 
literature. The most significant drawback is the print speed, which was 
5 μm/min for ECC-8, compared to >1 cm/min for other reported pho
tocurable systems [13,34,35]. In addition, migration of the catalysing 
species negatively affected the resolution of the printed objects. How
ever, with a feature size of 250 μm (x,y-direction) it is comparable to 
some other resins used in DLP 3D printing [36]. A key advantage of ECC- 
8 is its stability compared to other thiol-epoxy-based systems [7,11]. 
Summing up, the 3D printability of photo-curable epoxy-thiol resins has 
been confirmed, but further work is required to increase the print speed 
and to minimise overcuring.

3.3. Thermomechanical and dynamic properties of 3D-printed objects

TGA, DSC and DMA analysis was carried out to study the thermo
mechanical properties of the DLP 3D-printed objects. DSC curves 
revealed that the glass transition temperature (Tg) shifts from 52 ◦C to 
61 ◦C in the second heating run (Fig. S4), which indicates incomplete 
conversion of the monomers during printing. Thus, the 3D-printed ob
jects were post-baked at 180 ◦C for 1 h and TGA curves of the samples 
were taken prior to and after thermal post-curing. The printed samples 

show a significant weight loss (2 %) between 100 and 200 ◦C attributed 
to humidity (due to its high polarity the network is prone to water up
take) and unreacted monomers (Fig. S5a). After post-baking, the mass 
loss is signficantly lower but the release of water is still observable as the 
post-treated sample was measured after storing it for 7 months at room 
temperature. However, independent of the thermal post-baking step, the 
main mass loss related to the degradation of the polymer network 
started at ~250 ◦C (Fig. S5b). Based on these results, it can be concluded 
that the samples can be safely handled at temperatures up to 180 ◦C. The 
Tg of the printed ECC-8 and post-cured sample was confirmed by dy
namic mechanical analysis (DMA). Only a single peak with a relatively 
narrow width was observed in the tan(δ) curve (Fig. S6). This suggests a 
homogeneous network structure, which is characteristic of thiol-click 
photopolymers. A Tg above room temperature is advantageous for 
conducting shape memory experiments on 3D-printed structures.

The cured photopolymer contained a significant number of ester 
groups (from both thiol and epoxy monomers) and free -OH groups 
(resulting from the ring-opening of the epoxy groups), which are capable 
of undergoing bond exchange reactions at elevated temperature. Since 
the photo-activated DBN molecules are not consumed during the curing 
reaction, they can be utilised as catalysts to accelerate transesterification 
reactions. To monitor the kinetics of these bond exchange reactions, 
stress relaxation experiments were conducted on DLP 3D-printed test 
specimens at varying temperatures.

A temperature range of 150 to 180 ◦C was selected, which is well 
above the Tg but below the degradation temperature of the ECC-8 
photopolymer. (Fig. 9a) illustrates the time-dependent evolution of 
the relaxation modulus. The stress relaxation exhibits a clear tempera
ture dependence, indicating an increasing bond exchange rate with 
rising temperature. This behaviour is typical of dynamic polymer net
works that rely on an associative bond exchange mechanism. By 

Fig. 7. (a) 3D model and (b) photograph of printed logos on free-standing object. (c) Optical micrograph of the printed logo with 10-fold magnification.

Fig. 8. (a) Change in the viscosity (resin ECC-8) over time as a function of storage temperature. (b) FTIR spectra of resin ECC-8 (recovered after printing) prior to and 
after storage for 14 days at 0 ◦C.
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employing the Maxwell model, the characteristic relaxation times (τ*) 
were determined, representing the time required for the network to 
relax to 1/e of its initial stress at the applied temperatures [33]. Fig. 9b 
shows that the data conform to the Arrhenius law, thereby confirming 
the associative nature of the bond exchange reactions in the 
photopolymer.

In a final experiment, the bond exchange reactions and associated 
temperature-induced topological rearrangements were utilised to 
permanently reshape DLP 3D-printed objects. For this purpose, printed 
rectangular test bars were deformed into a U-shape between two metal 
blocks at two different temperatures (Fig. 10). In the first experiment, a 
sample was heated to 80 ◦C, which was above the network’s Tg but 
below the temperature required to initiate bond exchange reactions. 
Upon cooling to room temperature, the deformed samples retained the 
programmed U-shape. However, when reheated to 80 ◦C, the sample 
reverted to its original rectangular form, demonstrating a behaviour 
characteristic of entropy-driven Tg-based shape memory polymers. In 
contrast, when the experiment was repeated at 150 ◦C (a temperature 
sufficiently high to induce bond exchange reactions as indicated by the 
stress relaxation experiments) a different outcome was observed. At this 
elevated temperature, the network structure was reorganised during 
deformation, and the reshaped structure was maintained even when the 
network was subsequently heated above its Tg. This capability for per
manent reshaping exemplifies one of the many features of dynamic 
polymer networks. The integration of such features with the process
ability of 3D printing offers significant potential for future applications.

4. Conclusions

The present work demonstrates the feasibility of the photo-induced 
thiol-epoxy click reaction for fabricating objects via vat 

photopolymerization 3D printing. By optimising the resin formulation, a 
balance between cure rate and storage stability was obtained, which is 
crucial for the successful printing of 3D objects. However, even with the 
optimized resin, the build speed is significantly slower compared to 
radically cured systems. The cure reactions can be accelerated by 
increasing the temperature, but this compromises the resin’s stability. 
Cycloaliphatic epoxide monomers (ECC) exhibit a higher stability than 
aromatic counterparts (DGEBA) and can be processed by DLP 3D 
printing at 50 ◦C. When stored at 0 ◦C, the resins remain stable for up to 
two weeks. Increasing the photobase concentration beyond 2 wt% does 
not affect the reaction rate but influences the thickness of the cured 
polymer layer. The photobase generator in this system serves a dual 
function: upon light activation, the released base (DBN) does not only 
catalyse the ring-opening reaction between thiol and epoxy groups but 
also thermally activates transesterification in the cured photopolymers. 
Thus, DLP 3D-printed objects with dynamic network properties can be 
printed, which paves the way towards the printing of devices with 
additional functions (e.g. healability). However, additional research has 
to be done to accelerate the cure rate and thus, the build speed, without 
negatively affecting the pot life of the resins.
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