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Abstract

In case of critical bone loss due to accidents or diseases, the process of bone regeneration cannot
be fulfilled, and additional surgical intervention in the form of bone transplants is required.
Lithography-based additive manufacturing technologies were shown to be ideal tools for the
fabrication of biocompatible and biodegradable, patient-specific regeneration scaffolds used in
bone tissue engineering. However, currently employed state-of-the-art photopolymers based on
(meth)acrylates, vinyl esters, or vinyl carbonates do not meet the high requirements for implants
used in vivo, as they display irritancy or even cytotoxicity of residual monomers, undesirable
degradation behavior leading to failure or insufficient degradation rates. Additionally, formed
materials exhibit high brittleness, shrinkage, and poor strength, further limiting their use for the

intended application.

In this thesis, two strategies were investigated involving small molecule building blocks for the
generation of photopolymers that combine superior mechanical properties with enhanced
degradation compared to state-of-the-art materials. Cyclopolymerizable monomers (CPMs) were
investigated as building blocks, comprising advantages such as lower shrinkage and the formation
of rigid polymers with cyclic backbone structures while allowing the incorporation of hydrolytically
labile groups. As degradable motifs, acetal and carbonate moieties, as well as heteroatoms,
including phosphorus, silicon, or boron, forming less stable bonds to oxygen than carbon were
used. Several CPMs were successfully synthesized and tested for their cyclopolymerization
tendency, which, however, was found to be low with both radical and cationic initiators.
Consequently, allyl ether and allyl ester monomers comprising rigid structural elements and
heteroatom-oxygen bonds were developed. By employing them in thiol-ene chemistry,
homogeneous and tough networks were formed, which could be cleaved at the respective
hydrolyzable bonds. Cyclic boronic esters were discovered as efficient degradation enhancers,
combining a facile synthesis, significantly lower toxicity compared to (meth)acrylates, reduced
shrinkage, and exceptional material properties with accelerated degradation via desired surface
erosion under conditions present during bone remodeling. Ultimately, a test structure was
successfully 3D-printed, supporting the suitability of these monomers for the production of

biocompatible and biodegradable bone regeneration scaffolds.
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Kurzfassung

Bei kritischem Knochenverlust aufgrund von Unféllen oder Krankheiten kann der Prozess der
Knochenregeneration nicht stattfinden und die chirurgische Behandlung mit Knochen-
transplantaten ist erforderlich. Lithographie-basierte additive Fertigungsmethoden sind ideale
Werkzeuge fir die Herstellung biokompatibler und bioabbaubarer, patientenspezifischer
Gerduststrukturen fir das Bone Tissue Engineering. Die derzeit verwendeten Photopolymere auf
der Basis von (Meth)acrylaten, Vinylestern oder Vinylcarbonaten erfillen jedoch nicht die hohen
Anforderungen an in vivo anwendbare Implantate, da Restmonomere zu Irritationen oder
Zelltoxizitdt flhren koénnen, und Polymere ein unerwiinschtes Abbauverhalten oder
unzureichende Abbauraten aufweisen. Darliber hinaus weisen Materialien oft eine hohe
Sprodigkeit, hohen Schrumpf und geringe Festigkeit auf, was ihre Anwendbarkeit weiter

einschrankt.

In dieser Arbeit wurden zwei Strategien untersucht, bei denen kleine Molekiilbausteine
verwendet wurden, um Photopolymere herzustellen, welche gute mechanische Eigenschaften mit
verbessertem Abbauverhalten kombinieren. Einerseits wurden cyclopolymerisierbare Monomere
(CPMs) untersucht, die Vorteile wie einen geringen Schrumpf und die Bildung rigider Polymere mit
zyklischem Riickgrat aufweisen und gleichzeitig den Einbau hydrolytisch labiler Gruppen in die
Monomerstruktur ermoglichen. Als abbaubare Motive wurden Acetal- und Carbonatgruppen
sowie Heteroatome wie Phosphor, Silizium oder Bor verwendet, die weniger stabile Bindungen zu
Sauerstoff im Vergleich zu Kohlenstoff ausbilden. Mehrere CPMs wurden erfolgreich synthetisiert
und auf ihre Cyclopolymerisationstendenz getestet, die jedoch sowohl mit radikalischen als auch
mit kationischen Initiatoren gering war. Folglich wurden Allylether- und Allylestermonomere
entwickelt, welche rigide Strukturelemente sowie Heteroatom-Sauerstoff-Bindungen enthielten.
Durch ihren Einsatz in Verbindung mit Thiol-En-Chemie wurden homogene und zdhe Netzwerke
gebildet, die an den jeweiligen hydrolysierbaren Bindungen gespalten werden konnten. Zyklische
Borsaureester wurden als abbauverbessernde Verbindungen festgestellt, und zeichnen sich durch
eine einfache Synthese, deutlich geringere Toxizitdt im Vergleich zu (Meth)acrylaten und
geringeren Schrumpf aus. Weiters flhren sie zu Materialien mit sehr guten mechanischen
Eigenschaften und beschleunigtem Abbau durch Oberflachenerosion bei Bedingungen, bei denen
die Knochenregeneration stattfindet. Letztlich wurde eine Teststruktur erfolgreich mittels 3D-
Druck hergestellt, was die Eignung dieser Monomere fiir die Herstellung von biokompatiblen und

bioabbaubaren Geruststrukturen fiir die Knochenregeneration belegt.
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Introduction

The Skeletal System

The human skeleton serves as the internal framework of the body and is composed of around
206 bones for a healthy adult, which are connected by joints and assembled by a system of
tendons, cartilage, and ligaments.! By this elaborate organization, the skeleton provides both
structural support and flexibility for movement. Other functions include the protection of vital
organs, acting as a mineral repository for calcium and phosphate, and production of hormones
responsible for regulation of blood sugar and deposition of fat. Furthermore, the skeleton is the

primary site for production of blood and stem cells, which takes place in the bone marrow.?*

In general, the bones of the human body can be grouped into two divisions, the axial skeleton
comprises 80 bones, which construct the central axis of the body, and the appendicular skeleton
contains 126 bones, which are attached to the axial system, as depicted in Figure 1 A.> According
to their shape, a further classification into five categories (long, short, flat, irregular or sesamoid)

is possible (Figure 1 B).®
A) Axial skeleton Appendicular skeleton B) Flat bone Irregular bone

Storrum —
Shaulder girdie

Ko ol i

“ l\"- / Skull /
et \

" E Long bone

Short bone

VertebrabCOlumn —o

Sesamoid bone

Figure 1: Classification of bones of the skeletal system according to their location into A) axial and appendicular
skeleton® and B) according to their shape into long, short, flat, irregular, or sesamoid bones.®

Bone as an organ is a highly specialized, micro- and nanocomposite tissue composed of an organic
and an inorganic phase. The organic phase (35 % of dry weight) consists mainly of type | collagen
(90%), which gives the hard tissue rigidity, viscoelasticity, and toughness. The other organic
components are non-collagenous proteins, which can stimulate cellular functions responsible for

bone formation and resorption. The mineral phase (65w% of dry weight) is composed of
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hydroxyapatite (HAP) nanocrystals with a hexagonal crystal structure and the chemical

composition Caio(PO4)s(OH)2, and is responsible for structural reinforcement and stiffness.? %78

Bone tissue is organized in a hierarchical structure on numerous levels from the macroscopic down
to the sub-nanoscopic scale (Figure 2).° Macroscopically, it consists of a dense outer shell of
cortical bone, encompassed by trabecular bone, also referred to as spongy or cancellous bone, at
the proximal and distal ends. Trabecular bone is composed of a network of rod and plate-shaped
bony struts (trabeculae) comprising the bone marrow.'%'* While trabecular bone exhibits a
porosity of 50-90%, cortical bone displays a denser structure, with a porosity of 3-12%.2 On a
smaller scale, collagen molecules first organize into triple helices, which are surrounded and
infiltrated by HAP crystals and stacked parallel to form fibrils, fibers, and finally, layers, so-called
lamellae. These lamellae wrap concentrically around a central canal (Haversian canal) containing

nerve and blood vessels to form so-called osteons.!112

Collagen fibers
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directions. Vein Vessel

it d as
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Figure 2: Hierarchical structure of bone from the macroscopic to the sub-nanoscopic level.’
The mechanical properties of bone depend on the specific composition and the structure
(trabecular or cortical bone, etc.).? Approximate values for important properties are summarized

in Table 1.
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Table 1: Mechanical properties of cortical and trabecular bone.?

Property ‘ Cortical bone | Trabecular bone
Tensile strength [MPa] 50-150 10-20
Strain at break [%] 1-3 5-7
Fracture toughness [MJ/m?] 2-12 -

Bone is a dynamic tissue continuously being remodeled in response to influences, such as
mechanical loading and calcium homeostasis, and it is estimated that 10-15% of human bone is
replaced with new bone tissue every year.2*13 It is populated by four cell types responsible for the

bone remodeling process, including bone maintenance, resorption, and re-formation.®4

Osteoclasts, bone-resorbing cells, originate from hematopoietic stem cells, which fuse to form
these multinucleated cell types. For bone resorption, they form a tight junction between the bone
surface and small projections (microvilli) on their membrane before secreting acid, enzymes (most
important among them acid phosphatase), and matrix metalloproteinases, which are able to
dissolve collagen, non-collagenous proteins, and HAP. By this, the pH decreases from 7.4 to ~4,
and erosive pits are formed on the bone surface, called Howship lacunae. Resulting bone
fragments are digested within cytoplasmic vacuoles of the osteoclasts, and dissolved mineral ions

are released into the bloodstream.>1>1°

Osteoblasts, bone-forming cells, originate from mesenchymal stem cells, which first differentiate
into osteogenic and then further to osteoblasts in the tissue covering the outer bone surface
(periosteum) and the bone marrow cavity (endosteum). They produce many different cell
products, including alkaline phosphatase, growth factors, hormones such as osteocalcin, and
unmineralized type | collagen, called osteoid, which is subsequently mineralized through the
accumulation of HAP. Eventually, the osteoblast is entrapped in the growing bone matrix and
becomes an osteocyte. These cells form networks connected by channels and act as
mechanosensors in the bone, able to regulate osteoblast and osteoclast activity by releasing

signaling molecules.?1518.20-23

The last cell type, bone lining cells, are modified osteoblasts, which form a protective layer on
bone areas, currently not in the state of remodeling and regulate the flux of mineral ions into and

out of the bone.?*?°
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The bone remodeling process, therefore, consists of four phases: activation, resorption, reversal,
and formation. In the activation phase, preosteoclasts are recruited to the bone surface, where
they form multinucleated osteoclasts. After osteoclastic bone resorption in the resorption phase,
the reversal phase occurs, in which the osteoclasts die, and mononuclear cells appear on the
surface, which prepare the bone surface for attachment of bone-forming osteoblasts by providing
signals for their differentiation and migration. Subsequently, osteoblast progenitors are recruited,
and in the formation phase, mature osteoblasts form the osteoid until the old tissue is completely
replaced by new bone. The bone surface is then covered by bone lining cells, leading to a resting
period until a new bone remodeling cycle begins. This process is highly regulated to guarantee a
balance between osteoblast-mediated bone formation and osteoclast-driven bone resorption
without a major alteration in net bone mass or mechanical properties. Dysregulation of this

essential metabolic function may cause excessive bone resorption causing osteoporosis.'*

B mesenchymal
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- stem cells stem cells
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Figure 3: Phases of bone remodeling: activation, resorption, reversal, formation, and mineralization.?®

new bone

In contrast to other tissues, bone is capable of healing without the formation of scar tissue.? A
bone fracture is defined as a disruption of the structural continuity of the bone, with injuries to
the surrounding soft tissue.?” Similar to bone remodeling, bone regeneration also consists of four
steps. Immediately following the fracture, a hematoma forms (Figure 9 A) due to the rupture of
blood vessels supplying the bone, which clots and forms a temporary protective layer. Cytokines
are subsequently secreted, attracting cells, which remove damaged tissue and secrete vascular
endothelial growth factor (VEGF) to stimulate the healing process at the fracture site. This leads
to the formation of new blood vessels, and within the hematoma, granulation tissue is formed.
Fibroblasts, chondroblasts, and osteoblasts are recruited to the area and form a soft, collagen-rich

fibrocartilaginous network, the so-called soft callus connecting the broken bone ends (Figure 9 B).
4
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Around this callus, a layer of woven bone is deposited. The hyaline cartilage is then resorbed and
calcified while more layers of woven bone are laid down, leading to the formation of a hard, bony
callus of immature bone (Figure 9 C). This hard callus then undergoes repeated remodeling by
action of osteoblasts and osteoclasts, and ultimately, the center is replaced by compact bone,
while trabecular bone is formed at the proximal and distal ends (Figure 9 D). This process can last
from months to years, ultimately resulting in the formation of bone, which does not differ

structurally or mechanically from the surrounding, undamaged tissue.>?7-3

Compact bone A) Medullary cavity B) External

Bony callus

Healed
fracture

spongy bone

Figure 4: Four stages of bone regeneration; A) Hematoma formation; B) Soft callus formation; C) Bony callus
formation; D) Bone remodeling;*?

Fracture Treatment

Despite the tremendous regenerative capacity of bone, this process cannot be accomplished after
critical bone loss caused by high-energy trauma, infection requiring extensive debridement, or
tumor resection. The critical size of these defects depends on many factors, such as the absolute
versus the relative size, the soft tissue environment, the age of the patient, and the presence of
chronic disease. For example, due to the favorable soft tissue environment of the femur,
spontaneous healing of defects with a size of 6-15cm has been reported, while lack of
spontaneous healing was determined for defects in the tibia, which exceed 1-2 cm.?3 Furthermore,

it is estimated that 5-10% of all fractures display delayed healing or even fail to heal completely.?

Therefore, these fractures require further surgical intervention, and bone transplants, so-called

bone grafts, remain the conventional therapy. Until today bone is still the second most
5
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transplanted material, with only blood being transplanted more frequently .23° Autologous bone
grafts (autografts) originate from different areas of the skeleton of the same patient, such as the
iliac crest or the mandibular symphysis.3#3> The treatment of defects with autologous bone is still
considered the golden standard, as it combines all the properties desired in a bone graft. It acts as
a scaffold for the ingrowth of bone-forming cells (osteoconductive), promotes the proliferation of
osteoblasts (osteoinductive), and contains cells that can form new bone tissue (osteogenic).
Nevertheless, the amount of autologous graft is limited, an additional surgical procedure is
required, and a high risk of donor site morbidity was observed in patients. Allogeneic grafts
(allografts) from a donor comprise a high risk of transmission of infections, as well as the risk of
lifelong immunosuppression therapies due to incompatibility, which were also reported for

xenogenic materials (xenografts), originating from other species.? 4

These limitations of current clinical therapies necessitated the development of alternative
approaches using synthetic replacement materials (synthografts), thereby reducing the risk of

transmission of diseases, immunogenic reactions, and the number of surgical procedures.?

Tissue Engineering and Regenerative Medicine

Tissue engineering (TE) and its application in regenerative medicine were introduced in 1993 as
an interdisciplinary field of science, combining knowledge from chemistry, medicine, and
mechanical engineering. From this new field, bone tissue engineering (BTE) emerged as a
promising approach to repair bone defects. The “diamond concept” underlying BTE is to generate
an osteoconductive three-dimensional scaffold with sufficient mechanical properties that contains
osteogenic cells and osteoinductive factors and promotes vascularization (Figure 5).2 Despite years
of research, apart from autografts, no currently available bone substitute material combines all

these properties.
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Figure 5: Diamond concept for scaffolds used in bone tissue engineering.3¢

A reason for that are the highly specific standards demanded for three-dimensional scaffolds in
BTE. Regarding the structure, an ideal scaffold should be highly porous with interconnected pores
for cell growth and allow the flux of nutrients and metabolic waste. Furthermore, the optimal
surface should allow the attachment, migration, proliferation, and differentiation of bone-forming
cells and their progenitors. In general, good mechanical properties such as high strength and
toughness of the scaffold are required, matching the properties of the replaced bone for good
load dissipation and tissue integration. Above all, the material should be biocompatible and not
cause an immune response or have toxic effects. As the scaffold is designed as a temporary
support, it should also be biodegradable, with degradation rates matching the growth speed of
newly formed tissue (Figure 6). Upon degradation, low molecular weight compounds should be
formed, which should be non-toxic, easily metabolized, and removed from the body. For
metabolization or elimination via the liver or kidneys, a prerequisite is water solubility of the
products. In BTE, the desired degradation kinetics depend on the type and location of the replaced
bone tissue and are patient-specific, but in general, degradation should be exhibited in the order

of 3-12 months to enable tissue remodeling and vascularization.?37-3°
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Figure 6: Schematic of the ideal degradation behavior of a biodegradable scaffold at the same rate, at which
new tissue regenerates.*’
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Most widely used synthetic bone substitute materials include bioglasses, derived from acidic
oxides (aluminum oxide, silicon dioxide)*2, ceramics composed of HAP or tricalcium phosphate**
4 metals and alloys**“® or composites®*°. Additionally, bio-inert synthetic polymers such as
poly(ethylene) (PE), especially ultra-high-molecular-weight poly(ethylene) (UHMWPE),
poly(urethane) (PU), poly(ether ether ketone) (PEEK), poly(tetrafluoroethylene) (PTFE) or
poly(ethylene terephthalate) (PET) are commonly used in orthopedic implants, i.e., as artificial
joints, vertebrae or bone plates.®® Nevertheless, all of these materials exhibit drawbacks,
especially insufficient mechanical properties and degradability, with a good overview given by

Bose et al.*?, Henkel et al.?, and Davison et al.>!

Therefore, degradable bone substitute materials are required in BTE. Biodegradability of polymers
can either occur via hydrolytic or enzymatic degradation or a combination of both.>? In general,
the hydrolytic degradation rate is quite complex and dependent on several factors, such as the
nature of the labile bond, hydrophilicity of the material defining the extent of water uptake, the
accessibility of the cleavable bonds to enzymes and water, as well as other parameters such as

morphology, crystallinity and molecular weight.>?

In principle, the erosion of polymers can be classified as a bulk erosion or surface erosion process.
Bulk erosion occurs when the rate of water penetration exceeds the rate of hydrolysis, leading to
chain scission throughout the specimen. This results in an abrupt decrease in molecular weight
and hence mechanical properties, whereas a delayed mass loss is observed, shown in Figure 7 B.
The dimensions of the specimens remain virtually unchanged until abrupt disintegration occurs at
a critical time point (Figure 8 B). As hydrolysis occurs throughout the specimen, hydrolysis
products are unable to diffuse and accumulate in the interior of the material. Hence, in the case
of acidic degradation products, this process is further autocatalyzed, resulting in autocatalytic bulk
erosion (Figure 8 C).>%>3 Therefore, bulk erosion is undesired, as an abrupt failure of the implant

occurs, and the local decrease in pH can promote inflammatory response and tissue necrosis.
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Figure 7: Molecular weight, strength, and mass over time for A) surface erosion, B) and bulk erosion.>*
Preferably, surface erosion of materials should be displayed, during which hydrolysis is faster than
the diffusion of water into the bulk polymer. This leads to a loss in both size and mass over time,
while the molecular weight and mechanical properties do not change (Figure 7 A). Furthermore,
the loss of the material is confined to the surface, and the structural integrity of the specimen is
maintained throughout the degradation process (Figure 8 A). For this degradation mechanism, a
certain hydrophobicity of the material is required to restrict water penetration. Furthermore,
rather labile bonds towards hydrolysis are needed to accelerate hydrolysis rates at the surface,
and no acidic hydrolysis products should be formed to prevent autocatalysis.*!
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Figure 8: Different degradation mechanisms for polymers: A) Surface erosion, B) bulk degradation, and C)
autocatalytic bulk erosion.>
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Biodegradable polymers used in TE can be classified as natural biopolymers or synthetic polymers.
Biopolymers derived from natural sources, such as proteins and polysaccharides, have been used
in biomedical applications for centuries, with a broad spectrum of mechanical properties at
hand.>**> They bear the advantage of being similar or identical to substances, which can be
recognized, enzymatically degraded, and metabolized by the body, typically evoke little to no
immune response, and show high bioactivity by providing selective binding sites for cells. In BTE,
used proteins include collagen, the major component of muscles and skin, its degradation product
gelatin, studied in the preparation of degradable hydrogels and fibrin, a blood coagulant used for
hemostasis and tissue sealants. Prominent examples of polysaccharides are hyaluronic acid, which
is abundant in every tissue in vertebrates and plays an important role in wound healing, as well as
other glycosaminoglycans such as alginate and chitosan.3%°¢ A major drawback, however, is that
the number of these natural polymers and possible modifications to improve or alter their
mechanical properties are limited, and pathogenic risks may be associated with materials of
animal or human origin. Furthermore, since natural sources are prone to batch-to-batch variability
and challenging regarding purification and processability, the quality and specific properties can
fluctuate. Furthermore, since degradation depends on the availability of enzymes at the

implantation site, the control and prediction of degradation rates in vivo are difficult.>!

Compared to biopolymers of natural origin, synthetic polymers comprise the advantage of
predictable mechanical properties and degradation rates while being biologically inert with fewer
pathogenic risks.®® Labile bonds employed include esters®’, orthoesters®®, anhydrides®®,
carbonates®, acetals®® and ketals®?. Synthetic, hydrolytically degradable polyesters such as
poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(caprolactone) (PCL) are considered the
golden standard in tissue engineering (Figure 9), which degrade in the order of years under

hydrolytic conditions.>162

10
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Figure 9: Chemical structures of synthetic biodegradable poly(esters) PLA, PGA, and PCL, poly(carbonates)
PTMC and PDTRC, and poly(anhydride) PCCP.

Starting in the 1960s, degradable PGA sutures were used in surgery, and since then, this polymer
was also utilized for degradable implants.3 Due to its chiral carbon center, PLA exists in three
isomeric forms. As D-lactide cannot be metabolized, only poly(L-lactide) and the copolymer of the
racemic mixture of L- and D-lactide are important. While poly(L-lactide) is a semi-crystalline
thermoplastic used for load-bearing applications in orthopedics, the copolymer is amorphous with
lower strength and typically used in drug delivery applications.®® PCL is obtained by ring-opening
polymerization of g-caprolactone, which is abundant and cheap. Due to its hydrophobicity,
degradation rates are rather slow, and good drug permeability is provided, making it ideal for long-
term drug delivery systems. A major drawback of these polymers is their degradation behavior,
which follows an autocatalytic bulk erosion mechanism due to the formation of acidic hydrolysis

products, which may also cause a strong inflammatory response or tissue necrosis.>>%46>

Alternatively, poly(anhydrides) and poly(carbonates), containing more labile functionalities, can
be used, which leads to materials degrading within minutes to days.>” Due to the less stable bonds,

these polymers may display preferable degradation via surface erosion. Examples include the

11
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poly(anhydride) poly(carboxy phenoxy propane) (PCCP) and the poly(carbonates)
poly(trimethylene carbonate (PTMC) and poly(desaminotyrosyl tyrosine ethyl ester carbonate)
(PDTRC) (Figure 9).°! Recently, the great potential of these materials as bone replacement

materials®®7%, orthopedic implants’*”?, and soft tissue materials’®> was demonstrated.

Fabrication Techniques for Porous Bone Scaffolds

According to the requirements for scaffolds used in bone tissue engineering, precise control over
the three-dimensional structure is essential. While macroscopically, a good fit of the scaffold in
the defect site is required, microscopic structural control is necessary to optimize osteoinduction,
osteoconduction, osteogenesis, and vascularization. Even the structure on a nanoscopic level is
crucial, as it determines whether protein adsorption and adhesion, differentiation, and
proliferation of cells can occur.>’* Based on these requirements, various techniques have been

developed in order to produce repeatable scaffolds with a controlled hierarchy of pores.

Conventional means for scaffold fabrication include, among others, solvent-casting and
particulate-leaching, gas foaming, phase separation, and freeze-drying, with a schematic overview

of each technique given in Figure 10.7°
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Figure 10: Schematic overview of conventional scaffold fabrication techniques: A) solvent-casting and
particulate-leaching, B) gas foaming, C) phase separation, and D) freeze-drying. Adapted from Ning et al.”®

Homogenous
solution

Solvent casting (Figure 10 A) is a simple and established method for the production of polymer
scaffolds with interconnected porosity, in which salt particles of the required pore size are
uniformly mixed with a polymer solution.”” Evaporation of the solvent results in a polymer matrix
with embedded salt particles, which are leached out upon immersion in water to produce

structures with up to 93% porosity and pore diameters up to 500 um.”® Another method for

12
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scaffold production includes gas foaming (Figure 10 B), during which polymer solutions are
pressurized into a solid form with gas-foaming agents such as CO;, nitrogen, water, or fluoroform
until saturated, resulting in the nucleation and growth of gas bubbles upon pressure reduction. By
this, pores in the range of 100 to 500 um can be generated.”>’® Phase separation (Figure 10 C)
presents another powerful process to manufacture porous implants, in which a homogeneous
polymer solution is quenched, resulting in phase separation. Quenching is either obtained by
immersion in a non-solvent, referred to as non-solvent induced phase separation (NIPS), or by
applying low temperatures, specified as thermally-induced phase separation (TIPS). By this, a
polymer-rich and a polymer-poor/solvent-rich phase are formed. The scaffold matrix is created
upon solidification of the polymer-rich phase, whereas the polymer-poor phase is removed by
extraction, sublimation, or evaporation, leaving behind a highly porous polymer network.”>7®
Furthermore, freeze drying or lyophilization (Figure 10 D) is considered a conventional technique
to obtain porous scaffolds for BTE. In this method, a water-based polymer solution is frozen,
leading to the formation of ice crystals, which force polymer aggregation in the interstitial spaces.
Upon application of a pressure lower than the equilibrium vapor pressure of the solvent, solvent
sublimation occurs, leaving behind a dry scaffold with interconnected pores of different shapes

and sizes.”>7®

All of these conventional methods comprise the severe drawback of being subtractive in nature
and hence incapable of precise control over pore sizes, pore geometries, pore interconnectivity,
pore distribution, and the fabrication of internal channels. Additionally, significant amounts of
materials are wasted during manufacturing, and organic solvents are often applied, with residues
reducing the biocompatibility of the scaffold due to cytotoxic effects exerted on the cells.%”* With
the introduction of additive manufacturing technologies (AMTs) in the medical field in the 1990s,

most of these restrictions were overcome.

Additive Manufacturing Technologies

In additive manufacturing (AM), three-dimensional objects are generated in a computer-
controlled layer-by-layer fabrication process. For this, a computer-aided design (CAD) or a 3D scan
of an existing structure is used to create a three-dimensional model (a), which is then virtually
sliced into two-dimensional planes (b). Subsequently, the object is produced layer by layer under
computational control (c) with temporary support structures for overhanging elements (Figure

11).79—82
13
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Figure 11: Basic principle of additive manufacturing processes.®?

In the medicinal sector, AM was initially only applied in the production of prototypes (rapid
prototyping), such as 3D models of bone pathologies in orthopedics and neurosurgery, to plan
surgical procedures.? With recent technological advances, such as significantly improved
repeatability, accuracy, and material range, AM is used nowadays to produce surgical tools (rapid

tooling) and patient-specific implants (rapid manufacturing).®?

In BTE, the introduction of AM marked a major breakthrough, and these techniques have now
become the new gold standard for the fabrication of scaffolds. Next to freedom in design, they
allow for the fabrication of precise, complex structures containing internal substructures such as
pores and channels out of metals, ceramics, and polymers. No expensive molds, tools, or
machining typical for conventional formative or subtractive fabrication methods are required, and
less material is wasted during production.”®#? Furthermore, few process steps and little manual
interaction are needed, allowing the economical production of customized, patient-specific tissue
engineering scaffolds in hours to days.? Due to recent efforts to increase the production speed,
such as the development of continuous liquid interface production (CLIP) by Tumblestone et al.4,

even the limit in the produced number of parts can be overcome.

The overall AM market is currently valued at around 8 billion euros, with a projected growth of
18% until 2026. The polymer-based AM is the most profitable sector, with the aerospace, turbine,

and helicopter industry covering the largest share, followed by the medicinal industry.®

For AM of polymers, two approaches are distinguishable. The first approach includes methods, in
which polymers are processed in the form of powders or filaments. In particle bonding techniques,
such as selective laser sintering (SLS), polymer particles are fused by a laser beam scanning the
surface of the powder bed. Melt-dissolution deposition systems, such as fused deposition

modeling (FDM), form each layer via extrusion of a meltable polymer filament through a heated
14
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nozzle, which is then fused with the previous layer by heat conductivity.¥ This method is
especially relevant in TE, as it allows the production of scaffolds with interconnected pores from

thermoplastic polymers such as PCL.538¢

The second principle is based on photopolymerization, in which polymers are synthesized in situ
from liquid resins via irradiation with light. In material jetting (MJ), different photosensitive resins
can be dispensed through the nozzles of the printer and subsequently cured via UV light, enabling
the fabrication of parts consisting of several materials or dissolvable support structures within
printed structures. The other and more significant class of light-based methods is represented by
lithography-based AMTs (L-AMTs), such as laser-based stereolithography (Laser-SLA), digital light
processing-based stereolithography (DLP-SLA), and two-photon induced polymerization (2PP). In
these methods, an initially liquid photopolymerizable resin is located in a vat and selectively
exposed to light by a coherent light source. While Laser-SLA and 2PP use lasers, an LED light source
with a digital micro mirror device chip is utilized in DLP-SLA. As the polymer is only formed in
irradiated areas, superior precision is exhibited compared to methods such as SLS or FDM, and
structures with resolutions up to the nanometre scale can be obtained.?” Additionally, surface
topology and feature sizes of patient-specific implants produced with these methods were found

to be highly beneficial for bone regeneration.®

Laser-based stereolithography

Introduced in the 1980s, laser-based stereolithography (Laser-SLA) is the oldest lithography-based
AMT, in which the photoactive resin is exposed to the light of a laser beam with energies ranging
from UV to the visible spectrum of light. The lateral position of the laser is determined by a pair of
movable mirrors within a Galvano scanner, which utilize different tilt angles for scanning the beam
along the xy-plane. By this, very thin polymer layers are formed, which stack up to create the solid
structure.®? This can either be performed from the top (bottom-up) or from below through a
transparent vat (upside-down or top-down). The conventional top-down approach benefits from
larger building volumes and reduced forces on the part during structuring. However, it suffers
from high amounts of resin necessary to fill the vat and increased oxygen inhibition during
photopolymerization resulting in tacky surfaces of the objects. Both can be prevented by using the
upside-down approach depicted in Figure 12. In this process, a layer is polymerized onto the
platform via irradiation. Subsequently, the platform moves up along the z-axis, and the part is

submerged under fresh resin, from which the next layer is formed. In this approach, adhesion of
15
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the part to the building platform rather than the vat is crucial to prevent detachment during the

printing process.%-3
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Figure 12: Principle of upside-down Laser-SLA.%

Laser-SLA offers excellent control over the spatial resolution of generated objects. Outstanding
lateral resolutions of 0.1-5 um can be obtained, primarily dependent on the spot size of the laser.
The vertical resolution is influenced by the penetration depth of the light source, which depends
on the irradiation time and intensity of the laser and can be regulated by the addition of light-
absorbing compounds. High curing speeds, smooth surfaces, and high precisions of objects are
attainable, which, however, can be limited by shrinkage stress during the curing reaction.%°>% A
downside of this method is the rather limited material portfolio, as state-of-the-art resins are
based on (meth)acrylates and epoxides. Due to the high crosslinking density, usage of these resins
typically results in very brittle parts, which exhibit poor (thermo)mechanical properties. However,
the development of novel monomers yielding polymers with enhanced properties is currently
under extensive research.’%97-191 Another disadvantage is the high cost of the irradiation system.
Nevertheless, Laser-SLA is still considered a benchmark, unparalleled in combining high building

speeds with superior resolution .8

Digital light processing-based stereolithography

Similar to Laser-SLA, digital light processing-based SLA (DLP-SLA) uses a light source to selectively
polymerize resins.’®2 However, DLP-SLA utilizes an inexpensive LED light source combined with a
digital micromirror device (DMD) chip, with wavelengths ranging from UV- to visible light. The

DMD controls which areas are irradiated and one whole layer at a time is cured based on the CAD
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model. Similar to Laser-SLA, DLP-SLA either follows a top-down or bottom-up approach for

generating the 3D structure, with the latter being illustrated in

Figure 13. Here, a coating blade is used to apply a new layer of unpolymerized resin.589%103

1. Light Source

2. DMD-chip (dynamic mask)
3. Optic

4. Material vat

5. Coating blade

6. Back light

7. Building platform

8. Load cell

9. Manufactured part

Figure 13: Principle of digital light processing-based stereolithography.'%

In DLP-SLA, the lateral resolution depends on the number and density of mirrors, hence pixels in
the DMD, and the optics used for the projection. In general, it is lower compared to Laser-SLA and
within the range of 10-50 um. Nevertheless, the irradiation apparatus is cheaper, and due to the
production of one layer at a time, building times for objects are considerably shorter. As in Laser-

SLA, a limited number of possible resins is available, and high brittleness of parts is exhibited.®>%

Two-photon polymerization

As the name suggests, two-photon polymerization (2PP), also called multiphoton lithography, is
based on the simultaneous absorption of two photons. This is a non-linear process, in which a
volume of photosensitive resin is exposed to NIR-femtosecond laser pulses. In the focal point of
the laser, two photons are absorbed at once, and the resin solidifies. The principal setup of a 2PP
printer is depicted in Figure 14. Femtosecond laser pulses are emitted and tightly focused into a
certain resin volume, while a waveplate (WP) combined with a beam splitter (BS) are used as an
attenuator and an acusto-optical modulator (AOM) together with an aperture act as a fast shutter.
The laser focus is positioned inside the photosensitive resin via a beam expander (BE), and a

Galvano scanner (GS), and a camera is used for online monitoring of the process.'%
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Figure 14: General setup of a 2PP-printer,10%:107

Objective

Due to this highly localized deposition of light, 3D-micro- and nanostructures can be produced at
a resolution of a few hundred nanometers beyond the diffraction limit of the used light. As
photopolymerization occurs only in the focal point of the laser, while the rest of the resin remains
transparent, no layer-by-layer deposition of material is needed as in conventional AMTs.
Therefore, this light-based method is the only true 3D-printing technique, as structures can be
produced throughout the whole resin volume. This makes this process attractive in various
applications, including the manufacturing of microlenses, photonic crystals, and microscaffolds
used for biomedical applications. Drawbacks, however, include the low production speeds and, as
aresult, the size of printable structures in reasonable time scales, limiting the use of this technique

for the production of macroscopic bone replacement materials.1%>108

Photopolymerization

In general, photopolymerization is a process that uses electromagnetic irradiation to solidify liquid
organic materials consisting of monomers, oligomers, or polymers, typically in combination with
a light-sensitive component, the so-called photoinitiator (P1).1% When exposed to photons with
energies confined to the UV-, visible, or Near-IR spectrum of light, excitation of the PI occurs,
which then induces the polymerization reaction.%1® Nowadays, photocuring is the most rapidly
growing polymerization method in industry due to the vast economic and ecologic advantages
compared to conventional thermal curing techniques. It comprises higher spatial resolutions, the
absence of solvents, low emission of organic compounds, high curing speeds even at room

temperature, low energy consumption, and low costs.!0419%.111 |n addition, LEDs have replaced
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traditional mercury lamps, which require even less energy, and for some applications, even
conventional lamps or sunlight can be used for curing. Therefore, photopolymerization is often

regarded as “green chemistry”,9%:104109-111

When introduced in the 1940s, restriction of the curing depth in the range of millimeters caused
by absorption processes of either the photoinitiator, photoinitiator by-products, additives, or the
monomer, made these light-activated systems only applicable for protective and decorative
coatings of paper, wood, metals or plastics.'*?> Nevertheless, due to extensive research, curing
depths could be successfully improved, resulting in the expansion of applications to dental fillings,
optical materials, adhesives, biocompatible and biodegradable polymers used in medical

applications and additive manufacturing technologies (AMTs).%:104109-111

Photosensitive formulations are a mixture of several components to adapt to certain requirements
and different applications, while the essential parts are a light source, a polymerizable monomer,
and the photoinitiator (PI). For applications in industry, formulations often demand the addition
of numerous compounds, such as stabilizers, inhibitors, fillers, plasticizers, pigments, surfactants,
regulators, etc., and often a complex mixture of different monomers and initiators is
required.’*!13 Monomers for photopolymerization are molecules containing polymerizable
groups with a high amount of trapped chemical energy, such as carbon-carbon double bonds or
strained rings, and their structure stands in direct correlation with the final properties of the cured
polymer. The photoinitiator is needed, as the direct formation of the reactive species from the
monomer is inefficient. Upon irradiation, this compound generates reactive radical or ionic
species, which can then initiate free-radical, cationic, or anionic photopolymerization, while

radical photopolymerization is by far the most widely used in industry.!1°

The mechanism of free-radical photopolymerization consists of four steps, which are displayed in
Figure 15. First, excitation of the Pl occurs via light absorption, causing the formation of radical
species R;". These radicals then cause initiation of the polymerization by attacking the reactive
group of a monomer (i.e., a double bond), generating the propagating species. During
propagation, further monomers are added to the propagating chain end, preferably in a head-to-
tail manner (1,3- or anti-Markownikoff addition) until termination occurs, which can either happen
via recombination of two radicals or disproportionation. This entire process proceeds very rapidly,
and the final molecular weight of the polymer is reached within seconds due to the short lifetime

of radicals, in the range of microseconds to seconds.*!#11>
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Figure 15: Mechanism of radical polymerization.
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Under ambient atmosphere, also recombination with oxygen is possible, as it exists in a biradical

state in the atmosphere. This leads to the formation of a non-reactive radical depicted in Figure

16, significantly retarding further polymerization. This so-called oxygen inhibition often leads to

tacky surfaces upon polymerization of thin films; hence inert atmosphere or certain additives are

needed.!t®

0-0

R R

weak propagating radical

Figure 16: Oxygen inhibition of free-radical polymerization.

R = any organic residue
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Another important component often necessary in formulations include inhibitors, which are
molecules capable of scavenging unwanted radical species formed prior to the intended
polymerization due to thermal stress onto the monomer or inadequate light protection. The
formed radicals can abstract a hydrogen atom from the inhibitor, resulting in a highly resonance
stabilized radical that is incapable of further reactions. Figure 17 shows this process with the
typically used inhibitor benzene-1,2,3-triol (pyrogallol, PYR).23

OH
HO OH

—_—

o 0 (o) (o)
HO OH HoO.. OH HO OH HO ._OH
e S ——— R S

R = any organic residue

Figure 17: Mechanism of inhibitors for radical photopolymerization.

The used photoinitiator (PI) plays a key role in the photosensitive formulation, influencing curing
speeds as well as the absorption wavelength of the system, which is in direct correlation with the
resulting curing depth. This component absorbs light and converts it into chemical energy due to
a change in the electronical structure of the PI. Light absorption occurs through certain elements
in the molecular structure, so-called chromophores containing n or it electrons, which absorb light
in the UV-VIS region. In general, electronic transitions can only occur from occupied to unoccupied
orbitals. The energy of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) define the energy, which needs to be absorbed for the electronic
transition and, therefore, the absorption maximum of the PI. For efficient initiation, the emission
bands of the light source need to overlap with the absorption maximum of the initiator. In general,
higher energies hence lower wavelengths, are necessary to cause m-m*- compared to n-m*-
transitions of electrons, which is exemplarily shown for the molecular orbital scheme of a carbonyl

moiety depicted in Figure 18.117-122
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Figure 18: MO-scheme depicting the energy necessary for n- n*- compared to n- n*-transitions.

The detailed process ultimately leading to the formation of radicals is depicted in Figure 18.

Absorption of light causes the excitation of an electron from the ground singlet state (So) to an

excited singlet state (S2). Then, either direct emission of photons (fluorescence) can occur or non-

radiative processes such as internal conversion (IC) or intersystem-crossing (ISC) into an excited

triplet state (T2). In this state, electrons have the same spin direction, giving the molecule

characteristics of a biradical. After relaxation to the excited triplet state Ti, depending on its

stability, radical formation can be induced, which can then initiate the polymerization. This process

directly concurs with radiation-less deactivation via cage recombination, emission of photons

(phosphorescence), or bimolecular extinction processes.!17:118122-124
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Figure 19: Jablonski diagram demonstrating the photogeneration of radicals (Rr), or different deactivation

pathways.
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Depending on the mechanism for radical formation upon irradiation, two types of Pls can be
distinguished. Norrish Type | photoinitiators contain cleavable bonds with dissociation energies
lower than the energy of the excited state. Hence, upon irradiation, homolytic a-cleavage occurs,

which leads to the formation of two radicals (Figure 20).10%114.125

hv |o R

R’ a-cleavage R"

R, R, R" = any organic residue
Figure 20: Mechanism of a-cleavage in Norrish Type | photoinitiators.
The triplet state of these molecules is short-lived, which makes them less prone to deactivation
processes. Furthermore, both resulting radicals can initiate the polymerization reaction, giving
them high atom efficiency. Typically, a benzoyl chromophore is attached to a tertiary carbon, and
applied initiators include benzil ketals, such as Irgacure 651, hydroxy alkyl acetophenones, such as
Darocur 1173, and acyl phosphine oxides, such as BAPO, which are shown in Figure 21 and exhibit

typical absorption maxima around 380 nm,114126

(0] | o IOFI’
0]
O O
OH
O 0 O é
Irgacure 651 Darocur 1173 BAPO

Figure 21: Chemical structure of typical Type I Pls.

To shift the absorption of the system to higher wavelengths, recently heteroatoms such as
germanium or tin were introduced into the Pl structure.'?”'28 With the germanium-based PI
Ivocerin® (bis(4-methoxybenzoyl)diethylgermanium), a bathochromic shift towards 408 nm was
observed, leading to higher possible curing depths together with high curing speeds and efficient
bleaching, making it ideal for the application in 3D-printing.?° Additionally, the biocompatibility

of this initiator was confirmed.*° The mechanism for its cleavage is depicted in Figure 22.
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Figure 22: Mechanism of the a-cleavage of the Ge-based Pl Ivocerin.

In contrast, Norrish Type Il systems consist of a photosensitive component and a co-initiator. After
the transition of the initiator into the excited triplet state, no homolytic cleavage occurs, but the
Pl reacts with the co-initiator in a bimolecular mechanism. Radicals can either form through H-
abstraction from a hydrogen donor such as alcohols or ethers (Figure 23 A) or photoinduced
electron transfer to an amine and subsequent proton transfer (Figure 23 B). Since the formation
of the charge transfer complex and subsequent hydrogen transfer require time and are diffusion-
and equilibrium-controlled, Type Il systems are generally less reactive than Type | systems. As well,
a longer lifetime of the excited state is required, as the encounter with the co-initiator is essential
for radical formation, making them prone to deactivation processes. This also leads to lower
excitation rates and curing speeds. The most often employed Type Il system consists of
camphorgquinone (CQ) and the tertiary amine ethyl 4-(dimethylamino)benzoate (DMAB) as a co-
initiator (Figure 23 B). As well, diaryl ketones, such as benzophenone (BP), are often employed,

which form radicals via H-abstraction, displayed in Figure 23 A.121,131-133
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Figure 23: Reaction mechanism of Norrish Type Il initiators by A) hydrogen abstraction demonstrated for BP
and isopropanol, and B) electron/proton transfer shown for CQ and DMAB.

In industry, resins containing monomers with a molecular weight ranging from 300-5000 g/mol
are utilized to obtain high conversions and resistant networks. Foremost, state-of-the-art
monomers include acrylates and methacrylates, depicted in Figure 24, which are characterized by
high reactivity, efficient curing, and good storage stability.!3* To adjust important characteristics
such as hardness, toughness, flexibility, thermal and chemical resistance, as well as hydrophilicity
of resulting polymers, different spacers between the reactive groups can be used, and most
employed resins include (meth)acrylated polyesters, polyethers, polyurethanes or polyepoxides
(Figure 24). Due to the spacer, higher intermolecular interactions and lower crosslink densities are
exhibited by resulting photopolymers, which leads to improved mechanical properties.'*?
However, also higher viscosity is displayed, limiting resin processability for certain applications.
Therefore, compounds, which should reduce the formulation viscosity for enhanced processability

and copolymerize with other present monomers, are added, which are referred to as “reactive

diluents”. These monomers should ideally exhibit high reactivity, low viscosity, low volatility, low
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toxicity and good mechanical properties. In general, they can be classified into mono- and
multifunctional monomers, while mono- and difunctional compounds are most common due to
their lower viscosity. As brittleness increases proportionally to the crosslinking density of the
network, monofunctional diluents are advantageous to generate polymers with high toughness.'®
The most popular reactive diluents include 1,6-hexanediol di(meth)acrylate (HDD(M)A) as well as
isobornyl (meth)acrylate (IB(M)A) (Figure 24). Due to the bulky side group, IB(M)A not only
effectively reduces formulation viscosity but also results in high glass transition temperatures of
resulting materials. If networks with higher crosslinking density are required, monomers with
higher functionality, such as trimethylolpropane tri(meth)acrylate (TT(M)A) and pentaerythritol
tetra(meth)acrylate (PET(M)A) can be applied (Figure 24).

Besides the outstanding reactivity of state-of-the-art systems containing (meth)acrylates,
photopolymers based on these monomers are unsuitable for tissue engineering applications for
several reasons. For medical applications, low cytotoxicity of monomers is essential, as residual
low molecular weight compounds can be leached out of the network and cause unwanted side
reactions.®* Especially acrylates display considerable cytotoxicity in vivo as they undergo
irreversible Michael addition reactions with amine and thiol groups of proteins and DNA. Due to
the higher steric hindrance of the double bond in methacrylates caused by the methyl group, they
exhibit lower toxicity but are also less reactive. Another problem of polymers formed by acrylates
and methacrylates is their degradation behavior (Figure 25 A). Upon degradation, high molecular
weight poly((meth)acrylic acids) (P(M)AA) are formed, which cannot be removed from the body
and promote inflammation or tissue necrosis. They further cause autocatalytic bulk erosion of the
material leading to abrupt implant failure.>*>287.°8 Additionally, unreacted monomers may form
(meth)acrylic acid in agueous environments, with high LDso (lethal dose, which causes the death
of 50% of test subjects) of 1.40 mg/kg for acrylic acid and 1.32 mg/kg for methacrylic acid

respectively (oral, rat).*3¢137
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Figure 24: (Meth)acrylates used in industry.

Over the last decade, vinyl esters emerged as potent alternatives to (meth)acrylic resins in terms
of substantially decreased cytotoxicity.>67.69.70.98.99.112 Fyrthermore, upon hydrolytic degradation
of respective polymers, non-toxic poly(vinyl alcohol) (PVA) is formed, which is approved by the
FDA and can be excreted from the body (Figure 25 B). Hydrolysis of the monomer itself leads, for
one part, to the formation of acetaldehyde, which can be converted to acetic acid in vivo by
acetaldehyde dehydrogenase. Nevertheless, also small acid molecules are formed from polymers
and the monomer, able to induce autocatalytic bulk erosion of the material. However, due to the
small size of these molecules, bulk erosion was found to be far less pronounced compared to
polymers based on (meth)acrylates.’>12138 QOther recently investigated alternatives to
(meth)acrylates include vinyl carbonates, which also display low cytotoxicity, and polymers
behave even better upon degradation compared to poly(vinyl esters) since next to PVA, low-
molecular weight alcohols and carbon dioxide are formed, resulting in real surface erosion

behavior (Figure 25 C).6970,112,139
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Figure 25: Hydrolysis and formed products of A) poly(meth)acrylates), B) poly(vinyl esters), and C) poly(vinyl
carbonates).

For both poly(vinyl esters) and poly(carbonates), first in vivo studies confirmed good
biocompatibility of the photopolymers and no bulk erosion of implanted scaffolds. Nevertheless,

the degradation speed of all polymers was insufficient to match the rate, at which bone tissue
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regenerates.>>%89%9%Another major drawback is the low reactivity of these monomers towards
radical polymerization compared to (meth)acrylate-based systems, which can be explained by the
stability and resulting reactivity of formed radicals. Upon attack of the initiating radical species, in
the case of (meth)acrylates, a well resonance stabilized and, therefore stable radical is formed,
which results in high reactivity of respective monomers towards radical addition and further
propagation with almost no side reactions (Figure 26 A).*'2 In contrast, vinyl esters, and vinyl
carbonates form radicals upon initiation, which lack resonance stabilization and are highly
reactive, resulting in low monomer reactivity. Additionally, due to the high radical reactivity, they
are prone to side reactions like H-abstractions, which, for example, may occur on ethylene glycol
units. The then-formed radicals comprise very low reactivity, which retard further polymerization

(Figure 26 B).1%2
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Figure 26: Mechanism of radical polymerization for A) monomers with high reactivity on the example of
acrylates, and B) monomers with low reactivity, for example, vinyl esters.
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An approach to prevent this terminating effect is the addition of substrates with easily
abstractable hydrogens such as thiols. Upon H-abstraction, highly reactive radicals are formed,
causing re-initiation of a new polymer chain instead of termination. This so-called thiol-ene
chemistry was first described by Posner!*® in 1905 as a general concept of the reaction between
reactive double bonds or so-called “enes” and thiols and was further investigated by Cramer,
Hoyle, and Bowman.**42 Upon the addition of thiols, the polymerization mechanism is altered
from a radical chain growth to a mixed step-growth/chain growth mechanism, in which thiols act
as chain transfer agents. Formed initiating radicals preferably abstract hydrogens from the thiol
groups, and the highly reactive thiyl radical then reacts in an anti-Markownikov manner with the
ene. The radical addition product can undergo chain transfer with a thiol or propagation with
further enes (Figure 27). If the ene and the thiol comprise a functionality, higher than two, polymer

networks are formed.?7.141,143-147
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R" R-SH

.S s .
R \)\R' R = initiating radical
R, R', R" = any organic residue

Figure 27: Mechanism of radical polymerization in the presence of thiols.

In an ideal thiol-ene reaction, a strict alternation between thiyl radical addition to the ene and the
chain-transfer reaction should be observed without any homopolymerization. Therefore, the
radical should add to the monomer and the chain transfer agent with the same probability to
enable an ideal step-growth reaction without homopolymerization. This probability is defined by
the chain transfer constant Cr, which equals the ratio of the rate of chain transfer (k:) and
propagation (kp) (Equation 1). Hence for ideal reactions, a Cr value close to 1 is exhibited, as chain

transfer and propagation should occur with the same probability.#
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Equation 1: Calculation of the chain transfer constant. Cr...chain transfer constant; ki...rate of chain transfer;
kp...rate of propagation.

For a given thiol, monomers containing electron-rich double bonds, such as norbornenes or vinyl
ethers, display higher reaction rates and Cr than electron-poor enes, such as acrylates and
methacrylates, which is shown in Table 2. This, again, can be explained by increased radical
stability due to resonance stabilization when polymerizing these monomers. In contrast, in the
case of vinyl ethers comprising high electron density, highly reactive radicals are formed, and for
norbornenes, alleviation of the ring strain results in high radical reactivity. Therefore, ideal thiol-
ene reactions are observed for these monomers without homopolymerization or chain growth,
while (meth)acrylate-based monomers display a mixed step growth/chain growth

mechanism 97,141,147,148

Table 2: Chain transfer constants for electron-rich and electron-poor enes (R= any organic residue).!4®

electron-poor electron-rich
o o o R
(0]
acrylate methacrylate vinyl ether norbornene
G [-] 0.08 0.26 0.83 1.00

Formulations for uncontrolled radical polymerization comprise a high density of double bonds and
therefore reach the gel point, at which a crosslinked network is formed at rather low conversions.
At this point, the network domains lose their mobility, and further polymerization results in the
evolution of shrinkage stress (Figure 28 A). As a result, high volumetric shrinkage during
polymerization is exhibited, and heterogeneous networks with localized regions of high crosslink
density interspersed among regions of lower crosslink density are formed, which display a high

and broad glass transition temperature and low impact resistance,>%%8113,138149

Chain transfer agents such as thiols terminate a growing polymer chain at lower conversions and
resultin a decrease in the kinetic chain length. This leads to a shift of gelation to higher conversions
and, therefore, lower shrinkage stress (Figure 28 B). By this, networks with a uniform architecture
exhibiting sharp glass transitions and high impact resistance are formed. Another beneficial effect
is the reduction of oxygen inhibition in the presence of thiols, as the formed peroxy radicals can
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easily abstract hydrogens from these compounds resulting in reactive thiyl radicals able to
reinitiate the polymerization. Due to these advantages, thiol-ene chemistry is patented for several
biomedical applications such as dental restoratives'®0-1>* 155157 and was also recently used in bone

adhesives!®s.
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Figure 28: Development of shrinkage stress during A) unregulated polymerization, and B) polymerization
regulated with CTAs such as thiols. Adapted from Gauss et al.'*3

Detrimental effects of thiol-ene chemistry include malodor of many thiols, reduced storage
stability of formulations, and low modulus of materials, as flexible thioether bridges may reduce

hardness and stiffness.113138
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OBJECTIVE

Objective

Photopolymerization is widely applied in industry due to its vast economic and ecologic
advantages, including high spatial resolutions, absence of solvents, and high curing speeds. While
extensively used for coatings and curing of dental restoratives, photopolymerization is now
utilized in lithography-based additive manufacturing technologies to produce patient-specific
implants. Especially in bone tissue engineering (BTE), achievable surface topology and feature
sizes were found to support the bone regeneration process. Currently used photopolymers based
on (meth)acrylates, vinyl esters, or vinyl carbonates display poor mechanical properties, such as
significant shrinkage during polymerization, high brittleness, and low strength, and suffer from
irritancy or even cytotoxicity of monomers, degradation via autocatalytic bulk erosion, acidic
degradation products, or insufficient degradation speed in vivo. Therefore, despite decades of
research, no artificial bone substitute material meets all the needed properties. This thesis
investigates novel small molecule building blocks to generate networks that combine superior
mechanical properties with enhanced degradation behavior compared to state-of-the-art

materials.

Cyclopolymerizable monomers (CPMs)
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As a first concept, cyclopolymerizable monomers (CPMs) should be investigated, as they may
result in reduced shrinkage and the formation of rigid networks containing cyclic backbone
structures. Furthermore, owing to the variability of the center atom, these compounds comprise
high flexibility in design and allow for the integration of degradable moieties into the structures
for enhanced degradation characteristics. Vinyl ether monomers should be chosen for increased

cyclopolymerization tendency, as they are known not to homopolymerize with radical initiators.
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OBJECTIVE

As hydrolytically labile groups, for one part, acetals and carbonates should be chosen, as they are
known to be cleavable under acidic conditions present during bone remodeling and do not form
acidic hydrolysis products, causing inflammation or necrosis. Furthermore, the replacement of the
carbon center with heteroatoms should be studied, as they may form less stable bonds to oxygen
and thereby facilitate network cleavage. Monomers and polymers containing phosphorus, silicon,
and boron were previously shown to be hydrolytically cleavable while forming low-toxic, less acidic
degradation products, compared to carbon-based analogs. As a starting point, different divinyl
ether CPMs with degradable moieties should be synthesized and investigated for their reactivity
as well as their potential for cleavage under acidic conditions. From these carbon- and
heteroatom-based CPMs, essential features for efficient cyclopolymerization should be abstracted
and used for the generation of monofunctional compounds with improved cyclopolymerization
tendency and, ultimately, for the synthesis of higher functional cyclopolymerizable compounds

capable of network formation.

