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Stereolithographic 3D printing of pure poly
(ether—ester) networks from spirocyclic
monomers via cationic ring-opening
photopolymerization at high temperaturest

*# Raffael Wolff,? Yazgan Mete,®
@0 and Robert Liska 22

Danijela Kojic,?® Katharina Ehrmann,
Thomas Koch,© Jurgen Stampfl, € ®€ Stefan Baudis

We demonstrate for the first time stereolithographic (SL) printing of pure poly(ether—esters) based on cat-
ionic ring-opening photopolymerization without the need to accelerate curing via radical mechanisms.
To minimize shrinkage stress in bulk-photopolymer parts, spiro-orthoesters have been utilized as expand-
ing monomers. In combination with a bifunctional spiro-orthoester or epoxide, previously inaccessible
pure aliphatic poly(ether—ester) parts have been printed via Hot Lithography, an SL process at elevated
temperatures. Precision part size, high resolution and excellent surface-finish could be achieved. During
monomer evaluation, the changes in reactivity and polymerization mode of photopolymerization at elev-
ated temperatures were investigated with photo-DSC analysis. Convincing (thermo-)mechanical pro-
perties of the cured materials were determined with DMTA and tensile testing. This technological advance
gives access to SL manufacturing of a highly regarded material class due to the biocompatibility and bio-
degradability of aliphatic poly(ether—esters), which frequently find application in medical applications

rsc.li/polymers

Introduction

Additive manufacturing (AM), also known as 3D printing or
rapid prototyping, was invented in the early 1980s and quickly
developed into a significant polymer processing method."
Within this field, stereolithography (SL) is a well-known
method utilizing, e.g., a laser to cure liquid photopolymeriz-
able monomers in a spatially resolved manner point by point
and layer by layer to produce three-dimensional parts with out-
standing precision.” Recently, this technique has been devel-
oped further into the Hot Lithography process to accommo-
date the necessity of heating the photopolymerization process
during manufacturing.®*
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where flexible and highly precise part design is key.

Conventional monomers used for SL are acrylates and
methacrylates due to their high reactivities at room tempera-
ture and good hardness of resulting networks.” However,
these monomers and thereof produced parts may cause
adverse health effects and are generally non-degradable.’
From a manufacturing point of view they suffer from high
polymerization shrinkage during the solidification of liquid
resin (Fig. 1A).° This significantly reduces surface properties
and may lead to deformation and crack formation in pro-
duced parts.™”* Therefore, use of expanding monomers, from
which intrinsically biocompatible and biodegradable
materials are produced during SL printing, would be
beneficial.

In this context, spiro-orthoesters could provide a biocompa-
tible, biodegradable alternative since their cationic ring-
opening polymerization (ROP) leads to pure aliphatic poly
(ether-esters). For example, the aliphatic poly(ether-ester)
polydioxanone obtained by ring-opening polymerization of
p-dioxanone and is widely used in the biomedical sector as
suture material (PDS™) due to its good biodegradability and
biocompatibility.””® Additionally, aromatic poly(ether-esters)
comprised of poly(ethylene glycol) and poly(butyleneterephta-
late) segments (PolyActive®) are intensively studied as bone re-
placement and artificial skin materials.” In vivo degradation is
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Fig. 1 Schematic representation of shrinkage behavior of conventional (meth)acrylates and ring-opening monomers such as spiro-orthoesters
during photopolymerization initiated by radical initiators (RPI) and photo acid generators (PAG), respectively (A) and employed single (top) and
double (bottom) ring-opening polymerization mechanisms of spiro-orthoesters (B) for the photopolymerization of mono- (top) and difunctional

(bottom) spiro-orthoester monomers explored in this work (C).

enabled through hydrolysis of ester bonds and a phagocyte-
derived oxidative degradation of the polyethers.’

Beside these advantages, the monomer class of spiro-
orthoesters has also been found to significantly reduce volu-
metric shrinkage.'®™ Its polymerization is strongly tempera-
ture-dependent, where single ring-opening (SRO, Fig. 1B, top)
already occurs at room temperature. Under optimal polymeriz-
ation conditions the initially formed poly(cyclic-orthoester) iso-
merizes into a poly(ether-ester) in a process known as double
ring-opening (DRO, Fig. 1B, bottom)."*”*® While some studies
report ROP of spiro-orthoesters at elevated temperatures, the
effects of temperature on polymerization behavior with respect
to SRO/DRO ratio and side reactions has never been studied
systematically. However, this will of course impact the final
volumetric change from liquid formulation to cured polymer.

