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Abstract

Additive manufacturing and the quest for novel, smart and renewable materials for 3D
printing and light-based applications has become a major focus in polymer science. The
aim of this thesis was the further development of 3D printing resins with regard to these
characteristics, as well as the development of a novel multifunctional resin system by
implementation of orthogonal photoreactions into the 3D printing process.

In a first approach the introduction of network disparity through the use of two orthogonal
photoinitiators was investigated. In a thiol-acrylate resin with excess acrylate the polymer-
ization was controlled by the use of two disparate light sources. Thereby thiol-Michael
addition (anionic) or radical polymerization (thiol-ene or acrylate homopolymerization)
could be separately initiated. While a stepwise curing with a relatively large difference
in thermo-mechanical properties could be demonstrated, the hypothesis of the molecular
structure having a significant effect on the material properties could not be confirmed.

In a second, more comprehensive study, a dual-cure, single-vat resin was developed, based
on radical polymerization of a thiol-methacrylate monomer system containing covalently
bound chalcone units as dimerizable crosslinkers. Thermo-mechanical properties can be
spatially and temporally controlled via the λ-orthogonal [2+2] cycloaddition reaction of the
chalconyl groups during printing or post-processing. Using defined doses of light (405 nm)
after polymerization (450 nm), the Tg and elastic modulus can be altered in a continuous
way, generating not only two but numerous distinct material properties. Shape memory
experiments as well as multi-wavelength 3D printing was shown on macro- and micro-scale
to present the vast opportunities for this novel 3D-printable material. Further functional
groups were investigated upon their reactivity upon irradiation with the most common
wavelengths creating a library of photo-crosslinkable moieties. Notably, the reactivity did
not always align with the recorded ultraviolet-visible absorption spectrum, confirming a
reactivity analysis crucial for all light-induced processes especially if orthogonality is desired.

In all studies photo-DSC and FTIR kinetics were used as a tool to investigate and character-
ize curing behavior. These methods were used to contribute to detailed investigations on a
number of novel photoinitiators and biobased molecules for advanced applications in future
additive manufacturing were additionally evaluated. Thereby, two bio-based methacrylates,
eugenyl methacrylate (EM) and vanillyl alcohol methacrylate (VAM) were investigated
upon their curing behavior along a range of temperatures to optimize processing conditions
in paper coating. Finding VAM to be the more reactive of the two bio-based alternatives,
exhibiting a water contact angle (106°) comparable to existing coatings if PDMS-ECEMS
is used as an additive (10 wt%). This makes vanillyl alcohol methacrylate a suitable sus-
tainable alternatives for hydrophobic paper coatings. Additionally, Novel type I radical
photoinitiators, based on tin or germanium, were investigated upon their curing behavior.
They can be used in future applications as an alternative to state-of-the-art phosphorous PIs
with reduced toxicity1 and pronounced reactivity in the energy-efficient, innocuous visible
light region. Lastly, bio-based monomers with methacrylate, vinyl and alkyne functionalities
were evaluated for their applicability in novel resins for 3D-printable biological scaffolds or
coatings.
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Finally, a literature review is given as a comprehensive overview on single-molecule
(type I) radical photoinitiators. The focus is put on visible light activation, comprising not
only phosphorous but also silicon, germanium and tin compounds, as a way to more benign
and energy-conscious curing.

The three main topics of this thesis are (i) photoinitiators and their characterization, (ii)
bio-based monomers for radical photo-polymerization and (iii) molecules for the implemen-
tation into dual-cure 3D printing resins for smart materials. They all contribute to a better
understanding of all constituents used, their reaction mechanism, curing behavior and
influence on the final material properties, crucial for sophisticated material development
towards advanced 3D printing of smart materials.

Keywords:
photochemistry • thiol-ene systems • orthogonality • shape memory • reaction kinetics
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Kurzfassung

Additive Fertigung und die Suche nach neuartigen, intelligenten und erneuerbaren Ma-
terialien für den 3D-Druck und andere lichtbasierte Anwendungen sind in den letzten
Jahren zu einem Schwerpunkt in der Polymerforschung geworden. Das Hauptziel dieser
Arbeit war die Weiterentwicklung von 3D-Druckharzen im Bezug auf ebendiese Merkmale,
sowie die Entwicklung eines neuartigen Harzsystems für den Multimaterialdruck durch die
Implementierung orthogonaler Photoreaktionen in den 3D-Druckprozess.

Zum einen wurde die Einführung von Netzwerkdisparität durch die Verwendung von
zwei orthogonalen Photoinitiatoren untersucht. In einem Thiol-Acrylatharz mit Acrylatüber-
schuss wurde die Polymerisation über Thiol-Michael Addition (anionisch) und Thiol-ene bzw.
Acrylathomopolymerisation (radikalisch) durch Einsatz zweier verschiedener Lichtquellen
gesteuert. Während eine stufenweise Aushärtung mit relativ großem Unterschied in den
thermomechanischen Eigenschaften demonstriert werden konnte, wurde die These Wider-
legt, dass sich der molekulare Aufbau im Polymer maßgeblich auf die Materialeigenschaften
auswirkt.

In einer zweiten, umfassenden Studie wurde ein “dual-cure single-vat” Harz entwickelt,
welches eine Vielzahl an thermodynamischen Eigenschaften je nach Art und Länge der
Belichtung hervorbringen kann. Es basiert auf der radikalischen Polymerisation eines
Thiol-Methacrylat-Monomersystems, welches kovalent gebundene Chalkoneinheiten als
dimerisierbare Vernetzer enthält. Die thermomechanischen Eigenschaften können über die
λ-orthogonale [2+2]-Cycloadditionsreaktion der Chalconylgruppen während des Drucks
oder in der Post-Produktion ortsaufgelöst und zeitlich gesteuert werden. Durch den Einsatz
definierter Lichtdosen (405 nm) nach der Polymerisation (450 nm) können der Tg und der
Elastizitätsmodulus kontinuierlich verändert werden, wodurch nicht nur zwei, sondern eine
Vielzahl an unterschiedlichen Materialeigenschaften aus einem Harz gewonnen werden
können. Experimente zum Formgedächtnis (shape-memory) sowie zum 3D-Druck mit
mehreren Wellenlängen im Makro- und Mikromaßstab zeigen das enorme Potential dieses
neuartigen 3D-druckbaren Materials.

Chalconyl und weitere funktionelle Gruppen wurden zuvor auf ihre Reaktivität bei Be-
lichtung mit den gebräuchlichsten Wellenlängen untersucht, wodurch eine Bibliothek an
photovernetzbaren Gruppen erstellt werden konnte. Dies ist nötig, da die tatsächliche Reak-
tivität unter einer gewissen Lichtquelle oft deutlich von der, durch das Absorptionsspektrum
erwarteten, Reaktivität abweicht.

Alle hier durchgeführten Studien zur Untersuchung des Aushärteverhaltens wurden mit-
tels Photo-DSC und FTIR-Kinetik durchgeführt. So konnte auch zur Charakterisierung einer
Vielzahl neuartiger Photoinitiatoren und biobasierter Moleküle für die zukünftige Anwen-
dung im 3D-Druck sowie photo-härtenden Beschichtungen beigetragen werden. Insbeson-
dere wurden zwei biobasierte Methacrylate, Eugenylmethacrylat (EM) und Vanillylalkohol-
methacrylat (VAM), im Hinblick auf ihr Aushärteverhalten bei verschiedenen Temperaturen
untersucht, um die Prozessbedingungen für die Herstellung von beschichtetem Papier zu
optimieren. Dabei zeigte sich VAM als das reaktivere der beiden biobasierten Monomere
und ist mit einem Wasserkontaktwinkel von 106°, bei Zugabe von 10 Gew.% PDMS-ECEMS,
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vergleichbar mit kommerziellen Beschichtungen. Dies macht Vanillylalkoholmethacrylat
zu einer geeigneten nachhaltigen Alternative für hydrophobe Papierbeschichtungen. Weit-
ers konnten zinn- und germaniumbasierte, radikalische Typ-I Photoinitiatoren untersucht
werden, welche duch ihre verbesserte Absorption im sichtbaren Bereich, sowie ihre re-
duzierte Toxizität1 echte energieeffiziente, unschädliche Alternativen zu herkömmlichen
Phosphorinitiatoren bilden könnten. Schließlich wurden aminosäurenbasierte Monomere
mit Methacrylat-, Vinyl- und Alkinfunktionalität für neuartige Harze zur Herstellung von
3D-druckbaren biokompatiblen und bioabbaubaren Gerüststrukturen oder Beschichtungen
für den medizinischen Bereich entwickelt.

Abschließend bietet ein umfassender Review Einblick in die aktuellsten Entwicklungen auf
dem Gebiet der radikalischen Typ-I Photoinitiatoren. Der Schwerpunkt liegt dabei auf der
Aktivierung ebendieser Initiatoren unter sichtbarem Licht und umfasst neben herkömmlichen
Phosphorverbindungen auch silizium-, germanium- und zinnbasierte Verbindungen, welche
eine umweltfreundlichere und energiebewusstere Aushärtung ermöglichen sollen. Die drei
Hauptthemen dieser Arbeit sind somit (i) Photoinitiatoren und ihre Charakterisierung, (ii)
biobasierte Monomere für die radikalische Photopolymerisation und (iii) λ-orthogonale
Harze für die Verwendung im Multimaterialdruck für intelligente Materialien. Sie alle
tragen zu einem besseren Verständnis der verwendeten Harzbestandteile, ihrer Reaktivität,
ihres Aushärtungsverhaltens und ihres Einflusses auf die finalen Materialeigenschaften bei,
was für die Entwicklung raffinierter Materialien für den 3D-Druck intelligenter Materialien
entscheidend ist.

Stichwörter:
Photochemie • Thiol-en Systeme • Orthogonalität • Shape Memory Effekt • Kinetik
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Introduction

Additive manufacturing of polymers has gained increasing interest over the last decades,
as its high resolution, fast production speed and ability to generate complex and cus-
tomized structures pose only some advantages over traditional manufacturing.2 Especially
lithography-based methods, such as digital light processing or two-photon polymerization,
allow precise spatial control over chemical reactions in a solvent-free polymerization.3
Inducing curing only in the illuminated regions comes with high precision on printed parts
and provides a possibility for additional chemical selectivity via the choice of wavelength.

Consequently, light-based polymer processing has transitioned from conventional ap-
plications, such as coatings, adhesives, inks, microelectronics and dental fillings, to more
advanced fields, such as biomaterials for bones and tissue engineering, holography for
imaging and data storage and 3D printing of nano-scale parts.4 Moreover, photochemistry
facilitates the development of smart materials that respond to different stimuli, leading to
applications in actuators, sensors, and self-healing materials.4–12 These advancements and
novel processing opportunities demand a thorough investigation of resin constituents and
their optimization towards curing behavior, material properties and bio-compatibility.

The exploration of new molecules and materials as well as the expansion of existing li-
braries toward new horizons is an exciting path. In the field of type I radical photoinitiators
(PIs) there is an increasing interest for initiation under visible light and the tuning of the PI’s
absorption wavelength. Thereby perfect spectral overlap with the light source is intended for
the best initiation performance at low energy input13 and λ-orthogonal initiation systems are
desired.14,15 Looking at phosphinoxides as the work-horse of modern-day photoinitiation,
their weaknesses lie first and foremost in their limit of reactivity at low energy wavelengths.
Liska et al. rediscovered the class of acylgermanes for photoinitiation purposes16,17 which
led others to further investigate heavier group 14 elements as phosphorous substituent.18–30
By substitution of the phosphine oxide by a germanium or tin analog the absorption wave-
length of the PI could be tuned and the quantum yield increased. Additionally, these PIs
possess reduced toxicity1 and show high potential for the use in biological applications,
making curing in the innocuous visible light region possible. In this thesis, a number of
additional germanium and tin-based compounds were evaluated upon their suitability as
novel photoinitiators.

Thinking of biological and bio-compatible materials, novel monomers are being inves-
tigated for the use as scaffolds in implants, but also invitro testing.31 While many inks
and resins have been found for life-science applications32–34, the current challenge lies
in achieving biodegradability while maintaining certain mechanical properties and bio-
compatibility.35 Herein, bio-based monomers with methacrylate, vinyl and alkyne func-
tionalities were evaluated for their applicability in novel resins for 3D-printable biological
scaffolds or coatings. Bio-based and bio-degradable mono- and polymers should be of great
interest considering future tendencies in industry for increased demand on recyclability and
the use of renewable feedstocks.

Additionally, the evolution in 3D printing devices has opened up the possibility of imple-
menting more than one light source into the printer-setup. This calls for novel photopoly-
mers, tailored to these new opportunities. Utilizing the difference in energy-input by the
set of lamps, specific chemical reactions can be triggered within the resin. Incorporating
so-called orthogonal chemistries in the monomer system facilitates the control of mate-
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— Introduction —

rial properties solely through light. Only a minuscule amount of research was published
on two-wavelength printing36–39 despite the number of investigated photo-reactive and
λ-orthogonal systems14,40–44.

Two concepts of incorporating λ-orthogonality into thiol-(meth)acrylate resins will be
discussed in this work. One, where two separate PIs are triggered to build the polymer
network in a step-wise manner utilizing the disparate polymerization mechanisms. The
second, were additional crosslinks can be formed after the initial polymerization. These
crosslinkers aremoieties, directly implemented into the polymer network, which can undergo
cycloaddition upon irradiation. A vast amount of such moieties is known to undergo
photochemical reactions, which could be utilized for photo-crosslinking and the generation
of alterations in material properties during and after printing40. To select suitable candidates
depending on the illumination wavelength, a library of photo-crosslinkable monomers for
3D printing was established.

Photochemistry and it’s application in 3D and 4D printing is an extremely interesting field
with a high impact on an advancing field in industry. The research opportunities are vast
and it was impossible to explore all ideas, that came to mind, working with these exciting
systems, molecules and devices. Overall, a number of novel molecules were explored for
improved curing behavior, reduced toxicity, bio-based polymers and advanced applications
in smart materials.
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Methodology

This thesis comprises some theoretical as well as experimental parts.

The theoretical literature research was conducted on the platforms scifinder.com and
scholar.google.com with selected keywords according to the research topic. Specifically
Chapter 1 and Chapter 4 are fully based on published literature with all sources given at
the end of this document. The experimental work encompasses organic synthesis, purifica-
tion methods (liquid-liquid extraction, filtration, column chromatography), photo-induced
sample preparation and chemical and mechanical characterization.

Chemical characterization was mainly used for structural confirmation after synthesis
(nuclear magnetic resonance spectroscopy) and for tracking of chemical reactions (ultraviolet-
visible and Fourier transform infrared spectroscopy). Differential scanning photo calorimetry
and photo-rheological experiments were used to track the curing behavior of resins. Test-
ing of the mechanical properties of the resulting polymers was done mainly by dynamic
mechanical analysis for macroscopic samples, and atomic force microscopy as well as
nano-indentation for extremely small surface modifications.

Sample preparation and additive manufacturing was done by molding, nano-imprint
lithography, digital light processing three-dimensional printing and in two-photon mode on
a laser scanning confocal microscope.

