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Abstract

The 3D printing of polyesters is most commonly performed using polylactide filaments for material extrusion (formerly known
as fused-deposition modelling) or by introducing methacrylate end-groups to polyesters, which can be polymerized by a rad-
ical mechanism. However, cyclic esters can also be polymerized via cationic ring-opening photopolymerization, which opens up
the possibility of using high-resolution stereolithography as themethod of choice to form polyester networks in situ during the
printing process. Hereby, we present the first approach to 3D print polyesters starting directly from ε-caprolactone via stereo-
lithography at elevated temperatures, by introducing low amounts of crosslinks into the material to provide stability to the
structure but maintain its degradable character and especially semicrystallinity. Photorheology tests showed that high temper-
atures and the introduction of crosslinkers led to increased reactivity and fast gelation. By performing tensile tests, dynamic
mechanical thermal analysis and simultaneous thermal analysis the material properties were evaluated depending on the
amount and type of crosslinker. It was shown that decreasing the amount of crosslinker significantly increased the crystallinity
and influenced themechanical properties as well as shapememory properties. Finally, successful 3D printing of a polyester was
performed using 10 mol% of a crosslinker with oxetane moieties and 90 mol% ε-caprolactone at 120 °C.
© 2022 The Authors. Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.

Supporting information may be found in the online version of this article.
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INTRODUCTION
Photopolymerization is best known for its application in protec-
tive and decorative coatings and enables the synthesis of poly-
mers with exceptional mechanical, chemical and thermal
stability. In particular, cationic photopolymerization allows on
demand initiation and represents a low-energy technique com-
pared to thermal curing. However, recently, the scope of cationic
photopolymerization has been extended to more advanced
technologies such as additive manufacturing. While radical
photopolymerization has long been established in stereolitho-
graphy-based 3D printing, only few studies use purely cationic
techniques. One example is presented by Dall'Argine et al.,1 who
printed epoxy resins at elevated temperatures using a triarylsulfo-
nium photoacid generator (PAG). Similarly, the first example of 3D
printed 2-oxazolines at temperatures above 100 °C is shown by
Klikovits et al.2

The key to both these publications is the use of a 3D printing
technique, where the process is conducted at elevated tempera-
tures. This additive manufacturing technique, called hot lithogra-
phy, is equipped with a heated vat where highly viscous
monomers can be processed. However, even though the initial
aim of this approach was to increase the processability of viscous

compounds at temperatures up to 120 °C, it is also a possibility to
increase the polymerization rate of monomers with moderate
reactivity at ambient temperatures. With this technique even
novolaks have already been used in additive manufacturing.3

One group of monomers, which is abundantly used and crucial
in many applications where biocompatibility or biodegradability
is required, are cyclic esters. While it is common to polymerize
them via anionic ring-opening polymerization, the use of cationic
ring-opening polymerization (CROP) is less investigated. Some
researchers have already reported the successful CROP of lac-
tones using triarylsulfonium salts4,5 or a reversible merocyanine-
based visible light regulated PAG.6,7 Our recent studies as well
as a recently published study from Yagci and colleagues8 showed
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that iodonium salts are also appropriate photoinitiators for differ-
ent cyclic esters.9

When it comes to additive manufacturing, several aspects such
as reaction speed, the viscosity of the monomers, volatility and
functionality have to be considered.10 There are two common
approaches to 3D print polyesters. In a material extrusion process,
the polyester is prepared prior to the printing via conventional
polymerization techniques and provided as filaments, which can
be melted and transformed to the desired shape. In lithography-
based techniques such as digital light processing (DLP) or stereo-
lithography, again the polyester is synthesized before the printing
process but modified with acrylate or methacrylate end-groups,
to introducemoieties that can be polymerized with radical photo-
initiators. The deployment of polycaprolactone capped with
methacrylate end-groups in a DLP process is shown by Invernizzi
et al., who also show the self-healing and shape memory
properties of the material.11 Others follow a similar approach
using methacrylic end-groups to perform stereolithography.12,13

Thompson et al. even use polycaprolactone with acrylate end-
groups in a two-photon polymerization process, building biocom-
patible retinal-cell-delivery scaffolds.14 Lammel-Lindemann et al.
prepare isosorbide-based unsaturated polyesters and use the
double bonds as crosslinking sites during the DLP process.15

Polymerizable double bonds have also been introduced to the
terminal moieties of the polymer backbone, by using acryloyl
chloride,16 itaconic anhydride17 or fumaric acidmonoethylester.18