The first light-initiated cationic ROP, where a super acid
was released from a photo acid generator by irradiation to
initiate polymerization of a mixture of spiro-orthoester and
epoxide monomers, was described in 1984.'® The photo-
polymerization of a cycloaliphatic five-membered spiro-orthoe-
ster with accompanying side-reactions was reported by Hsu
and Wan."” Nowadays, spiro-orthoesters are widely used as
anti-shrinkage additives in commercial polymerizations."
These studies of pure cationic ROP were all conducted at room
temperature and report long polymerization times, which are
unsuitable for SL printing. Marx et al. utilized parallel cationic
ROP of spiro-orthoesters as shrinkage-controlling agents and

4810 | Polym. Chem., 2023, 14, 4809-4818

radical thiol-ene photopolymerization to obtain printable for-
mulations with volumetric expansions up to 1.7%.'® However,
up to date, printing of pure poly(ether-esters) via photoini-
tiated cationic ROP could not be achieved.

Herein, we compare photopolymerization behavior and
polymerization modes of several spiro-orthoesters in pure cat-
ionic ROP between room temperature and 110 °C to determine
optimal candidates for printing (Fig. 1C). For the network for-
mation we investigated a bifunctional aromatic spiro-orthoe-
ster and a commercial bifunctional epoxide as potential cross-
linkers. The resulting materials were characterized thermome-
chanically and the optimal formulation was printed in a Hot
Lithography process.

Results and discussion
Monomer synthesis

Spiro-orthoester monomers with varying ring-sizes (n = 1-3,
Fig. 1) were synthesized (Fig. 1C, for details refer to ESI{) to
investigate their photoreactivity since the Gibbs free energy of
polymerization, and thus the occurrence of the polymerization
reaction, depends on the ring strain energy of the
monomers.'>?® Furthermore, the rings were substituted with
an aliphatic ether motif and an aromatic motif, which may
have an impact on monomer reactivity and material properties
of the derived polymers. The monofunctional monomers were

This journal is © The Royal Society of Chemistry 2023
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synthesized from the corresponding commercially available
lactones and epoxides.>"*>

A rigid, bifunctional spiro-orthoester was also synthesized
as a crosslinker (see ESIt). More reactive epoxide-based cross-
linkers can also be utilized to obtain pure poly(ether-esters) as
products. These are usually derived from bisphenol A diglyci-
dylether (BADGE).>> However, the melting points of such

Table 1 Results obtained from the photoreactivity study of spiro-
orthoesters (S) of different ring sizes and structures (5-7; butyl or
phenyl (P) substituent) at 110 °C initiated by 1 mol% tBul-Al: number
average molecular weight (M), molecular weight distribution (D),
degree of polymerization (P,)), conversion (C)

Monomer M, “ [Da] P[] PP [ C° [%]
5-S 560 1.74 3 61
6-S 2400 1.35 10 14
7-S 1500 1.25 6 65
5P-S 490 1.08 2 94

“Determlned with SEC analysis utilizing conventional calibration.
b calculated from M. ° Determined with NMR-analysis.
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monomers are above the maximum operating temperatures of
the Hot Lithography device (120 °C). Therefore, we synthesized
a spiro-orthoester crosslinker based on resorcinol diglycidyl
ether, which introduces more flexibility to the monomer*® and
as a result the melting point was successfully lowered to
105 °C, which is within the accessible temperature range.

Reactivity study

Influence of ring size and substitution. In general, cationic
ring-opening photopolymerization is initiated by photoacids
generated upon photolysis of so-called photoacid generators
(PAGs).>**® Onium salts, consisting of a positively charged
cation bound to aromatic rings (e.g. sulfur and iodine) and a
counter anion are the most commonly used PAGs in
literature.>>® Thus, the highly reactive diphenyliodonium salt
tBul-Al was used as the PAG for the cationic photo-
polymerization of the synthesized spiro-orthoesters. While the
reactivity study was conducted at temperatures from 25 °C to
110 °C (Table S1t), comparison of effects of monomer ring
size and substitution on polymerization behavior was con-
ducted at 110 °C (Table 1). Reactivity is often assessed via the
heat of polymerization. However, low and poorly detectable

