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Abstract

The aim of this master thesis is the investigation of a ternary methacrylate-thiol-yne system
which can be used as binding material for ceramic particles to realize 3D-printed composite

structures as well as high-performance ceramics.

The main advantage of such a ternary system is the higher monomer conversion of the
methacrylate compared to pure methacrylate systems. Additionally, sole methacrylate
systems are known for their cytotoxicity and skin irritating properties. The ternary system
should overcome the drawbacks of pure methacrylate systems to yield a biocompatible

polymer for medical applications.

Firstly, a suitable ternary system was developed and investigated concerning its storage
stability and photo reactivity. The reaction rate of the formulations was determined using
photo-differential scanning calorimetry (DSC) and the monomer conversion was analysed
through real-time Fourier-transform infrared spectroscopy (FTIR). The migration of remaining
monomers out of the cured resin was determined via gas chromatography-mass spectrometry
(GC-MS) measurements. The mechanical properties of the cured resins were investigated via
a charpy-impact test and its heat deflection temperature (HDT). Finally, the 3D-printing ability

of the resin was tested.

Finally, the ternary resin was blended with two different fillers, e.g. tricalcium phosphate (TCP)
and alumina oxide (Al;03). The maximum degree of filling and the behaviour of the filled resins

regarding their storage stability was evaluated.

It was possible to obtain an efficient stabilizer system for an improved shelf-life of the ternary
resins. Furthermore, the Photo-DSC analysis of the ternary systems showed a fast reaction

rate as well as a high monomer conversion.

Due to the high monomer conversion no significant migration of the monomers was detected
with the GC-MS analysis of the polymers. Also, the ternary system exhibited advanced
mechanical properties compared to a pure methacrylate system. Furthermore, a high heat

deflection temperature (HDT) was determined.



The 3D-printing tests of the ternary resin were successful and defined bone-screws could be
obtained. Finally, it was possible to fill the ternary system with up to 65 wt% of ceramic

particles.

The benefits of the developed ternary system include a high monomer conversion and
improved mechanical properties compared to pure methacrylate systems. Since a good 3D-
printing ability was demonstrated successfully, the newly developed ternary system is a

suitable substitution for pure methacrylate system.
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1. Motivation and outline

A high interest in the development of biocompatible, UV curable resins for medical application
has occurred over the past years.l! This is due to the increasing employment of additive
manufacturing in industrial fields in recent years.’2l A variety of technologies for casting
different materials (e.g. metals®* ceramics*® and polymers®’l) have already been
established. Each material offers unique profiles concerning chemical and physical features,
but also process behavior and physiological interactions such as biocompatibility and
degradability.’® Of all these materials, polymers appear to be the most suitable class due to
their high freedom of design in their molecular structure. In particular, Tailor-made resin
systems offer a broad range of properties and can be optimized for their specific field of

application.!

During the last decade, the lithographic-based additive manufacturing technology has
become an important research field for polymeric materials.l*>'2 Compared to other 3D-
printing methods, this technique offers numerous advantages, including a higher writing
speed and a better solution.'3] With the lithographic-based additive manufacturing,
photopolymerizable resins filled with ceramic particles can be processed for medical usage.
After UV-curing, an organic matrix filled with ceramic particles is obtained. This composite can
then undergo a thermal treatment step at 600 °C to remove the organic backbone and, after
a following sintering, a dense ceramic material is received. Since shrinkage stress of the
polymeric binder material can cause problems during the sintering step, a resin with a low
shrinkage stress is required. The final materials can be used for customized bone replacement

or scaffolds in the medial sector.!*2

For example, the obtained ceramic materials can be used for internal fixation, a method to
support and position fractured bones without leaving an open wound.!** Normally, the used
devices are mainly made of metal and can hinder the bone growth, in which case a second
surgery is required to remove the fixation.[*®! To overcome this problem, biodegradable

polymers have been developed which can be metabolized and cleared from the body.[*67]



However, one major drawback of these polymers is their radiolucent behavior.[*® This means
that it is not possible to monitor the device using x-ray imaging. With the addition of ceramic
particles a radiopaque composite material is created. Furthermore, composite and pure

ceramic materials offer better mechanical properties and higher strength.[*°!

The most common resins in lithographic processes consist of multifunctional acrylates and
methacrylates since they feature many desirable properties like fast curing and no
requirement for solvents.?, The high curing rates are caused by a fast radical chain growth
polymerization which vyields highly-crosslinked networks within seconds.*®! During the
polymerization, the gelation point is reached very quickly and leads to a limited (meth)acrylate
conversion, which does not exceed 60-90%. Due to the early vitrification, the mobility of the
monomers is limited and a complete (meth)acrylate conversion is not possible.?!l The
resulting residual monomers within the network can migrate from the cured polymer. The
migration of these monomers is responsible for high irritancy potential and cytotoxicity due
to their function as Michael acceptors, which can cause reactions with amino- or thiol-groups
of proteins or DNA molecules.[??24 Therefore, the usability of (meth)acrylate resins in
biomedical applications is limited.!?3? However, in comparison to acrylates, methacrylates
show a lower cytotoxicity which makes them suitable for 3D- printing devices used in the
dental section.?®! Furthermore, (meth)acrylate resins experience a high shrinkage stress

during the curing process that leads to brittle materials.[>1%.26]

The photoreactive thiol-ene and thiol-yne systems, which have been explored in recent years,
can serve as possible replacements for (meth)acrylate resins.2%?7:281 These systems feature a
step-growth mechanism leading to a delayed gelation point compared to (meth)acrylates. This
step-growth mechanism yields an increased monomer mobility for an extended amount of
time while the curing reaction takes place, resulting in a higher overall monomer
conversion.?! This enhanced conversion of this reaction type limits the migration of
monomers to a minimum, which leads to a high biocompatibility. Moreover, the internal
shrinkage stress is reduced due to the delayed gelation point which enables the usage of
tougher materials.[?72%3% However, one drawback of the delayed gel point is the reduced

printability of the thiol-ene and thiol-yne systems.



To combine the fast curing speed of (meth)acrylates and the higher monomer conversion of
thiol-yne systems, ternary (meth)acrylate-thiol-yne systems were developed by Bowman et
al.BY Due to the fast chain-growth homopolymerization of the (meth)acrylates, the gelpoint
occurs at an earlier state of the polymerization compared to a pure thiol-yne system but it
also shows a delayed gel point compared to a pure (meth)acrylate system. This leads to an
improvement of the printability compared to sole thiol-yne systems. The homopolymerization
of the double bonds is accompanied by a chain transfer to the thiol and thiol-ene step growth
mechanism. This leads to a homogeneous and highly cross-linked resin which exhibits a high
monomer conversion due to the step-growth mechanism. Due to the higher monomer
conversion, the ternary systems is predicted to offer a higher biocompatibility and lower

cytotoxicity accompanied by a faster curing speed and higher toughness.[3%32]

The aim of this master thesis was to investigate a suitable thiol-yne-methacrylate system for
3D-printable medical devices. In the first approach the ternary system was studied concerning
its storage stability, photo reactivity and monomer conversion. Additionally, the resin was
evaluated towards its possible utilization in composite materials and printable high-

performance ceramics.



2. Introduction

2.1.  Materials for photopolymerization

2.1.1. Chain growth polymerization of (meth)acrylate resins

In Scheme 1 the radical chain-growth polymerization of (meth)acrylates is illustrated. In
photo-curable resins the free radicals are generated through a light sensitive photoinitiator.
These radicals are able to attack a carbon-carbon double bond with subsequent formation of
a carbon centered radical, which is capable of starting the next propagation step. During the
formation of the covalent bonds in the cross-linking networks, the free volume is reduced and

yields the shrinkage stress responsible for brittle materials.33!

PI W o LR
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Initiation

R/\/ R + /\ R > R/\(\ R
’ Propagation

R

Scheme 1 Radical mediated, photo induced chain-growth mechanism.

Since the gelation point is reached very fast in this process, the (meth)acrylate conversion is
not exceeding 60-90%. The mobility of the monomers is limited and they are thus unable to
find a reactive counterpart due to the early vitrification. This leads to residual monomers

within the network which can migrate from the cured polymer.

2.1.2. Thiol-ene and thiol-yne step-growth polymerization

The thiol-ene reaction proceeds via a radical mediated step-growth polymerization. This
reaction mechanism has been demonstrated to reduce the shrinkage stress by delaying the
gelation during the polymerization.?®! The step-growth polymerization consists of alternating
addition and chain transfer reactions, which results in a slow and uniform network formation
that causes the delayed gelation and, therefore, a reduced shrinkage stress.

Further advantages of the thiol-ene polymerization reaction include high selectivity, high yield
with minimal side reactions, and little sensitivity against oxygen or moisture. Two major

4



drawbacks of the thiol-ene polymerization reaction are the distinct odor of the thiols and the
rather low storage stability of thiol-ene compounds.3%

Also, the crosslink-density for thiol-ene polymers is lower compared to pure (meth)acrylate
polymers. Depending on the mechanism, the vinyl group is capable of acting as either a mono-
or difunctional moiety. The (meth)acrylate polymerization proceeds via a chain-growth
mechanism leading to a replacement of each carbon-carbon double bond by two single bonds.
In contrast to this, the thiol-ene polymerization leads to the conversion of a vinyl to a single
thioether which establishes the vinyl group as monofunctional.®¥ This limits the ultimate
crosslinking-density in materials that causes a decreased glass transition temperature (Tg).