Overall, to the best of our knowledge, no attempts to directly
use ε-caprolactone (εCL) or other cyclic esters in a photopolymer-
ization process to 3D print parts have been made. Therefore, this
work aims to investigate the possibility of using the cationic
photopolymerization of cyclic esters and circumventing the prior
preparation of a modified polyester. Based on a previous study9

εCL was selected as an appropriate lactone and its reactivity was
tested in combinationwith bifunctional monomers in photorheol-
ogy experiments. After establishing a reactive system, the cross-
linked polyester specimens were analysed via tensile tests and
dynamic mechanical thermal analysis (DMTA). Finally, we present
the first proof of concept that cyclic esters can directly be printed
using CROP at elevated temperatures.

RESULTS AND DISCUSSION
Selection of monomers
In our previous evaluation of four- to eight-membered cyclic
esters, εCL was selected as the most appropriate monomer for
reactions at elevated temperatures using an iodonium salt as
the PAG. The compound was singled out due to its better storage
stability, good reactivity, higher boiling point and low price.9

Since the printing requires some time and the thermal stability
of the formulations during the process is crucial, a sulfonium salt
(sulfonium-based photoinitiator Irgacure 290 from BASF (S-B))
(Fig. 1) was used as the initiator. Based on the same consider-
ations, a similar choice was made by Dall'Argine et al.1 and Kliko-
vits et al.2 for the hot lithography of epoxides and 2-oxazolines.
In order to introduce crosslinks and form a stable structure very

early in the polymerization, difunctional compounds were added.
The critical aspects of selecting a crosslinker and the amount
thereof were the successful copolymerization with themonofunc-
tional compound and the material properties of the product.
While more crosslinker leads to a faster gelation and therefore a
stable structure is formed faster during printing, it also means that
the crystallinity of the material is decreased, which significantly

changes the material properties. Therefore, studies were con-
ducted to single out a crosslinker that leads to fast gelation and
to determine the right amount which needs to be added, to con-
duct 3D printing experiments. The tested crosslinkers included
synthesized as well as commercially available ones and are pre-
sented in the following sections.

Synthesis of a difunctional cyclic ester as crosslinker
The preparation of the difunctional crosslinker [4,4'-bioxepane]-
7,7'-dione, which will be referred to as DCL, was performed accord-
ing to the one-step procedure described by Palmgren et al.
(Fig. 2).19 The commercially available ketone 4,40-bicyclohexanone
was dissolved in dichloromethane, cooled down in an ice-bath and
oxidized by adding m-chloroperoxybenzoic acid (mCPBA) in excess
while stirring.
The crude reaction mixture was then extracted and the crude

product was purified via recrystallization from ethyl acetate, yield-
ing a white solid (80%). Since the monomer is not liquid and
exhibits a very high melting point, it could only be used in combi-
nation with other monomers which act as a solvent for the cross-
linker. Additionally, only low amounts of the crosslinker could be
used due to the poor solubility despite carefully heating up the
mixture.

Photorheology analysis of network formation with
crosslinkers
When parts are 3D printed via stereolithography, it is crucial that
gelation occurs fast and gives the printedmaterial stability, so that
additional layers can be added. The most straightforward way
would be using a multifunctional monomer bearing the same
moieties as the monofunctional compound, such as DCL. How-
ever, if copolymerization occurs with other functional groups,
the possibilities expand and additional commercially available
monomers can be considered. The copolymerization of epoxides
and εCL has already been reported by Sangermano et al., where

Figure 1. The sulfonium-based photoinitiator Irgacure 290 from BASF
(S-B).
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bisphenyl A glycidyl ether (BADGE) was used as crosslinker.4

Oxetanes, which are also cyclic ethers, polymerize by the same
mechanism and our preliminary tests confirmed that copolymer-
ization with εCL is occurring. Figure 3 shows the proposedmech-
anism for the acid catalysed copolymerization of εCL with an
oxetane.
The initial photorheology analysis aimed to single out the most

appropriate crosslinker for the polymerization with εCL. Consider-
ing that fast gelation is desired, the most important aspect was
the polymerization speed.
In addition to the synthesized crosslinker DCL, four commer-

cially available compounds were selected for the analysis
(Fig. 4). Photorheology has been established as an excellent tech-
nique to observe the development of the storage (G') and loss (G")