0.6 ro L
.0 0.3 o =
o \ —— 0 min _\c—\ a
0.2 MR —— 5min 0\ Bl 2 2
os 22| CF ¥ R 3 PYrYIed
0.1 \ J eC/o \)’ A C
0.4 +to0 i R T d
c | R-OH
o 2100 1800 1500 1200 900 O-CH
‘6’_0.3 - ,_l_x' 1,3,ed c b
5 b 2,
302} A
< C
0.1+
0.0 L
-OH .C=0 -C-0 SOE
-0.1 : T T T T r T T T T T T T .
3500 2800 2100 1400 700 45 40 35 30 25 20 15 1.0 05

Wavenumber [cm™]

[Ppm]

Fig. 2 Depolymerization reaction of poly(ether—esters) via backbiting as observed for 5-S and 5P-S (A). Corresponding ATR-IR spectra of 5-S before
(0 min) and after photopolymerization (5 min) evidence formation of carbonyl-groups due to polymerization of spiro-orthoesters and formation of
y-butyrolactone due to depolymerization (B). *H-NMR (400 MHz, CDCls) spectra after the photopolymerization of 5-S confirming the formation of
y-butyrolactone and new hydroxyl-groups (C).
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polymerization enthalpies are expected for spiro-orthoesters
due to the generally low ring strain energy of the monomers,
which is the driving-force for ring-opening
polymerizations.>”*® Indeed, exothermic behavior of the inves-
tigated spiro-orthoesters was too low to detect during photo-
DSC and meaningful calorimetric data could not be collected,
even at 110 °C. Nevertheless, photopolymerization with the
photo-DSC setup is highly advantageous, as it offers inert
atmosphere with reproducible conditions and requires only
small amounts of the formulation. This controlled irradiation
process conducted at different temperatures provides an excel-
lent basis for subsequent studies via NMR and SEC to provide
information about the monomer conversion and the molecular
weight of the polymers.

Monomer conversions of 5-S and 7-S are quite similar while
the aromatic 5P-S reaches the highest monomer conversion of
94%. 6-S is the least reactive monomer with a conversion of
only 14%. These results agree with theoretical calculations pre-
dicting the reactivity of monomers of different ring-sizes.”®
The low reactivity of six-membered rings is caused by their
favourable geometry.

The molecular weights of the resulting polymers follow a
different trend than expected from monomer reactivity. 6-S
and 7-S result in higher molecular weights compared to the
five-membered 5-S and 5P-S due to the occurrence of the back-
biting-reaction for five-membered rings (Fig. 2A). During this
side reaction, y-butyrolactone and low molecular weight oligo-
mers with hydroxyl groups are formed, which was confirmed
for both five-membered spiro-orthoesters with ATR-IR and
NMR-analysis (Fig. 2C and D, respectively). The formation of
the lactone band at 1170 cm™"' after photopolymerization is
clearly visible. Furthermore, lactone-specific NMR-signals as
well as a distinct broad singlet, which is indicative of an OH-
group, were found.

70
—a—5-S
60{ —*—6-S —u
7-S
= 50-
§ 40
4
g 30
[=
S 20
. //
1] T T T T

20 40 60 80 100 120

Temperature [°C]

View Article Online

Polymer Chemistry

Influence of temperature. As mentioned previously, SRO and
DRO during cationic ROP of spiro-orthoesters is a tempera-
ture-dependent process.'>'> The probability for DRO is known
to increase with increasing temperature.'>>° Thus, the result-
ing polymer does not consist of one structure entirely but is a
mixture of poly(cyclic-orthoesters) and poly(ether-esters).'* For
cationic photopolymerization specifically, previous mechanis-
tic investigations of cycloaliphatic spiro-orthoesters have
shown monomer-dependent behaviour regarding side reac-
tions occurring during SRO and regiospecific DRO.'7*°7?
Therefore, we conducted a temperature-dependent mechanis-
tic study to find the optimum temperature range for bulk
photopolymerization of the synthesized monomers as an indi-
cator for otimal printing conditions during SL printing.
Photopolymerizations of the spiro-orthoester monomers were
conducted at 25, 70, 90, and 110 °C (Table S1}). The depen-
dence of the photopolymerization process on temperature
was clearly visible in the increase in monomer conversion
and molecular weights of the polymers and decrease of the
SRO/DRO ratio with temperature (Fig. 3). To understand the
differences between the individual monomers, their affinity
for side-reactions as well as different polymerization modes
must be considered. NMR analysis of the products gave
reliable indications about conversion, the severeness of
backbiting side reactions, and to which extent SRO or DRO
occurred (for detailed analysis refer to ESI}). With increas-
ing temperature, monomer conversions increased, which is
untypical for equilibrium ring-opening reactions of small
ring monomers. Comparing the occurrence of the equili-
brium SRO with irreversible DRO with increasing tempera-
ture, DRO was overproportionally increased for all analyzed
spiro-orthoesters, effectively trapping the polymerized state
opposed to the depolymerized state. 5-S and 7-S reach very
similar monomer conversions above 70 °C. The conversion