This poses severe limitations for this material class. 3!

In Scheme 2 the reaction path of a thiol-ene polymerization reaction is displayed. At first, a
free radical is created through the illumination of a photoinitiator. This free radical can
abstract a hydrogen atom from the thiol to generate a thiyl radical, which then adds to a
carbon-carbon double bond to yield a carbon centered radical. This radical subsequently
substracts a hydrogen from another thiol functional group which generates another thiyl

radical. 136

Ry——SH +I Ri——S"  +HI

Initiation

R—g + /\RZ —_— R1/S\/\R

Propagation

S\/\ _—
R1/ Rt R, SH

Chain transfer

Scheme 2 Radical mediated thiol-ene step-growth polymerization.

Thiol-yne polymerization reactions have also been demonstrated to follow a radical step-
growth polymerization mechanism. The reaction path of the thiol-yne polymerization is

depicted in Scheme 3.

Similar to the thiol-ene polymerization reaction, a thiyl radical is generated due to light
induced photoinitiation. This free radical can react with the carbon-carbon triple bond to yield
a carbon-centered radical. Subsequently this radical abstracts a hydrogen from a thiol

functional group. This leads to the formation of a vinyl sulfide moiety capable of reacting with
5



another thiol monomer according to the thiol-ene polymerization reaction mechanism

mentioned above.

Ri——SH +| Initiation R——S +HI

R—S + Z R, ——= R1/S\/\R

Propagation 2

: S
F{1/8\/\R2 + Ry——SH R DN N

2 R1_S'

Rz
R R, * R—S& >
! 2 Ri—S R1/ . SR,
R2 RZ
S\)\ + R;——SH > S\)\ * R—S
1
R1/ 4 SR-I R1/ SR1

Scheme 3 Radical mediated thiol-yne step-growth polymerization.

Chain transfer

Since each alkyne group reacts with a thiyl radical twice, a higher cross-link density in the

polymer is achieved. This leads to a higher Tg and advanced mechanical properties compared

to the thiol-ene reaction. 343738



2.1.3. Properties of ternary systems

Ternary photo-polymerizable systems enable the combination of the fast chain growth
mechanism of (meth)acrylates with the step growth mechanism of thiol-yne and thiol-ene
systems.’3 With such ternary systems, unique reaction kinetics (see Figure 1) and network
formation are created and it is possible to directly tailor the network material properties. Due
to the arising competition between the (meth)acrylate homopolymerization and the chain

transfer to a thiol, a thiol-ene or thiol-yne step growth polymerization is promoted.??

Chain-

Alkyne/Vinyl sulfide
growth

(Meth)acrylate

Chain transfer

Figure 1 Competition between chain-growth, chain transfer and step-growth mechanism in a thiol-yne-(meth)acrylate
ternary system.[31]

By varying the stoichiometric ratio and structure of the monomers in the ternary system, the
T and homogeniety of the network can be controlled. This leads to the achievement of tailor-
made resins with favorable network properties. Thus, the gelation point of the ternary system
can be adjusted with varying ratios of methacrylate to thiol-yne. This has a positive impact on
3D-printing abilities since a fast curing rate is crucial. In pure thiol-yne systems the delayed
gelation of the material causes severe limitations regarding the printing speed and ability. The
addition of (meth)acrylates can overcome these problems.

Furthermore, a ternary system was studied by Bowman et al.l33! They observed a significant
decrease in shrinkage stress by incorporating a thiol-allyl ether or alkyneB! into a
methacrylate system. During the polymerization the methacrylate domains reach higher
conversions while the thiol-ene and thiol-yne regimes are still consisting of small oligomers
with enough mobility to act as plasticizing solvent during the early stages. The internal stresses
during the vitrification are at a comparable rate to thiol-ene systems. This combination of
materials can reduce the methacrylate shrinkage stress up to 50% while maintaining a high

Te.33 The formation of the network evolution are shown in Scheme 4.



Scheme 4 Network evolution of a thiol-ene-methacrylate systeme: (A) Before polymerization (B) formation of methacrylate
domains (C) formation of thiol-ene domains.33!

Thiol-yne-methacrylate systems were demonstrated to achieve high Ty and moduli while
maintaining low shrinkage stress. These low levels of shrinkage stress were maintained as the
thiol-yne component comprises a delayed gelation. Since a large portion of shrinkage takes
place before the gel point is reached, most stresses can be released instead of being stored

within the solid network.31]

2.1.4. Stabilizer systems for increased shelf-life storage of resins

One of the major drawbacks of the thiol-ene system is the premature polymerization of the
resin at room temperature. Since a long shelf-life stability for industrial applications is

required, several stabilizer systems have been proposed to enhance the storage stability.!3%40



One of the possible reasons responsible for the limited storage stability of thiol-ene systems
is a base-induced Michael addition reaction of the thiol groups to the ene double bond.
Moreover, hydroperoxides impurities, as well as the generation of radicals through a ground-
state charge between thiol and the ene components, can initiate dark polymerization

reactions.[4142]

It was shown that a combined system based on hydroxybenzene compounds with phosphonic
acids showed an increased storage stability of thiol-ene formulations compared to the solitary
use of radical scavengers.[*”) The most efficient radical stabilization in a single stabilizer system
was provided by pyrogallol. This is mainly due to the high resonance stabilization of the
formed pyrogallol radical caused by intramolecular hydrogen bond interaction.*3! With the
combination of a phosphonic acid with pyrogallol the storage stability could be further

increased.

However, one major drawback of an efficient stabilizer system is its influence on the reactivity.
The Photo-DSC measurements of the stabilized thiol-ene system showed that a higher amount

of stabilizers can slightly decrease the photoreactivity.!3%40

2.2.  Additive manufacturing of polymeric materials

Additive manufacturing technologies (AMT) revolutionized the construction of prototypes.
Previous prototype manufacturing were performed mechanically. Nowadays, advanced 3D-
printing devices are computer-operated and capable of generating three-dimensional

prototypes automatically and within a short time.[**!

More recent applications include the 3D printing of medical devices. With help of magnet
resonance scan or computer tomography the basis for a three-dimensional implant model can
be provided.*¥ This 3D model can be digitally customized and a unique CAD model is
generated. This technique is capable of decreasing production costs and manufacturing time

while creating individualized medical devices. [*4°]

For polymeric materials the stereolithography 3D-printing process became very important.[°-

121 The process was discovered in 1980s as a rapid prototyping method for the automotive
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industry.[*®! In recent years, a variety of AMT have been developed (e.g. selective laser
sintering, fused deposition modeling etc.) but stereolithography still delivers the best
resolutions while providing incredible freedom of design. Resolutions ranging from 10 um can

be achieved and nearly every geometry can be printed using this technique.

BUILD PLATFORM [
Ld

[

® PROJECTED UV LIGHT ’

[
o CURED RESIN
&

UV LIGHT CURABLE RESIN

RESIN TANK n
v

a PROJECTOR
@

'
V.

Figure 2 Design of a stereolithography 3D printer.

Figure 2 shows the design of a stereolithography DLP 3D-printing device. The printer consists
of a movable platform, a basin filled with the monomer resin, a transparent bottom, and a
UV-light source. During the printing process, the platform moves into the resin in a z-axis and
stops at a defined height. The residual monomer is suppressed and the resin is illuminated
with a UV-light source through the transparent bottom of the basin to yield the first layer of
the specimen. The selective curing of one monomer layer can either be carried out by a series
of punctual illuminations by a UV-laser beam (direct laser writing) or by a digital light projector
(DLP), which illuminates a complete layer of resin at once. Right after the first layer has
successfully been solidified, the platform is moved in vertical direction to apply a fresh layer
of resin. This process of illumination and vertical movement creates the desired three-
dimensional object layer by layer and is repeated until the device is finished. The finished
material is then washed to remove excess resin and finally post cured to increase monomer

conversion and crosslink density.*”!

10



2.3.  High performance ceramics for medical applications

Tissue engineering is an important field of research in regenerative medicine, especially
scaffold based bone repair/regeneration.®! Damaged bones can be treated with
biodegradable three-dimensional scaffolds, which can mimic the extra cellular matrix. They
serve as mechanical support or act as a template for cell attachment.°!

The best way to produce these scaffolds is the additive manufacturing technology which is
able to provide structures with tailored porosity and scaffolds for patient specific defects.
These individualized components can be manufactured with the data obtained via computer
tomography.%%1 For these medical applications tricalcium phosphate is an appealing
material due to its high biocompatibility and structural similarity to natural bone.®! In Figure

3 a medical device made out of TCP can be seen.