All chemicals were purchased from TCI, Sigma Aldrich or Fisher Scientific and used
without further purification unless stated otherwise.
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1 Theoretical Background

photochemistry The branch of chemistry concerned with photochemical reactions.45

photochemical
reaction

A chemical reaction caused by light or ultraviolet radiation. The
incident photons are absorbed by reactant molecules to give excited
molecules or free radicals, which undergo further reaction.45

Photochemistry is not only an important concept in chemistry, but plays a role in a broad
range of fields, such as physics, astrophysics, biology, medicine and material science.46
A well known photochemical reaction in biology is photosynthesis, converting carbon
dioxide and water to organic building blocks with the help of chlorophyll as a pigment to
absorb light. Another photo-induced process commonly known, is sunburn, where DNA is
damaged by prolonged exposure to UV light. In medicine, light is used to trigger reactions,
e.g. in photochemotherapy, to achieve a more local application of certain treatments. In
photography, the photochemical reduction of silver salts to metallic silver was used since
the 19th century to create a latent image depending on the amount of light received and
eventually a photograph.47,48

Spatial, as well as temporal control, paired with the opportunity to select specific re-
activity by choosing a certain intensity and wavelength makes photo-induced processes
especially appealing for material science. Photochemical techniques, such as 3D printing
and microfabrication, are employed to create novel materials with tailored functionali-
ties, including photopolymers, photoresists, and nanocomposites, which are essential for
applications ranging from electronics and photonics to biomedicine and energy storage.
Within the last 40 years photopolymerization has been used in a number of conventional
applications, such as coating, adhesives, inks, microelectronics, dental fillings and addi-
tive manufacturing. Many studies have been conducted on further evolving photo-based
techniques and materials for more advanced applications, such as biomaterials for bones
and tissue engineering, holography for imaging and data storage as well as a variety of
3D printing techniques for stimuli responsive materials and nano-scale parts. Through
controlled exposure to light, materials can be patterned with high resolution, enabling the
fabrication of complex structures and devices. Furthermore, photochemistry facilitates the
development of smart materials that respond to light stimuli, leading to applications in
light-driven actuators, sensors, and self-healing materials.4–12

The integration of photochemical processes in material science not only expands the
toolkit for material fabrication and design but also opens new possibilities for sustainable
and energy-efficient manufacturing practices, underscoring the transformative potential of
photochemistry in advancing material technologies.

This thesis will be focused on photo-induced reactions for 3D printing of materials mainly
containing (meth)acrylates, -enes and thiols using radical and anionic initiators.
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1.1 Photopolymers

The concept of photochemistry in material science is mostly focused on polymers. While
thermoplastic polymers consist of linear or branched chains, which allows them to be
remelted and reformed over and over again, thermosets are three-dimensionally crosslinked
polymers, which do not melt upon reheating. On the aspect of sustainability, this is a
drawback and recent studies are looking into ways of recycling and renewable sources
for novel monomers.49,50 However, thermosets are known for their high thermal stability,
chemical resistance, and mechanical strength, making them suitable for high performance
applications requiring durable materials.51 Combining these properties in products with
recyclability and alternative feedstocks are two of the main challenges in current materials
research.

Generally, using light as a trigger for polymerization comes with a set of advantages over
other methods used in polymer chemistry. Photons come with a vast amount of energy,
specifically amole of photons at 365 nm is 130 times higher in energy than the thermal energy
(kT) available at 25 °C. Which means, while chemical reaction processes like isomerization or
bond breaking do not readily occur at ambient temperature due to a lack of energy available,
they are readily initiated upon irradiation and the absorption of photons helping to overcome
the activation barrier. Providing this kind of energy at ambient conditions without extensive
heating or large amount of solvents makes photopolymerization of growing interest for
the enhancement of "greener" processes. Photoinitiators for a variety of wavelengths, with
growing interest in visible light sources have been developed, with light emitting diods
(LEDs) as energy efficient counterparts (see Chapter 4). Finally, while thermal activation
comprises an expanded area (a surface coating or a whole part), illumination can be
focused on specific areas, exhibiting not only temporal, but also spatial control over the
polymerization process. In a two-dimensional setup, this can be achieved with the help of
a photomask, an array of LEDs or a focused beam of light, controlled via a mirror-array,
e.g. in micro-chip production, while a consecutive illumination of a set of layers enables 3D
printing (Chapter 1.3). Additionally, direct 3D printing can be achieved by focusing a laser
to specific regions within a resin volume. By using a long wavelength and exploiting the
principle of two-photon absorption, structures of high resolution and small feature sizes
can be created.52–55

Using photoinitiators (instead of thermal initiators) at ambient conditions can be of
use for monomers with low ceiling temperature, biochemical applications, such as the
immobilization of enzymes, for large area applications or for applications where heating is
unacceptable, such as dental fillings.4

1.1.1 Photoinitiators

Photoinitiators, being special chemical compounds with the ability to form reactive species
upon illumination, can start the same kind of reactions as thermal initiators or other cata-
lysts/initiators, however they are non-reactive in their ground state. Only upon illumination
with a certain wavelength of light can they produce a reactive species. There must be
an overlap in the spectra of the spectral emission of the light source and the absorption
spectrum of the reactive molecule (See Chapter 1.1.3).
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All photoinduced reactions are initiated by the absorption of light energy, i.e. a photon i,
and the subsequent transition from the ground state to its excited state (S1).

Accoring to the Stark-Einstein law, the absorption of a photon can only occur by a single
molecule, also described as a single-quantum process.45 Energetic states can be depicted in a
Jablonski diagram (Figure 1.1), illustrating electronic states within amolecule and indicating
transitions as a number of possible processes: 1) photophysical processes, which end up
with the original molecule in its ground state, exhibiting radiation (luminescence), heat or
transferring energy to another molecule after collision. 2) photochemical processes, such as
photodissociation, rearrangement (isomerization), primary bond formation (Chapter 1.1.2)
or the formation of reactive species by photo-ionization or homolytic cleavage.53,56

If the interaction of a molecule with light results in no net chemical change and can be
described as R+ hv → R∗ → R, where R is the ground state molecule and R∗ its excited
state, it is called a photophysical process. Whereas an overall photochemical reaction
pathway can be described as R+ hv → R∗ → I → P, with I as a reactive intermediate and P
the reaction product.57

S0

S1

S2

T1

ISC

IC

VR

radical 
generationluminescenceTPA

absorption

Figure 1.1 – Jablonski diagram. The excited singlet state (S1) undergoes intersystem crossing (ISC) to a triplet
state (T1), which can lead to various photochemical reactions (e.g., radical generation as presented here).
Other processes, that can take place are two photon absorption (TPA) with a virtual intermediate state, internal
conversion (IC) to a lower excited singlet state, vibrational relaxation (VR) within the energy levels of one
excited state with heat dissipation and the relaxation by luminescence (fluorescence from S1 or phosphorescence
from T1).

When a photon is absorbed by a molecule in ground state (S0), an electron is promoted
to its excited state (S1 or S2) exhibiting the same electron spin. An electron can leave this
excited state by fluorescence (S1 → S0) or through internal conversion by heat dissipation,
leading to a lower excited state with the same spin and eventually back to its original
state S0. Additionally, intersystem crossing (ISC) to a triplet state (T1) is possible, where
an electron transitions between two energetic states with different spin multiplicity in a

i photon: A particle with zero rest mass consisting of a quantum of electromagnetic radiation. The photon may
also be regarded as a unit of energy equal to hf, where h is the Planck constant and f is the frequency of the
radiation in hertz. Photons travel at the speed of light.They are required to explain the photoelectric effect
and other phenomena that require light to have particle character. The name photon was proposed by Gilbert
Newton Lewis in 1926.45

– Page 6 of 135 –



Chapter 1
— Theoretical Background —

spinprohibited, radiation-free way. Due to their parallel spin and the relatively slow process
of ISC, triplet states are typically more stable than singlet states, once formed, making them
more easily available for further processes. Relaxation from a triplet state can occur by
emission of light (phosphorescence) or by a primary photochemical process, such as the
generation of a radical species.47,53,58,59

Polymerization reactions are classified according to the conditions they are conducted
in (solvent-based, bulk, thermally initiated, photo initiated etc.) as well as the chemical
reaction mechanism involved, which correlates to I in the photochemical initiation reaction.
Therefore three main types of photopolymerization can be distinguished (1) radical, (2)
cationic and (3) anionic, as well as mixed-mode radical and ionic.

Radical Photopolymerization

Radical photoinitiators can be classified into type I and type II, cleavage and H-abstraction,
respectively (Figure 1.2). type I PIs are likely to be α-hydroxyalkyl ketones, acylphosphine
oxides or benzoin derivatives, undergoing α-cleavage upon illumination. However other
molecules like trichloromethyl triazine derivatives undergoing β-scission can also produce
reactive radicals. The important characteristic is the uni-molecular nature of the initiation
process. Whereas in the bimoleculare type II PIs, H-abstraction or electron transfer leads to
the radical species, which requires the presence of a co-initiator molecule as a hydrogen-
donor. While most type II PIs already produce a radical in the first reaction step, these
radicals might be too stable to react towards the monomer species due to steric hindrance
and delocalization of unpaired electrons, such as ketyl radicals. Upon H-abstraction from
a suitable donor, a more reactive radical is produced, which is then able to initiate the
polymerization reaction. One of the most prominent type II photoinitiators, especially for
visible light applications, is camphorquinone (CQ), used with a variety of (tertiary) amines
and thiols as co-initiators.4,60–63
Norrish Type I

Norrish Type II

Figure 1.2 – Radical formation upon irradiation. Type I photoinitiators show direct homolytic cleavage.
Camphorquinone as a type II photoinitiator, requires a co-initiator to provide an easily available hydrogen for
more reactive radical species.4,56,64,65

Posing a bi-molecular process, type II initiator systems face relatively low quantum yields
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due to non reactive quenching and the H-abstraction as a rate limiting step. Even though CQ
was established as one of the first commercial PIs for visible light applications, research is
more and more focusing on type I photoinitiators in this field. Recent developments in the
field of type I photoinitiators for visible light applications are explored in chapter Chapter 4.

Generally speaking, if a radical is produced via a photo-chemical reaction, a chain reaction
is started and polymerization occurs in amonomermixture (Figure 1.3). The polymerization
is initiated, when the PI radical reacts with the first monomer. Where the rate of the
initiation reaction is dependent on the reactivity of the radical towards the monomer.
As mentioned earlier, in type II PI systems, a more reactive radical is generated using a
co-initiator, as the initial radical itself is too stable for reasonable polymerization rates.
Propagation of the polymerization reaction happens through the collision of radical species
of different chain-lengths with another monomer, thereby extending the chain by one
unit. This reaction generates a new radical at the end of the newly added monomer unit,
which can then react with another monomer to continue the chain growth. Additionally
chain-transfer reactions can occur, where the growth of the current polymer chain is
terminated, while simultaneously initiating a new chain. The active site (radical) is thereby
transferred to another species (monomer, solvent, polymer or chain transfer agent). Chain
transfer is a critical mechanism in controlling the molecular weight and molecular weight
distribution of the resulting polymer, where chain transfer agents like thiols, disulfides
and halocarbons (CCl4, CBr4) are frequently used.66 While propagation and chain-transfer
reaction keep the number of free radicals constant, the net number of active sites is reduced
in a termination reaction. Termination occurs on two different pathways, combination
and disproportionation, respectively. Combination reactions can be described as a simple
head-to-head coupling of two radicals, while disproportionation involves the transfer of
a beta-hydrogen from one radical to another. Both termination reactions take place in
radical polymerization, however, the predominant mechanism is strongly dependent on the
molecular structure of the monomer species.47,57,67

Initiation:

Propagation:

Termination:

Figure 1.3 – Processes in radical polymerization. Initiation by reaction of a photoinitiator (PI) with an acrylate
monomer (as an example). Propagation by repeated addition of a monomer. Termination by recombination of
two radical species.
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Mn

Mn

Figure 1.4 – Processes in radical polymerization to prevent oxygen inhibition. (a) initiation stage strategies,
(b) quenching of excited PI state, (c) singlet oxygen scavangers (SOS), (d) formation of unreactive peroxyl
radicals from initiating or propagating radical, (e) reducing agents, (f) hydrogen donors, (g) termination
by radical-radical recombination, (h) hydrogen abstracion, (i) peroxide decomposition, (j) scavanging of a
molecule of oxygen, and (k) reinitiation of polymerization. Reproduced with permission.70

Another way of termination in radical polymerization reactions, especially for
(meth)acrylates, is oxygen inhibition. When an initiating or propagating radical reacts with
oxygen, a peroxy radical is formed. While still a radical species, it has low reactivity towards
most monomers, which leads to an incomplete conversion, mostly affecting the surface
of a cured part or coating, resulting in tacky products with poor mechanical properties
and durability. To overcome oxygen inhibition a number of strategies has been applied
(Figure 1.4):

1. initiation stage strategies, such as lamination or the use of an inert atmosphere.
2. singlet oxygen scavengers, such as diphenyl furan or dibutyl anthracene, capturing

oxygen molecules via [4+2] cycloaddition.
3. reducing agents, such as PPh3 or other phosphines and phosphites.
4. hydrogen donors, such as amines, thiols and ethers.

Hydrogen donors provide a hydrogen atom, which caps the previously formed peroxyl
radical, and produces a new radical species, which can re-initiate the polymerization. While
reducing the chain length, similar to a chain-transfer reaction, this process will keep the
propagation going. Similarly, a reducing agent can be oxidized by the peroxyl radical to
form a new propagating radical species.68–70

Cationic Photopolymerization

Cationic photoinitiators are also called photo acid generators (PAG), as a protonic Brønsted
acid or a Lewis acid is produced upon irradiation followed by a series of decomposition reac-
tions (see Figure 1.5). Some examples for PAGs include diazonium salt, diaryliodonium salt,
sulfonium salts, iron arene salt, sulfonyloxyketone, and triarylsiloxysiloxane. Polymerization
can be initiated directly by the generated acid or upon proton formation by reaction with
H2O or other compounds. Propagation happens similar to a radical reaction, by repeated
addition of a monomer onto an active (cationic) site. However, termination reactions are
rare. They only occur upon chain transfer to impurities or other species, such as alcohols,
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producing a less reactive cation. Once the cationic species is generated, it remains active
even when the irradiation is stopped (dark reaction) or the monomer is depleted. The
polymerization can be resumed if new monomers are added, therefore, it is also called a
"living" polymerization. Due to its slow kinetics compared to radical polymerization, dark
reaction is crucial for the final conversion and properties. As depicted in Figure 1.5, the
cationic species is generated via a radical pathway and most PAGs produce a free radical
species as well, therefore also acting as initiators for free-radical polymerization. Typical
monomers for cationic polymerization are epoxides, lactones and cyclic ethers as well as
nucleophilic vinyl monomers. Some advantages of cationic photopolymerization are oxygen
tolerance, low shrinkage due to ring-opening epoxide reactions and the potential use of low
viscosity monomers.53,71–74

Initiation:

Ar2I+X-  [Ar2I+X-]*

[Ar2I+X-]*  Ar-I+· + Ar· + X-

Ar-I+· + S-H Ar-I+-H + S·

Ar-I+-H  Ar-I + H+  

Propagation:

Figure 1.5 – The process of initial acid formation in diaryliodonium salts upon irradiation.74 And of propagation
in an epoxy resin. Modified and reprinted with permission from74. Copyright 1977 American Chemical Society.