—a—5.S
2.5 o
7-S
2.0
g
Q 1.5,
[
= 1.0
0.5
0.0+— ; ; ;

20 40 60 80 100 120
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Fig. 3 Polymerization temperature dependence of monomer conversion (A) and molecular weight (B) of resulting polymers derived from cationic
ROP of aliphatically substituted spiro-orthoesters (S) of different ring sizes (5-7), initiated by 1 mol% tBul-Al.
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of less reactive 6-S also increases with temperature but still
only reaches a modest conversion of 14% at 110 °C. As dis-
cussed previously, this behaviour is linked to the ring size
of the cyclic ether ring. The stable conformation of the six-
membered 6-S leads to a low ring strain and subsequently
to inherently low reactivity.

The molecular weight of the polymers increases moderately
with temperature for 6-S and 7-S due to enhanced polymeriz-
ation compared to back-biting. On the contrary, the molecular
weight of 5-S decreases slightly with increasing temperature.
This is because depolymerization of the formed poly(ether-
ester), which is favoured at higher temperatures, is much more
pronounced for 5-S than for 6-S and 7-S. As already mentioned,
the depolymerization process leads to the formation of
y-butyrolactone, which was detected during NMR analysis.
With the obtained detailed knowledge about the polymeriz-
ation modes and reactivities an informed decision on which
monomers are most suitable for network formation was poss-
ible. During photopolymerization of 5-S and 7-S, SRO and DRO
took place simultaneously in the investigated temperature
range (Schemes S1 and S3}). Thus, both monomers are prom-
ising candidates for bulk-photopolymerizations. Higher temp-
eratures led to better conversion and are therefore favourable
for swift bulk polymerization required for SL printing. 6-S only
polymerized sluggishly via SRO at all temperatures
(Scheme S21) and was therefore excluded as potential
monomer.

Network formation studies

To obtain photopolymer networks, two crosslinking strategies
were examined: the bifunctional spiro-orthoester bi-S could be
utilized at temperatures above 110 °C, where dissolving of
solid bi-S up to 65 wt% in the monofunctional monomer was
possible. Additionally, a traditional bifunctional epoxide was
employed as crosslinker, which also leads to formation of pure
poly(ether-esters).

Crosslinking with bifunctional spiro-orthoester. The syn-
thesis and purification of a five-membered bifunctional
spiro-orthoester was considered more straightforward than
that of the seven-membered difunctional compound based
on the synthesis experiences for monofunctional spiro-
orthoesters. Thus, a five-membered bifunctional spiro-
orthoester bi-S was synthesized (Fig. S5t) and used as cross-
linker in bulk polymerizations with monofunctional spiro-
orthoesters to examine a purely spiro-orthoester-based for-
mulation (Fig. S16f). To ensure a uniform system in terms
of reactivity and polymerization mechanism, five-membered
monofunctional monomers were chosen for the network for-
mation. Hence, the aromatic 5P-S and the aliphatic 5-S were
polymerized with the bifunctional monomer to determine
the influence of the substituents on the mechanical pro-
perties of the network. For optimization of the network,
crosslinker contents were varied between 25 and 65 wt%.
Bulk polymerization of purely spiro-orthoester-based formu-
lations at 120 °C led to viscous but not form-stable speci-
mens within printing-appropriate time frames due to their

This journal is © The Royal Society of Chemistry 2023
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moderate reactivity. The samples only became solid after
additional thermal postcuring at 120 °C. In the case of 5-S,
this post-curing process resulted in thin final specimens
due to the monomer’s volatility during prolonged heat
exposure (>1 h).

