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Tri(ethylene glycol) divinyl ether and the spiro-orthoester 2-((allyloxy)methy)-1,4,6-
trioxospiro[4.4]Jnonane can be formulated in different ratios and crosslinked by thiol-ene
reactions. The spiro-orthoester is used as anti-shrinkage additive, enabling shrinkage
reduction of up to 39%. Addition of a radical photoinitiator for the thiol-ene reaction and
a cationic photoinitiator for the double ring-opening of the spiro-orthoester enables for
dual-curing for application in 3D-printing. The formulation free of the spiro-orthoester
shows gelation during the printing process and, correspondingly, low resolution. The
formulations containing the spiro-orthoester exhibit higher resolutions in the range of
50 pm. The resins containing mixtures of tri(ethylene glycol) divinyl ether and the spiro-
orthoester show permittivities as high as 104. The dielectric loss factor of the resins is
in the range of 0.5 to 7.6, and the conductivity in the range of 1.3:10-11 to 2.0-10-11
S-cm—1. These high-k materials can be 3D-printed by digital light processing for the
next generation electronic materials.
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Abstract. Tri(ethylene glycol) divinyl ether and the spiro-orthoester 2-((allyloxy)methy)-
1,4,6-trioxospiro[4.4]nonane can be formulated in different ratios and crosslinked by thiol-ene
reactions. The spiro-orthoester is used as anti-shrinkage additive, enabling shrinkage
reduction of up to 39%. Addition of a radical photoinitiator for the thiol-ene reaction and a
cationic photoinitiator for the double ring-opening of the spiro-orthoester enables for dual-
curing for application in 3D-printing. The formulation free of the spiro-orthoester shows

gelation during the printing process and, correspondingly, low resolution. The formulations
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containing the spiro-orthoester exhibit higher resolutions in the range of 50 um. The resins
containing mixtures of tri(ethylene glycol) divinyl ether and the spiro-orthoester show
permittivities as high as 10*. The dielectric loss factor of the resins is in the range of 0.5 to
7.6, and the conductivity in the range of 1.3-107! to 2.0-10 ! S.cm™. These high-x materials

can be 3D-printed by digital light processing for the next generation electronic materials.

Keywords: high-x dielectrics, photopolymerization, thiol-ene click reaction, spiro-

orthoesters, anti-shrinkage additives

1. Introduction

Materials with a permittivity higher than SiO2 (er = 3.9) or even SizN4 (er = 7)1 are referred to
as high-k dielectrics, which are required for the production of semiconductors.?* Due to the
on-going trend of miniaturization, which still follows the prediction of a doubled number of
transistors every two years according to Moore’s law,[l such materials are in the focus of
research and development. As a consequence of the continuous demand for smaller and more
complex geometries in the production of integrated circuits, also the processing routines of
such high-k dielectrics need to be addressed, for which photolithographic processest® are

favorable due to their high spatial resolution.

Since its introduction in the 1980s, 3D-printing has gained attention due to inherent
advantages such as the possibility to produce customized parts with complex shapes without
the need for molds, low raw material consumption as well as ‘production on demand’. Hence,
3D-printing is used in the production processes of numerous industrial sectors such as
aerospace and automotive,® biomedicine,® as well as electronics,!*! in particular for the
rapid fabrication of prototypes and final products at low volume. Liquid photopolymers can

be 3D-printed by digital light processing DLP, a special type of stereo-lithography. By this
2
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technique, photosensitive resins are cured upon light irradiation. In a DLP printer, a height-
adjustable platform is suspended in the resin formulation and illuminated; the targeted
specimen is built up layer-by-layer by the z-movement of the platform. Major advantages of
the DLP technique are high accuracy and resolution as well as the production of smooth

surfaces.

The DLP printability of different monomer classes such as acrylates and methacrylates,*!
thiol-ene systems,[*2 epoxides,™® vinyl ethers,[**l and hybrid systems[*® has been
investigated. However, acrylates and methacrylates are the most commonly employed for
DLP, due to their high reaction rate and their good mechanical properties.l*®! The major
drawback of these materials is the volume shrinkage during the curing reaction.*”) This
shrinkage results in the formation of mechanical stresses in the polymer networks,!

unfavorably combined with reduced CAD fidelity.