Heteroatom-based monomers
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As a second approach, novel monomers for enhanced mechanical properties and degradation
should be investigated. Similar to the heteroatom-based CPMs, the focus was on compounds
containing heteroatom-oxygen bonds. As polymerizable groups, allyl ethers or esters of the
respective heteroatom-containing acids should be selected. By employing thiol-ene chemistry,
homogeneous and tough networks with improved mechanical properties should be formed due
to the quasi-ideal reaction of this polymerizable group with thiols, which may then be cleaved at
the respective bonds between the heteroatoms and oxygen. To further provide the networks with
important properties, such as high strength, rigid elements, bulky substituents, or cyclic structures

should be incorporated into both monomer and thiol structures.
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OBJECTIVE

Additionally, to further enhance (thermo)mechanical properties, certain additives, such as
toughness enhancers and fillers, should be applied. All resins and resulting polymers should be
investigated towards the fulfillment of certain requirements for 3D-printed bone regeneration
scaffolds, such as photoreactivity, (thermo)mechanical properties, degradation behavior and

rates, and cytotoxicity.
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STATE OF THE ART

State of the Art

Degradable photopolymers in tissue engineering

Degradable polymers have been widely employed in biomedical applications and are of particular
interest for temporary therapeutic applications such as surgical implants (sutures, bone plates,
and screws), medical devices, and targeted therapeutic delivery vehicles.>**>%%0 More recently,
effort has been made to use degradable polymers as temporary scaffolds in tissue engineering.6!
Especially in bone tissue engineering (BTE), biodegradable regeneration scaffolds as support

structures are required, as the body is incapable of repairing larger bone defects caused by trauma

or diseases.10

Biocompatible and biodegradable PGA, PLA, and PCL are state-of-the-art materials and were
frequently used to fabricate porous bone regeneration scaffolds, mostly by fiber bonding, solvent
casting, particulate leaching, membrane lamination, melt molding or fused deposition
modeling.28% However, they suffer from several drawbacks, such as the limited complexity of
structures and feature resolutions due to their thermoplastic nature. Additionally, they degrade
via undesired bulk erosion in the order of years under physiological conditions, which is too slow

for BTE applications.>%?

During the last decade, additive manufacturing technologies (AMTs) gained increasing interest for
generating biocompatible and biodegradable, patient-specific scaffolds with defined porosity in a
layer-by-layer process.®®8 Especially, lithography-based AMTs (L-AMTs), which use selective
irradiation of photosensitive resins, achieve feature resolutions down to 10 um and in case of BTE,

surface topology and feature sizes of scaffolds aided the bone regeneration process.%887-89,162

The simplest approach to generate photopolymerizable precursors for L-AMTs is to attach
photoreactive groups to thermoplastic, biodegradable polymers, with a good overview given by
Baroli et al.1® and Ifkovits et al.?% The reactive groups can either be attached to the end groups
or placed along the polymer backbone.'®> The most typically applied biopolymer in L-AMTs is
poly(ethylene glycol) (PEG) with (meth)acrylate end groups, as it can be subjected to
photopolymerization but is also able to form hydrogels. Furthermore, due to its hydrophilicity, it
prevents unspecific protein adsorption in aqueous media.'®®1¢’ |n BTE, in situ photocurable PEG-

169

hydrogels, encapsulating cells such as osteoblasts'®® or mesenchymal stem cells!®, as well as

growth factors such as recombinant human morphogenic protein 2 (rhBMP-2)'7°, were used to
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successfully restore bone defects in vivo. As PEG is non-degradable, it is often copolymerized with
D,L-lactide, glycolide, or e-caprolactone to introduce degradable ester bonds into the polymer
backbone.'®®'" Another prominent example is poly(propylene fumarate) (PPF), which can be
crosslinked via double bonds along its backbone and was recently used to produce bone
regeneration scaffolds.!’> Degradation speed and products can be adjusted by the degree of
crosslinking, and the degradation products include non-toxic propylene glycol and fumaric acid as
well as excretable molecules related to the cross-linking.”® Vehof et al. used photo-crosslinked,
porous scaffolds to treat cranial defects in rabbits and observed bone formation upon coating with
recombinant human transforming growth factor 1 (rhTGF-B1).}”3 Lee et al. fabricated scaffolds
with embedded drug-delivery microspheres by Laser-based stereolithography (Laser-SLA), which
gradually released BPM-2 and improved proliferation of osteoblasts and bone formation.’* A
drawback, which has to be mentioned, is the poor reactivity of PPF towards radical polymerization,
causing expanded times necessary for 3D-printing.}”> Another currently utilized thermoplast is
poly(trimethylene carbonate) (PTMC), mostly used in copolymers with PLA or PCL end-capped
with (meth)acrylate groups.?’617® Applications range from drug delivery systems’*& to 3D-
printed scaffolds for soft!8!, vascular'®? or bone tissue engineering®®3. For BTE, Guillaume et al.
prepared scaffolds of PTMC filled with HAP nanoparticles by Laser-SLA, which significantly

improved osteogenesis, osseointegration and bone regeneration in calvarial defects in rabbits.83

A drawback of all currently employed state-of-the-art (meth)acrylate-based photopolymers is
their adverse effects, such as irritancy or even cytotoxicity of residual photoreactive groups. 87:%°
Additionally, upon degradation, high molecular weight poly((meth)acrylic acids) are formed, which
cannot be removed from the body and promote inflammatory response or tissue necrosis and
further cause autocatalytic bulk erosion of the material.>*°>87:98 Another problem lies in their high
reactivity towards uncontrolled homopolymerization, which leads to the formation of
heterogeneous networks with high volumetric shrinkage causing cracks in 3D-printed

structures.>>°8 The resulting networks typically exhibit poor mechanical properties, especially high

brittleness, which limits their applications in BTE.

Recently, vinyl esters, vinyl carbonates, and vinyl carbamates were thoroughly investigated as
alternatives to (meth)acrylic resins.>%67,69.70,98,99.112 Monomers were shown to be one order or even
two orders of magnitude less toxic compared to conventional methacrylates or acrylates,
respectively, and implanted 3D-printed scaffolds to treat defects of the femoral bone in rabbits
displayed good osseointegration, de novo bone formation and no signs of inflammation

reactions.®’” Nevertheless, similar to classical (meth)acrylate-based photopolymers, materials
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tended to break during polymerization owing to the high brittleness and volumetric shrinkage.®’
Additionally, although no autocatalytic bulk erosion of implanted scaffolds was observed for these
materials, the degradation speed of all polymers was insufficient to match the rate, at which bone
tissue regenerates.>>89% Therefore, novel biocompatible monomers are required in BTE, which

form polymers with enhanced degradation characteristics in vivo and mechanical properties.

Acetals

For the employment of materials as bone replacement materials, dependent on the patient and
the location of the implant site, degradation of scaffolds should occur within 3-12 months for
efficient bone regeneration and vascularization.??”3 This degradation can occur under
physiological conditions (pH=7.4) but should especially be exhibited under acidic conditions, as a

pH below 4.5 is essential for osteoclastic bone resorption.5%184

Instead of photopolymers such as poly(esters) or poly(carbonates), biomaterials based on acetal
moieties recently came into focus.'® The expression “acetal” is nowadays used as a term that
encompasses both aldehyde and ketone-derived structures; hence ketals are classified as a subset
of acetals.’®18” These compounds are formed upon the nucleophilic addition of two alcohol
molecules to a ketone or an aldehyde under acidic catalysis with azeotropic removal of the formed
water due to the reversibility of the reaction.'®1%° Typically used acids include hydrochloric
acid®®?, sulfonic acid'®? or p-toluenesulfonic acid (pTsOH). During the formation, the carbonyl
group is protonated by water and thereby activated for nucleophilic addition of the alcohol
producing the hemiacetal species. The hemiacetal is then protonated, resulting in an oxonium ion,
which can be further attacked by a second alcohol molecule. In the last step, the oxonium ion is
deprotonated to form the corresponding acetal (Scheme 1). While prone to hydrolysis under acidic
conditions, these compounds are stable towards bases and therefore typically employed as
protecting groups for carbonyl compounds in organic synthesis. In general, the stability of an
acetal against acids is determined by the stability of the oxonium ion formed in the first stage of
the hydrolysis. The more stabilized by electron donating groups, the higher the rate of hydrolysis.
Therefore, acetals derived from ketones are more prone to cleavage compared to compounds
formed from aldehydes.'88190.193 ypon hydrolysis, alcohols and aldehydes or ketones are formed,
which do not change the pH of the surrounding medium and in some cases might even be

metabolized (i.e., acetaldehyde by the enzyme acetaldehyde dehydrogenase).'%*
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Scheme 1: Mechanism of the acetal formation of an aldehyde or ketone with an alcohol.

In general, acetals can be classified according to their structure into spiroacetals and linear or

cyclic acetals containing five- or six-membered rings (Figure 29).69184

o o o o 07_\o I
SO eLe o0 ol

spiro linear cyclic

(@)

Figure 29: Classification of acetals according to their structure.5%18*

Spiroacetals are typically utilized as protecting groups of carbonyl compounds as well as
plasticizers and vulcanizers and yield materials with excellent strength.??11%1% Nevertheless,
these compounds exhibit high hydrolytic stability under acidic conditions due to the rather
hydrophobic environment of the acetal moieties in the structure, impeding their use in
biodegradable implants.’®”1% For example, Lingier et al. observed no acidic hydrolysis of

polyurethanes containing spiroacetal linkages for one month at elevated temperatures.*®

In contrast, linear and cyclic acetals are cleavable under acidic conditions, while linear acetals are
less stable against hydrolysis, as it is more entropically favored.®®1% Most publications deal with
the use of these compounds to release therapeutic or other bioactive payloads under acidic
conditions, particularly in areas of inflammation, in the gastrointestinal tract, or in the
environment of tumor cells, which exhibit a lower pH.2%%293 However, recently, linear and cyclic
acetals end-capped with polymerizable groups were also implemented in tissue engineering
applications.8>204205 The most common monomer found is cyclic 5-ethyl-5-(hydroxymethyl)-b,b-
dimethyl-1,3-dioxane-2-ethanol diacrylate (EHD, Figure 30), which is either homopolymerized for

the production of scaffolds?°#2% or used in combination with PEG-DA to form hydrogels!®>2%, Betz
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et al. showed that these degradable hydrogels could be used for the encapsulation and
osseodifferentiation of bone marrow stromal cells without exerting any cytotoxic effects due to
the absence of acidic degradation products.’®> Upon incorporation of hydroxyapatite
nanoparticles into these hydrogels enhanced endogenous osteogenic signal expression, and
hence, BMSC differentiation was observed by Patel et al.??° Moreau et al. determined that upon
homopolymerization, rigid scaffolds were formed, exhibiting good degradability and cell
viability.2%* Most remarkably, EHD-scaffolds synthesized by Falco et al. allowed the attachment
and proliferation of myoblastic cells as well as the release of insulin-like growth factor 1 (IGF-1),
making them promising for applications in tissue engineering, especially for skeletal muscle

regeneration.?%

o 0] o
\)J\O%O
EHD

Figure 30: Structure of the monomer EHD.

Heteroatoms

Another appealing approach to obtain polymer networks with enhanced degradation behavior is
to replace the carbon atom with heteroatoms. It is well known that the strength of covalent bonds
is determined by the overlap between the valence orbitals of the bonded atoms and typically
decreases along a period and down a group due to a decrease in shared relative orbital volume.
Therefore, particular heteroatoms may form less stable bonds to oxygen than carbon, facilitating

network cleavage.6%207-212,

Recently, polymers containing bonds between phosphorus and oxygen, so-called
poly(phosphoesters) (PPEs, Figure 31), were introduced as biodegradable and biocompatible
materials in medical applications, with a good overview given by Bauer et al.?®® PPEs are
omnipresent in living systems in the form of desoxyribonucleic acid (DNA) and ribonucleic acid
(RNA) and serve as energy storage in the form of the pyrophosphates ATP and ADP. In vivo, enzyme
209,211

activity in cells is regulated by various phosphatases, able to cleave phosphoester bonds.

Therefore, in addition to the potential cleavage of the ester bonds under acidic or basic conditions,
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synthetic phosphoesters can also be degraded enzymatically and are, in general, considered to
exhibit high biocompatibility and low toxicity. Another major advantage compared to
poly(carboxylic ester)s is the penta-valency of phosphorus. Therefore, in addition to the P=0
double bond, it is able to form three bonds, enabling main-chain and side-chain modifications, as
well as crosslinking between the units, to tune material properties, such as hydrophilicity,
mechanics, and degradation.1°%207-211.213-219 pepending on the side group, PPEs are categorized
into poly(phosphites), poly(phosphonates), or poly(phosphates), with their general structure
depicted in Figure 31.2°° PPEs can be synthesized in a variety of ways, most important being
classical polycondensation of phosphoric acid chlorides and diols and anionic, cationic or metal-
catalyzed ring-opening polymerization of cyclic phosphonates. Radical polymerization of

compounds containing reactive groups, such as double bonds, is also frequently reported.?%’

Poly(phosphoesters) (PPEs)

(0]
11
o ',’\O/R R, R' = any organic residue
X
n
X=H X=R’ X=O0OR’
phosphite phosphonate phosphate

Figure 31: General structure of poly(phosphoesters), and classification into poly(phosphites),
poly(phosphonates), and poly(phosphates).

Due to their intumescent flame retardance, PPEs are typically used in industry as flame retardant
additives, plastics, or coatings.?!? Recently, applications in drug and gene delivery and tissue
engineering were reported.??0:221 222223 \\en et al. synthesized copolymers of D,L-lactide, and the
cyclic phosphate ethyl ethylene phosphate (EEP, Figure 32) by ring-opening polymerization, which
displayed accelerated degradation, high biocompatibility, and constant release profiles of a model
protein.??* In the field of tissue engineering, PPEs were used to fabricate guide conduits for nerve
regeneration, which triggered the formation of fibroblasts in defects of the sciatic nerve of rats.??
More recently, the focus was laid on photo-crosslinked hydrogels as injectable, degradable
scaffolds used for bone regeneration, as an inherent adhesion to bone?'? and osteoinductive
effects of PPEs were confirmed??*2%°, and it was presumed that produced phosphoric acid can
capture calcium ions, and thereby facilitates the deposition of HAP. Du et al. utilized the cyclic

phosphoester monomer 2-(2-oxo-1,3,2-dioxaphospholoyloxy) ethyl methacrylate (OPEMA, Figure

32) in combination with PEG to form linear macromers, which were crosslinked to hydrogels by
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photopolymerization. These hydrogels were shown to be biocompatible and able to encapsulate
osteoblasts without any toxic effects.??® Furthermore, Li et al. demonstrated excellent
biocompatibility with another photo-crosslinked hydrogel, which did not exert toxic effects on
bone marrow-derived mesenchymal stem cells from goats and displayed signs of mineralization
upon culture in an osteogenic medium.??” Very recently, scaffolds with mechanical properties
sufficient for the replacement of human bone were reported.'#222 Mautner et al. synthesized the
monofunctional and trifunctional vinyl phosphates (diethyl vinyl phosphoformate, DEVPF, and
trivinyl phosphate, TVP, Figure 32), and complete network degradation via surface erosion was
confirmed.'? Zhang et al. fabricated composites of unsaturated PPEs with B-tricalcium phosphate
(B-TCP) particles, which were in situ crosslinked and may be used as injectable and biodegradable

substitutes for alveolar bone.??8

Poly(phosphoesters) (PPEs)

monomers

0]
A 0o 0o/ =8
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EEP OPEMA DEVPF TVP

Figure 32: Structure of monomers used in literature for the formation of PPEs, 112224226

In addition to phosphoesters, silyl ethers (SE), with the general structure (R’0)nSiRs.n, recently
gained attention for the production of biocompatible and biodegradable materials.62229-233 These
compounds are commonly utilized for the protection of alcohols and are readily hydrolyzed to a
silanol and an alcohol, both of which are not considered inherently toxic or cause changes in the
pH of the surrounding medium.®? Various studies showed that degradation of SE-based polymers
occurs under mild acidic conditions, and degradation rates are tunable over several orders of

21 For example, Wang et al. used silyl

magnitude dependent on the substituents on the Si-atom.
ether bonds as acid-cleavable links in antibody-drug conjugates for the delivery of cytotoxins to
cancer cells.?32 Parrott et al. reported the synthesis of difunctional silyl ether crosslinkers with
acrylate groups, which were molded by a soft lithography technique to obtain degradable Trojan
horse particles for targeted drug release as well as sutures and stents for general surgery.??° Very

recently, Bunton et al. prepared degradable crosslinked networks by base-catalyzed addition of

SE-containing acrylates and thiols. Additionally, the controlled release of an encapsulated
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fluorescein dye as a drug surrogate was possible by varying the substituent attached to the Si-
atom.?** The only known thiol-ene photopolymerization of SEs was conducted by Ware et al.,
which synthesized several silyl ether-containing monomers and thiols, displayed in Figure 33. From
these compounds, networks were generated, which exhibited rapid hydrolytic degradation
without swelling. Additionally, they showed that these materials can be applied in

photolithography to fabricate biodegradable cortical electrodes.5?

Poly(silyl ethers) (PSEs)

monomers
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J/ SH J/ SH
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Figure 33: Structure of SE-based monomers, and thiols used by Ware et al.5?

Another heteroatom, known for its labile bond with oxygen, is boron.?'2 Hence boronic esters (BE),
with the general structure depicted in Figure 34, are highly interesting for generating hydrolytically
labile networks. These compounds can be easily prepared by the condensation of boronic acids
and diols and removal of the formed water. As the esterification is reversible, they are known to
be readily hydrolyzed.?342% This can be explained by the electron deficiency of the sp?-hybridized
boron in the structure, which only holds six valence electrons. Hence, the empty p-orbital
orthogonal to the three substituents is easily attacked by nucleophiles such as water.?*? Typically,
boronic esters are used as low-cost reagents for Suzuki-Miyaura couplings and are generally
considered to comprise low cytotoxicity.?'>23¢ Furthermore, hydrolysis of these compounds, next
to alcohols, yields boronic acids, which are mild Lewis acids with low toxicity and do not lead to

significant changes in the pH of the surrounding medium62212.236,237

44



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

STATE OF THE ART

Boronic esters (BEs)

B R, R' = any organic residue
R'O" "OR'

monomers and thiols

BDB ADB

Figure 34: General structure of boronic esters, and the literature-known BE-based monomers and thiols BDB,
and ADB.

Next to being hydrolyzable, the boronic ester moiety allows for catalyst-free transesterification
reactions, and therefore, these compounds were frequently used in solution-based systems with
dynamic properties, such as molecular sensors and drug delivery systems.?38242 Recently,
associative exchange reactions enabling network rearrangement in bulk polymers were reported
by Réttger et al.?*®* and Cromwell et al.?*, leading to the development of BE-based materials
capable of self-healing, reshaping, and recycling.?3>237:239.244-251 Chen et al. prepared crosslinked
self-healable, malleable, and re-processable rubbers by thermally initiated thiol-ene
polymerization of a butadiene rubber with the BE-containing thiol 12,2'-(1,4-phenylene)-bis(4-
mercaptan-1,3,2-dioxaborolane) (BDB, Figure 34).?3423°> Cash et al. synthesized crosslinked boronic
ester networks via radical-initiated thiol-ene polymerization, which displayed intrinsic self-healing
under ambient conditions.?*>?>! Recently, boronic esters were applied in 3D printing to prepare
self-healable hydrogels via extrusion, with possible applications in drug release and tissue
engineering.?>*%>> For example, Shi et al. fabricated hydrogels from boronic acid-modified
hyaluronic acid and PVA, which could be used for drug delivery and encapsulation and protection
of neural progenitor cells without exerting toxic effects. DLP-printing of self-healable materials
containing boronic ester bonds was first reported by Robinson et al.?>¢, which utilized the BE-based
monomer 1,4-bis(4-((allyloxy)methyl)-1,3,2-dioxaborolan-2-yl)benzene (ADB, Figure 34) in thiol-
ene photo-polymerizations. However, due to the low glass transition temperature of formed

polymers, the addition of a crosslinker without boronic ester bonds was necessary to prevent
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creep and failure during printing.24>2>7,258 Up to date, there are no reports on the usage of boronic

esters to obtain biodegradable polymers used for bone tissue engineering.

Thiol-ene chemistry

Bone regeneration scaffolds require certain mechanical properties for good load dissipation and
tissue integration.?” To improve the mechanical properties of state-of-the-art photopolymers,
especially toughness, several strategies can be found, which have been extensively reviewed in
recent years.%®143146259 A potent approach is the employment of chain-transfer agents such as
thiols, resulting in more homogeneous networks with sharpened glass transition temperatures,
lower shrinkage stress, and high fracture toughness.””141.147.260 pAdditionally, for monomers with
poor homopolymerizability, such as vinyl esters, vinyl carbonates, and vinyl carbamates, thiol
addition leads to an increase in monomer reactivity as it suppresses intermolecular H-abstraction
and reduces oxygen inhibition.®° Thiol-ene chemistry (TEC) has been frequently employed in the
biomedical sector and has found widespread application in low-shrinkage dental restoratives.'>*
154 155157 additionally, TEC was used in the fabrication of degradable hydrogels, mostly PEG, end-
capped with acrylates, norbornenes or allyl ethers, which were employed as drug-delivery
vehicles?61255 or applications in tissue engineering.?%%2%” Most remarkably, Aimetti et al. reported
the synthesis of human neutrophil elastase- (HNE) responsive hydrogels functionalized with
norbornene groups, which were crosslinked via thiol-ene reaction and physically entrapped drugs.
These hydrogels exhibited surface erosion upon exposure to HNE, an enzyme released by
neutrophils at sites of inflammation.?®* Very recently, inspired by dental resin composites,
Granskog et al. applied TEC in bone adhesives. Combined with a fiber-reinforced adhesive patch,
these systems exhibited unprecedented shear bond strength, good adhesion on rat femoral
fractures, and good biocompatibility without inflammatory responses.® A big issue with thiol-
ene-based photopolymers is the glass transition temperature of final materials, which is typically
low due to the formation of flexible thioether bridges, and limits the use of TEC in BTE applications.
Nevertheless, literature offers several strategies to circumvent these problems, ie. the

incorporation of functionalized nanoparticles proposed by Polizzotti?®” and Schreck et al.?%8
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Cyclopolymerization

Another approach to generate photopolymers with superior mechanical properties is the concept
of cyclopolymerization, which was discovered in the 1950s by Butler et al., who surprisingly
obtained water-soluble polymers upon radical polymerization of difunctional, non-conjugated 1,5-
and 1,6-dienes, such as quaternary diallyl ammonium salts.?®® As it was believed that these
monomers would either yield cross-linked, insoluble and saturated polymers or linear, soluble
polymers containing one residual double bond per unit, a novel alternating intra-intermolecular
propagation mechanism was proposed, yielding ring structures along the polymer backbone. This
type of polymerization is now known as cyclopolymerization.?’>?’? Since then, quantitative
cyclopolymerization with a variety of symmetrical dienes, such as dimethacrylamides (DMAA)?”2,
methacrylic anhydride (MAA)?’3, or activated diallyamines (DAA)?’* was reported, which are
shown in Figure 35. While cyclopolymerization based on a radical propagation mechanism is most
thoroughly studied, nowadays also ionic and transition metal-catalyzed propagation mechanisms
are reported in literature, with a comprehensive overview given by Pasini et al.?”>. While ionic and
metal-mediated cyclopolymerization require certain conditions, such as inert atmosphere,
absence of nucleophiles such as water, low initial monomer concentrations to suppress
homopolymerization or living initiator systems, radical cyclopolymerization may proceed in bulk
at ambient conditions under the formation of high molecular weight polymers, making it still by

far most abundant.?76-278

Cyclopolymerizable monomers (CPMs)
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R = any organic residue
Figure 35: Structure of different CPMs used in literature.
The mechanism of radical cyclopolymerization was first elucidated by Hall et al. and is depicted in
Figure 36.27° Most typically, cyclopolymerizable monomers (CPMs) are o,w-unsaturated, 7-atom
centered molecules containing either carbon, oxygen, or nitrogen as a center atom, which cyclize
to form five-, (Figure 36 A), six- (Figure 36 B) or seven-membered (Figure 36 C) rings. As the
formation of a primary radical is not favored, seven-membered rings are least likely to form. Upon

47



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

STATE OF THE ART

ring closure to five- or six-membered rings, either an unfavored primary radical (Figure 36 B) or a
more stable secondary radical is formed (Figure 36 C). Still, monomers preferentially forming both
5- or 6-membered rings are abundant, confirming that the preferred pathway is determined by

both thermodynamic and kinetic influences.?”®

RSy
X X X
B) RN R, (\u R, .
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)

X

R0 . {-“ﬁ _»R,ﬂ.
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R, = initiating radical
X=CO,N

Figure 36: Mechanism of cyclopolymerization to form five- (A), six- (B), or seven- (C) membered rings.

Due to the formation of cyclic structures along the polymer backbone, exceptionally high glass
transition temperatures were reported for cyclopolymers, making it ideal for generating polymers
with enhanced mechanical properties.?’® Additionally, due to the intramolecular propagation
mechanism, resulting in decreased crosslinking density, CPMs were recently proposed as reactive

diluents with low viscosity and volatility.0?

Kodaira et al. thoroughly investigated the structure of CPMs necessary for efficient
cyclopolymerization.?®° On the one hand, monomers should undergo intramolecular instead of
intermolecular propagation, equal to a low tendency towards homopolymerization. For these
monomers, according to the Gibbs-Helmholtz equation (Equation 2), intermolecular propagations
exhibit a loss of entropy (AS), which is not compensated by the low reaction enthalpy (AH). In
contrast, a lower entropy loss is displayed for the intramolecular mechanism of
cyclopolymerization, resulting in energetically favored polymerizations. Therefore, a low tendency
towards homopolymerization is essential for efficient cyclopolymerization.?®® For low homo-
polymerizability, the double bond can be activated by electron-withdrawing groups, such as ester
groups, and activation can occur from the inside of the double bond, as in DMAA or MAA or

outside, as in DAA (Figure 35).
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AG = AH —TAS

Equation 2: Gibbs-Helmholtz equation; G...Gibbs free energy; H...enthalpy; T...absolute temperature;
S...entropy.

The second principle includes steric considerations, particularly the introduction of bulky
substituents to bring the double bonds in close proximity for efficient ring closure, shown for
various ether dimers substituted with ester groups (DAE, Figure 35). These CPMs find application
in dental materials comprising low shrinkage, as shown by Stansbury et al.1>"28! Other than that,
no actual biomedical applications of cyclopolymers were reported yet, and CPMs were never used

in bone tissue engineering.

For the formation of three-dimensional networks, difunctional diallyl amides (Figure 37, left) or
respective salts containing two cyclopolymerizable motifs were proposed by Hall et al. to enhance
the polymerization efficiency.?®? Subsequently, Ruppitsch et al. studied dimethacrylamides (Figure
37, right) as crosslinking-CPMs with low volumetric shrinkage.?®3 These compounds allow tuning
of the resulting material properties by variations in the spacer bridging the cyclopolymerizable
groups. Other than that, the topic of higher functional CPMs as crosslinking monomers has not

been extensively studied.

Crosslinking CPMs

I Erate
) o
}— spacer —{ —{ spacer :N(

Figure 37: Schematic representation of crosslinking cyclopolymerizable monomers (CPMs) diallyl amides
(left)?®2, or dimethacrylamides (right)?®® with a spacer unit bridging the cyclopolymerizable groups.

Due to the possible variability of the center atom, CPMs can also be designed to contain
degradable features within the structure to possibly enable biomedical applications with
enhanced degradation characteristics to conventional poly(esters) or poly((meth)acrylates).
Arbuzova et al. were the first to investigate cyclopolymerization of divinyl acetals using the
monomers divinyl formal (DVF), divinyl ethanal (DVE), and divinyl benzal (DVB) shown in Figure
38. Upon photopolymerization in bulk, soluble polymers with slight residual unsaturation were
formed, which could be hydrolyzed to FDA-approved PVA-like structures and aldehydes under
acidic conditions (Figure 38).28* These compounds were then further extensively investigated by
Matsoyan et al., which polymerized a broad variety of aliphatic and aromatic divinyl acetals and
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ketals with radical initiators such as AIBN in bulk and solution and showed that polymerization
occurred exclusively via cyclopolymerization mechanism.?2>288 Tsukino et al. demonstrated that
the overall rate of radical cyclopolymerization decreases with increasing methyl substitution at
the center acetal carbon.?®® Corfield et al. also investigated the ionic cyclopolymerization of
several divinyl acetals.?’® While aromatic compounds vyielded saturated, linear polymers
containing no residual unsaturation, crosslinked networks were formed in the case of aliphatic

acetals, such as DVF.?70

In recent years, cyclopolymerization of divinyl acetals was only reported by metal-mediated
insertion polymerization. For example, Jian et al. performed a Pd-catalyzed cyclo-
copolymerization of ethylene and divinyl formal, resulting in novel poly(ethylenes) containing

cyclic dioxolane and dioxane units.?*°

Degradable CPMs
-1 = -1 = -1 = N
OXO OXO o__O O\P/O
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Figure 38: Structure of literature-known CPMs containing degradable motifs such as acetals (DVF, DVE, DVB)?*
or phosphoesters (PDVP)*!. Acidic degradation of cyclopolymers formed by divinyl acetals under the
formation of PVA or PVA-like structures, and aldehydes reported by Arbuzova et al.?®*

Hardly any CPMs with heteroatoms as center atoms are literature-known. In the late 1970s, radical
cyclopolymerization of the phosphorous-based CPM phenyl divinyl phosphate (PDVP, Figure 38)
was studied by Hayashi et al., which mainly observed crosslinking instead of cyclo-
polymerization.?° Nevertheless, the soluble fraction, containing mainly five-membered cyclized

units, was shown to be degradable under hydrolytic conditions.
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STATE OF THE ART

To summarize, various photopolymers are currently being investigated as biocompatible and
biodegradable bone replacement materials. However, due to drawbacks of state-of-the-art
materials such as cytotoxicity of residual monomers, poor mechanical properties, and/or
undesirable degradation of resulting materials, only a few are currently investigated in animal
models, and no reports on applications in humans have been published, so far. Therefore, the aim
of this work is to find novel small molecule building blocks to generate networks that combine
superior mechanical properties with enhanced degradation behavior compared to state-of-the-

art materials.
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General Part

1. Novel cyclopolymerizable monomers for enhanced mechanical

properties and network degradation

3D-printed scaffolds used in bone tissue engineering face certain challenges, above all, poor
mechanical properties and insufficient degradation speed of materials. Cyclopolymerizable
monomers (CPMs) are an intriguing approach to generate polymers with reduced shrinkage and
superior mechanical properties owing to the formation of cyclic backbone structures.
Furthermore, due to the variability of the center atom, these compounds allow for the integration
of degradable moieties into the structures for enhanced degradation characteristics. As high
cyclopolymerization efficiency is achievable with monomers exhibiting a low tendency towards
homopolymerization, vinyl ether moieties were chosen as polymerizable groups, which are known

not to homopolymerize with radical initiators.?&

Carbon-based CPMs

x x Y
R H R R o

DVAI DVK DvC

Heteroatom-based CPMs

-1 = - = - =

0._.0 0.0 0._.0
/SI\ /P\ B

R R o R R
DVS DVP DVB

R = H or any organic residue
R' = any organic residue

Figure 39: General target structures of CPMs containing degradable motifs: carbon-based CPMs with acetal
(DVAI), ketal (DVK), and carbonate moieties (DVC), and heteroatom-based CPMs with silicon (DVS),
phosphorus (DVP), and boron (DVB) as the center atom.

As hydrolyzable motifs, acetals, ketals, and carbonates, for one part, were selected, which are
known to be cleavable under acidic conditions present during bone remodeling and do not form
acidic hydrolysis products, potentially causing inflammation or necrosis. Several divinyl alkanals

(DVAI), divinyl ketals (DVK), and divinyl carbonate (DVC), with their general structure depicted in
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Figure 39, were already studied for their cyclopolymerization tendency. While most recent
literature only reports the ionic?’? or metal-mediated cyclopolymerization of these compounds,?®°
Arbuzova et al?®* and Matsoyan et al. 255288292 extensively investigated the radical
cyclopolymerization of several divinyl alkanals and ketals in bulk and in solution in the 1960s,
including the monomers divinyl formal (DVF), divinyl ethanal (DVE), divinyl benzal (DVB), and
divinyl acetal (DVAc) shown in Figure 40, and confirmed that polymerization of these compounds
occurred exclusively via a cyclopolymerization mechanism. Furthermore, the formation of soluble
polymers was determined, which were hydrolyzed to PVA-like structures and aldehydes under
acidic conditions. Murahashi et al. examined the radical polymerization of divinyl carbonate (DVC,
Figure 40) in bulk and reported the formation of cyclic backbone structures, although due to the

high degree of residual unsaturation, cyclopolymerization was not presumed the predominant

propagation mechanism.?%3

Degradable CPMs

-1 - = = =1 = =1 = =1 =
0._0 o.__0O

OXO OXO O\H/O
DVF DVE DVB DVAc bvC
:é é:
/,P\/
50
PDVP

Figure 40: Structure of literature-known CPMs containing degradable motifs, including the divinyl alkanals
DVF, DVE, and DVB, the divinyl ketal DVAc?%4, divinyl carbonate (DVC)?%, and the divinyl phosphate PDVP?%,

Another strategy to improve polymer degradation is to replace the center carbon of the CPMs
with heteroatoms, such as phosphorus, silicon, or boron, due to a less stable bond to oxygen than
carbon.5%297-212 polymers formed from the resulting heteroatom-based CPMs (DVS, DVP, and DVB)
depicted in Figure 39 would hydrolyze under the formation of non-toxic and less acidic phosphonic
acids, silanols, or boronic acids.5>209-212.233 Almost no literature reports the cyclopolymerization of
vinyl ether compounds containing these degradable motifs. Hayashi et al. examined the radical
polymerization and copolymerization of vinyl phosphates, including phenyl divinyl phosphate
(PDVP), shown in Figure 40 but mainly observed crosslinking instead of cyclopolymerization,

although the soluble fraction containing five-membered rings was degradable under hydrolytic
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conditions.?®® In contrast, cyclopolymerization of Si- and B-containing vinyl ethers is unstudied

entirely.

As a result, carbon- and heteroatom-based CPMs, comprising the structural elements summarized
in Figure 39, were selected as target structures and synthesized. Subsequently, the tendency of
these monofunctional model compounds towards cyclopolymerization was tested. To further
improve cyclopolymerizability, also CPMs containing features for efficient cyclopolymerization
were synthesized. As the final objective was the formation of polymer networks, the essential
structural elements for efficient cyclopolymerization and degradation should be determined from
these compounds and used for the design and synthesis of di- or higher-functional CPMs, enabling

the formation of degradable networks with cyclic backbone structures.

1.1 Cyclopolymerizable model compounds

Based on these target structures, the first goal was the synthesis of monofunctional carbon- and
heteroatom-based model compounds and subsequent investigation of their potential towards

cyclopolymerization.

1.1.1 Synthesis of carbon-based model compounds

First, different monofunctional carbon-based CPMs, including divinyl alkanals (DVAI), divinyl ketals

(DVK) as well as divinyl carbonate (DVC), were synthesized.

Divinyl alkanals and ketals can be easily prepared in a two-step reaction, with general procedures
described by Jian et al.?°°, Matsoyan et al.?8>287.292 and Lorette et al.?°* For the first step, two
procedures are possible (Figure 41 A and B). Pathway A) involves the acid-catalyzed acetalization
of the respective aldehyde or ketone (0.7-1 equivalents, eq.) with a slight excess of 2-
chloroethanol (2.2 eq.) to the bis(2-chloro)ethylacetal species.?8>287.290.292 As the formation of an
acetal is unfavorable with regards to entropy, another method is to perform the first step by acetal
exchange using an acetal-type reagent, such as an orthoester, which avoids the entropic cost, as
shown for pathway B).2°* As catalysts for both reactions, sulfuric acid (0.08 eq.)?*® and p-
toluenesulfonic acid (pTsOH, 0.01 eq.)?®” are reported, and the reaction is performed in solvents
such as chloroform, toluene, or benzene, which are used to remove water or in case of pathway
B) the formed alcohol by azeotropic distillation, to prevent reformation of the starting materials.
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The desired divinyl alkanal or ketal can then be formed in the second step by double elimination
of HCl under strongly alkaline conditions, with an excess of KOH (6-12 eq.) under high

temperatures (190-240 °C), dependent on the boiling point of the final product.?85:287,290,292,294

Divinyl alkanals (DVAI) and divinal ketals (DVK)

A
) o
J o T
R 'R’
aldehyde acid catalyst CI/\o OK\CI KOH :(l) (l):
or ketone > X —_— X
B) R R R R
R"O .
R O+ o
Rl
R, R' = H or any organic residue
orthoester R" = any organic residue

Figure 41:General procedures for the synthesis of divinyl alkanals and divinyl ketals by acid-catalyzed A)
acetalization of the respective aldehyde or ketone, or B) acetal exchange from the orthoester. The second step
involves the base-catalyzed elimination of HCl to form the product.?85287,290,292,294

The simplest divinyl alkanal species, divinyl formal (DVF), with two hydrogen atoms attached to
the center carbon atom, was synthesized as the first model compound. The synthesis was carried

out according to Jian et al.?*° via pathway A).

g o 98% H,SO, Cl/\ (\Cl KOH = =
HOTtC-OfH * ¢ > > 0.0 — > 0,0
Jfl ]L cl CHCl; < 190 °C =
H o n H H H H

CEF DVF

For the synthesis of the intermediate bis(2-chloroethyl)formal (CEF), 0.08 eq. of 98% sulfuric acid,
0.7 eq. of paraformaldehyde, and 2.2 eq. of 2-chloroethanol were dissolved in chloroform and
heated for 48 h until the evolution of water ceased. The crude product was purified by distillation
to afford CEF as a colorless liquid in a yield of 40 %. The final product DVF was prepared from 1 eq.
of and 12 eq. of KOH, which were heated for 8 h. After extraction and solvent removal, a mixture
containing ~40% of DVF and ~60% of the side product 2-chloroethyl vinyl formal was obtained,

which was redistilled to yield the desired product DVF as a colorless liquid in a yield of 21%.

As the final goal was to synthesize difunctional CPMs to form degradable networks, acetal
compounds substituted at the central atom were also synthesized. Here, the simplest compound

is divinyl ethanal (DVE), containing a methyl group attached to the central atom. As hydrolysis
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rates of acetals are influenced by substituents at the carbon atom, this may also impact the
degradation behavior of the resulting networks.'8 The synthesis was conducted similarly to DVF,
according to Matsoyan et al.?®’.

)\ p-TsOH Cl/\o OK\C' KOH — [

e NG + CI/\/OH S —— _— o.__0O

)\ )\ toluene X 200 °C X
(@) H3C H H3C H

CEE DVE

For the synthesis of the intermediate bis(2-chloroethyl)ethanal (CEE), 1 eq. of paraldehyde, 6.8 eq.
of 2-chloroethanol, 0.01 eq. of pTsOH were dissolved in toluene and heated until the evolution of
water ceased, resulting in a yield of 63%. To synthesize the desired product, 1 eq. of CEE and 10 eq.

of KOH were utilized and heated for 8 h to obtain the product in a yield of 25%.

Next, a compound with a fully substituted central atom was synthesized, and the monomer divinyl
acetal (DVAc) with two methyl groups was selected. The synthesis was done according to Lorette

et al.*®* following pathway B) using the orthoester dimethoxypropane as a starting material.

HyCO pTson  C7 ) [0 o = =

OCH; + o~ OH ———— > 0.0 - 0.__0
benzene 220 °C

HsC CHg HsC CHs

CEA DVAc

For the synthesis of the intermediate bis(2-chloroethyl)acetal (CEA), 1eq. of 2,2-
dimethoxypropane, 2.2 eq. of 2-chloroethanol, 0.01 eq. of pTsOH were dissolved in benzene and
heated until the evolution of methanol ceased to obtain a yield of 27%. For the next step, 1 eq. of

CEA and 10 eq. of KOH were heated for 8 h, and the product was afforded in a yield of 13%.

As good mechanical properties, such as high strength and stiffness, are required for the final
material used in BTE, aromatic substituents at the center carbon were also envisioned. An
influence of the aromatic moieties on network degradation was also expected. Hence, the
synthesis of divinyl benzal (DVB), containing a phenyl moiety at the center atom, was done

according to Matsoyan et al.?®,

CHO Y (e -1 =

p-TsOH 0.__0O KOH 00
toluene H 240 °C
DVB
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For the synthesis of the intermediate bis(2-chloroethyl)benzal (CEB), 1 eq. of benzaldehyde, 2 eq.
of chloroethanol, 0.01 eq. of pTsOH were dissolved in toluene and heated until the evolution of
water ceased to obtain a yield of 44%. For the second step, 1 eq. of CEB and 6 eq. of KOH were
heated for 8 h to afford the product in a yield of 16%.

To determine the influence of electron-withdrawing groups on the cyclopolymerization tendency
of divinyl ethers, divinyl carbonate (DVC) was chosen as a model compound. Although no higher
functional CPMs containing carbonate moieties are obtainable, due to the full substitution of the
center carbon, DVC might be used as a reactive diluent in combination with other higher functional
CPMs. Additionally, the bulky and electron-withdrawing carbonate group may improve
cyclopolymerization tendency due to a more favorable double bond orientation for ring
formation. The synthesis of DVC was conducted via a three-step procedure. The first two steps

were done according to Hofecker et al.?*>, and the last step was conducted according to Beak et

al.296
o DMF, NEt, j\
)J\ + S|i,C| > >Si/OV/ Cl Cl )OJ\
N >
H xylene | cat. PdAc, c oo
VOTMS adiponitrile VCF
AgOAc

chlorobenzene

:é é:
bl
O
DvC

In the first step, vinyloxy trimethylsilane (VOTMS) was synthesized using 1.25 eq. triethylamine
(NEts), 1 eq. trimethylsilyl chloride, and 2.5 eq. acetaldehyde dissolved in DMF, which were stirred
at rt for 1 week, and the product was obtained in a yield of 46%. In the next step, DVC was
synthesized using 1 eq. of VOTMS, 0.01 eq. of palladium(ll) acetate (PdAc) as a catalyst, and
phosgene (20 w% solution in toluene), which were subsequently stirred at rt for 72 h. To
determine if any phosgene was left in the mixture, phosgene test strips were prepared. After
complete removal of phosgene, the mixture was distilled to yield the product vinyl chloroformate
(VCF) in a yield of 46% as a solution in toluene. Toluene and the product could not be separated

due to their similar boiling points. For the third step, 1 eq. of vinyl chloroformate (23% solution in
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toluene) was added to 0.8 eq. of silver acetate in chlorobenzene. After 1 week, still, no product
was formed, according to NMR. This is most probably due to the usage of VCF as a solution in

toluene, which might interfere with the formation of the desired product.

1.1.2 Synthesis of heteroatom-based model compounds

Due to their less stable bonds formed with oxygen compared to carbon, heteroatoms, such as
phosphorus, silicon, and boron, were incorporated into the CPM structure by replacement of the
central carbon atom. Monomers and polymers containing these bonds were studied by several
groups, which showed that they are hydrolyzable under certain conditions and form less acidic
and non-toxic degradation products®%190,207-211,213,217,218,225-235256  Neyertheless, radical
cyclopolymerization of divinyl ether compounds containing these degradable motifs was only
studied for the compound PDVP, depicted in Figure 40, so far. Therefore, these compounds are
highly interesting for the field of BTE and might offer the solution for a biocompatible material
that both exhibits sufficient mechanical properties while also being degradable without forming
toxic or irritant products. As no vinyl ethers of boronic acids were found in literature, the focus

was especially on compounds containing phosphorus and silicon.

First, the phosphorus-based compound trivinyl phosphate (TVP) was synthesized according to

Dworak et al.?®”

Cl BulLi
Cl\P/ n-buLl O\P/O
——x——
e THF O// \O
© A\
TVP

For the synthesis, first, the cyclorevision of THF was performed to form the necessary Li-enolate.?®’

For this, 2.9 eq. of n-BulLi were added to 56 eq. of THF and then stirred for 30 min at 0 °C and
another 16 h at rt. Subsequently, the solution was added to 1 eq. of phosphoryl chloride, followed
by stirring for 1 h at-78 °Cand rt overnight. Unfortunately, no product was obtained after removal

of the precipitate and solvent evaporation.

As an analog to divinyl acetal, the Si-based compound bis 2-(vinyloxy)-dimethylsilane (DVS), with

two methyl groups attached to center atom, was synthesized in accordance with Hofecker et al.?%
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o DMF, NEt; —| [—
. sli’CI - Oyg©
H - \CI xylene H3C/ \CH3
DVS

For the preparation, 2.5 eq. NEt;, 1 eq. dichlorodimethylsilane and 5 eq. acetaldehyde were

dissolved in DMF and stirred at rt for 1 week to yield the product in a yield of 26%.

1.1.3 Reactivity towards cyclopolymerization

After the successful synthesis of five carbon- and heteroatom-based model compounds
summarized in Figure 42, next, the tendency of these monomers for radical cyclopolymerization
was investigated. As vinyl ethers are typical monomers for cationic photopolymerization, cationic
photoinitiators (Pls) were applied to study the possibility of cationic cyclopolymerization. Hence,
after irradiation, it was determined whether soluble polymer chains with cyclic structures within

the backbone, instead of crosslinked networks, were formed upon polymerization.

Due to the high volatility of all compounds, except DVB, no photo-DSC measurements could be
performed, as substantial evaporation of the samples in the crucibles was observed, even when
using a glass lid. Therefore, RT-NIR photorheology measurements were conducted, during which

a significant reduction of sample evaporation was achieved due to the small gap size.
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Carbon-based CPMs
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DVS
Figure 42: Synthesized carbon-based and heteroatom-based CPMs.

This method is a powerful tool to simultaneously determine rheological and kinetic data during
polymerization. For this, a defined amount of resin is applied onto a glass plate, and rheology data
is collected via oscillatory sheering with a plate-plate rheometer (PP25). The formulation
containing monomer and photoinitiator (Pl) is irradiated from below with UV light, and the double
bond conversion (DBC) is followed via a NIR beam, which is guided through the resin and reflected

by the plate of the rheometer (Figure 43).

a) b)

rheometer -+ measuring system
Anton Paar L4

MCR302 WESP

rheometer

e plate-plate, @ 25mm

external
MCT detector .
et peltier plate
' Iight source — _‘(‘glass for NIR, CaF for MIR)

IR spectrometer
Bruker Vertex 80

NIR / MIR

optical unit

Iig guide

UV light

Figure 43: a) General setup of the RT-NIR photorheometer; b) Schematic illustration of the IR-beam path.?®

Important mechanical data, which can be determined from the rheological data, includes the
storage modulus G’ and the loss modulus G”” over the course of the polymerization and the final
storage modulus G’sinal of the material. Furthermore, the time when the gel point is reached (tgei)
can be calculated, corresponding to the time of intersection of the storage and loss modulus

curves. When polymerization starts, the gel point marks the time, at which a gel is formed in the
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liguid monomeric formulation, reflected in a loss in fluidity and the formation of a 3D network,
which results in an abrupt change in viscosity. From the IR data, the double bond conversion at
the gel point (DBCgel), final double bond conversion (DBCrinal), and time when 95 % of DBC is
reached (tgs) can be calculated. Lastly, the occurring shrinkage stress can be determined, which

correlates with the maximum normal force (Fn max) during the measurement.?®

For the experiments, filtered light from a broadband Hg lamp (320-500 nm) was used. 150-180 uL
of sample volume was applied to the glass plate, which was covered with a PE tape, and each
formulation was irradiated for 540 s with a 200 um gap between the measuring system and the
glass plate. It is important to note that irradiation was induced 65 s after the start of each
measurement. The light intensity at the surface of the samples was adjusted to 30 mW/cm?. The
measurements were performed in triplicates at 25 °C with a closed furnace. The DBC over time
was determined by integration of the double bond signal at ~6170 cm™ and related to the integral

at to.

All samples obtained after the measurements were treated with CDClz for NMR measurements to
determine the double bond conversion (DBCnmg) and THF for gel permeation chromatography
(GPC) to investigate the molecular weight of the received polymers. The double bond conversion
could be determined for all monomers via the signal of the double bond, while the -H at the center
carbon for DVF, the -CHs at the center carbon for DVE, DVAc, and DVS and the aromatic -H at the

phenyl group for DVB were used as internal standards.

1.1.3.1 Radical cyclopolymerization
To determine the reactivity of the synthesized monomers towards radical cyclopolymerization,
RT-NIR-photorheology measurements were conducted with formulations prepared from each
monomer and 1 w% of the photoinitiator bis(4-methoxybenzoyl)diethylgermanium (Ivocerin®),

which was already confirmed to be biocompatible by the company Ivoclar GmbH.3°
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Table 3: Detailed results of RT-NIR-photorheology, GPC, and NMR measurements of formulations containing
each monomer with 1 w% Ivocerin. *No gelation occurred. °No polymer detected.

monomer | tge  DBCgel tos DBCfinal G'final  Fn,max M PDI DBCnwr
[s] [%] [s] [%] [kPa] [N] [kpa]  [-] [%]
DVF -* -* 317.5+£325 146 £ 8.4 ¥ - -° -° 0
DVE ¥ ¥ 392.5+£47.5 149+1.3 ¥ - 0.43 1.08 7
DVAc -* -* 285.0 £ 68.0 10.4+£0.2 ¥ - 1.86 1.90 3
DVB ¥ ¥ 54.0+£21.0 13.1+ 0.1 ¥ - 3.20 3.49 6
DVS -* -* 219.5+141.5 13.1+1.0 ¥ - -° -° 0

Table 3 shows that upon radical polymerization, no gelation occurred for all monomers, as
expected in the case of complete cyclopolymerization. However, no solid specimens were
obtained, and all samples remained liquid. Additionally, a maximum double bond conversion of
15% for all formulations was determined, which could also be an artifact of the evaporation of the

volatile compounds.

All samples dissolved readily in CDCl; and THF. Results in Table 3 confirmed that no double bond
conversion was detected via NMR for DVF and DVS, and only slight conversions were shown for
the other monomers (3-7%). This supports the results of the photorheology measurements, in
which slightly higher but still very low DBC values, up to 14%, were observed. The NMR spectra
additionally showed the formation of slight amounts of oligomeric substances for the
polymerization of DVE, DVAc, and DVB. GPC confirmed that soluble oligomers were formed for
these photopolymerizations, with the highest molecular weight determined for DVB with 3.2 kDa.
This shows that although the tendency of these compounds for homopolymerization and hence
crosslinking is low, radical cyclopolymerization also does not occur, or occurs only to a small extent

as only soluble oligomers with a very low chain length are formed for DVE, DVAc, and DVB.

1.1.3.2 Cationic cyclopolymerization
Next, measurements were done with formulations containing each monomer and 1 w% of the
cationic initiator I-Al (Figure 44) to get insights if cationic cyclopolymerization is possible. In
general, due to the high reactivity of vinyl ethers towards cationic initiation, no
cyclopolymerization, but crosslinking of vinyl ethers with cationic initiators was expected. The
mechanism of the photoinitiated cationic polymerization of vinyl ethers with diaryliodonium salts
as initiators is depicted in Figure 44. Briefly, photoexcitation of the diaryliodonium salt occurs,
leading to both heterolytic and homolytic cleavage of the carbon iodonium bond. The generated
aryl cations and aryl cation radicals then react with present solvents, monomers, or impurities to

63



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

GENERAL PART

yield the protonic superacid HMtX,, which then initiates the photopolymerization by addition to

the vinyl ether double bond, followed by propagation with further monomers.2%°

Cationic photopolymerization

initiator

FiC F3c\{/CF
FsC—H—

F4C AI CF,
Q" o—(cF,
CF,

F;C | CF
3 CF3 3
I-Al
mechanism
. PhI*X- + Ph’
Ph,I*MX,,- __ hv PhI*'X" | ——> ——= 5 HMX,
o [Phaitx] Phl + Ph*X- "

superacid
_ H
HMtX,” + bR —> = mix,

H
< Mtx, *+ n g —> H{/\Hﬁ
OR OR OR

+

R = any organic residue

Figure 44: Structure of the cationic photoinitiator I-Al and mechanism of cationic photopolymerization of vinyl
ether monomers.
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Figure 45: Storage Modulus (G’, left) and DBC (right) over time for DVF (—), DVE (—), DVAc (—), DVB (—),
and DVS (—). ¥*Detachment from stamp occurred.

The rheological data (Figure 45, left) shows that gelation was observed for all monomers except

for DVAc, which did not display any increase in storage modulus and resulted in a highly viscous
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liquid after irradiation for 540 s. Crosslinking was shown for all monomers, DVF, DVE, DVB, and
DVS, indicating a greater tendency to homopolymerize than for cyclopolymerization. With DVF,
DVB, and DVS, brittle sample platelets were obtained, while polymerization of DVE resulted in a
rather soft platelet. DVF and DVS show relatively fast gelation with crosslinking observed after
~20 s. Additionally, detachment of the solid polymers from the stamp was observed for these
formulations due to the high shrinkage of these networks (~-40 N); hence, the curing process could
only be monitored for <100 s. This further supports that homopolymerization occurred, as
cyclopolymerization should lead to reduced shrinkage during curing.?®® A significantly retarded
polymerization was shown with DVB and was even more substantial for the formulation
containing DVE. This may be due to the electron-donating effect or steric effects of the phenyl and
the methyl group on the acetal moiety, retarding cationic polymerization. The IR data (Figure 45,
right) confirmed that high conversions were observed, even for the sample containing DVAc, with
conversions >99% for DVE-, DVAc-, and DVB-based formulations. Since no gelation occurred for
the sample containing DVAg, this indicates that cyclopolymerization might have occurred. For the
formulations containing DVF and DVS, the conversion could only be monitored until detachment

from the stamp and is hence seemingly lower compared to the other monomers.

Cationic photopolymerization uses an initiator, which forms a superacid initiating species upon
irradiation with light. As acetals can be hydrolyzed under acidic conditions, cleavage of the
monomers and the formed polymer network was expected and was evident in many ways. For the
slower polymerizing monomers DVE and DVB, this effect appears to be more significant, as upon
closer look at the DBC curves over time (Figure 45, right), a kink at around 20% conversion was
observed. Additionally, tos values were lower than the time for gelation, and a DBCg of almost
100% was attained in the polymerization of these monomers. Therefore, cleavage of the acetal
moiety of the monomers and the formed network by the acid must occur, which directly competes
with the formation of a crosslinked network. This leads to the observed retardation and results in
an apparent but “false” increase in DBC, as aldehydes or ketones are formed from the double
bond-containing species during this process. This also might explain the high DBC observed for the
polymerization of DVAc, which does not display network formation. For the monomers DVF and
DVS, with faster polymerization kinetics, significantly accelerated gelation, and lower DBCge values
of 4-11% were shown. This indicates that the cationic polymerization is significantly faster than
the cleavage of the acetal groups, which might indicate higher stability of these monomers
towards the acid-initiating species. In general, the stability of an acetal or ketal against acids is

determined by the stability of the oxonium ion formed in the first stage of the hydrolysis, depicted
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in Figure 46. The more stabilized by electron-donating groups, the higher the rate of hydrolysis.*®®

The resulting order of stability for the synthesized monomers is shown in Figure 46, which further
confirms the results, as the fastest crosslinking was observed with the most stable compound DVF,
while slower crosslinking was shown for less stable DVE and DVB, with increased extent of
monomer and polymer cleavage. For DVAc, stability might even be so low that cleavage occurs

faster than polymerization. The detailed results of the measurements are given in Table 4.

:éxcl): H* —1 .= _CcH,cHO |

R R R R R R

oxonium lon

R, R' = any organic residue

Order of stability:

-1 = -1 = -1 = -1 =
o__0O o__0O o__0O o__0O
K > X > =
HH H,C H H H;C CH,
DVF DVE DVB DVAc

Figure 46: Acidic hydrolysis of acetals or ketals under the formation of an oxonium ion as an intermediate and
resulting order in the stability of carbon-based CPMs.

Table 4: Detailed results of RT-NIR-photorheology measurements. °No gelation occurred. *Detachment from
stamp was observed.

monomer teel [s] DBCgel [%] tos [s] DBCiinal [%] G’max [kPa] Fn,max [N]
DVF 25.1+1.9 44+0.5* 476+0.3* 69.5+2.6* 315.2 +3.9* -38.4 +3.9*
DVE 175.0£2.0 985+0.2 1255+25 99.1+0.1 115.0+1.9 -7.6+£0.2

DVAc -° -° 135.5+0.5 >99.9 0.0+0.0 -0.1+0.1
DVB 83.2+0.6 96.5+0.3 66.0+£0.1 99.8 £0.1 6159+5.1 -8.1+0.1
DVS 18.8+0.1 10.9+04* 782+1.1* 70.7+2.1* 4455+21.11* -44.7+3.6*

Table 5: Detailed results of GPC and NMR measurements of monomers with 1 w% I-Al. °No polymer detected.
*No residual double bonds.

monomer Ms,[kDa] PDI[-] DBCnwr[%)]

DVF = = -*
DVE 0.43 1.02 -*
DVAc 0.94 1.75 -*
DVB 1.01 1.49 -*
DVS = = -*
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No dissolution of the samples containing DVF, DVE, and DVS occurred, which shows that
crosslinking instead of cyclopolymerization took place. GPC data in Table 5 confirmed that no
oligomeric or polymeric soluble substances were detected for DVF and DVS, while oligomers with
an extremely low molecular weight of 0.4 kDa were observed for DVE, which supports that almost
fully crosslinked networks were formed. For DVAc and DVB, dissolution of the samples occurred
in both CDCl; and THF, which indicates that cyclopolymerization might have happened.
Nevertheless, oligomers with low molecular weights (0.9-1.0 kDa) were also formed. This shows
that for all monomers, cyclopolymerization efficiency to form polymers with high molecular
weight is extremely low. NMR data in Table 5 shows that no monomer was present after
polymerization as no double bonds were detected after polymerization, and no conversion could
be determined due to the lack of internal reference peaks. Nevertheless, spectra confirm that this
is due to monomer and network cleavage, as peaks for the respective aldehydes or ketones are
visible in all spectra of carbon-based CPMs. For DVS, no peaks of the cleaved products are present,
which indicates higher stability of the Si-O-bond towards acidic conditions, and, therefore,

supports the high gelation rates observed in photorheology.