Anionic Photopolymerization

While radical photopolymerization is commonly used in industry, cationic polymerization
only attributes for 1̃0% of the market share and anionic photopolymerization is rare.75
However, some resist materials and desired polymers are not accessible through radical or
cationic mechanisms, making anionic polymerization interesting for the control it provides
over composition and polymer structure.76,77 As anionic photoinitiators, inorganic and
organometallic complexes are know as well as ammonium salts, cinnamic acid derivatives,
metallocenes and triarylmethyl derivatives. Upon illumination they form a reactive anion,
which directly adds to a monomer carbon-carbon bond, setting off the polymerization
reaction.77 Additionally, photo base generators (PBGs) have been developed by coupling
amines and other stronger basic species like guanidine to a photosensitive functional group.
Indolines, amineimides, tetraphenylborates, 2-(2-Nitrophenyl)propyloxycarbonyl (NPPOC)
and their derivatives have been utilized as such photocleavable protecting groups.51 The
cleavage of a photobase is depicted in Figure 1.6 with NPPOC-TMG as an example. A
thereby generated base can initiate the anionic polymerization reaction, similar to the
cationic process or act as a catalyst in a polyaddition reaction. However, the strength of
the generated base is a critical aspect of whether or not the polymerization can be started.
Some typical monomers for anionic polymerization are alcohols and isocyanates, epoxy
systems as well as thiol-ene systems for Michael addition.53 Just as their acid counterparts,
PBGs ensure the process to be inert against oxygen and to have a living character with a
pronounced dark reaction.53
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polymerization

Figure 1.6 – Photo-induced formation of a base for anionic polymerization from NPPOC-TMG. Modified and
reprinted with permission from78.

How to Chose a Photoinitiator

When selecting a photoinitiator, the first thing to consider is which initiating species needs
to be produced depending on the monomer or monomer mixture used. As discussed earlier,
there are free-radical, anionic and cationic photoinitiators available. Table Table 1.1 gives
a short overview of monomers and possible polymerization pathways. However, some of
those PIs do not only generate a single species but are designed to initiate both radical and
ionic polymerization, such as some carbazole-based compounds developed by Al Mousawi
et al.79 or they produce an ion via a radical intermediate or sideproduct.80,81 The direct
reaction of the radical within the resin cannot be excluded and would need the assistance
of other additives82 to be eliminated. Therefore, if species or reactive groups susceptible to
the other mechanism are present, the PI has to be chosen with even more care. Zhang et al.
investigated several strong base generating PIs with and without sensitizer and found, that
the non-sensitized systems showed pure base-catalyzed thiol-Michael activity.51

Further, the reactivity of the photoinitiator has to match the light source. As described
earlier, to even initiate any kind of reaction within a photoinitiator, a photon has to be
absorbed and an electron has to be promoted to an excited state. In order for this to happen,
the energy of the absorbed photon has to match the disparity in energy between the ground
state (S0) and one of the excited states (Sn). To give a clue about light-matter interactions
of the PI, an absorption spectrum can be recorded. The PI is thereby dissolved in a suitable
solvent, with a low cut-off wavelength (e.g. acetonitril, chloroform) at a concentration of
about 0.01-0.1 mM. A laser subsequently irradiates the sample, scanning through a range of
wavelengths, and the depletion of light intensity by wavelength is detected on the other side
of the sample. Hence it directly detects the interaction of molecule with light of a certain
energy, depicted as more or less separated absorption bands and a full absorption spectrum.
On a molecular level, each of these absorption bands correlates to an orbital transition of
an electron. While σ → σ∗ and n → σ∗ transitions need a lot of energy, absorbing strongly
in the region 100-250 nm, π → π∗ and n → π∗ electron transitions can absorb up to to IR
region (Figure 1.7, Table 1.1). The height (extinction coefficient) of an absorption band
correlates to transition moment. Its appearance as a band rather than single lines is due to
the vibronic and rotational sub-levels involved.
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Figure 1.7 – Scheme of possi-
ble orbital transitions upon pho-
ton absorption. Reproduced and
adapted with permission from56.

Table 1.1 – Correlation between orbital electron transition and ab-
sorption region. Reproduced and adapted with permission from56.

Electron transition Absorption region [nm]
σ → σ∗ 100-200
n → σ∗ 150-250
π → π∗
isolated π-bonds 180-250
conjugated π∗-bonds 220-IR
σ → σ∗
isolated groups 220-320
conjugated segments 250-IR

As depicted in Table 1.1, the molecular structure plays a vital role on the energy needed for
certain transitions. While an isolated π-bond shows between 180 and 250 nm, conjugated
systems can red-shift the absorption tremendously.56

In some photocurable systems, as the ones investigated in this thesis, it is necessary to
utilize two distinct photochemical processes initiated independently from each other. This
perfect state of independence is called orthogonality. The two rules for orthogonality
postulate, that (1) there must be a wavelength or wavelength region only absorbed by
compound A and a second wavelength region solely absorbed by compound B (Figure 1.8
A). The order of irradiation does not matter and a certain reaction is solely triggered by its
corresponding wavelength illumination. (2) While two reactions are (seperately triggered)
ongoing within the system, no cross-over reactions between chromophors are possible.
Neither the excited states nor the reaction products or intermediates interfere with the
second parallel reaction and no crossover reaction between compound A and B occurs.40,83

Until now, truly orthogonal systems are scarce, as lower wavelength regions always show
more broad absorption due to higher energies available to the system for excitation and
subsequent reactivity. Even if the absorption spectrum of a compound has a minimum and
the reactivity is extremely low, orthogonality often has to be supported by kinetic factors.
If there is a huge difference in quantum yield between two processes and illumination
is short, there will be hardly any change in one reaction whereas full conversion can be
observed on another.40,83 Bialas et al. have created a system where o-methyl benzaldehyde
dimerization can be triggered independently from [2+2] cycloaddition of styryl pyrene
at 330 nm.84 At 330 nm only the cis-trans isomerization of styrylpyrene, as well as the
cyclobutane cleavage (cycloreversion) of the photodimer are active, leading to the formation
of a photostationary state and suppressing notable conversion of the dimer. Additionally,
no cross-reaction between the two molecules was found. Other truly orthogonal systems
comprise photoswitches85, ligation reactions86 and inhibition reactions87. Most other
studies have found relative differences in reactivity88, but lack precision. Scott et al.
explored a system for precise, high resolution laser writing.87 In a sophisticated optical
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Figure 1.8 – Absorption in a mixture of two chromophores CA and CB. (A) fully orthogonal system with two
separate wavelengths for activation. (B) wavelength selective system with sequential activation of CB before
CA. Reused with permission from40.

setup, they utilized the inhibiting effect of thiuram disulfide (TED) activated at 364 nm
to suppress polymerization by camphorquinone (CQ) at 473 nm. The UV-cleavable TED
produces dithiocarbamyl radicals, that recombine with propagating polymer chains, thereby
end-capping it and ending the polymerization.

There are more and more studies on sequentially orthogonal systems, utilizing the lower
energy wavelength first, to evade problems of overlapping absorption spectra. This behavior
is sometimes also described as wavelength-selectivity (Figure 1.8 B). While one reaction can
be triggered independently, another wavelength starts both reactions simultaneously. The
applications range from photoresists89,90, post-functionalization91 and 3D-printing39 over
photoswitches92,93 to medical applications94,95. A more detailed discussion on wavelength
selective reactions, especially for 3D printing applications, will be given in Chapter 2.

Besides these three major points for initiator selection, especially important in novel
initiating systems and research, some other factors play a mayor role for their application
in industry. The efficiency of the polymerization, for instance, is directly influenced by
the cure speed of the PI, making rapid cure essential for high-throughput environments
like inkjet printing and 3D printing. Yet, beyond mere speed, considerations such as the
PIs photobleaching behavior and its tendency to cause yellowing become critical for the
depth of cure and the final product’s optical clarity and color stability, respectively, such
as in coatings and dental composites. Both of these effects originate from photochemical
cleavage reactions. While photobleaching occurs as the chromophore (absorbing in the
visible spectrum) is broken down, yellowing can happen due to the build up of side products
of said reaction with higher wavelength absorptivity.96,97

Moreover, the economic aspect of commercial availability and cost determine the overall
viability of the process, particularly in large-scale operations. Storage stability ensures
the retention of effectiveness over time, thereby guaranteeing reliability. The basic, but
crucial property of solubility of the PI in a certain monomer system ensures not only the
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feasibility of the process but also the uniformity and consistency of the cure. Therefor several
derivatizations of known PIs have been made to obtain a liquid, instead of a solid PI.98,99
In contexts where product safety and integrity are paramount, such as in food packaging
or medical devices, the PIs toxicity, odor and potential for migration poses significant
concerns, necessitating choices that minimize such risks.

In essence, the selection of a photoinitiator is a delicate balance of these diverse factors,
requiring a holistic approach to match the specific nuances of each application. This
often involves iterative testing and refinement to achieve an optimal blend of performance,
safety, and cost-effectiveness, ensuring that the chosen PI not only meets but exceeds the
application’s requirements.4

1.1.2 Photoinduced Cycloadditions

Cycloaddition reactions are bimoleculare reactions involving two reaction partners, that form
a ring structure with two new σ-bonds upon re-organization of π-electrons.100 To classify
such reactions, the number of π-electrons of both reaction partners is stated as in [2+2],
[2+4] or [4+4] (Figure 1.9])with some well-known examples being the Paterno-Büchi or
Diels-Alder reaction. The discovery of this special [2+4] cycloaddition as a versatile tool in
carbon-carbon bond formation even led to Otto Diels and Kurt Alder receiving the Nobel
Prize in Chemistry in 1950.101

[2+2] [4+2] [4+4]

Figure 1.9 – Different types of cycloaddition reactions according to the number of electrons involved.100

Another Nobel Prize in Chemistry, in 1981, was awarded in this field, as Woodward and
Hoffmann stated that orbital symmetry needs to be conserved during pericyclic reactions,
which is now commonly known as the Woodward-Hoffmann rules (Figure 1.10).
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Figure 1.10 – Orbital illustration of the Woodward-Hoffmann rules for cycloadditions with the LUMO on the
left and the HOMO on the right of each pair. While bonding is possible if both orbitals show bonding overlap
(blue dotted lines), bond formation is not possible if one orbital overlap is antibonding (orange dotted line).
Forbidden reactions are greyed out. Adapted from100,102.
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Table 1.2 – Upon extension of the conjugated system, the absorption of a molecule can be shifted to higher
wavelengths as the energy gap for photon absorption is reduced.

Molecule structure Name Absorption maximum [nm]

stilbene107,108 294

naphtylstilbene109 316

styrylpyrene3 375

When looking at the orbital structure, the highest occupied molecular orbital (HOMO) of
one reaction partner and the lowest unoccupied molecular orbital (LUMO) of the other can
be described as the frontier molecular orbitals (FMO) involved in the reaction. For a new
bond to be formed, the orbital overlap needs to be bonding. In a face-to-face arrangement
(suprafacial), which is the energetically more likely state for small π-systems opposed to
antarafacial, this bonding overlap happens for systems with 4n+ 2π-electrons in the ground
state. As an example, a diene (4 π-electrons) and a dienophile (2 π-electrons) can undergo
cycloaddition in a thermal reaction (Diels-Alder reaction), as their FMO overlap in a bonding
way, forming two new σ-bonds. On the contrary, a [2+2] cycloaddition is forbidden by the
Woodward-Hoffmann rules, as the LUMO and the HOMO of the two 2 π-electron-reactants
only form one bonding, but one anti-bonding orbital overlap. However, as a photon is
absorbed and an electron is excited to a higher energy state, the anti-bonding LUMO is
suddenly occupied, making it the new HOMO. With an anti-bonding HOMO, the symmetry
of the FMOs changes drastically, basically reversing the before-mentioned rules. Hence, 4n
π-electron systems (e.g. [2+2] or [4+4]) in a suprafacial arrangement readily react in
cycloaddition reactions upon photon absorption.103

For a cycloaddition to happen between twomolecules with the same amount of π-electrons
involved, first the absorption of a photon must take place. Hence, the absorption spectrum
of (at least) one of the compounds has to match the irradiation wavelength and result in
a reactive, excited state. Besides cycloaddition, the cis-trans isomerization is a competing
reaction from this excited state. Next, there needs to be spatial proximity between an exited
bonding site and one in its ground state, which can make the reaction slow or even unlikely
at low concentrations of active sites.56 A number of C=C bond containing compounds
can undergo light-induced cycloaddition, including (cyclic) α-diketones, carbonyl groups,
maleimides, alkynes and alkenes, especially in conjugated systems.104–106 The conjugated
system is thereby crucial to decrease the energetic gap towards an excited state and red-shift
the activation wavelength (Table 1.2).

Many photo-cycloaddition reactions have been discovered in the mid 20th century, such
as the reactivity of coumarin110, acenaphthylene111,112, indene, furan or maleic acid
anhydride111 and even some photosensitive polymers have already been developed. Minsk,
Robertson et al. discovered that cinnamic acid esters of poly(vinyl alcohol) and of cellulose
become insoluble by UV irradiation and investigated the wavelength sensitivity and the
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Figure 1.11 – Some moieties capable of undergoing dimerization via photo-induced cycloaddition as well as
cleavage upon cycloreversion.107 a Undergoes [4π + 4π]-cycloaddition. b Undergoes [2π + 2π]-cycloaddition.

influence of several additives and solvents.113,114 Tanaka not only showed that poly(vinyl
cinnamylideneacetate) is crosslinkable above 300 nm, but also showed the reversible nature
of the [2+2] cycloaddition in cinnamoyl moieties upon 254 nm irradiation.115 Tsuda,
prepared Poly(vinyl 2-furylacrylate) showing an absorption peak at about 297 nm and
photodimerization of the side groups upon UV-irradiation.116

Over time more and more photocrosslinkable groups have been introduced into polymeric
systems (Figure 1.11), mainly to target the tailored transition from soluble to insoluble. By
increasing the size of the conjugated π-electron system efforts were made to increase the
light sensitivity and shift the absorption wavelengths to progressively higher regions (red-
shift). A PVA, bearing low molar amounts of stilbazolium groups, showed long-wavelength
absorption at 364 nm117, dibenzazepine was successfully crosslinked at 365 nm118,119
and styrylpyrene at wavelengths 405 nm and longer3, with the search for even higher
absorptivities not yet completed.

1.1.3 Correlation Absorption and Reactivity

The nature of an absorption spectrum as a graphical representation of the photon absorption
behavior of a molecule implies it to be a direct translation towards the reactivity of said
molecule. However, in recent years more and more photoreactions have been found to pro-
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ceed at higher wavelengths than they should according to their absorption spectrum.84,120
Barner-Kowollik and his group have therefore started to investigate this behavior in more
depth and created a methodology for the recording of so-called "action plots". Action plots
should depict not only the absorption behavior of a molecule, but also its reactivity towards
a certain, photo-induced reaction. A stock solution of the photoreactive compound or
mixture is produced and separate samples are independently subjected to monochromatic
light from a tunable laser or an LED with narrow emission spectrum. An identical, stable
number of photons is delivered to the sample at each wavelength. After illumination the
sample is analyzed in terms of conversion via UV-Vis absorption spectroscopy or nuclear
magnetic resonance (NMR) frequency changes. The initial absorption spectrum as well as
the conversion at each wavelength are plotted (Figure 1.12).

Figure 1.12 – Action plot for the polymerization reaction of MMA with a novel photoinitiator (OXE01). Showing
the absorption spectrum of OXE01 as well as the wavelength-dependent conversion of MMA. Reproduced with
permission from121. Copyright 2017 American Chemical Society.

In most action plots a red-shift in reactivity versus absorption spectrum is visible, some-
times subtle, other times monumental with shifts of up to 100 nm.122 While a complete
understanding of the mismatch remains elusive, there have been a number of theories
explored to explain this effect.