The shrinkage during the curing reaction is caused by the formation of covalent bonds, which
are shorter than the van-der-Waals radii between the unreacted monomers.®! In order to
reduce the polymerization shrinkage, several attempts have been made. The addition of high
filler amounts reduces the shrinkage and the formation of micro voids.[?®! However, due to
high light absorption coefficients of the fillers and light scattering,?* this strategy is limited
for the application in DLP. Another approach is the use of hybrid systems based on
methacrylates and monomers that show reduced shrinkage such as epoxides.[*® The best-
suited method is the application of expanding monomers such as spiro-orthocarbonates SOCs,
spiro-orthoesters SOEs, and bicyclic orthoesters BOESs. These bicyclic monomers polymerize
in cationic fashion by double ring-opening and reveal volumetric expansion;?? for example,

they have been applied as shrinkage-reducing additive for epoxy resins.[!

In a previous study we reported the use of SOEs as volume-controlling additive in

photocurable thiol-ene reactions.[? The thiol-ene click reaction has numerous advantages

3
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such as uniform network formation, high conversions and insensitivity towards water and
oxygen,?®! and thus, a broad range of applications exists for thiol-ene-cured polymers such as
polymer synthesis and surface modification,?®! photolithography? or the preparation of
hydrogels.?”-28 This study, correspondingly, aimed at the 3D-printing of low- or no-shrinkage
high-x polymers. For this purpose, a thiol-ene resin based on pentaerytrithol tetrakis(3-
mecaptopropianate) 4SH and tri(ethylene glycol) divinyl ether DVE was investigated, the
latter of which contains oligo(ethylene glycol) units that are known for their high
permittivity.[?>3  Different amounts of the SOE  2-((allyloxy)methy)-1,4,6-
trioxospiro[4.4]nonane were added as anti-shrinkage additive. In order to achieve sufficiently
high reaction rates for the printing process, the curing kinetics of the radical-induced thiol-ene
network formation and the cationic double ring-opening reaction of the SOE were
investigated. Hence, the ratios of the radical and the cationic initiator as well as the sensitizer
were carefully adjusted in order to perform both reactions with similar reaction rates. In
addition, the mechanical and the dielectric properties of the cured networks were studied in

detail aiming to provide a first evaluation of these materials as high-« dielectrics.

2. Experimental Part
2.1. Materials

DVE, methyl red, phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide BAPO, 2-
isopropylthioxathone ITX, y-butyrolacone, and allyl glydidylether were purchased from
Sigma Aldrich. 4SH was obtained from Bruno Bock Chemische Fabrik GmbH & Co. KG.
[(R)d21]"[SbFe]~ was purchased from ABCR. All chemicals were used as received without
purification. SOE was synthesized from y-butyrolactone and allyl glydidylether according to a

literature procedure.[?4
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2.2. Preparation of the Formulations

The photo-curable formulations were prepared by mixing DVE, 4SH, and SOE in
stoichiometric amounts. SOE was added with amounts ranging from 0 to 50 wt% (Table 1).
The initiators BAPO and [(R)¢21]"[SbFe]~ as well as the sensitizer ITX were dissolved in the
resin by sonication for 30 min at room temperature. BAPO, [(R)¢21]*[SbFe] and ITX were
added in the ratio 0.2:0:0 wt% in the pure resin, and 0.4:1:1 wt% in the formulations

containing SOE, respectively. To all formulations, 0.05 wt% of methyl red were added.

FT-IR (ATR, cured resins): v (cm™) = 3477, 2866, 1733, 1470, 1414, 1389, 1350, 1288,

1237, 1131, 1098, 1036, 935, 885, 850.
2.3. 3D-Printing of the Formulations

Digital models were 3D-printed using a Freeform Pico Plus 39 DLP printer (Asiga), equipped
with a LED light source (405 nm, 8 mW-cm=2). The nominal XY pixel resolution is 39 pm.
The layer thickness was set at 35 um, and the layer exposure time was 8 sec. After printing,
the structures were rinsed with ethanol for 30 sec in order to remove residual non-cured
materials. A subsequent post curing process was performed with a medium pressure mercury

lamp for 2 min.
2.4. Characterization of the Formulations and the Cured Samples
2.4.1. Determination of the Volumetric Shrinkage