To conclude, polymerization of the synthesized compounds with cationic initiators leads to full
crosslinking instead of cyclopolymerization for all monomers except DVAc and DVB. Although
solubility in different solvents could be confirmed for these samples, only very low molecular
weights were determined (<1.1 kDa), which shows that although cyclopolymerization might have
occurred, only small oligomers, instead of polymers with high chain length, were formed.
Additionally, it was shown that cleavage of the monomers takes place upon irradiation due to the
formation of the acidic initiating species. Therefore, these compounds are not suitable for cationic
photopolymerization. The results are also supported by literature, which states that for efficient
cationic cyclopolymerizations, high monomer dilutions and living initiator systems (ZnCl,/HCI) are
essential to suppress homopolymerization.?’62783%0 Therefore, cationic cyclopolymerization by

photoinitiation in bulk seems impossible and was hence not pursued further.
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1.2 Monomers with improved cyclopolymerization tendency

Since preliminary attempts for cyclopolymerization with the synthesized CPMs were unsuccessful,
and no significant cyclopolymer formation was observed with both radical and cationic
photoinitiators, a new monomer design was pursued. As described in the State of the Art, two
principles can be employed for efficient cyclopolymerization. The first principle comprises the
introduction of bulky substituents into the structure to orient the double bonds in close proximity
for ring closure. These bulky substituents may, for example, be attached to the center atom of the
CPMs. Secondly, a low tendency towards homopolymerization was found beneficial, which can be
achieved by activating the double bond with electron-withdrawing groups from inside or outside
of the double bond with typically applied groups, including ester moieties.?®? Therefore, the
synthesis of novel compounds was conducted, and both approaches of enhancing
cyclopolymerization tendency via sterically hindered moieties attached to the central carbon and
activation of the double bond by electron-withdrawing groups were used to generate new target

structures.

1.2.1 Synthesis of carbon-based cyclopolymerizable monomers

First, several compounds with bulky substituents at the central carbon atom were synthesized.
For this, the same procedure as for divinyl alkanals and ketals described in 1.1.1 was used.
However, as ketalization with sterically demanding substituents is less favored, higher amounts of
2-chloroethanol (2.5-4 eq.) and pTsOH (0.04 eq.) for some reactions were employed to shift the

equilibrium towards the ketal product.

Especially benzophenone was found to be an interesting starting compound, as ketalization would
result in the formation of a sterically-hindered center atom attached to two phenyl moieties.
Hence, the synthesis of diphenyl-bis(vinyloxy)methane (DVP) was conducted according to

Matsoyan et gl.?8>2%2

Cl Cl
i -
+ C'\/\OH _— (0] O  -------- > (@] (e}
toluene fi
CEP DVP
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The intermediate bis(2-chloroethoxy)diphenylmethane (CEP) was synthesized with 1eq. of
benzophenone, 2.5 eq. of chloroethanol, and 0.01 eq. of pTsOH, which were dissolved in toluene
and heated until the evolution of water ceased. NMR showed that the solid consisted mainly of
benzophenone and ~12% of the desired product. This indicates that the high steric hindrance at
the center carbon results in an equilibrium shift towards the starting materials instead of the
desired ketal. Distillation under vacuum was attempted but was unsuccessful, and column
chromatography was not possible due to the high similarity in R¢ values of benzophenone and the

desired product. Therefore, the product could not be isolated.

Another interesting naturally occurring compound for ketalization is camphor, as it would lead to
a strongly sterically-hindered center carbon. Liu et al.3°! published the synthesis of a cyclic acetal
of camphor with glycerin; however, literature gives no results for linear acetals of this compound.
Nevertheless, the synthesis of 1,7,7-trimethyl-2,2-bis(vinyloxy)bicyclo[2.2.1]heptane (DVK) was

conducted according to Matsoyan et al.?8>2%2

Cl Cl
i N
pTsOH KOH =1 =
+ CI\/\OH s oo > O O
1 CHCI, \@ \©
i
CEK DVK

For the first step of the synthesis of 2,2-bis(2-chloroethoxy)-1,7,7-trimethylbicyclo[2.2.1]heptane
(CEK), 1eq. of (+/-)-camphor, 3 eq. of chloroethanol, 0.01 eq. of pTsOH were dissolved in
chloroform and heated to reflux. No water formation was observed, and NMR confirmed that no
product was formed. Therefore, toluene and benzene were also tested as solvents in combination
with higher concentrations of pTsOH (0.04 eq.) and chloroethanol (4 eq.). However, still, no
product formation was observed. Most probably, the steric hindrance at the center carbon is too
high for the formation of the product, and only the formation of cyclic acetals described in

literature3! is thermodynamically favored.

To enhance the electrophilicity of the center carbon, and hence the attack of the alcohol during
the first step of ketalization, diethyl ketomalonate, containing two ester groups next to the
carbonyl group, was used as the next precursor. Similar to camphor, for this compound, a cyclic

ketal formation was published with chloroethanol under basic conditions by Wang et al.3°2 The
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synthesis of diethyl 2,2-bis(vinyloxy)malonate (DVM) was conducted according to Matsoyan et

a/' 285,292
Cl Cl
Emjrﬂjroa bOhgy ——— o e . )
5 & toluene MOEt EtOMOEt
(0] 0] 0] 0]
CEM DVM

For the synthesis of diethyl 2,2-bis(2-chloroethoxy)malonate (CEM), 1 eq. of diethyl ketomalonate,
4 eq. of chloroethanol, and 0.04 eq. of pTsOH were dissolved in toluene and heated to reflux.
Again, no water formation was observed, and according to NMR, not the desired product was
formed, but the side-product from the transesterification of diethyl ketomalonate with
chloroethanol. This again supports that the steric hindrance might be too high and only cyclic

acetals of the starting material are thermodynamically favored.

To determine whether cyclopolymerization tendency is increased by activation of the double bond
with electron-withdrawing groups, the synthesis of the new carbonate-based compound diethyl
2,2'-(carbonylbis(oxy)) diacrylate (CDA) was attempted via a two-step procedure according to
Barton et al.3®® This compound displays the advantage that upon cleavage of the carbonate
moiety, ethyl pyruvate is formed, a non-toxic substance with a high LDs (lethal dose, which causes

the death of 50% of test subjects) reported for rats (LDso,oral,rat=5 g/kg).1?®

o COOEt ;i\ EtOOC  COOEt
Ef/ /Jﬁro\// TEA c’ e
2 + - o T onal o. _O
Nai” cat. PdAc
Cl 5 DCM /S\| 2 \n/
adiponitrile o
TMSA CDA

In the first step, trimethylsilanoxy ethyl acrylate (TMSA) was synthesized as described by Barton
et al.3% For the synthesis, 1 eq. of ethyl pyruvate was enolized by 1.1 eq. of NEt3 at 0 °C, and then,
1.1 eq. trimethylsilyl chloride were added, after which the mixture was stirred at rt for 1 h. The
product was purified by distillation, yielding the product, which started to polymerize
spontaneously during the process. This instability was already reported by Gauss et al.?*3, who
observed polymerization of the product during distillation or upon storage in the freezer and the
formation of high molecular weight polymers (>100 kDa) with a low PDI (<2). Subsequently,

inhibition of the polymerization was attempted by addition of various radical and cationic
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stabilizers, such as BHT, phenothiazine, and NEt; (1000 ppm). Nevertheless, polymerization during
distillation still occurred. Another possibility would be group transfer polymerization of TMSA in
the presence of nucleophiles, depicted in Figure 47. Therefore, also the acid stabilizer (2-((2-
(ethoxycarbonyl)allyl)oxy)ethyl) phosphonic acid (MA154), shown in Figure 48, was added, but

still, polymerization was observed, and the product could not be isolated.

0. _OEt S
COOEt
OBt j’ EtOOC o

- 0 N O —
Nuc >Si ) O Sii /
A

Figure 47: Group transfer polymerization of TMSA.

HO\P/\/O\)H(OEt
e \\
HO Y, I

MA154

Figure 48: Chemical structure of the acid stabilizer MA154.

1.2.2 Synthesis of heteroatom-based cyclopolymerizable monomers

As the synthesis of novel carbon-based compounds with both bulky substituents or electron
withdrawing groups was unsuccessful, the synthesis of heteroatom-based CPMs comprising these
principles was attempted. As a result, the synthesis of the silicon-based compound diethyl 2,2'-
((dimethylsilanediyl)bis(oxy))diacrylate (DMSA), containing electron-withdrawing and sterically
demanding ester groups attached to the double bonds, was conducted analogously to TMSA, as

described by Barton et al.3%?

o EtOOC  COOEt
cl TEA :|
—Sji— + )J\WOM _— 0. 0
| NAcT
cl o DCM St
HsC CHs
DMSA

For the synthesis, 2 eq. of ethyl pyruvate, 2.2 eq. of NEt;, and 1.1 eq. dichlorodimethylsilane
dissolved in DCM were used, which were stirred at rt for 1 h. Similar to TMSA, the product
polymerized spontaneously during solvent evaporation, suggesting a similar polymerization

mechanism. Again, stabilization with various stabilizers (1000 ppm of BHT, phenothiazine, NEts, or
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MA154) was unsuccessful. Slight amounts of unpolymerized solid could be removed from the flask
and analyzed, showing a high melting point of 165 °C. Therefore, this compound is unsuitable as a
cyclopolymerizable monomer, which generally should display low melting points or even be liquid

at rt, and the synthesis was not pursued further.

1.3 Resumé

A library of different carbon- and heteroatom-based divinyl ether monomers containing cleavable
bonds at the center atom and tested for their tendency towards both radical and cationic
cyclopolymerization. It was shown that cyclopolymerization efficiency is very low with a radical
initiator, with the formation of soluble oligomers with low molecular weight (<3.2 kDa) for some
of the monomers. Upon the addition of a cationic initiator, crosslinking instead of
cyclopolymerization occurred for most monomers. GPC showed that only oligomeric structures
with even lower molecular weights (<1.1 kDa) were formed for the compounds that did not display
gelation. Furthermore, it was shown that upon irradiation, monomers and the forming polymer
network were cleaved, by the acidic initiating species. Therefore, novel target structures with
increased cyclopolymerization tendency were envisioned, containing either bulky substituents at
the center carbon or electron-withdrawing groups attached to the double bonds. Unfortunately,
all the synthetic attempts were unsuccessful. This was due to the spontaneous polymerization of
some compounds or high steric hindrance at the center carbon resulting in an equilibrium shift
towards the starting materials, impeding product formation. Therefore, the first approach, to use
di- or higher functional CPMs containing degradable motifs at the center atom for the generation
of cleavable, rigid networks comprising cyclic structures, was unsuccessful, and the second
approach to generate polymers with good (thermo)mechanical properties and enhanced

degradation behavior, described in 1, was pursued.
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2. New monomers and thiols for enhanced mechanical properties and

degradation of thiol-ene networks

State-of-the-art photopolymers used for the production of 3D-printed scaffolds, next to poor
mechanical properties, tend to exhibit unfavorable degradation behavior or insufficient
degradation speed in vivo.>*%%9%% Accordingly, novel biocompatible monomers are required,
which form polymers with accelerated degradation in vivo. As the synthesis of CPMs containing
degradable motifs with a sufficient tendency towards cyclopolymerization was unsuccessful,
another approach was considered to enhance both mechanical properties and network
degradation. Therefore, this work aimed to develop and characterize novel monomers with
possible application in lithography-based additive manufacturing technologies (L-AMTs) for the
fabrication of biocompatible and biodegradable scaffolds for bone tissue engineering (BTE). For
this, the focus was especially on compounds containing bonds between oxygen and the
heteroatoms phosphorus, silicon, or boron. As described in the State of the Art,
poly(phosphoesters) (PPEs) and poly(silylethers) (PSEs) are highly interesting, as these polymers
exhibit hydrolytic degradation, high biocompatibility and low toxicity.2%729%211 Above all, PPEs are
most intriguing, as good adhesion to bone,?'? osteoinductive effects??322> and degradation of bulk
materials via surface erosion!'?> were shown. For PSEs, biocompatible and biodegradable soft
tissue implants were reported,®%233 making them highly attractive for subsequent studies. Boron
as a heteroatom was selected, as boronic esters (BEs) are known for their facile hydrolysis and
dynamic transesterification reactions. Although never studied as degradation enhancers, BEs were
thoroughly investigated for materials capable of self-healing, reshaping, and recycling.?3>237,239,234-
21 Nevertheless, until now, there are no reports on the usage of compounds based on phosphorus,
silicon, or boron in 3D-printed biodegradable scaffolds with mechanical properties sufficient for

the replacement of human bone.

Starting point of these studies was the investigation of monomers and polymers containing bonds
between oxygen and phosphorus, silicon or boron by comparing their hydrolysis and degradation
to carbon-based analogs. To synthesize materials with good (thermo)mechanical properties, the
aim was to apply these monomers in thiol-ene photopolymerization, which results in reduced
oxygen inhibition, and the formation of homogeneous and tough networks.””*%* For quasi-ideal
thiol-ene reactions, allyl ethers, and esters were selected as a polymerizable group, resulting in
equimolar consumptions of double bonds and thiol groups during photopolymerization.'147 As

a next step, rigid elements such as bulky substituents or cyclic structures were incorporated into
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monomer and thiol structures to provide the networks with other properties essential for bone
regeneration scaffolds, such as high stiffness and strength. Additionally, to further enhance
(thermo)mechanical properties, also additives were introduced. All resins and resulting polymers
were then investigated towards the fulfilment of certain requirements for 3D-printed bone
regeneration scaffolds, such as photoreactivity, (thermo)mechanical properties, degradation

behavior and rates, sterilization, and cytotoxicity.

2.1 Selection of monomers for improved network degradation

To determine, which heteroatoms can be used for improved degradation under hydrolytic
conditions, first, simple allyl ester monomers containing phosphorus, silicon, and boron were
selected. Therefore, P-based triallyl phosphate (TAP), Si-based tetraallyl ortho silicate (TAS), and
B-based triallyl borate (TAB) were chosen (Figure 49), for which thiol-ene polymerization is already
described in literature. P-based TAP was applied in thiol-ene photopolymerization for the
production of phosphorus-nitrogen-containing flame-retardant wood coatings by Wang et al., but
only temperature degradation was studied, and no hydrolytic degradation was reported.3°* The
thiol-ene photopolymerization of the Si-based compound TAS was used by Ware et al., to
synthesize hydrolytically degradable networks to fabricate biodegradable cortical electrodes. Only
one patent from Skarja et al.3% deals with the thiol-ene polymerization of the monomer TAB,
proposing its use for producing porous chromatography membranes, which, however, were not
intended to be degradable. As a reference, a C-based allyl ester was used, namely citric acid triallyl
ester (CTAE, Figure 49), for which thiol-ene polymerization is only reported for the fabrication of
non-degradable anti-fogging coatings3°® and transparent, self-healable coatings.3?” Its hydrolysis
product, citric acid, is known to be biocompatible, as it takes part in the Krebs cycle in vivo to

release energy.3%®
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Heteroatom-based allyl esters
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Figure 49: Structure of the heteroatom-based allyl esters triallyl phosphate (TAP), tetraallyl ortho silicate (TAS),
and triallyl borate (TAB), and the carbon-based reference citric acid triallyl ester (CTAE).

2.1.1 Model study of monomer hydrolysis

First, a model study was conducted to determine the rate of hydrolysis of each heteroatom-
containing monomer and compare it to the carbon-based allyl ester CTAE. For this, an NMR study
was done, in which the monomers were dissolved in D.O/CDsCN solutions (1:1). Subsequently, the
formation of the hydrolysis product allyl alcohol was monitored over time. The studies were
conducted under neutral conditions. Furthermore, acidic conditions (addition of 0.01 M DCI) with
a pH of ~4 were used to mimic the conditions during bone regeneration, as an acidic pH below
4.5 is essential for osteoclast-driven bone resorption.® Lastly, basic conditions with a pH of ~10
(addition of 0.01 M NaOD) were applied to determine possible differences to the behavior of the
monomer in neutral and acidic conditions. The amount of formed allyl alcohol, which is equal to
the amount of hydrolyzed monomer, was determined by integration of the double bond signal of

allyl alcohol at 4.55 ppm.

75



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

GENERAL PART

A) 10l N ~ B) 100
80 - 801
= .
S 60 £ 60
£ £
= E
< o
5 404 2 404
20 20
0 . . . . . 0 . . . . r
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t[d] t[d]
C) 100
801
£ 60
E
/)
2 40
20
0 , . . . r
0 10 20 30 40 50 60
t[d]

Figure 50: NMR hydrolysis study in D20/CD3CN at pH of ~7.0, 4.0 and 10.0 for different monomers: A) CTAE; B)
TAP, and C) TAS under neutral (—=—), acidic (- -#- =) and basic (:**#--) conditions.

The results in Figure 50 display that for the carbon-based allyl ester reference CTAE only slight
monomer hydrolysis of 3% after 56 d was determined under all conditions. Therefore, the ester
group is stable at pH levels ranging from 4 to 10. For P-based TAP after 56 d, only 6-7% of the
monomer was hydrolyzed under all conditions, confirming that the P-O bond is not prone to
hydrolysis under hydrolytic conditions. In the case of the silicon-based TAS, hydrolysis was
observed under all conditions, with 93-99% of the monomer hydrolyzed after 56 d, while basic
hydrolysis was shown to be accelerated compared to neutral and acidic conditions. This indicates
that the Si-O bond is labile enough for hydrolytic cleavage. For the B-based compound TAB, full
hydrolysis of the monomer was shown directly after addition to the D,O/CDsCN solution; hence
no results are shown for this monomer in Figure 50. This proves that the B-O bond is most prone
to cleavage by water. This study, therefore, indicates that monomers based on silicon and boron

are most promising for enhanced network degradation.
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2.1.2 Screening of photoinitiator concentration for thiol-ene systems

To prepare homogeneous polymer networks, the allyl ester monomers should be polymerized
with a thiol in an equimolar ratio of double bonds to thiol groups. Difunctional 2,2'-
(ethylenedioxy)diethanethiol (EDDT, Figure 51) was chosen for the first studies, as it does not
contain any ester groups, which might influence the degradation behavior. As a PI, the radical
initiator Ivocerin® was selected, as it displays high curing speeds and a high maximum absorption
wavelength of 408 nm, resulting in improved curing depths compared to other typically employed
commercial initiators, making it ideal for the subsequent application in 3D-printing.*?°
Additionally, lvocerin was already confirmed to be biocompatible.**° For stabilization of the thiol-

ene formulations, 0.02 w% of the stabilizer pyrogallol (PYR, Figure 51) were added, as described

by Orman et al.***, which led to improved stability of formulations (see Appendix, chapter 1).

Thiol Stabilizer
OH
HSV\O/\/O\/\SH HO OH
EDDT PYR

Figure 51: Structure of the difunctional thiol 2,2'-(ethylenedioxy)diethanethiol (EDDT) and the stabilizer
pyrogallol (PYR).

First, the optimum PI concentration for photopolymerization of the thiol-ene systems was
determined via RT-NIR photorheology measurements described in 1.1.3. For the experiments, a
broadband Hg lamp equipped with a 400-500 nm filter was used, with a set intensity of 1 W/cm?
at the end of the light guide, which translates to an intensity of 20 mW/cm? at the surface of the
samples. 140 pL of sample volume was applied to the glass plate, which was kept at 25 °C, and the

samples were irradiated for 320 s.

The measurements were conducted with the reference compound CTAE, the thiol EDDT and

different Ivocerin concentrations of 0.125 w%, 0.250 w%, 0.500 w%, and 1.00 w%.

Table 6: Detailed results of the RT-NIR photorheology measurements.

w% Pl teel [S] DBCgel [%] tos [s] DBCtinal [%]  G'final [kPa] ~ Fn,max [N]
0.125 | 28.0+3.5 40.1+3.1 976+58 563+11 268+104 -51+1.7
0.250 | 22.0+3.6 46.4+04 88.7+79 685%+23 324+32.7 -9.1+2.2
0.500 | 18.0+0.0 513+12 681+19 87704 402+4.00 -139+15

1.00 80+0.0 350%x23 453+32 88.1+1.3 408+5.00 -150%1.2
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The results in Table 6 show that Pl concentrations of 0.125 w%, 0.25 w%, and 0.5 w% are too low
for efficient photopolymerization of the thiol-ene systems, leading to a significantly retarded
crosslinking and curing behavior, lower conversions, and deteriorated mechanical properties.
With 1 w% of Pl significantly faster crosslinking was observed with a decrease in tg by 10s
compared to formulations containing 0.5 w% PI. When analyzing the tgs values, it was determined
that curing of the network is accelerated by 23 s when increasing the Pl concentration from 0.5 w%

to 1 w%. Therefore, a Pl concentration of 1 w% was used for the following studies.

2.1.3 Mechanical properties of model networks

Scaffolds used in tissue engineering require mechanical properties that match the properties of
the replaced tissue. For bone regeneration scaffolds, high strength and toughness for good load

dissipation and tissue integration are crucial.®’

To determine the thermomechanical properties of materials, DMTA measurements can be
conducted. This method allows for the determination of the time-resolved strain-rate dependent
viscoelastic properties of the materials, such as the glass transition temperature (Tg), as well as
the temperature dependence of the dynamic storage modulus G’ and loss modulus G”. The glass
transition can be observed in amorphous and semi-crystalline polymers and is described as a
reversible transition from a hard and “glassy” state into a viscous or rubbery state. The storage
modulus G’ correlates with the elastic, while the loss modulus G” correlates with the viscous
response of the material. From the ratio of G”’/G’, the loss factor tané can be determined. Due to
non-linear or abrupt changes in moduli occurring close to the Tg, tand increases until a maximum
is reached at the glass transition temperature of the material. Depending on the application, either
a high T, when a hard, unyielding material is required or a low Tg, when a soft, elastic polymer is
needed, should be exhibited. For bone replacement materials, a high T, significantly above body
temperature is required for good load dissipation. Additionally, from the shape of the storage
modulus curves, information about crosslinking density, degree of crystallinity, and molecular

weight can be obtained, which is shown in Figure 52.3%°
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Figure 52: Scheme of storage modulus curves of polymers with different crosslinking densities, degree of
crystallinity, and molecular weight.3%:310

Other important parameters that can be determined are the storage modulus at 25 °C G’2s°c and
the storage modulus at body temperature G’szc, which should be high as they correlate with the
stiffness of the material at the respective temperature. The storage modulus at the rubber plateau
G'R, reveals the degree of network crosslinking. Lastly, the full width at half maximum of the tané
curve (fwhm) is an indicator for the homogeneity of a network, as these materials display very

sharp glass transitions.3%°

For the measurements, formulations were prepared from each allyl ester monomer and the thiol
EDDT. For initiation, the optimum Pl concentration of 1w% was added. Due to the
autopolymerization of all formulations in the dark, 0.02 w% of PYR were added. The curing of
DMTA specimens with a shape of 5x2x40 mm?® was conducted in transparent silicone molds. For
formulations containing CTAE, TAP, and TAS, photopolymerization was done in a Lumamat 100
visible light oven. Each sample was irradiated for 10 min on both sides. For the formulation
containing TAB, sticky specimens were received after curing in the Lumamat light oven. Therefore,
curing was conducted in an Intelli-Ray 600 broadband UV oven (2x10 min), which significantly

reduced surface stickiness of the samples.

From this point forward, formed copolymer networks between a respective monomer and a thiol
in an equimolar ratio for means of simplicity will be referred to as p(monomer), i.e., pCTAE. DMTA
measurements of the formed networks were performed in torsion mode from -100 °C to +200 °C
with a heating rate of 2 K/min, a torsion strain of 0.1%, and a frequency of 1 Hz. Due to the high

reproducibility of this method, specimens were tested once. As samples were very soft but brittle
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at room temperature, they were clamped into the measuring device at -100 °C to avoid

constrictions.
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Figure 53: G’ (left) and tané (right) over temperature for the networks formed from the carbon-based reference
CTAE or the heteroatom-based allyl esters TAP, TAS, or TAB with the thiol EDDT. pCTAE ( ); PTAP ( );
pTAS ( ); PTAB ( ). Due to high brittleness, all samples broke at some point after the glass transition;
hence, values for G’ and tand were only determined until this point.

The curves of storage modulus over temperature in Figure 53 (left) show that all samples broke at
some point after the glass transition, as softening of the samples together with a slight expansion
during heating occurred. This ultimately caused failure at the sites of clamping. Therefore, G’2s°c

could not be determined for some networks.

Figure 53 (right) depicts that all specimens display Tg values significantly below room and body
temperature. This is due to the monomers and the thiols being rather flexible and further
loosening of resulting the network caused by the flexible thioether bridges. Therefore, soft and
rather brittle materials were formed at the cost of hardness and stiffness. Furthermore, it was
shown that heteroatoms in the network seem to further lower the Tg, with Tg values ranging from
-50 to -65 °C compared to the material formed from the carbon-based allyl ester, with a slightly
higher T of -28 °C. G’g values confirm that the crosslinking density of all formed networks is low,
with values ranging from 3-5 MPa for pCTAE, pTAP, and pTAS. The lowest crosslinking density was
observed with pTAB (G’r~ 1 MPa). This is probably due to the high moisture sensitivity of the
monomer determined in the previous study, which causes cleavage of the network even due to
air humidity and lower crosslinking density. Also, some disturbance was observed during the

measurements, which might also be explained by the moisture sensitivity of the material.

Lastly, it was shown that the addition of the thiol leads to very sharp glass transitions with full
width at half maxima (fwhm) ranging from 6-10 °C. Therefore, this study showed that the

difunctional thiol EDDT leads to a very low crosslinking density of the networks and low Tg values
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due to the rather flexible structure of both monomers and the thiol. Hence, these materials are
not yet suitable as bone replacement materials, but this study gave a good first insight about the
behavior of networks containing heteroatoms, which were formed from quasi-ideal thiol-ene

reactions. The summarized results are given in Table 7.

Table 7: Detailed results of the DMTA measurements. *Sample ruptured before reaching G’ at the respective
temperature.

thiol monomer Tg[°C] G’2s:c[MPa] G’szc[MPa] fwhm [°C] G’z [MPa]

CTAE -28 = - 6 5

TAP -51 -+ -+ 8 4
EDDT

TAS -64 3 3 8 3

TAB -61 -+ -+ 10 1

2.1.4 Degradation behavior of model networks

(Meth)acrylate-based photopolymers currently employed in TE display an unfavorable
degradation behavior, as high molecular weight poly((meth)acrylic acids) are formed upon
hydrolysis. These compounds cannot be removed from the body and may promote inflammation
or tissue necrosis. Additionally, they cause autocatalytic bulk erosion of the material with an
abrupt loss of mechanical strength.>%°287:°8 For a material used for bone regeneration scaffolds,
ideally, the degradation should occur via surface erosion, during which no acidic products are
formed, resulting in negligible swelling. Additionally, the loss of the material is confined to the

surface, which prevents premature implant failure.>*>’

To determine, which heteroatoms enhance the hydrolytic degradation of the formed thiol-ene
networks compared to networks based on (meth)acrylates, next degradation studies were
conducted. For these studies, cylindrically-shaped specimens (d=5 mm, h = 2 mm) were prepared

analogously to the DMTA samples described in 2.1.3.

Degradation of these samples was studied under physiological conditions present in the body
(phosphate-buffered saline, PBS, pH= 7.4). Furthermore, acidic conditions (acetate buffer, pH=4)
were used to mimic the conditions during bone remodeling, as an acidic pH below 4.5 is exhibited
during osteoclast-driven bone resorption.®® Basic conditions (carbonate-bicarbonate buffer,
pH=10) were also tested to determine possible differences between the networks stored under
neutral and acidic conditions. The studies were conducted at body temperature (37 °C) in
triplicates. The samples were weighed and then immersed in the respective buffer medium. After

certain time points, three samples of each material and condition were removed, blotted dry, and

81



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

GENERAL PART

weighed to determine the swelling of the samples, with Equation 1. The sample was then put back
into the empty vial and dried to constant weight at 50 °C. The mass loss was calculated with

Equation 2.

m; —m
swelling [%] = — 4% . 900

mdry

Equation 3: Calculation of swelling; mary... mass of the dry sample; m:...mass of the blot-dried sample at the
time t.

Mgry — My
mg

mass loss [%] = 100

Equation 4: Calculation of mass loss; mo...initial mass of sample; mary...mass of the dry sample.
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Figure 54: Results of the degradation studies for the C-based reference network pCTAE; left: swelling over
time; right: mass loss over time; pH 7.4 (—=—); pH 4 (- - =), pH 10 (o).

The network containing the carbon-based reference ester CTAE displays a slight amount of
swelling under all conditions (1-2% after 6 months), as well as a slight mass loss (2%) in the neutral
and acidic buffer solutions, which is displayed in Figure 54 (left). Under basic conditions, a slightly
higher mass loss of 9% was shown, which was expected, as ester groups are prone to cleavage
with bases (Figure 54, right). This confirms that the network does not display sufficient
degradability under hydrolytic conditions, which is consistent with the poor degradability of

networks formed from vinyl esters and vinyl carbonates reported by Mautner et al.*?
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Figure 55: Results of the degradation studies for the P-based network pTAP; left: swelling over time; right:
mass loss over time; pH 7.4 (—=—); pH 4 (- -»--), pH 10 (&),

In the case of the P-based polymer pTAP, a different behavior was observed in Figure 55, as
significant swelling (24-33% after 6 months) occurred under all conditions, while almost no mass
loss (-0.1-0.3%) was shown. Therefore, this network is more hydrophilic, which causes water

uptake, but the P-O bond of this specific network is too stable for cleavage under hydrolytic

conditions.
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Figure 56: Results of the degradation studies for the Si-based network pTAS; left: swelling over time; right:
mass loss over time; pH 7.4 (—=—); pH 4 (- -#- =), pH 10 ().

For the Si-based network pTAS only slight swelling (2-3% after 6 months) occurred (Figure 56, left).
Furthermore, an almost linear mass loss was shown under all conditions, accelerated under basic
conditions. After 6 months 70-79% of the total mass was lost at pH 7.4 and 4, respectively, while
almost full network degradation (97%) occurred at pH 10. Hence, the Si-O bond seems to be labile
enough for hydrolytic network degradation, and the samples display the desired degradation

behavior of surface erosion without significant swelling.
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For the polymer containing TAB, full dissolution of samples was shown after 24 h under all
conditions. Therefore, no results are shown for this network. As a result, the B-O bond is the most

labile bond compared to the other heteroatoms.

To conclude, the best degradation behavior was observed with the Si-based material TAS, which
displayed negligible swelling combined with a fast mass loss over 6 months under physiological
and acidic conditions. Additionally, the fastest network degradation was observed with the
network based on the boronic ester monomer TAB with full dissolution of networks after 24 h.
Therefore, orthosilicic and boronic ester monomers can improve network degradation compared

to carbon-based allyl esters.

2.2 Thiols for enhanced mechanical properties

2.2.1 Screening of thiols for improved mechanical properties

It was shown that Si- and B-based monomers lead to accelerated network degradation compared
to carbon-based esters. Nevertheless, all tested systems containing heteroatoms or carboxylic
esters and the thiol EDDT exhibited glass transition temperatures significantly below body
temperature (-28 to -64 °C), which limits their use in bone replacement materials. As this is
probably due to the rather flexible structure and low functionality of EDDT, a screening for thiols
for enhanced mechanical properties was conducted. Different thiols were selected, such as
trifunctional trimethylolpropane tris(3-mercaptopropionate) (TMPMP), trifunctional tris[2-(3-
mercaptopropionyloxy)-ethyl] isocyanurate (TEMPIC) and dipentaerythritol hexa(3-mercapto-

propionate) (diPETMP) containing six thiol groups (Figure 57).

As a fast screening for resulting thermomechanical properties, DMTA measurements were
conducted as described in 2.1.3. For these tests, the reference compound CTAE was chosen as a
monomer, and samples were again prepared with each thiol in an equimolar ratio of double bonds

to thiol groups.
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Thiols
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Figure 57: Structures of the thiols EDDT, TMPMP, TEMPIC, and diPETMP.
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Figure 58: G’ (left) and tand (right) over temperature for the networks formed from carbon-based reference
CTAE and the different thiols. pEDDT (——); pTMPMP (=- =" ); pTEMPIC (--+---+*- ); diPETMP ( ). The samples
containing EDDT, TMPMP, and diPETMP ruptured after the glass transition.
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Figure 58 (left) shows a significant enhancement in material stiffness for all materials upon the
addition of tri- or higher functional thiols, with a significant increase in G’ at 25 °C and 37 °C,
compared to the network formed with difunctional EDDT. Additionally, tan® curves (Figure 58,
right) display that all thiols lead to the formation of very homogeneous networks, reflected in the
low fwhm values (6-10 °C) for all materials. With the thiols TEMPIC and diPETMP, the highest T,
values around 20 °C were obtained, while a lower Ty was observed with TMPMP (1 °C). This is due
to its more flexible structure compared to TEMPIC and lower functionality than diPETMP.
Noteworthy, the highest G’37:c and crosslinking density were observed with trifunctional TEMPIC.
Therefore, it was shown that a trifunctional rigid thiol is necessary to generate materials with the
best thermomechanical properties. The collected data of the DMTA measurements is presented

in Table 8.

Table 8: Detailed results of the DMTA measurements. *Sample ruptured before reaching G’ at the respective
temperature.

monomer thiol T¢[°C] G’25«c[MPa] G’szc[MPa] fwhm[°C] G’r[MPa]

EDDT -28 -* -* 6 5
TMPMP 1 10 0.3 9 9
CTAE
TEMPIC 20 19 15 10 28
diPETMP 24 15 6 8 6

2.2.2 Syntheses of novel thiols

Previous results showed that TEMPIC, a trifunctional thiol with a rigid core, results in the best
thermomechanical properties of the thiol-ene materials. However, like most commercial thiols,
TEMPIC contains ester groups, which might influence the degradation properties of formed
polymers and, upon cleavage, form acids, which may cause inflammation or necrosis. Therefore,
novel trifunctional and rigid thiols without any ester groups were synthesized, namely benzene-
1,3,5-triyltrimethanethiol (TMB) and 1,3,5-tris(3-mercaptopropyl)-1,3,5-triazine-2,4,6-trione
(TMT). TMT is known from literature, as a low-odor thiol used in dental applications.31*312 The two
target structures are shown in Figure 59. To also incorporate degradable groups into the network
via the thiol, the synthesis of a thiol-containing cleavable boronic ester bonds and thioacids
containing hydrolyzable thioester groups was conducted, which is described in detail in chapters

4 and 5 of the Appendix, respectively.
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Figure 59: Structures of the ester-free thiols TMB and TMT.

The synthesis of the thiol benzene-1,3,5-triyltrimethanethiol (TMB) was attempted in a one-step

process adapted from Morrison et al.3'3 and Li et al.314

Br HS
o 1) K,CO;, MeOH

+ L
)J\SH 2) 6M HClI

Br Br HS SH

TMB

For the synthesis, 1 eq. 1,3,5-tris(boromomethyl)benzene, 4.5 eq. thioacetic acid and 4.5 eq. K,CO3

in MeOH were stirred at rt for 2 h to yield the crude product benzene-1,3,5-triyltrimethanethiol

(TMB) as a white to transparent paste. Unfortunately, purification by column chromatography was

unsuccessful, and the product could only be obtained in crude form with ~10% of unknown

impurities, according to NMR.

The synthesis of the ester-free thiol 1,3,5-tris(3-mercaptopropyl)-1,3,5-triazine-2,4,6-trione (TMT)

was conducted according to Reinelt et al.31312 in a two-step procedure by radical addition of

thioacetic acid and subsequent hydrolysis to the product under acidic conditions.
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In the first step of the synthesis, 1 eq. of 1,3,5-triallyl-1,3,5-triazine-2,4,6-trione (TAl), 3.6 eq. of
thioacetic acid, and 0.15 eq. of 2,2’-azobis(2-methylpropionnitrile) (AIBN) dissolved in dry THF
were used. To ensure a proper radical addition reaction, all traces of oxygen were removed by
purging the mixture with argon before heating to 65 °C for 24 h. The obtained crude product was
then recrystallized from methanol to yield the product 1,3,5-tris(3-acetylmercaptopropyl)-1,3,5-
triazine-2,4,6-trione (TAT) as a white solid (62%). In the second step, 1 eq. of TAT and 3.2 eq. of
HCI (37 w%) dissolved in a mixture of methanol and 1,4-dioxane were heated for 24 h to yield the

product as a colorless liquid in a yield of 93%.

2.2.3 Mechanical properties of networks

After successful synthesis of the trifunctional, rigid thiol TMT as a fast screening, the
thermomechanical properties of the material containing the reference compound CTAE and the

novel thiol TMT in an equimolar ratio of double bonds to thiol groups were determined with DMTA
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measurements described in 2.1.3. Curing of the specimen was performed at 25 °C. As a reference,

the specimens derived from the thiols EDDT and TEMPIC were used.
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Figure 60: G’ (left) and tand (right) over temperature for the networks formed from carbon-based reference
CTAE and the thiols EDDT, TEMPIC, or TMT. pEDDT (——); pTEMPIC (--+----+- ); pPTMT (- = =). The sample pEDDT
ruptured after the glass transition.

Figure 60 shows that a significant increase in Tg by 53 °C is possible with the thiol TMT compared
to difunctional EDDT. Additionally, enhanced thermomechanical properties, compared to the
network containing trifunctional and rigid TEMPIC with an increase in T of 5 °C, were observed,
although a slightly lower crosslinking density was determined. The material containing the novel
thiol also displays a homogeneous network structure as it exhibits low fwhm (11 °C). Nevertheless,
a Tg value at rt, which is still below body temperature, was shown. Hence, this indicates that next
to rigid trifunctional thiols, also structures of the allyl ether or ester monomers need to be

optimized. The collected results of the DMTA measurements are displayed in Table 9.

Table 9: Detailed results of the DMTA measurements. *Sample ruptured before reaching G’ at the respective
temperature.

monomer  thiol Tg[°C] G’2s:c[MPa] G’3sc[MPa] fwhm [°C] G’z [MPa]

EDDT -28 -* -* 6 5
CTAE TEMPIC 20 19 15 10 28
™T 25 29 9 11 16

2.3 New monomers containing heteroatoms

Preliminary studies showed that next to rigid thiols, also monomer structures need to be
optimized to synthesize materials with the desired properties for bone replacement materials. To
generate high stiffness and strength of networks, rigid elements, such as sterically demanding,
bulky substituents, or cyclic structures, can be incorporated into the monomer structure. The

target elements for this are depicted in Figure 61. Next to cleavable oxygen-heteroatom bonds,
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allyl ether or ester monomers should exhibit a functionality 22 for the formation of degradable
networks. As bulky substituents, aromatic moieties were envisioned. Furthermore, two different
5-membered ring structures containing heteroatom-oxygen bonds were selected, with the allyl
ether or ester bond either directly incorporated into the ring or attached to it via a methylene
bridge. Based on these elements, an extensive literature search was performed, and several new

compounds based on phosphorus, silicon, and boron were subsequently synthesized.

Rigid monomers containing heteroatoms

bulky substituents cyclic structures

. o A
R = bulky organic residue =X

X=P,Si, B

Figure 61: General structure of target elements for designing rigid monomers containing heteroatoms using
either bulky substituents or cyclic structures.

2.3.1 Compounds based on phosphorus

Although no degradation was observed under hydrolytic conditions with the material containing
the monomer TAP, P-based monomers are still of interest, as improved degradation is expected
in vivo, where enzymes such as phosphatases, able to cleave P-O bonds, are present. Furthermore,
a literature search showed that linear poly(phosphoesters) synthesized from cyclic phosphonates
by the group of Wurm et g/,190:207-211.214216,218 3nq 7Zhang et al.>'> were degradable under hydrolytic
conditions. Therefore, several compounds containing cyclic phosphonate groups were synthesized

to generate degradable and rigid networks with cyclic structures.

First, the synthesis of 2,2'-(ethane-1,2-diyl)bis(4-((allyloxy)methyl)-1,3,2-dioxaphospholane-2-

oxide) (ADP) was done in accordance with a two-step protocol published by Wolf et a/.2%®
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In the first step, ethylene phosphonic dichloride (EPD) was synthesized. For the synthesis, 1 eq. of
tetraethyl ethylene diphosphonate, 0.013 eq. DMF as a catalyst and 5 eq. of thionyl chloride
(SOCl,) were heated for 4 h, resulting in an off-white solid in a yield of 92% was obtained. This
solid, however, showed poor solubility in benzene, which is reported as a solvent for EPD in
literature.3'® Nevertheless, 'H and 3!P-NMR showed no impurities, and the product was used
directly for the next step. For this, the solid EPD, 2 eq. of 3-allyloxy-1,2-propandiol, and 4 eq. of
pyridine in THF were used and stirred at rt overnight. NMR showed complete consumption of the
starting material but also the formation of many side products, with some of them containing P-
0-P-bonds indicated by duplets in the 3P-NMR spectrum. This is probably due to the steric
hindrance of the cyclic structures at the phosphorus atom, which causes a considerable amount
of uncyclized products, which are only cyclized on one side, and condensation products with P-O-

P bonds. Therefore, the desired product could not be isolated.

Another interesting difunctional monomer containing allyl ether and allyl ester bonds found in
literature, containing these cyclic units, was 2-(allyloxy)-4-((allyloxy)methyl)-1,3,2-
dioxaphospholane 2-oxide (AAP), which was synthesized similar to a three-step protocol
developed by Zhang et al.?> The group prepared a cyclic phosphonate with ethylene glycol, which
was used for the ring-opening synthesis of phosphoryl-choline-capped poly(caprolactone)-

poly(ethyleneoxide)-copolymers, able to prevented fibrinogen adsorption of polyurethane films.
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In the first step 4-((allyloxy)methyl)-2-chloro-1,3,2-dioxaphospholane (ACP) was synthesized using
1 eq. of phosphorus trichloride and 1 eq. of 3-allyloxy-1,2-propandiol dissolved in DCM and stirred
at rt overnight. After solvent removal, 3'P-NMR showed the formation of two different phosphorus
compounds in a ratio of ~1:2.5, in which the phosphorus was attached to one chlorine atom.
Separation of the compounds by distillation failed. Therefore, the product could not be obtained,
and the second step for the synthesis of 4-((allyloxy)methyl)-2-chloro-1,3,2-dioxaphospholane 2-

oxide (OCP), as well as the third step for the formation of the product, were not conducted.

Therefore, it was shown that the synthesis of difunctional compounds containing cyclic
phosphonate groups was unsuccessful, which is probably due to the high steric hindrance of the
cyclic structures at the phosphorus atom, causing the considerable formation of side-products,
such as uncyclized or partially cyclized compounds. Hence, the synthesis of these monomers was

not further pursued.

2.3.2 Compounds based on silicon

Studies showed that polymers derived from the Si-based monomer TAS exhibited a linear mass
loss in degradation studies. Nevertheless, networks were formed with a T; below body
temperature, which limits the use of these compounds in bone replacement materials. Therefore,

novel monomers containing the previously mentioned rigid structural elements were synthesized.

First, the synthesis of the spiroorthosilicate 2,7-bis((allyloxy)methyl)-1,4,6,9-tetraoxa-5-
silaspiro[4.4]-nonane (SOS), containing two cyclic rings directly attached to the silicon atom, was

conducted according to Shan et al.3"’
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For the synthesis, 1 eq. of tetramethyl silicate, 1.8 eq. of 3-allyloxy-1,2-propandiol, and 0.1 eq. of
NaOH were heated to 70 °C for several hours. After a certain amount of MeOH was formed,
polymerization occurred. The reaction was done again with the addition phenothiazine as
inhibitor, but, still, polymerization occurred. Therefore, most probably, condensation of formed
silanols to a polysiloxane took place instead of the formation of the desired product. A literature
search regarding spirocyclic esters of orthosilicic acid revealed that these compounds are readily
hydrolyzed, even by moisture present in air.3!8 Furthermore, even upon water exclusion, these
monomers readily polymerize during storage to form polysiloxanes by reversible ring-opening
polymerization due to an equilibrium between the cyclized and open form.31%320 Additionally, only
a few 5-membered spirocyclic silicates are reported due to high ring strain, and all known

spiroorthosilicates are solids at rt.321-323 Therefore, these compounds were not further pursued.

As spirocyclic compounds were not accessible, the synthesis of compounds containing bulky
substituents was pursued, and bis(allyloxy)diphenylsilane (DAS) containing two phenyl moieties

was synthesized according to Hoye et al.3?*

DAS

For the synthesis, 1 eq. of diphenyldichlorosilane and 2 eq. of triethylamine were dissolved in DCM
and stirred at rt for 1 h. The crude liquid was subjected to distillation to obtain the pure product

in a yield of 92%.

2.3.2 Compounds based on boron

Previous studies demonstrated that the B-based compound TAB exhibits the most labile
heteroatom-oxygen bond of all tested monomers, with full network degradation after 24 h.

Therefore, boronic esters are suitable substances to enhance the degradation of bone
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replacement materials, but better mechanical properties are required. Additionally, higher
stability of compounds towards hydrolysis would be beneficial. The low stability of aliphatic
boronic esters is due to the electron deficiency of boron, described in the State of the Art, which
is, therefore, easily attacked by nucleophiles such as water.?!2 Therefore, the introduction of bulky
substituents and cyclic structures should also impede or retard network hydrolysis by partial

blockage of the empty p-orbital.

A literature search showed that borate esters containing bulky 2,6-ditertbutyl groups, synthesized
by Washburn et al.32%, are hydrolytically more stable than aliphatic boronic esters due to the steric
hindrance of the residues. Therefore, 2,6-ditertbutylphenyl diallyl borate (BAB) was envisioned as
another potential heteroatom-based monomer for the generation of stiff networks and

synthesized according to Washburn et al.3%

\L OH \L
0 . — 0
[ .B.
\/\O/B\O/\/ \/\O o
BAB

For the synthesis, 3 eq. of triallyl borate and 1 eq. of BHT were heated to 100 °C for 3 d, and the
formed allyl alcohol was distilled off. The residual mixture was distilled in vacuo, but
decomposition of the product occurred. Therefore, the reaction was repeated, and instead of the
final vacuum-distillation step, the crude product was purified by extraction. NMR showed ~5% of
BHT as an impurity. Unfortunately, the pure product could not be obtained, as the formed ester

was unstable towards column chromatography on silica and alumina.

Next to providing the resulting network with high strength and stiffness, literature showed that
boronic esters containing cyclic structures attached to the boron exhibit superior stability
compared to linear compounds, as they hinder the attack of water at the empty p-orbital.?1%32¢

Therefore, several substances containing these cyclic features were synthesized as well.

First, the synthesis of the compound 2-(4-(allyloxy)phenyl)-4-vinyl-1,3,2-dioxaborolane (AVB),
containing one cyclic structure, was attempted in a three-step procedure. This monomer contains
a cyclic boronic ester group and a rigid aromatic moiety. As difunctional compounds were
required, the phenyl ring was also attached to an allyl ether group. The first two steps were

conducted according to Chardin et al.3?’, and the third step was done analogously to Chen et al.?%
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In the first step 1-(allyloxy)-4-bromobenzene (ABB) was synthesized. For this, 1eq. of 4-
bromophenol, 2.5 eq. of K;CO3, and 2 eq. of allyl bromide were dissolved in acetonitrile (ACN) and
heated to reflux for 72 h to yield the product as a slightly yellow oil in a yield of 94%. In the second
step, 1 eq. of ABB, 1.2 eq. of n-Buli (2.5 M in hexane), and 1.5 eq. of triisopropyl borate were in
THF were used and stirred for 30 min at -78 °C and at rt overnight, affording the crude product (4-
(allyloxy)phenyl)boronic acid (ABA). Purification with flash and column chromatography was
unsuccessful, as ~5-7% of impurities remained in the product. Therefore, the pure compound

could not be obtained.

Next, the synthesis of a similar compound to AVB was conducted. The monomer allyl 4-(4-vinyl-
1,3,2-dioxaborolan-2-yl)benzoate (AEB), containing an allyl ester group attached to the aromatic
moiety was synthesized via a three-step synthesis. The first step was done in accordance with Boaz
et al.3%® The second and third steps were conducted as described by Schorpf et al.3?® and Schnéll

et al.3®
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In the first step, the alcohol but-3-ene-1,2-diol (BUD) was synthesized by hydrolysis of 1 eq. of 4-
vinyl-1,3-dioxolan-2-one with 1.2 eq. of 50 wt% aqueous KOH. The mixture was heated to 60 °C
for 16 h affording the product as a colorless liquid in a yield of 75 %. In the second step, 4-(4-vinyl-
1,3,2-dioxaborolan-2-yl)benzoic acid (VAB) was synthesized using 1 eq. of carboxy phenyl boronic
acid, 1 eq. of BUD, and 11.2 eq. of NaxSO4 in acetone at rt to yield the target compound after 24 h
as a white solid in a yield of 90%. In the next step, the synthesis of AEB was attempted via a
modified Steglich esterification. For the synthesis, 1 eq. of AEB, 4 eq. of allyl alcohol, 1 eq. of 1-
ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC), and 0.3 eq. of DMAP as a catalyst in THF
were used due to poor solubility of AEB in DCM, described as a solvent by Schérpf et al.3%® EDC
was used instead of DCC, because the resulting urea compound is soluble in water and can easily
be separated from the product. The mixture was stirred for 2 h at 0 °C and at rt for 1 week, but
NMR showed that a compound with only one double bond, which was not the desired product or

the starting material, was formed. Therefore, the product could not be obtained.

Subsequently, also the synthesis of a trifunctional boronic ester containing cyclic structures was
attempted, and 2-ethyl-2-(((4-(4-vinyl-1,3,2-dioxaborolan-2-yl)-benzoyl)oxy)methyl)-propane-
1,3-diyl bis(4-(4-vinyl-1,3,2-dioxaborolan-2-yl)-benzoate) (TMPVB) was synthesized in accordance

with Schnéll et al.3?°
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For the synthesis, 3 eq. of previously synthesized VAB, 1 eq. of trimethylol propane, 3 eq. of EDC,
and 0.3 eq. of DMAP as a catalyst in THF were used. The mixture was stirred for 2 h at 0 °C and at
rt for 1 week. Then, different work-up strategies were attempted by extraction with Et0 or DCM.
Unfortunately, NMR showed that only a mixture of many different byproducts, neither being the

desired compound, could be obtained.

It is well known in literature that neighboring groups greatly affect the equilibrium constants for
transesterification reactions of boronic esters. Cromwell et al.?** showed that the neighboring-
group assisted acceleration in transesterification kinetics by Lewis bases such as nitrogen could be
used to tune the malleability and healing efficiency of bulk networks. In such polymers, boronic
esters can form adducts with N-donor ligands through Lewis acid-base interactions leading to a
more stable tetrahedral boronate ester (sp3-hybridized boron) with accelerated transesterification
rates but higher hydrolytic stability, compared to trigonal planar boronic esters (sp?-hybridized
boron) (Figure 62). These networks containing B-N dative bonds did not show any loss in mass or
mechanical strength on overnight immersion in water, indicating that this approach might be

highly promising.
X =H, slow

X " _ X
o R HO R X= CHzNRz, fast 0 R" HO R
B/ I + I = B/ I + :[
\0 R. HO Rl" \O HO R'

R™

Figure 62: Neighboring group affecting the transesterification kinetics of boronic esters.?*
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As a consequence, the synthesis of the boronic ester N1-(2-(4-vinyl-1,3,2-dioxaborolan-2-
yl)benzyl)-N2,N2-bis(2-((2-(4-vinyl-1,3,2-dioxaborolan-2-yl)benzyl)amino)ethyl)ethane-1,2-di-

amine (NVB), containing N-atoms at strategically good positions for dative interactions with boron,
was attempted in a three-step procedure. Step one and two of the synthesis were conducted
according to Leed et al.3*® and Gray et al.?3! The last step was done analogously to Chen et al.?*®

and Schnéll et al.3%°
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For the synthesis of the triimine (2-((E)-((2-(bis(2-(((Z)-2-boronobenzylidene)amino)ethyl)amino)-
ethyl)imino)methyl)phenyl)boronic acid (IAB), 3 eq. of 2-formylphenylboronic acid and 1 eq.
tris(2-ethylamino) amine) in MeOH were heated to 60 °C for 1d for a reductive amination
reaction. The resulting solution was directly used for the reduction to the amine, for which 3.6 eq.
of NaBH4 were added at 0 °C, and the mixture was subsequently stirred for 16 h at rt. The product
((((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))tris(benzene-2,1-diyl))triboronicacid
(NAB) could be obtained as a white solid in a yield of 73%. In the last step, dissolution of NAB was
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attempted in acetone, DCM, DMF, DMSO and THF, but the compound could not be fully dissolved.
Nevertheless, 1 eq. of but-3-ene-1,2-diol and 11.2 eq. of Na;SO4 were added, and the mixture was
stirred for 1 week at rt. NMR showed that no product was formed, probably due to the poor
solubility of NAB in the different solvents. Therefore, the desired compound NVB could not be

obtained.

Next, the synthesis of the literature-known boronic ester monomer with cyclic structures, 1,4-
bis(4-((allyloxy)methyl)-1,3,2-dioxaborolan-2-yl)benzene (ADB), was conducted. This monomer
was recently described to undergo thiol-ene photopolymerization under the formation of
polymers used for self-healing, reprocessing, and shape memory.?>¢332 Nevertheless, it has never
been applied in terms of improving network degradation. This compound contains a methylene
bridge between the cyclic boronic ester and the allyl ether group. Studies from Schérpf et al.32°
showed that the group attached to the ring affects the cleavage of the boronic ester. A methylene
group attached to the cyclic structure led to a slower exchange rate with other alcohols in NMR
experiments. Furthermore, for these compounds, an equilibrium state of initial to exchanged state
of 50% was determined, whereas no methylene group attached to the cyclic ester led to almost
full exchange after 5 min. Therefore, it was assumed that networks containing ADB might display
slower hydrolysis compared to TAB. The synthesis of ADB was conducted analogously to Chen et

al.23423 and Robinson et al.?*® in a one-step procedure.
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For the synthesis, 1 eq. of benzene-1,4-diboronic acid, 2.05 eq. of 3-allyloxy-1,2-propan-diol, and
2.3 eq. of Na,SO4 were added to THF and stirred at rt for 24 h to yield the product as a slightly

yellow oil, which crystallized in the freezer to yield a white solid in a yield of 95%.

Simultaneously to the compound ADB, the monomer with the allyl group incorporated into the
ring structure and hence even higher rigidity, 1,4-bis(4-vinyl-1,3,2-dioxaborolan-2-yl)benzene

(VDB) was synthesized according to Chen et al.?34#23> and Robinson et al.>>®
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VDB

For the synthesis, 1 eq. of benzene-1,4-diboronic acid, 2.05 eq. of previously synthesized but-3-
ene-1,2-diol, and 2.3 eq. of Na;SO4 were added to THF and stirred at rt for 24 h to obtain the solid

product in a yield of 90%.

2.4 Characterization of degradable systems

After the successful synthesis of several compounds containing heteroatoms, next, formulations
of all non-rigid and rigid monomers and the novel ester-free thiol TMT were characterized. As high
photocuring rates are a prerequisite for successful 3D structuring, formulations were analyzed
regarding their photoreactivity. For the use as bone replacement materials, high stiffness,
strength, and toughness are crucial. Hence, the mechanical properties of resulting bulk networks
were investigated as well. Lastly, the degradation behavior under hydrolytic conditions was
determined to establish whether network cleavage can be improved by incorporating
heteroatoms into the networks and whether surface erosion is exhibited by the materials. All the

compounds used in subsequent studies are shown in Figure 63.