Figure 3 Human skull replica made out of TCP.[52

The process of the 3D-printing of high performance ceramics is called lithography-based
ceramic manufacturing.!®3! At first, a photocurable resin is filled with the desired ceramic
particles and, afterwards, cured with UV-light to yield a three-dimensional composite
object.®® In a consecutive step, the polymeric backbone is pyrolized®®® and the residual
compact is sintered. This last process step is responsible for the final mechanical performance
since changes in chemical and/or phase composition can occur. The final product is a dense
ceramic material which can be used in various applications.? Filled materials have several
advantages compared to polymer devices. One of them is the radiopacity of composite and
pure ceramic materials which makes the specimen visible in x-ray imaging.[*® Additionally, the

mechanical properties are enhanced.'
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2.4. Photo-Differential Scanning Calorimetry

DSC analysis is used for the fast and simple determination of absorbed or released heat of a
sample during the heating, cooling or illumination process. The difference in temperature
between a reference and sample crucible is measured to calculate the absorbed or released

amount of heat as a function of time and temperature. A basic DSC test setup is shown in

Figure 4.
Ul =
measuring cell
reference sample
heat-flux | Jg protective
L I sehsor s
| L( ]
furnace block l ’
with heating g @
purge gas

Figure 4 Schematic of a basic DSC test setup.!5¢]

In a Photo-DSC setup, the temperature of both crucibles is kept constant while the sample is
illuminated with UV-light. The released heat of a photopolymerization can then be monitored.
As seen in Figure 5, the reaction enthalpy AH can be obtained through an integration of the
curve. If the theoretical standard enthalpy of reaction AH: is known, the monomer conversion

(DC) can be estimated according to the following equation.

12



AH
AH¢p

DC =

-10
Area = AH

DSC/(mW/mg)

-15 4

-20 -

t Time/min

max

Figure 5 Analysis of a Photo-DSC curve.

With the Photo-DSC, various parameters can be obtained by using only one single
measurement. The reaction time (tmax) is the time to reach the maximum heat of
polymerization. Additionally, the maximum heat flow can be determined by the peak height.
Both, tmax and the peak height, reveal information about the curing speed of the resin. A
flattened curve indicates a higher amount of time needed for the monomer conversion.

The overall reaction enthalpy H (peak area) is proportional to the conversion of the monomers

in the curable system.
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3. Results and Discussion

3.1. Preparation of the resin

During this work, a ternary system was investigated concerning its stability, reactivity and
mechanical properties in the cured state. The basic composition of the resin consists of a
multifunctional methacrylate, a tetrafunctional thiol and a difunctional alkyne.

The basic composition stated in Table 1 showed good results in previous workgroups of intern

research and was, therefore, used.

Table 1 Molar ratio of the basic ternary system.

Difunctional methacrylate Tetrafunctional thiol Difunctional alkyne
[mol] [mol] [mol]
4 1 1

Furthermore, a variable amount of different photoinitiators and stabilizers were added to the

resin to investigate their influence on storage stability and photo reactivity.

3.1.1. Selection of the monomers

In a first step, an extensive search for suitable methacrylates was performed. For the ternary
system the methacrylates should obtain crucial properties such as bifunctionality, a low
viscosity and a rigid backbone to obtain good mechanical properties in the cured state. The

following methacrylates showed interesting structures and were further investigated.

A A

Ethylenglycol dimethacrylate (EGDMA) Glycerol dimethacrylate (GDMA)
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o o

Scheme 5 Used methacrylates.

Glycerol dimethacrylate (GDMA) possesses a free, polar OH-group which is expected to
improve the dispersibility of the filler material. Neopentylglycol dimethacrylate (NPGDMA)
was chosen because of its rigid backbone and increases in thermo mechanical properties were
assumed. Ethylenglycol dimethacrylate (EGDMA) was chosen because of its usage for dental
filling materials and its agreeable biocompatibility.®”) Apart from the bifunctional
methacrylates, the trifunctional methacrylate trimethylolpropan trimethacrylate (TMPTMA)
was investigated. For the trifunctional methacrylate, a faster curing rate due to an accelerate
network formation was expected. Also, a low methacrylate migration was assumed based on
the increase of reactive centers. TMPTMA was mainly studied to enhance the reactivity in

methacrylate blends.

As a tetrafunctional thiol the commercially available Pentaerythitol tetra(3-

mercaptopropionat) (PETMP) (see Scheme 6) was investigated.

o) o}
Hs/\)koﬁcO)J\/\sH
o o
HS\/\< >/\/SH
0 o

PETMP
Scheme 6 Used thiol.

For the third component of the ternary system the two alkynes (Scheme 7) di(but-3-yn-1-yl)

carbonate (DBC) and di(prop-2-yn-1-yl) carbonate (DPC) were used.
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DBC DPC
Scheme 7 Used alkynes.

These alkyne carbonates were obtained in a KOH-catalyzed single-step reaction. Both
synthesis were carried out with 1,1’-carbonyldiimidazole (CDI) and an excess of either 3-
butyn-1-ol (for DBC) or 2-propyn-1-ol (for DPC) suspended in toluene. After distillation, both
products were obtained in good yields. (89-91%)

3.1.2. Selection of the stabilizers

One of the main purposes of this thesis was to obtain a stable ternary formulation. Therefore,

different stabilizers were examined.

OH

HO OH

HO OH
O\/\
HO
o}
Propyl gallate Pyrogallol
0
"o /\/\/\/\/\/\
o
HO
OH

Lauryl gallate

Scheme 8 Used stabilizers.

Although the polymerization of ternary system is initiated by UV irradiation, non-UV indicated
reactions can occur as well. This includes the spontaneous formation of radicals or the basic
induced Thiol-Michael addition.l3”! Therefore, radical scavengers and acidic stabilizers are

crucial additives for the system.
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Lauryl gallate and propyl gallate are both used as anti-oxidants in the food industry and both
stabilizers are non-hazardous to health, which is very important for the usage of medical
composite materials.>® Furthermore, previous workgroup intern research showed that propyl
gallate, as well as pyrogallol, are an excellent stabilizer in thiol-yne systems.3°!

However, there are concerns about the toxicity of pyrogallol as it is not suitable for
biocompatible resins. However, it can be applied to binder materials for ceramic particles.
These binder materials are sintered after the printing process which causes the removal of all
organic substances leaving only a pure ceramic specimen behind.

For the prevention of the basic induced Thiol-Michael-Addition Miramer A99 (Scheme 9) was
used. It consists of a phosphoric ester with either an hydrogen or a methacrylate as a

substituent.

R= *—H

” and/ or

o}
(l)R R= *\/\ J\(CHz
O

Scheme 9 Miramer A99.

The methacrylate group in Miramer A99 is able to polymerize into the network. It is expected
to have a positive influence on the migration behavior of this stabilizer.

Liska et al. reported a promising heterosynergistic system consisting of an acidic stabilizer
combined with a radical scavenger./*® Previous group-intern research showed good results for
Miramer A99 as an acidic stabilizer. Therefore, Miramer A99 was applied combined with

different anti-oxidant stabilizers in all resin formulations.

3.1.3. Selection of the photoinitiators

For UV curable systems and especially 3D printable formulations, a fast curing rate is crucial.
A longer curing rate leads to a slow printing process which makes the application of the resin
economically unviable. For this reason, different photoinitiators (see Scheme 10) in different

concentrations were evaluated.
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Scheme 10 Used photoinitiators.

Both photoinitiators absorb in the long wavelength range near the visible region at 400 nm.
Ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate (TPO-L) is liquid which has the main
advantage that it can be easily incorporated in formulations whereas bisacyl phosphine oxide

(BAPO) comes as powder and needs to be dissolved.

3.2.  Evaluation and improvement of the storage stability of ternary systems

For applications in the industrial sector, a long shelf-life of the resin is required. Therefore, the
stabilizer system should prevent premature polymerization of the ternary system and avoid
significant viscosity increase. Since a long term evaluation of the resin formulations at room
temperature would be too time-consuming, the tests were carried out at increased
temperature. According to Arrhenius, a temperature increase of 10 °C doubles the reaction

rate.

A stabilizer system showing a low increase of viscosity over several days at increased
temperature was the desired achievement. For the storage stability tests the samples were
stored at a specific temperature over several days. Each stabilizer system consists of 4 mol%
Miramer A99 and a variable amount of an anti-oxidant stabilizer. The ideal Miramer A99
concentration for ternary formulations was evaluated in workgroup intern research. The study
showed a good stabilization for 4 mol% Miramer A99. Since a decline in mechanical properties
for higher concentrations of Miramer A99 was assumed, 4 mol% were used for the stabilizer
system. Therefore, this Miramer A99 concentration was maintained and not altered any

further. The viscosity changes of the resin were documented regularly via a rheometer.
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3.2.1. First evaluation of the storage stability

To get a quick overview of the working stabilizer systems, the first storage stability tests were
performed with only one methacrylate. The following tests were carried out with PETMP as
thiol, DPC as alkyne and GDMA as methacrylate. The samples were stored at 90°C to get quick
results about which stabilizer works best. All storage stability tests were carried out in
duplicate determination to reduce measurement uncertainties.

Table 2 states the evaluated stabilizer systems.

Table 2 Stabilizer system for the first storage stability test at 90 °C.