The aliphatic poly(ether-esters) obtained purely from spiro-
orthoesters were tested (thermo)mechanically (Fig. S17-S22,
Tables S2 and S3f). A positive influence of the aromatic
monomer 5P-S on the thermomechanical properties was
observed (Fig. S20-227). While the glass transition temperature
could be increased successfully compared to the materials
comprised of the aliphatic monomer 5-S (Table S4t), the T,
was still quite low at 23 °C. The (thermo-)mechanical pro-
perties of pure spiro-orthoester-based networks varied with
crosslinker content but could generally achieve remarkable
tensile toughness of 7.6 MJ m™> at the optimal composition
(Fig. S20, Table S51). However, the onset of elongation
occurred already at low loadings indicating a more rubbery
than plastic deformation behaviour. Therefore, the pure spiro-
orthoester rendered unsuitable for Hot
Lithography.

Crosslinking with bifunctional epoxide. To optimize the
final (thermo)mechanical performance and enhance reactivity
of the spiro-orthoester-based system, a bifunctional epoxide
was employed as crosslinker as it still produces degradable
poly(ether-esters) with decreased polymerization shrinkage
(Fig. S6AT).*>** Thus, the commercially available epoxide 3,4-
(epoxycyclohexane)methyl-3,4-epoxycyclohexylcarboxylate (CE)
was used in combination with the monofunctional aromatic
spiro-orthoester 5P-S, which had led to better mechanical
network properties than 5-S in the pure spiro-orthoester
materials. For comparability with the pure system, the same
crosslinker concentrations were chosen.

The reactivity towards photopolymerization of the epoxide
containing system was tested with photo-DSC analysis
(Fig. 4A and Table 2). We observed a clear trend between
the epoxide content and the reactivity of the system.
Importantly, form stability directly after light exposure was
achieved for photopolymerization of these formulations at
110 °C.

Predictably, the polymerization enthalpy increased with
increasing epoxide content. The formulation with 65 wt%
epoxide gave the lowest time until maximum reactivity
(tmax) and time until 95% conversion (to5) values and
highest conversion. The conversion of the bifunctional
epoxide CE was determined to be approximately 80% (eqn
SII, ESIY).

The incorporation of the spiro-orthoester into the network
was confirmed by ATR-IR analysis (Fig. S23 and S24t%). The
ring-opening polymerization of the spiro-orthoester 5P-S was
detected through the decrease in strength of the C-O stretch-
ing band at ~1070 cm ™. Additionally, the increase in intensity
of the carbonyl band at ~1730 cm™" and the formation of a
new OH-band confirm occurrence of ROP.

The viscoelastic behaviour of the resulting poly(ether-
esters) was investigated with dynamic mechanical thermal

systerns were

Polym. Chem., 2023, 14, 4809-4818 | 4813


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3py00787a

Open Access Article. Published on 18 septiembre 2023. Downloaded on 16/03/2026 4:03:44.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

>

g —25% CE
4 - 0,
£ ig’ - --50% CE
= ' “ 65% CE
E 3] ,' ¢
3 § s
= 2 S \
o
(1] ]
= )
® 1 ’
£ 1
) )
3 07
x
w
-1 5 T T T T T T
0 50 100 150 200 250 300
Time [s]
C
40 - —25% CE
- =50% CE
30 65% CE
©
o
2 20-
(7]
o
s 101
b e
£
0.4}l
0.2
0-0 T T T T T T T
0 5§ 10 15 20 25 30 35

Strain [%]

View Article Online

Polymer Chemistry

— -50% ce [94
4000 - 65% CE
E -
E -— < ,\ -0.3.7
% 3000 \ / -
= /7 N S
S \ -0.2 8
2 2000- / \ i
. y \ 2
g \ 013
£ / \
S 1000 \
n Pk \‘ —
S ==t \ Can - -_>_00
0 T ; — ; '
-150 -100 -50 0 50 100 150 200

Temperature [°C]

D

N
o
|
1

-
o

1

T
et

Toughness [MJ m?]
o -
o o '
fam—

|

50 65
CE- content [%)]

25

Fig. 4 Photo-DSC results for the formulations containing aromatic monofunctional 5P-S and bifunctional epoxide CE in varying concentrations at
110 °C and with 1 wt% IC 290 as photoinitiator (A), storage moduli G' and loss factors tan § (B), representative tensile testing curves and mean stress
and strain at break values (C) and toughness (D) of specimens obtained from the same formulations at 110 °C.