100



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

GENERAL PART

Phosphorus-based compound Silicon-based compounds
s
Q o o
| -
X No o ™~F 0-Si-0 XS N
o o}
\
Z =
TAP TAS DAS

TAB ADB VDB
Carbon-based reference Thiol
O
J HS/\/\NJ\N/\/\SH
on 0 O~ 'N 6]
O O
\/\Omo/\/ KL
OH SH
CTAE TMT

Figure 63: Heteroatom-based allyl ester monomers and non-degradable reference compounds, and the thiol
TMT used in the studies.

2.4.1 Reactivity of formulations

For the intended application of the formulations in 3D printing, parameters such as the reactivity
and chemical conversion during photopolymerization are important. These crucial values can be
determined with RT-NIR photorheology described in 1.1.3. Tgel should be as low as possible, as it
determines the minimum irradiation time required to generate one object layer. Furthermore,
high DBCrinal are necessary to achieve good mechanical properties of resulting objects. A low tgs is
favorable for building objects with sufficient speed since the previous layer needs a certain

stability before the next layer can be deposited to avoid failure during printing. Lastly, the
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occurring shrinkage stress, which correlates with Fy,max should be as low as possible to avoid

residual internal stress or cracks within the printed structures.87:2%8

For the experiments, formulations containing each monomer and the thiol TMT in an equimolar
ratio of double bonds to thiol groups were prepared. A broadband Hg lamp (400-500 nm) was
used. 150-180 uL of sample volume were applied to the glass plate and irradiated for 320 s. The

light intensity at the surface of the samples was adjusted to 20 mW/cm?.

Due to the non-miscibility of Si-based TAS and B-based TAB with the thiol at rt, due to phase
separation, measurements were performed at 100 °C, at which homogeneous solutions were
obtained. Due to the rather high melting point of VDB (75-76°C) and reprecipitation after
dissolution under heating in the thiol, formulations were homogenized by heating to 110 °C for
10 min. It was determined that the formulation does not phase separate when stored at a
minimum temperature of 55 °C. Nevertheless, for means of consistency, measurements were
performed simultaneously to TAS- and TAB-based formulations at 100 °C. Since homogeneous
formulations containing P-based TAP, Si-based DAS, B-based ADB, or the reference compound

CTAE and the thiol were obtained at rt, these measurements were performed at 25 °C.
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Figure 64: Storage Modulus (G’, left) and DBC (right) over time for CTAE (—), TAP (—), TAS (—), TAB (—), ADB
(—), and VDB (—).

No network formation was observed for the formulation containing the Si-based monomer DAS,
and a liquid sample was obtained after the measurement. Therefore, no results are shown for this
compound. This might be caused by the hyperconjugation of the silicon atom with the two

aromatic rings impeding radical polymerization.333

The rheological data in Figure 64 (left) shows that the monomers CTAE, TAP, and TAS display fast
gelation with the thiol TMT. Gelation of the formulations containing the boronic esters is slightly

delayed, with tgeivalues ranging from 14-34 s. Nevertheless, this should be sufficiently fast for 3D
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printing. This is also supported by tgs values, which show that all materials are fully cured after
65 s. Higher final storage moduli were determined for CTAE, TAP, and ADB. This is due to the fact
that polymerization of these monomers was conducted at 25 °C, while the other monomers were

polymerized at 100 °C.

The IR data in Figure 64 (right) shows fast monomer conversion over time and significantly higher
DBCsinal (>90%) for systems containing heteroatom-based monomers compared to the carbon-
based reference CTAE (82%). Hence, a low residual amount of monomer remains in these systems

after polymerization, which limits the risks of cytotoxic responses in vivo.

DB Cgel [%]

0- 0
CTAE TAP TAS TAB ADB VDB CTAE TAP TAS TAB ADB VDB

Figure 65: DBCgel (left) and Fnmax (right) for CTAE (JJ), TAP (), TAs (F), TAB (), ADB (J)), and vDB ()
polymerized with the thiol TMT.

DBCgei values in Figure 65 (left) are quite high for all monomers (>50%). This is due to the quasi-
ideal reaction of the allyl ester monomers with the thiol in contrast to non-regulated radical chain
growth reactions.'! Exceptionally high values were shown for the formulations containing boronic
esters. For TAB, a DBCge of 95% was determined, which is most likely due to the facile hydrolysis
of the aliphatic monomer due to the easy accessibility of the empty p-orbital by donor molecules,
such as water. Therefore, upon exposure to ambient conditions, monomers in the formulation are
hydrolyzed, which causes the formation of boronic acid and mono- and difunctional boronic ester
molecules. These molecules serve as reactive diluents, which results in high DBCgel values. For B-
based formulations containing VDB and ADB, a DBCge of 83% was determined. As access to the
empty p-orbital in these compounds is slightly restricted by the cyclic structures, another
explanation for these high values is the reversibility of the formation of cyclic boronic ester bonds,
which gives the materials a dynamic character. These bonds are able to reopen and close during
the network formation via transesterification reactions enabling network mobility up to high
conversions. This high mobility is also corroborated by the retarded gelation shown in the rheology

data. Furthermore, the formulation containing ADB exhibited significantly lower Fnmax during
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crosslinking compared to the other samples cured at 25 °C, shown in Figure 65 (right).

Exceptionally low shrinkage of -1.6 N was observed for the VDB-based formulation, which is

significantly lower than TAS, which was also polymerized at 100 °C. Therefore, these compounds

also serve as potent shrinkage-reducing agents. Table 10 shows the cumulative data for the RT-

NIR photorheology measurements.

Table 10: Detailed results of the RT-NIR photorheology measurements. ‘Curing was conducted at 100 °C; 2No

gelation occurred.

atom monomer tgel [s] DBCgel [%] tos [s] DBCfinal [%]  G'final [kPa]  Fn,max [N]

C CTAE 93+11 57.6%£2.2 635%+3.1 81.6+0.1 422+419 -12.7%0.3

P TAP 50£0.0 56.1+11 493124 90.5+£0.1 475+959 -18.7%0.8

Si TAS?! 40+00 67.6+0.2 195+1.1 98.0+0.3 287+1.80 -159%0.4
DAS 2 2 118.5%6.1 1.3+0.2 2 2

TAB! 17.0+0.0 94.7+0.2 179%3.2 99.7+19 175+40.8 -5.6%x1.0

B ADB 33.7+1.2 826+0.1 65.0+20 92.4+0.2 332+23.8 -93z%1.7

VDB? 140+0.0 83.0+0.3 35421 96.5+0.4 252+440 -1.6%0.2

2.4.2 Mechanical properties of polymer networks

Since high photoreactivity and fast curing were observed for all heteroatom-containing systems,

the mechanical properties of resulting polymers were determined.

The thermomechanical properties of the materials containing CTAE, TAP, TAS, TAB, ADB, or VDB

and the thiol TMT were determined with DMTA measurements described in 2.1.3. Curing of

formulations containing CTAE, TAP, or ADB was conducted at rt, while formulations containing

TAB, TAS, or VDB were cured at elevated temperature using a preheated silicon mold and a

photocuring program at ~104 °C. This was done due to miscibility issues of the monomers with

the thiol TMT, described in chapter 2.4.1.
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Figure 66: G’ (left) and tand (right) over temperature of the different networks formed from carbon-based
reference CTAE or the heteroatom-based allyl esters TAP, TAS, TAB, ADB or VDB with the thiol TMT. pCTAE
(—); pTAP (—); pTAS (—); pTAB (—), pADB (—), and pVDB (—).

The results in Figure 66 (left) show that all materials derived from non-rigid allyl ester monomers
such as CTAE, TAP, TAS, or TAB display low G’37°c. Furthermore, these materials exhibit a Tg at or
slightly above rt but still below body temperature (Figure 66, right). Although the highest
crosslinking density was observed for the B-based material pTAB, it also displayed the lowest Ts.
Poor mechanical properties were also observed in the cured specimens, which exhibited a sticky
surface and creep upon storage, which again can be explained by the facile hydrolysis of the
monomer even from moisture present in air. A Tg below body temperature was also shown for the
polymer containing the boronic ester ADB due to the rather flexible and long side chain resulting
in reduced crosslinking density. Nevertheless, homogeneous networks are formed with all
monomers and the thiol TMT with sharp glass transitions, reflected in the low fwhm values ranging
from 9-17 °C. In contrast, the rigid monomer VDB leads to a substantial increase in material T,
significantly above body temperature (70 °C) and high G’s7c (1280 MPa). Noteworthy, both
materials containing the boronic esters ADB and VDB display a thermoplastic flow instead of a
rubber plateau, which can also be explained by the reversible dynamic boronic ester bonds within

the network enabling high network mobility, especially at elevated temperatures.

Hence, these studies proved that next to rigid trifunctional thiols, rigid allyl ester monomers are
important for the generation of stiff materials, with a Tg significantly above body temperature and
high stiffness observed for the specimen containing the novel boronic ester VDB. The collected

results of these measurements can be found in Table 11.
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Table 11: Detailed results of the DMTA measurements. *No rubber plateau observed.

atom monomer Tg[°C] G’2sc[MPa] G’szc[MPa] fwhm[°C] G’z [MPa]

C CTAE 25 29 9 11 16
P TAP 34 297 24 15 19
Si TAS 32 214 33 17 27
TAB 14 43 44 12 47
B ADB 33 447 5 9 -*
VDB 70 1340 1280 10 -*

To determine other important mechanical parameters, such as strength, which is defined as the
ability of a material to withstand plastic and irreversible deformation, and toughness, tensile tests
were conducted with the materials. These tests are a shock-free, quasi-static destructive method
with a slow strain rate. Uniaxial loading is applied on the sample and steadily increased until the
specimen ruptures. The resulting strain is monitored with increasing stress to obtain stress-strain
curves.3® The tensile stress o [MPa] is calculated with Equation 5, while the strain € [%] can be

determined with Equation 6.

Equation 5: Calculation of the stress in tensile testing. o... tensile stress [MPa]; F...tensile force [N]; Ao...initial
cross section [mm?].

_ AL 100 %
S—LO 0

Equation 6: Calculation of the strain in tensile testing. €... tensile strain [%]; AL...elongation [mm]; Lo...initial
length [mm].

The most important parameters obtained from stress-strain plots are the tensile strength
os [MPa], strain or elongation at break &g [%], and maximum strength om [MPa]. Furthermore,
tensile toughness or deformation energy Ur[MJ/m3], defined as the energy of mechanical
deformation per unit volume prior to fracture, can be determined via the integration of the stress-

strain curve.
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Figure 67: Exemplary stress-strain curves for various polymers.3%

Figure 67 shows typical stress-strain curves of different materials. Initially, for all polymers, a linear
behavior is observed. With increasing stress, a non-linear regime is exhibited, and a different
behaviors occurs. Highly crosslinked networks are very brittle and display very low €g and high owm
(a). Furthermore, no yield point with a yield strength o,, as in curve b, is observed. If the
crosslinking density is low, for example, in elastomers, high g and low ow are exhibited (d). When
toughening agents such as thiols or high molecular weight additives are present, curves b or c are

typically observed, combining high strengths and strains.3%°

For the tests, tensile test specimens of shape 5B of materials were prepared analogously to the
DMTA specimens under the same curing conditions. Testing was performed according to I1SO 527

with a traverse speed of 5 mm/min.
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Figure 68: Stress-strain curves (left) for pCTAE (—); pTAP (—); pTAS (—); pTAB (—), pADB (—) and pVDB (—).
Tensile toughness (right) for pCTAE (I), pTAP (l), pTAS (l), pTAB (l), pADB (l), and pvDB (l).

Figure 68 (left) shows that low strengths were exhibited by materials derived from the non-rigid

monomers CTAE, TAP, TAB, and TAS with om < 22 MPa. For pTAP and pADB, high elongations at
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break of 84% and 323%, respectively were determined. The network pTAB displayed an extreme
viscoplastic behavior, with almost no strength (0.4 MPa) but high elongations at break (585%).
Furthermore, high deviations in €g were observed, due to the moisture sensitivity of these
samples, making the fabrication of reproducible specimens difficult. In contrast, the B-based
monomer VDB led to a drastic increase in network strength (67 MPa), while a good elongation at
break (11%) was exhibited. This further demonstrates the importance of a rigid monomer
structure on the good mechanical properties of resulting materials. Additionally, good tensile
toughness (4.7 MJ/m3) was confirmed for this material (Figure 68, right). The highest tensile
toughness values were shown for pTAP and pADB, which, however, are due to the high elongations

at break, as the materials exhibited low strengths.

To conclude, the material formed from the rigid boronic ester VDB in combination with the rigid
thiol TMT displayed excellent (thermo)mechanical properties, with a high T significantly above
body temperature, high storage modulus at 37 °C, high strength, and good elongation at break, as
well as good tensile toughness. Hence, this material seems ideal for use in artificial bone
substitutes, which require these properties for good load dissipation and tissue integration. The

cumulated results are summarized in Table 12.

Table 12: Detailed results of the tensile tests.

atom monomer owm[MPa] g8 [%] Ur [MJ/m?3]
C CTAE 48+09 698%+7.1 1.8+0.5
P TAP 21.1+10 84313 9.4+0.8
Si TAS 9.2+1.2 443+1.6 22104
TAB 04+0.1 585%272 0.7+0.1

B ADB 146123 313+304 20.8+4.0

VDB 67.0+0.1 11.0+11 4.7+0.6

2.4.3 Degradation of polymer networks

To determine the degradation of the formed polymer networks under hydrolytic conditions,
studies were conducted with cylindrically-shaped specimens (d= 5 mm, h =2 mm), which were
prepared analogously to the DMTA samples under the same curing conditions. Degradation was
studied under physiological conditions (pH= 7.4), acidic (pH=4), and basic conditions (pH=10), as
described in 2.1.4.
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Figure 69: Degradation studies for the C-based reference network pCTAE prepared with the thiol TMT; left:
swelling over time; right: mass loss over time; pH 7.4 (—=—); pH 4 (- -~ =), pH 10 (---4&--).

Figure 69 displays the degradation behavior for the carbon-based reference network formed from
CTAE. Although only a slight amount of swelling (~2-3%) was determined throughout the
experiment under all conditions, a maximum mass loss of <1% was shown under acidic conditions.
Again, no significant mass loss of the network occurred under basic conditions, indicating high
stability of the carboxylic ester bond of the network, even after 6 M. This confirms the results by
Mautner et al.?!? that carbon-based esters are not suitable compounds to generate materials with

sufficient degradability under hydrolytic conditions.
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Figure 70: Degradation studies for the P-based network pTAP prepared with the thiol TMT; left: swelling over
time; right: mass loss over time; pH 7.4 (—=—); pH 4 (- -o- =), pH 10 (-+-&-+*),

For P-based material containing TAP, slight swelling (8-11%) was observed after 6 M (Figure 70,
left). Nevertheless, no significant cleavage of the P-O-bonds occurred under hydrolytic conditions,
with a maximum mass loss of <1% determined under basic conditions (Figure 70, right). Therefore,
P-based materials are less promising, although a different behavior is expected in further in vitro
and in vivo studies, in which phosphatases are present, as these enzymes are able to cleave the

bonds between the heteroatom and oxygen.
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Figure 71: Degradation studies for the Si-based network pTAS prepared with the thiol TMT; left: swelling over
time; right: mass loss over time; pH 7.4 (—=—); pH 4 (- -»- =), pH 10 (---4---).

Only slight swelling was shown for the material derived from Si-based TAS shown in Figure 71
(left). Furthermore, a linear mass loss with an onset after 30 d was determined, with the highest
mass loss of 55% observed under acidic and basic conditions. This shows that enhanced
degradation is possible with polymers containing Si-O bonds compared to the carbon-based
reference network. However, the mechanical properties of the network determined in the
previous chapter were shown to be insufficient for the desired application in bone replacement

materials, making further optimization necessary.
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Figure 72: Degradation studies for the B-based network pTAB prepared with the thiol TMT; left: swelling over
time; right: mass loss over time; pH 7.4 (—=—); pH 4 (- -o- =), pH 10 (-+-&-+*),
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Figure 73: Degradation studies for the B-based network pADB prepared with the thiol TMT; left: swelling over
time; right: mass loss over time; pH 7.4 (—=—); pH 4 (- -»- =), pH 10 (---4---).
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Figure 74: Degradation studies for the B-based network pVDB prepared with the thiol TMT; left: swelling over
time; right: mass loss over time; pH 7.4 (—=—); pH 4 (- -»- =), pH 10 (-----*).

Degradation studies of networks based on boronic esters are displayed in Figure 72 to Figure 74.
For the polymers derived from B-based TAB and ADB, which were shown to exhibit Ty values below
body temperature, the same degradation behavior was observed (Figure 72 and Figure 73).
Swelling of the samples could not be determined after 48 h, as disruption of the samples occurred
under all conditions. This was also shown in the mass loss curves, which display a rapid mass loss
over time. This trend is even slightly accelerated for the network containing ADB, with erosion of
85-90% after 7 days and only a slight further reduction (88-96%) for the remaining testing period.
This shows that the cleavage of aliphatic boronic ester bonds in TAB and the cyclic boronic ester
bonds with an attached methylene group present in ADB proceeds too fast for the desired
application. A possible explanation for this behavior is the low Ty of the networks containing TAB
and ADB, which exhibit values of 14 °C and 33 °C, respectively. Hence, upon storage in the buffer
media at 37 °C, high network flexibility is exhibited, enabling water penetration and facilitating

the cleavage of the network boronic ester bonds. Hence, these systems are more suitable for
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applications requiring low T values and fast degradation rates within 2 days, such as drug delivery

vehicles.

For the network containing VDB, disruption of the samples occurred under basic conditions after
48 h, demonstrating the high instability of the B-O bond towards bases. Under physiological and
acidic conditions, a different behavior was observed without significant swelling throughout the
experiment. Additionally, an immediate onset of degradation was shown, followed by an
exponential decay of the mass, with a mass loss of 79% and 87% after 60 days under neutral and
acidic conditions, respectively. After 90 days, no samples could be removed for determination of
the swelling, as only very thin and fragile samples were observed at the bottom of the vials. Figure
75 provides insight into the degradation mechanism of networks based on VDB under neutral and
acidic conditions. It is shown that a general retention of the shape occurs, which decreases in size
as a function of degradation time. This is characteristic of a surface erosion process and shows the
importance of the high Ty and tensile strength of this material, as this results in reduced chain
mobility at the degradation temperature. This, in turn, prevents the diffusion of water into the

samples and confines hydrolysis to the surface.

Figure 75: Photographs of the VDB-based network at different degradation times under physiological
conditions (PBS, pH = 7.4, upper photograph) and acidic conditions (acetate buffer, pH = 4, lower photograph)
depicting the surface erosion degradation behavior.

As cleavable bonds reside at every crosslinking point, ideally, total material dissolution was
expected. Nevertheless, no total degradation of the polymers was determined for any material
during the testing period. Instead, slight traces of solid residues were observed at the bottom of
the vials after drying to constant weight, attributed to slight traces of hydrolysis products, residual

material, and buffer salts in the testing vials.
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A slight decrease in swelling was observed for some materials (i.e., pVDB) throughout the
experiment. These results can be explained by residual salt traces of the buffer solutions in the
vials, which were weighed in combination with the dried sample to determine the dry weight. This
was done for consistency as some samples were disrupted during the experiment or became too
fragile for removal due to the small sample sizes used (~50 mg). Negative values can be

additionally explained by the irreversible water uptake of some of the networks (i.e., pTAS).

To conclude, enhanced degradation compared to the carbon-based reference network was shown
with the polymer containing Si-based TAS. However, this material is unsuitable for bone scaffolds,
as rather poor mechanical properties are exhibited. Furthermore, the results demonstrate that a
combination of excellent mechanical properties such as low shrinkage, high glass transition
temperature, strength, toughness, and degradation behavior, as well as accelerated degradation
via surface erosion under physiological and acidic conditions, are possible with the material

containing the novel boronic ester VDB in combination with the rigid thiol TMT.

2.5 Optimization of mechanical properties and degradation behavior

It was shown that degradation could be significantly enhanced by using allyl esters containing
silicic and boronic ester bonds, compared to networks with carboxylic ester bonds. Furthermore,
due to the quasi-ideal reaction of these compounds with thiols, unprecedented high network
homogeneity was determined for these materials, unlike for state-of-the-art vinyl esters and vinyl

carbonates, which also display a significant amount of homopolymerization.67/69%8112

Nevertheless, certain disadvantages of formulation and material properties were observed. High
processing temperatures were necessary to obtain homogeneous formulations containing the B-
based VDB or Si-based TAS. This limits their use in 3D-printing methods, in which objects are
generated by photopolymerization of layers at rt. For materials containing TAS and B-based ADB,
rather poor (thermo)mechanical properties with a Ty below body temperature and low tensile
strength were determined, due to the rather flexible monomer structures, making applications in
bone replacement materials impossible. Lastly, due to the low network Tg rapid material
disintegration under hydrolytic conditions occurred for pADB instead of the desired surface

erosion behavior. Therefore, optimization of these properties was conducted.

The aliphatic boronic ester TAB was not used in subsequent studies, as high sensitivity of this
monomer to air moisture was observed, leading to samples with a sticky surface and making the
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fabrication of reproducible specimens difficult. Furthermore, the worst mechanical properties
were shown for this material, with extremely low strengths and high elongations at break,

rendering it unsuitable as a monomer used to fabricate bone regeneration scaffolds.

2.5.1 Optimization with a trifunctional crosslinker

To optimize formulation and mechanical properties, a monomer, which in the best case is liquid
at rt was envisioned to lower the processing temperature of the formulations by improvement of
the solubility of the compounds in the thiol TMT. To not spoil the mechanical properties of the
materials, this monomer should further contain rigid structures. As the best mechanical properties
were shown with trifunctional thiols in previous studies, a trifunctional monomer, triallyl
isocyanurate (TAl), depicted in Figure 76, was chosen. This rigid monomer does not contain any
degradable motifs, which might influence the degradation behavior of the network. All
compounds used for this study are depicted in Figure 76 as well. Parallel to optimizing the
mechanical properties with this trifunctional crosslinker, the influence of adding the filler
hydroxyapatite (HAP) to these systems was studied, which is described in detail in chapter 2 of the

Appendix.

Silicon-based compound Boron-based compounds
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Figure 76: Structure of the compounds used for the optimization studies.
First, formulations were prepared, in which each degradable monomer was partially substituted
by TAI. Different molar ratios of 40 mol%, 60 mol%, or 80 mol% of each degradable monomer (Xdeg)
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with respect to TAl were chosen for the studies. TMT was used as a thiol, and formulations were
prepared in an equimolar ratio of overall double bonds to thiol groups. To calculate the molar

amount of TAI, Equation 7 was used.

ndeg .

Nppp = (100 — Xgeg)

deg

Equation 7: Calculation of molar amount of TAI; nrai...molar amount of TAI; ngeg...molar amount of degradable
monomer: Xdeg...mol% of degradable monomer.

Formulations containing 40-80 mol% of each degradable monomer with respect to TAl and the
thiol TMT in an equimolar ratio of double bonds to thiol groups were prepared. For initiation, 1 w%
of Ivocerin, and for stabilization 0.02 w% of PYR were used. As references, formulations containing
0 mol% of degradable monomer (equivalent to 100 mol% TAIl) and 100 mol% of each degradable
monomer were used. The formulations were homogenized by careful heating and mixing. Then,
they were stored at rt for 2 d to determine the time, after which phase separation or precipitation
of compounds occurred. All formulations containing 40 mol% and 60 mol% of each degradable
monomer with respect to TAl were stable for more than 48 h at rt. Additionally, a homogeneous
formulation was obtained with 80 mol% ADB. For formulations containing 80 mol% TAS and VDB,
phase separation or precipitation were determined at rt, which was also observed for the
100 mol% formulations in previous studies. Therefore, these formulations were processed at

100 °C, while all other systems were processable and curable at rt.

2.5.1.1 Reactivity of formulations with TAI

To determine whether high photocuring rates are maintained upon the addition of the
trifunctional crosslinker, RT-NIR photorheology measurements were conducted as described in
1.1.3. For the experiments, a broadband Hg lamp (400-500 nm) was used. 150-180 L of sample
volume were applied to the glass plate and irradiated for 320 s. The light intensity at the surface
of the samples was adjusted to 20 mW/cm?. Measurements were performed at 25 °C for
formulations stable at rt. For the formulations containing 80 mol% or 100 mol% TAS or VDB, a
temperature of 100 °C was used since homogeneous formulations were only obtained upon

heating to this temperature.
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Figure 77: Storage Modulus (G’, left) and DBC over time (right) for formulations containing 0 mol% (—),
40 mol% (), 60 mol% (—), 80 mol%* (—), and 100 mol% (—) TAS*. *Curing at 100 °C.

First, the influence of the addition of TAl on the photocuring rates of the thiol-ene system
containing the degradable Si-based monomer TAS was determined. Figure 77 (left) shows that
gelation for the formulation containing 0 mol% TAS (100 mol% TAl) is slightly retarded compared
to 40-80 mol% TAS, which display fast crosslinking. As well, significantly lower final double bond
conversions were observed with this sample (75%) (Figure 77, right), although the highest final
storage modulus (533 kPa) was determined, making this monomer highly promising for the
enhancement of mechanical properties of Si-based polymers. All formulations containing TAS
exhibit low tgel and tgs values and high conversions, while the fastest crosslinking and curing was
observed for the formulations containing 80 mol% and 100 mol% TAS, which were cured at 100 °C.
Due to the curing conducted at elevated temperatures, formed networks also display significantly
lower final storage moduli, while the lowest value (123 kPa) was obtained with 80 mol% TAS,

probably due to the lower final conversion of this system.
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Figure 78: DBCgel (left) and Fn,max (right) for formulations containing 0 mol% (l), 40 mol% ( ), 60 mol% ( ),
80 mol% ([f), and 100 mol% (Jj) TAs.

High DBCgel >58% were observed for all formulations, with the highest value for 80 mol% TAS and

100 mol% TAS, due to the curing at elevated temperature resulting in higher network mobility
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during curing (Figure 78, left). Similar Fn,max Were shown for all formulations (Figure 78, right), with
slightly lower values exhibited by the formulations cured at 100 °C. Therefore, partial substitution
of the degradable monomer TAS with TAl does not significantly impact the curing process, and

high photocuring rates of the Si-based systems are maintained.
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Figure 79: Storage Modulus (G’, left) and DBC over time (right) for formulations containing 0 mol% (
40 mol% ( ), 60 mol% ( ), 80 mol% ( ), and 100 mol% ( ) ADB.

Next, the influence of TAl addition on the photorheological behavior of the B-based formulation
containing ADB was investigated. Figure 79 (left) displays the influence on the gelation of
formulations containing ADB. Increased polymerization rates and higher final storage moduli were
observed with increasing TAl concentration. Therefore, TAl is a promising molecule for enhancing
the mechanical properties of ADB-based materials. Conversion curves over time (Figure 79, right)
show a decrease in final double bond conversions with increasing TAl content. Nevertheless, high

values >82% were attained for all systems.
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Figure 80: DBCge (left) and Fn,max (right) for formulations containing 0 mol% (l), 40 mol% ( ), 60 mol% ( ),
80 mol% (Jll), and 100 mol% (Jjj) ADB.

Figure 80 depicts that DBCge increases with the rising concentration of the boronic ester. An

explanation for this is the dynamic character of the cyclic boronic ester bonds, which can reversibly
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reopen during crosslinking, enabling network mobility up to high conversions. This high mobility

is also corroborated by the retarded gelation compared to 100 mol% TAI shown in the rheology

data.
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Figure 81: Storage Modulus (G’, left) and DBC over time (right) for formulations containing 0 mol% (—),
40 mol% (—), 60 mol% (), 80 mol%* (—), and 100 mol% (—) VDB*. *Curing at 100 °C.

Lastly, the photocuring rates and rheological behavior of the B-based thiol-ene formulation
containing VDB were determined. Figure 81 (left) shows that similar polymerization rates are
obtained with all samples except 80 mol% VDB, which displays an accelerated crosslinking of the
network. Nevertheless, also the lowest final storage modulus was observed for this formulation,
followed by 100 mol% VDB, which is due to the curing conducted at 100 °C. Similar, high storage
moduli were determined for the 0-60 mol% formulations, which again shows the positive impact
of rigid TAI on the mechanical properties of resulting networks. Conversion over time curves
(Figure 81, right) show that curing at elevated temperatures significantly increases final
conversions. Additionally, increasing the concentration of TAl results in lower final conversions,

which, however, still exceed 72% for all formulations.
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Figure 82: DBCge (left) and Fn,max (right) for formulations containing 0 mol% (l), 40 mol% ( ), 60 mol% ( ),
80 mol% (J))*, and 100 mol% () VDB*. *Curing at 100 °C.

Figure 82 (left) shows the same trends for rising DBCg with increasing boronic ester
concentrations, which were also observed for systems containing ADB. Exceptionally high values
were shown for 80 mol% and 100 mol% VDB due to the dynamic character of the B-O bonds,
already described in 2.4.1. This is also shown for Fy,max, Which decreases with an increasing amount
of boronic ester due to the potential for network rearrangement, resulting in enhanced network

mobility during curing.

To conclude, all formulations containing TAI display sufficiently fast crosslinking and curing for 3D
printing. It was shown that an increasing amount of TAl results in a decrease in final double bond
conversion for all systems, as they become less flexible during curing. Nevertheless, conversions
>72% were shown for all formulations, which should be high enough for successful structuring.
Lastly, the addition of TAI leads to higher final storage moduli, showing the potential of this
monomer for enhanced mechanical properties of resulting networks. The cumulated data of these

measurements is given in Table 13.
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Table 13: Detailed results of the RT-NIR photorheology measurements. *Curing at 100 °C.

atom monomer Xdeg teel DBCgel tos DBCfinal G'final FN,max
[mol%] [s] [%] [s] [%] [kPa] [N]

C TAI 0 15000 576+0.2 903+33 75.0x0.1 533+319 -17.8%0.8
40 3.7+0.6 589+0.8 57554 827+18 453+20.1 -21.2%0.2

Si TAS 60 3.0£t0.0 61.6+0.6 468+14 873+0.0 420x16.6 -21.6x0.2
80* 3.0+£t0.0 741+0.2 200+27 93.6+3.2 123+138 -17.4%0.5

100* 40+£0.0 67602 195+1.1 98.0+0.3 287+180 -159+04

40 183+06 604+15 780+36 74617 517+155 -16.2%2.0

B VDB 60 19.0+0.0 60.8+04 63.6x45 72304 506+239 -157+%1.9
80* 50+0.0 70.8+33 27327 86.3+42 128+1.00 -79%04

100* 140+00 83.0+03 354+21 96504 252+440 -1.6%0.2

40 170+1.7 66.1+0.3 76.7+59 82.4+0.7 480+29.4 -182+23

B ADB 60 19.0+00 705+08 77.4+54 85501 446+459 -142+0.8
80 22.0+00 76.7t14 69420 90.6+0.3 434+109 -12.8%+1.3

100 33.7+1.2 826+0.1 65020 924+0.2 332+238 -93+1.7

2.5.1.2 Mechanical properties of polymer networks with TAI

After high photoreactivity and fast curing were confirmed for all formulations optimized with the

trifunctional crosslinker TAIl, next, the mechanical properties of resulting polymers were

determined.

The thermomechanical properties of the materials were determined with DMTA measurements

described in 2.1.3. DMTA specimens were cured in a Lumamat 100 light oven. Polymerization of

formulations was conducted at rt, except for 80 mol% or 100 mol% TAS or VDB, which were cured

at elevated temperatures using a preheated silicon mold and a photocuring program at ~104 °C.

This was done due to miscibility issues of the monomers with the thiol TMT, described in 2.5.1.
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Figure 83: G’ (left) and tand (right) over temperature of the different networks formed from formulations
0 mol% (—), 40 mol% (), 60 mol% (—), 80 mol% (—), and 100 mol% (—) TAS.

First, the influence of TAl addition on the thermomechanical properties of the Si-based materials
containing TAS was determined. Storage modulus and tand curves of polymers derived from 40-
80 mol% Si-based TAS in Figure 83 show that adding rigid TAI to the formulations containing the
rather flexible monomer increases T; and storage modulus at 37 °C with increasing TAI
concentration. While the sample containing 80 mol% TAS exhibits a T located exactly at body
temperature, a Tg exceeding 37 °C was determined for the specimens containing higher TAl
amounts. Therefore, the addition of the trifunctional, rigid crosslinker significantly enhanced the
thermomechanical properties. High crosslinking density was shown for the polymers containing
TAS, with higher network density for increasing concentration of this monomer due to its higher
functionality compared to TAI. Interestingly, the lowest crosslinking density of polymers
containing TAS was observed with 80 mol% TAS, which was also shown in the G’ curves of the

photorheology measurements (2.5.1.1).
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Figure 84: G’ (left) and tano (right) over temperature of the different networks formed from formulations
0 mol% ( ), 40 mol% ( ), 60 mol% ( ), 80 mol% ( ), and 100 mol% ( ) ADB.

Next, the thermomechanical properties of the B-based materials containing ADB were

investigated. The same trends for the Si-based specimens were observed with samples containing
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40-80 mol% ADB (Figure 84), with a significant enhancement of all thermomechanical properties
upon TAI addition. Most importantly, all specimens exhibited a T; significantly above body
temperature. A significantly lower crosslinking density and a thermoplastic flow were observed
for ADB-containing materials, which is explained by the lower functionality compared to TAS and

TAl, as well as the dynamic character of these networks, due to the reversible boronic ester bonds.
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Figure 85: G’ (left) and tand (right) over temperature of the different networks formed from formulations
0 mol% (—), 40 mol% (—), 60 mol% (), 80 mol% (—), and 100 mol% (—) VDB.

Subsequently, the thermomechanical properties of the materials containing the boronic ester VDB
were determined. Figure 85 shows that high storage moduli at body temperature (>1280 MPa)
and Tg values >65 °C were determined for all specimens containing B-based, rigid VDB. This shows
that the addition of TAl does not lead to a deterioration of the excellent thermomechanical
properties. Hence, these materials seem most promising for the desired application in bone
regeneration scaffolds. Interestingly, all polymers except the network containing 40 mol% VDB
display a thermoplastic flow at elevated temperatures. Presumably, at a concentration of 40 mol%
VDB, a network with a rather static character is formed due to the high amount of TAIl present,

which forms permanent crosslinks. The summarized results are given in Table 14.
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Table 14: Detailed results of DMTA measurements. *No rubber plateau observed.

atom monomer Xdeg [Mmol%] Tg[°C] G’2s:c [MPa] G’37c[MPa] fwhm [°C] G’z [MPa]

C TAI 0 67 1680 1550 17 13
40 56 1190 996 14 21
60 47 1050 572 14 26
Si TAS
80 37 287 32 14 14
100 32 214 33 17 27
40 67 1300 1210 10 *
60 58 1220 1120 10 *
B ADB
80 49 1300 1030 9 *
100 33 447 5 9 *
40 68 1380 1290 13 8
60 65 1470 1360 12 *
B VDB
80 78 1350 1310 12 *
100 70 1340 1280 10 *

Also, tensile test specimens of shape 5B of all described formulations were prepared under the

same curing conditions as DMTA specimens, and testing was performed as described in 2.4.2.
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Figure 86: Stress-strain curves (left) for polymers containing 0 mol% (—), 40 mol% (), 60 mol% (), 80 mol%
(—), and 100 mol% (—) TAS. Tensile toughness (right) for polymers containing 0 mol% (l), 40 mol% ( ),
60 mol% (), 80 mol% (), and 100 mol% () TAS.

For the polymers containing the rather flexible silicone-based monomer TAS, the stress-strain
curves in Figure 86 (left) confirmed that an increasing amount of TAl leads to an enhancement of
mechanical properties with a significant increase in om and good elongations at break maintained
for all materials containing 40-80 mol% of the monomer. Additionally, tensile toughness could be
improved by a factor of 2, 3, and even 4 for materials containing 40 mol%, 60 mol%, and 80 mol%,

respectively, compared to the network without TAI Figure 86 (right).
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Figure 87: Stress-strain curves (left) for polymers containing 0 mol% ( ), 40 mol% ( ), 60 mol% ( ),
80 mol% (——), and 100 mol% ( ) ADB. Tensile toughness (right) for polymers containing 0 mol% (l),
40 mol% (), 60 mol% ( ), 80 mol% (), and 100 mol% () ADB.

The same trends as for networks containing the flexible monomer TAS were observed for materials
derived from B-based and rather flexible ADB, with a significant increase in tensile strength
observed for all polymers containing 40-80 mol% of the monomer with respect to TAI (Figure 87,
left), while good elongations (7-148%) were maintained. Furthermore, all samples display high
tensile toughness (Figure 87, right), with an exceptional value >30 MJ/m?3 obtained for p(80 mol%

ADB), which is due to its relatively good strength (29 MPa) combined with high elongation at break

(148%).
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Figure 88: Stress-strain curves (left) for polymers containing 0 mol% (—), 40 mol% (—), 60 mol% (), 80 mol%
(—), and 100 mol% (—) VDB. Tensile toughness (right) for polymers containing 0 mol% (l), 40 mol% ( ),
60 mol% (), 80 mol% (Jl}), and 100 mol% () VDB.

Lastly, the mechanical properties of the materials containing the B-based, rigid VDB were
determined. Figure 88 depicts that all materials comprised of 40-80 mol% VDB display high
strengths (67-73 MPa), good elongations (7-11%), and tensile toughness (3-4 MJ/m?3). Therefore,
the substitution of VDB with TAI does not spoil the good mechanical properties obtained for

samples containing only the boronic ester.
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To conclude, the addition of TAl leads to stiff materials with higher glass transition temperatures,

high strength, and good elongation at break for polymers containing non-rigid Si-based TAS and

B-based ADB. Therefore, (thermo)mechanical properties for these networks could be successfully

enhanced with this trifunctional, rigid monomer. For materials containing B-based VDB, the

previously shown good mechanical properties, with high strength and stiffness, were not

negatively influenced by TAI. The collected data is given in Table 15.

Table 15: Detailed results of the tensile tests.

atom monomer Xdeg [Mmol%] om[MPa] €8 [%] Ur [MJ/m?3]
C TAI 0 779+06 7.7+04 40+0.3
40 56.0+1.0 125+34 48+1.2
. 60 383+56 254+%57 70+£1.1
Si TAS
80 265+£1.0 435%95 9.4+20
100 9.2+1.2 443+1.6 22104
40 65.8+3.4 7.2+13 3.0+£0.8
60 64.7+1.3 9.1+1.7 3.6+0.8
B ADB
80 289+2.1 148+10.2 304%23
100 146+23 313+304 20.8+£4.0
40 73.0+x1.2 8.8+2.0 41+1.0
60 73313 9.4+0.9 3916
B VDB
80 69.6 £ 3.6 75+1.1 3.3+0.7
100 67.0+0.1 11.0%1.1 4.7+0.6

2.1.4.
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2.5.1.3 Degradation of polymer networks with TAI

As optimization of the mechanical properties with the trifunctional, rigid monomer TAI was
successful, next degradation of the materials was studied under hydrolytic conditions. Studies
were conducted with cylindrically-shaped specimens (d= 5 mm, h =2 mm), prepared analogously
to the DMTA and tensile test specimens described in 2.5.1.2. Degradation was studied under

physiological conditions (pH= 7.4), acidic (pH=4), and basic conditions (pH=10), as described in
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Figure 89: Degradation studies for the reference network containing 0 mol% of degradable monomer (equal
to 100 mol% TAI); left: swelling over time; right: mass loss over time; pH 7.4 (—=—); pH 4 (--»-),
pH 10 (...&-..)_

First, the degradation of the rigid reference network containing 100 mol% TAIl was studied. Figure
89 shows that a slight amount of swelling (~4-9%) occurred under all conditions, indicating that
the formed network is rather hydrophilic. Additionally, a negligible mass loss of 2-8% was shown,
with the highest values obtained under basic conditions, which proves that a high network stability

is exhibited by this material.
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Figure 90: Degradation studies for the Si-based network containing 40 mol% TAS; left: swelling over time; right:
mass loss over time; pH 7.4 (—s—); pH 4 (- -s- =), pH 10 (---&--).
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Figure 91: Degradation studies for the Si-based network containing 60 mol% TAS; left: swelling over time; right:
mass loss over time; pH 7.4 (—=—); pH 4 (- -»--), pH 10 (&),
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Figure 92: Degradation studies for the Si-based network containing 80 mol% TAS; left: swelling over time; right:
mass loss over time; pH 7.4 (—=—); pH 4 (- -#- =), pH 10 ().

Next, the influence of TAl addition on the degradation behavior of the Si-based materials
containing TAS was determined. Results in Figure 90 to Figure 92 show that slight swelling of O-
11% is observed for all networks containing 40 mol%, 60 mol%, or 80 mol% of TAS while swelling
increases with increasing concentration of the degradable monomer. This indicates that the
network becomes slightly more hydrophilic with rising amounts of TAS. As expected, mass loss
increases with increasing TAS concentration due to the higher amount of degradable bonds within
the network. A negligible maximum mass loss of 3% was observed for the material containing
40 mol% TAS, while higher network erosion with a maximum loss of 21% and 40% was determined
for polymers derived from 60 mol% and 80 mol% TAS, respectively. The fastest degradation was
observed under acidic conditions, which are present during bone remodeling. This shows that
40 mol% TAS is insufficient in these systems to generate degradable implants, while in systems
containing higher amounts of this monomer, successful tuning of the network degradation is
possible by the addition of TAl and variation of its content, making these systems adaptable for

each patient and application.
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Figure 93: Degradation studies for the B-based network containing 40 mol% ADB; left: swelling over time; right:
mass loss over time; pH 7.4 (—=—); pH 4 (- -»--), pH 10 (&),
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Figure 94: Degradation studies for the B-based network containing 60 mol% ADB; left: swelling over time; right:
mass loss over time; pH 7.4 (—=—); pH 4 (- -+ =), pH 10 (---4&---).
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Figure 95: Degradation studies for the B-based network containing 80 mol% ADB; left: swelling over time; right:
mass loss over time; pH 7.4 (—=—); pH 4 (- ---), pH 10 (---4---). *Disruption of specimens. °Drastic shape
change.

Subsequently, the degradation behavior of the materials containing the more flexible boronic
ester ADB in combination with the non-degradable reference TAl was studied. The results for the

networks containing 40-80 mol% ADB are given in Figure 93 to Figure 95. Negligible swelling (3-
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5%) and mass loss (2-3%) were determined for the material containing 40 mol% ADB after 6 M,
proving that the degradable monomer content is too low for the generation of materials prone to
hydrolytic cleavage. Significant swelling of the samples was observed for the polymers containing
higher concentrations of ADB. With 60 mol% ADB, swelling of 14-49% was shown, with a mass loss
of 21% under acidic conditions. For the material containing 80 mol% of the degradable monomer,
significant swelling, a substantial change of shape, and surface stickiness were observed for all
samples. Therefore, no samples could be removed after 1 M under these conditions, as the
samples were stuck to the bottom of the vials. Simultaneously, a higher network erosion of 48%
under acidic conditions was determined due to the higher concentration of degradable bonds.
This rather unfavorable swelling and creep during the experiment is probably due to the T; of this
network (49 °C), which is close to the conditions of the degradation studies. This results in a rather
flexible network, which can be penetrated by water and cleaved throughout the specimen. By this,
a looser network structure is formed, which is prone to creep. Therefore, these systems are not
promising for use as bone replacement materials, and this again proves the importance of a high

network T significantly above body temperature for enhanced degradation behavior.
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Figure 96: Degradation studies for the B-based network containing 40 mol% VDB; left: swelling over time; right:
mass loss over time; pH 7.4 (—=—); pH 4 (- - =), pH 10 (---&---).
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Figure 97: Degradation studies for the B-based network containing 60 mol% VDB; left: swelling over time; right:
mass loss over time; pH 7.4 (—=—); pH 4 (- -#- =), pH 10 ().
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Figure 98: Degradation studies for the B-based network containing 80 mol% VDB; left: swelling over time; right:
mass loss over time; pH 7.4 (—=—); pH 4 (- - =), pH 10 (++-s-*).

Lastly, also the degradation under hydrolytic conditions was investigated for the materials
containing the more rigid boronic ester VDB. Figure 96 shows that at a content of 40 mol% of this
monomer, negligible swelling (3%) and mass loss (0-1%) were determined under all conditions

after 6 M. This shows that similar to ADB- and TAS-containing systems, the content of degradable
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monomer is too low for sufficient erosion. The same trends were observed for the materials
containing higher concentrations of VDB. While intermediate swelling of 17-44% and 15-22% was
shown for the materials containing 60 mol% or 80 mol% of the boronic ester under neutral and
basic conditions, respectively, increased swelling of 48% and 106% occurred under acidic
conditions for these networks (Figure 97 and Figure 98). Additionally, a maximum mass loss of
18% (60 mol% VDB) and 40% (80 mol% VDB) was determined for these materials after 6 M. Due
to the high Ty >64 °C of these polymers, the water uptake cannot be explained by the high network
flexibility at the degradation temperature, which is also supported by the fact that no shape
change or creep was observed. Hence, another explanation for the swelling of these networks
might be that continuous non-degradable subnetworks are formed by TAl with the thiol TMT due
to its higher functionality than VDB. Hence, after cleavage of the boronic ester bonds, a looser but
non-degradable network remains, which can be penetrated but not cleaved by water. Therefore,
a difunctional non-degradable monomer instead of TAl might reduce the possibility of the
formation of these subnetworks and lead to enhanced degradation with reduced swelling,

especially under acidic conditions present during bone remodeling.

To conclude this chapter, processing temperatures for all Si- and B-based formulations could be
reduced by partially substituting the monomers with trifunctional, rigid TAI, except for 80 mol%
TAS or VDB, which still require curing at 100 °C. Additionally, (thermo)mechanical properties could
be successfully enhanced for all degradable materials. Nevertheless, a deteriorated degradation
behavior with significant swelling was observed for the materials, which can be explained by a
non-degradable subnetwork formed by trifunctional TAl and the trifunctional thiol TMT.
Therefore, a reduction of the functionality of the non-degradable monomer might prevent the

formation of these subnetworks.

2.5.2 Optimization with a difunctional crosslinker

To avoid the possibility of the formation of non-degradable subnetworks, a difunctional monomer
instead of trifunctional TAl should be used to enhance both mechanical properties and
degradation of resulting networks. Therefore, a literature search was conducted for difunctional,
non-degradable allyl or vinyl ethers, as monomers should perform ideal step-growth reactions
with thiols such as TMT (Figure 99) for homogeneous network formation. As another criterion,
only compounds with rigid elements within the structure, such as cycloaliphatic, aromatic rings,

and spirocyclic elements, were considered to obtain materials with good (thermo)mechanical
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properties. As a result, six different target compounds were chosen, which are depicted in Figure

99.

Difunctional, rigid monomers
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Figure 99: Structures of difunctional vinyl ether and allyl ether monomers containing rigid elements within the
structure and the thiol TMT used for subsequent studies.

The envisioned monomers include 1,4-cyclohexanedimethanol divinyl ether (CVE), 1,4-
cyclohexanedimethanol diallyl ether (CAE) and 1,4-diallyloxybenzene (BAE), diallyl isosorbide
(IAE), 3,9-divinyl-2,4,8,10-tetraoxaspiro(5.5)undecane (VSA) and diallyl isocyanurate (DAI). Due to

the limited commercial availability of difunctional monomers, CAE and BAE had to be synthesized.

For all of these compounds, except CAE and DAI, radical-initiated thiol-ene polymerization was
frequently reported. CVE was predominantly used in oxygen-insensitive, phohopatternable thiol-

334 or for the

ene resins either applied in photolithography to produce submicrometer patterns,
fabrication of dielectrics for organic field-effect transistors.33>33¢ |AE, a biobased building block
derived from corn starch, was often applied in thiol-ene photopolymerization in combination with
terpenes,®’ fluorinated phosphonium salts,®*® or silver nanoparticles®*° to produce

environmentally friendly, antibacterial coatings. Childress et al. utilized BAE and VSA in
132



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

GENERAL PART

combination with thiols containing alkyl chains of different lengths to synthesize semicrystalline,
recyclable thermoplastics with tunable optical, thermal, and mechanical properties.3*° VSA was
further applied in ternary thiol-ene systems by Sycks et al. to generate semicrystalline polymers
with tunable crystallinity and mechanical properties,3! which were also used in 3D printing.3*? The
group determined that the incorporation of the spiroacetal moieties significantly improved the
mechanical properties, especially the toughness, of printed parts, making this compound

particularly interesting for subsequent studies.

2.5.2.1 Syntheses of difunctional crosslinkers
1,4-Bis(2-propenyloxy)methylcyclohexane (CAE) was synthesized according to Lohse et al.3*3 via a

one-step procedure.

OH O

NaOH, TBAB

+ /\/Br >
toluene

HO \/\O

CAE

For the synthesis, 1 eq. 1,4-cyclohexanedimethanol, 3.5 eq. allyl bromide, 0.13 eq. of tetra-n-
butylammonium bromide (TBAB) as a phase transfer catalyst, and 2.9 eq. of NaOH were dissolved
in toluene and stirred at 40 °C for 8 h and at 80 °C for 10 h. The crude product, a mixture of mono-
and disubstituted compounds, was purified via column chromatography to yield the product as a

colorless liquid in a yield of 70%.

Next, the synthesis of 1,4-bis(allyloxy)benzene was performed according to a combined procedure

by Kotha et al.3** and Childress et al.3*° in a one-step procedure.

OH O/\/
K,CO3
B >
acetone
OH /\/O
BAE

For the synthesis, 1 eq. of hydroquinone, 1.4 eq. of K,CO3s, and 2.2 eq. of allyl bromide in acetone

were utilized. The mixture was heated to a maximum of 45°C for 3d to avoid Claisen
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rearrangement of the product. The crude product was purified by column chromatography to yield

the pure product as white crystals in a yield of 69%.

2.5.2.2 Mechanical properties of networks with difunctional crosslinkers
To readily exclude difunctional monomers resulting in polymers with poor thermomechanical

properties, DMTA measurements described in 2.1.3 were performed as a fast screening method.

Formulations were prepared with all difunctional monomers and the thiol TMT in an equimolar
ratio of double bonds to thiol groups. Due to the insolubility of DAI in the thiol due to its high
melting point of 148 °C, no polymerization was conducted with this monomer. For all other
compounds, homogeneous formulations were obtained at 25 °C, and specimens were cured at rt

in a Lumamat 100 light oven.
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Figure 100: G’ (left) and tané (right) over temperature for the networks formed from the difunctional
monomers CVE (—), CAE (—), BAE ( ), 1AE (—), or VSA (—) and the thiol TMT. The samples
containing CVE, CAE, BAE, or IAE ruptured at some point during the measurement.

Curves in Figure 100 show that materials derived from the vinyl and allyl ethers CVE, CAE, BAE, or
IAE display low T values below body temperature, while the lowest values were observed for the
cycloaliphatic compounds. When comparing CVE and CAE, it is shown that T; can be increased by
10 °C with a slightly shorter side chain. For materials derived from aromatic BAE and the
isosorbide-based compound IAE, a higher Ty around rt was observed due to the rigidity of the
monomer cores. Nevertheless, an even higher Ty was expected for pBAE, which should be capable
of m-stacking of the benzene moieties. An explanation for this was found in literature by Childress
et al.3*%, which found the m-stacking of BAE to be very sensitive to the spacer length of a linear
thiol. Hence, the specific structure of TMT seems to inhibit these aromatic interactions, and a thiol
with a slightly longer or slightly shorter spacer length or different functionality might be beneficial

in combination with this monomer.
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In contrast, the network containing the spirocyclic acetal VSA displays the best thermomechanical
properties with a high network T; significantly exceeding body temperature as well as high storage
modulus at 37 °C. Although it contains an acetal moiety, this compound is literature-known as
non-degradable and is patented for biomedical applications, such as in photopolymerized
orthopedic implants3*°, cosmetics34°, dental applications3*®, or sealants3#. In addition, the SDS for
this compound reports a high LDso for rats (LDso oralrat=3.25 g/kg*°), which corresponds to a low

acute toxicity of this compound.

To conclude, VSA was chosen as a difunctional, non-degradable monomer in future studies, as it
leads to enhanced thermomechanical properties of networks with TMT. All other tested vinyl and
allyl ethers were excluded from further tests due to low network Tz<30 °C obtained in combination

with the thiol. The cumulated data is given in Table 16.

Table 16: Detailed results of the DMTA measurements. *Sample ruptured during the measurement.

thiol monomer Tg[°C] G’2s.c[MPa] G’szc[MPa] fwhm[°C] G’r[MPa]

CVE 13 6 0.3 11 -*
CAE 0.3 5 5 9 8
™T BAE 25 20 5 9
IAE 24 11 5 9 5
VSA 74 1640 1590 12 8

2.5.2.3 Reactivity of formulations with VSA

As studies with TAl showed that non-degradable subnetworks were formed, a literature search
was performed regarding the percolation threshold of networks containing “dynamic”, hence
hydrolyzable and permanent crosslinks. Li et al.?°® calculated the critical fraction of permanent
crosslinks for the formation of a percolated permanent network for a network formed by a
difunctional monomer with dynamic bonds, a difunctional monomer with static bonds, and a
trifunctional static crosslinker. For such a system, the theoretical critical fraction of static
difunctional monomer was found to be <50 mol%. This theory was confirmed for networks

containing boronic esters by Robinson et al.%>®

Due to these findings, similar to 2.5.1, formulations were prepared, in which each degradable
monomer was partially substituted by VSA. To maintain the same concentration of degradable
bonds within the networks, the same molar ratios as previously described for TAl, of 40 mol%,
60 mol% or 80 mol% of the degradable monomers TAS, ADB or VDB (xq4eg) With respect to the
difunctional monomer, were chosen for the studies, to possibly see the transition from a static,
hence non-degradable to a dynamic, hence degradable network. TMT was used as a thiol, and
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formulations were prepared in an equimolar ratio of overall double bonds to thiol groups. As
references, formulations containing 0 mol% of degradable monomer (equivalent to 100 mol%
VSA) and 100 mol% of each degradable monomer were used. To calculate the molar amount of

VSA, Equation 8 was used.

ndeg

Nygp = * (100 — Xgeg)

deg

Equation 8: Calculation of molar amount of VSA; nvysa..molar amount of VSA; ngeg...molar amount of
degradable monomer: Xdeg...mol% of degradable monomer.

The formulations were prepared with 1 w% Ivocerin and 0.02 w% of PYR and homogenized by
careful heating and mixing. Then, they were stored at rt for 2 d to determine the time, after which

phase separation or precipitation of compounds occurred.

It was determined that all formulations, except 80 mol% TAS, can be processed and cured at 25 °C,
as no phase separation or precipitation was observed for several hours or days. Compared to
studies with TAI (2.5.1), a higher concentration of 80 mol% of B-based, rigid VDB can be added to
formulations without precipitation of the monomer. For curing of 80 mol% TAS 100 °C will be used.
This shows that although VSA is solid at rt, it enhances the solubility of the degradable monomers

compared to trifunctional TAI.

To determine the photoreactivity of the formulations, RT-NIR photorheology measurements were
conducted as described in 1.1.3. For the experiments, filtered light from a broadband Hg lamp
(400-500 nm) was used. 150-180 pL of sample volume were applied to the glass plate and
irradiated for 320 s. The light intensity at the surface of the samples was adjusted to 20 mW/cm?.
Measurements were performed at 25 °C for formulations stable at rt. For the formulations
containing 80 mol% TAS or 100 mol% TAS or VDB, a temperature of 100 °C was used due to the

miscibility issues described above.
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Figure 101: Storage Modulus (G’, left) and DBC over time (right) for formulations containing 0 mol% (—),
40 mol% (), 60 mol% (—), 80 mol%* (—), and 100 mol% (—) TAS*. *Curing at 100 °C.