1%t radical 2"d radical
System | [mol %] [mol %] [mol %] Acid stabilizer
scavenger scavenger
1 2 Propyl
2 3 gallate
3 2
Propyl Lauryl
4 0.5
gallate gallate
5 4
6 2
4 Miramer A99
7 3 Propyl Lauryl
1
8 4 gallate gallate
9 5
10 1
11 2 Pyrogallol - -
12 3

In Figure 6 all results are summarized.
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Figure 6 Storage stability of a ternary system consisting of PETMP, DPC and GDMA at 90 °C. Termination of the lines indicate
the day of solidification.
The obtained results show that most of the samples were completely cured after two days.
Even though group intern research investigated a good stabilization of thiol-yne system with
propyl gallat, the ternary system could not be stabilized. This is mainly due to the challenging
stabilization of the thiol-ene reaction between the thiol and the methacrylate.!3%4]
Furthermore, the combination of propyl gallate and lauryl gallate was also not able to improve
the storage stability.
Only pyrogallol showed promising results since the resins with 2% and 3% pyrogallol were
measurable after two days.
To obtain a test series over a longer period of time the analysis was repeated at 50 °C storage
temperature. A temperature of 50 °C provides a temperature high enough to accelerate the
reaction rate of the resins. Moreover, the temperature is low enough to extend the

observation time to gain more detailed information about the efficiency of the stabilizer.
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For the storage stability test series at 50°C, the following stabilizer systems stated in Table 3

were evaluated.

Table 3 Stabilizer systems for a storage stability test at 50°C.

1%t radical 2"d radical
System | [mol %] [mol %] [mol %] Acid stabilizer

scavenger scavenger
13 2
14 3 Propyl
15 4 gallate
16 5.5
17 2 Propyl Lauryl

0.5
18 4 gallate gallate 4 Miramer A99
19 2 Propyl Lauryl
1

20 4 gallate gallate
21 2
22 3 Pyrogallol - -
23 4

The results for the storage stability test at 50 °C are depicted in Figure 7.
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Figure 7 Storage stability of a ternary system with PETMP, DPC and GDMA at 50 °C.

A longer observation period of the several ternary systems was given at 50°C. Compared to
90 °C the propyl gallate showed quite promising results and surpassed even pyrogallol. This
unexpected result needed further investigation and, therefore, the impact of propyl gallate
and pyrogallol were studied with each methacrylate.

Even though the system with propyl gallate and 0.5% lauryl gallate showed good results, lauryl
gallate was not considered any longer because of its bad solubility. It was not possible to
obtain a homogeneous solution with higher concentrations than 0.5% of lauryl gallate.

As a result, ternary systems with each tested methacrylate were evaluated with different

content of propyl gallate and pyrogallol.

3.2.2. Storage stability of all tested methacrylates

Since propyl gallate and pyrogallol showed the best results, the following storage stability
tests for all tested methacrylates were carried out with these stabilizers. To each ternary

system, 4 mol% Miramer A99 and either 4 mol% propyl gallate or 4 mol% pyrogallol were
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added. The samples were stored at 50 °C for several days and the results are summarized in

Figure 8.
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E
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Figure 8 Storage stability of a ternary system with PETMP, DPC and different methacrylates with 4% propyl gallate or
pyrogallol. Termination of the lines indicate the day of solidification.

It can be seen that no ternary system, except the one with GDMA, was managed to be
stabilized with propyl gallate. Nevertheless, the resin with GDMA showed the highest viscosity
increase of all evaluated ternary systems. This ternary system, stabilized with pyrogallol,
exhibited an increase of about 15000% within 8 days.

In contrast to this result, the stabilization of the ternary systems including TMPTMA, NPGDMA
or EGDMA with pyrogallol showed nearly no viscosity increase. The high efficiency of
pyrogallol as a radical scavenger in thiol-ene systems has already been reported.i*®! This
enhanced performance is mainly due to the resonance stabilization of the formed pyrogallol
radical.

Since GDMA showed the least promising storage stability of all methacrylates, it was not

further considered for the final ternary system.
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Figure 9 displays the viscosity increase of 4 mol% pyrogallol and 4 mol% Miramer A99 in more

detail.
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Figure 9 Stabilization of the ternary system with 4% pyrogallol and 4% Miramer A99.

The ternary system containing TMPTMA as methacrylate showed a significant higher start
viscosity compared to EGDMA and NPGDMA. Even after 60 days the viscosity increase of the
ternary system with TMPTMA did not exceed 31%. Additionally, no viscosity increase
regarding the systems with EDGMA and NPGDMA was detected. Based on these results,

further investigations were carried out with 4 mol% pyrogallol

3.3. Investigation of the photoreactivity of ternary systems

For 3D printing the curing time of the resin plays animportant role and, therefore, a fast curing
rate is desired. For the determination of the photoreactivity and monomer conversion of the
ternary systems with different methacrylates Photo-DSC was used.

Photo-DSC allows to obtain a variety of parameters with only one single measurement. For
instance, tmax refers to the time needed to reach the maximum heat of polymerization. The

height of the peak refers to the maximum heat flow during the reaction and the overall
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reaction enthalpy is proportional to the monomer conversion. For the ideal dimethacrylate of
the ternary system, a fast curing and a high monomer conversion is requested. This means
that a low tmax, @ high peak and a high AH are crucial for the system.

According to these measurements the most suitable methacrylate for the final ternary resin
was evaluated. Subsequently, further investigations on the impact of the stabiliziers and on

the photoinitiators were conducted.

3.3.1. Overview

The following Table 4 represents the formulation of the ternary system for the first reactivity
screening via Photo-DSC. All ternary systems were tested on the influence of different
stabilizer systems and their impact on the photoreactivity. For reference values the systems

were also investigated without any stabilization at all.
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Table 4 Composition of the ternary system for the first reactivity screening.

Meth- Radical Acid Photo-
System | Thiol Alkyne
acrylate scavenger stabilizer initiator
4 mol%
1
pyrogallol 4 mol%
0.5 wt%
PETMP DPC GDMA 4 mol% Miramer A 99
2 TPO-L
propyl gallate
3 Without stabilizer system
4 mol%
4
pyrogallol 4 mol%
0.5 wt%
PETMP DPC EGDMA 4 mol% Miramer A 99
5 TPO-L
propyl gallate
6 Without stabilizer system
4 mol%
7
pyrogallol 4 mol%
0.5 wt%
PETMP DPC NPGDMA 4 mol% Miramer A 99
8 TPO-L
propyl gallate
9 Without stabilizer system
4 mol%
10
pyrogallol 4 mol%
0.5 wt%
PETMP DPC TMPTMA 4 mol% Miramer A 99
11 TPO-L
propyl gallate
12 Without stabilizer system

The following Figure 10-Figure 13 display the results of the photoreactivity for each ternary

resin with different stabilizer systems.
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Figure 10 Photo-DSC measurement of a ternary system with PETMP, DPC and GDMA containing different stabilizers.

The results seen in Figure 10 are summarized in Table 5.

Table 5 Photo DSC results of a ternary system with PETMP, DPC and GDMA containing different stabilizers.

Composition Peak height
tmax [S] [mwlmg] AH [J/g]
GDMA + 4 % pyrogallol 73 19.8 311
GDMA + 4 % propyl gallate 7.9 21.6 317
GDMA without stabilization 8.3 27.9 350

The ternary system with GDMA displays a fast reaction rate which makes this methacrylate
interesting for the application in 3D-printing processes. Also, this ternary system shows a
sufficient monomer conversion. This leads to the assumption that the cured polymer consists
of fewer unreacted monomers which can migrate.

The addition of a stabilizer system to the resin leads to a decrease in the peak height and AH.
Although the system with pyrogallol shows the lowest tmax value, it exhibits a decrease by 40%

in peak height and 12% in monomer conversion compared to the unstabilized system.
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Since the storage stability of GDMA was not sufficient enough it was not further considered

for the final ternary system. Therefore, the results of the reactivity of this methacrylate are

not taken into account.
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Figure 11 Photo-DSC measurement of a ternary system with PETMP, DPC and EGDMA containing different stabilizers.
The results seen in Figure 11 are summarized in Table 6.

Table 6 Photo DSC results of a ternary system with PETMP, DPC and EGDMA containing different stabilizers.

Composition Peak height
tmax [S] [mW/mg] AH [J/g]
EGDMA + 4% pyrogallol 13.1 20.2 341
EGDMA + 4% propyl gallate 12.7 217 390
EGDMA without stabilization 14.3 73.3 386

Compared to the other methacrylates, EGDMA shows an unsatisfying reaction rate. For 3D-
printing applications a fast curing rate is required which makes this ternary system not
applicable for AMT. A considerable benefit of this methacrylate is its high monomer

conversion. Nevertheless, the slow reaction rate is a major drawback and, therefore, EGDMA

is not considered for the final ternary system.
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Moreover, an influence of the stabilizer system can be seen. Compared to the unstabilised

system, the peak height decreases by about 15% and AH by 13%.
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Figure 12 Photo-DSC measurement of a ternary system with PETMP, DPC and NPGDMA containing different stabilizers.

The results seen in Figure 12 are summarized in Table 7.

Table 7 Photo DSC results of a ternary system with PETMP, DPC and NPGDMA containing different stabilizers.