The shrinkage in the course of the curing reaction was quantified gravimetrically by
measuring the density of the system before and after curing. The sample used for the
shrinkage analyses were prepared by a 3D-printing procedure using a cube structure; the
density of the uncured solution was previously measured by weighing a precise amount of the

liquid formulation. The shrinkage was calculated according to Equation 1.
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AV(%) = eelymer—Omonomer 4 (Equation 1)

Spolymer

2.4.2. FT-IR Measurements

The FT-IR spectra were recorded on a Nicolet iS50 FT-IR spectrometer (Thermo Scientific,
Milano, IT) in transmission mode in the range between 450 and 4000 cm™. In order to
monitor the curing Kinetic the liquid formulations were placed on a silicon wafer and light-
cured with an intensity of 4 mW-cm~2 under ambient conditions at room temperature. All the
samples were cured using a Hamamatsu LC8 lamp with visible bulb and a cut-off filter below

400 nm.
2.4.3 Thermomechanical Properties

DMA measurements were carried out using a Triton Technology TTDMA in the range
between —80 and 50 °C at a frequency of 1 Hz and a displacement of 20 um in order to
measure the mechanical properties. The DMA samples were obtained from 3D-printed
specimens with a defined thickness of approx. 0.5 mm. DSC measurements were performed
with a Netzsch DSC 204 F1 (Netzsch GmbH, Selb, Germany). The samples were heated twice
from —65 to 30 °C with a heating rate of 10 K-min~t. For the determination of the T, the
second heating cycle was used. The samples were obtained from 3D-printed specimens. For
nano-indentation, the samples were measured at room temperature with a Bioindenter TTX-
BioUNHT from Anton Paar GmbH, equipped with a ruby-ball tip with a diameter of 200 um.
The maximum load for the indentation experiments was set to values that the penetration
depth was approx. 10 um. The force was increased linearly for 30 sec, held for 30 sec, and
finally released for 30 sec. E* and E;r were determined by fitting the unloading profile

according to Oliver & Pharr.[%?

2.4.4. Dielectric and Electric Properties
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The permittivity measurements were performed with a SPECTANO 100 from OMICRON
Lab. The samples had a diameter of 80 mm and a height of 0.2 mm and were cured with an
intensity of 4 mW-cm-2 using a Hamamatsu LC8 lamp with visible bulb and a cut-off filter
below 400 nm. All samples were thoroughly dried at 80 °C in vacuum for 72 h before the
measurement. The samples were characterized in a frequency range of 0.1 Hz to 5 kHz at
room temperature. For confirmation, the sample SOE 30 was measured with the Solartron of
Solartron Analytical, which reproduced the results previously obtained by measurements with
the Spectano 100. The DC conductivity measurements were performed by 6517B Electro
High Resistance Meter based on the ASTM standard D257-14. The samples were cured with
an intensity of 4 mW-cm=2 using a Hamamatsu LC8 lamp with visible bulb and a cut-off filter
below 400 nm. Voltage was applied across the sample for a defined duration: In the present
work, the samples were subjected to 500£5V for 1 min according to recommendations of the

aforementioned standard. The volume resistivity was calculated according to the equation 2,

AV .
p= " (Equation 2)
c

in which p is the volume resistivity of the sample, V is the applied voltage, tc is the thickness
of the sample, I is the current reading from the electrometer, and A is the area of the electrode
of the test cell (22.9 cm? for the tested specimens). The DC conductivity is the inverse of

resistivity.
2.4.5. Surface Characterization

The contact angle measurements were performed on a Kruss DSA 100 automated goniometer,
using the sessile drop method with distilled water, ethylene glycol, and diiodomethane as test
liquids. The surface energy was calculated according to the Owens-Wendt-Rabel-Kaelbe
(OWRK) method. The zeta potential measurements were conducted on a SurPASS

Electrokinetic Analyzer from Anton Paar using a clamping cell. The electrolyte solution was

7
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0.01 M KNOg solution. For titration, a 0.05 M HNO3 solution was used. The 3D-printing

experiments were performed on a Pico Plus 39 from Asiga, with x-y-resolution of 39 um and

a light intensity of 8 mW-cm2. The layer thickness was 35 pm, and the irradiation time was 8

SecC.