First, the influence of VSA addition on the photorheological properties of formulations containing
the Si-based monomer TAS was determined. Figure 101 compares the rheological (left) and the IR
data (right) of systems containing 0-100 mol% TAS. It is shown that the formulations with the Si-
based monomer exhibit a significantly accelerated crosslinking of the networks compared to the
slightly retarded photopolymerization of 100 mol% VSA, with gelation occurring within 5 s. Also,
accelerated curing (tg5<48 s) and higher final double bond conversions were observed (>90%). The
highest G’sinal Wwas obtained with the reference formulations, which proves its potential as a
comonomer resulting in enhanced mechanical properties of formed polymers. High storage
moduli were also shown for 40 mol% and 60 mol% TAS, while significantly lower values were

obtained for 80 mol% TAS and 100 mol% TAS due to the curing at 100 °C.
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Figure 102: DBCge (left) and Fn,max (right) for formulations containing 0 mol% (l), 40 mol% ( ), 60 mol% (| ),
80 mol% ([1), and 100 mol% (Jj) TAs.

DBCge values (Figure 102, left) for all samples are quite high and in the same range as for the
reference formulation (66-68%). Significantly higher DBCgl were observed with 80 mol% TAS
(85%) due to curing conducted at elevated temperatures, enhancing monomer and thiol mobility

during network formation. Figure 102 (right) shows that high shrinkage during polymerization is
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exhibited when VSA is substituted by 40 mol% or 60 mol% TAS due to the higher functionality of
the Si-based monomer resulting in higher crosslinking density. As a result of the curing at 100 °C,

significantly lower shrinkage is exhibited by the 80 mol% and 100 mol% system:s.
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Figure 103: Storage Modulus (G’, left) and DBC over time (right) for formulations containing 0 mol% (
40 mol% ( ), 60 mol% ( ), 80 mol% ( ), and 100 mol% ( ) ADB.

Next, the photocuring behavior of the formulations containing the flexible boronic ester ADB was
investigated. Storage modulus over time curves in Figure 103 (left) show that increasing
concentration of ADB results in a delayed crosslinking from 25 s for 40 mol% ADB to 34 s for
100 mol% ADB. Nevertheless, a similar time for network curing was observed for all formulations.
The IR data in Figure 103 (right) depict that an increasing amount of ADB significantly increases
the final conversions from 67% to 92% This shows that higher boronic ester concentration leads
to enhanced mobility during curing and hence final conversion. Due to the rather flexible
monomer structure of ADB, with long side chains, an increase in G’sina Was observed upon partial

substitution with rigid VSA.
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Figure 104: DBCgel (left) and Fn,max (right) for formulations containing 0 mol% (l), 40 mol% ( ), 60 mol% ( ),
80 mol% (Jll), and 100 mol% (Jjj) ADB.

Figure 104 (left) shows that similar DBCge are exhibited for 0-80 mol% formulations, while the
highest values were obtained with the reference formulation 100 mol% ADB, which can again be
explained by the dynamic boronic ester bonds causing network reconfiguration during the curing
process. This is also reflected in the significantly decreased shrinkage during polymerization

observed for 80 mol% and 100 mol% ADB (Figure 104, right).
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Figure 105: Storage Modulus (G’, left) and DBC over time (right) for formulations containing 0 mol% (—),
40 mol% (—), 60 mol% (), 80 mol% (—), and 100 mol% (—) VDB*. *Curing at 100 °C.

Lastly, the influence of VSA addition on the photocuring behavior of the formulations containing
the rigid boron-based VDB was studied. Similar gelation, curing speed, and final conversions were
obtained for formulations containing 0-80 mol% VDB (Figure 105). Due to the curing of 100 mol%
VDB conducted at 100 °C, significantly faster crosslinking and network curing were observed and
higher DBCrinal. High final storage moduli were shown for the 0-80 mol% systems, while a lower

G’rinal Was determined for the formulation cured at elevated temperatures.
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Figure 106: DBCgel (left) and Fn,max (right) for formulations containing 0 mol% (l), 40 mol% ( ), 60 mol% ( ),
80 mol% (), and 100 mol% (J}) vDB.

For VDB-containing systems, the same trends for DBCgel (Figure 106, left) as for ADB, with similar
DBCqgel for 0-80 mol% formulations and significantly higher network mobility shown, resulting in an
increase in DBCgel, Which can again be explained by the dynamic boronic ester bonds causing
network reconfiguration during the curing process. Similar and low shrinkage was observed for
systems containing 0-80 mol% VDB, with a drastic decrease for 100 mol% VDB, due to the curing

at 100 °C (Figure 106, right).

To summarize, fast crosslinking, curing, and high conversions were shown with all Si-based
formulations with VSA as a comonomer, while slightly delayed network formation was observed
with B-based systems. Nevertheless, the photopolymerization of all systems should be sufficiently
fast for the 3D-printing process. Most importantly, high G’inal values >400 kPa were obtained for
all 40-80 mol% systems cured at rt, which proves that partial substitution with this rigid,
difunctional monomer does not spoil but enhances the mechanical properties of the degradable

materials. The collected data from all measurements is given in Table 17.
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Table 17: Detailed results of the RT-NIR photorheology measurements.

atom monomer Xdeg teel DBCgel tos DBCfinal G'final FN,max
[mol%] [s] [%] [s] [%] [kPa] [N]

C VSA 0 253+0.6 66.8+0.2 748+39 779+03 5471399 -149x25
40 3.0+£0.0 695+0.2 475+14 999+0.1 526%+33.2 -226=%1.7

Si TAS 60 3.0£0.0 657+£0.7 43.1+x11 90.3+03 442+10.6 -23.6x1.3
80* 40+0.0 84.5+57 96+34 974+35 147+150 -17.6+1.0

100* 40+£0.0 67602 195+1.1 98.0+0.3 287+1.80 -159+04

40 27.7+06 644+10 704+3.0 751+04 5501204 -14.1+44

B VDB 60 27.0+£1.7 693+28 61.8+94 794+3.1 509+67.3 -15.8+5.8
80 283+0.6 602145 70.1+24 70.0+4.6 508+41.1 -13.7x09

100* 140+00 83.0+03 354+21 96504 252+440 -1.6%0.2

40 25.0+0.0 583+04 694+38 665+04 4961437 -16.4+09

B ADB 60 253+0.6 645156 53.1+83 725+44 480x1.60 -165x1.1
80 29.0+0.0 694+08 62640 78.7+0.2 438+9.80 -103zx2.1

100 33.7+1.2 826+0.1 65020 924+0.2 332+238 -93+1.7

2.5.2.4 Mechanical properties of polymer networks with VSA

To determine whether the addition of the difunctional, rigid monomer indeed results in enhanced

mechanical properties of the degradable polymers, DMTA measurements and tensile tests were

conducted.

DMTA measurements were done according to 2.1.3. DMTA specimens were cured in a Lumamat

100 light oven. Polymerization of formulations was conducted at rt, except for 80 mol% TAS and

100 mol% TAS or VDB, which were cured at elevated temperatures using a preheated silicon mold

and a photocuring program at ~104 °C. This was done due to miscibility issues of the monomers

with the thiol TMT, described in 2.5.2.3.
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Figure 107: G’ (left) and tand (right) over temperature of the different networks formed from formulations
0mol% (—), 40 mol% (), 60 mol% (), 80 mol% (—), and 100 mol% (—) TAS.

First, the influence of VSA addition on the thermomechanical properties of the silicon-based
systems containing TAS was determined. Storage modulus and tand curves of systems containing
40-80 mol% Si-based TAS in Figure 107 show that the addition of VSA leads to an increase in Ty
and storage modulus at 37 °C with increasing concentration of the difunctional, rigid monomer.
Additionally, for all specimens, except for p(80 mol% TAS), a T, exceeding 37 °C was determined.
This system also displays a rather low storage modulus at body temperature; hence, it is not suited
for the desired application as an artificial bone graft. For all other specimens containing 0-60 mol%
TAS, a significantly increased G’szc was determined. Compared to the reference formulation
containing 100 mol% VSA, higher crosslinking density was shown for the polymers containing the
Si-based monomer, with the highest values obtained at the highest concentration, due to its

higher functionality than VSA.
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Figure 108: G’ (left) and tand (right) over temperature of the different networks formed from formulations
0 mol% ( ), 40 mol% ( ), 60 mol% ( ), 80 mol% ( ), and 100 mol% ( ) ADB.

Subsequently, the thermomechanical properties of materials containing the flexible boronic ester
ADB were investigated. Figure 108 shows that the same trends as for the Si-based materials were

observed with samples containing 40-80 mol% of the boronic ester ADB, with enhanced
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thermomechanical properties caused by partial substitution with VSA. In contrast to Si-based
polymers, all specimens exhibit a Ty above body temperature and significantly increased storage
moduli at 37 °C. Similar to specimens optimized with TAl described in 2.5.1.2, a thermoplastic flow
was observed for all ADB-containing materials due to the dynamic character of these networks

caused by the reversible boronic ester bonds.
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Figure 109: G’ (left) and tand (right) over temperature of the different networks formed from formulations
0 mol% (—), 40 mol% (—), 60 mol% (), 80 mol% (—), and 100 mol% (—) VDB.

Lastly, the influence of VSA addition on the thermomechanical behavior of materials containing
the rigid, boron-based VDB was also determined. For all polymers containing VDB, high storage
moduli at body temperature and T, values >56 °C were determined (Figure 109). Furthermore,
compared to the reference without VSA, a further increase in storage modulus at 37 °C was
obtained for all materials upon partial substitution with this rigid monomer. This shows that the
addition of VSA results in excellent thermomechanical properties for all VDB-based polymers, and
similar to TAl-containing systems, these materials are highly promising. Again, a thermoplastic
flow was observed for all specimens containing VDB at elevated temperatures, confirming that all
networks are rather dynamic at these temperatures. The summarized results of all measurements

are given in Table 18.
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Table 18: Detailed results of DMTA measurements. *No rubber plateau observed.

atom monomer Xdeg [Mmol%] Tg[°C] G’2s:c [MPa] G’37c[MPa] fwhm [°C] G’z [MPa]

C VSA 0 74 1640 1590 12 8
40 51 1110 852 10 15
60 42 715 158 11 19
Si TAS
80 35 384 24 11 22
100 32 214 33 17 27
40 53 860 762 10 *
60 44 1280 462 9 &
B ADB
80 40 922 64 7 *
100 33 447 5 9 :
40 60 2120 1930 14 *
60 58 1390 1310 13 *
B VDB
80 56 1760 1600 12 *
100 70 1340 1280 10 *

To determine other important mechanical properties, such as strength and toughness, tensile
tests were conducted with specimens of shape 5B of all described formulations. Samples were
prepared under the same curing conditions as DMTA specimens, and testing was performed as

described in 2.4.2.
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Figure 110: Stress-strain curves (left) for polymers containing 0 mol% (—), 40 mol% (), 60 mol% (),
80 mol% (—), and 100 mol% (—) TAS. Tensile toughness (right) for polymers containing 0 mol% (l), 40 mol%
(), 60 mol% (), 80 mol% (If]), and 100 mol% ([ TAs.

First, materials containing the Si-based monomer TAS and VSA were investigated. Figure 110 (left)
depicts that increasing concentration of VSA leads to a significant increase in strength while high
strain at break is maintained for polymers containing 40-80 mol% TAS. This is also reflected in the
tensile toughness (Figure 110, right). Similar tensile toughness values (6-8 MJ/m?3) were observed
with the 40-80 mol% polymers, while a toughness decreased by a factor of 3 was shown for the

polymer formed from 60 mol% TAS, compared to the reference material without VSA.
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Figure 111: Stress-strain curves (left) for polymers containing 0 mol% ( ), 40 mol% ( ), 60 mol% ( ),
80 mol% (——), and 100 mol% ( ) ADB. Tensile toughness (right) for polymers containing 0 mol% (I),
40 mol% (), 60 mol% ( ), 80 mol% (), and 100 mol% () ADB.

The same trends for systems containing flexible TAS were observed for the materials derived from
40-80 mol% of the boronic ester ADB, with increased tensile strength and decreased elongation
at break with increasing VSA concentration (Figure 111, left). Noteworthy, exceptionally high
elongations combined with good strength were observed for materials containing 60 mol% and
80 mol% ADB, which leads to an unprecedented tensile toughness of 32 MJ/m? and 26 MJ/m3

(Figure 111, right).
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Figure 112: Stress-strain curves (left) for polymers containing 0 mol% (—), 40 mol% (—), 60 mol% ( ),
80 mol% (—), and 100 mol% (—) VDB. Tensile toughness (right) for polymers containing 0 mol% (l), 40 mol%
(), 60 mol% ( ), 80 mol% (), and 100 mol% (J§l) VDB.

Finally, the influence of VSA addition on the mechanical properties of materials containing the
rigid boronic ester VDB was determined. Figure 112 shows that similar strength, strain at break,
and tensile toughness were observed for all materials containing VDB. Therefore, the addition of
rigid difunctional VSA does not negatively influence the good mechanical properties of materials

containing rigid difunctional but degradable VDB.
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To sum up, the addition of VSA results in materials combining high strength and toughness, while
good elongation at break is maintained for all polymers. Therefore, for materials containing non-
rigid TAS and ADB, mechanical properties could be successfully enhanced with this difunctional,
rigid monomer. For polymers containing B-based VDB, the previously shown mechanical
properties with high strength and stiffness were not influenced by DVSA. The collected data from

these tests is given in Table 19.

Table 19: Detailed results of the tensile tests.

atom monomer Xdeg [Mmol%] om[MPa] €8 [%] Ur [MJ/m?3]
C VSA 0 659+6.2 105+14 46+0.7
40 33.8+1.4 243+4.1 5.8+0.9
60 18.1+2.0 43.8+7.4 75+1.6
Si TAS
80 17.3+0.8 489+43 6.1+£0.6
100 9.2+1.2 443+1.6 22104
40 56.6+£1.7 13.4+%23 4.4+0.8
60 283+2.1 165%+16.5 31.7%+3.7
B ADB
80 21.7+2.1 170+10.9 26.3+29
100 146+23 313+304 20.8+£4.0
40 64016 143+33 55+1.3
60 60.8+1.9 95+04 39+21
B VDB
80 63.0+0.6 13.8+1.8 55+0.7
100 67.0£0.1 110zx1.1 4.7+0.6

2.5.2.5 Degradation of polymer networks with VSA

Next, the degradation behavior of the materials was studied under hydrolytic conditions to
determine whether a difunctional instead of a trifunctional crosslinker indeed results in networks
with enhanced cleavage without significant swelling and the formation of non-degradable
subnetworks. Studies were conducted with cylindrically-shaped specimens (d=5 mm, h =2 mm),
which were prepared analogously to the DMTA and tensile test specimens described in 2.5.2.4
Degradation was studied under physiological conditions (pH= 7.4), acidic (pH=4) and basic
conditions (pH=10), as described in 2.1.4.
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Figure 113: Degradation studies for the reference network containing 0 mol% of degradable monomer with
respect to VSA (equal to 100 mol% VSA); left: swelling over time; right: mass loss over time; pH 7.4 (—=—); pH
4 (_ -~ _)’ pH 10 (...‘.-‘.).

First, the degradation properties of the reference material containing DVSA was studied. Figure
113 shows that for the reference material p(100 mol% DVSA) after 6 M, only slight swelling was
observed. A slight increase in mass of (5-7%) was also determined, indicating a hydrophilic
network, causing a slight, irreversible water uptake. This proves that compared to the network
formed from the trifunctional reference TAI (2.5.1.3), which displayed a slight mass loss of 2-8%,
increased stability is exhibited by this polymer. Therefore, it was confirmed that no degradation

of this network occurs under hydrolytic conditions, even though it contains a spiroacetal moiety.

20

120+

100

-20

©
o
1

-40 4

Swelling [%]
FN -

o o

L L
Mass loss [%]

-60

N
o
1

-80

o
1

T T T T T T -100 T T T T T T
0 30 60 90 120 150 180 0 30 60 90 120 150 180

t[d] t[d]

Figure 114: Degradation studies for the Si-based network containing 40 mol% TAS; right: mass loss over time;
pH 7.4 (—=—); pH 4 (- - -), pH 10 ().
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Figure 115: Degradation studies for the Si-based network containing 60 mol% TAS; left: swelling over time;
right: mass loss over time; pH 7.4 (—=—); pH 4 (- o =), pH 10 (- &),
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Figure 116: Degradation studies for the Si-based network containing 80 mol% TAS; left: swelling over time;
right: mass loss over time; pH 7.4 (—=—); pH 4 (- -»--), pH 10 (--4--).

Next, also the degradation behavior of the materials containing the Si-based monomer TAS was
investigated. Figure 114 to Figure 116 show that for all materials containing 40-80 mol% TAS, slight
swelling was observed after 6 M, with a maximum value of 12%. Similar to networks containing
TAl, an increase in swelling was determined with increasing concentration of Si-O bonds within
the network. In contrast to the TAl-materials, a slightly higher mass loss was confirmed for all 40-
80 mol% specimens, with a maximum mass loss of 19% for p(40 mol% TAS), 32% for p(60 mol%
TAS) and 43% for p(80 mol% TAS). Again, the fastest and highest mass erosion was observed under
acidic conditions. Hence, degradation can be efficiently tuned by varying the content of
degradable to non-degradable monomers in these thiol-ene networks. Additionally, even though
Tg of the materials containing 60 mol% TAS only slightly exceeded body temperature, and was
even lower than 37 °C for the polymer containing 80 mol% TAS, no shape deformation or creep of

the samples was observed at 37 °C.
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Figure 117: Degradation studies for the B-based network containing 40 mol% ADB; left: swelling over time;
right: mass loss over time; pH 7.4 (—=—); pH 4 (- o =), pH 10 (- &),
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Figure 118: Degradation studies for the B-based network containing 60 mol% ADB; left: swelling over time;
right: mass loss over time; pH 7.4 (—=—); pH 4 (- -»- =), pH 10 (---4---). *Disruption of samples occurred.

Swelling [%]

120

100 4

©
o
1

(=2
o
1

IS
=)
"

N
o
1

o
1

Mass loss [%]

o4
w
o
[=2]
o

T

20
t[d]

120

150

180

-80

-100

T

20 120
t[d]

150 180

Figure 119: Degradation studies for the B-based network containing 80 mol% ADB; left: swelling over time;
right: mass loss over time; pH 7.4 (—=—); pH 4 (- - -), pH 10 (:--#-+). *Disruption of samples occurred.

Subsequently, the degradation of the materials containing 40-80 mol% of the more flexible

boronic ester ADB was determined, which is displayed in Figure 117 to Figure 119. Negligible

swelling (4-5%) was shown for the material containing 40 mol% ADB in physiological and acidic

conditions, while significant swelling of 120% was observed in basic conditions. Furthermore, a
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slight mass loss of 7-8% was determined at pH values 7.4 and 4, and a slightly increased erosion
of 16% was exhibited at pH 10. This confirms the assumption that at a concentration of 40 mol%
of boronic ester, the percolation threshold for a non-degradable subnetwork of VSA is already
reached, causing significant network swelling under basic conditions while simultaneously poor
network erosion was shown. For the 60 mol% and 80 mol% materials, higher maximum mass loss
of 42% and 67%, respectively, was observed after 6 M. Nevertheless, for these materials,
disruption of samples occurred at some point during the studies, as well as significant creep at
37 °C. This shows that no continuous VSA network was formed for these materials due to the
higher concentration of degradable monomer. The shape change and creep might be explained
by the slightly lower T of the polymers formed with VSA compared to TAI, which leads to a more
flexible network at the degradation temperature and, therefore, more facile penetration by water.
Other explanations are the lower crosslinking density due to the lower monomer functionality and
increased network hydrophilicity, which was determined for the reference material containing
100 mol% VSA. Therefore, these B-based systems are not promising for further experiments, as

they are unsuitable as bone replacement materials.
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Figure 120: Degradation studies for the B-based network containing 40 mol% VDB; left: swelling over time;
right: mass loss over time; pH 7.4 (—=—); pH 4 (- - -), pH 10 (** &),
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Figure 121: Degradation studies for the B-based network containing 60 mol% VDB; left: swelling over time;
right: mass loss over time; pH 7.4 (—=—); pH 4 (- - =), pH 10 (:--#--*). *Samples too fragile for removal.
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Figure 122: Degradation studies for the B-based network containing 80 mol% VDB; left: swelling over time;
right: mass loss over time; pH 7.4 (—=—); pH 4 (- -»- =), pH 10 (---4---). *Samples too fragile for removal.

Lastly, the degradation behavior of the materials containing the rigid boronic ester VDB was
investigated. Figure 120 shows that similar to the material containing 40 mol% ADB, pronounced
swelling was observed for the network containing 40 mol% VDB under basic conditions. In
contrast, slightly higher swelling of 21% and 40% was also determined under physiological and
acidic conditions, indicating higher network hydrophilicity. As well, negligible mass loss was shown
after 6 M, which proves that the percolation threshold for the formation of a non-degradable
DVSA network is already reached. With the network containing 60 mol% VDB (Figure 121),
significant swelling 50-80% was also determined after 6 M, accompanied by a mass loss of 14% at
pH 7.4 and 23-27% in acidic and basic conditions. Due to this high swelling, this degradation
behavior is still unfavorable and indicates degradation via bulk rather than surface erosion.
Therefore, for this system, even higher concentrations of this boronic ester than described by
Robinson et al.*® are necessary to prevent the formation of a continuous subnetwork causing
substantial swelling of the samples. An explanation is that this theory is described for networks

with low Tg values, which exhibit high network mobility and exchange rates at rt. This assumption
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was proven with the material p(80 mol% VDB), which shows a different degradation behavior,
depicted in Figure 122. Significantly decreased swelling after 6 M of 23% under physiological and
30% under acidic conditions was determined. Under basic conditions, no specimens could be
removed from the buffer due to their high fragility after 7 d. Most importantly, an erosion of 40%
in PBS, 50% in the acidic buffer, and 65% in basic solution was confirmed after 6 M. This shows
that significantly improved degradation was obtained for this material compared to the network
containing 80 mol% VDB with respect to TAI, for which significantly increased swelling and lower

mass loss was determined at the end of the studies (2.5.1.3).

To summarize this chapter, processing temperatures for all Si- and B-based formulations could be
reduced by the addition of difunctional VSA, except for 80 mol% TAS, which still requires curing at
100 °C. Furthermore, with this monomer, enhancement of (thermo)mechanical properties for the
materials containing the rather flexible monomer TAS or ADB was successful, while the highest
strength, stiffness, and good toughness were still observed for the networks containing the rigid
boronic ester VDB. Most importantly, also degradation properties could be enhanced for systems
containing TAS and VDB. No favorable degradation was observed for polymers containing the
boronic ester ADB, as creep and even sample disruption occurred for materials exhibiting a
significant mass loss. Therefore, these materials are not promising to be further studied. For Si-
based systems, the best results were obtained with p(80 mol% TAS), with a slight swelling of 10%
and a maximum mass loss of 43% under acidic conditions. Nevertheless, besides the high required
curing temperature, a Ty below body temperature was shown for this polymer, which is too low
for the desired application. For networks containing the rigid boronic ester VDB, good degradation
behavior was shown for p(80 mol% VDB), with swelling of 20-30% under neutral and acidic
conditions. However, compared to the Si-based system, an improved mass loss of 50% under
acidic conditions was determined. As a result, the material containing 80 mol% VDB combines a
low processing temperature, the best mechanical properties, and the highest erosion after 6 M

and is most promising for use in bone replacement materials.

Therefore, although still swelling of the samples is observed, networks formed with difunctional
and rigid VSA seem to combine good hydrophilicity, a network density that is neither too high nor
too low, and enhanced mechanical properties at the degradation temperature. Additionally,
tuning the degradation behavior of Si- and B-based polymers is possible by partial substitution
with this difunctional monomer, and the formation of non-degradable subnetworks is less likely

compared to trifunctional TAI.
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To conclude, the best results were obtained with the network containing 100 mol% of VDB, which,
although requiring higher processing temperatures, still displayed excellent (thermo)mechanical
properties and the best degradation behavior observed for all materials. Most importantly, it did
not exhibit any swelling and an obvious degradation via surface erosion, with the highest mass

loss of 73-90% after 6 M.

2.6 Influence of toughness enhancers

As shown in 2.4, the material formed from the novel, rigid boronic ester VDB and the thiol TMT
results in networks with high homogeneity, combines excellent mechanical properties such as low
shrinkage, high glass transition temperature, stiffness, and strength, with accelerated degradation
via surface erosion and the highest mass loss observed after 6 M in physiological and acidic

conditions.

Good mechanical properties are crucial for scaffolds used in tissue engineering in order to provide
good load dissipation and tissue integration. Especially high toughness is a common obstacle for
photopolymers, which tend to behave very brittle.?” In addition to thiol-ene chemistry, several
other approaches can be found in literature to improve the toughness of photopolymers.
98143146259 Among others, high molecular weight substances can be added prior to
photopolymerization, which by just physical interactions and reduced crosslinking density, can

enable enhanced dissipation of employed stress.®’

Poly(caprolactone) (PCL, Figure 123) is a well-established thermoplast with good biocompatibility
and is used in several biomedical applications, including scaffolds for tissue engineering.>8¢
Orman et al.8”1%* demonstrated that functionalization with co-polymerizable end groups, such as
vinyl carbonate groups (VC-PCL, Figure 121), enables chemical interaction with the polymer
network and by covalent incorporation of the toughness enhancer a further improvement of
toughness by a factor of 6 was possible. Dellago et al.3*” modified PCL with norbornene, vinyl ester,

and allyl ester groups and showed that the toughness of 3D-printed polymers could be tripled

upon addition of these compounds to the formulations.
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Figure 123: Structure of the toughness enhancers PCL and VC-PCL used by Orman et al.’

Therefore, the influence of the addition of toughness enhancers on photoreactivity and
(thermo)mechanical properties of the material containing the boronic ester monomer VDB and
the thiol TMT, which are both displayed in Figure 124, was studied to determine whether the good
elongation at break (11%) could be further improved upon integration of a high molecular weight
additive into the degradable, rigid network. As a toughness additive, PCL with a molecular weight
of 45 kDa was chosen, which was functionalized with norbornene end groups by Dellago et al.3%’.
The structure of this toughness enhancer is depicted in Figure 124. To ensure that all high
molecular additives are covalently connected via both end groups to the thiol-ene matrix,
norbornene was selected as a polymerizable end group, as it displays higher reaction rates with
thiols compared to allyl esters, which was demonstratively shown by Steinbauer et al.3* This
should lead to full covalent incorporation of the toughness enhancer into the network and,

therefore, higher toughness of resulting polymers.
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Figure 124: Structure the boronic ester monomer VDB, the thiol TMT of the toughness enhancer NB-PCL.

Hence, 5 w%, 10 w%, 15 w%, 20 w%, or 25 w% (xne-pcL) of NB-PCL were added to the monomer
and the thiol (Figure 124), while the amount of TMT was adjusted to obtain an equimolar ratio of
double bonds to thiol groups. For initiation, 1 w% of lvocerin and for stabilization, 0.02 w% of PYR
were added. All formulations were homogenized by heating to 110 °C for 20 min to fully dissolve
the toughness modifier. Due to the precipitation of VDB in the formulations at rt, all formulations

had to be processed at 100 °C.

2.6.1 Rheological properties of formulations

The addition of high molecular weight compounds might lead to a significant increase in
formulation viscosity, which must not exceed 20 Pa:s for 3D printing, to guarantee good
processability of the resin on the printer.3*° To determine the influence of the toughness enhancer
NB-PCL on this property, viscosity measurements of all formulations described in 2.6 were
conducted at 100 °C, as homogeneous formulations were only obtained upon heating to this
temperature. The viscosity (n) of the samples was determined at a constant shear rate of 100 s.

As a reference, the formulation without the toughness enhancer was used.
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Figure 125: Viscosity of formulations of the monomer VDB with 0 w% (I), 5w%( ), 10w% ( ), 15w% (l),
20 w% (l), or 25 w% () NB-PCL determined at 100 °C.

Results in Figure 125 show that all formulations exhibit very low viscosities <220 mPa-s at 100 °C,
which is significantly lower than the maximum processing viscosity of 20 Pa-s. Starting at a
concentration of 10 w% of the toughness enhancer, a significant viscosity increase was observed,
with the highest increase by a factor of 5 for the formulation containing 15 w% of the additive,
compared to the reference formulation. Nevertheless, these values are sufficiently low for facile

processability of the formulations at 100 °C. The detailed data is given in Table 20.

Table 20: Detailed results of the viscosity measurements.

monomer  xns-pcL [W%] n [mPa-s]

0 43 +2

5 414

10 85+%5
VDB

15 200+ 10

20 142 £ 14

25 173 +12

2.6.2 Reactivity of formulations

To determine whether the addition of the toughness enhancer negatively impacts photoreactivity
of the system containing VDB and the thiol TMT, RT-NIR photorheology measurements were
conducted as described in 1.1.3 with formulations containing 5-25 w% NB-PCL (described in 2.6).
As a reference, the formulation without the toughness enhancer was selected. For the
experiments, filtered light from a broadband Hg lamp (400-500 nm) was used. 150-180 pL of
sample volume were applied to the glass plate and irradiated for 320 s. The light intensity at the
surface of the samples was adjusted to 20 mW/cm?. All experiments were conducted at 100 °C

due to miscibility issues described in 2.6.
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Figure 126: Storage modulus (G’, left) and DBC (right) over time for formulations of the monomer VDB with
ow% (—),5w%( ),10w% (), 15w% (—), 20 w% (—), or 25 w% (—) NB-PCL.

Storage modulus curves over time in Figure 126 (left) depict the influence of the addition of the
high molecular weight additive on gelation and curing. It was shown that an increasing
concentration of NB-PCL results in slightly faster gelation and curing of the polymer network. This
is due to the increase of formulation viscosity upon the addition of the high molecular weight
toughness enhancer, which leads to lower mobility of the reactive chain ends and in turn, less
occurring termination reactions. G'rinal Values show a slight softening effect starting at a
concentration of 10 w% NB-PCL, which was expected due to the high molecular weight of this
linear compound. The IR data in Figure 126 (right) showed that the Trommsdorff effect also affords

slightly higher conversions (>98%) than for the reference formulation without the toughness

enhancer.
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Figure 127: DBCgel (left) and Fn,max (right) for formulations of the monomer VDB with 0 w% (l), 5w%( ), 10w%
(1), 15w% (), 20 w¥% (Jj), or 25 w% () NB-PCL.

Similar to the formulation without toughness enhancer, high DBCge| were observed for all samples
(Figure 127, left), due to the reversible dynamic boronic ester bonds of VDB, enabling a high
mobile network up to high conversions. Slightly higher shrinkage was observed for the

formulations containing the toughness enhancer (Figure 127, right), which, however, is still very
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low compared to all other tested formulations. These higher values can be explained by the
dilution of the dynamic boronic ester bonds caused by the addition of the high molecular weight

additive, which slightly impedes the transesterification reactions between the chains.

To sum up, all formulations containing NB-PCL show excellent curing rates and high final
conversions. Again, high DBCgel values were observed, demonstrating that the combination of
dynamic boronic ester bonds, thiol-ene chemistry, and toughness enhancers leads to high network

mobility and monomer conversions. The cumulated data of all measurements is given in Table 21.

Table 21: Detailed results of the RT-NIR photorheology measurements.

monomer  Xns-pcL tgel DBCqel tos DBCfinal G'final FN,max

[w%] [s] [%] [s] [%] [kPa] [N]
0 140+00 83.0+£0.3 354+21 965+04 252+4.40 -1.6%0.2
5 11.3+06 83.0+0.3 31.2+1.2 984+0.6 248+750 -2.4+0.1
10 11.0+0.0 853+04 30624 >99.9 211+3.30 -3.0+0.1
15 11.3+0.6 87.0+19 31543 >99.9 203+104 -3.3+0.3
20 11.0+00 86.6+1.1 22.8%35 >99.9 210+6.30 -3.1+0.2
25 10.3+0.6 88.0+1.2 20.0+1.2 >99.9 216+2.80 -3.2+0.0

VDB

2.6.3 Mechanical properties of polymer networks

After confirming that even upon the addition of 25 w% NB-PCL, fast crosslinking, and curing were
observed, the mechanical properties of resulting polymers were determined with DMTA

measurements and tensile tests.

The thermomechanical properties of the materials were determined with DMTA measurements
described in 2.1.3. All formulations were cured in a Lumamat 100 light oven at elevated
temperature using a preheated silicon mold and a photocuring program at ~104 °C. This was done
due to miscibility issues of the monomer VDB with the thiol TMT, described in 2.6. As a reference,

the sample without the toughness enhancer was used.
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Figure 128: G’ (left) and tand (right) over temperature of the different networks formed from formulations of
VDB withOw% (—),5w% ( ), 10w% (), 15 w% (—), 20 w% (—), and 25 w% (—) NB-PCL.

The results in Figure 128 show that all samples containing NB-PCL exhibit high storage moduli at
37 °C and a T; significantly above body temperature. A slight decrease of Ty was observed
compared to the reference polymer without toughness enhancer, with a maximum decrease of
5°C determined for the network containing 15w% NB-PCL. Also, slightly lower network
homogeneity was shown for the polymers containing toughness enhancers, with a slight
broadening of tand curves, which might benefit the toughness of the specimens. As expected,
increasing concentration of the flexible, high molecular weight additive leads to a decrease in G'37c
for all formed polymers, except for the sample containing 20 w% of toughness enhancer. This
network showed unprecedented thermomechanical properties, with a Ty as high as for the
reference material but the highest modulus of all samples observed at rt. Therefore, 20 w% of NB-
PCL seems to be an optimum concentration for this particular system. Significant network
softening was shown for the sample containing 25 w% of additive, with a decrease of G’3;c by a
factor of 2 compared to the reference polymer. Therefore, higher concentrations of toughness
enhancer would cause the network to be too soft for the application as a bone replacement

material. The summarized results are shown in Table 22.

Table 22: Detailed results of DMTA measurements. *No rubber plateau was observed.

monomer  xns-pcL [W%] Tg[°C] G’2scc[MPa] G’szc[MPa] fwhm [°C] G’z [MPa]

0 70 1340 1280 10 -*
5 69 1390 1290 12 -*
10 68 1310 1150 14 5
VDB
15 65 1070 860 18 -*
20 69 1430 1180 16 7
25 67 857 668 17 -*
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Also, tensile test specimens of shape 5B of all described formulations were prepared under the

same curing conditions as DMTA specimens, and testing was performed as described in 2.4.2.
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Figure 129: Stress-strain curves (left) for polymers formed from formulations of the monomer VDB containing
ow% (—),5w% ( ), 10w% (), 15 w% (—), 20 w% (—) and 25 w% (—) NB-PCL. Tensile toughness (right)
for polymers containing 0 w% (I) S5w%( )10w%( )15w% (I), 20 w% (l), and 25 w% (| ) NB-PCL.

The stress-strain curves of all materials displayed in Figure 129 show that the tensile strength
slightly decreases with an increasing amount of NB-PCL, ranging from 70 MPa for reference
material to 39 MPa for the specimen containing 25 w% of toughness enhancer. Nevertheless, this
value is still significantly higher than the previously investigated non-rigid systems described in
2.4.2. Most remarkably, a significant increase in €g was determined, starting at a concentration of
20 w% of NB-PCL addition (46%), which is further elevated with 25 w% of the toughness enhancer
to a value of 117%. Good tensile toughness was determined for all materials (Figure 129, right),
with exceptionally high values obtained for the network containing 20 w% or 25 w% of NB-PCL,
confirming that toughness can be efficiently enhanced by a factor of 3 or even 7, respectively,
which is even higher compared to the factor of 6 reported by Orman et al. Most remarkably, the
tensile toughness of 33 MJ/m?3 determined for the latter polymer is the highest value obtained for

all materials containing monomer and the thiol TMT.

Therefore, by combining the concepts of rigid monomers containing dynamic covalent bonds and
rigid thiols with the covalent incorporation of toughness enhancers into the network, materials
can be obtained with superior mechanical properties combining high Tg, strength, stiffness, and
strain at break, as well as exceptionally high tensile toughness, while best results were obtained
at concentrations of 20 w% or 25 w% of NB-PCL. The summarized data for all tensile tests is given

in Table 23.
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Table 23: Detailed results of the tensile tests.

monomer  Xns-pcL [W%] om[MPa] €8 [%] Ur [MJ/m3]
0 67.0+0.1 11011 4.7 £0.6
5 65.1+£35 11.1+19 4309
VDB 10 60.7+1.3 10.6+3.3 40+1.2
15 57.1+£2.0 11.3+3.0 42+1.1

20 453+1.2 459185 13.0+3.1

25 39.2+1.0 117+£209 33364

2.7 3D printing

As the polymer containing the boronic ester VDB not only displayed excellent mechanical
properties but also enhanced degradation via desired surface erosion behavior, 3D structuring of
the formulation was conducted to confirm its applicability in the production of patient-specific
implants. Very recently, Robinson et al.?>® reported the first DLP-printing of dynamic networks
based on boronic esters capable of self-healing. However, due to the low glass transition
temperature of the polymers, the addition of a static crosslinker was necessary to prevent creep

and failure during printing.24>257:258

As described in 2.4.1, a homogeneous formulation of the monomer VDB and TMT could only be
maintained at elevated temperatures, with a minimum of 55 °C required to hinder reprecipitation
of the monomer in the thiol. Therefore, in order to avoid the addition of a static crosslinker as
described by Robinson et al.?°®, and to maintain dimensional stability during printing, structuring
below the network T; would be beneficial. Hence, printing should be conducted at a temperature

of 55 °C below the T; of 70 °C of the material.

2.7.1 Characterization of the printing resin

As a result, the formulation containing the boronic ester VDB used for printing was characterized
at the respective printing temperature of 55 °C. To enhance the printing resolution, 0.1 w% of the
absorber Quinoline Yellow (QY) was added to the formulation, which was also used by Orman et
al.*** and led to objects with high precision. For this absorber, it was further shown by Hofecker
et al.3>° that increasing concentration not only led to enhanced control over the curing depth but

also increased mechanical properties of layers when applied in thiol-ene systems.
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To apply a resin in 3D printing, formulations should exhibit certain properties. To ensure
processing during the printing process and to avoid the formation of bubbles within printed parts,
a maximum viscosity of 20 Pa-s should be displayed for Laser-SLA.3>! Additionally, at the processing
temperature, the resin should remain stable throughout the printing process, which can take up

to several hours, and should not show any notable change in viscosity or gelation in the vat.

Therefore, viscosity measurements over time of the formulation containing the boronic ester VDB
and the thiol TMT in an equimolar ratio of double bonds to thiol groups, as well as 1 w% lvocerin
for initiation, 0.1 w% of the absorber QY and 0.02 w% of PYR for stabilization were conducted at

55 °C for 8 h, which is the average duration of a printing process.
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Figure 130: Viscosity over time for the printing formulation containing the boronic ester VDB at the respective
printing temperature of 55 °C.

The results in Figure 130 show that the resin exhibits a very low viscosity of 506 mPa-s at the
printing temperature, which is far below the maximum processing viscosity of 20 Pa-s. A slight
linear increase in viscosity was observed within the first 5 h, which was slightly accelerated for the
last 3 h of the studies. After 8 h, viscosity was increased by 75% to 886 mPa-s. Nevertheless,
although a certain amount of oligomerization might occur after 4 h at the printing temperature,
resin viscosity remains extremely low after 8 h. Most importantly, no gelation with a notable
increase in viscosity of the formulation occurs. Therefore, the resin can be applied in 3D printing,
but the time for printing should be kept below 4 h to ensure the same reactivity of the formulation
at the beginning and the end of the printing process and to avoid a gradient in the mechanical

properties of printed parts.

For the intended application of the formulation in 3D printing, the photoreactivity of the resin is
important. For printing, low tgel, tos, and Fn,max as well as high DBCrinal are crucial to build stable
objects with sufficient speed and with a low amount of internal stress, which was described in

detail in 2.4.1.872%8 A|| of the parameters mentioned above were determined for the printing resin
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with RT-NIR photorheology described in1.1.3. For the experiments, filtered light from a broadband
Hg lamp (400-500 nm) was used. 150-180 pL of sample volume were applied to the glass plate and
irradiated for 320 s. The light intensity at the surface of the samples was adjusted to 20 mW/cm?

and the experiments were conducted at 55 °C.
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Figure 131: Storage modulus (G’, left) and DBC (right) over time for the printing formulation containing VDB at
55 °C.

Figure 131 shows that fast gelation and curing were attained for the formulation containing VDB
and TMT at the printing temperature. Furthermore, high double bond conversions were observed,
guaranteeing a low amount of residual low molecular weight components inside the polymer
networks. Additionally, a high DBCgel and low shrinkage during the polymerization process were
determined due to transesterification reactions of the boronic ester bonds at the printing
temperature of 55 °C, which leads to network rearrangement during curing. Therefore, this system
displays sufficient photoreactivity for use as a printing resin. The cumulated data is shown in Table

24.

Table 24: Detailed results of the RT-NIR photorheology measurements.

monomer tgel [S] DBCgeI [%] tos [S] DBCifinal [%] G'final [kPa] FN,max [N]
VDB 11.0+00 87.1+0.7 219+18 96.4+03 170+11.3 -7.3x0.5

2.7.2 Laser-SLA

As high photoreactivity of the printing resin was confirmed, next, 3D printing was conducted on a
Caligma 200 UV prototype. The vat and the building platform of this printer can be heated to
temperatures up to 120 °C, which enables the processing of the formulation. This printer uses a

laser light source with a wavelength of 375 nm and a power of 70 mW/mm?.
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For Laser-SLA, first light exposure tests of the printing formulation were done to determine
whether and how fast photopolymerization occurs upon laser irradiation. Laser exposures of
circular areas (d=0.5 cm) were conducted at the vat, which was heated to 55 °C, with different
writing speeds of 1000 mm/s, 500 mm/s, 200 mm/s, and 100 mm/s, to determine the necessary
writing speed for the formation of a solid specimen, as well as the thickness of the resulting
platelet. A layer height of 100 um was chosen for subsequent 3D printing jobs, as this value
combines sufficiently fast building of objects with high resolution. For printing objects with this
layer thickness, polymerized samples should display a layer thickness between 250 um and
300 pum, as this will ensure good layer-to-layer adhesion and sufficient reactive groups remaining
on the surface for the next layer to be polymerized on, which avoids delamination between the

layers.
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Figure 132: Laser exposure tests of the printing formulation at different writing speeds of 1000 mm/s,
500 mm/s, 200 mm/s, and 100 mm/s and the resulting thickness of the formed platelet at 55 °C. *No solid
specimen was formed.

Figure 132 shows that the best curing depth of 300 um was obtained for a writing speed of
100 mm/s, while no platelet or platelets with insufficient curing depth were formed with writing
speeds ranging from 1000 mm/s to 200 mm/s. Therefore 100 mm/s is the optimum writing speed
for 3D printing of this particular system. The obtained sample platelet with this writing speed is
displayed in Figure 133 and confirms that by the addition of QY, no diffusional or light-induced

overpolymerization was observed.
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Figure 133: Sample platelet (left: top-view; right: side-view) with a thickness of 300 um obtained at a writing
speed of 100 mm/s.

To confirm the applicability of the formulation in stereolithography, a pyramid object with a
square base of 7.3 mm? was printed on the Caligma 200 UV prototype with the previously
determined writing speed of 100 mm/s and a layer height of 100 um. For structuring, the vat and
the building platform of the printer were heated to 55 °C during the printing process, as
precipitation of the monomer VDB in the thiol occurred at lower temperatures. Due to the high
adhesion of the material to the vat, the vat was covered with a PE tape during the printing process,

which led to improved adhesion on the building platform.

A¢

Figure 134: Top: photography of the 3D-printed pyramid from the VDB-based formulation. Bottom: SEM
imaging of the printed structure.

Figure 134 (top) shows the printed structure, which displays a high resolution due to the
manufacturing in this layer-by-layer process. SEM images in Figure 134 (bottom) further confirm
the spatiotemporal selectivity of the photocuring reaction due to a lack of light-induced or
diffusional over-polymerization during structuring. This, therefore, confirms the applicability of
this degradable thiol-ene system in 3D printing and the future fabrication of more complex
structures with internal pores. Most importantly, due to the exceptional mechanical properties
and the high Ty of the formed polymers, no creep or disruption of the structure was observed

during the printing process. Hence, no addition of a static crosslinker such as VSA or TAl was
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necessary, as previously reported for the 3D printing of resins containing boronic esters by
Robinson et al.?*® With this, as a first group, we demonstrated that this novel boronic ester
monomer could be applied in Laser-SLA-printing to print degradable, patient-specific bone

regeneration scaffolds in the near future.

2.8 Influence of sterilization on mechanical properties

Good mechanical properties, excellent degradation behavior, and 3D printing were demonstrated
for the polymer formed from VDB and TMT. Nevertheless, for this material to be applied in vivo,
guaranteed sterility of the implant is a crucial premise to minimize the risk of infection or immune
response. In general, several sterilization methods are known for medical materials, including

exposure to heat (120-190 °C), gaseous or liquid chemicals, or radiation.3>2-3>*

As the glass transition temperature of the network is located at 70 °C, heat sterilization cannot be
employed. Due to the hydrolyzable boronic ester bonds of the network, also liquid chemical
sterilization with substances such as peracetic acid was deemed unsuitable, as these solvents
might cause network cleavage. Therefore, gas sterilization and radiation sterilization were chosen
to obtain sterilized materials. As a gaseous sterilant, ethylene oxide (EQ) was selected, which is
the most common way to sterilize medical devices as it has the unique ability to penetrate
polymers without damaging them.3>23%3 For radiation sterilization, y-rays were chosen, as they
combine advantages such as high penetration depth at low dose rates, better certainty of sterility,
and high effectiveness independent of temperature and pressure.3* Still, drawbacks of these
methods have to be mentioned. Due to the rather slow diffusion of EQ, long desorption times are
required to guarantee that no toxic and carcinogenic gas residues remain in the material, which is
especially important in the case of highly porous scaffolds. Besides high costs, high energy y-
radiation might induce irreversible structural changes in the polymer network, as it is able to ionize
the polymer chain, leading to further crosslinking or scission via a free radical mechanism. This

might lead to an increase in the brittleness of the polymer or strain within the material.3>®

To investigate the influence of the different sterilization methods on the mechanical properties of
the material formed from VDB and the thiol TMT, DMTA, and tensile test specimens were sent to
KLS-Martin for sterilization in three batches. The first batch (EO) was sterilized with EO according
to DIN EN ISO 11135-1 (6% EO, 55 °C, 2 h). The second batch (low y) of samples was subjected to

the lowest possible dosage of y-radiation (~18 kGy, 5 h), which is still considered sufficient for
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sterilization of medical implants, according to DIN EN ISO 9001, DIN EN ISO 13485 and DIN EN ISO
11137-1. For the third batch (high y), a higher dose of y-radiation (~31 kGy, 5 h) was employed
following the same protocol, as higher doses ensure sterility of implants but might more likely lead
to premature network cleavage. Then, the mechanical properties of the three groups were
determined with DMTA measurements described in 2.1.3 and tensile tests specified in 2.4.2. As a

reference, the non-sterilized material was used (Ref.).
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Figure 135: G’ (left) and tané (right) over temperature for the specimens subjected to the different sterilization
methods; Ref. (—); EO (- --); low y (---); highy (---);

The storage modulus curves over temperature (Figure 135, left) show that similar curve
progression and storage moduli at body temperature compared to the non-sterilized sample were
determined for all specimens. Furthermore, a similar T was shown for all materials, with a
maximum decrease of 3 °C observed for the sample subjected to EO and even a slight increase of
5 °C for the sample irradiated with low gamma doses (Figure 135, right). Most importantly, no
premature network cleavage due to sterilization was observed, as no significant decrease in
storage moduli occurred for all materials. Hence, sterilization does not significantly alter the

thermomechanical properties. The collected data of the measurements is given in Table 25.

Table 25: Detailed results of DMTA measurements. *No rubber plateau was observed.

monomer sterilization Tg [°C] G’25°c [MPa] G’37c [MPa] fwhm [°C] G’r [MPa]
Ref. 70 1340 1280 10 -
EO 67 10 -
VDB 1340 1290
lowy 75 1230 1190 11 =
highy 70 1290 1240 11 =¥
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Figure 136: Stress-strain curves (left) for the specimens subjected to the different sterilization methods;
Ref. (—); EO (- - -); low y (-----); high y (---). Tensile toughness for Ref., EO, low y, and high y;

Tensile tests of the materials confirmed that for all samples, high tensile strengths (67-72 MPa)
and good strains at break (9-13%) were exhibited (Figure 136, left). Slightly higher strength,
elongation at break, and tensile toughness were shown for the material sterilized with EO and low
gamma doses. For high gamma doses, a minor decrease of strain at break of 2% was observed,
while even slightly higher strength was shown. Again, this proves that the excellent mechanical
properties are not negatively influenced by any applied sterilization method. The summarized data

can be found in Table 26.

Table 26: Detailed results of the tensile tests.

monomer sterilization owm[MPa] es [%] Ur [MJ/m?3]
Ref. 67.0+£0.1 11.0x1.1 4.7 £0.6
EO 71.7+1.8 11.2+1.2 52+0.7
vbB lowy 71.1+1.0 126+1.7 59+0.9
high y 68.1+0.8 9.4+1.2 40+1.2

These studies showed that sterilization of the material containing the novel boronic ester and the
thiol TMT via all applied gaseous or radiation techniques does not significantly influence the
mechanical properties of the materials, and high glass transition temperatures, strengths and
toughness of the network was maintained after sterilization, even with high doses of gamma
irradiation. These results are highly promising, as sterilization of scaffolds is crucial before

applications of this material in vivo.
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2.9 Evaluation of cytotoxicity

Photopolymers, which should be used in vivo, comprise the risk of releasing unreacted monomers
into their surrounding media. Therefore, it is of significant interest how the network building
blocks influence cell viability, proliferation, and differentiation.®®7%112 |jterature showed good
biocompatibility of polymers containing phosphoesters, silyl ethers, or boronic esters®7,62:209-212,233
To finally confirm these reports, the in-vitro cytotoxicity of the most important monomers and the
thiol TMT was tested in NCTC Clone 929 fibroblast cell culture using a Presto® Blue Assay at Vienna

Medical University.

For this assay, substances that should be subjected to the test are dissolved in DMSO to obtain
solutions with concentrations of 10 mM, 7.5 mM, 5 mM, and 2.5 mM. The cells are then treated
with each solution and are incubated at 37 °C for 24 h. The supernatant solution is removed, and
blue-colored and non-fluorescent resazurin is added to the cells. This compound is taken up by
healthy cells and reduced intracellularly to bright red and fluorescent resorufin (Figure 137). The
fluorescence intensity is then determined by fluorometry, and the concentration, at which 50% of
the cells are still viable after the incubation time (ECso) is used to evaluate the cytotoxicity of the
compounds. The photoinitiator Ivocerin used in the studies was not tested, as non-cytotoxicity
was already confirmed by Ivoclar Vivadent.'*° Low cytotoxicity of the absorber QY used for 3D -

printing was confirmed by Orman et al.?**
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Figure 137: Principle of the Presto® Blue Assay.

169



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

GENERAL PART

TAP TAS ADB VDB TAlI VSA TMT

Figure 138: ECso for the compounds TAP ([f)), TAs (1), ADB (Jjj), vpB (l), TAI (), vsA (B), and TMT () after
incubation of cells for 24 h at 37 °C.

Figure 138 shows that all compounds exhibit ECsg values from 2.5 to 10 mM. Therefore, compared
to low molecular weight (meth)acrylates, i.e., 1,4-butane-diol diacrylate and 1,4-butanediol
dimethacrylate with reported ECso of <0.16 mM and 1.3 mM®°, all tested compounds
demonstrated significantly better tolerance by the cells. This clearly shows that all monomers and
thiols used within these studies exert sufficiently low toxic effects on the fibroblast cells, and
residual monomers within the networks should not pose a problem in vivo. Noteworthy, the novel
boronic ester VDB is less toxic than the methacrylate reference by a factor of 8 and even two
orders of magnitude less toxic than 1,4-butanediol diacrylate. Furthermore, its ECsois as high as
for the reference VSA (10 mM), which further supports the excellent biocompatibility of this

compound, as VSA is patented for several biomedical applications.'97198
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SUMMARY

Summary

Bone fractures comprise a global health issue, with 178 million new fractures reported worldwide
in 2019, which translates to an increase of 33% since 1990.3%” In the case of bone defects exceeding
a critical size caused by trauma, infection, or tumors, the process of bone regeneration cannot be
accomplished, and additional support structures in the form of three-dimensional scaffolds are
required, serving as an osteoinductive, osteoconductive and osteogenic platform, while also
displaying sufficient mechanical properties for good tissue integration. Additionally,
biodegradability of the temporary support is needed, with degradation rates matching the speed
at which bone regenerates and degradation occurring via surface erosion to prevent abrupt
implant failure. Formed cleavage products should be low molecular weight compounds that are
non-toxic, easily metabolized, and excreted from the body. During the last decades, lithography-
based additive manufacturing technologies (L-AMTs) have emerged as a potent strategy for
producing 3D-cellular biocompatible and biodegradable scaffolds in bone tissue engineering (BTE),
as feature sizes and surface topology of printed constructs were shown to be beneficial for the
bone regeneration process. Nevertheless, state-of-the-art photopolymers derived from
(meth)acrylates display certain disadvantages, such as significant cytotoxicity of residual
monomers and undesirable degradation leading to implant disintegration and the release of high
molecular weight acids causing inflammation or even necrosis. Our group has since developed a
broad range of new monomers based on vinyl esters, vinyl carbamates, and vinyl carbonates with
significantly reduced cytotoxicity. However, while good biocompatibility and no autocatalytic bulk
erosion of implanted scaffolds were determined in in vivo studies, the degradation speed of all
photopolymers was insufficient to match the rate at which bone tissue regenerates. Additionally,
printed structures exhibited poor mechanical properties, such as high shrinkage, brittleness, and
low strength, further limiting their use as bone replacement materials. Therefore, despite almost
three decades of research, only a few materials have made it into animal studies, and no human

applications have been reported so far.

The aim of this thesis was the development of novel small molecule building blocks for the
generation of polymer networks that combine superior mechanical properties with improved
degradation behavior compared to state-of-the-art materials. This was tried by using two general
strategies:

1) Novel cyclopolymerizable monomers containing degradable motifs

2) New monomers and thiols containing heteroatoms
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In the first chapter, cyclopolymerizable monomers (CPMs) were extensively studied. Due to the
intra-intermolecular propagation mechanism resulting in the formation of cyclic structures along
the polymer backbone, cyclopolymerization of di- or higher-functional CPMs presents an
intriguing approach for generating networks with superior mechanical properties. Additionally,
owing to the variability of the center atom, these compounds allow for the integration of
degradable motifs into the structures for enhanced degradation characteristics. As a
polymerizable motif of target CPMs, non-homopolymerizable vinyl ether groups were selected for
increased cyclopolymerization tendency. As hydrolytically labile groups, acetals and carbonates
were chosen, which are cleavable under acidic conditions present during bone remodeling without
forming acidic hydrolysis products. As a second approach to improve network degradation, the
replacement of the center carbon with heteroatoms, including phosphorus, silicon, and boron,
was studied. This strategy was selected due to the possible formation of less stable bonds to
oxygen compared to carbon. Additionally, low-toxic and less acidic degradation products, in the
form of phosphoric acids, silanols, and boronic acids, should be formed upon hydrolysis. As a
starting point, a library of different carbon- and heteroatom-based CPMs with degradable
moieties was synthesized, and their tendency towards both radical and cationic
cyclopolymerization was determined in order to abstract the essential features necessary for

efficient cyclopolymerization.

Carbon-based CPMs
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It was shown that cyclopolymerization efficiency was very low with radical initiators, and although
no gelation was observed for all formulations, only soluble oligomers with low molecular weight
(<3.2 kDa) were formed. With cationic initiators, crosslinking instead of cyclopolymerization was

shown for most compounds due to the high reactivity of vinyl ethers towards cationic
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homopolymerization. For the few compounds that did not display gelation, oligomeric structures
of even lower molecular weight (<1.1 kDa) were formed. Additionally, upon irradiation, monomers
and the forming polymer network were cleaved by the acidic initiating species. Therefore, cationic
cyclopolymerization of compounds containing these degradable moieties was not pursued
further, and the synthesis of novel target structures with increased radical cyclopolymerization
tendency was conducted. For this, the envisioned CPMs contained either bulky substituents at the

center carbon or electron-withdrawing groups attached to the double bonds.

Carbon-based CPMs

N Y 50
EtO OEt
GO W T ¢
) 0O O
|
DVP DVK DVM CDA

Heteroatom-based CPM

EtOOC COOEt

0._.0
Si
H,C CH,

DMSA

Unfortunately, all the synthetic attempts failed due to the spontaneous polymerization of
compounds, possibly by a group transfer mechanism or too high steric hindrance at the center
carbon, causing an equilibrium shift towards the starting materials. Therefore, this approach, to
use di- or higher functional CPMs containing degradable motifs at the center atom to generate

cleavable, rigid networks comprising cyclic structures, was not pursued further.