moduli during photoinduced curing.20,21 Using their inter-
section the gelation time of the polymerization (tgel) can be deter-
mined. Since gelation plays a major role in the printing process,
tgel gives crucial information about the minimum irradiation
time.22 The photorheology measurements were conducted at
100 °C with 1 mol% S-B relative to the number of functional
groups.
The obtained data clearly show that, among all tested crosslin-

kers, 3,3'-[oxybis(methylene)]bis[(3-ethyl)oxetane] (DOX) reacts
the fastest and also reaches the highest final storage modulus
(Fig. 5) (Table 1). Also, significant differences between the three
epoxymonomers can be observed, where BADGE shows the high-
est delay and slowest polymerization rate. While it is surprising
that epoxidized soybean oil (ESO) seems to react faster than
BADGE, the slow reaction of BADGE can be explained by the for-
mation of a proton clamp, which slows down the initiation. The
difunctional cyclic ester DCL leads to a significantly slower poly-
merization, but the solubility issues with the solid crosslinker
can be immediately seen when looking at the high storage mod-
ulus at the beginning of the polymerization. While measurements
with 5 mol% were easier to perform, 10 mol% of DCL seems to
show precipitation even at 100 °C (Fig. S1). Nevertheless, the
increased G' upon polymerization can be observed around
170 s. Determining the gel point proved to be challenging with
these formulations since the intersection of the storage (G') and
loss (G") moduli curves either appeared with a delay or in some
measurements could not be determined at all. However, to have
a comparable value for all measurements, the time until G'
reached 100 Pa was measured, since this value appeared to be
reproducible throughout all tests, except for DCL which showed
an increased G' from the beginning due to precipitation. Based
on these results, DOX and DCL were selected as suitable crosslin-
kers for further studies, DOX for the good results obtained and
DCL—even though more difficult to deploy—because it repre-
sents the only crosslinker with the same functional groups as
the monofunctional monomer.
Despite using simultaneous real time Fourier transform IR mea-

surements for conversion analysis during the curing process, it
was not possible to identify the relevant absorption peaks due
to superposition with other peaks. The same problem was
observed during the copolymerization of epoxides and εCL by
Sangermano et al.4

Figure 2. Baeyer–Villiger oxidation of 4,40-bicyclohexanone to a difunc-
tional cyclic ester (DCL).

Figure 3. Copolymerization of caprolactone with an oxetane via acid
catalysis.

Figure 4. Bisphenol A diglycidyl ether (BADGE), 3,4-epoxycyclohexylmethyl-3',4'-epoxycyclohexancarboxylate (ECC), 3,30-[oxybis(methylene)]bis
[(3-ethyl)oxetane] (DOX) and epoxidized soybean oil (ESO).
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Dynamic mechanical thermal analysis (DMTA)
The specimens for mechanical tests were not only cured via UV
light but also thermally in an additional post-curing step, to
ensure full conversion. Another reason for the post-curing was
that 3D printed parts are commonly post-cured via thermal
and/or UV treatment to further increase the final conversion of
the printed part. Visually, it can be seen that samples containing
5% of crosslinker changed their appearance from translucent to
opaque after a certain amount of time, due to increased crystallin-
ity, while the samples with 10% stayed the same. Therefore, for
mechanical tests, two groups of specimens were prepared, where
one group was measured 1 day after polymerization and the sec-
ond group was measured after being stored 4 weeks at room
temperature. The results from the DMTA analysis using DOX as
crosslinker (Fig. 6(a)) show that specimens containing 5% crosslin-
ker have a more distinct melting behaviour around 55 °C and a
higher crystallinity once they are stored for a longer time. Also,
there is a significant shift of the Tg (Fig. 6(b)) to higher tempera-
tures. When the samples containing 5% crosslinker are measured
shortly after polymerization (blue dotted line), they exhibit a
behaviour that is more similar to the amorphous samples contain-
ing 10% crosslinker. Contrary to that, there is no change when the
samples with 10% crosslinker are stored for 4 weeks. These sam-
ples have generally a better defined Tg, but turn very soft at higher

temperatures, so that the measurements had to be interrupted
earlier than for samples containing 5 mol%. The crystalline sam-
ples on the other hand have a more distinct melting point, which
corresponds to the melting point of the polycaprolactone
homopolymer.
The data obtained from the DMTA are summarized in Table 2.