3. Results and Discussion
3.1. Preparation of the Formulations and Shrinkage/Expansion Measurements

For the preparation of the photocurable thiol-ene formulations, DVE and 4SH were mixed in
stoichiometric amounts (Figure 1a). In order to reduce the shrinkage of the system during the
crosslinking reaction, the SOE was added with amounts of 10, 20, 30, 40 and 50 wt%,
replacing the corresponding amount of DVE (Table 1). The SOE was synthesized in a one-
step reaction from y-butyrolactone and allylglycidyl ether according to a precedent study.?
The allyl group of the SOE enables the incorporation into the polymer network by the radical-
mediated thiol-ene reaction, while the bicyclic SOE unit polymerizes by cationic double-ring

opening in the presence of photo-generated acids (Figure 1b and 1c).

In order to initiate both reactions simultaneously, the radical thiol-ene reaction and the
cationic double-ring opening of the SOE, the radical initiator phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide BAPO and the cationic photo-initiator p-(octyloxyphenyl)
phenyliodonium hexafluoro antimonate [(R)¢21]"[SbFs]~ as well as the photosensitizer 2-
isopropylthioxathone ITX were added to the formulation (Figure 1b and 1c). ITX was added
in order to enable the curing reaction at wavelengths above 400 nm by irradiation with visible
light. Methyl red was added to all formulations in order to enhance the pot life of the resin and

to control the curing depth in the printing process. The volumetric shrinkage upon curing was
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calculated form the densities of the resin formulations before and after curing (Equation 1,

Table 1).

(a) Chemical structure of the monomers and the crosslinker

0 o)
\/{' \/‘} HS/\)LO OJ\/\SH 0~
x1° o HS o><o SH EX :(\
3
\/\g/ \([)(\/
DVE 4 SH SOE

tri(ethyleneglycol)divinylether pentaerytrithol tetrakis(3-mercaptopropionate)

(b) Chemical structure of the initiators and the sensitizer

0 1@ OsvFs
g SRS
11
gy L °
BAPO ITX [(R)®I]*[SbFe]
phenylbis(2,4,6-trimethylbenzoyl) 2-isopropylthioxathone p-(octyloxyphenyl) phenyliodonium
phosphine oxide hexafluoro antimonate

(c) Cationic double ring-opening and radical mediated thiol-ene reaction of the spiroorthoester

R

SOE :>‘<

Re e = o)
oO©O

Figure 1. A; top: Chemical structure of the used monomers DVE and SOE and the crosslinker 4SH. B; middle:
Chemical structure of the initiators BAPO and [(R)®.I]*[SbFe]~ as well as the sensitizer ITX. C; bottom:

Mechanism of the cationic double ring-opening and the thiol-ene reaction of the SOE.
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The resin free of the SOE, which was crosslinked by the thiol-ene reaction, exhibited
shrinkage of 6.85 vol%. This shrinkage is in the typical range for thiol-ene systems.[?22
Upon partial replacement of DVE by the SOE, this shrinkage was reduced due to the double
ring-opening of the SOE, during which two covalent bonds are broken upon volumetric
expansion.l?2%% Hence, an increasing amount of SOE results in enhanced reduction of the
shrinkage. The formulation containing 50 wt% of the SOE showed the lowest shrinkage of
4.93 vol%, corresponding to an overall shrinkage reduction of 39% compared to the pure

SOE-free resin.

Table 1. Composition and volumetric shrinkage all formulations containing thiol-ene resins and SOE.