In the second chapter, novel monomers for the generation of networks with improved mechanical
properties and degradation were investigated. As state-of-the-art monomers, such as vinyl esters,
typically contain ester groups that form undesirable acidic hydrolysis products, the focus again
was on compounds containing previously used heteroatom-oxygen bonds. As polymerizable
groups, allyl ethers or esters of the respective heteroatom-containing acids were chosen, which
should be subjected to thiol-ene photopolymerization in order to form homogeneous and tough

networks due to the quasi-ideal reaction with thiols. As a starting point, the simplest, commercially
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available allyl esters of phosphoric (triallyl phosphate, TAP), orthosilicic (tetraallyl orthosilicate,
TAS), and boronic acid (triallyl borate, TAB) were chosen, and the tendency of these monomers
and resulting polymer networks, formed with the non-degradable thiol 2,2'-
(ethylenedioxy)diethanethiol (EDDT), towards hydrolysis was investigated via NMR and
degradation studies under physiological (pH=7.4), acidic (pH=4) and basic conditions (pH=10) and
compared to a carbon-based reference compound (citric acid triallyl ester, CTAE) and its respective

networks.

Heteroatom-based allyl esters

o} \\_\Of

I X
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OH
CTAE EDDT

For the P- and C-based networks, no degradation under these hydrolytic conditions was
determined, showing that these bonds are too stable to accelerate network cleavage. The fastest
degradation was observed with the material based on the boronic ester monomer TAB with full
dissolution after 24 h. Furthermore, with the network based on the orthosilicate TAS, negligible
swelling combined with a fast mass loss over 6 months was determined. Therefore, orthosilicic
and boronic ester monomers improved network degradation compared to carbon-based allyl

esters.

Nevertheless, all tested networks derived from these monomers and the thiol EDDT exhibited
rather poor mechanical properties, including glass transition temperatures significantly below
body temperature (-28 to -64 °C), limiting their use in bone replacement materials. Therefore,

optimization of the thiol structure was conducted, which showed that a trifunctional thiol with a
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rigid core, such as tris[2-(3-mercaptopropionyloxy)-ethyl] isocyanurate (TEMPIC) results in the
best thermomechanical properties of resulting materials. As TEMPIC, like most commercial thiols,
contains undesired ester groups, which may form acidic cleavage products, the trifunctional and
rigid thiol 1,3,5-tris(3-mercaptopropyl)-1,3,5-triazine-2,4,6-trione (TMT) was successfully
synthesized, resulting in a significant improvement of the thermomechanical properties of all

materials, with an average increase in glass transition temperature by 77 °C.

(o)

HS/\)J\O

(o) N (0]
o] \( o]
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o
EDDT TEMPIC
o
O)\N/&O
SH
T™T

To further increase important properties, such as strength and stiffness, also heteroatom-based
monomers containing rigid elements, such as bulky substituents or (spiro)cyclic structures, were
synthesized. While the synthesis of cyclic P- and Si-based compounds was unsuccessful due to the
high steric hindrance at the heteroatom, causing the considerable formation of side-products or
premature polymerization of the monomers during synthesis or storage, compounds containing
silicon- or boron-oxygen bonds with bulky substituents and in the case of boron also cyclic
monomers could successfully be obtained. Synthesized compounds included, among others, the
Si-based monomer bis(allyloxy)diphenylsilane (DAS). Additionally, the more flexible boronic ester
1,4-bis(4-((allyloxy)methyl)-1,3,2-dioxaborolan-2-yl)benzene (ADB), was synthesized, known from
literature to undergo thiol-ene photopolymerization and formation of polymers capable of self-
healing, reprocessing, and shape memory, but never applied in terms of improving network
degradation. Inspired by this compound, the more rigid and previously unknown boronic ester
1,4-bis(4-vinyl-1,3,2-dioxaborolan-2-yl)benzene (VDB) was also synthesized. Remarkably, these
monomers can be obtained in near quantitative yields in economically-friendly solvents, such as

THF, under mild conditions (24 h stirring at rt).
175



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

SUMMARY

Rigid monomers containing heteroatoms
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All  formulations were subsequently investigated for their photoreactivity by RT-NIR
photorheology studies in combination with the thiol TMT, revealing high crosslinking and curing
speeds for all samples, except for the formulation containing DAS, which did not polymerize,
probably due to hyperconjugation of the silicon atom with the aromatic rings. Therefore, this
compound was not studied further. Especially for the formulations containing the boronic esters,
exceptionally low shrinkage (-2 to -9 N) was observed due to the reversible boronic ester bonds
that reopen and close during the network formation, enabling their use as potent shrinkage-
reducing agents. The resulting polymer networks were then examined for their
(thermo)mechanical properties. Due to the quasi-ideal reaction of these compounds with thiols,
unprecedented high network homogeneity (fwhm: 9-17 °C) was determined for all materials,
unlike for state-of-the-art vinyl esters and vinyl carbonates, which also display a significant amount
of homopolymerization. Furthermore, the importance of highly rigid monomer structures to
produce networks with mechanical properties sufficient for the replacement of human bone was
demonstrated. With rather flexible monomers, such as CTAE, TAP, TAS, and ADB, networks with
low glass transition temperature, strength, and high strain at break were obtained, while only with
rigid VDB superior mechanical properties were shown, combining high glass transition
temperature (70 °C), storage modulus (G’zs:c =1340 MPa), tensile strength (67 MPa) and
toughness (5 MJ/m3).

Degradation studies revealed that for this material also, the best degradation behavior was
observed, as no significant swelling and an immediate onset of degradation was shown under
physiological and acidic conditions, with an exponential decay in mass and an erosion of 80-90%
after 2 M. Furthermore, the samples displayed a general retention of the shape, decreasing in size
as a function of time, which is characteristic of the desired surface erosion process. This
demonstrated the importance of the good mechanical properties of this material for enhanced
degradation behavior, preventing creep of the material, and the diffusion of water into the

samples, which confines hydrolysis to the surface.
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To further optimize processing and curing temperatures of the formulation containing VDB, which
required a temperature of 100 °C, and (thermo)mechanical properties of the polymer networks
containing flexible TAS and ADB, triallyl isocyanurate (TAI) was added as a rigid, trifunctional
crosslinker and formulations were prepared, with molar ratios of 40 mol%, 60 mol%, or 80 mol%
of each degradable monomer with respect to TAl, and the thiol TMT in an equimolar ratio of
double bonds to thiol groups. Formulations containing up to 60 mol% of VDB could then be
processed at room temperature, and for networks derived from the flexible monomers TAS or
ADB, a significant improvement of the (thermo)mechanical properties was observed upon TAl
addition. Unfortunately, a deteriorated degradation behavior with significant swelling (up to
>100%) was determined for all materials due to the formation of a non-degradable subnetwork
by trifunctional TAIl and the trifunctional thiol TMT. To prevent the formation of these
subnetworks, the functionality of the non-degradable monomer was reduced, and the rigid,
difunctional crosslinker 3,9-divinyl-2,4,8,10-tetraoxaspiro(5.5)undecane (VSA) was utilized to
optimize the materials further. To maintain an equal concentration of degradable bonds within
the formed networks, again molar ratios of 40 mol%, 60 mol%, or 80 mol% of degradable
monomer with respect to VSA were chosen for these studies, which led to improved processing
temperatures of formulations and significantly increased glass transition temperatures, strength
and stiffness for all materials. Additionally, degradation studies revealed that the formation of
non-degradable subnetworks could be largely avoided, and the best results were obtained with
the network formed from 80 mol% VDB, which combined a low processing temperature (room
temperature), the best mechanical properties, reduced swelling (23-30%) and the highest erosion

(40-65%) of the optimized systems after 6 M.
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Rigid non-degradable crosslinkers
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As the best symbiosis of mechanical properties and degradation characteristics was obtained with
polymer networks derived from the boronic ester VDB in combination with TMT, without the
formation of any subnetworks, a high molecular weight additive was introduced into this
formulation to further improve toughness and stress dissipation of resulting materials. As covalent
interactions of toughness enhancers with the polymer matrix were previously shown to result in
the highest obtainable toughness, the additive poly(caprolactone) (NB-PCL), with a molecular
weight of 45 kDa, modified with polymerizable end groups was selected. As polymerizable groups,
norbornene moieties were chosen, as they display higher reaction rates with thiols than allyl
esters, which should result in better incorporation into the network and, therefore, higher

toughness of resulting polymers.

Toughness enhancer
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NB-PCL
45 kDa
5-25 w%

5-25 w% of toughness enhancer were added to the formulation, and rheology studies of all
resulting formulations revealed that viscosities below 20 Pa‘s necessary for 3D-printing were
maintained. Most importantly, upon the addition of up to 25 w% of this additive, sufficiently high
glass transition temperatures, strengths, and stiffness for the use as bone replacement materials
were sustained, while elongations at break could be substantially increased. Therefore, an
exceptional increase in tensile toughness was determined for the materials containing 20 w% and
25 w% of the toughness enhancer, which was higher by a factor of 3 or even 7 compared to the

material without additive, respectively.
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As a proof of concept and to confirm the applicability of this degradable system in the production
of patient-specific implants, 3D structuring of the formulation containing VDB and the thiol TMT
was conducted below the Tg (at 55 °C). High resolutions of the printed structure due to the
spatiotemporal selectivity of the photocuring reaction and lack of light-induced or diffusional over-
polymerization were confirmed by SEM measurements. Most importantly, due to the exceptional
mechanical properties, especially the high T, of the formed polymer, no creep or disruption of the
structure during the printing process was determined. Therefore, no addition of a static crosslinker
for dimensional stability was necessary, as previously reported for the 3D printing of resins
containing boronic esters. Hence, as a first group, we could apply a pure thiol-boronic ester-resin
in Laser-SLA, which showed the great potential of this degradable thiol-ene system in the future

fabrication of patient-specific, biodegradable scaffolds.

AccV SpatMagn Det WD Exp j———| 500 m
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As sterilization of scaffolds is crucial before applications in vivo, samples were sterilized by KLS
Martin via radiation curing with high (~31 kGy) and low gamma doses (~18 kGy) and by subjection
to gaseous ethylene oxide (55 °C, 2 h). It was shown that the polymer network was not influenced
by any sterilization method, as no significant impact on glass transition temperature, storage
modulus, tensile strength or strain at break was determined. For the sterilization with ethylene

oxide, even a slight improvement of (thermo)mechanical properties was observed (i.e., Tg
179



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

SUMMARY

increased by 5 °C), explained by a certain network rearrangement at the sterilization temperature
of 55 °C, reducing material flaws and internal stress. This showed that sterilization does not
influence the mechanical properties of the materials, and even high doses of gamma irradiation

can be applied; hence full sterility of implants can be guaranteed for future applications.

Lastly, to confirm the low cytotoxicity of the most promising compounds, the in-vitro cytotoxicity
was tested in NCTC Clone 929 fibroblast cell culture using a Presto® Blue Assay at the Vienna
Medical University. All compounds exhibited significantly higher concentrations, at which 50% of
the cells are still viable after the incubation time (ECso) compared to (meth)acrylates, such as 1,4-
butane-diol diacrylate and 1,4-butanediol dimethacrylate (ECso=<0.16 MM and 1.3 mM>°).
Noteworthy, the highest cell tolerance was determined for the novel boronic ester VDB
(ECso= 10 mM), which was less toxic by a factor of 8 and even two orders of magnitude less toxic
than these compounds. Additionally, it displayed an ECsg as high as the reference VSA, which is
already patented for several biomedical applications. This clearly shows the high biocompatibility
of this compound, and that residual monomers should not pose a problem in future in vivo

applications.

TAP TAS ADB VDB TAlI VSA TMT

To conclude, thiol-ene photopolymerization of boronic ester monomers presents a powerful
strategy to include hydrolyzable crosslinks into polymer networks. Besides easy synthesis of these
compounds, they display significantly lower cytotoxicity compared to (meth)acrylates and
sufficiently high photoreactivity for 3D printing. Compared to state-of-the-art methacrylate-based
systems, a combination of improved mechanical properties such as low shrinkage, high strength,
toughness, and degradation behavior is achievable with boron-oxygen bonds and careful
monomer design. Especially rigid boronic ester monomers, such as the newly-synthesized VDB,
are suitable degradation-enhancers, with derived networks displaying accelerated degradation via
surface erosion under physiological and acidic conditions present during bone remodeling.
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Experimental Part

1. Novel cyclopolymerizable monomers for enhanced mechanical

properties and network degradation
1.1 Cyclopolymerizable model compounds

1.1.1 Synthesis of carbon-based model compounds

1.1.1.1 Synthesis of divinyl formal (DVF)**°

1.1.1.1.1  Synthesis of bis(2-chloroethyl)formal (CEF)

H 98% H,S0, oy [l
0__O

|
HO{-E o]LnH v oe~OH o ¢
H H
chemicals M[g/mol] eq. n[mmol] m [g] V [mL]
paraformaldehyde 30.03 0.7 500 15.0
2-chloroethanol 80.51 2.2 1571 88.6
98% H,S04 98.08 0.08 57 5.7
CHCl; 100

The synthesis of bis(2-chloroethyl)formal (CEF) was carried out according to Jian et al.?°
Therefore, 98 % sulfuric acid was added to a flask containing a mixture of paraformaldehyde, 2-
chloroethanol, and distilled chloroform as a solvent at rt. A water separator and a reflux condenser
were attached to the flask, and the reaction mixture was heated and stirred until the evolution of
water ceased (48 h). The resulting darkened brown solution was cooled to rt and washed two
times with 300 mL of water containing 10 g of Na,COs. The organic layer was separated and dried
with anhydrous Na;SOa. Chloroform was removed, and the remaining yellow to brown liquid was
distilled under vacuum (85 °C/10 mbar) to afford bis(2-chloroethyl)formal (CEF) as a colorless

liquid in a yield of 40 %.
Yield: 101.5 g colorless liquid (40% theoretical yield)
b.p.: 85 °C/10 mbar (Lit.: 60 °C/1.9 mbar?*°)

RI: 1.4558 (Lit.2% 1.4558)
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1H NMR (400 MHz, CD,Cl,): 6 4.79 (s, 2H, OCH,0), 3.93 — 3.78 (m, 4H, OCH2CH,Cl). 3.78 — 3.59 (m,
4H, OCH,CH,Cl).

13C NMR-APT (101 MHz, CD,Cl,): 95.70 (OCH,0), 68.31 (OCH,CH,Cl), 43.26 (OCH,CH,Cl).

1.1.1.1.2  Synthesis of divinyl formal (DVF)

N
0. _0

” <
H7(H 190 °C Ay
chemicals M[g/mol] eq. n[mmol] m [g] V [mL]
bis(2-chloroethyl)formal 173.03 1.0 116 20.0 -
KOH 56.11 12.0 1387 77.8 -

The synthesis of divinyl formal (DVF) was carried out according to Jian et al.?*° For this, bis(2-
chloroethylformal) was added to a flask containing finely ground potassium hydroxide at rt. A
20 cm Vigreux column was attached to it, and the mixture was stirred and heated to 190 °C for
8 h. Divinyl formal, the side product 2-chloroethyl vinyl formal, and water were distilled off
spontaneously from the reaction mixture with a vapor temperature ranging from 60-150 °C. The
mixture was extracted with 3x100 mL diethyl ether, dried over anhydrous Na;SOs, and the solvent
was removed up to a pressure of 500 mbar. According to NMR, about 40 % of DVF and 60 % of
CEVF were formed. DVF was redistilled through a Vigreux column at 82 °C and 800 mbar as a

colorless liquid.

Yield: 2.54 g colorless liquid (21% theoretical yield)
b.p.: 82 °C/800 mbar (Lit.2°° 90 °C/atm. pressure)
RI: 1.4157 (Lit.?87 1.4158)

'H NMR (400 MHz, CDCl,): 6 6.40 (dd, J = 14.1, 6.6 Hz, 2H, OCH=CH,), 5.10 (s, 2H, OCH,0), 4.49
(ddd, J=14.1, 1.9, 0.5 Hz, 2H, OCH=CH,), 4.19 (ddd, J = 6.6, 1.9, 0.5 Hz, 2H, OCH=CH2).

13C NMR-APT (101 MHz, CD2Cl,): & 149.84 (CH,=CHO), 92.93 (OCH,0), 91.98 (CH,=CHO).
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1.1.1.2 Synthesis of divinyl ethanal (DVE)%®’

1.1.1.2.1  Synthesis of bis(2-chloroethyl)ethanal (CEE)

J\ 0-TsOH oY o

)O\ )O\ ' CI/\/OH toluene OXO

(o) H;C H
chemicals M[g/mol] eq. n[mmol] m [g] V [mL]
paraldehyde 132.16 1.0 250 33.0
2-chloroethanol 80.51 6.8 1710 137.7
pTsOH 190.22 0.01 2.5 0.5
toluene 300

The synthesis of bis(2-chloroethyl)ethanal (CEE) was carried out according to Matsoyan et al.?®’
Therefore, pTsOH was added to a flask containing a mixture of paraldehyde, 2-chloroethanol, and
toluene as a solvent at rt. The flask was equipped with a water separator and a reflux condenser
attached to a cryostat containing a 1:1 mixture of ethylene glycol and water, resulting in a
temperature of -15 °C. The reaction mixture was heated to 110 °C and stirred for 7 days until the
evolution of water ceased. The resulting darkened brown solution was cooled to rt and washed
two times with 300 mL of water containing 10 g of Na,COs. The organic layer was separated and
dried with anhydrous Na;SO4. The solvent was removed, and the remaining dark brown liquid was

distilled under vacuum (98 °C/12 mbar) to afford bis(2-chloroethyl)ethanal as a colorless liquid.
Yield: 42.53 g colorless liquid (63% theoretical yield)

b.p.: 98 °C/12 mbar (Lit.2°°100-102 °C/14 mbar)

RI: 1.4157 (Lit.%®” 1.4158)

1H NMR (400 MHz, CD2Cl2): § 4.86 (q. J = 5.4 Hz, 1H, OCHCH30), 3.99 — 3.59 (m, 8H, OCH,CH,Cl).
1.37 (d, J = 5.4 Hz, 3H, OCHCH:0).

13 NMR-APT (101 MHz, CD,Cl,): & 100.00 (OCHCH30), 65.24 (OCH2CH,Cl), 43.40 (OCH,CH,Cl),
19.47 (CHs).

1.1.1.2.2 Synthesis of divinyl ethanal (DVE)
N
(0] (0]

HsC H
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chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
bis(2-chloroethyl)formal 187.06 1 185 34.6 -
KOH 56.11 10 1850 103.8 -

The synthesis of divinyl ethanal (DVE) was carried out according to Matsoyan et al.?®” Therefore,
bis(2-chloroethyl)formal was added to a flask containing finely ground potassium hydroxide at rt.
A Vigreux column was attached, and the mixture was stirred and heated to 200 °C for 8 h. The
distillate was collected with a vapor temperature ranging from 75-150 °C and was then extracted
with 3x100 mL diethyl ether, dried over anhydrous Na,SO4, and the solvent was removed to yield

the pure product directly, without further purification necessary.
Yield: 10.5 g colorless liquid (25% theoretical yield)

b.p.: 98 °C/800 mbar (Lit.2°°100-102 °C/atm. pressure)

RI: 1.4178 (Lit.?%” 1.4180)

1H NMR (400 MHz, CD:Cly): & 6.42 (dd, J = 14.0, 6.5 Hz, 2H. OCH=CH,), 5.36 — 5.15 (m, 1H,
OCHCH30), 4.45 (ddd, J = 14.0, 1.5, 0.4 Hz, 2H, OCH=CH,), 4.23 — 4.06 (m, 2H, OCH=CH,), 1.49 —
1.32 (m, 3H, OCHCH30).

13C NMR-APT (101 MHz, CD;Cl3): & 147.46 (CH,=CHO), 99.14 (OCHCH30), 92.34 (CH,=CHO), 20.04
(CHa).

1.1.1.3 Synthesis of divinyl acetal (DVAc)?*

1.1.1.3.1  Synthesis of bis(2-chloroethyl)acetal (CEA)

pTsOH Cl/\ ﬁCI
> (0] 0]

H,CO

3 )<OCH3 ' Cl/\/OH benzene

H;C CHj

chemicals M[g/mol] eq. n[mmol] m [g] V [mL]
2.2-dimethoxypropane 132.16 1 113 15.0
2-chloroethanol 80.51 2.2 250 20.1

pTsOH 190.22 0.01 1.4 0.3

benzene 50
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The synthesis of bis(2-chloroethyl)acetal (CEA) was carried out according to Lorette et al.?%
Therefore, pTsOH was added to a flask containing a mixture of 2.2-dimethoxypropane, 2-
chloroethanol, and benzene at rt. The reaction mixture was heated, and methanol and benzene
were distilled off (about 25 mL in total with a boiling point not exceeding 57-60°C). The resulting
solution was cooled to rt and 0.08 eq. NaOMe in 25 mL methanol were added rapidly for
neutralization. Methanol was distilled off in vacuo, and the remaining red to brown liquid was

distilled at 11 mbar to yield bis(2-chloroethyl)acetal at 100-102 °C.
Yield: 7.6 g colorless liquid (27% theoretical yield).

b.p.: 100-102 °C/11 mbar (Lit.2** 75 °C/3 mbar)

RI: 1.4512 (Lit.2* 1.4513)

1H NMR (400 MHz, CD,Cl,): & 3.77 — 3.69 (m, 4H, OCH,CH.Cl), 3.63 (dd, J = 5.2, 1.1 Hz, 4H,
OCH,CH,Cl). 1.40 (s, 6H, CHs).

13C NMR-APT (101 MHz, CD2Cl,): § 61.67 (OCH2CH,Cl), 43.63 (OCH,CH,Cl), 25.00 (CHs).

1.1.1.3.2 Synthesis of divinyl acetal (DVAc)

N e
(0] 0]

_—
HsC CHs 220°C HyC CHs
chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
bis(2-chloroethyl)acetal 201.09 1 75 15.0 -
KOH 56.11 10 747 41.9 -

The synthesis of divinyl acetal (DVAc) was carried out according to Lorette et al.?** For this, KOH
was added to 1 eq. of bis(2-chloroethyl)acetal in a flask. A Vigreux column was attached to it, and
the mixture was stirred and heated to 220 °C for 8 h. The resulting distillate was extracted with
3x100 mL diethyl ether, dried over anhydrous Na,SO4,and distilled in vacuo to remove the solvent.

The remaining liquid was distilled at 400 mbar to afford divinyl acetal at 79-80 °Cin a yield of 13 %.
Yield: 1.28 g colorless liquid (13 % theoretical yield)
b.p.: 79-80 °C/400 mbar (Lit.?®> 101-104 °C/900 mbar)

RI: 1.4199 (Lit.%> 1.4200)
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1H NMR (400 MHz, CD,Cl): 6 6.51 (dd, J = 13.9, 6.3 Hz, 2H, OCH=CH). 4.54 (dd, J = 13.9, 1.0 Hz,
2H, OCH=CH,), 4.21 (dd, ) = 6.3, 1.0 Hz, 2H, OCH=CH,), 1.48 (s, 6H, CHs).

13C NMR-APT (101 MHz, CD,Cl,): 6 144.51 (CH,=CHO), 93.57 (CH,=CHO), 25.68 (CHs).

1.1.1.4 Synthesis of divinyl benzal (DVB)?%
1.1.1.4.1 Synthesis of bis(2-chloroethyl)benzal (CEB)

CHO cY o

p-TsOH o0.__0O
tog M ———— y

toluene
chemicals M[g/mol] eq. n[mmol] m [g] V [mL]
benzaldehyde 106.12 1.0 250 26.5
2-chloroethanol 80.51 2.0 500 40.3
pTsOH 190.22 0.01 4.0 0.6
toluene 70

The synthesis of bis(2-chloroethyl)benzal (CEB) was carried out according to Matsoyan et al.?8¢
First, for purification, prior to the synthesis, benzaldehyde was distilled at 58-62 °C and 13 mbar.
pTsOH was added to a flask containing benzaldehyde, chloroethanol, and toluene. The flask was
equipped with a water separator and a condenser, and the mixture was heated to 110 °C for 3 d.
Toluene was removed, and the residue was treated with 25 mL 30% NaOH solution, washed with
water (3x50 mL), extracted with diethyl ether (3x100 mL), dried over Na,SO4, and the solvent was
removed in vacuo. The remaining liquid was distilled to yield the product bis(2-chloroethylbenzal)

(CEB) at 125-127 °C and 0.08 mbar.

Yield: 27.2 g colorless liquid (44% theoretical yield)
b.p.: 125-127 °C/0.08 mbar (Lit.28¢ 120-122 °C/1 mbar)
RI: 1.5131 (Lit.2%6 1.5133)

1H NMR (400 MHz, CD,Cl,): & 8.02 — 6.65 (m. 5H. Ar-H). 5.72 (s. 1H. OCHArO). 3.95 — 3.59 (m. 8H.
OCH,CH,Cl).

13 NMR-APT (101 MHz, CD,Cl;): § 101.53 (OCaHO), 65.46 (OCH,CH,Cl), 43.31 (OCH,CH.Cl),
128.92 (Car), 128.49 (Car-H), 126.84 (Car-H).
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1.1.1.4.2 Synthesis of divinyl benzal (DVB)

oy ol KOH z(l) o,:
0. _0

_—
220 °C
Y H
chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
bis(2-chloroethyl)benzal 249.13 1 80 20.0 -
KOH 56.11 6 481 27.0 -

The synthesis of divinyl benzal (DVB) was carried out according to Matsoyan et al.?®® For the
synthesis, finely ground KOH was added to a flask containing bis(2-chloroethyl)benzal. A Vigreux
column was attached to it, and the mixture was stirred and heated to 220 °C. The resulting
distillate was collected over 8 h and then further extracted with diethyl ether (3x100 mL), dried
over anhydrous Na;SO4, and the solvent was removed. The remaining liquid was distilled in vacuo

to afford divinyl benzal at 54-56 °C and 0.05 mbar.
Yield: 2.25 g colorless liquid (16 % theoretical yield)
b.p.: 54-56 °C/0.05 mbar (Lit.?8¢ 95-96 °C/13 mbar)
RI: 1.5141 (Lit.?®* 1.5143)

1H NMR (400 MHz, CD,Cl,): & 7.60 — 7.33 (m, 5H, Ar-H). 6.48 (dd, J = 14.0, 6.5 Hz, 2H. OCH=CH,),
6.06 (s, 1H, OCHArO), 4.60 (dd, J = 14.0, 1.7 Hz, 2H, OCH=CH,), 4.24 (dd, J = 6.5, 1.7 Hz, 2H,
OCH=CH,).

13C NMR-APT (101 MHz, CD2Cl2): 147.53 (CH=), 129.31 (Ca;), 128.63 (Ca-H), 126.74 (Ca-H), 100.47
(OCHArO), 93.00 (CH2=).

1.1.1.5 Synthesis of divinyl carbonate (DVC)?%>2%

1.1.1.5.1 Synthesis of vinyloxy trimethylsilan (VOTMS)

DMF, NEt,

.0
PR - 25
H TN xylene |
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chemicals M[g/mol] eq. n[mmol] m [g] V [mL]
trimethylsilyl chloride 108.64 1 401 43.6
acetaldehyde 44.10 2.5 995 43.9
triethylamine 101.19 1.25 505 51.1

DMF 100

The synthesis of vinyloxy trimethylsilan (VOTMS) was carried out according to Hofecker et al.?%
For this, all used glassware was dried in an oven, evacuated, and flushed with argon several times.
A three-necked flask was equipped with a condenser attached to a cryostat containing a 1:1
mixture of ethylene glycol and water. The cryostat temperature was set to -15 °C. The flask was
topped with an argon pressure-leak system, a septum cap, and a dropping funnel and was
successively charged with 100 mL dry DMF, NEts (stored over a molecular sieve), and distilled
trimethylsilyl chloride. Then cool acetaldehyde, which had previously been stored in the freezer,
was slowly added over a period of 1.5 h to the mixture via a dropping funnel. After stirring for
1 week at ambient temperature, 50 mL of distilled xylene were added to the brown reaction slurry.
At a pressure of 800 mbar, about 100 mL of the reaction mixture were distilled off with a boiling
point ranging from 25-90 °C, while the bottom temperature was allowed to warm to a maximum
of 135 °C. The distillate was diluted with 100 mL of xylene and washed with 100 mL of water three
times. For neutralization of NEts, the organic phase was washed three times with 50 mL saturated
NH4Cl and twice with 50 mL saturated NaHCOs. After drying over Na;S0a, the solution was distilled

over a Vigreux column. The product was distilled at 60-69 °C and 830 mbar.
Yield: 21.43 g colorless oil (46 % theoretical yield)

RI: 1.3889 (Lit.>>® 1.3385)

b.p.: 60-69 °C/830 mbar (Lit.3*® 71-73 °C/760 mbar)

1H NMR (400 MHz, CDCls): & (ppm) = 6.43 (1H, dd, J = 13.7, 5.9 Hz, CH,=CH), 4.43 (1H, d, J = 13.7
Hz, CH,=), 4.12 (1H, d, J = 5.9 Hz, CH,=), 0.19 (9 H, s, (CHs)s3).

13C NMR-APT (101 MHz, CDCl3): & (ppm) = 146.35 (CH,=CHO), 95.18 (CH,=CHO), 2.42 (CHs).

1.1.1.5.2 Synthesis of vinyl chloroformate (VCF)
0] (0]

P ONG—
Si + —
7] CI)J\CI C|)J\o/\
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chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
VOTMS 116.24 1 122 14.3

phosgene (20 w% solution in toluene) 98.91 1 122 12.1
adiponitrile 60

The synthesis of vinyl chloroformate (VCF) was carried out according to Hofecker et al.?* For this,
adiponitrile was distilled in vacuo (b.p. 103 °C/0.04 mbar) for purification. To a dried three-neck
round bottom flask equipped with a condenser (cryostat adjusted to -15 °C), magnetic stirring, and
a dropping funnel, VOTMS and adiponitrile were added. Afterward, PdAc, was added to the
reaction mixture. The reaction apparatus was purged with argon, and the mixture was cooled to -
4 °C with an ice bath containing NaCl. After 30 min of stirring at that temperature, phosgene was
added as a 20 w% solution in toluene to the dropping funnel, which was prefilled with 40 mL
adiponitrile. The solution was added dropwise over a period of 1 h. After complete addition, the
cooling bath was removed, allowing the reaction mixture to warm to rt. After 72 h of stirring, the
reaction mixture was purged with argon to remove residual phosgene. To determine if any
phosgene was left in the mixture, test strips were prepared as described in 1.1.1.5.3. After the
complete removal of phosgene, the mixture containing the catalyst was transferred to a one-
necked flask and the product in a toluene solution was distilled over a 20 cm Vigreux column, with

a boiling point of the distillate ranging from 50-80 °C.
Yield: 27.5 g of 23% vinyl chloroformate in toluene solution (55% theoretical yield)
b.p.: 50-80 °C/atm. pressure (Lit.2%® 66-68 °C/760 mbar)

'H NMR (400 MHz, CDCl3): & (ppm) = 7.08 (1 H, dd, J = 6.05 Hz, J = 13.74 Hz, CH,=CH), 5.07 (1 H,
dd, J=2.70 Hz, ) = 13.74 Hz, trans-CH,=), 4.77 (1 H, dd, J = 2.70 Hz, J = 6.05 Hz, 2x cis-CH,=).

13¢ NMR-APT (101 MHz, CDCls): 6 (ppm) = 148.34 (C=0), 142.63 (CH,=CH), 100.87 (CH.).

1.1.1.5.3 Phosgene test strips

NH, o)
®

H 0
S)
sulisasilotlos s
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chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
phenylhydrazine 108.14 1 50 5.0
acetaldehyde 148.16 1 50 6.9

toluene 50

The synthesis of the phosgene test strips was conducted as described by Schnéll et al.3?° Therefore,
phenyl hydrazine and cinnamic acid were each dissolved in toluene. The immediately formed off-
white solid was washed with PE, recrystallized from toluene, and dried in vacuo. To determine
whether phosgene was still present in reaction mixtures, a filter paper was drenched in 1 w%
solution of CuSO4 and dried. The white salt of phenylhydrazine and cinnamic acid was rubbed onto
the paper, and after removal of excess of the solid, the reaction mixture was applied. After the
solvent of the reaction solution was evaporated, a slight amount of water was added. If phosgene

is present a reddish-to-violet spot forms on the filter paper.

1.1.2 Synthesis of heteroatom-based model compounds

1.1.2.1 Synthesis of bis 2-(vinyloxy)dimethylsilane (DMSA)?

o DMF, NEt; =1 =
. J.c _ 0._.0
)J\ /S|\ > Si
H Cl xylene !
y HsC CHs
chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
dichlorodimethylsilane 129.06 1 400 51.6
acetaldehyde 44.10 5 1990 87.8
triethylamine 101.19 2.5 1010 102.2
DMF 200

The synthesis of bis 2-(vinyloxy)dimethylsilane (DMSA) was carried out according to Hofecker et
al.?®> For the synthesis, a 1000 mL three-necked flask was equipped with a condenser connected
to a cryostat (adjusted to -15°C), a septum cap, and a dropping funnel. The flask was successively
charged with 200 mL dry DMF, NEts; (stored over a molecular sieve), and distilled dichloro-
dimethylsilane. Then acetaldehyde was slowly added to the mixture over a period of 1.5 h via
dropping funnel, which had previously been stored in the freezer. After stirring for 1 week at
ambient temperature, 100 mL of distilled xylene was added to the brown reaction slurry. At a
pressure of 400 mbar about 200 mL of the reaction mixture were distilled off with a boiling point
ranging from 25-140 °C. The distillate was diluted with 50 mL of xylene and washed thrice with
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200 mL of water. For neutralization of NEts, the organic phase was washed three times with
100 mL saturated NH4Cl solution and twice with 100 mL saturated NaHCOs solution. After drying
over Na;S0s, the solution was distilled over a Vigreux column. The product was distilled at 75-
93 °Cand 400 mbar. NMR showed that xylene was still present in the distillate; hence the product
was redistilled to yield the pure product at 78-80 °C and 400 mbar.

Yield: 25 g of colorless liquid (26% theoretical yield).

b.p.: 78-80 °C/400 mbar (Lit.3¢° 109-110 °C/atm.pressure)
RI: 1.4064 (Lit.3%° 1.4063)

Rs: 0.7 (PE:EE=4:1)

H NMR (400 MHz, CDCls): 6 6.45 (dd, J = 13.7, 5.9 Hz, 2H. CH,=CH), 4.55 (dd, J = 13.7, 1.1 Hz, 2H,
CH,=), 4.25 (dd, J = 5.9, 1.1 Hz, 2H, CH,=), 0.29 (s, 6H, CH).

13C NMR-APT (101 MHz, CDCls):144.87 (CH2=CHO), 96.33, (CH2=CHO), -3.00 (CHs).

1.1.3 Reactivity towards cyclopolymerization

R T
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Figure 139: Setup of the RT-NIR photorheometer.

Formulations were prepared from each of the synthesized monomers by the addition of 1 w% of

the respective photoinitiator. The samples were then stored in an ultrasound bath for 30 min to
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achieve complete dissolution of the Pls. Photorheology measurements were performed with a real
time-near infrared photorheometer consisting of an Anton Paar MCR 302 WESP with a P-PTD
200/GL Peltier glass plate and a PP25 measuring system coupled with a Bruker Vertex 80 FTIR
spectrometer (Figure 139). An external mirror was used to guide the IR beam from the
spectrometer through the glass plate and the sample to the rheology plate, which reflected the
beam. The beam was detected with an external MCT detector. 140 pl of all tested monomer
formulations were placed at the center of the glass plate, and the measurements were conducted
at 25 °C with an Anton Paar H-PTD 200 furnace and a gap of 200 um. The samples were sheered
with a strain of 1% and a frequency of 1 Hz. During the measurement, storage modulus, and loss
modulus were recorded. To start the photopolymerization, irradiation was conducted for 520 s
with a waveguide from below the glass plate using an Exfo OmniCureTM 2000 with a broadband
Hg lamp (320-500 nm). An intensity of 3 W/cm? was used at the tip of the light guide, which
corresponds to an intensity of 30 mW/cm? at the surface of the samples. It is important to note
that irradiation was induced 65 s after the start of each measurement. The IR chamber was
continuously purged with dry air. The measurements were performed in triplicates with a closed
furnace. The double bond conversion (DBC) over time was determined by recording IR spectra
every 0.2 s and then integrating the respective double bond bands at ~6170 cm™. The double bond

peak area ratio at the start and end of the measurement yielded the DBC.

After each measurement, one part of the obtained sample was mixed with deuterated chloroform
(~10 mg sample with 0.7 mL of CDCls) for *H-NMR measurements. These measurements were
conducted with a Bruker Avance 400 MHz NMR device (64 scans). The DBC could be determined
via the signal of the double bond (around 6.4 ppm for all monomers), while either the acetal -H
for DVF (5.1 ppm), the -CH3 for DVAc (1.48 ppm) and DVE (1.49 — 1.32 ppm) and the phenyl group

for DVB (7.60 — 7.33 ppm) was used as an internal standard for the determination.

Another part of the sample was treated with THF containing BHT as a flow marker to obtain a
concentration of 1-3 mg/mL in THF for gel permeation chromatography (GPC). The THF solutions
were then transferred to a GPC vial via a syringe filter. For the measurements, a Waters GPC with
three columns connected in series (Styragel HR 0.5, Styragel HR 3 and a Styragel HR 4) and a
Waters 2410 Rl detector were used. The temperature of the columns was maintained at 40 °C,
and a flow rate of 1.0 mL min~* was set. For calibration, polystyrene standards (890-177 000 Da)

in THF were used, and the recorded data was analyzed with the software tool OmniSEC 4.5.
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1.1.3.1 Radical cyclopolymerization

For radical polymerization, formulations were prepared with 1 w% of the Pl Ivocerin®, and

measurements and analyses were conducted as described in 1.1.3.

1.1.3.2 Cationic cyclopolymerization

For cationic polymerization, formulations were prepared with 1w% of the Pl I-Al, and

measurements and analyses were conducted as described in 1.1.3.

1.2 Monomers with improved cyclopolymerization tendency

1.2.1 Synthesis of carbon-based cyclopolymerizable monomers

1.2.1.1 Synthesis of diphenylbis(vinyloxy)methane (DVP)?28>2%2

1.2.1.1.1 Synthesis of bis(2-chloroethoxy)diphenylmethane (CEP)

O]

Cl
O O + \/\OH

chemicals M [g/mol]

benzophenone
2-chloroethanol
pTsOH

toluene

Cl Cl

pTsOH Kl

_— 0._0

toluene

n [mmol] m [g] V [mL]

100 18.2
250 20.1
0.1 0.3

100

The synthesis of bis(2-chloroethoxy)diphenylmethane (CEP) was conducted according to

Matsoyan et al.?®>292 Therefore, benzophenone, 2-chloroethanol, pTsOH, and toluene were added

to a flask, and heated to reflux. After the evolution of water had ceased, the reaction product was

treated with 30 mL 30% NaOH, extracted with Et,0 (3x100 mL), and dried over Na,SO4. The solvent

was removed, which led to the formation of a white solid. NMR showed that the solid was mainly

benzophenone, with ~12% of the desired product. Neither vacuum distillation nor column

chromatography were possible for further purification; hence no product could be obtained.
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1.2.1.2 Synthesis of diethyl 2,2'-(carbonylbis(oxy))diacrylate (CDA)*%

1.2.1.2.1  Synthesis of trimethylsilanoxy ethyl acrylate (TMSA)

1) COOEt
\ TEA
S + )H(OV —— o
Cl DCM Sgi
(@] - \

chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
ethyl pyruvate 116.12 1.0 120 139
triethylamine 101.19 1.1 132 13.4
trimethylsilyl chloride 108.64 1.1 132 14.3

DCM 150

The synthesis of trimethylsilanoxy ethyl acrylate (TMSA) was conducted according to Barton et
al.?%3 For the synthesis, ethyl pyruvate was dissolved in 120 mL DCM under argon atmosphere, and
the solution was cooled to 0 °C. Subsequently, triethylamine was added dropwise. Freshly distilled
trimethylsilyl chloride (b.p.: 57 °C at atm. pressure) was dissolved 30 mL DCM and added dropwise
to the mixture. The mixture was allowed to warm to rt and stirred for 1 h. After filtration of the
formed salt, the solvent was removed in vacuo. Distillation at 50 °C and 7 mbar yielded the product
as a colorless liquid, which, however, first partly and then fully polymerized during distillation. For
the subsequent syntheses, 1000 ppm of various stabilizers were added to the product flasks, such
as BHT, phenothiazine, NEt3, and MA154, but polymerization was still observed. Therefore, the

product could not be obtained.
Yield: colorless liquid (yield could not be determined due to spontaneous polymerization).
b.p.: 50 °C/7 mbar (Lit.3¢* 90-92 °C/50 mbar)

1H NMR (400 MHz, CDCls): & 5.27 (s, 1H, C=CH,), 4.63 (s, 1H, C=CH,), 3.97 (q, J = 7.0 Hz, 2H,
-CHa-), 3.55 (t, J = 7.2 Hz, 3H, CH2-CHs), 0.00 (s, 9H, Si-CHs).

13C NMR-APT (101 MHz, CDCls): 164.31 (C=0), 147.23 (C=CH3), 103.70 (C=CH,), 61.15 (-CH,-),
14.21 (CH,-CHs), -0.23 (Si-CHs).
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1.2.2 Synthesis of heteroatom-based cyclopolymerizable monomers

1.2.2.1 Synthesis of diethyl 2,2'-((dimethylsilanediyl)bis(oxy))diacrylate) (DMSA)3%3
EtOOC COOEt

Cl 0 TEA :|
—Si— + )Jﬁ(ov - Oo. .0
! DCM Si”

“ © HsC CHj
chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
ethyl pyruvate 116.12 2.0 220 25.6
triethylamine 101.19 2.1 242 24.5
dichlorodimethylsilane 129.06 1.1 110 14.2
DCM 250

The synthesis of diethyl 2,2'-((dimethylsilanediyl)bis(oxy))diacrylate) (DMSA) was conducted
according to Barton et al.3% Therefore, ethyl pyruvate was dissolved in dichloromethane under
argon atmosphere, and the solution was cooled to 0 °C. Then, triethylamine was added dropwise.
After complete addition, freshly distilled dichlorodimethylsilane (b.p. 70 °C at atm. pressure) was
added dropwise to the mixture. After warming up to rt, the mixture was stirred for 1 h. The formed
salt was filtered off and the solvent was removed under reduced pressure, yielding a solid product.
The product polymerized spontaneously during the evaporation of the solvent. Subsequently,
1000 ppm of several stabilizers, such as BHT, phenothiazine, NEt;, and MA154 were added to the
flask before the removal of the solvent, but polymerization was still observed. Nevertheless, a

small amount of crystalline product could be obtained from the flask and was analyzed.
Yield: off-white solid (yield could not be determined due to spontaneous polymerization).
m.p.: 165 °C

Rs: 0.4 (PE:EE 4:1)

HR-MS (ACN, ESI+, m/z): calcd.: 311.0927 [M+Na]*; found, 311.0921 [M+Na]*

1H NMR (400 MHz, CDCls): § 5.56 (d, J = 1.2 Hz, 2H, C=CH,), 5.07 (d, J = 1.2 Hz, 2H, C=CH,), 4.24 (q,
J=7.2 Hz, 4H, -CH,-), 1.37 (dt, J = 20.6, 7.2 Hz, 6H, CH2-CHs), 0.37 (s, 6H, Si-CHs).

13C NMR-APT (101 MHz, CDCls): 164.33 (C=0), 150.17 (C=CH>), 103.7 (C=CH,), 61.15 (-CH,-), 14.21
(CH3-CHs), -1.18 (Si-CHs).
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2. New monomers and thiols for enhanced mechanical properties and

degradation of thiol-ene networks

2.1 Selection of monomers for improved network degradation

2.1.1 Model study of monomer hydrolysis

NMR hydrolysis studies of the monomers CTAE, TAS, TAP, and TAB were conducted by dissolving
~10 mg of each compound in 0.35 mL D,0 and 0.35 mL CD3CN. For acidic conditions, a 0.01 M DCI
solution in D20 was prepared. 7 uL of this solution were added to the beforementioned NMR
solvent for a pH of ~4. For basic conditions, a 0.01 M NaOD solution in D20 was prepared, and
7 ulL of this solution were added for a pH of ~10. 'H-NMR spectra were recorded at to and
subsequently after 24 h, 48 h, 72 h, 96 h, 1 week, and subsequently once a week up to 8 weeks.
The amount of allyl alcohol, equal to the amount of hydrolyzed monomer, was calculated via the
integral of the double bond signal of allyl alcohol at 4.55 ppm. The -CH»- signal of the double bond

of each respective monomer located at ~4.8-5.0 ppm was used as a reference signal.

2.1.2 Screening of photoinitiator concentration of thiol-ene systems

Formulations for RT-NIR photorheology measurements were prepared from CTAE and the thiol
EDDT in an equimolar ratio of double bonds to thiol groups. Different concentrations of the PI
Ivocerin were used for each formulation, namely 0.125 w%, 0.250 w%, 0.500 w%, and 1.00 w%.

0.02 w% of PYR were added for stabilization.

RT-NIR photorheology measurements were conducted as described in 1.1.3. Samples were
irradiated for 320 s with a waveguide from below the glass plate using an Exfo OmniCureTM 2000
with a broadband Hg lamp equipped with a 400-500 m filter. An intensity of 1 W/cm? was used at
the tip of the light guide, corresponding to an intensity of 20 mW/cm? at the surface of the

samples. All measurements were conducted at rt.

2.1.3 Mechanical properties of model networks

Specimens for DMTA measurements were prepared from formulations containing each allyl ester-

based monomer (CTAE, TAP, TAS, or TAB) and the thiol EDDT in an equimolar ratio of double bonds
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to thiol groups. 1 w% Ivocerin for initiation and 0.02 w% PYR for stabilization were added. For the
DMTA measurements, polymer specimens were fabricated in a transparent silicon mold with a

shape of 5x2x40 mm3,

Curing of the samples was conducted in a Lumamat 100 light oven, provided by Ivoclar Vivadent
AG, with 6 Osram Dulux L Blue 18 W lamps. Samples were irradiated on both sides for 10 min. The
emitted wavelength spectrum of this oven ranges from 400-580 nm at a measured total intensity
of ~20 mW/cm?. As the specimens containing the B-based ester TAB remained sticky after curing
in the Lumamat Light oven, an Intelli-Ray 600 broadband UV oven from Uvitron (irradiation power
600 W, UV-A: 124 mW/cm?, VIS: 125 mW/cm?) was used, which led to significantly decreased
surface stickiness. For this sample, Teflon spray was applied on the mold before curing to enable
detachment from the mold. Curing of all samples was conducted at rt without a lid. After curing,
the samples were sanded to remove imperfections and were subsequently stored under argon

atmosphere.

DMTA measurements were performed with an Anton Paar MCR 302e device with a CTD 450 oven
and an SRF 12 measuring system. The fabricated specimens were tested in torsion mode with a
frequency of 1 Hz and a torsion strain of 0.1%. The temperature was increased from -100 °C to
+200 °C with a heating rate of 2 K/min. The storage modulus and the loss factor of the polymer

samples were recorded with the software RheoCompass 1.24 from Anton Paar.

2.1.4 Degradation behavior of model networks

For the degradation studies, cylindrically-shaped specimens with dimensions of d =6 mm and h =
2 mm and a mass of approximately 50 mg were prepared analogously to the DMTA specimens
described in 2.1.3. Degradation studies were conducted in buffered conditions under acidic
(acetate buffer, pH=4) and basic (carbonate-bicarbonate buffer) conditions, as well as conditions
present in the body (phosphate-buffered saline, PBS, pH= 7.4). The PBS solution was fabricated
with 8.0 g NaCl, 0.2 g KCl, 1.44 g Na;HPO,4, and 0.24 g KH,PO, in 1 L of distilled water. The acetate
buffer was prepared with 5.77 g sodium acetate and 1.78 g acetic acid dissolved in 1 L of distilled
water. The carbonate-bicarbonate buffer was fabricated with 3.88 g NaHCO3 and 6.71 g Na>COs
dissolved in 1 L of distilled water. The initial mass of the samples was measured with a balance of
0.01 mg precision. Each sample was immersed in 15 mL of the respective buffer medium and

stored in a climate chamber at 37 °C. After1d,2d,3d,7d,14d,21d,30d,35d,60d, and 180 d,
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three samples of each material and each condition were removed from the buffer solution, the
surface of the polymer was gently dried using an absorbent wipe, and each sample was weighed
directly for determination of the swelling, which is calculated as the mass change from swollen
mass to degraded mass after drying, normalized to the degraded mass after drying. The removed
samples were washed with deionized water and then put back into the empty, washed vial, which
was washed with deionized water. The samples were dried to a constant weight in a drying oven
at 50 °C. For consistency, all dried samples were weighed with the vial, as some were disrupted
during the experiment or became too fragile for removal. The mass loss was calculated as the mass
change from the original mass to degraded mass after drying, normalized to the degraded mass.
The determined data represent the average of 3 samples at each time point. At regular intervals,

the pH of the buffer medium was checked to ensure constant degradation conditions.

2.2 Thiols for enhanced mechanical properties
2.2.1 Screening of thiols for improved mechanical properties

Specimens for DMTA measurements were prepared from formulations containing the reference
compound CTAE and the thiols EDDT, TMPMP, TEMPIC, or diPETMP in an equimolar ratio of
double bonds to thiol groups. 1 w% Ivocerin for initiation and 0.02 w% PYR for stabilization were
added. Specimens for DMTA measurements were prepared in a Lumamat 100 light oven, and

DMTA measurements were performed as described in 2.1.3.

2.2.2 Syntheses of novel thiols

2.2.2.1 Synthesis of benzene-1,3,5-triyltrimethanethiol (TMB)313:314

Br SH
o 1) K,CO3, MeOH
+ >
)L SH 2) 6M HCI

Br Br SH SH
chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
1,3,5-tris(boromomethyl)benzene = 356.88 1.0 8.4 3.0

thioacetic acid 76.11 4.5 37.8 2.9

K2COs3 138.21 4.5 37.8 5.2

MeOH 50
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The synthesis of benzene-1,3,5-triyltrimethanethiol (TMB) was conducted according to Morrisson
et al.>13 and Li et al.>®? Therefore, 1,3,5-tris(bromomethyl)benzene, thioacetic acid, and half the
amount of K,COs3 were added to 50 mL MeOH in a 250 mL three-neck flask. The mixture was stirred
at ambient temperature for 1 h. Then, the other portion of K,CO3; was added, and the mixture was
stirred for 1 h before acidification with 6 M HCl to a pH of 4 (~10 mL). The mixture was diluted
with 50 mL water and extracted with CHCIs (3x50 mL). The combined organic layers were dried
with Na>S0g4, and the solvent was removed to yield the crude product. Unfortunately, purification
of the product by column chromatography with hexane:EE (1:1) was unsuccessful, and NMR

showed ~10% of unknown impurities in the product.

Yield: white oil (crude yield: 88%)

Rf=0.8 (hexane:EE 1:1)

H NMR (400 MHz, CDCls): & 7.17 (s, 3H, -C-Har), 3.72 (dd, J = 7.6, 4.0 Hz, 6H, -CH-), 1.79 (td, J =
7.6, 3.2 Hz, 3H, -SH).

13C NMR-APT (101 MHz, CDCls): 142.05 (-Car), 126.53 (-C-Har), 28.71 (-CHa-).

2.2.2.2 Synthesis of 1,3,5-tris(3-mercaptopropyl)-1,3,5-triazine-2,4,6-trione (TMT)31%-312

2.2.2.2.1 Synthesis of 1,3,5-tris(3-acetylmercaptopropyl)-1,3,5-triazine-2,4,6 (TAT)

0] (0] 0]
j\ )J\S/\/\NJ\N/\/\S)K
A N AN
j\ /’L 0 AIBN O%Nko
+ —_—
N :
o)\

chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
1,3,5-triallyl-1,3,5-triazine-2,4,6-trione 249.27 1.0 150 37.4
AIBN 164.21 0.2 225 4.0
thioacetic acid 76.12 3.6 540 41.1

THF 250

The synthesis of 1,3,5-tris(3-mercaptopropyl)-1,3,5-triazine-2,4,6-trione (TMT) was conducted
according to Reinelt et al.31%312 Therefore, in a 500 mL three-neck round-bottom flask, 1,3,5-

triallyl-1,3,5-triazine-2,4,6-trione, thioacetic acid, and AIBN were added to THF. The reaction
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mixture was purged with argon for 30 min at rt and then heated to 65 °C for 24 h. After cooling to
0°C, 100 mL of 1 N Na,CO3 were added, and the mixture was extracted three times with
dichloromethane (300/100/100 mL). The combined organic extracts were washed with 80 mL of
1 N sodium hydroxide solution and 80 mL brine, dried over Na,SQs, filtered, and concentrated
under reduced pressure to obtain a dark brown oil, which was dried in vacuo for 24 h to obtain a
dark yellow solid. The residual crude product was recrystallized from 200 mL of methanol three

times to yield the solid white product.
Yield: white solid (72% theoretical yield).
m.p.: 65-68 °C (Lit.312 66-67 °C)

R¢=0.7 (PE:EE 1:1)
1H NMR (400 MHz, CDCl3): 3.89 (t, 7.1 Hz, 6H, -N-CHa-), 2.83 (t, 3J = 7.1 Hz, 6H, -CH,S-), 2.26 (s,
9H, —CHa), 1.87 (quin., J = 7.1 Hz, 6H, -CH,-).

13C NMR (101 MHz, CDCls): & 195.45 (—S(C=0)CHs), 149.03 (-C=0), 42.07 (-N-CH,-), 30.68 (-CHs),
28.03 (-CHy-), 26.27 (-CH2-S-).

2.2.2.2.2  Synthesis of 1,3,5-tris(3-mercaptopropyl)-1,3,5-triazine-2,4,6-trione (TMT)

(0] O 0]
)J\ AN )J\ NN )K Q
S N~ °N S
)\ HS/\/\NJ\N/\/\SH
e} N~ o conc. HCI O%I\N/g

~

MeOH, dioxane
S

o)
041\ SH

chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
TAT 477.63 1.0 47 37.4

HCI (37%) 36.46 3.2 150 14.7

MeOH 95
dioxane 30

The synthesis of 1,3,5-tris(3-mercaptopropyl)-1,3,5-triazine-2,4,6-trione (TMT) was conducted
according to Reinelt et al.31%312 For this, in a 250 mL three-neck round-bottom flask, 1,3,5-tris(3-
acetylmercaptopropyl)-1,3,5-triazine-2,4,6-trione (TAT) and aqueous concentrated hydrochloric

acid were dissolved in a mixture of methanol (95 mL) and 1,4-dioxane (30 mL). The resulting
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solution was purged with argon for 30 min and then heated to 60 °C for 24 h. After cooling to
ambient temperature, 200 mL of deionized water were added, and the mixture was extracted
three times with DCM (300/150/150 mL). The combined organic extracts were washed two times
with 100 mL saturated NaHCOs and brine, dried over Na;SO, filtered, and concentrated under

reduced pressure. After drying, the product was obtained as a colorless liquid.
Yield: colorless liquid (93% theoretical yield).

Rs=0.3 (PE:EE 1:1)

RI: 1.5678

14 NMR (400 MHz, CDCl3): § 4.01 (t, J = 7.0 Hz, 6H, -N-CH,-), 2.56 (dt, J = 6.9, 8.0 Hz, 6H, -CH,S-),
1.97 (quin., J = 7.0 Hz, 6H, -CHy-), 1.54 (t, 3 J = 8.0 Hz, 3H, -CH2-SH).

13C NMR (101 MHz, CDCls): § 149.10 (-C=0), 41.91 (-N-CH,-), 31.94 (-CH,-), 22.03 (-CH2-SH).