The full-width at half-maximum values describe the width of the
tan ⊐ curve and represent the homogeneity of the network. Lower
values for samples with more crosslinker indicate a more homo-
geneous network. At the same time, the storage modulus at the
rubber plateau is significantly reduced. The highest G' values at
25 °C and the rubber plateau (G'r) are achieved by the sample
with the highest crystallinity, which is the 5 mol% DOX sample
stored for 4 weeks.
The same tests were repeated using DCL as crosslinker. Due to

solubility issues, the preparation of the specimens proved to be
more challenging than using DOX. While higher temperatures
improved the solubility, the cured samples showed a less even
surface when the formulations were heated during irradiation.
Also, in order to avoid evaporation, the irradiation had to be per-
formed more carefully and stepwise. In addition, softer materials
were more difficult to remove from the moulds and all samples
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Figure 5. Storage modulus (G') for formulations consisting of 90% εCL
and 10% BADGE (light blue ), ECC (dark blue ), ESO (purple ), DOX
(violet ) and DCL (yellow ) cured at 100 °C with 1 mol% of S-B with
respect to the functional groups.

Table 1. Photorheology results for formulations consisting of 90%
εCL and 10% of the respective crosslinker cured with 1 mol% S-B

Crosslinker 10 mol% tG’>100 (s) G'final (MPa)

BADGE 113 ± 7 0.13 ± 0.004
ECC 72 ± 3 0.14 ± 0.002
ESO 72 ± 2 0.064 ± 0.0005
DOX 43 ± 0 0.14 ± 0.003
DCL – 0.12 ± 0.0009

The value tG’>100 represents the time until the storage modulus
reaches 100 Pa. G'final is the storage modulus of the final plateau.

Figure 6. (a) Storage moduli (G') and (b) loss factor (tan ⊐) of DMTA spec-
imens containing εCL and 5% (light blue ) or 10% (orange ) DOX after
1 day (broken lines) and 4 weeks (full lines) of storage.
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containing 10 mol% of difunctional cyclic ester DCL tore apart
when they were separated from the mould 1 day after polymeri-
zation. Hence, the 10% sample was only measured after 4 weeks.
Again, the data show that the crystallinity of the material is still
developing over time (Fig. 7, Table 3). Samples with 5 mol% cross-
linker show a significant shift of Tg to higher temperatures after
4 weeks and an increase of storage modulus. After 50 °C, the
measurements were disrupted since the materials turned very
soft. However, shortly before, it can be seen that samples with

5mol%DCL exhibit a clear melting point contrary to samples with
high crosslinker content and therefore lower crystallinity.

Conversion analysis
As mentioned in the section Photorheology analysis of network
formation with crosslinkers, the conversion of the crosslinked
samples was not analysed via near or mid IR analysis since the rel-
evant signals could not be observed or integrated without an
overlap of other peaks. Attempts to use deconvolution software
were also unsuccessful. Therefore, small parts of the DMTA sam-
ples were cut off immediately after post-curing and put in methyl
ethyl ketone (MEK) in order to leach out residual monomers or
homopolymers. After 24 h the samples were removed, dried
and the soluble parts were analysed via NMR and gel permeation
chromatography (GPC) after removing the solvent. Overall, no
residual monomers could be found, but homopolymers of εCL
with molecular weights up to 1500 g mol−1 were isolated, which
were not integrated into the network and could therefore be lea-
ched out of the samples. Gravimetric analysis showed that
approximately 21 ± 1.6 wt% of the samples with 10 mol% cross-
linker and 24 ± 1.2 wt% of the samples with 5 mol% crosslinker
consisted of soluble homopolymers. In samples with DCL the
homopolymers reached molecular weights up to 2700 g mol−1.

Simultaneous thermal analysis (STA)
The DMTA measurements already showed significant differences
between the specimens, which are derived from the degree of
crystallinity. To have a more accurate thermal analysis, small parts
of the DMTA specimens that were stored for 4 weeks were heated
in the DSC device up to 250 °C to determine the melting enthalpy
of the crystalline phases. The curves obtained (Fig. 8) confirm that
there is a significant difference in the melting enthalpy. For esti-
mation of the crystallinity, the heat of fusion for polycaprolactone
(−157 J g−1)23 was used, which results in a crystallinity percent-
age of 51% for 5 mol% DOX and 18% for 10 mol% DOX.
Again, with DCL, using 10mol% led to a very similar result. Using

5 mol% of the cyclic ester crosslinker DCL significantly increased
the crystallinity. The summarized results in Table 4 show that with
5 mol% DCL crystallinity shares up to 79% were achieved.