Composition Peak height
tmax [S] [mW/mg] AH [J/g]
NPGDMA + 4% pyrogallol 10.4 20.5 597
NPGDMA + 4% propyl gallate 10.3 227 595
NPGDMA without stabilization 10.7 24.8 331

The reaction rate for NPGDMA is average compared to the alternative methacrylates.
Nevertheless, the rigid backbone structure of the molecule makes this methacrylate highly
interesting for the ternary system.

Again, a decrease in the peak height and AH can be detected for the stabilized systems. The
peak height decreases by around 21% and the monomer conversion exhibits a decrease by

around 11%.
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Figure 13 Photo-DSC measurement of a ternary system with PETMP, DPC and TMPTMA containing different stabilizers.

The results seen in Figure 13 are summarized in Table 8.

Table 8 Photo DSC results of a ternary system with PETMP, DPC and TMPTMA containing different stabilizers.

Composition Peak height
tmax [S] [mW/mg] AH [J/g]
TMPTMA + 4% pyrogallol 43 29.5 309
TMPTMA + 4% propyl gallate 4.3 30.9 287
TMPTMA without stabilizer 43 33.0 292

By far the highest reaction rate is shown by the trifunctional methacrylate TMPTMA, but it
exhibits a low value for AH. Moreover, it can be assumed from the structure of the
trifunctional methacrylate that the resulting polymer will obtain unwanted brittle properties.
Furthermore, the network formation of the trifunctional methacrylate occurs at a higher rate
and yields a higher network density compared to difunctional methacrylates. This can induce
a higher shrinkage stress during curing which leads to brittle materials.

Unlike the other ternary systems, this resin shows the highest AH value for the stabilized
system with pyrogallol. This could be explained by the high reactivity of this resin. The

polymerization were initiated before the Photo-DSC measurement started which yields lower
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values for the monomer conversion. Nevertheless, the stabilized system showed a decrease

in the peak height of about 12%.

Summing up, a decrease concerning the photoreactivity could be detected for all stabilized

resins.

3.3.2. Methacrylate blends

TMPTMA showed promising results concerning the curing speed and NPDGMA possesses
sufficient monomer conversion. Additionally, NPDGMA consists of an interesting molecular
structure which is assumed to feature good mechanical properties. For this reason, both
methacrylates were blended to combine their best properties. In this way, it was investigated
which ratio of the methacrylates would be the most suitable. Additionally, the impact of
different photoinitiators was tested. These two investigations were carried out to obtain the
highest possible reaction rate with the best monomer conversion. To the basic composition

(Table 9) the methacrylates, TMPTMA and NPGDMA, are added in various concentrations.

Table 9 Basic composition of the methacrylate blends.

Thiol Alkyne Radical scavenger Stabilizer Photoinitiator
0.25% TPO-L
+ 1% BAPO
0.5% TPO-L
+ 2% BAPO
0.75% TPO-L
+ 3% BAPO

PETMP DPC 4% pyrogallol 4% Miramer A 99

The Photo-DSC analysis (Figure 14) illustrates that the ternary system shows the highest
photo-reactivity with a methacrylate composition of 30% TMPTMA and 70% NPGDMA

compared to a system consisting of only TMPTMA as methacrylate.
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Figure 14 Photo-DSC measurement of methacrylate blends for the ternary system containing 2% BAPO and 0.5% TPO-L.

The influence on the reaction rate of the different methacrylate ratios are depicted in Figure

15 - Figure 16.
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Figure 15 Influence on the reaction rate for increasing TMPTMA concentrations in a ternary system containing 2% BAPO and
0.5% TPO-L. The line is a guide for the eye.

With the addition of TMPTMA to NPDGMA the reaction rate increased significantly. The
ternary system with only NPDGMA exhibited a rather slow curing rate. Such a long reaction
time is a drawback for the application of the resin in AMT and, therefore, not suitable for the
final ternary system. Nevertheless, a ratio of 30% TMPTMA and 70% NPDGMA leads to a
decrease in tmax of about 44%. This significant increase in the curing rate makes the

methacrylate blend interesting for 3D-printing processes.
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Figure 16 Influence on the Peakheight for increasing TMPTMA concentrations in a ternary system containing 2% BAPO and
0.5% TPO-L. The line is a guide for the eye.

Finally, the influence of the methacrylate blends on the peak-height was determined. Since
the peak maxima are located in the negative x-axis, they refer to exothermic reactions. The
highest peak is obtained by a ternary system consisting of only TMPTA as methacrylate. With
the addition of a methacrylate blend of 30% TMPTMA and 70% NPGDMA the heat flow
decreases by around 13%. Combined with the results of tmax, a significant decrease in the

reaction time could be obtained.

Also, an increase of around 4% in AH could be determined. Since AH is proportional to the

monomer conversion, a high value is required.

This evaluation proofs that the best features of both methacrylates could be combined with a
ratio of 30% TMPTMA and 70% NPGDMA.

Compared to a ternary system with only NPGDMA, the tmax could be reduced by 44%. In
contrast to this, AH could be increased by 4% compared to ternary systems with only

TMPTMA.
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For further improvement of the photoreactivty different photoinitiator concentrations were
also evaluated. The investigations were carried out with the same ternary system.

However, the major problem of the resin was the solubility of the BAPO photinitiator. 3% of
this photoinitiator were nearly impossible to dissolve in the resin and, therefore, this
concentration was not taken into account.

The Photo-DSC results of 1% BAPO and 1% TPO-L and 2% BAPO and 0.5% TPO-L for a 30%
TMPTMA and 70% NPGDMA composition are summarized in Table 10.
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15 2% BAPO, 0.5% TPO-L
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Figure 17 Photo-DSC measurement of a ternary system with different photoinitiators.

The results seen in Figure 17 are summarized in Table 10.

Table 10 Photo-DSC results for different photoinitiator concentrations.

- Peakheigh
Composition tmax [S] [‘:W /?ngg]t AH [J/g]
1% BAPO + 0.25% TPO-L 7.8 22.2 298
2% BAPO + 0.5% TPO-L 7.7 23.2 300
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For the final ternary system 2% BAPO and 0.5% TPO-L as photoinitiator system was chosen
because it showed the highest number of reactivity and conversion. Furthermore, 2% BAPO

can be easily dissolved in the resin.

3.3.3. Influence of the stabilizer on the photoreactivity

Finally, the influence of the pyrogallol concentration on the photoreactivity was studied. The
aim of this investigation was a low concentration which provides a reactive system as well as
a high storage stability. Therefore, the ternary system was tested with pyrogallol

concentrations ranging from 1 to 4%. The composition of the resin can be seen at Table 11.

Table 11 Composition for the Photo-DSC evaluation of different stabilizer concentrations.

Thiol Alkyne Methacrylate Stabilizer Photoinitiator
30% TMPTMA . 0.5% TPO-L
PETMP DPC +70% NPGDMA Miramer A 99 +2% BAPO

Firstly, it was tested via Photo-DSC if higher stabilizer concentrations have an impact on the

reactivity. The Photo-DSC curves can be seen in Figure 18.
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Figure 18 Photo-DSC measurement of the influence of varying pyrogallol concentrations on photo reactivity.

In Table 12 the results of the Photo-DSC are summarized.

Table 12 Results of the Photo-DSC evaluation of the influence of varying stabilizer concentrations on the photoreactivity.

System tomax [5] P[fj‘\',‘\:'/igg']t AH [/g]
1% Pyrogallol 7.6 25.9 343.3
2% Pyrogallol 7.9 24.2 322.9
3% Pyrogallol 7.9 22.7 305.9
4% Pyrogallol 7.9 22.0 291.8

The fastest reaction rate can be observed for 1% pyrogallol but the reaction rates among the
higher concentrations only increased by around 4%. What can be seen very clearly is the
decrease of the monomer conversion with increasing pyrogallol concentration. A decline in
monomer conversion of about 18% can be depicted between 1% and 4% pyrogallol. A further
disadvantage of high pyrogallol concentrations is the limited solubility of the stabilizer in the

resin.
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To find the most suitable concentration, a storage stability test at 50 °C for 1 and 2% pyrogallol

was carried out. (see Figure 19)
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Figure 19 Storage stability test for different pyrogallol concentrations in methacrylate blends

The storage stability test showed no significant difference for 1 or 2% pyrogallol. Since 1%
pyrogallol showed the fastest curing rate and the highest monomer conversion, this

concentration was selected for the final monomer system.

3.4. Investigation of the monomer conversion via real time FT-IR analysis

Monomer conversion plays an important role regarding the biocompatibility. An incomplete
monomer conversion can lead to subsequent migration of the remaining monomers out of
the polymer. In the case of (meth)acrylates this can lead to high irritancy potential and
cytotoxicity due to their function as Michael acceptor which can react with DNA molecules.??~
24]

Pure (meth)acrylate systems show comparably low conversion because these systems reach
the gel point very early. The combination of methacrylate with a thiol/yne system can delay

the gelation point, which has a positive influence on the monomer conversion.% Therefore,
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a higher monomer conversion is expected for the ternary system compared to a pure
methacrylate resin.

Furthermore, influence of different alkynes was studied as well. Previous research showed a
high monomer conversion of thiol-yne system containing DBC as alkyne. Therefore, both
carbonate alkynes, DPC and DBC, were compared.?”! The following systems stated in Table 13

were examined.