Fermi’s Golden Rule is a principle stating that "the stronger the overlap in the wavefunctions
of the respective electronic states, the higher the probability of transition and hence the
transition rate".123 This correlates to the magnitude of absorption peaks as the relative
likelihood of a transition occurring at each wavelength, and the width as the range of
vibrational and rotational energies per excited state. Emanating from absorption, a number
of paths for photochemical processes is possible and simple absorption spectroscopy does not
help gaining quantitative information on relaxation pathways and lifetimes. However, the
lifetime of certain excited states is essential for subsequent reactivity. While singlet states
are usually short-lived triplet states have a longer lifetime and are particularly important for
many chemical reactions. Also, relaxation pathways have different quantum yields, so that
the ISC pathway from T1 to S1 could be more efficient than from another excited singlet
state (Sn). Therefore, a lower energy excitation (to a lower excited singlet state) could
give rise to a faster and more efficient reaction. The "hot-spectra" hypothesis is yet another
potential factor as absorption spectra of certain molecules obtained in the gas phase have
shown to be red-shifted.124 While irradiation happens at ambient temperatures, internal
conversion and vibrational relaxation processes (S1 → S0) can lead to a rise of temperature
on a molecular level. All of these processes contribute to the ongoing process of trying to
understand the discrepancy of absorptivity and reactivity of photoactive molecules, not
solving the question completely, but giving valuable insights in processes beyond simply
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photon absorption.122

1.2 Thiol-based Chemistry for Polymer Networks

The thiol-ene reaction is regarded as a prominent instance of click chemistry. It involves
the reaction between a thiol and an alkene (ene), yielding an alkyl sulfide (thioether). The
hydrothiolation of the vinyl group, as its fundamental process, was initially documented
in 1905125. This reaction pathway can be broadly categorized into two mechanisms: (1)
base/nucleophile-initiated, also known as thiol-Michael reaction, and (2) radical-mediated
thiol-ene reactions.

1.2.1 Thiol-Michael Reaction

The thiol-Michael reaction, is the base- or nucleophile-initiated reaction between a thiol
(-SH) and a C=C double bond. It is part of a group of addition reactions discovered by
Arthur Michael in 1887126 where a negatively charged enolate intermediate is formed upon
strong nucleophilic attack on the β-carbon of an α,β-unsaturated carbonyl followed by a
deprotonation (re-gaining the catalyst) to yield the Michael adduct. Via this synthetic route
the formation of C-C, C-N, C-S, C-O and other C-X bonds is possible.127 The thiol-Michael
addition, specifically, has first been reported by Allen et al. in the 1960s.128 Thiol-Michael
addition can be initiated by a number of catalysts, such as strong bases, weak organo-bases
(e.g. Et3N), nucleophiles such as phosphines, Lewis acids, moleculare iodine, metals and
organometallics.127,129,130 The use of a photocleavable protecting group on a base (photo
base generator, PBG), makes it additionally susceptible to irradiation and possible to being
used in photo-based, spatially controlled processes. In a first step, the negatively charged
thiolate anion is formed by interaction with either a base or a nucleophile , which can further
react (as a Michael donor) with an activated, electron deficient C=C (Michael acceptor).
The generated enolate anion then abstracts a proton from another thiol, regenerating the
thiolate anion to continue the propagation reaction (Figure 1.13).

The prerequisite of electron deficiency in the double bondmakes the thiol-Michael addition
slightly less versatile than the radical-mediated thiol-ene reaction. However, the abundance
of such reactants is high and includes (meth)acrylates, fumurate esters and maleimide
derivatives. The overall reactivity depends on the strength and concentration of base
catalyst, the pKa of the thiol, steric accessibility of the thiol, solvent polarity and the extent
of electronegativity of the C=C bond.131 Thiol-Michael addition can happen in the dark if
traces of base are present. This drastically reduces shelf life of some thiol-ene formulations
and increases the need for stabilizers. In a polymerization via thiol-Michael addition, the
polymer grows following a step-growth mechanism.

1.2.2 Thiol-ene Reaction

The radical-mediated thiol-ene reaction can operate through a photochemical pathway
applying a PI.132 Initiation begins with the formation of a thiyl radical by hydrogen transfer
onto the initiating fragment. Some photoinitiators have been developed, directly forming a
thiyl radical upon cleavage of the photosensitive thio-formate group, skipping this initial
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Figure 1.13 – Schematic representation of the reaction mechanism in initiation and during thiol-Michael
addition polymerization reaction.

step.133 The thiyl radical consequently attacks the unsaturated double bond, yielding
an intermediate carbon-centered radical. Chain transfer by hydrogen abstraction from
another thiol results in the final formation of the addition product, with anti-Markovnikov
orientation.57,131 Just like the thiol-Michael addition reaction, the radical thiol-ene process
follows a step-growth mechanism. In most thiol-ene systems the final product does not differ
between those two reaction mechanisms, however, the kinetics and the nature of the reaction
itself are profoundly different. Additionally, it is worth mentioning, that some enes, such as
acrylates and methacrylates, can readily undergo homopolymerization in the presence of
radicals. Thereby a newly created, carbon-centered radical adds to another double bond in
a radical chain-growth reaction, instead of undergoing thiol-hydrogen abstraction, resulting
in a mixed-mode polymerization (Figure 1.14).134

The general reactivity of an ene towards a thiol-ene reaction increases with electron
density of the double bond. Hoyle et al. put a number of reactants in the following order:
norbornene > vinylether > propenyl > alkene = vinylester > N-vinylamide > allylether
= allyltriazine = allylisocyanurate > acrylate > N-substituted maleimide > acrylonitrile
= methacrylate > styrene > conjugated diene.135 Reactivity is effected by steric effects,
electron density, ring strain (in norbornenes) and high stability of intermediate carbon
centered radicals, which interrupt the propagation by hydrogen abstraction. Another study
on thiol-ene reactivity calculated the order as shown in Figure 1.15.

1.2.3 Differences in Thiol-ene Polymers

As mentioned earlier, both, the thiol-ene and the thiol-Michael mechanism, are considered
"click" reactions. Kolb, Finn and Sharpless introduced the term "click chemistry" in 2001,
defining it as a number of "nearly perfect" reactions. They described a set of criteria for
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Figure 1.14 – Radical initiators do not only start thiol-ene addition polymerization, but also simultaneous
(meth)acrylate homopolymerization. This regime is called "mixed-mode" polymerization.
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Figure 1.15 – Predicted order of reactivity of different thiols toward thiol-ene addition reaction. Reproduced
with permission from136. Copyright 2012 American Chemical Society.

reactions of small molecules to belong in this category. "The reaction must be modular, wide
in scope, give very high yields, generate only inoffensive byproducts that can be removed by
non-chromatographic methods, and be stereospecific (but not necessarily enantioselective). The
required process characteristics include simple reaction conditions (ideally, the process should
be insensitive to oxygen and water), readily available starting materials and reagents, the
use of no solvent or a solvent that is benign (such as water) or easily removed, and simple
product isolation. Purification—if required—must be by non-chromatographic methods, such as
crystallization or distillation, and the product must be stable under physiological conditions."137

The thiol-ene and the thiol-Michael reaction carry many of those attributes, such as high
yield, only small amounts of initiator that are necessary, reactivity in bulk (solventless),
no need for purification, reactivity at ambient conditions (room temperature, at air and
moisture), yielding a single regioselective product and a wide range of thiols and enes, that
are commercially available.134

But not only their convenient reaction conditions and kinetics, but also the result-
ing material properties are intriguing. While classical radical-mediated polymers from
(meth)acrylates have been readily used in coating, contact lenses and photolithographic
processes, especially oxygen inhibition and shrinkage stress have been major problems
in some applications.134 Adding multifunctional thiols to multifunctional (meth)acrylate
systems, yielded cross-linked polymers with high conversion and reduced shrinkage stress
experienced during the polymerization process. This can be explained, as a late gelling
point as the step-growth mechanism increases the mobility, reduces diffusion limitations
and offers increased freedom for molecular movement up to high conversions. A highly
homogeneous network is formed due to the stoichiometric reaction between functional
groups and a narrow chain length distribution. Looking at the glass transition range (Tg), a
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polymer from pure (meth)acrylate could have a Tg range from around 200°C, while the
addition of thiols narrows the transition range to 30-50°C.134 A narrow Tg is especially
important for areas of energy absorption and smart materials, where the direct addressing
of a specific region through temperature is key in shape memory materials. Additionally,
with only a small percentage of thiol added, the oxygen inhibition is overcome as peroxy
radicals readily react further with thiols, re-producing reactive thiyl radicals.

1.2.4 Thiol-ene Chemistry in Applications

Since the discovery of thiol-ene click reactions, the applications in small molecule synthesis
and polymeric applications are manifold and reach from the field of bio-chemistry and
medicine to micro-fluidics and optics. In small molecule synthesis, Kuroki et al. used the
relatively weak thioether bond, formed during thiol-ene reaction, as a thiol protecting group
in synthesis. While the protection was specific due to the nature of the click reaction, the
protecting group was readily cleaved upon treatment with a strong base (tert-potassion
butoxide).127,138 Using thiol-Michael addition to produce a linear polymer, stable up to
200°C, Vandenbergh et al. also took advantage of the weak thioesters formed, for the
degradability of their material in NaOH and more physiological conditions (phosphate
buffer).127,139 Using the same principle, Hubbell et al. pioneered in using thiol-Michael
addition in hydrogels to achieve hydrolytically or enzymatically degradable materials for
drug release over several days.140 Again in the field of hydrogels, Anseth et al. investigated
mixed-mode thiol-acrylate hydrogels for their potential as tissue-engineering matrices and
the implementation of certain peptides into the system for targeted cell behavior.127,141

Many post-polymerization modifications have been done on surfaces, especially in
lithographic patterning processes utilizing the accessibility of this click reaction by light
to alter surface wettability, adhesion induced protein attachment and change sensory
responses.134,142 Jonkheijm et al., for examples, showed the spatially controlled immo-
bilization of biomolecules (biotin), after masked illumination of a thiol-functionalized
surface.143 Boyer et al. drastically changed the surface properties of TiO2 nanoparticles by
incorporation of oligo(ethyleneglycol) methacrylate onto the before thiol-functionalized sur-
face. By introducing those polymeric chains onto the nanoparticles, it did not only increase
their water solubility, but also reduced the cytotoxicity towards specific cells, confirming its
importance in nanomedicine applications.144

It can be said, that the thiol-ene/thiol-Michael chemistry, with its "click" character, is
already in use in a countless number of research areas and applications. The simplicity of
the reaction, combined with the capability of photoinitiation, poses enormous advantages,
explains the rapid growth of interest and is expected to fuel further advances into novel
and emerging applications.127,131,134

1.3 Material Processing with Light

Using light for material processing opens up unique possibilities especially in terms of preci-
sion and design freedom. Photolithography is a fundamental technique in semiconductor
manufacturing, utilizing light to transfer patterns onto substrates with high precision for
microelectronics. Nanoimprinting and 3D printing extend this concept to very small and
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three-dimensional structures, offering unprecedented versatility in manufacturing complex
geometries with enhanced efficiency and resolution. These processes outline the potential
of light-based methodologies across multiple industries, from electronics to biomedical
engineering.

1.3.1 Methods for Patterning and Additive Manufacturing

Photolithography

Photolithography is the process to transfer a pattern onto a substrate using light. A photo-
sensitive material, also called photoresist, is selectively exposed to light, either by using an
optical mask to shade certain areas or by direct, selective irradiation by laser or electron
beam. Irradiation triggeres some reaction in the photoresist, which can help either its
crosslinking (negative resist) or its degradation (positive resist). Subsequent to irradiation,
the non-crosslinked material can be removed to expose the desired pattern on the surface
and potential further steps, such as etching or material deposition, can only be performed
on the exposed areas. Photolithographic patterns are either used as templates for subse-
quent surface patterning, as described above and as traditionally done in semiconductor
production, or used as stand-alone patterns. Therefore, they have found applications in the
production of LEDs, photonic crystals, liquid-crystal displays, microarrays of cells, sensors,
activators and devices for data storage.145

Historically, the evolution of photolithography involves a continuous effort of decreasing
the exposure wavelength to maximize resolution. In integrated circuit designs, this allows
for smaller features, less power consumption and lower cost.146,147 Since the 1960s light
sources for lithography shifted from mercury vapour lamps (g-line at 435 nm and i-line at
365 nm), to excimer lasers at 248 nm and argon fluoride lasers at 193 nm to the most recent
application of a laser-pulsed tin droplet plasma to emit extreme UV light at 13.5 nm. This new
technology enables patterning in the extremely low nm region (3-5 nm).148–150 Additionally,
optical and chemical systems have been designed to reduce the developing region and
reduce energy demand and cost.151,152 Leggett has shown how scanning near field optical
microscopy (SNOM) can be used for lithography, pushing the spatial resolution significantly
beyond the limits of conventional wavelength-limited photochemical methods.153 McLeod
et al. have developed a two-color irradiation scheme, utilizing optics in combination with
orthogonal photochemistry to achieve sub-100 nm resolution while employing inexpensive
continuous wave diode lasers (single photon absorption) and very high write velocities.87

Nanoimprinting

Nanoimprinting or nanoimprint lithography is a method to transfer micro- to nano-scale
patterns onto a polymer surface. A negative mould is pressed against a softened thermo-
plastic or a liquid polymer precursor, where applied pressure, adhesion or capillarity ensure
a good mold imprint. After thermosetting of the material, the mould is removed and clear
surface features remain on the polymer. Nanoimplrint lithography is a fast technique for
simple patterning used in semiconductors, electronics, nonlinear optical and microfluidic
devices, and substrates for cell and bacterial growth.145
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3D Printing

Additive manufacturing, also known as 3D printing, is a versatile technology to manufacture
complex functional 3D structures. Materials range from thermoplastics and thermosets to
hydrogels, but also metals and ceramics can be 3D printed.154–156. Additive manufacturing
(AM) was first introduced in the 1980s for special needs in model making and rapid pro-
totyping. Since, it has emerged as a versatile method for fast and customized production
of parts without the need of molds or machining. Today, 3D printers of various types are
commercially available and some models are even affordable for home-use. Over 50 types
of 3D printing technologies based on different principles have been developed thus far,
comprising powder bed fusion, vat photopolymerization, material jetting, material extru-
sion, binder jetting, sheet lamination, and energy deposition as the seven main categories.
Their common ground is a layer-by-layer build up from scratch, using computer-controlled
translation stages according to 3D computer models. A computer aided design (CAD) model
is created and digitally sliced into layers of desired thickness to create a layer-by-layer
pattern or point-by-point path applied by the 3D printer.154 AM has opened a whole new
world in terms of freedom of design, as complex structures can easily be produced in a
single production step (Figure 1.16). For example, chains and and interlinked hinges can
be produced without the need of post-process connections (soldering joints, splices), and
complex solutions for improved heat dissipation (cooling channels) or reduced material
usage in ultralight building by sophisticated static solutions can be realized.154,157,158