Composition of the formulations
SO Eer SOE DVE molar ratio of ng\clor;(l;a)ge
(Wt%) | (wt%) alkene : thiol .
groups

SOEO 0 100 1:1 6.85
SOE10 10 90 1:1 6.81
SOE20 20 80 1:1 6.39
SOE30 30 70 1:1 5.89
SOE40 40 60 1:1 5.57
SOE50 50 50 1:1 4.93

3.2. Monitoring of the Curing Reaction

The network formation occurs upon the radical-mediated thiol-ene click reaction between the
double bonds of DVE and the allyl groups of the SOE as well as the thiol groups of 4SH
(Figure 1c). The bicyclic SOE group opens according to a cationic double ring-opening
mechanism. The kinetics of the light-induced thiol-ene reaction were monitored by the

depletion of the signals representing the thiol groups (2569 cm-t, SH stretching vibration) and

the carbon double bonds of DVE and SOE (1630 cm™, C=C stretching vibration) in IR

10
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spectra.l’ Additionally, for the vinylic carbon double bond of DVE the deleption of signals at
approx. 960 cm=! (CH out-of-plane deformation) and 825 cm™ (CH. out-of-plane
deformation) was observed. Simultaneously, the curing kinetics of the SOE ring-opening was
studied by the depletion of the signal of the SOE group (1050 cm™). The ring-opening
reaction of the SOE is also represented by an increasing signal of the hydroxyl groups in the

region between 3100-3700 cm~2.1%7]

The conversion curves (Figure 2, right) show the simultaneous occurrence of both, the thiol-
ene reaction and the double ring-opening of the SOE in about 60 seconds; the mechanism of
the curing reaction, hence, may be referred to as a dual-cure mechanism. The comparison of
the conversion curves of formulations without and with SOE reveals that the addition of SOE
does not change the reactivity of the thiol-ene reaction, which proceeds with a high reaction
rate, due to which a plateau is reached within less than 15 sec (conversion of 949%).
Furthermore, the similar conversion of the thiol groups and the carbon double bonds shows

that neither homopolymerization of DVE nor secondary reactions occur.

The curing of the SOE reveals two different reactivity regions upon network formation, one
from 0 to approx. 15 sec and another one between 30 and 60 sec. These different reactivities
are assumed to originate from the gelation of the resin formulation during the polymerization.
In the first stage, prior to the gelation of the thiol-ene network, the ring-opening reaction
occurs in cationic fashion according to the mechanism described hereinabove (Figure 1c). The
reaction of the SOE according to that mechanism can be confirmed by the shifting of the ester
signal (from 1725 to 1735 cm2).1*1 After reaching the gelation point, the lower mobility of

the SOE slows down the reaction.

11
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Figure 2. A; top: FT-IR spectrum of the curing of the SOE-free thiol-ene resin (left) and conversion of the C=C
double bonds and SH groups (right). B; bottom: FT-IR spectrum of the curing reaction of the formulation

containing 50 wt% of SOE (left) and conversion of the C=C double bonds, the SH groups and the SOE groups

(right).

Hydroxyl groups (signal at 3100-3700 cm~1) were formed after approx. 15 sec of irradiation.
While the formation of the hydroxyl groups is in accordance with the proposed reaction
mechanism, its delay of 15 sec might originate from the termination of the ring-opening
reaction by proton abstraction after the gelation point. The non-occurrence of hydroxyl group
formation in the first reaction step (0-15 sec) can be explained by the higher mobility of the

SOEs in this first phase, due to which the termination of the ring-opening polymerization of

12
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the SOE units only takes place to minor extent. In the second step, on the other hand, the

lower mobility enables proton abstractions, resulting in the formation of hydroxyl groups.
3.3. Thermomechanical Characterization

In order to characterize the thermomechanical properties of the cured polymer networks,
dynamic-mechanical analysis DMA, differential scanning calorimetry DSC, and nano-
indentation measurements were performed. DMA measurements (Figure 3, top; Table 2)
revealed that the tan & curves were indicative of the formation of a homogeneous polymer
network with a single phase-transition. The data demonstrate that the presence of SOE does
not significantly alter the storage modulus of the cured resins. Minor alterations of the glass-
transition temperature T4 based on DMA measurements (as well as DSC measurements; see
hereinafter), however, could be observed: Samples with SOE contents of 0 and 10 wt%
showed the same Tq4 of —30 °C; for SOE contents higher than 10 wt%, a slight decrease of the
Tg value was observed with the lowest value of —35 °C for the SOE50 sample. The trend of
decreasing Tq with increasing SOE contents was confirmed by DSC analyses that revealed Tg

values in the range from —33 to —40 °C (Figure 3, bottom; Table 2).