Tensile tests
Tensile tests were performed to analyse the maximum stress and
the strain at break of the specimens, which were prepared simi-
larly to the DMTA specimens. The observations made with the
tensile tests are similar to thosemadewith the DMTA. Again, there
is a significant difference for samples containing 5% crosslinker
depending on the time of storage after polymerization. Once
the crystallinity increases, the samples are more brittle and less
strain can be applied before the sample breaks. Furthermore,
the specimens containing 10% crosslinker show a more elastic
behaviour and a higher strain at break (Fig. 9, Table S1). Generally,

Table 2. Summarized values for G'25 (storage modulus at 25 °C), Tg (glass transition temperature), fwhm (full-width at half-maximum of the tan ⊐
curve) and G'r (storage modulus at the rubber plateau) from the DMTA measurement of samples containing 5 or 10 mol% DOX

DOX Storage G'25 (MPa) tan ⊐max/Tg (°C) fwhm (°C) G’r (MPa)

5 mol% 1 day 10.0 −49.3 32.7 24.7
4 weeks 73.5 −15.5 33.6 65.5

10 mol% 1 day 3.0 −40.8 20.8 4.0
4 weeks 3.7 −44.1 19.5 3.9

Figure 7. (a) Storage moduli (G') and (b) loss factor (tan ⊐) of DMTA spec-
imens containing εCL and 5% (light blue ) or 10% (orange ) DCL after
1 day (broken lines) and 4 weeks (full lines) of storage.
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more rigid samples are obtained when 5% DCL is used as cross-
linker. With proceeding crystallization the strain at break is
reduced and the tensile strength increased. The samples with
10 mol% DCL could not be analysed since the material softness
made it challenging to remove the fragile samples from the
mould.

Shape memory
Specimens with high crystallinity also showed shape memory
behaviour upon heating. Similar materials are already known for
their shape memory properties.8,24,25 For demonstration, a DMTA
specimen was prepared, warmed to approximately 70 °C until the
material became transparent and flexible and then fixed in a U-
shape with a clamp. After cooling, the specimen recrystallized in
the new shape (Fig. 10(a)) and remained without any fixation of
the material. The sample was then warmed again until it reversed
back into the original shape after polymerization (Figs 10(b)–10
(d)). This behaviour was observed with 5 mol% DOX as well as
5 mol% DCL. The samples with 10 mol% were too soft and flexible
using both crosslinkers.

Hot lithography
Since the light source of the hot lithography printer is a 375 nm
laser, adaptations had to be made to make the initiating system
compatible with the device. While the selected formulations
showed good reactivity using a broadband UV lamp with a light
intensity of 67 mW cm−2, preliminary tests via photorheology
with a standard 365 nm light-emitting diode (LED) with an output
of 12 mW cm−2 exhibited only slightly reduced reactivity when a
photosensitizer was used. The 365 nm light source was selected
due to availability. Literature reports suggested the use of an
anthracene-based compound combined with onium salts,26 so
9,10-dibutoxyanthracene was selected since it has better solubil-
ity than anthracene and has already been used for hot
lithography.1,2

Under these conditions and at 120 °C, the difference between
formulations containing 5 and 10mol% crosslinker in photorheol-
ogy studies seemed to be negligible (Figs S1, S2 and Table S2).
Therefore, both crosslinker ratios were used in initial exposure
tests using a Caligma 200 UV hot lithography device from Cubi-
cure, but only with 10 mol% crosslinker was successful curing
achieved.

Table 3. Summarized values for G'25 (storage modulus at 25 °C), Tg (glass transition temperature), fwhm (full-width at half-maximum of the tan ⊐
curve) and G'r (storage modulus at the rubber plateau) from the DMTA measurements of samples containing 5 or 10 mol% DCL

DCL Storage G'25 (MPa) tan ⊐max/Tg (°C) fwhm (°C) G’r (MPa)

5 mol% 1 day 9.95 −49.3 32.7 24.7
4 weeks 73.5 −15.5 33.6 65.5

10 mol% 4 weeks 2.9 −30.6 20.2 2.9

Figure 8. STA of DMTA specimens containing (a) εCL and 5 (full line ) or 10 (broken line ) mol% DOX as crosslinker and (b) εCL and 5 (full line ) or
10 (broken line ) mol% DCL as crosslinker after 4 weeks' storage time.