Figure 1.16 – Some examples for sophisticated, 3D printed objects.159–161

In polymer 3D printing, extrusion-based technologies are commonly known, using ther-
moplastic materials by melting and subsequent deposition of the softened filament. While
posing the advantage of easy reprocessability by melting, the materials and especially the
resolution of these techniques are limited. In vat-based processes (Figure 1.17), however,
covalently crosslinked polymer networks are formed by illumination from liquid monomers
or pre-polymers to yield permanently cured specimens with exceptional mechanical strength
and stiffness if needed. Typically a number of functional monomers, such as (meth)acrylates,
epoxy resins, unsaturated polyesters, phenolic polymers and organosilicons, are used with
cationic or radical photoinitiators, depending on the desired final material properties.162,163
The original 3D printing from liquid resin is stereolithography (SLA), established in 1984
by Hull et al.164 Using a point light source to cure one voxel at a time, the light source
is scanning all across the layer before moving on to the next one. Illumination can either
be done from above (bottom-up) or below (top-down) the build plate, with a small layer
of liquid resin in-between. This layer is subject to spatially controlled curing. After the
first layer is finished, the build platform is moved to allow new resin between the light
source and layer 1. When adjusted to the correct distance, the next layer is illuminated
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point-by-point as before. Due to the necessity of the light source/laser to scan across layers,
the rate of production is limited in SLA processes to about 0.25mm/min. It is, however, a
well developed technique with high resolution and accuracy (5-50µm) and used in many
fields, such as dental, toys, molds, automotive, and many more.55,162,165,166

Digital light processing (DLP) is up to 10-times faster then SLA, as it illuminates a
whole layer at once. The principle of 3D part production is similar to SLA, however, the light
source is now covering the whole build area instead of just one voxel at a time. The pattern
for each layer is either produced via digital mirror device (DMD) or a liquid crystalline
display (LCD) screen as filter in LCD-type printers. Due to the sophisticated DMD mirror
array implemented, DLP printers are relatively expensive compared to LCD printers. While
they show high resolution and are comparably cheaper, the intensity of the light source is
dimmed significantly due to absorbance in the screen.165,167 In SLA and DLP printing, one
rate limiting step is the switch to a new layer. Usually a printer has some kind of peeling step,
carefully separating the built part from the film above the light source. During this step it is
important for the connection between the layers to be stronger than the adhesion toward
the film for the object not to break. This is usually done carefully and slowly at a preset
tilting angle. Additionally, the build platform is moved further up than the thickness of the
next layer, to let uncured resin flow in more easily and evenly distribute on the illumination
site. This whole intermediate step, is often times more time consuming than the printing of
the layer itself. Therefore a new technique was developed to decrease the adhesion of the
newly printed layer towards the separating film, achieving uncompared building speeds of
8-16 mm/min. This Continuous liquid interface printing (CLIP) was first introduced in
2015168, utilizing an oxygen-permeable interface. As most radically induced polymerization
reactions are inhibited by the formation of peroxides in the presence of oxygen, a thin layer
of non-reactive resin is formed above the illumination source, creating a "dead-zone". This
reduces adhesion and removes the need for the intermediate, time-consuming re-coating
step for each layer, drastically increasing build speed by continuous processing. As the part
production, resin renewal and build elevator movement occur simultaneously opposed to
discrete steps in SLA and DLP, the layer thickness can be reduced to minimize the staircasing
effect without affecting the overall build time.54,162,169,170

Digital Light Processing
DLP

Liquid Crystal Display
LCD

Stereolithography
SLA

Figure 1.17 – Graphic representation of digital light processing (DLP), liquid crystal display printing (LCD)
and stereolithography (SLA) as vat-based 3D printing processes.

A method derived from SLA is Two-photon lithography (TPL), based on the principle of
two-photon absorption (TPA). When a beam of an ultrafast laser is focused on a volume of
photosensitive material, the polymerization process can be initiated, but only within the
focal region.52 TPL is not a layer-by-layer technique, but the focal point of the laser can be
moved freely within the resin, making it a true three-dimensional printing technique, capable
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for building virtually any structure.54,55,171 The laser used in TPL is of a longer wavelength
than the usual initiation wavelength in a one-photon process, allowing for less energy
input. To activate the photoinitiator, more than one photon has to be absorbed by the same
molecule to reach the excited state, which is possible via a virtual intermediate state. The
intermediate excited stage is populated by the absorption of the first photon with the second
photon being absorbed within the virtual state’s lifetime of 10–4 to 10–9s.12,172,173 As an
extremely high power density is needed for TPA, ultrafast, high intensity lasers (femtosecond
lasers; 1013W/µm2) are used and tightly focused. Only in a very narrow region inside the
focal plane can the necessary photon density be reached and the photoinitiator be activated.
This leads to a very high resolution, even below the illumination wavelength, in the range
of 100 nm.162,172,174,175 With its extremely high resolution, but low printing speed and
small printing area, typical applications of TPL include refractive and diffractive optics,
microfuidics, tissue scaffolds, mechanical metamaterials, photonics, and plasmonics.176

Multi-Material Printing

With 3D printing emerging into every-day applications, the need for a variety of materials
integrated in a single object is increasing. This makes multi-material stereolithography
a method of growing interest.177,178 An intuitive way to implements multiple materials
in SLA is to use several resins. The most straight forward way is to manually switch the
resins or resin vats. To implement this into an automated process, several vats have be
used on moving platforms or carousels for the change-over.179–183 A critical point when
changing resin is cross-contamination. Therefore a lot of effort in process design went into
the intermittent cleaning step as well as the reduction of resin contact area to reduce the
amount of possible resin carry-over. The cleaning step involved approaches such as rinsing,
brushing, wiping, blow-drying or ultrasonification.180,184

Another option is the use of two wavelengths to trigger different chromophors and
chemical reactions. In a mixed cationic and radical resin, containing acrylate as well as
epoxy monomers, radical polymerization can be triggered independently from the cationic
network formation at a higher wavelength. While this leads to a relatively soft network, the
lower wavelength activation of both PIs or a dual-mode radical/cationic PI will form a more
crosslinked, stiffer sample.36–38 Bowman et al. used the same principle for a combination
of anionic thiol-Michael reaction and radical acrylate homopolymerization, achieving a
difference in modulus of one order of magnitude and a ∆Tg of almost 70°C.41 Similarly,
Rossegger et al. used a dimerization reaction for additional crosslinks. While a more flexible
material was produced by radical thiol-ene polymerization at 405 nm, pendant coumarin
groups were crosslinked upon partial irradiation with 365 nm, showing a distinct increase
in glass transition temperature and modulus.39,185 Barner-Kowollik et at. used the cyclic
dimerization of anthracene moieties to achieve a tunable material after direct laser writing
of an acrylate-based structure. While anthracene dimers are originally present in the resin,
they are partially cleaved during the polymerization step upon laser writing. A subsequent
exposure to LED light of 415 nm resulted in a steady increase of re-formed anthracene
crosslinks resulting in decreased fluorescence activity and increased material stiffness.186
The same group also introduced one of the first truly orthogonal systems for dual-material
additive manufacturing, using two chromophors to activate the dimerization of either
o-methyl benzaldehyde at 330 nm or styrylpyrene at 435 nm.84
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In so-called grey-scale printing, the intensity of exposure is varied to achieve different
degrees of conversion and therefore different material properties. While some used this
approach to facilitate the removal of support structures during post processing187, others
were able to cover a wide range of final part properties from stretchy (at 55% conversion)
to glassy (at 94% conversion) in an acrylate system.185,188,189 Within this thesis a dual-
cure system capable of combining grey-scale printing with the dual-wavelength approach,
selectively tuning material stiffness by irradiation dose of a second wavelength is achieved
(Chapter 2.4).

Printing on Micro- and Nano-Scale

In the last decade 3D and 4D printing, especially on micro- and even nano-scale, has gained
increasing interest.190 The printing process has been improved upon resolution, reducing
voxel size by combination of sophisticated optics and advanced photochemical processes.
In 2014, Stefan Hell was awarded the Nobel Prize in Chemistry for the development of
STED microscopy, which enables high resolution imaging below the diffraction limit, by the
antagonistic interactions of two different colors of light. While a first wavelength excites
the chromophore, a second wavelengt, focused in a donut shape around, has a depleting
function and deactivates the excited chromophore by stimulated emission, hence suppressing
the crosslinking.190,191 This principle can be used for additive manufacturing, known as
STED lithography. A synergistic approach was introduced in 2020 by Hecht et al. termed
Xylography, using a photoswitchable photoinitiator in volumetric 3D printing to increase
printing speed while maintaining a resolution of 10 µm (Figure 1.18).192 Barner-Kowollik
et al. introduced a fully orthogonal system of photoswitches for this kind of 3D printing,
where crosslinking of the two moieties is only possible when both, cis-isomer and ketene,
are in their activated state. Using orthogonal chemistry like this in combination with an
intricate optical setup, even higher resolution can be achieved.193

Figure 1.18 – Volumetric digital manufacturing by xylography show an extremely high resolution process.
Reused with permission from192. Copyright 2020 Springer Nature Limited.

4D Printing: Smart Materials

The term 4D printing was introduced during a TED talk by Skylar Tibbits in 2013 and
represents a significant advancement beyond traditional 3D printing, as it introduces the
dimension of time into the fabrication process.194,195 Unlike static 3D-printed objects,
4D-printed structures are dynamic and responsive, capable of transforming their shape,
structure, and functionality in response to external stimuli. This transformative ability is
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enabled by the integration of smart materials and sophisticated design algorithms into the
3D printing process. By incorporating materials that can respond to various inputs such as
heat, humidity, pH, magnetism, electricity, and light, 4D printing allows for the creation of
structures that can self-assemble, deform, and self-repair over time.196–198

Methods for advanced, phototriggered reactions applicable in 3D printing are just starting
to emerge. The group of Barner-Kowollik and Gescheidt have done some pioneering work
in this field, introducing the concept of action plots (see also Chapter 1.1.3), drastically
changing the view on orthogonal reactions and opening up a tool-box for more approachable
photochemistry.121,122

4D printed, smart materials, including heat-sensitive hydrogels and shape memory materi-
als, have found applications across diverse industries such as aerospace, soft robotics, biomed-
ical, packaging, soft electronics, and textiles, as soft actuators or in smart valves.199,200 In
fields like tissue engineering and regenerative medicine, 4D printing offers the potential to
create constructs that adapt to the desired shape or function upon implantation, promoting
better integration in biological systems.201 Moreover, in healthcare, 4D printing holds
promise for developing adaptive drug delivery systems, enhancing medical devices and
prosthetics, and improving diagnostic sensors by enabling self-adjusting, self-assembling, or
self-healing capabilities.202 Recent advancements in new smart materials and printing tech-
niques, such as multi-material and multi-axis printing, further expand the possibilities for
creating complex and responsive 4D-printed structures.194,200,203,204 Some nature-inspired
4D-structures are presented in Figure 1.19.

A B C D

E

Figure 1.19 – Nature-inspired application of multi-material 3D and 4D printing. (A) A flower blooming upon
illumination.205 (B) Octopus locomotion in water.206 (C) Grey-scale printing for massively different materials.189
(D) Locomotion by light-triggered joint movement in a spider-robot.207 (E) Locomotion of a 3D printed octopus
in a magnetic field.208 A - Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; B - Copyright
2021 Wiley-VCH GmbH; C - creative commons; D - Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim; E - Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

1.3.2 Applications

The concept of programmable smart structures created by 3D printing promises a wide range
of applications in many industries. However, 4D printing is a relatively new technology with
many mechanisms and concepts demonstrated on research scale, but still in the development
phase. It is expected to find many practical uses in healthcare, electronics, automotive,
aerospace, and consumer product sectors especially in otherwise inaccessible regions or on
extremely small scales.204
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Biomedical and Life Science

Initial application of 3D printing in medical devices involved mainly (mass) customization
of hearing aids, dental prosthetics or orthoses.209,210 While filament-based additive manu-
facturing techniques have been used for the production of all kinds of larger medical aids,
e.g. arm braces and lower limb prostetics, vat based techniques have found their way into
applications like dental aligners (Figure 1.21). Substituting fixed orthodontics, they aim
for easy production and high consumer aesthetics. Starting with an intraoral scan of the
patients teeth a digital model is created. A series of incremental changes to the model are
transferred to the matching series of 3D printed clear aligners, skipping the steps of dental
impression and cast modeling. The current material optimization focuses on low water
absorption, creep, biocompatibility and sustained material properties.211–215

3D printed smart materials are also being introduced to the medical field, up to now,
mainly as stents. Stents are tiny tubular devices introduced in the body as scaffolds, typically
used to keep weak or narrowed arteries and blood vessels, but also tracheal vessels, open.
Oftentimes stents are the standard of care since they can be delivered via minimally invasive
surgery with rapid recovery times and small surgical risk. Personalized stents can be adjusted
to individual anatomical dimensions obtained from digital models and scans to eliminate the
risk of stent migration and insertion-related complications.216,217 Prior to insertion, the stent
is folded to reduce its circumference and make it passable in the artery. Upon exposure to
body temperature or external stimuli (magnetic field) the shape memory process is activated
and the stent expands to its working size (Figure 1.20). Recovery time and material
stiffness can be controlled by resin composition218 and additional functionalities have been
implemented into some stents, such as biodegradability219 or drug-release.204,220–222

Figure 1.20 – Unfolding of a stent with the use of shape
memory. Reused with permission from218.

Figure 1.21 – A 3D-printed clear aligner.223

3D and 4D bioprinting, which facilitates dynamic tissue construction in vitro, offers
promising solutions for the increasing need for pharmaceuticals and organs. Shape memory
scaffolds enable minimally invasive tissue delivery, aided by wireless control and integration
with bioelectronics and biodegradation equipment. Stem cells can be directly implanted
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into these scaffolds using 3D bioprinting, advancing organ transplantation and tissue
regeneration. Stereolithographic methods have been tested for the fabrication of bio-
inspired structures.224,225 Grigoryan et al., for example, demonstrated a lung-mimetic
design based on polyethyleneglycol diacrylate and gelatine methacrylate, populated with
human lung fibroblasts. They showed, that human stem cells remain viable during the
additive manufacturing process and functional vascular topologies for studies on fluid
mixers, valves, intravascular transport, nutrient delivery, and host engraftment are feasible,
simultaneously controlling tissue architecture and biomaterials.225 Huang et al. used DLP for
construction of cell-laden hydrogel wound healing patches with high cell viability and precise
cell spatial distribution control. Via a thiol-methacrylate click reaction to incorporate short
peptide sequences, they were able to construct an accurate 3D printed all-peptide hydrogel
platform for cell delivery and self-renewable growth factor therapy.226 Photo-triggered click
reactions were also used by Anseth and co-workers for bioorthogonal coupling, realizing the
controlled patterning of both peptides and proteins in PEG hydrogels, to introduce biological
function into otherwise biologically inert structures. This spatial and temporal control by
masked illumination adds complexity towards their use as cell micro-environments for
biomedical applications and in the field of regenerative medicine.42,227,228

While recent research demonstrates enormous progress towards clinical application,
routine implementation of printed surrogates remains a distant goal, with current studies
primarily limited to proof-of-concept endeavors and the urgent need for optimization before
leaving the laboratory state.154,204,229

At Micro- and Nano-Scale

Advancing into the micrometer scale, stimuli-induced movement becomes an even more
crucial topic as other possibilities of actuation are limited. Several structures and mechanism
have successfully been shrunk to sub-millimeter scales, making them available for biomedical
devices, drug delivery or micro-manipulation. Hu et al. used functional micro-cages to trap
SiO2 particles upon pH responsive swelling and expansion of the pores from 8 to 12 µm on
demand (A in Figure 1.22).230

Similarly Li et al. demonstrated a magnetic actuated pH-responsive hydrogel soft micro-
robot for drug delivery, made from a bilayer structure of bio-compatible PHEMA and PEGDA
with Fe3O4 nanoparticles upon masked illumination (B in Figure 1.22).231 And Spiegel et
al printed a smart box-like microstructure (20x20x15 µm) with a lid to trap microspheres
and release them upon heating (C in Figure 1.22).232

Integration of similar opening and closing mechanisms can also be applied tomicrofluidic
devices as different sorts of valves, pumps and stoppers. With advanced multimaterial,
micro-printing techniques233, stimuli responsive valves can directly be implemented into
microchannels.234 While it is already conveniently possible to 3D print high resolution
fluid tunnels into transparent matrices, active components enable additional control and
complex capabilities, further expanding the sophistication of 3D-printed lab-on-a-chip
devices.235–238
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A B C

Figure 1.22 – Examples for 3D printed structures for drug release on micro-scale. (A) A cage-like ball, responsive
to pH changes.230 (B) A magneticaly activated gripper to catch and release small particles231 (C) A Printed
box-structure to store and release particles.232 A - Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim; B - Copyright 2016 IOP Publishing Ltd; C - creative commons.