Table 2 Results obtained from the photo-DSC measurements for the
systems containing the epoxide CE and 5P-S as monomers in varying
compositions (M(CE)) and 1 mol% IC 290 as photoinitiator at 110 °C:
time at maximum heat development t,ax time at 95% of heat develop-
ment tys, peak maximum height h, peak area A, conversion C

m(CE) A° c’
[Wt%]  fmax“[s]  tos”[s] h [mwmg™]  [Jg7] [%0]
25 50 + 12 200+12  1.5+0.4 140+21 88
50 42+1 180+ 0 3.8+0.1 283 +4 89
65 38+1 187 + 2 41+0.1 337+5 81

“Determined with photo-DSC analysis. ° Determined via eqn SIII,t
using photo-DSC data.

analysis (DMTA, Fig. 4B). The storage and loss moduli were
continuously recorded as a function of temperature and the
loss factor (tan ) was determined. The glass-transition temp-

4814 | Polym. Chem., 2023, 14, 4809-4818

erature (T,) was determined as the maximum value of the tan §
curve.

The formulation containing 25 wt% epoxide resulted in a
soft material due to the low crosslinking density. Thus, DMTA
measurement of these specimens was not possible as they
repeatedly failed before reaching the T,. Materials obtained
from formulations containing 50 and 65 wt% epoxide CE
exhibited much better mechanical properties and DMTA could
be performed successfully. The T, was increased to 55-77 °C.
At 20 °C, materials containing 50 wt% epoxide reach a storage
modulus of 240 MPa, whereas those with 65 wt% epoxide
content reach 1500 MPa (Fig. 4B, Table S61). The molecular
weight between crosslinks decreased with increasing cross-
linker content.

During tensile testing, the materials are exposed to axial
tension until failure, which gives a good indication for applica-
bility of developed materials. Therefore, tensile tests were per-

This journal is © The Royal Society of Chemistry 2023
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formed with the obtained specimens of both, the spiro-orthoe-
ster-crosslinked specimens (Tables S3 and S5f) and the
epoxide-crosslinked specimens (Fig. 4C and D). A clear trend
between the crosslinker content and the tensile behavior was
observed (Table S7t). Low amounts of epoxide result in stretch-
able and soft materials and consequently high strains at break
due to the low crosslinking density. With increasing amounts
of the epoxide, stress at break increases and strain at break
decreases. Hence, the specimens containing 65 wt% epoxide
withstand a mechanical stress of approximately 24 MPa. The
strain decrease, however, is disproportionally lower leading to
enhanced tensile toughness. According to these results the
epoxide significantly improves the thermomechanical pro-
perties of the materials compared to the spiro-orthoester cross-
linker bi-S while maintaining the chemical identity of pure ali-
phatic poly(ether-esters) and low shrinkage behavior. This
finding is likely directly correlated to the higher conversions
found for the epoxide-containing systems, as the increase in
mechanical performance was a function of the increase in
crosslinker content.

Shrinkage behaviour analysis

To assess the impact of ring-opening spiro-orthoester mono-
mers on shrinkage behaviour of the crosslinked materials,
their volume change was determined for the specimens cross-
linked with the difunctional spiro-orthoester bi-S as well as for
the specimens crosslinked with the epoxide crosslinker CE.
Density analysis of the liquid formulations (pmonomer) and
corresponding cured specimens (ppolymer) revealed that the
volume change (AV) according to eqn (1) decreased with
increasing spiro-orthoester content in both cases confirming
the initial hypothesis.

P polymer

AV(%) _ <ppolymer _pmonomer> % 100. (1)

Overall shrinkage of the specimens was generally low in
both cases and lower for bi-S crosslinked samples compared to
CE crosslinked samples (Table 3). Interestingly, the difference
in volumetric shrinkage was very low for samples with 50 and
65 wt% crosslinker content. Most impressively, net-near-zero
shrinkage of AV = —0.4% was achieved for the 25% cross-
linker-containing specimen based entirely on spiro-orthoester
monomers.