Concomitant with an increasing SOE content, a slight increase of the tand value and a slight
increase of the full width at half maximum fwhm were observed in the DMA measurements.
According to literature,®*! tand correlates with the polymer network density and fwhm
correlates to the homogeneity of the polymer network. Correspondingly, the addition of SOE
slightly decreases the network density and homogeneity (Table 2). This effect becomes more
pronounced with increasing SOE content, and it could be related to the fact that SOE is a
monofunctional allyl ether, while DVE is a bifunctional vinyl ether. In fact, a decrease of the
storage modulus in the rubbery plateau by increasing the SOE content was observed (Figure

3a). This is consistent with a decrease of cross-linking density.!

13



©CO~NOOOTA~AWNPE

286

287

288

289

290

291

292

293

294

295

296

297

WILEY-VCH

(b)

1]
[« B
W
= P
= =
- o
o [
=
@
=
g
8
w

10% +— . . ; . ; ; ; ; ; ; ; . .

80 60 -40 20 0 20 40 60 80 60 -40 20 0 20 40 60
Temperature / °C Temperature / °C
(c) (d)

-0.05 30
- -0.10- =
o o 257
; -0.15- %
E -0.20- - 20-
- ] k3
_g -0.25- 3 151 3
L .0.30 2
o o104 =
@ 1] =
T -0.35-

5_ =
-0.40
-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 0 10 20 30 40 50
Temperature / °C SOE content/ %

Figure 3. A; top left: Storage modulus of the crosslinked polymers according to DMA measurements. B; top
right: Tand values of the crosslinked polymers according to DMA measurements. C; bottom left: T4 values of the
crosslinked polymers according to DSC measurements. D; bottom right: E-modulus of the crosslinked polymers

determined by nanoindentation.

The E-modulus of the polymer networks was determined by nano-indentation measurements
(the error bars show two standard deviations, which correspond to a confidence interval of
95%); it was found to decrease upon the addition of SOE (Figure 3d). The decreasing stiffness
is in good agreement with results from DMA and DSC measurements that revealed a decrease

of the T4 and the network density.
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Table 2. T4 values according to DSC and DMA measurements as well as the values of tand and fwhm according

to DMA measurements.

DSC DMA

Formulation T, (°C) [ T4 (°C) | tans | fwhm
SOEQ 33 | -30 | 151 7.2
SOE10 33 | 30 | 144 7.2
SOE20 35 | -31 | 167 7.3
SOE30 34 | 32 | 162 8.5
SOE40 37 | -33 | 180 9.5
SOE50 40 | -35 | 194 11

3.4. Dielectric and Electrical Characterization

The relative permittivity describes the interactions of a medium with electric fields, in
particular the polarization and its capability to store charges. If an alternating electric field is
applied to a dielectric material, the charge carriers are orientated along the vector of the
electric field. Since this polarization does not react instantaneously to the external stimuli, a
phase shift between the applied external field and the response of the material occurs. Hence,
the permittivity can be described as a complex function containing the real part &” and the
imaginary part ¢”’. While the real part € describes the ability of a material to store energy, the

imaginary €’ part is indicative of the loss of energy.

The relative permittivity of the SOE-free thiol-ene network and the polymer networks
containing 10 to 50 wt% SOE were measured at room temperature and frequencies ranging
from 0.1 Hz to 5 kHz (Figure 4a). The real part of the permittivity of the SOE-free network,
hence the network with the highest content of oligo(ethylene glycol) units, increases from
approx. 6 to 100 with decreasing frequency. This high permittivity was referred to the facts

that poly(ethylene glycol) PEG chains easily rotate around the C-O bonds and that PEG
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networks can be easily polarized. Notably, high values of the permittivity were reported as

well for other oligo(ethylene glycol)-containing networks and PEG.[?7-2°]