Robotics

Compared to traditional robots, soft robotic devices are more flexible and adapted to
biological and medical applications, safely interacting with humans and handling fragile
objects. A number of gripping devices have been developed, taking advantage of shape
memory or swelling behavior and being sensitive to variable stimuli such as temperature,
pH, moisture or magnetic fields. Self-folding devices, micro-actuators, grippers and a variety
of creative, moving shapes have been demonstrated, mostly being pure demonstrations of
mechanisms possible for implementation into advanced devices yet to be developed.239,240

As an example, Kim et al. introduced a ferromagnetic soft continuum robot for minimally
invasive interventional procedures. The rod-like sub-millimeter device is composed of a
printed elastomer core (polyurethane or polydimethylsiloxane) containing magnetizable
NdFeB microparticles and a hydrogel skin for reduced friction. Upon activation of an external
magnetic field, the robot can be actively stirred and is able to navigate complex three-
dimensional networks, making it a promising tool for application in surgical procedures
in hard-to-reach areas such as distal neurovasculature in a minimally invasive manner
(Figure 1.23).239,240

Figure 1.23 – A 3D fabricated soft continuum robot is stirred through a biomimetic maze by magnetic stimuli.
From239. Reprinted with permission from AAAS.
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Movement in such soft robotic devices is a combination of active materials and a clever
design utilizing the strength of each material implemented. Hence, numerous bending and
folding mechanisms have been investigated. Some are directly triggered by magnetism or
by heat to activate pre-programmed shape memory states depending on glass transition
temperatures to fold into distinct shapes,239,241–243 others use light sensitive ink to translate
irradiation into heat to induce the same mechanism.244 Whereas systems of self-deploying
structures such as antennas or solar panels are investigated for application in space245, an
example of a self-folding robot was given by Felton et al. Using prestretched polystyrene as
a shape memory polymer with integrated heating circuits, they were able to assemble and
activate a crawling robot within 270s with no external human interaction (Figure 1.24).246

Not only in robotics, but also sensors and wearable devices, conductive materials and the
possibility to implement electric circuits are of great interest. While it has been shown, that
printed shape memory structures can hold conductive coatings and can be used to fabricate
an electrical temperature switch247, most multimaterial printing techniques for electrically
conductive materials are not light-based.154,248,249 Odent et al. however, showed a family
of ionic composite hydrogels with excellent mechanical properties to be rapidly 3D-printed
at high resolution. The SLA resin, composed of acrylamides and ionic, sulfonate-modified
silica nanoparticles was polymerized with a riboflavin-based initiator system at 405 nm to
yield a flexible, swellable hydrogel, able to act as an electronic connector for an LED lamp
(Figure 1.25).250

Figure 1.24 – A mostly flat robot, that is able to fold itself
upon activation using thermally controlled shape memory.
From246. Reprinted with permission from AAAS.

Figure 1.25 – A hydrogel-based bear struc-
ture was printed an electronic connector to
demonstrate electric conductivity.250 Copy-
right 2017 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim

As mentioned before, 3D printing of active polymers is still in its infancy. While many
new concepts are discovered and investigated continuously, they are not yet used in many
real-life applications. However, the possiblities are seemingly endless, as there are practically
no limitations in design and a vast number of materials to chose from. Special attention
should be given to bio-inspired structures as novel designs try to mimic nature.
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Multi-material printing has been one of the major research interests since the development
of sophisticated 3D printing. While there is the possibility of switching filaments or vats
during the printing process to realize multiple-material implementation, this approach can
suffer from increased print times, poor adhesion and material contamination.185,207,251
Changing a vat can be time-consuming if done by hand or needs additional space and coding
if automated. It involves a cleaning and drying step to prevent material transfer between the
vats and to provide a clean surface for further printing.185,252 Additionally, some structures
might be difficult to print from the second resin due to laser shadowing, trapped volumes,
and surface tension problems, which calls for meticulous planning.253

To overcome some of these challenges, approaches combining hardwaremodifications with
special chemistry were introduced (Chapter 1.3.1). Instead of switching between resins, the
variation in material properties is initiated by the light used. While the molecular structure
of the molecules has to be decided before resin preparation and is not modifiable during
the printing process, the grade of conversion, especially in light-triggered polymerization,
is. Less illumination dose leads to a reduced number of reactive sites generated and, if
stopped at the right time, an incomplete monomer conversion. This method has been used
in so-called grey-scale printing, able to get continuously variable properties, reaching from
soft and stretchy to glassy.185,188,189 In other approaches, two wavelengths were used to
trigger the formation of two separate networks.36–38 Looking at these systems, a vast range
of properties can be generated in the end product from only a single resin. There are no
cleaning steps necessary and the printing process itself is relatively simple, however, there
are some drawbacks as well. First and foremost, there are uncured monomers still in the
product. The remaining, uncured monomers within the polymer network act as plasticizers,
increasing the mobility of the network, increasing the homogeneity of the system and giving
the possibility of leaching, as small molecules can diffuse through the network and escape
into their surrounding. While this might not matter for some applications, leaching of
potentially allergenic or non-biocompatible compounds is unthinkable for medical use.

As incomplete monomer conversion seems to have a number of disadvantages, herein
methods were investigated to increase the crosslinking density by adding functional groups
into the monomers. These active sites should not take part in the initial polymerization, but
be implemented into the network as part of one of the monomers. They are covalently bound
within the polymer, are homogeniously distributed and remain dormant until a reaction is
initiated. Against the background of 3D printing, the most obvious and reasonable trigger for
this is light. Ideally the crosslinker-groups are directly triggered by light to avoid a second
photoinitiator or catalyst. Therefore, the focus was on finding light triggered reactions
between two molecules of the same kind for a simple, straight forward material alteration
without the formation of side products or the need for additional components.

Some long-known chemistry, namely photo-induced cycloaddition reactions, was recently
re-discovered for the use in multi-wavelength 3D printing.39 Dimerizable groups (coumarin)
were implemented into a typical, radically cured network. Directly initiating the dimerization
reaction with light leads to the formation of additional crosslinks and a change in bulk
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material properties.

This chapter presents my recent work on photo-dimerizable groups and their implementa-
tion into a radically cured thiol-(meth)acrylate system. A number of potentially interesting
functional groups were investigated upon their reaction behavior under irradiation in a
small-molecule study. Consequently a chalconyl-based resin was demonstrated suitable
for dual-wavelength printing on macro and micro-scale as well as several smart material
applications. Additionally Chapter 2.5 will give insight into another multimaterial printing
approach based on orthogonally initiated polymerization mechanisms.

2.1 Network Homogeneity

Within a specific monomer mixture, crosslink density and homogeniety are two of the main
factors influencing bulk properties. Usually, crosslink density depends on the functionality
of the monomers, their molecular structure and the grade of conversion.

Network homogeneity is a crucial point if considering a polymer for shape memory
applications. A homogeneous network exhibits a sharper change in material properties, as it
does not exhibit regions, with slightly different behavior and reacts in a uniform way. This
can be measured by the range of temperature (width of Tg) over which the glass transition
occurs and the material switches from a glassy to a rubbery state. In shape memory, this
transition is used to fixate a shape (programming) and trigger movement by releasing
internal tension. The more precise this transition is, the easier it is to trigger motion at a
specified temperature. Combining multiple materials with sharp Tgs, which are sufficiently
spaced to be triggered separately, a multi-shape memory material can be designed.
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Figure 2.1 – Thiol influences the material properties of an acrylate-based resin in terms of network homogeniety
and glass transition temperature. The DMA curves of a pure methacrylate system (0 wt%) as well as a thiol-
acrylate resin with 10 and 19 wt%, respectively, are presented.

Pure polyacrylates or polymethacrylates are known to have a broad glass transition
range due to the chain growth mechanism of their polymerization. Such resins show early
gelation and develop high curing stress through limited diffusion and mobility upon higher
conversions. Therefor thiol was added into the resin. Not only does thiol help overcoming
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oxygen inhibition, but it also acts as chain transfer agent and reacts in a step-growth manner
with (meth)acrylates. It thereby drastically increases network homogeneity, resulting in a
sharper Tg for improved properties in shape memory. Figure 2.1 shows how the very broad
Tg of a pure methacrylate network can be optimized by adding up to 19 wt% thiol.

Shape memory polymers usually operate close to room temperature, which made 25 °C
the target Tg for the thiol-(meth)acrylate network with the possibility to increase Tg by
additional crosslinking. Chosing bifunctional monomers, as well as the addition of up to 19
wt% of thiol helped to achieve this goal.

2.2 Absorption Behavior and Reactivity

In order to work in a dual-cure system, the photo-active secondary crosslinkers need to
react upon a separate light from the first polymerizing one. While illumination with the
first wavelength formes a polymeric network from all (meth)acrylate and thiol monomers
(blue), the crosslinkers (orange) remain untouched (Figure 2.2). This gives a material with
a relatively low Tg due to lesser crosslink density. When illumination with a second, usually
shorter wavelength is done, crosslinks are formed by dimerization and the Tg increases.
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Figure 2.2 – A dual-cure process with two distinct wavelengths. Polymerization takes place between all
(meth)acrylates (dark blue) and thiol monomers (light blue) upon illumination with λ1. Upon illumination
with λ2, usually of a lower wavelength, additional crosslinkers (orange) are formed by dimerization. The Tg

increases from step one to step two due to increased network density.

Three important conditions must be met in order for such systems to work.

1. Wavelength bandwidth: The emitted wavelength regions of the lamps used, must
not overlap in a way that would spoil distinct matter interaction. Therefore light
sources with a narrow emission spectrum, such as LEDs are favored. LEDs are typically
available at output powers of several mW to about 3 W from 265 to 5200 nm (more
commonly 300 - 900 nm), with bandwiths down to about 10 nm. Their affordable
pricing, easy handling and moderate energy consumption make them a preferable light
source.

2. Wavelength orthogonality: At least one reaction, in this case the dimerization of the
additional crosslinkers, should be triggered by one of the two wavelengths only. As
described in Chapter 1.1.3, full or sequential orthogonality must be assured in order
to set up a dual-cure system.

3. Reaction orthogonality: There must not be any reactivity of the crosslinking-groups
towards the polymerizing radical species or other sensitizing effects. The polymerization
in the first step needs to be completely decoupled from the secondary crosslinking.
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The following chapter will discuss a library of molecules or functional groups, which
could be implemented into a dual-cure resin. They will be shortly presented upon their
origin and known applications. Finally the measurements conducted in this work regarding
their reactivity towards light, will be shown.

2.3 Library of Photo-Reactive Groups for Dual-cure 3D Printing

In this chapter, an overview of further potential groups in dual-cure 3D printing will be
given in a small-molecule reactivity study. As absorptivity and reactivity upon a certain
wavelength do not necessarily align, their reaction behavior under selective light sources
was investigated.

From the perspective of DLP 3D printing, only a small number of activation wavelengths
are feasible due to availability on the market, 405 nm being the standard wavelength in most
commercially available DLP printers. The selection of these wavelengths is historically rooted
in the spectrum of the frequently used mercury-vapor lamp, with some of the strongest peaks
in the emission spectrum being at 253.7 nm, 365.4 nm (i-line) and 404.7 nm (h-line). Even
as the LED technology made a great spectrum of emission wavelengths readily available,
most manufacturers of more sophisticated light sources (high power, in 3D printers, etc.)
stuck with ever the same wavelengths. Therefore 254 nm, 365 nm, 405 nm and 450 nm
light sources were chosen for the following study.

A short summary of some functional groups (Figure 2.3), their respective structure,
properties, known reactivity and applications will be given, followed by a brief investigation
of their reactivity upon illumination.

Figure 2.3 – A library of dimerizable groups with their reactive double-bond marked in yellow.

2.3.1 Abietate

Abietic acid belongs to the class of diterpenes and is an abieta-7,13-diene substituted with
a carboxy group at position 18. It is a natural product found in certain pine trees as a
main component of tree resin and has been used in paints, varnishes and soaps.254,255
Abietates produce dimers with an acidic catalyst, giving rise to a variety of up to 40
dimeric compounds,256 but are also known to undergo photoinduced dimerization.257,258
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In poly(vinylbenzyl abietate), the abietate moieties are responsible for increased crosslinking
upon UV irradiation.259,260 In a first study by Kim et al. The insoluble fraction was about
78 % after only 10 min of UV irradiation, showing rapid formation of the crosslinked
polymer by abietate dimerization. They also implemented the abietate into the sidegroup
of a methacrylate by polymerizing methacryloyloxyethyl abietate and again crosslinking
the abietate groups.261
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Figure 2.4 – Reaction kinetics of abietic acid upon illumination with different wavelengths and the respective
UV-Vis spectrum (grey).

Eventhough photoinduced dimerization of abietate has been shown in literature, the
number of studies are minuscule. The herein measured absorption spectrum suggests
reactivity only in the deep UV region (<300 nm). In a kinetic study abietic acid was used
as the model compound. In solution (0.05 mM; ACN) no reactivity at 450 nm and only less
than 10 % final conversion to the dimer at 405 and 365 nm were found (Figure 2.4).

2.3.2 Anthracene

Anthracene consists of three linearly fused aromatic rings. It exhibits 14 delocalized π-
electrons and can undergo [4+4] cycloaddition in the centered ring upon irradiation. Due
to its unique properties as a good fluorophore and good charge mobility, it has found
application as fluorescent tag, in sensors as well as in (photo)electrical applications.262

Anthracene (An) has been used for its phototriggered dimerization reaction in An-capped
polymers for controlled co-polymerization or formation of macrocycles263,264 as well as a
number of polymers with An-bearing sidegroups.262,265

The reversible nature of the anthracene dimer through UVC light, elevated temperature
or mechanically has been discussed extensively266–269. Multiple crosslinking and cleavage
cycles were shown in a variety of polymer networks either upon heating or illumination.
Schlögl et al. applied this behavior in a photo resist for 2D microstructures270 and healing
with light was demonstrated when re-introducing the cycloadduct after cleavage269,271.

In network design the precise control over crosslink-formation via light was exploited
for controlled formation and properties of hydrogels.272 Introducing triazol-substituents as
electron-rich groups in 9-position, bioothogonal formation of a PEG hydrogel was demon-
strated upon visible light (400-500 nm) irradiation.273 Anthracene dimers in the network

– Page 36 of 135 –



Chapter 2
— Dual Cure Systems —

were able to be cleaved (thermally or with light) altering adhesion in rubbers274 or com-
pletely decomposing a thiol-ene network275. Additionally, anthracene-dimerization and
cleavage was demonstrated to facilitate reversible switching in the wrinkling behavior for
smart surfaces276,277 as well as the coiling of single-chain nanoparticles (SCNPs)278,279.