Table 4. Summarized STA data from the cured εCL samples with 5 and 10 mol% DOX/DCL as crosslinker; ΔH0 represents the melting enthalpy of
polycaprolactone according to the literature17

Crosslinker Storage ΔH0 (J g
−1) Area (J g−1) Melting peak (°C) Calculated crystallinity (%)

5 mol% DOX 4 weeks −157 80.2 60 51
10 mol% DOX 28.5 58 18
5 mol% DCL 123.3 66 79
10 mol% DCL 25.8 57 16
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The first exposure tests also revealed that over-polymerization is
occurring, which significantly reduces the resolution of the
printed parts. To reduce this effect a base was added to inhibit
the polymerization that takes place due to the migration of the
formed acid outside of the irradiated areas. Based on previous
tests ethyl 4-(dimethylamino)benzoate (EDAB) was selected.
After varying the sensitizer and base amount, the first proof of

concept could be achieved, where cones consisting of 5–20 layers
were printed (Fig. 11). The used formulation contained 90 mol%
εCL, 10 mol% DOX, 1 mol% S-B, 0.035 mol% 9,10-dibutoxyanthra-
cene (DBA) and 0.012 mol% EDAB. The mole percent of initiator,
base and sensitizer is again relative to the number of combined
functional groups from the monomers. One very crucial parame-
ter was the printing temperature. After various tests, the printing
was most successful with a vat temperature of 95 °C. In addition,
the building platform was first set to 90 °C, but was cooled to 80 °
C during printing to improve the attachment of the polymerized
samples. While a higher temperature was more beneficial for

the polymerization, it also meant that the printed parts were
softer and sometimes detached from the platform during the pro-
cess. Printing was performed with a speed of 1 m s−1 and each
layer was exposed four times with a 375 nm laser.
The cone consisting of 20 layers was also viewed via SEM

(Fig. 11). Interestingly, the microscopy does not exhibit any of
the 20 layers with a thickness of 50 μm, but one layer which has
the exact thickness of 1 mm. This appearance derives either from
post-curing of the printed part where the dark reaction is contin-
ued or the self-healing property of the polyester.8

CONCLUSION
Polyesters are a highly interesting class of compounds for bio-
medical applications and hence for 3D printing, since completely
individualized parts can be created using stereolithography.
By using cationic ring-opening photopolymerization, we pre-

sented a first proof of concept that polyesters can be formed in

Figure 10. Shapememory properties of a DMTA specimen containing 5mol% DOX as crosslinker. The polymerized specimenwas warmed and fixed in a
U-shape to cool down (a). Upon heating (b), (c) it turned back to its original shape (d).

Figure 9. Stress–strain plot for specimens containing (a) εCL and 5% DCL and (b) 5% (light blue ) or 10% (orange ) DOX after 1 day (broken lines) and
4 weeks (full lines) of storage.
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situ during the 3D printing process, instead of deploying pre-
synthesized polyesters. Our photorheology tests showed that
εCL exhibits good reactivity at high temperature and the intro-
duction of crosslinkers with oxetane (DOX) as well as cyclic ester
(DCL) moieties leads to the formation of stable structures and fas-
ter gelation. Furthermore, by reducing the amount of crosslinker
to 5 mol% we were able to influence the crystallinity of the cured
samples and show the shape memory properties of our cross-
linked polyester. Tests also showed that post-curing is necessary
in order to obtain a stable specimen. We showed that samples
with 5 mol% crosslinker develop a high crystallinity, increased Tg
and storage modulus as well as tensile strength after a certain
storage time, while samples with 10 mol% crosslinker do not
exhibit any significant changes. Finally, we were able to print
20 layers using εCL with 10 mol% DOX at 120 °C. SEM analysis
of the 3D printed part showed that the post-curing process not
only increased the conversion but had the positive side effect of
creating a smooth transition between the layers.
While the proposition to directly polymerize and print cyclic

esters is a very straightforward approach, it also clearly brings var-
ious challenges and requires further investigation to be able to
compete with the state-of-the-art techniques to print polyesters.
The first crucial aspect is the availability of a technique which
overcomes the low polymerization rate by performing the print-
ing at temperatures up to 120 °C. At the same time, the initiator
stability and monomer volatility need to be considered, which
means that not every monomer system will be appropriate. While
introducing a crosslinker allows us to decrease the gelation time
which is important to obtain a solid and stable structure to which
additional layers can be attached, only low amounts of crosslinker
lead to polymers with high semicrystallinity. Another characteris-
tic of the cationic photopolymerization—the dark reaction—can
lead to issues regarding the resolution of the printed parts. The
formation of networks was also seen as a beneficial aspect since
it allows the material to degrade but keep its structural integrity
during the degradation process. Overall, even though this study
forms the basis for the direct printing of polyesters starting from
cyclic esters, more investigation is necessary to overcome the
problem of over-polymerization and reach even faster polymeri-
zation rates with low crosslinker contents.