Table 13 Formulation of the ternary systems investigated in real time FT-IR analysis.

Radical
System | Thiol | Alkyne Methacrylate Stabilizer Photoinitiator
scavenger
1 DPC 70% NPGDMA 1 mol% 4 mol% 0.5% TPO-L +
PETMP
2 DBC +30% TMPTMA | Pyrogallol | Miramer A 99 2% BAPO

For the observation of the monomer conversion the liquid ternary system was placed between
two CaF; platelets and 600 measurements were taken in series under the irradiation of light
at 436 mW/cm? for 250 seconds.

To evaluate the reaction, the peaks of the alkyne C=H stretch (~3280 cm™), the thiol S-H
stretch (~2560 cm™?) and the acrylate C=C stretch (~1640 cm™) were monitored. The integral
area of the peaks during illumination was referenced to the initial value to show the
consumption of the monomers and the reaction progress. The methacrylate conversions of
the ternary systems with DBC or DPC and a pure methacrylate system are depicted in Figure

20.
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Figure 20 Methacrylate conversion in different resin systems.

As expected, the pure methacrylate system reached the lowest conversions with 40%.
Furthermore, the ternary system with DPC showed lower conversion (45%) compared to the
system with DBC (68%). All three systems were post-cured and measured again. For the post-
curing the samples were heated to 100 °C for 10 minutes and treated with the lighthammer
at 808 mW/cm? for one minute. The main purpose of the post-curing was to illuminate the
cured samples above their Tg. This reactivated the mobility of the monomers and lead to a
further polymerization of the unreacted functional moieties. The result of the post-curing was,
therefore, an increase of the monomer conversion.

The post-curing had no influence on the pure methacrylate system and no further monomer
conversion were achieved. The methacrylate conversion of the DPC system increased from
45% to 64% and the DBC system increased from 68% to 78%. The alkyne showed a big
influence on the monomer conversion. Systems with DBC depicted a higher conversion
compared to the systems with DPC.

The following Figure 21 shows the monomer conversion for all parts of the ternary system

with DBC as alkyne.
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Figure 21 FT-IR analysis of all components of the ternary system with DBC.

The highest conversion can be obtained from the methacrylate (68%). This might be caused
by the homopolymerization of the methacrylate and it can react with the thiol in a thiol-ene
reaction. Lower conversion rates were investigated for thiol (45%) and the alkyne (20%). This
can be explained with the faster proceeding of the thiol-ene reaction with the methacrylate.
Since the methacrylate is more abundant than the alkyne, the probability of a thiol reaction
with a C-C double bond is higher. Additionally, homopolymerization of the DBCis not possible.
After post-curing, the conversion for the thiol and alkyne increased significantly. This lead to
the assumption that the slower thiol-yne reaction took place during the post-curing process.
The amount of converted thiol increased from 45% to 88%, alkyne from 20% to 82% and the
methacrylate from 68% to 78%.

Even though a conversion of 100% was not obtained, there is a high probability that the vast
majority of the monomers was firmly incorporated into the polymer matrix. This is due to the
fact that all monomers are multifunctional and although not all functional groups reacted,

there is a high chance that at least one moiety reacted and anchored the molecule in the

matrix.
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3.5.

Migration analysis of cured ternary systems

To ensure that no hazard to health exists, a migration analysis of the cured system was carried

out. Migration of methacrylates can be dangerous since a Thiol-Michael addition to the DNA

is possible.[?!

For the analysis, the calibration standards of the to be examined molecules DPC, DBC,

NPGDMA and TMPTMA in ethanol were provided at first. The curves are depicted in Figure 22

- Figure 25.

Peak area

Figure 22 Calibration curve for migration analysis of DBC.
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Figure 23 Calibration curve for migration analysis of DPC.
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Figure 24 Calibration curve for migration analysis of Figure 25 Calibration curve for migration analysis of
NPGDMA.

TMPTMA.

Afterwards, 50 mg samples of both ternary systems with the same composition as for real

time FT-IR analysis (Table 13) were cured via photo-DSC to obtain a fully cured polymer. The

cured samples were stored in 1 ml of ethanol for one week at 50 °C and subsequently

measured via GC-MS. The obtained peaks of the samples were compared to the calibration
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standards of each molecule. In the following Table 14 the results of the GC-MS analysis are

displayed.

Table 14 Results of the migration analysis of the ternary systems.

Formulation DBC DPC NPGDMA TMPTMA
<detection <detection
DPC - 0.33%
limit limit
<detection <detection
DBC 0.3% -
limit limit

Only for the alkynes a low migration could be detected. All other molecules migrated in such
low concentrations that they did not even exceed the detection limit. Although the real time
FT-IR analysis showed a conversion below 100%, the monomers were incorporated into the
matrix so well that nearly no migration took place.

The obtained results show that the developed ternary system provides a promising
performance concerning its application to the human body. Nevertheless, a migration analysis

for the stabilizers pyrogallol and Miramer A99 needs to be done in upcoming projects.

3.6. Charpy impact test and heat deflection temperature of the ternary system

For the application in medical devices, such as implants, the polymer should be capable of
absorbing a certain amount of energy. According to DIN EN ISO 179-, the charpy impact test
can evaluate the amount of energy absorbed by a material during fracture. Also, the material
should not deform in the body and thus a T; above the maximum body heat (42 °C) is required.
With the heat deflection temperature (HDT) measurement the temperature at which the
polymer sample deforms under a specific load according to DIN EN ISO 75 can be determined.
For both investigations polymer rods were needed which were cut out from a polymer plate.
The polymer plates were produced with the ternary formulations stated in Table 15 containing

either DBC or DPC and with a pure methacrylate formulation as reference.
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Table 15 Formulations of the ternary and pure methacrylate systems used for the production of polymer plates.

Radical
System | Thiol | Alkyne | Methacrylate Stabilizer Photoinitiator
scavenger
1 DPC
PETMP 70% NPGDMA 1 mol% 4 mol% 0.5% TPO-L +
2 DBC
+30% TMPTMA | Pyrogallol | Miramer A 99 2% BAPO
3 -

The plates were cured with the lighthammer at 55 mW/cm? and 323 mW/cm? for two minutes
each and subsequently post-cured at 808 mW/cm? for one minute.

Apparently, the pure methacrylate system exhibited brittle properties and a high shrinkage
stress. This effect was observed during the curing of the plates. Within a short amount of
illumination time, the methacrylate plate started to rip which can be attributed to the
experienced shrinkage stress as seen in Figure 26. It was not possible to obtain a usable plate
for further tests. In comparison to this, the plates of the ternary system were obtained intact.
This would be conform with previous investigations. It was evaluated that the addition of a

thiol-yne system to a methacrylate delays the gel point resulting in a lower shrinkage stress.!]

Figure 26 Pure methacrylate plate for charpy impact and Figure 27 Plate of the ternary system with DPC for charpy
HDT measurements after curing. impact and HDT measurements after postcuring.

During the post-curing process the DPC containing plate also experienced shrinkage stress.

The plate bent sidewards as seen in Figure 26, making it difficult to cut proper rods out of it.
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Still, it was possible to determine the impact strength and HDT for the DBC and DPC plate. The

obtained results are depicted in Table 16.

Table 16 Results for the charpy impact test and HDT measurement.

System Impact strength [kJ/m?] HDT [°C]
DBC 5+0.25 171.3
DPC 205 117.2

The impact strength values for both ternary systems indicate a brittle material. DPC shows far
lower values compared to DBC, which could be explicable with a high shrinkage stress during
post-curing. The higher shrinkage stress of the DPC system is explicable with the tighter
network and its higher network density which results in brittle properties. Since the cracked
methacrylate plate could not be measured, an improvement concerning brittleness and
shrinkage stress in the ternary systems can only be assumed. The value of the HDT is referring
to the temperature at which a material starts to deform. According to literature the pure
methacrylate resins of poly(NPDGMA) and poly(TMPTMA) show both a T of 110 °C.16061 The
addition of the thiol-yne system to the methacrylates lead to an increased Tg for the ternary

system.

3.7. 3D printing of medical devices

For the 3D printing the curing time is crucial. Pure methacrylate systems exhibit a fast curing
rate due to their rapid chain growth. In contrast, thiol-ene or thiol-yne systems show poor
printing properties due to their delayed network formation. With the addition of a
methacrylate to a thiol-yne system the curing rate increases which results in a printable resin

with a high monomer conversion.
The 3D printing of bone screws was tested for ternary systems with DPC or DBC as alkyne.

Absorbers were added to the systems 0.01 wt% Sudan Il. Each layer was illuminated for 30

seconds and the results are displayed in Figure 28 and Figure 29.
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Figure 28 3D printed bone screws from a ternary system Figure 29 3D printed bone screws from a ternary system
containing DBC. containing DPC.

As can be seen, the printing with the ternary system containing DBC lead to defined bone
screws. In contrast, the screws with the ternary system containing DPC broke during the
printing process and no proper bone screw was obtained with the same printing settings. This
is explicable with the slower reactivity of the ternary system with DPC compared to the ternary
system with DBC. The DBC-ternary system offers a faster photoreactivity and higher monomer

conversion. Therefore, a shorter illumination time can be used to obtain accurate screws.