Naturally, the substituent pattern of anthracene considerably influences its absorption
behavior and reactivity. Long and flexible chains lead to faster dimerization while rigid main
chains only show slow intermoleculare reactions.280 The substitution pattern massively
influences thermal cleavage, with up to 70 °C difference for tunable networks281 and
absorption can be red-shifted by 2,6-substitution282 or the introduction of electron-rich
groups at the 9-position.273

However, as investigated herein in UV-Vis spectroscopy, the maximum absorption wave-
length of anthracene is still in the UV range. In solution (0.05 mM; ACN) anthracene
methylacrylate showed almost complete and relatively fast conversion upon illumination at
365 and 405 nm, while no reaction was detected at 450 nm (Figure 2.5). Further examina-
tions were conducted in a resin formulation (Figure 2.5). After the initial polymerization
step at 450 nm with no anthracene dimerization happening, anthracene is crosslinked
rapidly to full conversion at 405 nm. Acrylate or methacrylate derivates of anthracene
therefore pose a very promising group for further investigations and use in dual-wavelength
3D printing with 450/405 nm.

405nm

0 min

5 min

450nm

10 min

Figure 2.5 – Reaction kinetics of anthracene methyl acrylate upon illumination with different wavelengths
in solution (left) and the respective UV-Vis spectrum (grey). Reaction kinetics of anthracene methyl acrylate
in resin upon sequential illumination with 450 and 405 nm (middle). Evolution of the absorption spectra
throughout sequential illumination (right).

2.3.3 Chalcone

Chalcone (or 1,3-diphenylprop-2-en-1-one) is a plant-derived compound with cytoprotec-
tive and modulatory functions. Its derivatives are known for their anti-inflamatory and
anti-cancer potential.283,284 The photo-dimerizing behavior of chalcones has been known
since the 1950s285, but has rarely been used in polymeric materials. The crosslinking
behavior of the chalconyl group was used for the assembly of 2D layers286, liquid crystal
alignment287,288 and in photoresists289–291. However, the polymethacrylate containing
side-chain chalconyl units was polymerized in solution with benzoyl peroxide, using different
stimuli for polymerization and additional crosslinking.
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Figure 2.6 – Reaction kinetics of hydroxychalcone upon illumination with different wavelengths and the
respective UV-Vis spectrum (grey).

Shown above (Figure 2.6), the absorption and reaction behavior of chalcone was evaluated
for the implementation into an λ-orthogonal resin. While there was no dimerization recorded
at 450 nm (0.05 mM; ACN), the reactivity at 365 and 405 nm was relatively fast, which
depicts very high potential for λ-orthogonality in a resin. The low conversion could be
attributed to the behavior in solution, as lower concentrations reduce the probability of
dimerization taking place.

2.3.4 Cinnamoyl

Cinnamoyl (or 3-Phenylprop-2-enoyl) is the functional group derived from cinnamic acid.
Its derivatives are widely found in nature in essential oils or spices such as in cinnamon,
basil, strawberry and Eucalyptus olida.292,293 Some are used as anti-inflammatory agents,
anti-oxidatives or antimicrobial agents.294 The knowledge of photoreactivity of compounds
containing cinnamoyl groups can be dated back to the early 1950s295, Poly(vinyl cinnamate)
was the first synthetic photopolymer296,297. It used cinnamoyl groups in the side chain for
crosslinking across polymer chains and subsequent solidification of the sample. Over time
the reaction mechanism leading to the polymerization was found and more and more similar
photoreactive polymers based on the cinnamoyl group were investigated.298–302 Currently,
cinnamoyl groups have been implemented in various polymers as side groups or in the
backbone. The photo-triggered dimerization within polymer chains (intramolecular) as well
as among different chains (intermolecular) was shown,303 as well as different orientations of
bonding (head-to-tail and tail-to-tail), forming truxillic acid or truxinic acid, respectively,304
and the competing photo-isomerization (cis-trans).302

Generally, the photoreaction is induced with UV light at wavelengths below 365nm, as the
cinnamoyl unit shows maximum absorption in the region of 280 nm. However, depending
on the chemical environment, the maximum absorption can be red-shifted. As an example,
Kawatsuki et al. introduced a benzyl ring with various substituents, shifting the peak UV-Vis
absorption to a maximum of 315 nm, improving reactivity upon 365 nm illumination.305
Dimerization as well as subsequent photo-cleavage of the cyclobutane ring is achieved by
carefully selecting the excitation wavelengths, 365nm and 254 nm being a convenient pair
due to the availability of light sources.306
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Even though several publications claim to have modified cinnamoyl groups with illumina-
tion at 365 nm, these experiments were usually done at high light dosage and in thin films
(nm - µm range).302,305–307
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Figure 2.7 – Reaction kinetics of cinnamoyl-chloride upon illumination with different wavelengths and the
respective UV-Vis spectrum (grey).

As the aim of the experiments presented in this work is to create a resin for 3D-printing,
the light sources available have low intensity (ca. 20-200 µW/cm2) and the illumination
times should be as short as possible. When cinnamoyl chloride was herein investigated
in solution (0.05 mM; ACN), neither of the applied wavelengths (365, 405 and 450 nm)
could achieve any significant reaction (Figure 2.7), therefore, the cinnamoyl moiety is not
suitable for further investigations in an unmodified form.

2.3.5 Iminostilbene

Dibenzazepine (or Iminostilbene) is a chemical compound with two benzene rings connected
to the seven-membered azepine ring, bearing a double-bond opposite the nitrogen. N-
acryloyldibenz[b,f]azepine and its dimerizing behavior has been explored in thermally and
photo cured co-polymers in the 1970s.308 Further investigations on the behavior of a variety
of derviatives of iminostilbene has been done in the beginning of the 2000s, as Goerner et
al. exemplified the enormous influence of substituents onto the absorption and reaction
behavior.309 While some N-acyl derivatives showed high conversion towards dimerization,
N-alkyl substituted molecules did not react at all. In 2020 Yagci et al. used an N-acyl
derivative with ene-functionality to implement Dibenzazepine into a thiol-ene network via
concurrent curing and dimerization at 365nm.310 Subsequent illumination at 250 nm lead
to well-defined cleavage of cyclobutane units and could liquify the sample.
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Figure 2.8 – Reaction kinetics of iminostilbene upon illumination with different wavelengths and the respective
UV-Vis spectrum (grey).

Dibenzazepine derivatives, especially with spacers to provide for a lower melting point,
pose promising functional groups for dual-cure 3D printing. The unsubstituted iminostilbene
investigated in this study, however, did not show sufficient dimerization activity upon 365,
nor 405 nm illumination (Figure 2.8).

2.3.6 Styrylpyrene

Styrylpyrene, also known as 1-[(E)-2-phenylethenyl]pyrene according to IUPAC, is similar
to stilbene in its structure, but posesses a 4-membered fused benzene system (pyrene),
which drastically red-shifts the absorption maximum from 294 nm107,108 to 375 nm3. In
1980, Kovalenko et al. first observed the dimerization and isomerization of styrylpyrene
(SP) upon illumination, however, it was not until 2016 that its photoreactivity was used by
Doi et al. in the reversible crosslinking of DNA strands. The mild conditions (455 nm, 280
mW LED, 20°C) necessary for dimerization made the application in such a fragile structure
as DNA possible.311

In the following years the reactivity of hydroxy-styrylpyrene was studied in detail by the
group of Barner-Kowollik. They evaluated the formation of different dimers43, the maximum
conversion wavelengths for dimerization and cleavage (at 435 and 330 nm, respectively)3,
as well as the change in light-interaction when concentration or solvent are altered312. The
application of SP-dimerization was shown in single-chain nanoparticles, as controlled folding
was achieved through dimerization of side-chain SP-units313 or an orthogonal system with
SP and anthracene moieties.278,279 While irradiation at 470 nm led to selective [2+2]
dimerization or styrylpyrene, illumination with 415 nm light could sequentially trigger full
coiling of the polymer chain by [4+4] cycloaddition of anthracene.279 Alternatively, coiling
(through anthracene) and single-chain ligation (through SP) can be orthogonally triggered
using 330, 410 and 455 nm for folding, folding and ligation, or ligation only, respectively.278
Due to the low concentration of polymer chains in solution, the intramolecular dimerization
exceeds the intermolecular reaction, which is anticipated for the selective coiling adverse to
network formation.

Forsythe et al. investigated the behavior of poly(ethylene glycol) with styrylpyrene end-
groups under mild irradiation conditions (visible light; 20mW/cm2).314 The formation of
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hydrogels from linear and 4-armed precursors and the photomodulation of their mechanical
properties was demonstrated. SP-crosslinks could be repeatedly (6 cycles) cleaved upon
340 nm irradiation, which also led to light-induced self-healing properties of the presented
material.

Employing SP for surface modification on metal-organic frameworks, Wang et al. created
a light-triggered cage to trap cargo molecules and release them upon SP-cycloreversion at
356 nm.315

Figure 2.9 – Reaction kinetics of styrylpyrene upon illumination with different wavelengths in solution (left)
and the respective UV-Vis spectrum (grey). Reaction kinetics of styrylpyrene acrylate in resin upon sequential
illumination with 405 (orange) and 365 nm (blue). The conversion is shown, as well as the respective spectra
in the background (right).

Styrylpyrene is a promising candidate for the use in dual-cure 3D printing and was
evaluated in this work. While 365 and 405 nm both show rapid and sufficient conversion
in solution (0.05 mM; ACN), illumination at 450 nm is significantly slower and reaches
only up to 15% conversion (Figure 2.9 - left). Additionally, the reversible nature of the
styrylpyrene [2+2] cycloaddition at sufficiently long wavelengths, opens the possibility
for creating a less crosslinked material upon secondary illumination. This was tested in
a thiol-methacrylate resin with sequential illumination at 405, then 365 nm. While the
dimerization proceeded rapidly, the cleavage of the crosslinks showed an efficiency of only
10% (Figure 2.9 - right). To improve the styrylpyrene resin for dual-cure applications, the
wavelength for dimer-cleavage as well as the resin composition should be altered and a
spacer between the functional SP-group and the acrylate should be considered.

2.3.7 Uracil and Its Derivatives

Uracil, Pyrimidine-2,4(1H,3H)-dione, is one of the four nucleic acids, with thymine being
its methylated derivative. Dimerization of the 5,6 carbon double bond in uracil (U) and
thymine (T), respectively was found to be triggered by UV light. Contrary to thymine, uracil
does not show reversibility, however, a higher sensitivity to photodimerization.316,317 The
process was investigated in numerous studies with respect to compound concentration,
wavelength, mechanistics, solvent and oxygen concentration in solution318–321.

Nucleic acids have been subject to a number of photochemical studies with fo-
cus on biochemical processes, especially for DNA-related research and for drugs in
chemotherapy.322–324. In simple crosslinking experiments, uracil and thymine showed the
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formation of insoluble fractions when used in sidechains of poly(vinyl alcohol).316,325 Some
studies already used thymine derivatives for applications like hydrogel formation326, for
environmentally friendly water-soluble photoresists327 or light-triggered covalent bonding
in self-assembled structures in bio-inspired thymine-based bolaamphiphilic molecules.328

Zhao et al. used thymine, immobilized on the surface of mesoporous silica nanoparticles,
to create a gate-like structure and cage or release guest molecules upon irradiation (365 nm
or 240 nm, respectively).329.

Additionally, reactivity of uracil, thymine and their derivatives was investigated. While
long alkyl chain substituents increased the reversibility of thymine compared to an ester
derivative317, 5-tert-butyl substitents blocked the formation of [2+2] cyclodimers due to
steric hindrance330.

Several studies proposed to substitute one or both carbonyl-oxygens with sulfur atoms to
generate red-shift. In uracil the absorption limit could be pushed to about 400 nm331 and
thymine shifted from absorption maximum of 267 nm (T), to 275 nm (2TT), 335 nm (4TT)
and 363 nm for 2,4-dithiothymine (2,4TT).332,333 These molecules show higher triplet
quantum yields and promise an increased effectiveness as UVA chemotherapeutic agents in
deeper-tissue applications.324,332

In this small molecule study, uracil and thymine showed no reactivity at 365 nm or
higher (Figure 2.10 and Figure 2.10). Therefore some of their thiolated derivatives were
synthesized. The absorption spectra show a distinct red-shift upon implemented sulfur
atoms. The double substituted 2,4-dithiothymine showed the highest shift with absorption
up to 430 nm (Figure 2.10).

Figure 2.10 – Reaction kinetics of uracil (left) and thymine (middle) upon illumination with different wave-
lengths and the respective UV-Vis spectrum (grey). Thiolation of the carbonyl group results in a red-shift of the
absorption spectra (right).

The two uracil derivatives, 2-thiouracil (2TU) and 4-thiouracil (4TU) were investigated in
solution (0.05mM, ACN). 2TU showed no substential dimerization at suitable wavelengths,
only at 254 nm (Figure 2.11). 4TU showed reaction upon all illumination wavelengths
with 365 nm having the fastest conversion, followed by 405 nm and 450 nm, which only
reached 20% conversion in the investigated time-frame (Figure 2.11). Even tough no full
orthogonality could be achieved with 4TU, it could still be used if kinetics were taken into
account and polymerization times were short.
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Figure 2.11 – Reaction kinetics of 2-thiouracil (left) and 4-thiouracil (right) upon illumination with different
wavelengths and their respective UV-Vis spectra (grey).

The three thymine derivatives, 2-thiothymine, 4-thiothymine and 2,4-dithiothymine,
were investigated in solution (0.05 mM, ACN). While 2TT showed only marginal reactivity
(10%) at the desired wavelengths, 2,4TT showed high conversion at all wavelengths, even
450 nm (Figure 2.12). Therefore, they are both not suitable for dual-cure applications. 4TT,
however, is a promising candidate as is shows relatively fast and almost full conversion at
365 nm, while dimerization at 450 nm is negligible (Figure 2.12).

2-thiothymine 4-thiothymine 2,4-dithiothymine

Figure 2.12 – Reaction kinetics of 2-thiothymine (left), 4-thiothymine (middle) and 2,4-dithiothymine (right)
upon illumination with different wavelengths and their respective UV-Vis spectra (grey).

2.3.8 Conclusion

After investigation of the reaction behavior of several functional groups toward photo-induced
dimerization in solution, only four show promising properties for further investigation. Chal-
cone, 4-thiothymine, anthracene and stryrylpyrene display distinct conversion differences
upon 450 nm and 365 nm or 405 nm irradiation. Their reactivity must be confirmed in
resin formulations in the presence of a photoinitiator and possible sensitizing molecules.
Additionally, styrylpyrene showed indications for cycloreversion, which should be further
studied with respect to the choice of wavelength for bond cleavage and resin environment.
It’s potential use in dual-cure 3D printing would result from an initial fully crosslinked
material, with light-triggered softening.

The chalconyl group was chosen as a first candidate for implementation into a
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thiol-methacrylate dual-cure resin, which will be elaborated in the following chapter
(Chapter 2.4).