EXPERIMENTAL/METHODS
Materials and general methods
4,4-Bicyclohexanone (Abcr), 3-chloroperoxybenzoic acid (Sigma
Aldrich), 9,10-dibutoxyanthracene (Abcr), bisphenol A diglycidy-
lether (Huntsman) and propiolactone (Abcr) were purchased from

the respective companies and used as received. Caprolactone
(TCI) was dried over molecular sieves.
Triarylsulfonium tetrakis(pentafluorophenyl)borate (Irgacure

290) was kindly provided by BASF and used as received. Epoxi-
dized soybean oil was provided by Herwe GmbH and was also
used without any additional purification.
NMR analysis was performed with a Bruker Avance at 200 MHz

for 1H NMR and at 50 MHz for 13C NMR. Chemical shifts were refer-
enced to the solvent peak (CDCl3) in parts per million. The peak
multiplicities are described as s (singlet), d (doublet), t (triplet) or
m (multiplet).

Synthesis of 5-(7-oxo-4-oxepanyl)-2-oxepanone (DCL)
The synthesis was performed based on literature reports.16 Bicy-
clohexanone (6 g, 31 mmol) was dissolved in dichloromethane
(80 mL) at room temperatures and 3-chloroperoxybenzoic acid
(22.8 g, 93 mmol) was added in several portions while stirring.
After stirring overnight, the white precipitate was filtered off
and water was added to quench the reaction. The organic phase
was extracted with Na2S2O3, NaHCO3 and H2O and then dried
with Na2SO4. The solvent was removed in vacuo and the product
was obtained as a white solid (80% of theory) after recrystalliza-
tion in ethyl acetate.
Melting point 175–177 °C. 1H NMR (200.1 MHz, CDCl3, ⊐): 4.38–

4.26, 4.22–4.05 (m, 4H, –CH2–O–), 2.8–2.46 (m, 4H, –CH2–C=O),
1.95–1.75 (m, 4H, –CH2–), 1.7–1.4 (m, 6H, –CH2–).

13C NMR
(50.3 MHz, CDCl3, ⊐): 175.4 (C4), 68.0 (C2), 45.9 (C1), 33.3 (C2),
32.1 (C2), 25.8 (C2).

Preparation of resin formulations
The formulations for the photorheology analysis were prepared
by mixing 5 or 10 mol% of crosslinker with 95%/90% of εCL. Then
1mol% of photoinitiator (S-B) relative to the number of functional
groups was added and dissolved. In the case of DCL, the formula-
tion was heated to 70 °C to improve the dissolution. Formulations
for the preparation of specimens for mechanical testing were pre-
pared similarly.

Photorheology
Photorheology studies were performed with an Anton Paar MCR
302 WESP device, equipped with a P-PTD 200/GL Peltier glass
plate and a PP25measuring system. As light source an Exfo Omni-
Cure TM 2000 device (320–500 nm) with an output of
80 mW cm−2 on the sample surface was used. For each measure-
ment, a polyethylene tape was placed on the glass plate and the
surface was heated to the selected temperature. Using a tape
was necessary since removing the polymerized sample proved

Figure 11. 3D printed conewith 20 layers and a layer thickness of 50 μm, consisting of 90% εCL and 10%DOX. The curing was performed using 1% S-B as
photoinitiator and 0.035% DBA as photosensitizer.

Cationic photopolymerization of cyclic esters www.soci.org

Polym Int 2022; 71: 1062–1071 © 2022 The Authors.
Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.

wileyonlinelibrary.com/journal/pi

1069
 10970126, 2022, 9, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/pi.6430 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [22/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com/journal/pi


to be difficult for epoxy monomers. To have comparable condi-
tions, the tape was used for all monomers. Then 120 μL of mono-
mer mixture was placed on the plate and sheared with a strain of
1% and a frequency of 1 Hz. Every formulation was measured
three times for each temperature. Additional runs were made in
case the measurements showed low reproducibility.
The values for tgel were determined by the intersection of the

storage (G') and loss (G") moduli curves. The results for G'final were
obtained by using the average of the last 10 points from the mea-
surement. Conversion analysis via near IR was not performed
since no clear changes in absorption could be observed.