The materials containing 10 to 50 wt% of SOE showed even higher permittivity, in particular
at the lower range of frequencies: At frequencies below 40 Hz, the permittivity increases
significantly and reaches values as high as 10* at 0.1 Hz. These values are in the same range
like for PEG-based solid polymer electrolytes,[*5%71 and, at the current state of knowledge, are
attributed to charge accumulation at the electrode-polymer interface, which partially blocks
the charge transport.*¥l The high permittivity values of the networks containing SOE are
indicative of conductivities higher than those of common polymeric insulators (for the
conductivity measurements themselves, see hereinafter). Additionally, the negative and (in
good approximation) linear slope of the imaginary part of the permittivity over the whole
range of frequencies is indicative of a fairly conductive material as well. The real part of the
permittivity increases with the amount of SOE. This trend is most pronounced at frequencies
below 100 Hz. During the cationic double-ring opening of the SOE groups, highly flexible
polyester-co-polyether chains are formed, and hence, the flexibility and the polarizability of
the material increase. This explanation is also in agreement with the decrease of T4 (Table 2)

and the decrease of the E-modulus (Figure 3d) upon the addition of SOE.

The imaginary part €’” of the relative permittivity increases with decreasing frequency (Figure
4b). In the double logarithmic plot, an almost linear correlation between ¢’” and the frequency
can be observed. The materials containing SOE exhibit 10 to 100 times higher €’ values than
the SOE-free resin. The increase of the permittivity with increasing amount of SOE, which
was observed in the real part and explained herein above, is reproduced in the imaginary part

as well.

The loss factor tand is defined as the ratio of the imaginary part €’ and the real part €’ of the

relative permittivity. It quantifies the dissipation of electromagnetic energy, e.g. into heat.
16
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While an applicable dielectric would show only minimum losses of energy (tan § < 10~%), an

ideal conductor would not store any energy (tan & = o). The loss factor of the SOE-free

network exhibits values between 0.02 (5 kHz) and 6.5 (0.1 Hz) and increases with decreasing

frequency (Figure 4c). While the SOE-free material shows low loss factors at frequencies

above 1 kHz (tan 6 < 0.1), it still may not be considered as a good dielectric in that frequency

range: If AC voltage was applied, high thermal losses would occur (tand is related to heat

generated in the insulator as result of said losses).
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Figure 4. A; top left: Real part of the permittivity &’. B; top right: Imaginary part of the permittivity ¢”°. C;

bottom left: Loss factor tand. D; bottom right: Electrical conductivity of the networks according to the standard

ASTM D257.
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The dissipation factors of the specimens containing SOE are in the range of 0.5 to 7.6, and are
higher than the loss factors of the SOE-free resin, except at low frequencies from 0.1 to 1 Hz.
At a frequency of approx. 20 Hz, the loss factor has a local maximum. Since this maximum
cannot be observed in the SOE-free resin, the reason is most likely a relaxation process of
structural segments related to the double ring-opening of the SOE units, such as the formed
polyester-co-polyether chains or hydroxyl groups and the correspondingly facilitated
absorbance of water (cp. FT-IR spectra in Figure 2, left): In epoxy resins, B-relaxation is
observed around 10* Hz, which is also related to the presence of hydroxyl groups; the peak for

ad- and absorbed water is observed between 1 and 50 Hz.

Since the permittivity measurements revealed a high amount of free charge carriers, the
conductivity was measured in order to thoroughly characterize the electrical properties of the
materials. These measurements were performed at room temperature according to the
standard ASTM D257. The averaged conductivities (Figure 4d) were calculated based on the
last ten points of the measurements, after stable current conditions had been reached. All
materials show a similar conductivity in the range of 1.3-107*! to 2.0-107* S.cm™. These
values are several magnitudes higher than in typically applied insulating polymers (< 107¢

S-cm™).

3.5. Surface Polarity

After the completed curing reaction, hydroxyl groups were detected in the polymer networks
according to the FT-IR measurements (see hereinabove). Due to their possible impact on the
surface polarity of the cured networks, the surface energy and the zeta potential of the
materials were determined (Figure 5). The surface energy was obtained from contact angle

measurements with the three test liquids water, diiodomethane, and ethylene glycol and
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calculated according Owens-Wendt-Rabel-Kaelbe. All surface energies were in the range of
52 to 60 mN-m™ and are in good agreement with literature data for thiol-ene resins.*® Even
for the zeta potential measurements, which are very sensitive towards surface charges, only a
slight shift of the isoelectric point IEP from approx. 3.7 to 4.1 was detected for the networks
containing 40 and 50% SOE. Hence, the surface energy and zeta potential measurements

clearly revealed that there are only negligible changes in surface polarity of the cured

networks.
(a) (b)

- 80 -sprface.energ‘,r 10 SDEEJ
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Figure 5. A; left: Surface energies calculated from contact angle measurements. B; right: Zeta potential

measurements of the SOE-free resin and the resins containing 0 to 50 wt% SOE.