Additionally, birefringence of optically transparent cured
bulk samples impressively demonstrated how shrinkage stress

Table 3 Volumetric shrinkage in % for specimens containing 5P-S and
different types (bi-S, CE) and amounts (25-75%) of crosslinkers

Crosslinker type

Crosslinker content/wt% bi-S CE

25 -0.4 —-1.63
50 —2.4 —2.96
65 —-2.2 —2.95
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Fig. 5 Optical microscopy images of transparent bulk-cured samples
for (a) 0, (b) 35 and (c) 75 wt% 5P-S content crosslinked with the diepox-
ide CE.

at the edges is significantly reduced for samples with high
spiro-orthoester monomer content (Fig. 5).

Hot lithography

Laser-exposure tests were performed to prove the printability
of the optimized formulation containing the aromatic spiro-
orthoester and the bifunctional epoxide. Since the formulation
containing 65 wt% epoxide CE and 35 wt% 5P-S led to the best
thermomechanical properties and exhibited the highest reac-
tivity, the same monomer composition was used for laser-
exposure tests on a Hot Lithography prototype setup with a
375 nm laser at 100 °C. In addition to the spiro-orthoester 5P-S
(35 wt%) and the epoxide CE (65 wt%), the printing formu-
lation contained the photoacid generator IC 290 (1 wt%) to
initiate photopolymerization and the photosensitizer 9,10-
dibutoxyanthracene (DBA, 0.1 wt%), which is used to absorb
light at the printing light source wavelength (375 nm) and
transfer the energy to the used photoinitiator (4. = 318 nm,
Fig. S6B7).*>3°

During the laser-exposure tests, diffusional overpolymeri-
zation was observed, which is a rather common phenomen
in cationic photopolymerization.?” 1t takes place when the
formed superacid diffuses out of the irradiated area into the
adjoining areas of the formulation. To eliminate overpoly-
merization, small amounts of ethyl-4-(dimethylamino)benzo-
ate (EDAB) were added to the formulation to neutralize
diffused acid. An optimized concentration of the base was
determined as 0.1 wt% to maintain the reactivity of the
system  while hindering overpolymerization through
diffusion.

For the final proof of concept, a four-sided pyramid was
designed as CAD-file (diagonal section: 15 mm, side length:
10.6 mm) and the object was successfully printed via Hot
Lithography at 100 °C (Fig. 6). The layer thickness was chosen
to be 100 pm and the laser scan speed was set to 200 mm s~ .
The object exhibits clearly defined edges and layers without
signs of overpolymerization. Good dimensional part accuracy
compared to the CAD-model was achieved, with highly satisfy-
ing resolution and convincing surface finish. Good layer
adhesion was additionally confirmed with scanning electron
microscopy.
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Fig. 6 Design of the printed pyramid (A), side-view of the printed part (B), front-view of the printed part (C), and SEM-images of the printed part as

indicated in A (D-F).

Conclusions

Cationic polymerization of expanding spiro-orthoesters and
their volume change upon polymerization is well-studied in lit-
erature. However, light-induced cationic polymerization of
these highly interesting compounds and polymerization
modes as a function of temperature have not been investigated
in detail to date. Herein, the temperature-dependent light-
induced cationic ROP of spiro-orthoesters with different ring
sizes has been examined extensively. It was shown that the
monomer ring-size and the polymerization temperature influ-
ence conversion, polymerization modes and molecular weights
of the resulting polymers. The five-membered 5-S and 5P-S as
well as the seven-membered 7-S were found to be suitable
monomers for cationic photopolymerization due to their good
reactivity and favourable polymerization mechanism. Based on
these promising monomers, pure poly(ether-ester) networks
have been developed using the spiro-orthoester crosslinker bi-
S or an epoxide crosslinker. Biocompatible and biodegradable
poly(ether-esters) were obtained by bulk-photopolymerization
in both cases and tested (thermo-)mechanically. Finally, the
spiro-orthoester/epoxide system was printed at 100 °C with
high part-size accuracy and resolution. This SL process relies
on pure cationic ring-opening polymerization without the
need for a radical polymerization mechanism to accelerate
curing, which allows for the production of pure polyether—-
ester networks via SL printing for the first time. The high part
size precision and good thermomechanical properties as well
as the biocompatibility and degradability of resulting parts
open up a plethora of biomedical applications for the devel-
oped photoresist.
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