Specimen preparation
Specimens for the mechanical tests were prepared by placing the
formulation into silicon moulds (5 × 2 × 40 mm3) which were
coated with a Teflon spray. The curing was performed in a Uvitron
UV 1080 Flood Curing Oven equipped with Uvitron Intelliray
600 halide lamps at 50% intensity (which corresponds to approx-
imately 60 mW cm−2 on the surface of the sample) with a spectral
range from 320 to 580 nm for 20 min. Then the specimens were
post-cured in an oven at 110 °C for 2 h. Before cooling to room
temperature, the specimens were first placed in an oven with a
temperature of 50 °C for an additional 30 min in order to prolong
the cooling time.

Dynamic mechanical thermal analysis (DMTA)
DMTA was performed using an Anton Paar MCR 301 device with a
CTC 450 oven. The specimens were measured in torsion mode
with a frequency of 1 Hz and a strain of 0.1%. The temperature
was increased from −100 to 200 °C with a heating rate of 2 °C
min−1. The glass transition temperature was defined as the
temperature at the maximum loss factor (tan ⊐).

Tensile tests
The samples for the tensile tests were prepared analogously to
the DMTA specimens according to the requirements for ISO
527 test specimen 5b (a 2 × 2 × 12 mm3 parallel region, a total
length of 35 mm). The study was performed on a Zwick Z050 with
a maximum test force of 100 N. The specimens were fixed by
using two clamps and strain was applied with a speed of
5 mm min−1. Simultaneously, a strain–stress curve was recorded
for analysis.

Conversion analysis
Three samples (ca 20–25 mg) of each cured DMTA specimenwere
put into different vials with 1 mL of MEK. After 24 h the sample
was removed, washed with fresh MEK and dried for 24 h. The
MEK solutions were combined and the solvent was evaporated.
The residue was then dissolved in CDCl3 and NMR analysis was
conducted. Subsequently, the CDCl3 was evaporated and the res-
idue was again dissolved in tetrahydrofuran. The solution was
transferred to a vial via a syringe filter and GPC analysis was per-
formed to determine the molecular weight.

Gel permeation chromatography (GPC)
For GPC analysis the cured samples were dissolved in tetrahydro-
furan (yielding concentrations of about 5 mg mL−1) containing
0.5 mg mL−1 butylated hydroxytoluene as a flow marker and
transferred into GPC vials via syringe filters. The measurements
were conducted with a Malvern VISCOTEK TDA device equipped
with three columns whichwere connected in series, a UV Detector
Module 2550 for TDA 305 and a VISCOTEK SEC-MALS 9 light

scattering detector. The molecular weight was evaluated using
conventional calibration with polystyrene standards (375–
177 000 Da).

Simultaneous thermal analysis (STA)
The analysis was performed with an STA 449 F1 Jupiter device
from Netzsch. Small samples of approximately 15–20 mg were
cut off the DMTA specimens, weighed in aluminium crucibles
and closed with pierced aluminium lids. The polymer samples
were heated at a rate of 10 K min−1 from 25 to 200 °C under an
N2 atmosphere (flow rate 40 mL min−1). During the heating, the
calorimetric information as well as gravimetric changes were
recorded and subsequently analysed with the Netzsch Proteus
thermal analysis software. To calculate the crystallinity the melt-
ing enthalpy was compared to literature values for 100% crystal-
line polymers.17

Hot lithography
The 3D printing was performed on the hot lithography device
Caligma UV from the company Cubicure GmbH. The 90 °C pre-
heated monomer was heated to 95 °C in the vat and the building
platform was first set to 90 °C and subsequently cooled to 80 °C
during the printing process, to improve the attachment of the
cured polymer to the platform. The formulation consisted of
90% εCL and 10% difunctional oxetane (DOX). The initiator S-B
(1 mol%), photosensitizer DBA (0.035 mol%) and base EDAB
(0.012 mol%) were all added relative to the number of functional
groups. The cones were printed using a 375 nm laser with an
energy density of 2320 mJ cm−2 and a layer thickness of 50 μm.
Different cones with layer numbers from 5 to 20 could be success-
fully printed.
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