2.2.2.3 Mechanical properties of networks

Specimens for DMTA measurements were prepared from formulations containing the monomer
CTAE and the thiols EDDT, TEMPIC, or TMT in an equimolar ratio of double bonds to thiol groups.
1 w% Ivocerin for initiation and 0.02 w% PYR for stabilization were added. DMTA specimens were
prepared in a Lumamat 100 light oven at rt. DMTA measurements were performed as described

in2.1.3.
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2.3 New monomers containing heteroatoms

2.3.1 Compounds based on phosphorus

2.3.1.1 Synthesis of 2,2'-(ethane-1,2-diyl)bis(4-((allyloxy)methyl)-1,3,2-dioxaphospholane-2-oxide)
(ADP)%08

2.3.1.1.1  Synthesis of ethylene phosphonic dichloride (EPD)

A o
Q P-0 cat. DMF o i,

O-P e ||_/_ |

— 4 W soCl, Cl—P Cl

W Cl
chemicals M [g/mol] eq. n[mmol] m [g] V [mL]

tetraethyl ethylene diphosphonate 302.24 1.0 14 4.2
thionyl chloride 118.97 5.0 70 8.3
DMF 73.09 0.01 0.2 0.01

The synthesis of ethylene phosphonic dichloride (EPD) was conducted according to Wolf et al.2%®
For the synthesis, all reactants were dried over a molecular sieve (3 A), and Karl-Fischer titrated
to determine their water content, which should be <50 ppm. In a flame-dried three-neck flask,
tetraethyl ethylene diphosphonate and DMF as a catalyst were added dropwise to refluxing
thionyl chloride at 75 °C, which led to a strong gas evolution. After 4 h, the gas evolution ceased,
and a yellowish solid appeared in the flask, which was dissolved in dry chloroform and filtered.
After evaporation of the solvent, the product was yielded as an off-white solid, which, however,
showed poor solubility in benzene, which is reported as a solvent in the literature.3'® Nevertheless,
NMR showed the formation of the product, which was used directly for the next step of the

synthesis.

Yield: off-white solid (98% theoretical yield).

1H NMR (400 MHz, CDCls): 6 3.04 (m, -CH,-)

13C NMR-APT (101 MHz, CDCls): § 30.10 (-CH»-), 29.34 (-CH,-).

31p (162 MHz, CDCls): & 42.53.
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2.3.2 Compounds based on silicon

2.3.2.1 Synthesis of bis(allyloxy)diphenylsilane (DAS)32*

:\< NEt :\<
Cl 3 .0
Si \/\

Si” + HO/\/ - \/\O/

"0

chemicals M [g/mol] eq. n[mmol] m [g] V [mL]
dichlorodiphenylsilane 253.19 1.0 100 253

allyl alcohol 58.08 2.0 200 11.6
triethylamine 101.19 2.0 200 20.2

DCM 200

The synthesis of bis(allyloxy)diphenylsilane (DAS) was conducted according to Hoye et al.3?* For
the synthesis, dichlorodiphenylsilane and triethylamine were added to a 500 mL three-necked
flask containing dichloromethane under inert atmosphere. The mixture was cooled to 0 °C, and
allyl alcohol was slowly added dropwise within 0.5 h. After complete addition, the reaction was
warmed to rt and stirred for another hour, during which a white solid was formed. The solid was
filtered off under reduced pressure, and the filtrate was washed with ice water (3x100 mL). The
aqueous phase was extracted with dichloromethane (3x250 mL), the combined organic extracts
were dried with Na;SOa, and the solvent was removed. The crude mixture was distilled in vacuo to

yield the product at 140 °C and 5 mbar.
Yield: colorless oil (92% theoretical yield).

RI: 1.5423 (Lit.3%3 1.5424)
R¢= 0.4 (PE)

b.p.: 140 °C/5 mbar (Lit.3%* 158-160 °C/8 mbar)

1H-NMR (400 MHz, CDCls): § 7.74 — 7.63 (m, 4H, C-Ha), 7.47 — 7.34 (m, 6H, C-Ha), 5.96 (ddt, J =
17.1, 10.4, 4.7 Hz, 2H, CH=CH,), 5.35 (dq, J = 17.1, 1.9 Hz, 2H, CH=CH,), 5.13 (dq, J = 10.4, 1.7 Hz,
2H, CH=CH.), 4.34 (dt, J = 4.8, 1.7 Hz, 4H, -O-CH,-).

13C-NMR (101 MHz, CDCls): 6 136.66 (CH=CH>), 135.04 (C-Har), 132.67 (Car), 130.52 (C-Ha), 128.02
(C-Har), 114.84 (CH=CH,), 76.84 (-O-CH,-).
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2.3.3 Compounds based on boron

2.3.3.1 Synthesis of 2,6-ditertbutylphenyl diallyl borate (BAB)3?

X
\L OH I
(0]
? ' N B
i X NA-Bs
\/\O/B\O/\/ o 0

chemicals M[g/mol] eq. n[mmol] mig] V[mL]
BHT 220.36 1.0 30 6.6
triallyl borate 182.03 3.0 90 16.4

The synthesis of 2,6-ditertbutylphenyl diallyl borate (BAB) was conducted according to Washburn
et al.3?* Therefore, triallyl borate and BHT were added to a 50 mL flask under argon. The mixture
was heated to 100 °C under a vacuum of 600 mbar. Within 3 d, allyl alcohol was distilled off
completely, and the solution was distilled in vacuo. NMR showed that decomposition of the
formed ester occurred during distillation. Therefore, the reaction was done again, and after allyl
alcohol was distilled off, the crude product was extracted with DCM (3x100 mL). The combined
organic extracts were dried with Na;SO4, and the solvent was removed. NMR of the crude liquid
showed that the product was formed with ~5% of BHT as an impurity. Column chromatography of
the product could not be conducted, as the formed ester was unstable on silica gel and AlOx.

Hence, the product could not be obtained due to the instability of the compound.
Yield: slightly yellow oil (10% theoretical yield).
b.p.: 100-115 °C/0.5 mbar (Lit.>** 104-110 °C/0.3 mbar)

'H NMR (400 MHz, CDCl3): § 7.01-7.03 (m, 2H, -C-Har), 5.92 (ddt, J = 17.2, 10.3, 5.1 Hz, 2H, -
CH=CH2), 5.38-4.98 (m, 2H, -CH=CH,), 5.29 (dq, J = 10.5, 1.4 Hz, 1H, -CH=CH,), 4.47 (dt, J =5.1, 1.7
Hz, 4H, -O-CH;-), 2.29 (s, 3H ,-CH3 ar), 1.35 (s, 18H, -C-(CH3)3).

13C NMR-APT (101 MHz, CDCl3): 153.20 (-Ca-0.), 137.52 (-Ca-C-(CH3)3, 134.12 (-CH=CH,), 130.25
(-Car-CH3), 126.12 (-Car-H), 117.65 (-CH=CH,), 116.57 (-CH=CH>), 66.08 (-O-CH>-), 35.87 (-C-(CH3)s,
31.21 (-C-(CHs)s3, 21.25 (,-CH3 ar).
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2.3.3.2 Synthesis of 2-(4-(allyloxy)phenyl)-4-vinyl-1,3,2-dioxaborolane (AVB)3?’

2.3.3.2.1 Synthesis of 1-(allyloxy)-4-bromobenzene (ABB)

OH K,COs O~
/©/ fOENS ACN
Br Br

chemicals M[g/mol] eq. n[mol] m [g] V [mL]
4-bromophenol 173.01 1.0 173 30.0

allyl bromide 120.99 2.0 347 42.0

K.CO3 138.21 2.5 434 59.9

ACN 450

The synthesis of 1-(allyloxy)-4-bromobenzene (ABB) was conducted according to Chardin et al.3?’
For the synthesis, 4-bromophenol, and K;CO3; were added to ACN in a 1L three-neck flask
equipped with a condenser, which resulted in a suspension. Then allyl bromide was added. The
mixture was refluxed at 80 °C for 72 h. After cooling to rt, the solvent was removed under reduced
pressure, and the resulting residue was partitioned between 300 mL DCM and 200 mL water. The
aqueous phase was extracted with DCM (3x300 mL), and the combined organic extracts were

washed with 100 mL water, dried with Na,SO4, and concentrated in vacuo to yield the product.
Yield: slightly yellow oil (94% theoretical yield).

RI: 1.5579 (Lit.3*> 1.5583)

Rs: 0.4 (cyclohexane:EE=3:1)

1H NMR (400 MHz, CDCls): & 7.43 — 7.31 (m, 2H, -C-Hx,), 6.86 — 6.74 (m, 2H, -C-Ha,), 6.03 (ddt, J =
17.3, 10.5, 5.3 Hz, 1H, -CH=CH,), 5.40 (dg, J = 17.3, 1.6 Hz, 1H, -CH=CH,), 5.29 (dq, J = 10.5, 1.4 Hz,
1H, -CH=CH,), 4.51 (dt, J = 5.3, 1.5 Hz, 2H, -O-CHa-).

13C NMR-APT (101 MHz, CDCl3): 157.70 (-Ca/), 132.87 (-CH=CH3), 132.25 (-C-Har), 117.93 (-CH=CH.),
116.57 (-CH=CH;), 69.01 (-O-CH;-).

2.3.3.2.2  Synthesis of (4-(allyloxy)phenyl)boronic acid (ABA)

0
NP \o( 0 1) n-BuLi, THF T
Jo et -
Br o 2) H0, 1M HCl B
\( OH
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chemicals M[g/mol] eq. n[mol] mig] V[mL]
1-(allyloxy)-4-bromobenzene 213.07 1.0 625 13.3
triisopropyl borate 188.07 1.5 93.8 17.6

n-Buli (2.5 M in hexane) 64.05 1.2 75.0 4.8 30
THF 100

The synthesis of (4-(allyloxy)phenyl)boronic acid (ABA) was conducted according to Chardin et
al.3?” Therefore, a 500 mL three-neck round bottom flask equipped with a thermometer,
condenser, and a dropping funnel, was purged with argon. Then, ABB was dissolved in dry THF,
and the mixture was cooled to -78 °C with an acetone/liquid N3 bath. After cooling for 30 min, n-
Buli (2.5 M in hexane) was added dropwise, resulting in an orange solution. After complete
addition, the reaction mixture was stirred for 1 h, and subsequently, triisopropyl borate was added
dropwise. The mixture was allowed to slowly warm up to rt overnight, which resulted in the
formation of a salt. 35 mL of water were slowly added, which led to the precipitation of a white
solid. This mixture was then acidified with 100 mL of 1 M HCI. Upon the addition of HCI, the
precipitate was dissolved, and two phases were separated. After stirring for 1 h, the reaction
mixture was extracted with 3x200 mL diethyl ether, and the combined organic layers were washed
with water and dried over Na;SOa. Evaporation of the solvent under reduced pressure afforded
the crude product as a pink solid, which was purified by flash chromatography on silica gel with
cyclohexane:EE (7:3) to yield the product as a white solid. NMR showed that ~7% of impurities
were still present. Therefore, column chromatography with pure PE was attempted but was
unsuccessful as well, as ~5% of impurities remained in the product. Therefore, the pure compound

could not be obtained.

Yield: white solid (crude yield: 62%)

Rs: 0.7 (PE)

m.p.: 102-108 °C (Lit.3?’ 106 °C)

1H NMR (400 MHz, CDCls): 6 8.20 — 8.12 (m, 2H, -C-Ha/), 7.07 — 6.99 (m, 2H, -C-Ha/), 6.10 (ddt, J =
17.3,10.6, 5.3 Hz, 1H, -CH=CH,), 5.46 (dq, J = 17.3, 1.6 Hz, 1H, -CH=CH,), 5.33 (dq, J = 10.5, 1.4 Hz,
1H, -CH=CH,), 4.63 (dt, J = 5.3, 1.5 Hz, 2H, -O-CHy-).

13C NMR-APT (101 MHz, CDCl3): § 162.24 (-Ca), 137.50 (-C-Har), 132.98 (-CH=CH,), 117.96 (-
CH=CH.), 114.25 (-CH=CH,), 68.64 (-O-CH.-).

118 NMR (128 MHz, CDCl3): & 28.07
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2.3.3.3 Synthesis of allyl 4-(4-vinyl-1,3,2-dioxaborolan-2-yl)benzoate (AEB)326:328,329

2.3.3.3.1 Synthesis of but-3-ene-1,2-diol (BUD)
1) 50% KOH

o) 2) i-PrOH OH
e - 7L
o) OH

chemicals M[g/mol] eq. n[mol] mig] V[mL]
4-vinyl-1,3-dioxolan-2-one 114.10 1.0 69.2 79.0

KOH 56.11 1.2 79.6 44.7

iPrOH 370

The synthesis of but-3-ene-1,2-diol (BUD) was conducted according to Boaz et al.??® Therefore, 4-
vinyl-1,3-dioxolan-2-one was added to a 1 L flask and cooled to 0 °C with an ice bath. A 50 wt%
solution of aqueous KOH was added dropwise over a period of 35 min. Then, the ice bath was
removed, and the mixture was heated to 60 °C for 16 h. After cooling to ambient temperature,
370 mL of i-PrOH were added, and the mixture was stirred for 1 h. The inorganic salt precipitate
was removed by filtration and washed with 50 mL of i-PrOH. The combined organic layers were

concentrated, and the remaining liquid was distilled at 90 °C and 10 mbar to yield the product.
Yield: colorless liquid (80% theoretical yield).

RI: 1.4615 (Lit.3%6 1.461).

b.p.: 90 °C/10 mbar (Lit.3%” 85 °C/20 mbar).

H NMR (400 MHz, CDCls): 6 5.84 (ddd, J = 17.3, 10.6, 5.6 Hz, 1H, -CH=CH,), 5.35 (dt, J = 17.3, 1.5
Hz, 1H, -CH=CH,), 5.21 (dt, J = 10.6, 1.4 Hz, 1H, -CH=CH,), 4.25 (ddtq, J = 7.5, 4.3, 3.2, 1.5 Hz, 1H,
-CH-(OH)-CH,0H), 3.66 (ddd, J = 11.3, 6.8, 3.4 Hz, 1H, -CH,0H), 3.49 (ddd, J = 11.3, 7.5, 4.9 Hz, 1H,
-CH,0H), 3.01 (d, J = 4.3 Hz, 1H, -OH), 2.84 (dd, J = 6.8, 5.0 Hz, 1H, -OH).

13C NMR-APT (101 MHz, CDCls): 136.71 (-CH=CH,), 116.75 (-CH=CH,), 73.32 (-CH-(OH)-CH,0OH),
66.25 (-CH,0H).

2.3.3.3.2  Synthesis of 4-(4-vinyl-1,3,2-dioxaborolan-2-yl)benzoic acid (VAB)

OH . OH acetone OH
HO\B \)\/OH O\B
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chemicals M[g/mol] eq. n[mol] mig] V[mL]
4-carboxyphenyl boronic acid 165.94 1.0 50 8.3
but-3-ene-1,2-diol 88.11 1.0 50 4.4

Na;SO, 142.04 11.3 560 80.0

acetone 700

The synthesis of but-3-ene-1,2-diol (BUD) was conducted according to Schorpf et al.32¢ and Schnéll
et al.3? For the synthesis, 4-carboxyphenyl boronic acid and acetone were added to a 1 L round
bottom flask equipped with a reflux condenser under inert atmosphere. The apparatus was
purged with argon, and then but-3-ene-1,2-diol was added, upon which complete dissolution of
the boronic acid occurred. The reaction was stirred for 30 min at rt, and Na;SOs was added
stepwise until no more lumps indicating water were visible. Afterward, the solution was stirred
for 36 h. The mixture was then filtrated, washed with acetone and the solvent was removed under

reduced pressure to obtain the product.

Yield: white solid (90% theoretical yield).

Melting point: 191 °C

HR-MS (ACN, ESI+, m/z): calcd.: 218.0750 [M]; found, 218.0781 [M]

H NMR (400 MHz, CDCls): & 8.16 — 8.09 (m, 2H, -C-Hay), 7.98 — 7.89 (m, 2H, -C-Ha,), 5.97 (ddd, J =
17.1,10.3, 6.6 Hz, 1H, -CH=CH), 5.42 (dt, J = 17.1, 1.3 Hz, 1H, -CH=CH), 5.30 (dt, J = 10.3, 1.2 Hz,
1H, -CH=CH,), 5.11 — 5.00 (m, 1H, -O-CH-CH=CH,), 4.54 (dd, J = 9.0, 8.2 Hz, 1H, -O-CH,-), 4.08 (dd,
1=9.0, 7.5 Hz, 1H, -O-CHy-).

13C NMR-APT (101 MHz, CDCls): & 172.23 (-COOH), 137.20 (-CH=CH3), 135.39 (-C-Har), 132.15(-Car-
B), 129.80 (-C-Har), 118.14 (-CH=CH.), 78.99 (-O-CH-CH=CH,), 71.64 (-O-CH,-).

11B-NMR (128 MHz, CDCls): & 32.42.
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2.3.3.5 Synthesis of N21-(2-(4-vinyl-1,3,2-dioxaborolan-2-yl)benzyl)-N2,N2-bis(2-((2-(4-vinyl-1,3,2-
dioxaborolan-2-yl)benzyl)Jamino)ethyl)ethane-1,2-diamine (NVB)326:325-331
2.3.3.5.1 Synthesis of (2-((E)-((2-(bis(2-({(Z)-2-boronobenzylidene)amino)ethyl)amino)ethyl)-
imino)methyl)phenyl)boronic acid (IAB)

N/
HO\B/OH NH> HO.__OH
H MeOH B
o + _ \N/\/N\/\N
N
HZN/\/ \/\NH2 |
[ ;[ _OH
B

OH
chemicals M[g/mol] eq. n[mol] mig] V[mL]
tris(aminoethyl)amine 146.24 1.0 10 1.5
2-formylphenylboronic acid 149.94 3.0 30 45
MeOH, abs. 50

The synthesis of (2-((E)-((2-(bis(2-(((Z)-2-boronobenzylidene)amino)ethyl)amino)ethyl)-imino)-
methyl)phenyl)boronic acid (IAB) was conducted according to Leed et al.>*° and Gray et al.33!
Therefore, 2-formylphenylboronic acid was added to a solution of tris(2-ethylamino)amine) in
anhydrous methanol. The solution was stirred under heating to 60 °C for 1 d. Then, a fraction of
10 mL was removed and the solvent was evaporated resulting in a yellow solid, used for

characterization of IAB. A total yield of 80% was calculated from the 10 mL removed.

Yield: yellow solid (80% theoretical yield).
m.p.: 182-184 °C

HR-MS (MeOH, ESI+, m/z): calcd.: 543.2758 [M+H]*; found, 543.2765 [M+H]*

'H NMR (400 MHz, CD30D): § 8.41 (s, 3H, -CH=N), 7.65 — 7.59 (m, 3H; -C-Ha/), 7.56 (td, J = 7.2,
1.1 Hz, 3H, -C-Har), 7.18 (td, J = 7.5, 1.3 Hz, 3H, -C-Har), 6.10 (dt, J = 7.5, 1.0 Hz, 3H, -OH), 3.81 (t, J
= 5.6 Hz, 6H, -CH=N-CH,-), 3.04 — 2.97 (m, 6H, -N-CH2-CH>-).

13C NMR-APT (101 MHz, CDsOD): 172.45 (-CH=N), 138.97 (-Ca/), 133.90 (-C-Har), 131.31 (-C-Har),
128.72 (-C-Har), 128.40 (-C-Har), 52.38 (-N-CH,-CH,-), 48.01 (-CH=N-CH.-).

118_NMR (128 MHz, CDs0D): & 9.43.
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2.3.3.5.2  Synthesis of ((((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))tris(benzene-
2,1-diyl))triboronic acid (NAB)

HO.,.OH HO.__OH
B B
HO._.OH HO.__OH
; 4 i ¢

NaBH,
N N —_— N
.OH _OH
B B
OH OH

chemicals M[g/mol] eq. n[mol] mig] VI[mL]

IAB 542.01 1.0 10 5.4
NaBH,4 37.83 3.6 36 1.4
MeOH, abs. 50

The synthesis of ((((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))tris(benzene-2,1-
diyl))triboronic acid (NAB) was conducted according to Leed et al.?*° and Gray et al.>3! After full
conversion to IAB was confirmed with NMR, the reaction solution was cooled to 0 °C, and NaBH4
was added in small portions. After the evolution of H, gas was complete, the solution was warmed
to rt and stirred for 16 h. The solvent was evaporated, and the resulting residue was redissolved
in DCM to leave NaBH, as a white powder. The mixture was vacuum filtrated, and the filtrate was
subsequently concentrated. The residue was then redissolved in a small amount of DCM (~5 mL),

and hexane was added dropwise until the white precipitate of the product NVB was observed.
Yield: white solid (73% theoretical yield).

Melting point: 210-211 °C

HR-MS (MeOH, ESI+, m/z): calcd.: 549.3227 [M+H]*; found, 549.3241 [M+H]*

1H NMR (400 MHz, CDs0D): & 7.46 (dd, J = 5.5, 3.1 Hz, 3H, -C-Ha), 7.17 (ddd, J = 12.1, 6.9, 3.7 Hz,
9H, -C-Har), 4.06 (s, 6H, NH-CH2-Car-), 3.03 (d, J = 6.5 Hz, 6H, -N-CH»-CH,-), 2.92 (t, J = 6.4 Hz, 6H, -
N-CHy-CH2-).

13C NMR-APT (101 MHz, CDs0D): & 128.34 (-C-Ha/), 127.62 (-C-Has), 55.46 (-N-CH,-CH,-), 51.63
(NH-CH,-Car-), 46.17 (-N-CH2-CHa-)

11B-NMR (128 MHz, CDs0D): 6 9.25.

210



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

EXPERIMENTAL PART

2.3.3.6 Synthesis of 1,4-bis(4-((allyloxy)methyl)-1,3,2-dioxaborolan-2-yl)benzene (ADB)?34235256

QH
B. —
OH , H O/Y\O/\/
HO\B OH THF
|
OH
N °
\/\O O\B B\ j\/o
/ 0 ~x
0
chemicals M[g/mol] eq. n[mol] m [g] V [mL]
benzene-1,4-diboronic acid 165.75 1.0 70 11.6
3-allyloxy-1,2-propandiol 132.16 2.1 144 19.0
Na;SO4 142.04 2.3 160 22.7
THF 450

The synthesis of ,4-bis(4-((allyloxy)methyl)-1,3,2-dioxaborolan-2-yl)benzene (ADB) was conducted
according to Chen et al.?34?3> and Robinson et al.>*® For the synthesis, first, 3-allyloxy-1,2-propan-
diol was distilled for purification (b.p. 105 °C/3 mbar). Then, benzene-1,4-diboronic acid was
added to a 1 L three-neck round bottom flask equipped with a condenser and purged with argon.
Next, THF and 3-allyloxy-1,2-propan-diol were added, and the mixture was stirred until complete
dissolution of all compounds occurred. Then, Na,SO. was added stepwise to the mixture until no
more lumps were observed. After stirring at rt for 24 h, Na,SO4 was filtered off (suction filter: P4),

washed with THF, and the filtrate was concentrated in vacuo to yield the product.
Yield: white solid (95% theoretical yield).
m.p.: 42-43 °C

14 NMR (400 MHz, CDCl3): & 7.83 (s, 4H, -C-Ha,), 5.89 (ddt, J = 17.2, 10.4, 5.6 Hz, 2H, -CH=CH,),
5.28 (dq, J = 17.2, 1.6 Hz, 2H, -CH=CH,), 5.19 (dq, J = 10.4, 1.4 Hz, 2H, -CH=CH,), 4.74 (ddt, J = 8.1,
6.6, 5.1 Hz, 2H, -O-CH-CHy-), 4.43 (dd, J = 9.1, 8.2 Hz, 2H, -O-CH-CH,-), 4.19 (dd, J = 9.1, 6.6 Hz, 2H,
-CH,-CH=CH5), 4.07 (dgq, J = 5.6, 1.4 Hz, 4H, -O-CH,-CH), 3.64 (dd, J = 10.2, 5.1 Hz, 2H, -O-CH,-
CH=CH,), 3.57 (dd, J = 10.2, 5.1 Hz, 2H , -O-CH-CH,-O-).

13C NMR-APT (101 MHz, CDCls): 6 136.95 (-Ca), 134.36 (-CH=CH,), 134.11 (-C-Ha/), 117.47 (-
CH=CH,), 76.22 (-O-CH-CH,-), 72.58 (-O-CH,-CH=CH,), 71.91 (-O-CH-CH,-0-), 68.51 (-O-CH,-CH).

11B-NMR (128 MHz, CDCl3): 6 31.5
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2.3.3.7 Synthesis of 1,4-bis(4-vinyl-1,3,2-dioxaborolan-2-yl)benzene (VDB)?34235256

chemicals M [g/mol] eq. n[mol] m [g] V [mL]
benzene-1,4-diboronic acid 165.75 1.0 36 6.0
but-3-ene-1,2-diol 88.11 2.1 74 6.5

Na;SO, 142.04 23 83 11.8

THF 160

The synthesis of 1,4-bis(4-vinyl-1,3,2-dioxaborolan-2-yl)benzene (VDB) was conducted according
to Chen et al.23*?3> and Robinson et al.>*® Therefore, benzene-1,4-diboronic acid, and but-3-ene-
1,2-diol were dissolved in THF under inert atmosphere. Then Na,SO,was carefully added stepwise.
After stirring at rt for 24 h, the mixture was filtered under reduced pressure (suction filter: P4),

the solid was washed with THF, and the filtrate was concentrated to obtain the solid, pure product.
Yield: off-white solid (90% theoretical yield).
Melting point: 73-74.9 °C.

14 NMR (400 MHz, CDCls): & 7.85 (s, 4H, -C-Ha,), 5.96 (ddd, J = 17.0, 10.4, 6.6 Hz, 2H, -CH=CHb,),
5.41 (dt, J = 17.1, 1.3 Hz, 2H, -CH=CH3,), 5.27 (dt, J = 10.3, 1.2 Hz, 2H, -CH=CH,), 5.02 (dddt, J = 8.5,
7.7, 6.6, 1.2 Hz, 2H, -O-CH-CH=CH,), 4.51 (dd, J = 9.1, 8.2 Hz, 2H, -O-CHx-), 4.05 (dd, J = 9.0, 7.4 Hz,
2H, -O-CH,-).

13C NMR-APT (101 MHz, CDCls): § 136.97 (-CH=CH.), 134.15 (-C-Ha,), 117.47 (-C-B-), 78.34 (-O-CH-
CH=CH,), 71.05 (-O-CH»-).

11B-NMR (128 MHz, CDCls): 6 32.08.

2.4 Characterization of degradable systems

2.4.1 Reactivity of formulations

Formulations for RT-NIR photorheology measurements were prepared from each monomer

(CTAE, TAP, TAS; DAS, TAB, ADB, or VDB) and the thiol TMT in an equimolar ratio of double bonds
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to thiol groups.1 w% of Ivocerin were added for photoinitiation. As autopolymerization of all
formulations occurred within 24 h at rt, 0.02 w% of PYR were added for stabilization. The
formulations were homogenized with a vortex under slight heating until the complete dissolution
of the Pl and monomers. Samples containing TAS, TAB, or VDB were homogenized by storage in
anoven at 110 °Cfor 10 min. Due to phase separation of TAS or TAB with TMT at rt, measurements
were performed at 100 °C as homogeneous formulations were obtained at this temperature. Due
to the high melting point of VDB (74 °C) and the formation of homogeneous solutions only at
elevated temperatures, measurements were performed at 100 °C as well. Measurements with

formulations containing CTAE, TAP, and ADB were performed at 25 °C.

RT-NIR photorheology measurements were conducted as described in 1.1.3. Samples were
irradiated for 320 s with a waveguide from below the glass plate using an Exfo OmniCureTM 2000
with a broadband Hg lamp equipped with a 400-500 m filter. An intensity of 1 W/cm? was used at
the tip of the light guide, corresponding to an intensity of 20 mW/cm? at the surface of the

samples.

2.4.2 Mechanical properties of polymer networks

For the DMTA measurements, specimens were fabricated from the formulations described in
2.4.1. Curing of all samples was conducted in a Lumamat 100 light oven. For curing of VDB, TAS,
and TAB, the silicon mold was preheated in an oven at 110 °C and a special curing program was
used, during which the samples were heated to ~104 °C. Samples were cured on both sides for
10 min. Curing was conducted without a lid, and the resulting samples were sanded to remove
surface imperfections and subsequently stored under dry conditions and argon atmosphere.

DMTA measurements were performed as described in 2.1.3.

Tensile test specimens of 5B shape were prepared analogously to DMTA specimens. Tensile tests
were conducted on a Zwick Z050 tensile testing machine equipped with a 1 kN load sensor. The
crosshead speed was set to 5 mm/min, and the strain was measured using a mechanical

extensometer. Analysis of the samples was done using TestXpert Il testing software.
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2.4.3 Degradation of polymer networks

For the degradation studies, cylindrically-shaped specimens with dimensions of d =6 mm and h =
2 mm and a mass of approximately 50 mg were prepared, analogously to the DMTA specimens
described in 2.4.2. Degradation studies were conducted as described in 2.1.4, with three samples
of each material and each condition removed from the buffer solution after 2d, 7d, 14 d, 30 d,

60 d, 90 d, and 180 d.

2.5 Optimization of mechanical properties and degradation behavior

Formulations containing different molar ratios of 40 mol%, 60 mol%, or 80 mol% of each
degradable monomer (TAP, TAS, VDB, and ADB) with respect to TAl were prepared with the thiol
TMT in an equimolar ratio of double bonds to thiol groups. 1 w% of Ivocerin for initiation and
0.02 w% of PYR for stabilization were added. The formulations were homogenized with a vortex
under slight heating until complete dissolution of the Pl and monomers. Samples containing TAS,
ADB, or VDB were homogenized by storage in an oven at 110 °C for 10 min. After homogenization,
formulations were stored at rt for 2 d to test if phase separation or precipitation occurred at rt. As
references, formulations containing 0 mol% of degradable monomer (100 mol% TAIl) and

100 mol% of each degradable monomer were used.

2.5.1 Optimization with a trifunctional crosslinker

2.5.1.1 Reactivity of formulations with TAI
RT-NIR photorheology measurements were conducted as described in 1.1.3 with formulations
described in 2.5. Samples were irradiated for 320 s with a waveguide from below the glass plate
using an Exfo OmniCureTM 2000 with a broadband Hg lamp equipped with a 400-500 m filter. An
intensity of 1 W/cm? was used at the tip of the light guide, corresponding to an intensity of
20 mW/cm? at the surface of the samples. Measurements were performed at 25 °C for all
formulations, except 80 mol% or 100 mol% TAS or VDB. These systems were tested at 100 °C since

homogeneous formulations were obtained at this temperature.
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2.5.1.2 Mechanical properties of polymer networks with TAI
For the DMTA measurements, specimens were fabricated from the formulations described in 2.5.
Curing of all samples was conducted in a Lumamat 100 light oven. For the curing of 80 mol% or
100 mol% TAS or VDB, the silicon mold used was preheated in an oven at 110 °C, and a special
curing program was used, during which the samples were heated to ~104 °C. Curing was
conducted without a lid, and the resulting samples were sanded to remove surface imperfections
and subsequently stored under dry conditions and argon atmosphere. DMTA measurements were

performed as described in 2.1.3.

Tensile test specimens of 5B shape were prepared analogously to DMTA specimens. Tensile tests

were conducted as described in 2.1.3.

2.5.1.3 Degradation of polymer networks with TAI
For the degradation studies, cylindrically-shaped specimens with dimensions of d =6 mm and h =
2 mm and a mass of approximately 50 mg were prepared analogously to the DMTA specimens
described in 2.5.1.2. Degradation studies were conducted as described in 2.1.4, with three samples
of each material and each condition, and were removed from the buffer solution after 2 d,7 d,

14 d,30d,60d,90d, and 180 d.

2.5.2 Optimization with a difunctional crosslinker

2.5.2.1 Syntheses of difunctional crosslinkers

2.5.2.1.1 Synthesis of 1,4-bis(2-propenyloxy)methylcyclohexane (CAE)**3

OH O\/\
NaOH, TBAB
+ B >
toluene
HO \/\O

chemicals M [g/mol] eq. n [mol] m [g] V [mL]
1,4-cyclohexanedimethanol 144.21 1.0 163 23.4

allyl bromide 120.99 3.5 569 68.8

NaOH 40.00 2.9 470 18.8
tetra-n-butylammonium bromide 322.38 0.13 21 6.9

toluene 105

215



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

EXPERIMENTAL PART

The synthesis of 1,4-bis(2-propenyloxy)methylcyclohexane (CAE) was conducted according to
Lohse et al3¥® For the synthesis, 1,4-cyclohexanedimethanol, allyl bromide, tetra-n-
butylammonium bromide, NaOH, and toluene were added to a 250 mL round-bottom three-neck
flask equipped with a mechanical stirrer, reflux condenser and an Ar-inlet under inert atmosphere.
The reaction mixture was stirred at 40 °C for 8 h and at 80 °C for 10 h. After cooling to rt, the
reaction mixture was poured into 250 mL of water, the layers were separated, and the aqueous
layer was extracted with 3x50 mL toluene. The toluene solutions were combined and washed with
water until pH ~7. The organic phase was dried over Na,S04, and the solvent was removed to yield
the crude product as a colorless liquid. As stated in literature, bulb tube distillation was attempted
for purification (0.04 mbar, 100 °C), but the separation of the mono- and disubstituted compound
was unsuccessful. Column chromatography of the crude mixture (95% PE, 5% EE), yielded the

desired product.

Yield: colorless liquid (70%).

R¢: 0.32 (PE:EE=20:1)

RI: 1.4664 (Lit.3% 1.4662)

b.p.: 100 °C/0.04 mbar (Lit.3¢® 94-95 °C/1 mbar)

H NMR (400 MHz, CDCls): § 5.98 — 5.84 (m, 2H, -CH=CH,), 5.26 (dp, J = 17.2, 1.7 Hz, 2H, -CH=CH.),
5.16 (dp, J = 10.4, 1.5 Hz, 2H, -CH=CH,), 3.95 (ddt, J = 5.6, 4.3, 1.5 Hz, 4H, -O-CH,- CH=CH,), 3.33
(d, J = 7.0 Hz, 1H, -O-CH,-CH-), 3.24 (d, J = 6.5 Hz, 3H, -O-CH,-CH-), 1.89 — 1.76 (m, 3fH, -O-CH,-CH-
and -CHa eyeiic-), 1.60 — 1.46 (m, 3H, , -O-CHa-CH- and -CHa,cyciic-), 1.40 (tdd, J = 12.7, 8.6, 4.6 Hz, 1H,
~CHa,cyciic-), 1.04 — 0.88 (M), 3H, -CHa eyeic-).

13C NMR-APT (101 MHz, CDCls): § 134.12 (-CH=CH,), 118.15 (-CH=CH,), 73.13 (-O-CH,- CH=CH,),
69.67 ('O'QHZ'CH:), 36.78 (Ccyclic), 28.21 (_QHZ,CYC“C_)-

2.5.2.1.2 Synthesis of 1,4-bis(allyloxy)benzene (BAE)3*%:344
OH O/\/
K,COs

acetone

OH /\/O
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chemicals M[g/mol] eq. n[mol] m [g] V [mL]
hydroquinone 110.11 1.0 163 18.0

allyl bromide 120.99 2.2 360 43.5

K.CO3 138.21 1.4 229 31.6

acetone 200

The synthesis of 1,4-bis(allyloxy)benzene (BAE) was conducted according to Kohta et al.>*4 and
Childress et al.>*° For the synthesis, the reaction apparatus consisted of a 500 mL three-neck round
bottom flask equipped with a reflux condenser, septum, and an Ar-inlet. Hydroquinone and K,COs
were dispersed in 200 mL of dry acetone under inert atmosphere. The reaction mixture was
heated to 45 °C and stirred for 10 min. Then allyl bromide was added. The reaction mixture was
then stirred at 45 °C for 3 d. The solid residue was subsequently filtered off, and the filtrate was
concentrated to yield the crude product. For purification, recrystallization from hexane at -20 °C
was attempted as described by Kotha et al.3**, however, was not possible as the melting point of
the product mixture was too low. Hence, column chromatography (5% EE in PE), as described by

Childress et al.3*° was performed to yield the pure product as white crystals.
Yield: white crystals (69%).

Rf: 0.30 (PE:EE=20:1)

m.p.: 33-34 °C (Lit.3%° 33-35°C)

1H NMR (400 MHz, CDCls): § 6.85 (s, 4H, -C-Ha,), 6.05 (ddt, J = 17.3, 10.6, 5.3 Hz, 2H, -CH=CH.),
5.40 (dq, J = 17.2, 1.6 Hz, 2H, -CH=CH,), 5.27 (dq, J = 10.5, 1.5 Hz, 2H, -CH=CH,), 4.49 (dt, J = 5.3,
1.6 Hz, 4H, -O-CHy-).

13C NMR-APT (101 MHz, CDCl3): § 153.0 (-Ca-0-), 133.7 (-CH=CH.), 117.6 (-CH=CH,), 115.8 (C-Ha,),
69.6 (-O-CH,-).

2.5.2.2 Mechanical properties with difunctional crosslinkers
Formulations were prepared with the difunctional monomers CVE, CAE, IAE, DAI, or VSA and the
thiol TMT in an equimolar ratio of double bonds to thiol groups, as well as 1 w% of Ivocerin and
0.02 w% of PYR. For homogenization, formulations were carefully heated and vortexed. For the
monomer DAI, no dissolution in the thiol could be achieved, even after heating the sample for

20 min to 110 °C. Also, heating above its melting point of DAI (148 °C) was unsuccessful, as instant
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precipitation during mixing occurred. For all other monomers, homogeneous formulations were

obtained at 25 °C.

For the measurements, DMTA specimens were prepared from the formulations, and curing was
conducted at rt in a Lumamat 100 light oven. Samples were cured on both sides for 10 min. Curing
was conducted without a lid, and the resulting samples were sanded to remove surface
imperfections and subsequently stored under dry conditions and argon atmosphere before the

measurements. DMTA measurements were performed as described in 2.1.3.

2.5.2.3 Reactivity of formulations with VSA
Formulations containing different molar ratios of 40 mol%, 60 mol%, or 80 mol% of each
degradable monomer (TAP, TAS, VDB, and ADB) with respect to VSA were prepared with the thiol
TMT in an equimolar ratio of double bonds to thiol groups.1 w% of Ivocerin for initiation and
0.02 w% of PYR for stabilization were added. The formulations were homogenized with a vortex
under slight heating until complete dissolution of the Pl and monomers. Samples containing TAS,
ADB, or VDB were homogenized by storage in an oven at 110 °C for 10 min. After homogenization,
formulations were stored at rt for 2 d to test if phase separation or precipitation occurred at rt. As
references, formulations containing 0 mol% of degradable monomer (100 mol% VSA) and

100 mol% of each degradable monomer were used.

With these formulations, RT-NIR photorheology measurements were conducted as described in
1.1.3. Samples were irradiated for 320 s with a waveguide from below the glass plate using an Exfo
OmniCureTM 2000 with a broadband Hg lamp equipped with a 400-500 m filter. An intensity of
1 W/cm? was used at the tip of the light guide, corresponding to an intensity of 20 mW/cm? at the
surface of the samples. Measurements were performed at 25 °C for all formulations, except for
80 mol% TAS and 100 mol% TAS or VDB. These systems were tested at 100 °C since homogeneous

formulations were obtained at this temperature.

2.5.2.4 Mechanical properties of polymer networks with VSA
For the DMTA measurements, specimens were fabricated from the formulations described in
2.5.2.3. Curing of all samples was conducted in a Lumamat 100 light oven. For curing of 80 mol%
TAS and 100 mol% TAS or VDB, the silicon mold used was preheated in an oven at 110 °C, and a

special curing program was used, during which the samples were heated to ~104 °C. Curing was
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conducted without a lid, and the resulting samples were sanded to remove surface imperfections
and subsequently stored under dry conditions and argon atmosphere. DMTA measurements were

performed as described in 2.1.3.

Tensile test specimens of 5B shape were prepared analogously to DMTA specimens. Tensile tests

were conducted as described in 2.1.3.

2.5.2.5 Degradation of polymer networks with VSA
For the degradation studies, cylindrically-shaped specimens with dimensions of d =6 mm and h =
2 mm and a mass of approximately 50 mg were prepared analogously to the DMTA specimens
described in 2.5.2.4. Degradation studies were conducted as described in 2.1.4, with three samples
of each material and each condition, and were removed from the buffer solution after 2 d,7 d,

14d,30d,60d,90d, and 180 d.

2.6 Influence of toughness enhancers

NB-PCL was synthesized by Dellago et al.3¥ Formulations were prepared by addition of 5w%,
10 w%, 15 w%, 20 w%, and 25 w% of NB-PCL to VDB, while the amount of the thiol TMT was
adjusted to obtain an equimolar ratio of double bonds to thiol groups. 1w% of Ivocerin for
initiation and 0.02 w% of PYR for stabilization were added. The formulations were homogenized
by storage in an oven at 110 °C for 20 min. The formulation containing only VDB and TMT in an

equimolar ratio of double bonds to thiol groups was used as a reference.

2.6.1 Rheological properties of formulations

Rheology measurements of formulations described in 2.6 were conducted on a modular compact
rheometer MCR 300 by Physica Anton Paar. After 5 min of acclimatization time, the viscosity of
the formulations was measured at 100 °C with a CP-25 measuring system (diameter 25 mm), a gap

of 48 um, and a constant shear rate of 100 s™.
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2.6.2 Reactivity of formulations

RT-NIR photorheology measurements were conducted as described in 1.1.3 with formulations
described in 2.6. Samples were irradiated for 320 s with a waveguide from below the glass plate
using an Exfo OmniCureTM 2000 with a broadband Hg lamp equipped with a 400-500 m filter. An
intensity of 1 W/cm? was used at the tip of the light guide, corresponding to an intensity of
20 mW/cm? at the surface of the samples. Measurements were performed at 100 °C for all

formulations since homogeneous formulations were obtained at this temperature.

2.6.3 Mechanical properties of polymer networks

For the DMTA measurements, polymer specimens were fabricated from the formulations
described in 2.6. Curing of all samples was conducted in a Lumamat 100 light oven. For the curing
of all formulations, the silicon mold used was preheated in an oven at 110 °C, and a special curing
program was used, during which the samples were heated to ~104 °C. Samples were cured on
both sides for 10 min. Curing was conducted without a lid, and the resulting samples were sanded
to remove surface imperfections and subsequently stored under dry conditions and argon

atmosphere. DMTA measurements were performed as described in 2.1.3.

Tensile test specimens of 5B shape were prepared analogously to DMTA specimens. Tensile tests

were conducted as described in 2.1.3.

2.7 3D printing

2.7.1 Characterization of the printing resin

The printing formulation was prepared from the monomer VDB and the thiol TMT in an equimolar
ratio of double bonds to thiol groups. 1 w% of Ivocerin for initiation and 0.02 w% of PYR for
stabilization were added. For sufficient resolution during printing, 0.1 w% of the absorber QY were
added. The formulation was homogenized by storage in an oven at 110 °C for 30 min for full
dissolution of QY and was subsequently stored in an oven at 55 °C, which was determined to be
the minimum temperature to obtain a homogeneous formulation without reprecipitation of VDB

in the thiol.
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The rheology of the formulation was determined with a modular compact rheometer MCR 300 by
Physica Anton Paar at 55 °C. After 5 min of acclimatization time, the viscosity of the formulations
was measured with a CP-25 measuring system (diameter 25 mm), a gap of 48 um, and a constant

shear rate of 100 s for 8 h.

RT-NIR photorheology measurements of the printing resin were conducted as described in 1.1.3.
Samples were irradiated for 320 s with a waveguide from below the glass plate using an Exfo
OmniCureTM 2000 with a broadband Hg lamp equipped with a 400-500 m filter. An intensity of
1 W/cm? was used at the tip of the light guide, corresponding to an intensity of 20 mW/cm? at the

surface of the samples. Measurements were performed at 55 °C.

2.7.2 laser-SLA

Laser exposure tests and 3D printing of the printing formulation described in 2.7.1 were conducted
on a Caligma 200 UV prototype developed by Cubicure GmbH. Irradiation of samples was
conducted by scanning a laser beam over a 2-dimensional plane using a Galvano scanner. An
irradiation wavelength of 375 nm and a power of 70 mW/mm? were used. The diameter of the
laser spot during the exposure tests was 25 um. For light exposure tests, the vat temperature was
set to 55°C, and writing speeds were varied from 1000 mm/s, 500 mm/s, 200 mm/s, and
100 mm/s. The geometry irradiated was a circle with a diameter of 1.5 cm. The structured test
platelets were detached from the vat, and their thickness was assessed with a measuring gauge.

A schematic view of the printer is depicted in Figure 140.

For 3D printing, the vat and the building platform of the printer were heated to 55 °C during the
printing process. A writing speed of 100 mm/s and a layer thickness of 100 um were applied. Due
to the high adhesion of the printed structure on the surface of the vat, the vat was covered with
a transparent PE tape, used for RT-NIR-photorheology measurements during the printing process.

After ~10 printed layers the tape a new tape had to be attached.
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Figure 140: General setup of a Hot Lithography printer.*

2.8 Influence of sterilization on mechanical properties

For sterilization studies, six tensile test specimens (shape 5B) and two DMTA samples
(5%2x40 mm) of the material containing VDB and the thiol TMT in an equimolar ratio of double
bonds to thiol groups as well as 1 w% Ivocerin and 0.02 w% PYR were prepared. Curing of all
samples was conducted in a Lumamat 100 light oven with a special curing program, during which
the samples were heated to ~104 °C. Samples were cured on both sides for 10 min. Curing was
conducted without a lid, and the resulting samples were sanded to remove surface imperfections

and stored under dry conditions and argon atmosphere.

Sterilization of all samples was conducted by KLS Martin. Sterilization with EO was conducted
according to DIN EN ISO 11135-1 with a concentration of 6% EO in CO;for 2 h at 55 °C, followed
by a 6 h desorption phase. Sterilization with y-radiation was applied using a Co®’-radiation source
for 5 h with a radiation dose of 18.6 kGy for low doses and 30.5 kGy for high doses according to
DIN EN I1SO 9001, DIN EN ISO 13485, and DIN EN ISO 11137-1

DMTA measurements were performed as described in 2.1.3, and tensile tests were conducted as

described in 2.4.2.

2.9 Evaluation of cytotoxicity

In-vitro cytotoxicity of the compounds TAP, TAS, ADB, VDB, TAI, VSA, and TMT was tested in NCTC
Clone 929 fibroblast cell culture using a Presto® Blue Assay. The cells were cultured in Dulbecco’s

modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and penicillin-

222



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

EXPERIMENTAL PART

streptomycin (100 U/mL penicillin and 100 ug/mL streptomycin) in 96-well plates at a density of 1
10% cells per well for 24 h in humidified air with 95% relative humidity and with 5% CO, at 37 °C.
The tested substances were dissolved in DMSO to obtain 1 M solutions. These solutions were
diluted with DMEM, 10% FBS, 100 U/mL penicillin, and 100 ug/mL streptomycin to produce
solutions with different concentrations (10 mM, 7.5 mM, 5 mM, and 2.5 mM). After 24 h, the cells
were treated with 100 pL of each solution in triplicates and incubated at 37 °C for 24 h. Qualitative
screening of morphological changes was conducted under the microscope according to ISO 10993-
5. For quantitative screening of cell viability, the supernatant solution was removed, and 10 pL of
resazurin were added to the cells. After 1 h at 37 °C, the fluorescence intensity was measured at
570 nm. As control values, cells treated with 1% DMSO solution, a blank value, and PBS buffer
were used. The results represent the mean of the triplicate measurements. The concentration at

which 50% of the cells are still viable after 1 d was used to determine the cytotoxicity.
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APPENDIX

Appendix

1. Density, rheology, and stability of formulations

The density of all formulations processable at rt was determined with a 1 mL pycnometer at 25 °C.

As well, viscosity at the respective processing temperature T was determined for all formulations

at a constant shear rate of 100 s™. Finally, stability at rt over time was assessed for these

formulations and different time points to, tig, t34, tsq, t74,and tiod. Studies were stopped before 10 d

if either gelation occurred or the viscosity increase was =100% with regards to nt. The results are

shown in Table 27 to Table 37

Table 27: Density of formulations processable at rt containing each monomer and the thiol TMT in an

equimolar ratio of double bonds to thiol groups, with 1 w% Ivocerin and 0.02 w% PYR.

thiol monomer p[mg/mL]
CTAE 1299.89
TAB 1241.42
TAP 1295.43
T™MT ADB 1182.37
DAS 1210.12
TAI 1324.21
VSA 1183.07

Table 28: Viscosity at the temperature T of formulations containing each monomer and the thiol and the thiol

TMT in an equimolar ratio of double bonds to thiol groups, with 1 w% Ivocerin and 0.02 w% PYR.

thiol monomer T[°C] n[Pas]
CTAE 25 0.187
TAB 25 1.050
TAP 100 0.005
T™T ADB 25 0.073
DAS 100 0.043
TAI 25 0.646
VSA 25 0.525
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Table 29: Stability studies of formulations containing each monomer and the thiol and the thiol TMT in an
equimolar ratio of double bonds to thiol groups via viscosity measurements at the respective temperature T

at to, tig, t2d, tad, tsq, and tzq. *Gelation occurred.

thiol monomer TI[°C] nw[Pa's] nud[Pas] nwda[Pa:s] nza[Pa:s] nNiod [Pas]
CTAE 25 0.187 0.183 0.187 0.222* w
TAB 25 1.050 1.050 1.040 1.500* *
TAP 100 0.006 0.006 0.007* * *
™™T ADB 25 0.073 0.061 0.072 0.109* *
DAS 100 0.043 0.082 * * *
TAI 25 0.646 0.811 16.3* * *

Table 30: Density of formulations processable at rt containing 40-80 mol% TAS, VDB, or ADB with respect to
non-degradable TAI and the thiol TMT in an equimolar ratio of double bonds to thiol groups, with 1 w%

Ivocerin and 0.02 w% PYR.

thiol comonomer monomer Xdeg [MOI%] [mg/mL]
40 1185.00
TAS
60 1191.23
40 1191.89
vDB
60 1198.82
T™T TAI
40 1167.36
60 1226.20
ADB
80 1178.92
100 1182.24

Table 31: Viscosity of formulations processable at rt containing 40-80 mol% TAS, VDB, or ADB with respect to
non-degradable TAI and the thiol TMT in an equimolar ratio of double bonds to thiol groups, with 1 w%

Ivocerin and 0.02 w% PYR.

thiol comonomer monomer T[°C] Xdeg [MOI%] n [Pa‘s]
25 40 0.172
25 60 0.104
TAS
100 80 0.005
100 100 0.005
25 40 1.111
25 60 1.078
TMT TAI VDB
100 80 0.849
100 100 0.043
25 40 0.975
25 60 0.825
ADB
25 80 0.825
25 100 0.646
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Table 32: Stability of formulations containing 40-80 mol% TAS, VDB, or ADB with respect to non-degradable
TAIl and the thiol TMT in an equimolar ratio of double bonds to thiol groups, with 1 w% Ivocerin and 0.02 w%
PYR via viscosity measurements at the respective temperature T at to, tid, t2d, tad, tsq, and tza. *Gelation

occurred.

thiol comonomer monomer T Xdeg No Nt1d Nt2d Ntad Ntsd Nzd
[°C] [mol%] [Pa:s] [Pa's] [Pa's] [Pa's] [Pa's] [Pa's]

25 40 0.172 | 0.175 | 0.173 | 0.280* * *

TAS 25 60 0.104 | 0.104 | 0.105 | 0.150* * *

100 80 0.005 | 0.010* * * * *

100 100 0.005 | 0.007* * * * *

25 40 1.111 | 1.822* * * * *

T™MT TAl VDB 25 60 1.078 | 1.923* * * * *
100 80 0.849 | 4.921* g 3 3 3

100 100 0.043 | 0.084* * * * *

25 40 0.975 | 0.978 | 0.969 | 0.973 0.979 | 0.972

ADB 25 60 0.825 | 0.826 | 0.825 | 0.828 | 0.930* *

25 80 0.825 | 0.827 | 0.823 | 0.828 | 0.953* *

25 100 0.646 | 0.123* * * * *

Table 33: Density of formulations processable at rt containing 40-80 mol% TAS, VDB, or ADB with respect to
non-degradable VSA and the thiol TMT in an equimolar ratio of double bonds to thiol groups, with 1 w%

Ivocerin and 0.02 w% PYR.

thiol comonomer monomer Xdeg [MOI%] p [Mg/mL]
40 1165.20
TAS
60 1177.47
40 1226.85
VDB 60 1180.35
T™MT VSA 80 1215.91
40 1167.36
60 1195.10
ADB
80 1166.52
100 1182.37
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Table 34: Viscosity of formulations processable at rt containing 40-80 mol% TAS, VDB, or ADB with respect to
non-degradable VSA and the thiol TMT in an equimolar ratio of double bonds to thiol groups, with 1 w%
Ivocerin and 0.02 w% PYR.

thiol comonomer monomer T[°C] Xdeg [MOI%] n [Pa‘s]

25 40 0.094
25 60 0.071
TAS
100 80 0.004
100 100 0.005
25 40 1.525
25 60 1.633
™T VSA VDB
100 80 2.145
100 100 0.043
25 40 0.528
25 60 0.552
ADB
25 80 0.612
25 100 0.646

Table 35: Stability of formulations containing 40-80 mol% TAS, VDB, or ADB with respect to non-degradable
VSA and the thiol TMT in an equimolar ratio of double bonds to thiol groups, with 1 w% Ivocerin and 0.02 w%
PYR via viscosity measurements at the respective temperature T at to, tig, t2d, tad, tsq, and tza. *Gelation
occurred.

thiol comonomer monomer T Xdeg nNo Ntid Nt2d Ntad Ntsd N7d
[°C] [mol%] [Pa:s] [Pa's] [Pa's] [Pas] [Pas] [Pa-s]
25 40 0.094 | 0.094 | 0.093 | 0.114* * <
25 60 0.071 | 0.072 | 0.072 | 0.075%* * *
TAS

100 80 0.004 | 0.005 | 0.005 | 0.005 | 0.005 | 0.005
100 100 0.005 | 0.006 | 0.007 | 0.007 | 0.007 | 0.007

25 40 1.525 | 1.992* * * * *
25 60 1.633 | 2.938* * * * *
™T VSA vDB
100 80 2.145 | 5.257* * * * *
100 100 0.043 | 0.082* * * * *
25 40 0.528 | 0.441 | 0.521 | 0.510 | 0.525 | 0.510
ADB 25 60 0.552 | 0.523 | 0.534 | 0.555 | 0.582 | 0.596*

25 80 0.612 | 0.636 | 0.600 | 0.580 | 0.680* *
25 100 0.646 | 0.811* | 16.30* * * *

Table 36: Viscosity at the temperature T of formulations containing VDB, 0-25 w% of NB-PCL, and the thiol
TMT in an equimolar ratio of double bonds to thiol groups, with 1 w% Ivocerin and 0.02 w% PYR.

thiol monomer TI[°C] xnsrc[W%] n[mPa-s]

0 43
5 41
10 85
™T VDB 100
15 200
20 142
25 173
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Table 37: Stability studies of formulations containing VDB, 0-25 w% of NB-PCL, and the thiol TMT in an
equimolar ratio of double bonds to thiol groups via viscosity measurements at the respective temperature T
at to, tid, t2q, taq, tsq, and tza. *gelation occurred.

thiol | monomer | xngpct | T Nto Nt1d Nt3d N7d N tiod
[w%] | [°C] | [Pa's] | [Pa's] | [Pa's] | [Pa-s] | [Pa:s]

0 100 | 0.043 | 0.082* * * *

5 100 | 0.041 | 0.068* * * *

10 100 | 0.085 | 0.136* * * *

™T VDB 15 100 | 0.200 | 0.183 | 0.222 | 0.535* *

20 100 | 0.142 | 0.302* * * *

25 100 | 0.173 | 0.273* * * *

2. Filling with hydroxyapatite

Human bone is a hard but lightweight nanocomposite tissue and is composed of an inorganic
(40 vol%), organic (35 vol%), and water fraction (25 vol%). The inorganic phase is mainly composed
of the mineral hydroxyapatite (HAP), while the organic fraction consists mainly of type-I collagen
(90%) and 10% of non-collagenous proteins (NPC)and polysaccharides. In this composite structure,
the inorganic phase acts as a structural reinforcement, while the organic phase provides
toughness.'2370 Addition of hydroxyapatite to degradable scaffolds is highly intriguing, as during
bone regeneration, the polymer matrix can degrade to release the inorganic particles, which can

then be taken up by the regenerating tissue and help the formation of new bone.