3.6. 3D-Printing

The thiol-ene resin formulations were finally tested as materials for 3D printing. The printing
of the resins was performed with DLP equipment with a light source in the visible region. The
SOE-free resin showed rapid gelation upon irradiation in the printing process, resulting in
insufficient resolution. The formulations containing SOE, on the other hand, exhibited a
pronouncedly better performance than the SOE-free resin. After an optimization of the
printing parameters and the addition of 0.05 wt% methyl red in order to control the curing

depth and to enhance the pot life of the formulations, high-resolution structures were printed
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successfully (Figure 6a and 6b). Different resolution among the SOE-free and the SOE-
containing specimens was observed (Figure 6b); this could be related to both a better control
of thiol-ene reaction and to the reduced shrinkage due to the addition of SOE. In fact, for the
SOE30 specimen, a resolution of 50 um was obtained (Figure 6c), which was defined based
on shape deviations of the printed specimen from the CAD design such as blurring on the
edges of the honeycomb structure. The SOE-free formulation, on the other hand, showed a
resolution in the range of 100-200 um. Notably, the resolution of 50 um is in the range of the

nominal XY pixel resolution of 39 um of the DLP equipment.

(a) (b) (c)

SOE0

Figure 6. A, left: CAD drawing of the structure to be 3D-printed. B, middle: Photography of the 3D-printed
structure of the formulation containing 0 and 30 wt% of SOE (SOEO and SOE30), respectively. C; right: Light

microscopic photography of a section of the specimen SOE30.

4. Conclusion & Outlook

Resin formulations containing the monomers DVE and SOE can be crosslinked according to a
dual-cure mechanism, comprising the radical thiol-ene reaction of DVE and SOE with the
mercapto compound 4SH as well as the cationic double-ring opening of the SOE. In this
study, formulations containing 0, 10, 20, 30, 40, and 50 wt% of SOE were investigated. If, in

addition to a radical and a cationic photo-initiator such as BAPO and the iodonium salt
20
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[(R)$21]"[SbFe], sensitizers such as ITX are used, the dual curing can be triggered by stimuli
such as visible light. If a wt%:wt% = 50:50 mixture of DVE and SOE is used, the shrinkage

during curing can be reduced by 39% in comparison to a SOE-free mixture.

The real part of the permittivity of the SOE-free network increased from approx. 6 to 100 with
decreasing frequency, qualifying this material with a high abundance of oligo(ethylene
glycol) units as a high-k dielectric.. The loss factors of the SOE- containing resins are in the
range of 0.5 to 7.6. At a frequency of approx. 20 Hz, the loss factor has a local maximum,
which was referred to ad- and absorbed water due to the presence of hydroxyl groups in those
resins. Conductivity measurements revealed that all resins show conductivity in the range of
1.3-107 to 2.0-10** S.cm™t, which is several magnitudes higher than that of common

polymer systems.

The printability of the resins was evaluated in DLP printing, during which the SOE-free resin
showed rapid gelation upon irradiation in the printing process and a resulting low resolution
of up to 200 um. Precedent Kinetic studies had revealed a two-phase curing of the SOE
(before and after the gelation point) and the abovementioned reduced shrinkage. Hence, the
formulations containing SOE exhibited higher resolutions; for the SOE30 specimen, a

resolution of 50 um was observed.

Considering the good processability and stability in the printing process as well as the reduced
shrinkage, the DVE/SOE formulations seem to be favorable for 3D printing, in particular
compared to commonly used acrylate-/methacrylate-based systems that show an average
shrinkage of more than 12 vol%. Further studies will address the increased mechanical
stability of SOE-rich resins as well as a decreased dielectric loss; for the realization of both

strategies, nanocomposites based on DVE/SOE resins will be developed.
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The shrinkage of tri(ethylene glycol) divinyl ether based thiol-ene resins is reduced by 39%
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