3.8.  Preparation and evaluation of filled resin systems

The filled resin systems can be either used as composite materials or as binder materials for
ceramic particles. Since the ternary system only shows sufficient storage stability with the
hazardous pyrogallol stabilizer system, it is not possible to use this resin as a binder for
composite materials. However, an application as binder material for ceramics is possible
because the organic matrix is removed during the sinter process.

After the 3D-printing process the binder material is sintered to yield high-performance
ceramics. For this purpose, the ternary system needs to be filled with a high number of
ceramic particles. To evaluate the maximum filling degree, the resin was filled with varying
concentrations of the ceramic particles and the resulting texture was analyzed via rheometric

measurements.
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3.8.1. Tricalciumphosphate

The first measurements were carried out with tricalciumphosphate (TCP). TCP is used as a
bone-replacement material and, therefore, exhibits excellent biocompatibility.®?

In the beginning, the first investigations were conducted parallel to the evaluation of the best
methacrylate and stabilizer system for the ternary resin. Therefore, all methacrylates were
tested for their degree of filling. To obtain a homogeneous slurry, a dispersant from Lithoz
was added to the formulation. To achieve the maximum amount of ceramic particles, the
resins were filled with a lower concentration of TCP and blended via a two-axis mixer. The
two-axis rotation of this mixer allowed uniform homogenization even for materials which
were challenging to blend evenly. The concentration of the TCP was increased until no smooth
resins could be obtained anymore.

All systems were incorporated with up to 55 wt% of TCP and the system with NPGDMA even
up to 65 wt% TCP. The following Figure 30 shows the viscosity of the systems with different

temperature settings.
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Figure 30 Viscosity of resins filled with 55 wt% TCP at different temperature.
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Also, the storage stability of the filled resins systems was investigated at 50 °C. Even though
a long stability for the non-filled ternary system was achieved, resins containing TCP could

not be stabilized. After one day at 50 °C all samples were cured and could not be measured.

Since a sufficient shelf-life of the dispersion could not be provided, the filling with TCP was not
repeated with the final ternary system. A possible explication for the decline in the storage
stability could be small amounts of (transition) metals in the TCP powder. These metals are

known for their catalytic activity and may have caused the premature polymerization.

3.8.2. Aluminium oxide

Since TCP could not be stabilized, the same procedure was tested with different ceramic
particles. Aluminium oxide (Al,O3) was selected because of its low content of (transition)
metals in the powder. Moreover, it also shows high biocompatibility and can be used in
medical engineering for permanent implants or devices. (63!

The degree of filling was solely determined for the final ternary system which is composed

according to Table 17.

Table 17 Composition for the Al,Os filled resin.

Radical
Thiol | Alkyne Methacrylate Stabilizer Photoinitiator
scavenger
70% NPGDMA 4% 0.5% TPO-L +
PETMP DPC 1% Pyrogallol
+30% TMPTMA Miramer A 99 2% BAPO

For a homogeneous slurry a dispersant from Lithoz was added to the formulation. The
achieved degree of filling for this system was 65%. It was also possible to stabilize this
formulation but within one day the homogeneous phases of the resin segregated. This means
that the resin needs to be dispersed again for further applications. A possible solution for this

problem could be the usage of different dispersants or a more viscous ternary system.

A test sample of the final ternary system filled with 50 wt% Al>O3 was 3D-printed at Lithoz
and can be seen in Figure 31. The specimen was sintered after the printing process and the
parameters are stated in Table 18.
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Table 18 Sinter parameter for Al,03 3D-printed device.

Preheating time

Heating rate [K/min]

Holding temperature [°C]

Holding time [h]

[h]
25
1.01 2.9 200 0
10.00 0.67 600 0
6 1.53 1150 0
9.5 0.88 1650 2
9.00 -0.83 1200 0
10.47 -1.83 50 0

Figure 31 Test 3D-print of a bone screw consisting of a ternary system filled with Al,Os.

In the beginning of the printing process the obtained structure looked really promising but

over night the whole resin solidified and the printing process stopped. Since the formulation

was be stabilized, the premature polymerization of the filled resin was unexpected. Further

printing tests should be carried out at Lithoz to determine possible uncertainties.
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4. Conclusion and outlook

The aim of this master thesis was the investigation of a new ternary resin which exhibits a fast

curing rate, high monomer conversion, low shrinkage stress, and extended storage stability.

The resin is used as a binder material for ceramic particles which is sintered after the printing

process to yield high-performance ceramics. For example, these ceramics can be applied as

bone screws or implants.
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Figure 32 Stabilization of the ternary system with 4%
pyrogallol and 4% Miramer A99.

At first, the improvement of the storage
stability of the ternary system with different
methacrylates was investigated. It was
possible to achieve an excellent stabilization of
the ternary system for EGDMA, NPGDMA and
TMPTMA with 4 mol% pyrogallol and 4 mol%
Miramer A99 (Figure 32). Even after 60 days
the viscosity increase of the resin with
TMPTMA did not exceed 31% and the systems
with EGDMA or NPGDMA showed nearly no

increase at all. The ternary system with GDPMA as methacrylate exhibited a viscosity increase

of about 15000% within eight days and was, therefore, not further considered.

The photoreactivity of all methacrylates were studied via Photo-DSC towards a high monomer

conversion and a fast curing speed. The obtained results are summarized in Figure 33 and

show that the reactivity of EGDMA was too
low for the final ternary system. Even though
GDMA showed good monomer conversion
and a fast curing rate, it was not further
considered because of its poor storage
stability. By far the fastest reaction rate was
obtained by the ternary system with
TMPTMA but the drawback of this

methacrylate was its comparably low
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Figure 33 Comparison between the photoreactivity of all
tested methacrylates in the ternary system without
stabilizer.

monomer conversion. NPGDMA featured the most interesting molecule structure but it
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exhibited only average results regarding monomer conversion and reaction rate. This lead to

the investigation of methacrylate blends containing TMPTMA and NPGDMA.

With the combination of 30% TMPTMA and 70% NPGDMA the best features of both

methacrylates were combined.
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Figure 34 Influence on the reaction rate for increasing Figure 35 Influence on the peak height for different
TMPTMA concentrations in a ternary system containing 2% TMPTMA concentrations in a ternary system containing 2%
BAPO and 0.5% TPO-L. BAPO and 0.5% TPO-L.

As seen in Figure 34, a decrease in tmax of around 44% was obtained with the application of
the methacrylate blend compared to a ternary system with only NPGDMA. Furthermore, the
peak height decreased (Figure 35) by around 14% and the monomer conversion increased by
around 4% compared to a system with solely TMPTMA.

Moreover, the influence of the photoinitator was investigated and 2% BAPO and 0.5% TPO-L
showed the best results. Also, the concentration of pyrogallol was studied according to its
impact on photoreactiviy. No significant influence on tmax was detected but the monomer
conversion between 1% and 4% pyrogallol declined by around 18%. Since 1% pyrogallol

offered a sufficient stabilization this stabilizer concentration was used for the ternary system.

Furthermore, the monomer conversion of a pure methacrylate system containing 30%
TMPTMA/70% NPGDMA and a ternary system containing the same methacrylate blend with
different alkynes was studied. The analysis indicated that the pure methacrylate system
showed the least monomer conversion of all samples tested. (Figure 36) Even after post-curing
no apparent increase in monomer conversion was noticeable. The ternary system containing
DPC showed a lower methacrylate conversion (45%) compared to the ternary system
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Figure 36 Methacrylate conversion in different ternary resin
systems.

The cured ternary systems containing the methacrylate blend and either DPC or DBC as alkyne
were investigated towards their migration of the monomers. The analysis showed that only a
low migration of the alkynes could be identified. The used methacrylates did not migrate and

could not be detected.

For the analysis of the impact strength and HDT, plates containing the pure methacrylate-
blend and a ternary system with the methacrylate-blend
and DPC or DBC as alkyne were produced. Only the plates
with the ternary system could be cut into the desired rods
for the analysis since the pure methacrylate plate cracked
during the curing process. (Figure 39) The cracking of the

plate was probably caused by the experience of shrinkage

stress during the illumination. The obtain impact strength
Figure 37 Pure methacrylate plate for charpy

impact and HDT measurements after curing.  for DBC (5 kJ/m?) and DPC (2 kJ/m?) indicated rather brittle
properties. The HDT for the DBC-system was obtained as 171.3 °C and for DPC-system 117.2

°C.

Furthermore, the 3D printing of medical devices was
attempted. As seen in Figure 38, with the ternary system
containing DBC and 0.01% Sudan Il defined bone screws

were obtained. The ternary system with DPC broke off during

the printing system and therefore no screws could be g,
Figure 38 3D printed bone screws with a
achieved. ternary system containing DBC.
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Furthermore, for each methacrylate the maximum content of TCP particles was investigated.
For TCP, a maximum filling degree of 55 wt%
respectively 65 wt% for NPGDMA could be obtained.
The subsequent storage stability tests lead to the
result that a stabilization of the filled resin system
with TCP was not possible. This could be explicable
~ with the presence of (transition) metals in the TCP

powder which are known for their catalytic activity.