Therefore, the degradable polymer system containing the boronic ester VDB was filled with the
inorganic mineral hydroxyapatite (HAP), and the influence on formulation viscosity and
(thermo)mechanical properties was studied. The filler was kindly provided by Lithoz GmbH®.
These studies aimed to obtain highly filled systems, as the average content of inorganic fraction

in human bone equals ~40 vol%.

As the addition of HAP to the formulations containing >50 mol% VDB with respect to the non-
degradable monomer TAIl caused precipitation of the monomer in the slurry, the formulation
containing 50 mol% of VDB with respect to TAl and the thiol TMT in an equimolar ratio of double

bonds to thiol groups was chosen for subsequent studies.

For this, first, the density of the formulation was determined with a 1 mL pycnometer. The density

of HAP was derived from the SDS provided by Lithoz®. The result is given in Table 38.

229



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

APPENDIX

Table 38: Density of the formulation containing 50 mol% VDB with respect to non-degradable TAl and the thiol
TMT in an equimolar ratio of double bonds to thiol groups, with 1 w% Ivocerin and 0.02 w% PYR.

p [mg/mL]
50 mol% VDB | 1318.18
HAP 3200.00

This formulation was then filled with different ratios of HAP, namely 10 vol%, 20 vol%, 30 vol%,
and 40 vol%. Homogenization of the formulation was conducted by repeated heating and
vortexing. The w% of HAP w%uap and the organic phase W%org. phase Was calculated for each
formulation and is given in Table 39. For these first studies, no additives or dispersing agents to

prevent segregation and deagglomerate the filler were added.

Table 39: Calculation of resulting w% of HAP and organic phase from vol% HAP.

thiol comonomer monomer vol% HAP wW%uar [%] W%org. phase [%]

10 21.2 78.8

20 37.8 62.2
T™T TAI vDB

30 51.0 49.0

40 61.8 38.2

2.1 Rheology measurements

To determine the influence of the filler HAP on rheological properties, rheology measurements
were conducted of the formulation filled with 10 vol%, 20 vol%, 30 vol%, or 40 vol% HAP at 25 °C.
The measurements were performed with a logarithmical increase in shear rate from 0.1 to
100 s, and the viscosity was determined at a shear rate of 30 s (n2s°c;30s-1), as this is the shear
rate typically exerted onto the formulation by a coating unit of a Lithoz printer. The results are

given in Table 41.

Table 40: Viscosity of the formulation containing 50 mol% VDB with respect to non-degradable TAI and the
thiol TMT in an equimolar ratio of double bonds to thiol groups, which was filled with 10-40 vol% HAP.

thiol comonomer monomer vol% HAP nasec30s-1 [Pa‘s]

10 6.91

20 10.85
™T TAI VDB

30 42.32

40 188.98
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Low viscosities nNzsc,30s-1 <20 Pa-s were shown for the formulations containing 10 vol% and 20 vol%
HAP, while a significant increase was observed at 30 vol% HAP. Therefore, formulations containing

higher HAP concentrations need to be processed at elevating printing temperatures.

2.2 DMTA measurements

To determine the thermomechanical properties, DMTA specimens with a shape of 5x2x40 mm
were prepared from the 10-40 vol% HAP formulations. 1 w% of Ivocerin and 0.02 w% of PYR were
added, and curing was conducted in a Lumamat 100 light oven at rt. Samples were cured on both
sides for 10 min. DMTA measurements were performed as described in 2.1.3. The resulting

specimens are shown in Figure 141.

Figure 141: from left to right: DMTA specimens of polymerized formulations filled with 10 vol%, 20 vol%,
30 vol%, and 40 vol% of HAP.

The specimens obtained for 10-30 vol% HAP displayed good quality without visible bubbles, while
the sample containing 40 vol% HAP contained many bubbles. This was due to the high viscosity of
this formulation which made processing very difficult. Nevertheless, this specimen was also tested
to get insight into the influence of HAP-filling on mechanical properties. The results of the DMTA

measurements are depicted in Figure 142.
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Figure 142: G’ (left) and tand (right) over temperature of the different networks formed from formulations of
containing 50 mol% VDB filled 0 vol% (—), 10 vol% (), 20 vol% (- ), 30 vol% (—) or 40 vol% (—) HAP.

Figure 142 (left) shows that the addition of HAP slightly decreases the Ty of the material upon
increasing amount, with a maximum decrease of 10 °C for 40 vol% compared to the unfilled
system. This might be due to decreased interchain interactions resulting from the HAP particles
present in the network. However, Tg values well above body temperature are maintained for all
materials. The most drastic effect of the filler is the enormous increase in storage modulus. This
effect is most prominent for high filler contents, with an increase in G’2sc of 138% and 159% for
30 vol% and 40 vol%, respectively. Therefore, significantly higher stiffness is exhibited upon the
addition of the filler HAP, while high Ty values are maintained. Hence, filling of the polymer
significantly enhances the thermomechanical properties of the materials. The detailed results are

given in Table 41.

Table 41: Detailed results of DMTA measurements.

thiol comonomer monomer vol% HAP Tg[°C] G'2sc[MPa] G'ss»c[MPa] fwhm[°C] G'r[MPa]

0 67 1790 1700 14 6

10 63 2220 2000 16 8

T™T TAI VDB 20 60 2730 2530 13 9
30 60 4280 4040 14 17
40 57 4650 4320 14 10
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3. Post-polymerization modification

It is well known in literature that various post-polymerization modification (PPM) techniques of
polymer networks can be employed to obtain specific material properties that would be difficult
or impossible to achieve through conventional monomer polymerization. Podgérski et al.®’!
showed that polysulfide networks, with thicknesses up to 500 um can be fully converted into
polysulfones by treatment with H,0; for 24 h while preserving the primary structure of the thiol-
ene network. By this, substantially increased T, of the polysulfone networks were observed, with
an increase of more than 100 °C for some polymers. It was presumed that this reinforcing effect
is due to the strong electrostatic interactions of the polar sulfone groups, leading to high-

performance materials with this convenient, clean, and efficient method.

Figure 143: Post-polymerization modification by oxidation of polysulfide materials to polysulfone materials
with H20,.37

Therefore, this approach was also attempted for a degradable material and a non-degradable

reference material to possibly obtain enhanced thermomechanical properties of the networks.

First, the H,0; concentration was determined to ensure controlled oxidation conditions according
to a protocol from Solvay for H,0> solutions with concentrations from 20-70%.372 This method
relies on the quantitative oxidation of hydrogen peroxide with a potassium permanganate solution

of known strength. By this, a H,02 concentration of 30.73 £ 0.03 % was determined.

For the oxidation studies, the formulation containing 50 mol% B-based VDB or Si-based TAS with
respect to the non-degradable monomer TAl and the thiol TMT in an equimolar ratio of double
bonds to thiol groups was chosen. As a reference, the formulation containing only non-degradable
TAl and the thiol TMT was chosen (double bonds:thiol groups=1:1). DMTA specimens were
prepared from these formulations in the Lumamat 100 light oven with a shape of 5x2x40 mm.

Samples were cured at rt. Furthermore, disc-shaped samples with a diameter of 50 mm and a
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height of 50 um were cured on the RT-NIR photorheometer for transmission-IR and ATR-IR

measurements to monitor the appearance of the sulfone band at ~1100 cm™.

The materials were then immersed in ~50 mL 30% H,0; solution for 24 h in a closed container at
rt. Furthermore, control samples were immersed in ~50 mL of distilled water to determine the
influence of the solvent and to differentiate between actual oxidation and other network-altering
effects. After oxidation for 24 h, the samples were washed with distilled water, blot-dried, and
weighed to determine the swelling. Then, the samples were dried in vacuo for 7 d to constant
weight to determine the actual decrease or increase in mass Am for the sample immersed in H,0,
which will be referred to as Xger. 20 and the specimen immersed in H,O; referred to as X202

(X=monomer).

The first results were already obtained upon removal of the samples from the H,0; solution and
the control samples from distilled water after 24 h. The control samples did not display any
changes in dimensions or color. In the case of the oxidized samples, the reference system did not
exhibit a change in sample dimensions and resulted in a uniform and geometrically flawless
material. In contrast, for the specimens containing the boronic ester VDB, disruption of the
material occurred after immersion in H,0; (Figure 144), due to a combination of acidic and
oxidative conditions, with a reported pH of 43’3, leading to cleavage of the boronic ester bonds.
For the network containing the orthosilicic ester TAS full dissolution of the specimens was
observed due to the too labile Si-O bond under these oxidizing and acidic conditions. Therefore,
polysulfides containing boronic ester or siloxane bonds cannot be oxidized to polysulfones by this
method, and only the reference system containing non-degradable TAl was subjected to further

tests.

Figure 144: DMTA specimen before (above) and after (below) oxidation for the sample containing 50 mol%
VDB with respect to TAl and the thiol TMT in an equimolar ratio of double bonds to thiol groups.

An increase in weight was expected for the oxidized sample containing TAl and TMT due to the

addition of two oxygen atoms to each sulfur atom in the network. The theoretical mass increase

234



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

APPENDIX

of the DMTA specimen AMtheoretical Was used to determine the sulfide oxidation extent SOE. The

results are shown in Table 42.

Table 42: Theoretical mass increase, determined mass increase and sulfide oxidation extent of polymerized
samples after treatment with 30% hydrogen peroxide (H202/water) for 24 h.

sample AMtheoretical [%] Am [%] SOE [%]
TAlReft., H20 0 0.2 -
TAln202 16 10 63

No significant water uptake was determined for the control sample after drying. The material
immersed in H,0, displayed a mass increase due to the oxidation of 64% of sulfide groups;
however, though stated in literature, the oxidation was not yet complete. The experiment was
repeated for longer immersion times (72 h), but only a slightly higher SOE of 76% was achieved.
Therefore, most probably, the oxidizing agent cannot fully penetrate the specimens, which exhibit
a higher thickness (2 mm) than the samples investigated by Podgdrski et al.3’* Therefore, this PPM

is only suitable for the modification of thin objects with a thickness <2 mm.

Next, the thermomechanical properties of the samples were determined by DMTA measurements

to compare the non-immersed sample (TAlger.), the samples immersed in H,0 (TAlger, 120) or H202

(TA|H202).
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Figure 145: G’ (left) and tand (right) over temperature for the networks formed from the non-degradable
reference TAIl and the thiol TMT in an equimolar ratio of double bonds to thiol groups. TAlges (- - -);
TAIRgef,, 20 (*=*); TAlu202 (—).

Figure 145 shows that immersion of the sample in water does not alter the material Tg, G'25°c, or
network density. Upon immersion in H,O, remarkable results were obtained. The Ty of the
network was increased by 122 °C to a value of 190 °C, and a drastic stiffening of the networks was
observed with anincrease in G'2s°c of 33% compared to the non-immersed reference. These results

also corroborate the incomplete conversion (63%) to the polysulfone determined by weight, as
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the tand over T curve exhibits three transitions. These transitions correspond to the non-oxidized
polysulfide (~65 °C), the partially oxidized species at (~135 °C), and the fully oxidized polysulfone
(190 °C), which was observed as the main transition. Therefore, upon immersion in H,0;, network-
reinforcing effects were observed for the material without heteroatoms. The detailed results are

given in Table 43.

Table 43: Detailed results of DMTA measurements. *Could not be determined.

Tg[°C] G'2sc [MPa] G'37°c [MPa] fwhm [°C] G'r [MPa]

TAlRger. 67 1680 1550 17 13
TAlRet., H20 68 1760 1690 17 12
TAln202 190 2240 2150 -* -*

Lastly, T-IR and ATR-IR spectra were recorded to confirm the formation of sulfone groups in the

polymer. The results are shown in Figure 146.
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Figure 146: ATR-IR (left) and transmission spectra (right) of TAlges (- - -), TAlget,, v20 (*=*) and TAln202 (—).

For both materials, ATR-IR and transmission IR spectra confirm strong absorption of the sulfone
band after oxidation for 24 h with a maximum at 1114 cm™. This shows that the sulfone groups

are responsible for enhanced intermolecular interactions, which lead to an increase in Tg.
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4. Influence of degradable thiols

A way to further improve the degradability of the materials containing TAl, instead of non-
degradable TMT, a degradable thiol might be added to the formulations. By this, every crosslinking
point of the network would be degradable. As systems containing boron were shown to be most
promising, the thiol 12,2'-(1,4-phenylene)-bis(4-mercaptan-1,3,2-dioxaborolane) (BDB),
containing boronic ester groups, was synthesized, which is literature-known in polymers with self-
healing and malleable abilities containing dynamic boronic-ester bonds.?3#23>362374 The synthesis
was conducted according to Chen et al.2*#?3> and Robinson et al.?>®, similar to VDB and ADB (see

2.3.3.6and 2.3.3.7).

chemicals M[g/mol] eq. n[mol] m [g] V [mL]
benzene-1,4-diboronic acid 166.75 1.0 36 6.0
but-3-ene-1,2-diol 108.16 2.1 74 8.0

Na;SO4 142.04 2.3 83 11.8

THF 160

For the synthesis, first, thioglycerol was distilled for purification (b.p. 105 °C/3 mbar). Then,
benzene-1,4-diboronic acid and 1-thioglycerol were completely dissolved in THF by stirring. To this
solution, solution Na,SO4 was added stepwise. After stirring at rt for 16 h, the mixture was filtered,
the solid was washed, and the filtrate was concentrated to obtain the product as an off-white

solid.
Yield: off-white solid (92% theoretical yield).
m.p.: 92-102 °C

1H NMR (400 MHz, CDCls): & 7.81 (s, 4H, C-Ha,), 4.74 (q, ) = 6.2 Hz, 2H, -O-CH-), 4.50 (m, 2H, -O-
CHy-), 4.17 (m, 2H, -O-CH,), 2.81 (m, 4H, -CH,-SH), 1.48 (t, J = 8.6 HZ, 2H, -CH,-SH).

13C NMR (101 MHz, CDCls): 6 134.3 (C-Has), 77.7 (-O-CH-), 70.0 (-O-CH,-), 29.8. (CH,-SH).

11B-NMR (128 MHz, CDCl3): 6 31.51.
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To determine the influence of this thiol on photoreactivity, (thermo)mechanical properties, and
degradation behavior, different ratios of the degradable, difunctional B-based monomer VDB in
combination with non-degradable, trifunctional TAl were chosen, namely 20 mol%, 40 mol%,
60 mol%, 80 mol% VDB with respect to TAl. The amount of the B-based thiol BDB was chosen to
maintain an overall ratio of double bonds to thiol groups of 1:1. As a reference, the formulation
containing 0 mol% VDB (equal to 100 mol% TAIl) was used, and further, it was attempted to
polymerize the formulation containing only difunctional VDB and BDB (100 mol% VDB). As the B-
based monomer VDB and thiol, BDB are solids at rt with respective melting points of 73-75° °C and
92-102 °C, heating for 3x10 min and vortexing was necessary to homogenize the formulations,
which were then tested for their stability in regard to staying homogeneous at room temperature.
Unfortunately, it was shown that all formulations require processing and curing at 100 °C, as

precipitation of a solid occurs after a maximum of 30 min.

4.1 Rheology and stability of formulations
Rheological properties of all formulations were determined at 100 °C with a constant shear rate
of 100 s analogously to 2.6.1. The results are shown in Table 44.

Table 44: Viscosity of formulations at 100 °C containing 0-100 mol% VDB with respect to non-degradable TAI
and the thiol BDB in an equimolar ratio of double bonds to thiol groups, with 1 w% Ivocerin and 0.02 w% PYR.

thiol | monomer | comonomer | X¢eg [MOI%] | n [Pa-s]
0 0.772
20 0.242
40 0.256

BDB VDB TAI
60 0.111
80 0.113
100 0.106

The results show that at 100 °C, low viscosities < 1 Pa-s were observed for all formulations, which
is sufficiently low for 3D printing, although high temperatures would be required. Furthermore, it
was shown that increasing amounts of VDB lead to a decrease in viscosity and hence better

processability.

Also, stability at rt over time was assessed for the formulations and different time points to, ti4,
t3q, tsd, t7g, and tio4. Studies were stopped before 10 d if either gelation occurred or the increase of

viscosity was =100% with regards to nt«. The results are shown in
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Table 45: Stability studies of formulations containing 0-100 mol% VDB with respect to non-degradable TAl and
the thiol BDB in an equimolar ratio of double bonds to thiol groups via viscosity measurements at 100 °C at to,
t1d, t2d, taq, tsq, and tza. *Gelation occurred.

thiol | monomer | comonomer | Xq4eg [M0OI1%] | n [Pa‘s] | nua[Pa-s] | Nwa[Pa-s]
0 0.772 0.925 3.120*
20 0.242 0.532 5.129*
40 0.256 0.421 2.510*

BDB VvDB TAI
60 0.111 0.680 3.512*
80 0.113 0.345 6.792*
100 0.106 0.501 8.312*

Stability studies showed that all formulations are not stable after 24 h at rt. Therefore, these
formulations might not be suitable for 3D printing, as they also require high processing and

printing temperatures.

4.2 Reactivity of formulations

Although preliminary results regarding formulation stability and processing temperatures were
not as promising, RT-NIR photorheology measurements were still conducted with all formulations.
The measurements were done analogously to 2.4.1 at 100 °C. The results are shown in Figure 147

and Figure 148.
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Figure 147: Results of the IR data of RT-NIR photorheology measurements: upper left: tg, upper right: tgs,
lower left DBCgel, lower right: DBCrinal of 0 mol% VDB (equal to 100 mol% TAl) ([JJ), 20-100 mol% VDB (). No
intersection of G’ and G”” was observed for 60-100 mol% VDB specimens; hence, no tgel and DBCgel could be
determined.

The IR data shows that the time for crosslinking increases with an increasing amount of VDB, from
9.5 sto 18 sto even 36 s for 0, 20, and 40 mol%, respectively. The same trends are visible for DBCgel
values, with an exceptionally high value of 71% obtained with the formulation containing 40 mol%
VDB. Interestingly, no intersection of G’ and G” could be determined for the 60-100 mol%
formulations, which indicates that no crosslinked network was formed. Nevertheless, solid
polymer specimens were obtained for all formulations, even in the case of 100 mol% VDB, without
crosslinker. This shows that starting at a content of 60 mol% of VDB, the amount of the crosslinking
TAl is sufficiently low so that no network but rather a thermoplastic-like material is formed. For all
formulations, similar tes values ranging from 47-61 s were shown; hence fast curing is possible.
Furthermore, high final double bond conversions (76-82%) can be obtained with the 0-100 mol%

formulations.
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Figure 148: Results of the rheological data of RT-NIR photorheology measurements: left: G’final, right: Fn;final Of
0 mol% VDB (equal to 100 mol% TAI) ([J}), 20-100 mol% vDB ().

The rheology data shows that the final storage modulus decreases with an increasing amount of
VDB due to the reduced crosslinking density of the network at higher boronic ester concentrations.
A positive shrinkage force was determined for all formulations due to the curing conducted at

100 °C.

4.3 Mechanical properties of polymer networks

Next, the thermomechanical properties of the materials were determined via DMTA
measurements, as described in 2.1.3. DMTA specimens were cured at 100 °C in a Lumamat 100
light oven with a special curing program. The results are shown in Table 46. No values could be
obtained for the samples containing 80 mol% and 100 mol% VDB, as they were too brittle and

broke immediately, even when clamped very carefully into the measuring device.
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Table 46: Detailed results of DMTA measurements. °No results were obtained as samples were too brittle for

clamping into the measuring device. *No rubber plateau, but a thermoplastic flow was observed.

thiol | monomer | comonomer | Xgeg [MOI%] | T [°C] | G'25:c[MPa] | G’'37c [MPa] | G’r [MPa]
0 79 1640 1570 0.5
20 85 1560 1510 0.3
40 70 1530 1450 *

BDB VDB TAI
60 68 1308 1240 *
80 _0 _O _0 _0
100 _O _O _0 _O

The results of the DMTA measurements show that high T; values from 68-85 °C can be obtained
with the specimens containing 0-60 mol% of degradable VDB with respect to TAI, with the best
results obtained with 20 mol% VDB: Furthermore, it was shown that high storage moduli
>1230 MPa at body temperature are exhibited by all materials and that a decrease of both modauli
with an increasing amount of VDB occurs, due to the reduced crosslinking density of these
systems. Lastly, all systems display low crosslinking density as low G’r values of 0.5 MPa, and
0.3 MPa were measured for materials containing 0 mol% and 20 mol% VDB, and no rubber
plateau, but a thermoplastic flow was observed for the polymers containing 40 mol% and 60 mol%
VDB. This also corresponds with the photorheology measurements, where no tge could be
determined starting at a VDB concentration of 60 mol%. As polymers containing higher amounts
of VDB (80 mol% and 100 mol%) could not be measured due to high brittleness, these materials

seem less promising, as tough polymers are desired as bone replacement materials.

Next, tensile test specimens of shape 5B were prepared under the same curing conditions, and

testing was performed analogously to 2.4.2. The results are depicted in Figure 149.

The tests showed that good mechanical properties were achieved with 0 mol% VDB (equal to
100 mol% TAIl) and 20 mol% VDB, with high strengths of 77 MPa and 73 MPa, as well as good
elongations of 10% and 12%, respectively. In contrast, poor mechanical properties were observed
with the other specimens. The networks containing 40 mol% VDB displayed a very brittle behavior
with an elongation of break of only 1%, and the materials containing 60 mol%, 80 mol%, and
100 mol% could not even be tested due to them breaking when clamped into the testing machine.
This behavior was already observed in the DMTA measurements with the specimens containing
80 mol% and 100 mol% VDB. This brittle fracture behavior might be due to the high concentration

of aromatic rings in the systems. It is very likely that with decreasing amount of crosslinker and an
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increasing amount of aromatic VDB, m-stacking might be enhanced, leading to very hard but also

highly brittle polymers.
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Figure 149: Results of tensile tests. Upper left: maximum strength om; upper right: elongation at break &g;
lower level: Tensile toughness Ur of 0 mol% VDB (equal to 100 mol% TAl) (l), and 20-100 mol% VDB (l). No
results were obtained for materials containing 60 mol%, 80 mol%, and 100 mol% VDB, as samples were too
brittle for clamping into the testing machine.

Therefore, the materials containing 40-100 mol% of VDB are unsuitable for use in BTE.
Nevertheless, the 0mol% and 20 mol% materials are quite interesting regarding their
(thermo)mechanical properties. Therefore, these studies showed that a more “flexible” thiol with
reduced possibility of n-stacking might be beneficial, and partial substitution of the B-based thiol

BDB with previously used non-degradable TMT might be a good idea for further studies.
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5. Enhanced degradation via the introduction of thioester bonds

Though comprising many advantages, one drawback of thiol-ene chemistry is the formation of
thioether bonds upon crosslinking, which are not readily broken down by the body as they require
the use of oxidative enzymes. Furthermore, very few naturally occurring thioethers can be found,
mainly based on methionine or cysteine. On the contrary, thioester bonds can be degraded
hydrolytically or enzymatically. Hence, these polymers are highly promising for use in medical
applications and Tissue Engineering or drug delivery systems with the potential to degrade

completely without forming unwanted, toxic products.3”>

To form these polymers, the light-initiated reaction between a thiocarboxylic acid, also referred
to as thioacid or thioic acid, and a monomer comprising double bonds can be used. This method
for polymer synthesis is advantageous over the formation of poly(thioesters) via condensation
reaction, as no potentially toxic, low molecular weight elimination products are formed. Though
thiol-ene chemistry is well researched, this photoinitiated “thioic-ene” reaction was not
extensively studied (Figure 150).

0 hv

O
R1)]\SH + R —— R1)J\S/\/R2

Figure 150: Mechanism of the photoinitiated “click” reaction between a thioacid and a monomer containing
double bonds.

Only one patent by Dias et al.3”*> deals with the formation of poly(thioesters) via this reaction. It
was shown that by using difunctional thioacids and enes, polymers could be synthesized, which
were degradable under hydrolytic conditions due to the labile thioester bond and formed

difunctional thiols and carboxylic acids upon cleavage (Figure 151).
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Figure 151: Synthesis of poly(thioesters) by thioic-ene photopolymerization and hydrolytic degradation to
form diacids and dithiols.

Recently, it was shown that thioacids can be employed as photoinitiators by Love et al.3’® and that
commercially available thiobenzoic acid (TBA) and thioacetic acid (TAA) (Figure 152) are able to

form radicals upon irradiation with UV light.

o
0
SH
)J\SH
TBA TAA

Figure 152: Chemical structures of thiobenzoic and thioacetic acid.

Only a few monofunctional thioacids, such as thiobenzoic acid and thioacetic acid, are
commercially available. A reason for the limited number of compounds is the intrinsic instability
of thioacids reported by literature3’®, making storage below 10 °C and careful handling (exclusion
of water, oxygen, and light) necessary. Nevertheless, these compounds might be highly promising,
and by the synthesis of thioacids with higher functionality, a wide variety of poly(thioesters) with
tailored degradation properties might be obtained. Therefore, the goal was to synthesize
difunctional thioacids. Then, poly(thioesters) should be obtained by the photoinitiated reaction of
these compounds with allyl monomers. Furthermore, the potential of these compounds for self-
initiation to form networks under irradiation with light should be studied, as well as the

degradation behavior.

5.1 Photoinitiated thioic-ene reaction between thioacids and allyl monomers

To prove that thioacids can indeed be used as monomers in photoinitiated thioic-ene

polymerizations, first, a model study was conducted with the monofunctional, commercially
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available thioacids, thiobenzoic (TBA) and thioacetic acid (TAA), as well as the monofunctional allyl
ester allyl hexanoate (AH) to determine, whether the formation of the product containing a
thioester bond (Figure 153) occurs. All compounds used within these studies are shown in Figure

154.
0 hv 0

(0] (0]
)L + \ )J\/\/\ )J\/\/\

(0]

o hv i fw

Figure 153: Photoinitiated thioic-ene polymerization of thioacetic and thiobenzoic acid with the allyl ester allyl
hexanoate.
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SH )J\/\/\
)J\SH \/\O
TBA TAA AH

GG RN : 0
P 5-OH
6 /\O)H(\O/\/ \OH

TPO-L BHT MA154

Figure 154: Chemical structures of all compounds used in the photoinitiated thioic-ene polymerization
between the commercially available thioacids thiobenzoic and thioacetic acid and the ene allyl hexanoate.

For this, first, each thioacid was mixed with AH in a 1:1 molar ratio, and the formulations were
added to an NMR tube. Then irradiation was conducted in a broadband UV oven at 100% intensity
for 5 min. The resulting product was then quenched with CDCls. As a reference, the non-irradiated

formulation was dissolved in CDCls as well.

In this first study, it was determined that just upon mixing each thioacid and the monomer, instant
formation of the addition product occurs, even without light irradiation. Therefore, stabilizers had
to be added in further studies to guarantee a controlled light-mediated reaction. Subsequently,
the stabilizers BHT (90 mM) and MA154 (9 mM) depicted Figure 154 were added, which were used
by Esfandiari et al.8® as they prevent both radical formation and the formation of reactive thiolate
anions.
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In the second study, 1 w% of TPO-L as the photoinitiator was added to each stabilized formulation
due to the enhanced solubility of this compound compared to solid Pls such as Ivocerin. The
spectra of both formulations, after irradiation, are shown in Figure 155 and Figure 156. The

calculated conversions are given in Table 47.
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Figure 155: NMR spectra of the formulation containing TBA and AH as well as 1 w% TPO-L, 90 mM, and 9 mM
of MA154 after irradiation, showing the formation of the addition product (below), with the most important
peaks assigned.
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Figure 156: NMR spectra of the formulation containing TAA and AH as well as 1 w% TPO-L, 90 mM, and 9 mM
of MA154 after irradiation, showing the formation of the addition product (below), with the most important
peaks assigned.

Table 47: Conversions calculated by NMR after irradiation with light for the formulations containing TBA or
TAA and AH in a molar ratio of 1:1, as well as 1 w% TPO-L, 90 mM, and 9 mM of MA154.

monomer thioacid conversion [%]
TBA 84
TAA 82

AH

It was shown that upon the addition of stabilizers, indeed, a controlled formation of each thioester
product occurs. NMR spectra proved that for each thioacid, the addition product was formed.
Furthermore, it was determined that this reaction occurs with high conversions of 84% and 82%

for TBA and TAA, respectively.

Since Love et al.3’® state that thioacids can function as Pls, these studies were also performed
without the photoinitiator TPO-L to determine the influence on conversion. Analogously to the
previous study, the formulations were stabilized with BHT and MA154. The conversion is given in

Table 48.
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Table 48: Conversions after irradiation with light for the formulations without PI containing TBA or TAA and
AH as well as 90 mM and 9 mM of MA154 calculated by NMR.

monomer thioacid conversion [%]
TBA 19
TAA 21

AH

It was shown that the reaction is highly ineffective without PI, as significantly reduced conversions
of 19% and 21% were determined for TBA and TAA, respectively. This shows that although some
photoinitiating capacity was shown, the efficiency of these compounds is rather low compared to
initiators such as TPO-L. Therefore, it is crucial to add PIs to the formulations for high monomer

conversions.

To conclude, these model studies showed that the photoinitiated thioic-ene reaction between a
thioacid such as thiobenzoic or thioacetic acid and a compound containing double bonds such as
allyl hexanoate is indeed possible, although stabilization of these formulations is necessary to
prevent a premature addition reaction and ensure a controlled light-mediated reaction.
Nevertheless, it was shown that without the addition of potent Pls, low conversions are observed
for this reaction. Therefore, the addition of efficient Pls to the formulations is necessary for the

synthesis of poly(thioesters) with high molecular weights.

5.2 Syntheses of difunctional thioacids

As these first studies showed that the photoinitiated reaction between monofunctional thioacids
and enes is successful, next, the synthesis of different difunctional thioacids, namely
thioterephtalic acid (TTA) and dithioadipic acid (DTA), depicted in Figure 157, was attempted. As
reference compounds without the thioacid group, 1,4-phenylenedimethane thiol (PDT), which had
to be synthesized, as well as the commercially available thiol 1,6-hexane dithiol (HDT), were

chosen (Figure 157).
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Figure 157: Chemical structures of the thioacids thioterephtalic acid (TTA), and dithioadipic acid (DTA), as well
as the reference compounds 1,4 phenylenedimethane thiol (PDT), and 1,6-hexane dithiol (HDT).

5.2.1 Synthesis of 1,4-phenylenedimethane thiol (PDT)
The synthesis of the reference compound 1,4-phenylenedimethane thiol (PDT) was conducted

according to Rasheed et al.>’” and Ried| et al.3"8

Br SH
1) abs. EtOH, RT
S 2) 5 M NaOH, reflux
+
HoN NH»,
Br SH
PDT

chemicals M[g/mol] eq. n[mol] m [g] V [mL]
1,4-bis(bromomethyl) benzene 263.96 1.0 100 26.4
thiourea 76.12 2.0 200 15.2
EtOH 46.07 270
5 M ag. NaOH 40.00 160
6 M ag. HCI 36.46 ~150

Therefore, 1 eq. of 1,4-bis(bromomethyl) benzene and 2 eq. of thiourea were suspended in abs.,
degassed ethanol and refluxed overnight, which led to a white suspension of the resulting
isothiouronium salt. The solvent was removed, the salt was suspended in aq., degassed NaOH, and
heated to reflux for 22 h under argon, resulting in an orange solution. The solution was cooled to
0 °C and acidified to a pH 2 by the addition of 6 M aqg. HCI and extracted with DCM. The combined
organic phases were dried, and the solvent was evaporated to yield the crude product as a white
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solid with brown impurities. The crude product was washed with n-hexane in order to separate
the soluble product from the insoluble impurities. Evaporation in vacuo afforded the pure product

as white crystals in a yield of 85%.

Yield: colorless to white crystals (85% theoretical yield).
Rs: 0.81 (PE:EE=1:1)

m.p.: 45-46 °C (Lit.3”° 44-45 °C)

1H NMR (400 MHz, CDCls): § 7.28 (s, 4H, -CHar), 3.73 (d, J = 7.5 Hz, 4H, -CHx- ), 1.75 (t, J = 7.5 Hz,
2H, -SH).

13C NMR-APT (101 MHz, CDCls): & 140.40 (-Ca;), 128.80 (-CHar), 29.06 (-CH2-).

5.2.2  Syntheses of thioacids

The syntheses of both thioacids were done according to by Dias et al.3’>, as the protocols published
by Kobayashi et al.38%38! and Rao et al.>®? did not lead to product formation. Nevertheless,
optimization of reaction conditions had to be conducted in penicillin vials, and studies showed
that higher amounts of 1,1'-carbonyldiimidazole (CDI, 2.5 eq.)) and higher dilution of the reaction
compounds in pyridine (0.08 mmol diacid/mL pyridine) are necessary for product formation

without significant formation of by-products.

O O L H,S O O
+ O~ AN — >
HOJ\R)L OH N\/?',\l N\;/N pyridine HS)J\R)L SH

Figure 158: Syntheses of thioacids published by Dias et al.3”®

5.2.2.1 Synthesis of dithioadipic acid (DTA)
The synthesis of DTA was done via the previously adapted procedure described in a patent by Dias

et al. 3”7
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0] j\ H,S O
HOMOH tOVONTONTY . HSMSH
o \?, \i/ pyridine o
DTA
chemicals M[g/mol] eq. n[mol] m [g] V [mL]
adipic acid 146.14 1.0 25 3.6
1,1'-carbonyldiimidazole 162.15 2.5 63 10.1
H2S 34.10
pyridine 79.10 350

For the synthesis, the reaction apparatus consisted of a 500 mL three-neck round bottom flask, a
reflux condenser, an Ar inlet, and a dropping funnel. The apparatus was attached to four gas wash
bottles, with two of them filled with a 10% aq. solution of FeCl, - 4 H,0 to precipitate non-reacted
H.S as insoluble FeS. 2.5 eq. of 1,1'-carbonyldiimidazole (CDI) were dissolved in 175 mL of dry
pyridine. Then, 1 eq. of adipic acid was dissolved in 175 mL pyridine and added dropwise to the
reaction mixture, which led to the slow evolution of CO,. After stirring for 1 h, a white precipitate
was formed, and subsequently, H,S was bubbled through the mixture at rt for 2 h, resulting in a
clear yellow solution and full conversion according to NMR. Then 6 M HCl was added to acidify the
solution to a pH of 2. The aqueous layer was extracted with CHCls, the organic layers were
combined, dried and the solvent was evaporated to yield the crude product as a yellow to a brown
oil. Purification was done by bulb tube distillation at 100-120 °C and 0.042 mbar, resulting in a
yellow solid in a yield of 5%. The low yields are due to the thermal instability of this product, which
was even observed at rt. As purification via column chromatography was not possible due to the

decomposition of the compound, no further studies were conducted with DTA.
Yield: 0.2 g slightly yellow solid (5% theoretical yield).

m.p.: 25-26 °C (Lit.38° 26-27 °C)

1H NMR (400 MHz, CDCls): 3.94 (s, 2H, -SH), 2.62 (m, 4H, -CH,-C=0), 1.67 (-CH2-CH>-).

13C NMR-APT (101 MHz, CDCl3): 205.12 (C=0), 37.21 (-CH,-C=0), 26.01 (-CH,-CH,-).
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5.2.2.2 Synthesis of dithioterephthalic acid (TTA)

The synthesis of TTA was done analogously to DTA.37°

@) OH @) SH
2o e
+ //\N N/\\
N\;’ \i/N pyridine
@) OH @) SH
TTA

chemicals M[g/mol] eq. n[mol] m [g] V [mL]
terephthalic acid 166.13 1.0 50 8.3
1,1'-carbonyldiimidazole 162.15 2.5 125 20.3
H2S 34.10
pyridine 79.10 700

For the synthesis, the reaction apparatus consisted of a 500 mL three-neck round bottom flask, a
reflux condenser, an Ar inlet, and a dropping funnel. The apparatus was attached to four gas wash
bottles, with two of them filled with a 10% aq. solution of FeCl, - 4 H,0 to precipitate non-reacted
H.S as insoluble FeS. 2.5 eq. of 1,1'-carbonyldiimidazole (CDI) were dissolved in 350 mL of dry
pyridine. Then, 1 eq. of terephtalic acid was dissolved in 350 mL pyridine and added dropwise to
the reaction mixture, which led to the slow evolution of CO,. After stirring for 1 h, a white
precipitate was formed, and subsequently, H,S was bubbled through the mixture at rt for 2 h,
resulting in a clear yellow solution and full conversion according to NMR. Then 6 M HCl was added
to acidify the solution to a pH of 2. The aqueous layer was extracted with DCM, the organic layers
were combined, dried and the solvent was evaporated to yield the crude product as an orange
precipitate in a crude yield of 90%. NMR showed that the product was formed but still contained
pyridine. Therefore, 0.5 g of the crude product were dissolved in 50 mL CHCl;, and the organic
phase was washed several times (5x50 mL) with 1 M HCl and 1x50 mL brine. The pure product was
obtained as a yellow solid, which displayed higher stability than DTA, probably due to its aromatic

structure.

Yield: 6.6 g yellow solid (67% theoretical yield).
m.p.: 125-126 °C (Lit.38° 127-129 °C)

Rs: 0.6 (PE:EE=1:1)

1H NMR (400 MHz, CDCls): 7.99 (s, 4H, -CHar), 4.80 (s, 2H, -SH).
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13C NMR-APT (101 MHz, CDCl3): 198.12 (C=0), 136.50 (Car), 130.34 (-CHa).

5.3 Photoreactivity of formulations

After successful synthesis, the compound TTA was mixed with TAl in an equimolar ratio of double
bonds to thiol groups and 1 w% of Ivocerin. Unfortunately, a homogeneous formulation was only
obtained upon heating to 140 °C due to the high melting point of TTA. Curing was subsequently
conducted in the Lumamat 100 light oven, but after 2x10 min, the formulation was still liquid and
dissolved in acetone. Therefore, no crosslinked network was formed. It is presumed that the low
reactivity of TTA is due to the resonance stabilization of the formed radical in the aromatic ring
(Figure 159), making it unreactive toward reaction with the ene. Therefore, a different thioacid
design is necessary to obtain a compound, which is thermally stable but also reactive towards

thioic-ene photopolymerization.

Figure 159: Radical formed from TTA.
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Materials and methods

All not synthesized chemicals were purchased from respective suppliers and used as received

unless otherwise noted. Solvents and reagents were purchased in a quality common for organic

synthesis and purified according to common organic procedures if necessary. Commercial grade

methylene chloride (CH2Cl;, Donau Chemie), toluene (Donau Chemie) methanol (MeOH; Donau

Chemie), tetrahydrofuran (THF, Donau Chemie), and dioxane (Donau Chemie) were dried with a

PureSolvsystem (Inert, Amesbury, MA).

reagent supplier
1-(allyloxy)-4-bromobenzene abcr
1,3,5-triallyl-1,3,5-triazine-2,4,6-trione (TAl) TCI
1,3,5-tris(bromomethyl)benzene Sigma Aldrich
1,4-cyclohexanedimethanol abcr
2,2'-(ethylenedioxy)diethanethiol (EDDT) TCl
2,2'-azobis(2-methylpropionnitrile) (AIBN) Sigma Aldrich
2.2-dimethoxypropane TCI
2-chloroethanol Sigma Aldrich
2-formylphenylboronic acid abcr
3,9-divinyl-2,4,8,10-tetraoxaspiro(5.5)undecane (VSA) TCl
3-allyloxy-1,2-propandiol TCl
4-bromophenol abcr
4-carboxyphenyl boronic acid TCl
4-dimethylaminopyridine (DMAP) Sigma Aldrich
4-vinyl-1,3-dioxolan-2-one TCI
acetaldehyde Sigma Aldrich
acetonitrile Sigma Aldrich
adiponitrile Fisher Scientific
allyl alcohol Sigma Aldrich
allyl bromide TCl

allyl hexanoate TCl
benzaldehyde Carl Roth
benzene Sigma Aldrich
benzene-1,4-diboronic acid abcr
benzophenone TCl
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butylhydroxytoluene (BHT)

citric acid triallyl ester/triallyl citrate (CTAE)
diallyl isocyanurate

dichlorodimethylsilane

diethyl ketomalonate

dimethyl sulfoxide

dipentaerythritol hexa(3-mercapto-propionate) (diPETMP)
diphenyldichlorosilane

ethyl pyruvate

hydroquinone
bis(4-methoxybenzoyl)diethylgermanium (lvocerin)
molecular sieve (4 A)
N,N'-carbonyldiimidazole (CDI)
N,N-dimethyl formamide (DMF)

n-BulLi (2.5 M in hexanes)
N-Ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI)
palladium(ll) acetate

paraformaldehyde

paraldehyde

phenylhydrazine

phosgene (20 w% in toluene)

potassium hydroxide

p-toluenesulfonic acid

pyridine

pyrogallol

Quinoline Yellow

Sodium chloride

Sodium hydride (in paraffin oil)

Sodium hydrogen carbonate

Sodium hydroxide

Sodium sulfate

tetraallyl orthosilicate (TAS)

tetraethyl ethylene diphosphonate
tetramethyl silicate

tetra-n-butylammonium bromide

Sigma Aldrich
Szabo Scancic
TCl

Sigma Aldrich
chemPUR
Fisher Scientific
Bruno Bock
Sigma Aldrich
TCl

Merck

Ivoclar Vivadent
Sigma Aldrich
abcer

Fisher Scientific
abcr

abcr
chemPUR
Roth

Lactan

TCl

Sigma Aldrich
Merck

TCl

Sigma Aldrich
Merck

Sigma Aldrich
Carl Roth

TCl

Donau Chemie
Acros

VWR
Szabo-Scandic
TCl

Sigma Aldrich
Sigma Aldrich



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

MATERIALS AND METHODS

thioacetic acid TCl
thiobenzoic acid TCl
thioglycerol TCl

thionyl chloride Sigma Aldrich
triallyl borate (TAB) abcr

triallyl phosphate (TAP) abcr
triethylamine Sigma Aldrich
triisopropyl borate abcr
trimethylol propane Sigma Aldrich
trimethylolpropane tris(3-mercaptopropionate) (TMPMP) Bruno Bock
trimethylsilyl chloride abcr
tris(aminoethyl)amine abcr
tris[2-(3-mercaptopropionyloxy)-ethyl] isocyanurate (TEMPIC) Bruno Bock

1H-NMR, 3C-NMR, 3P-NMR and 'B-NMR spectra were recorded with a BRUKER Avance DRX-400
FT-NMR spectrometer. The chemical shift was reported in ppm (s = singlet, d = doublet, t = triplet,
g = quartet, m = multiplet). Deuterated chloroform (CDCls, 99.8% deuteration), benzene (CeDs,
99.5% deuteration) acetonitrile (CDsCN, 99.8% deuteration), dimethylsulfoxide ((CD3).S0O, 99.8%
deuteration) deuterium oxide (D20, 99.9% deuteration), methylene chloride (CD,Cl,, 99.8%
deuteration), purchased from Eurisotop were used as solvents. All solvents (except D,0) were

dried using 4 A molecular sieves.

For thin layer chromatography (TLC), TL-aluminum foils coated with silica gel 60 F245 from Merck

were used.

Column chromatography was performed on Merck silica gel 60 (0.040-0.063 mm). The silica gel
chromatography was performed with a Biichi MPLC system equipped with the control unit C-620,
fraction collector C-660, and UV-photometer C-635.

Melting points were determined using an Optimelt MPA100 automated melting point apparatus.

HR-MS analysis was performed from acetonitrile or methanol solutions (concentration: 10 uM)
by using an HTC PAL system autosampler (CTC Analytics AG, Zwingen, Switzerland), an Agilent
1100/1200 HPLC with binary pumps, degasser, and column thermostat (Agilent Technologies,
Waldbronn, Germany), and an Agilent 6230 AJS ESI-TOF mass spectrometer (Agilent Technologies,
Palo Alto, CA).
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ATR-IR measurements were conducted on a PerkinElmer Spectrum 65 FT-IR Spectrometer

equipped with a Specac MKII Golden Gate Single Reflection ATR System.

The light-sensitive formulations were prepared in an orange light laboratory equipped with
adhesive foils on the windows and fluorescent lamps (Osram lumilux with chip control light color

62), with wavelengths below 480 nm filtered out.

Rheology measurements were performed with a Physica Anton Paar MCR 300 with a CP25

measuring system.

RT-NIR-Photorheology measurements were performed on an Anton Paar MCR 302 WESP
rheometer, equipped with a P-PTD 200/GL Peltier glass plate and a PP25 measuring system,

coupled with a Bruker Vertex 80 FTIR spectrometer.

Samples for gel permeation chromatography (GPC) were prepared in 1-3 mg/mL THF solutions
spiked with 0.5 mg/mL butylhydroxytoluene (BHT) as a flow marker and syringe-filtered (200 nm
PTFE syringe filters). Measurements were performed with a Waters GPC using three columns
connected in series (Styragel HR 0.5, Styragel HR 3, and a Styragel HR 4) and a Waters 2410 RI

detector.

Polymer specimens for DMTA measurements, tensile tests, and degradation studies were
photocured in a light oven. In the case of broadband UV-curing, an INTELLI-RAY 600 light oven
from Uvitron (irradiation power 600 W, UV-A: 125 mW c¢cm, and Vis: 125 mW cm) was used. For
visible light-curing (400-500 nm), a Lumamat 100 light oven (provided by Ivoclar Vivadent AG) with
6 Osram Dulux L Blue 18 W lamps.

DMTA measurements were performed with an Anton Paar MCR 302e with a CTD 450 oven.

Tensile tests were performed on a Zwick Z050 with a maximum test force of 50 kN. The software

TestXpert Il was used to process and evaluate the recorded data.

Laser exposure tests and 3D printing were conducted on a Caligma 200 UV prototype developed
by Cubicure GmbH. Irradiation of samples was conducted by scanning a laser beam over a 2-
dimensional plane using a Galvano scanner. An irradiation wavelength of 375 nm and a power of
70 mW/mm? were used. The diameter of the laser spot during the exposure tests was 25 pum.

Writing speeds from 1000 mm/s, 500 mm/s, 200 mm/s and 100 mm/s were used.
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ABBREVIATIONS

Abbreviations

abbreviation

meaning

(M)A
2pPP
AAP
ABA
ABB
ACN
ACP
ADB
ADP
AEB
AH
AIBN
AM
AMT
AOM
AVB
BAB
BAE
BDB
BE
BE
BHT
BP
BS
BTE
BUD
CAD
CAE
CDsCN
CDA
cDCls

(meth)acrylate

two-photon induced polymerization
2-(allyloxy)-4-((allyloxy)methyl)-1,3,2-dioxaphospholane 2-oxide
(4-(allyloxy)phenyl)boronic acid
1-(allyloxy)-4-bromobenzene

acetonitrile
4-((allyloxy)methyl)-2-chloro-1,3,2-dioxaphospholane
1,4-bis(4-((allyloxy)methyl)-1,3,2-dioxaborolan-2-yl)benzene
2,2'-(ethane-1,2-diyl)bis(4-((allyloxy)methyl)-1,3,2-dioxaphospholane-2-oxide)
allyl 4-(4-vinyl-1,3,2-dioxaborolan-2-yl)benzoate

allyl hexanoate

2,2'-azobis(2-methylpropionnitrile)

additive manufacturing

additive manufacturing technology

acusto-optical modulator
2-(4-(allyloxy)phenyl)-4-vinyl-1,3,2-dioxaborolane
2,6-ditertbutylphenyl diallyl borate

1,4-diallyloxybenzene
12,2'-(1,4-phenylene)-bis(4-mercaptan-1,3,2-dioxaborolane)
beam expander

boronic ester

butylhydroxytoluene

benzophenone

beam splitter

bone tissue engineering

but-3-ene-1,2-diol

computer-aided design

1,4-cyclohexanedimethanol diallyl ether

deuterated acetonitrile

diethyl 2,2'-(carbonylbis(oxy)) diacrylate

deuterated chloroform
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CEA
CEB
CEE
CEF
CEK
CEM
CEP
CPM
cQ

Cr
CTAE
CVE
DO
DAA
DAE
DAI
DAS
DBC
DBCfinal
DBCel
DBCnmr
DCI
DCM
DEVPF
diPETMP
DLP-SLA
DMAA
DMAB
DMD
DMEM
DMF
DMSA
DMSO
DMTA
DTA

bis(2-chloroethyl)acetal
bis(2-chloroethyl)benzal
bis(2-chloroethyl)ethanal
bis(2-chloroethyl)formal
2,2-bis(2-chloroethoxy)-1,7,7-trimethylbicyclo[2.2.1]heptane
diethyl 2,2-bis(2-chloroethoxy)malonate
bis(2-chloroethoxy)diphenylmethane
cyclopolymerizable monomer

camphorquinone

chain transfer constant

citric acid triallyl ester
1,4-cyclohexanedimethanol divinyl ether
deuterium oxide

activated diallyamines

ester-substituted ether dimers

diallyl isocyanurate

bis(allyloxy)diphenylsilane

double bond conversion

final double bond conversion

double bond conversion at the gel point
double bond conversion determined by NMR
deuterium chloride

dichloromethane

diethyl vinyl phosphoformate

dipentaerythritol hexa(3-mercapto-propionate)
digital light processing-based stereolithography
dimethacrylamide

ethyl 4-(dimethylamino)benzoate

digital micro mirror device

Dulbecco’s modified eagle medium
dimethylformamide

diethyl 2,2'-((dimethylsilanediyl)bis(oxy))diacrylate
dimethyl sulfoxide

dynamic mechanical thermal analysis

dithioadipic acid
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DVAc
DVAI
DVB
DVB
DVC
DVE
DVF
DVK
DVK
DVM
DVP
DVP
DVP
DVS
ECso
EDDT
EEP
EHD
EO
EPD
eq.
FBS
FDM
FN,max
fwhm
G

G”
TS
G'37c
G'final
G’r
GPC
GS
HAP
HDD(M)A

divinyl acetal

divinyl alkanal

divinyl boronic ester

divinyl benzal

divinyl carbonate

divinyl ethanal

divinyl formal

divinyl ketal
1,7,7-trimethyl-2,2-bis(vinyloxy)bicyclo[2.2.1]heptane
diethyl 2,2-bis(vinyloxy)malonate

divinyl phosphonate

divinyl silyl ether

diphenyl-bis(vinyloxy)methane

bis 2-(vinyloxy)-dimethylsilane

concentration at which 50% of the cells are still viable
2,2'-(ethylenedioxy)diethanethiol

phosphate ethylethylene phosphate

5-ethyl-5-(hydroxymethyl)-b,b-dimethyl-1,3-dioxane-2-ethanol diacrylate

ethylene oxide

ethylene phosphonic dichloride
equivalent(s)

fetal bovine serum

fused deposition modeling
maximum normal force

full width at half maximum of tand
storage modulus

loss modulus

storage modulus at 25 °C

storage modulus at 37 °C

final storage modulus

storage modulus at the rubber plateau
gel permeation chromatography
Galvano scanner

hydroxyapatite

1,6-hexanediol di(meth)acrylate
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ABBREVIATIONS

HNE
HOMO

IAB

IAE
IB(M)A
IC

IGF-1
ISC
Ivocerin
KOH

ko

ke
L-AMT
Laser-SLA
LDso
Lumo
Mo
MA154
MAA
Mary

MJ

NAB

NaOD
Ndeg
NEt;
NIPS

NVB

ocp
OPEMA
P(M)AA
PCCP

human neutrophil elastase

highest occupied molecular orbital
(2-((E)-((2-(bis(2-(((Z2)-2-boronobenzylidene)amino)ethyl)amino)-
ethyl)imino)methyl)phenyl)boronic acid

diallyl isosorbide

isobornyl (meth)acrylate

internal conversion

insulin-like growth factor 1

intersystem-crossing
bis(4-methoxybenzoyl)diethylgermanium

potassium hydroxide

rate of propagation

rate of chain transfer

lithography-based additive manufacturing technology
laser-based stereolithography

lethal dose, which causes death of 50% of test subjects
lowest unoccupied molecular orbital

initial mass of sample
(2-((2-(ethoxycarbonyl)allyl)oxy)ethyl)phosphonic acid
methacrylic anhydride

mass of the dry sample

material jetting

mass of the blot-dried sample at the time t
((((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))tris(benzene-2,1-
diyl))triboronic acid

sodium deuteroxide

molar amount of degradable monomer

triethylamine

non-solvent induced phase separation
N1-(2-(4-vinyl-1,3,2-dioxaborolan-2-yl)benzyl)-N2,N2-bis(2-((2-(4-vinyl-1,3,2-
dioxaborolan-2-yl)benzyl)amino)ethyl)ethane-1,2-di-amine
4-((allyloxy)methyl)-2-chloro-1,3,2-dioxaphospholane 2-oxide
2-(2-ox0-1,3,2-dioxaphospholoyloxy) ethyl methacrylate
poly((meth)acrylic acid)

poly(carboxy phenoxypropane)
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PCL
PdAc;
PDI

PDT
PDTRC
PDVP
PE

PEEK
PEG

PET
PET(M)A
PGA

PI

PLA

PPE

PPF

PSE

PTFE
PTMC
pTSOH
PU

PVA

PYR
rhBMP-2
rhTGF-B1
R’

rt

S

SE

SLS

SOS

tos

TAA
TAB

poly(caprolactone)

palladium(ll) acetate

polydispersity index
1,4-phenylenedimethane thiol
poly(desaminotyrosyl tyrosine ethyl ester carbonate)
phenyl divinyl phosphate

poly(ethylene)

poly(etheretherketone)

poly(ethylene glycol)
poly(ethyleneterephtalate)

pentaerythritol tetra(meth)acrylate
poly(glycolic acid)

photoinitiator

poly(lactic acid)

poly(phosphoester)

poly(propylene fumarate)

poly(silyl ether)

poly(tetrafluoroethylene)
poly(trimethylene carbonate
p-toluenesulfonic acid

poly(urethane)

poly(vinyl alcohol)

benzene-1,2,3-triol, pyrogallol

recombinant human morphogenic protein 2
recombinant human transforming growth factor 1
radical initiating species

room temperature

singlet state

silyl ether

selective laser sintering

2,7-bis((allyloxy)methyl)-1,4,6,9-tetraoxa-5-silaspiro[4.4]-nonane

triplet state
time when 95 % of DBC is reached
thioacetic acid

triallyl borate
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TAI
tané
TAP
TAS
TAT
TBA

TE

TEC
TEMPIC
Tg

teel

THF
TIPS
TMB
TMPMP

TMPVB

TMSA
™T
TT(M)A
TTA
TVP
TVP
UHMWPE
Ur

VAB
VCF
VDB
VEGF
VOTMS
VSA
WP

Xdeg

B-TCP

1,3,5-triallyl-1,3,5-triazine-2,4,6-trione

loss factor

triallyl phosphate
tetraallyl ortho silicate

1,3,5-tris(3-acetylmercaptopropyl)-1,3,5-triazine-2,4,6-trione

thiobenzoic acid

tissue engineering
thiol-ene chemistry

tris[2-(3-mercaptopropionyloxy)-ethyl] isocyanurate

glass transition temperature

time when the gel point is reached

tetrahydrofuran

thermally-induced phase separation

benzene-1,3,5-triyltrimethanethiol

trimethylolpropane tris(3-mercaptopropionate)

2-ethyl-2-(((4-(4-vinyl-1,3,2-dioxaborolan-2-yl)-benzoyl)oxy)methyl)-propane-1,3-

diyl bis(4-(4-vinyl-1,3,2-dioxaborolan-2-yl)-benzoate)

trimethylsilanoxy ethyl acrylate

1,3,5-tris(3-mercaptopropyl)-1,3,5-triazine-2,4,6-trione

trimethylolpropane tri(meth)acrylate

thioterephtalic acid
trivinyl phosphate
trivinyl phosphate

ultra-high-molecular-weight poly(ethylene)

tensile toughness/deformation energy

4-(4-vinyl-1,3,2-dioxaborolan-2-yl)benzoic acid
vinyl chloroformate

1,4-bis(4-vinyl-1,3,2-dioxaborolan-2-yl)benzene

vascular endothelial growth factor

vinyloxy trimethylsilane

3,9-divinyl-2,4,8,10-tetraoxaspiro(5.5)undecane

waveplate

mol% degradable monomer

B-tricalcium phosphate

tensile strain
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elongation/strain at break

€p

tensile stress

maximum tensile strength

Om
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