L S T R NG, daip AN
Figure 39 Test 3D-print of a bone screw consisting
of a ternary system filled with Al;Os.

x - -.."-n

Since the TCP formulation further storage stability

tests for the final ternary system have not been
carried out.
Al>,O3 was selected as a possible alternative for TCP. A maximum filling degree for the final
ternary of 65% was achievable. It was possible to stabilize a resin filled with 50 wt% for several
days but the homogeneous dispersion segregated after one day. A test specimen of the
ternary resin filled with Al,O3 was printed at Lithoz (Figure 37). The resin solidified over night

and the printing process could not be finished. The obtained specimen was sintered.

Further investigations are needed concerning the storage stability of the ternary resin. Even
though an efficient stabilizer system was provided with pyrogallol and Miramer A99, research
towards a less cytotoxic alternative should be carried out. This could increase the range of

possible applications for the ternary system, e.g. in composite materials.
Moreover, an efficient stabilizer system for the filled resins need to be developed. A promising

stabilizer system for ternary systems is currently under group-intern research, which could

also provide enhancement in the storage stability of filled resins.
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5. Experimental

5.1.  Synthesis

5.1.1. Synthesis of di(prop-2-yn-1-yl) carbonate (1)
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Scheme 11 Synthesis of DPC
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Into a suspension of 1,1’-Carbonyldiimidazole (600 g, 3.7 mol, 1.0 equiv.) in 500 mL abs.
toluene 2-Propyn-1-ol (622 g, 11.1 mol, 3.0 equiv.) is added dropwise and the reaction mixture
is allowed to stirr over night at room temperature. Subsequently the toluene is removed under
reduced pressure. Afterwards distilled water is added and the solution is extracted three times
with dichloromethane. The combined organic layers are dried over Na;SO4 and the solvent is
evaporated under reduced pressure. Finally, the remaining yellowish solution is distilled to

yield the product as a clear liquid. (89 %, 454 g)

1H-NMR: (5, 400 MHz, 25 °C, CDCls):

4.92 (d, J = 2.5 Hz, 4H, CH,), 3.28 (t, J = 2.5 Hz, 4H, CH) ppm.
13C-NMR: (5, 400 MHz, 25 °C, CDCls):

153.20 (1C, C=0); 80.16 (2C, C); 74.18 (2C, CH); 55.34 (2C, CH,) ppm.

5.1.2. Synthesis of di(but-3-yn-1-yl) carbonate (2)
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Scheme 12 Synthesis of DBC

Into a suspension of 1,1’-Carbonyldiimidazole (600 g, 3.7 mol, 1.0 equiv.) in 500 mL abs.
toluene 3-Butyn-1-ol (778 g, 11.1 mol, 3.0 equiv.) is added dropwise and the reaction mixture
is allowed to stirr over night at room temperature. Subsequently the toluene is removed under
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reduced pressure. Afterwards distilled water is added and the solution is extracted three times
with dichloromethane. The combined organic layers are dried over Na;SO4 and the solvent is
evaporated under reduced pressure. Finally, the remaining yellowish solution is distilled to

yield the product as a clear liquid. (91 %, 559.12 g)

1H-NMR: (5, 400 MHz, 25 °C, CDCls):

4.84 (t,) = 2.7 Hz, 4H, CHy), 2.91 (t, J = 2.6 Hz, 2H, CH), 2.29 (t, J = 2.7 Hz, 4H, CH,) ppm.
13C-NMR: (5, 400 MHz, 25 °C, CDCls):

154.81 (1C, C=0); 80.98 (2C, C); 70.63 (2C, CH); 64.72 (2C, CH,); 18.34 (2C, CH,) ppm.

5.2.  Methods and equipment

5.2.1. H-NMR spectroscopy

'H NMR was performed on a Varian 400-NMR spectrometer operating at 399.66 MHz
respectively. A relaxation delay of 10 s and a 45° pulse were used for acquisition of the H-

and 3C-NMR spectra.

5.2.2. Photo differential scanning calorimetry (DSC)

The Photo-DSC measurements were performed on a NETZSCH Photo-DSC 204 F1 Phoenix. All
measurements were conducted at 50 °C in aluminium crucibles under nitrogen flow (20
mL*mint). Each measurement was carried out with 8 + 0.5 mg of sample. As a light source an
Omnicure s2000 UV-Lamp was used at 1 W*cm™. For the determination of the reaction
enthalpy and tmax, the samples were illuminated twice for 10 minutes each with an idle time
of 2 minutes in between. For the analysis, the second measurement was abstracted from the

first one to yield a reaction enthalpy curve. The enthalpy was determined from the peak area.

5.2.3. Vortex two-axis centrifugal mixer

The resins were homogenized with a Vortex Mixer VM-200 purchased from StateMix

(Winnipeg, Canada).
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5.2.4. UV-curing belt “Lighthammer”

For the curing of the specimens a UV-curing system from Heraeus Noblelight (Gaithersburg,
USA) was used. The curing was conducted with a lowpressure mercury-vapor lamp and the

required intensity and belt velocity justified according to Table 19.

Table 19 Paramters of UV-curing and the resulting power

Intensity [%] Belt velocity [m/min] Power [mW/cm?]
25 8 55
40 4 323

5.2.5. Post-curing device

The post-curing device consists of 4 LEDs with an adjustable z-axis. The emission maximum is
at 405 nm and the temperature is regulated with a hot plate. For the post-curing the sample
is placed between two glass plates and heated to 100 °C. The curing takes place at 405 nm for

30 minutes for each side of the specimen.

5.2.6. Rheometer

The viscosity was determined on a Modular Compact Rheometer MCR 102 from Anton Paar
(Graz, Austria) with a CP60-0.5/Tl cone (diameter 60 mm and opening angle 0,5°). For each
measurement approximately 1 ml of the sample was used and the parameters were set to

25 °C and 300" shear rate.

5.2.7. GC-MS

GC-MS analysis of the ethanol extracts of the samples was performed using a GCMS-QP2010
Plus from SHIMADZU (Nakagyo-ku, Japan) equipped with a Optima-5-Accent column (30 m x
0.25 um x 0.25 um) and an AOC-20i Auto injector. As carrier gas He was used and the following

settings (Table 20) were applied:

Table 20 GC-MS parameters

Column Oven T [°C] 35
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Injection T [°C] 250

Injection Mode Split

Flow Control Mode Linear Velocity
Pressure [kPa] 35.3

Total Flow [mL/min] 146.6

Column Flow [mL/min] 0.84

Linear Velocity [cm/sec] 33

Purge Flow [mL/min] 3

Split Ratio 170

5.2.8. Fourier transformed infrared spectroscopy (FTIR)

FTIR measurements were conducted on a VERTEX 70 (Bruker, Billerica, USA) in reflection mode
with the unit A513. 1ul of the sample was placed between two CaF; plates (8 mm diameter, 1
mm thickness) and illuminated with an Omnicure s1000 (Lumen Dynamics, Mississauga, USA)
at 100 % intensity (436 mW/cm?) with a 9 cm gap between sample and light. Right after the
measurements, the samples were post-cured thermally at 100 °C for 15 minutes with the UV-

curing belt “Lighthammer” and illuminated again.

5.2.9. mUVe 3D DLP printer

The 3D printer is based on digital light processing (DLP) and was purchased from mUVe 3D
(Grand Rapids, USA). As lightsource a ViewSonic projector (1920 x 1080 pixel) was used which
was placed underneath a transparent resin container. Above the container a moving platform
is installed where the printed specimens adhered to. Each layer was cured for 30 s to yield a

layer thickness of 100 um.

5.2.10. Charpy Impact Test

The determination of the impact strength was carried out on a CEAST RESIL 25. The samples
were cut in 80 x 5 x 2 mm specimens with a diamond blade and were applied planar to the
counterfort. The used pendulum was set to an impact energy of 0.5 J and all measurements

were carried out at room temperature.
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5.3. Reagents

All reagents were purchased from TCI, VWR International, Bruno Bock chemische Fabrik GmbH
& Co. KG, BASF or Sigma Aldrich. The composite material (TCP and Al>Os) and the dispersive
agents were provided by Lithoz. All reagents were used without further purification unless

stated otherwise.
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6. Appendix

6.1. List of Abbreviations

Three-dimensional 3D
Additive manufacturing technologies AMT
Bis-acylphosphine oxide BAPO
Di(But-3-yn-1-yl) carbonate DBC
Digital light processing DLP
Di(Prop-2-yn-1-yl) carbonate DPC
Differential scanning calorimetry DSC
Ethylen glycol dimethacrylate EGDMA
Gas chromatography-mass spectrometry GC-MS
Glycerol dimethacrylate GDMA
Heat deflection temperature HDT
Nuclear magnetic resonance NMR
Neopentyl glycol dimethacrylate NPGDMA

Pentaerythitol tetra(3-mercaptopropionat) PETMP

Parts per million ppm
Tricalciumphosphate TCP
Glass transition temperature Te
Trimethylolpropan trimethacrylate TMPTMA
Ethyl(2,4,6-

TPO-L

trimethylbenzoyl)phenylphosphinate
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