2.3.9 Materials and Methods

Synthesis: Hydroxy-styrylpyrene (SP-OH)was synthesiszed adapting a previously published
procedure.3,334 1-Bromopyrene (3.0 g, 10.7 mmol) and Palladium(II)acetate (0.12 g,
0.53 mmol) were flushed with nitrogen in a round bottom flask for 10 min. Triethanolamine
(2.9 ml, 21.4 mmol) and DMF (50 ml) were added with a syringe and the reaction is stirred
until completely dissolved. 4-acetoxystyrene (2.0 ml, 12.8 mmol) was added slowly and
the reaction mixture was heated to 100°C and stirred over night. After cooling to room
temperature water (50 ml) was added and the solution was neutralized with 1N HCl. The
product was extracted with ethyl acetate (3x50 ml), washed with brine (3x30 ml), dried
over sodiumsulfate and the solvents removed under reduced pressure. Purification was done
by column chromatography (cyclohexane:ethylacetate 4:1) and subsequent recrystallization
from DCM. Yield: 23% NMR is displayed in Figure 2.S1

Styrylpyrene-acrylate (SP-A) was synthesized similar to a published procedure.335 0.3 g
of SP-OH (0.97 mmol) was flushed with nitrogen in a round bottom flask and dissolved
in dry THF (10 ml). Trithylamine (0.2 ml, 1.45 mmol) was added and the mixture was
cooled in an ice bath. Acrylcarbonylchlorid (131 mg, 1.45 mmol) was added dropwise. The
reaction was stirred over night at RT, washed with HCl (3x20 ml), NaHCO3 (50 ml) and
brine, then dried, filtered and the solvent evaporated at reduced pressure. NMR is displayed
in Figure 2.S1.

2-(2-(thymin-1-yl)acetoxyl) ethyl methacrylate (T-HEMA) was synthesized according to
a two-step protocol.336 HEMA (13 g, 0.1 mol) and TEA (15 ml, 0.107 mol) were dissolved
in CHCl3 (300 mL) and bromoacetyl chloride (8.3 ml, 0.1 mol) was added drop-wise while
cooling in an ice bath. After stirring for 2 days, any remaining bromoacetyl chloride was
quenched with methanol (5 ml). The solution was stirred for an additional 30 minutes and
then poured into saturated aqueous NaHCO3 (100 ml). The organic phase was washed
with water (2x100 ml), dried with anhydrous MgSO4, filtered, and concentrated under
vacuum, resulting in a brown oil. This product underwent further purification via column
chromatography (ethyl acetate:hexane 1:4), yielding Br-HEMA as a colorless oil (10.5 g,
39% yield). Thymine (2 g, 14.2 mmol) and anhydrous K2CO3 (2.21 g, 14.2 mmol) were
added to dry DMF (100 ml) and stirred for 30 min. Then tetrabutylammonium iodide
(0.33 g, 0.9 mmol) was added and the mixture cooled in an ice bath. Br-HEMA (2 g, 8 mmol)
was added dropwise and stirred for 2 days at RT. The mixture was filtered and the solvent
was removed at reduced pressure. The remaining solid was extracted with DCM, filtered
and concentrated. Column chromatography with MeOH:DCM (2:98) yielded a white solid
after removal of solvents (1.2 g, 51% yield, Figure 2.S2).

4-thiouracil (4TU), 4-thiothymine (4TT) and 2,4-dithiothymine (2,4TT) were synthe-
sized according to the protocoll published by Lapucha et al.333 Tetraphosphorus decasulfide
(4.4 g,10 mmol) was dissolved in diglyme (100 ml) and the corresponding uracil derivative
(uracil for 4TU, thymine for 4TT and 2-thiothymine for 2,4 dithiothymine; 10 mmol) was
added slowly (evolution of carbon dioxide) while stirring. The mixture is stirred at 110°C
until full turnover (TLC) and poured onto cold water. The solid product is isolated by
filtration, washed with cold water, dried and recrystallized from water. The reaction was
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confirmed by IR and UV spectroscopy (Figure 2.S3).

UV-Vis Spectroscopy: UV-Vis spectra were recorded on a Varian Cary 50 UV-Vis spectropho-
tometer (Agilent Technologies Inc, Santa Clara, USA; software: Cary WinUV Scan version
3.00(182)). Data processing was done with MestReNova version 14.2.0 and SpectraGryph
version 1.2. All spectra were used without baseline correction. The signal change was
recorded at the long-UV peak maximum. For basic absorption spectra and a first evalua-
tion of dimerization reactivity the samples were diluted to a concentration of 0.05 mM in
acetonitril. The spectra were recorded at 200-600 nm with a scan rate of 4800 nm min–1

and a datapoint interval of 1.0 nm. Illumination was done directly in the quartz cuvette.
To evaluate dimerization in a resin, the sample was dropcoated onto a calciumfluoride
disc (thickness=1 mm; diameter=10 mm). The sample thickness was reduced until an
absorption below 1 was achieved. The spectra were recorded as in solution. Illumination
was done on external lamps in a stepwise manner. This allows for simultaneous investigation
of FTIR and UV signals.

FTIR Spectroscopy: FTIR spectroscopy was done on a Bruker Vertex 70 FTIR spectrometer
(Bruker Corporation, Billerica, USA) in a range of 4000-850 cm–1 and a datapoint interval
of 4 cm–1 in transmission mode (software: OPUS version 6.0). Data processing was done
with MestReNova version 14.2.0 and SpectraGryph version 1.2.

Irradiation: For each illumination step the sample was removed from the spectrometer,
illuminated with the respective lamp and measured on the FTIR and/or UV-Vis spectrometer.
The lamps used are listed in Table 2.1.
Table 2.1 – Lamps used in irradiation experiments for photo-reactive groups.

Wavelength
nm

Label Manufacturer Intensity
mWcm2

254 Low pressure Hg lamp unknown 2.2
330 OmniCure S1000 OmniCure with filter EXFO Photonic Solutions 18
365 LED Control 5S-100W with a UV-LED Spot P Opsytec Dr. Gröbel 470
405 LED Control 5S-100W with a UV-LED Spot P Opsytec Dr. Gröbel 227
450 LY-A180 wireless LED dental curing lamp Kongsin Dental 4.5
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2.4 Chalcones as Sequentially Orthogonal Crosslinkers in Multi-
material 3D printing of Macro- and Microscopic Soft Active
Devices

Orthogonal photoreactions have recently gained increased attention in polymer chemistry
and additive manufacturing processes, as they offer the possibility of a spatial and temporal
control of material properties. Different UV-Vis absorption of at least two chromophores
enables the individual activation of two separate reactions. However, only a few such systems
with full λ-orthogonality have been published so far, as the overlap of absorption in the
lower wavelength range often prevents selective activation.40 They include, for example,
λ-orthogonal deprotecting groups for surface modification developed by Bochet and co-
workers,338 and a mixture of photoswitches containing azobenzene and a donor–acceptor
Stenhouse adduct discovered by Feringa and co-workers.85 Recently, Barner-Kowollik and
co-workers published a λ-orthogonal two-color flow reaction, where a [2+2] cycloaddition
reaction led to folding of a polymeric chain into macrocycles.339 Most of the applied
systems, however, are not fully orthogonal, but show wavelength selectivity or sequential
orthogonality, in which a certain order of illumination must be followed to separate the
reactions.83 While some restrictions are added by the order of reactions, these systems still
retain the benefits of multi-step control over material properties.

While photoinitiators are commonly used for the curing of resins in light-controlled
additive manufacturing technologies, the specific introduction of reactive chromophores
into the formed 3D structure is still unexplored. However, these molecules offer the ad-
vantage of selective reactivity and the possibility to control the properties of materials
spatially and temporally, which contributes to the increasing number of scientific publica-
tions in the field of polymer science over the last decade.340–344 In particular, photoinduced
[2+2] cycloaddition reactions of conjugated π systems were found to be a versatile tool
to alter crosslinking density in macromolecular systems.39,345–354 While cinnamic acid,
coumarin, stilbene, chalcone, thymine, and their derivatives have been known for their reac-
tivity under light for several decades285,355, their application in photoresists, nanocarriers,
self-healing and shape memory polymers has only been investigated within the last two
decades.107,354,356 Recently, pendent cinnamate and coumarin groups have been exploited
for the creation of temporary crosslinks in shape memory polymers (SMPs) enabling re-
versible shape fixation.345,346,348,349,351,357 Coumarin has also been used in star-shaped
poly(ε-caprolactone) to realize SMPs with different shape transition behaviour350 and in a
hydrogel to induce shape morphing as well as a different swelling behavior using light mod-
ulated cross-linking density.352 Moreover, Rossegger et al. for the first time implemented
coumarin as a crosslinkable functionality into a 3D-printable acrylate resin.39 Although
there are already some reports dealing with the control of cross-linking density in 3D struc-
tures using the photoreactivity of conjugated π systems,39,353,358 cycloaddition reactions
are not yet sufficiently utilized in the field of additive manufacturing.

The development of photocurable resin systems containing polymerizable chromophores
with orthogonal [2+2] reactivity paves the way towards spatial control of network density
and thus the realization of multi-property 3D architectures. Herein, a dual-cure, single-vat
resin was developed, based on the radical polymerization of a thiol-methacrylate monomer
system containing covalently bound chalcone groups as dimerizable crosslinkers. Chalcones
This chapter was submitted for publication to Advanced Materials in 2024.337
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are naturally occurring α,β-unsaturated carbonyl compounds, abundant in nature359 and
have already been used in the side chain or backbone of polymers to alter the crosslinking
density and material properties.360–373 By adding chalcone derivatives to both ends of a
polymer chain, macrocycles could be created by simple illumination.339 In liquid crystals,
chalcone units were used for controlled alignment374 and in ribbon-like crystals, a light-
induced bending could be observed due to the solid-state [2+2] cycloaddition.375 In the
current approach, thermo-mechanical properties of thiol-methacrylate networks are spatially
and temporally controlled via the λ-orthogonal [2+2] cycloaddition reaction of pendent
chalcone groups during printing or alternatively in a post-processing step. The change
in crosslinking density enables a distinct control of the glass transition temperature (Tg),
modulus, shape memory transition and swelling ability. Apart from conventional DLP
printing , two-photon absorption lithography and micro molding have been used for the
fabrication of stimulus-responsive microstructures, applicable for soft active devices.

2.4.1 Resin Design

The concept for the spatial control of the network density is based on the integration of
chalcone groups into the photopolymer network exhibiting orthogonal photoreactivity to the
photoinitiator used (Figure 2.13-A). Consequently, 4’-hydroxy chalcone was functionalized
with methacrylate groups (Figure 2.S4) and was exploited as a co-monomer in a reactive
thiol-methacrylate system consisting of triethylene glycol dimethacrylate, hexanedithiol,
pyrogallol (stabilizer) and bis-(4-methoxybenzoyl)diethyl germane (BMBDG) as a photoini-
tiator (Figure 2.13-B). As shown in Figure 2.13-C, BMBDG provides significant absorption
in the visible range (up to 470 nm), while the chalconyl chromophore of Ch-MA absorbs
light primarily in the UV region.

The orthogonal reactivity of the PI and chalconyl moieties was demonstrated by FTIR
and UV-Vis spectroscopy, respectively (Figure 2.13-D). The initial polymerization occurs
under illumination with light of 450 nm (10.8 J/cm2) by the mixed-mode radical reaction of
methacrylate and thiol monomers. In this step, the chalconyl methacrylate is incorporated
into the polymeric network via thiol-methacrylate and methacrylate homo-polymerization.
While FTIR spectroscopy revealed a rapid decrease of thiol (2572 cm–1; 75% conversion)
and methacrylate groups (1608 cm–1; 98% conversion), UV/Vis spectroscopy showed that
the chalcone groups (absorption at 328 nm) are not reactive at 450 nm. The fact that (i) the
subsequent irradiation at 405 nm (204 J/cm2) leads to an almost quantitative conversion
(95%) of the chalcone groups and (ii) the methacrylate groups show no further reaction at
this wavelength proves the orthogonality of the two photoreactive systems.

The effect of the additional crosslinking formed by the dimerization of the pedant chalcone
groups on the thermo-mechanical properties was investigated by dynamic mechanical
analysis (DMA) as revealed in Figure 2.13-E. While the network without post-exposure
(yellow line) shows a glass transition temperature of 18 °C, the Tg gradually increases up
to 41 °C (817 J/cm2) when irradiated with 405 nm. It is worth noting that the change
in Tg correlates with the conversion of the chalcone groups (Figure 2.S5-A), highlighting
the ability to selectively adjust the Tg by means of the illumination dose. The observed
broadening of the loss factor can be explained by the introduction of inhomogeneities
in the network. Since the light intensity decreases with the film thickness according to
the Lambert-Beer law, the increase in network density is less prominent in bulk than on
the surface. Importantly, increasing the concentration of chalconyl methacrylate in the
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Figure 2.13 – (A) Molecular structure of the resin components. (B) Schematic representation of the spatial
control of the network density using the orthogonal dimerization reaction of pendant chalcone groups. (C)
Overlap of emission and absorption spectra of the photoreactive compounds and the light sources. (D) Reaction
kinetics of functional groups (thiol: orange line; methacrylate green line; chalcone violet line) upon illumination
with 450 nm (4.5 mW/cm2) and 405 nm (227 mW/cm2). The conversion was followed by FTIR (thiol,
methacrylate) and UV (chalcone) spectroscopy. (E) Storage modulus (dashed line) and tanδ (solid line) of
thiol-methacrylate networks exposed (405 nm; 227 mW/cm2) for different periods of time (orange line: 0
min; violet line 5 min; black line: 20 min; green line: 60 min).

resin from 20 to 40 mol% allowed for a more pronounced change in Tg (Figure 2.S5-B).
While the addition of 40 mol% chalconyl groups had little effect on the glass transition
temperature of the untreated network (18.4 ± 0.2 vs. 18.6 ± 0.3 °C), post-exposure with
405 nm resulted in an increase in Tg from 18.6 to a maximum of 47.7 °C (817 J/cm2). In
addition, the thiol-ene reactive system allows for tuning of the properties of the network by
variation of the thiol concentration (Figure 2.S5-C). Increasing the hexanedithiol content
reduces the degree of methacrylate homopolymerization, leading to higher conversion,
homogeneity and lower Tg.134 While the network without thiol exhibits a glass transition
temperature of 128.2 °C, the addition of 10 wt% and 19 wt% hexanedithiol leads to a Tg

of 71.9 and 18.4 °C, respectively. As shown in Figure 2.S5-D, the chalcone conversion is
significantly influenced by the Tg and thus by the mobility of the pendent chalcone groups
in the network. While the thiol-methacrylate network with 19 wt% hexanedithiol provides
a conversion of 96%, only 27% of the chalcone groups have reacted in the methacrylate
homopolymer.
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2.4.2 Local Control of Network Density to Enable Stimuli-responsive 3D
Macrostructures

The homogeneity of the thiol-methacrylate networks explains their narrow glass transition,
which imparts a shape memory effect to such photopolymers. The spatial control of the glass
transition temperature in 3D printed parts facilitates complex architectures with multiple
shape memory transitions. To illustrate this concept, a butterfly structure was produced by
molding under illumination of 450 nm, in which the lower wings were additionally exposed
to light of 405 nm (408 J/cm2) in a post-processing step, as shown in Figure 2.14-A. In a first
step, the whole structure was heated above both Tgs, i.e. 60 °C, and deformed into a bent
state (flapping wings). By cooling to 4 °C this deformation was fixed (programming step).
Stepwise heating above Tg1 (25 °C) and subsequent heating above Tg2 (60 °C) induced a
stepwise relaxation of the butterfly wings according to their illumination sequence. Most
importantly, this concept also enables the permanent reshaping of the 3D printed object in
the glassy state of the thiol-methacrylate network. To demonstrate this capability, a flat,
U-shaped sample was 3D-printed at 450 nm, reshaped at RT and illuminated with 405 nm
as illustrated in Figure 2.14-B. When the sample holder is removed after illumination, the
sample retains the remolded shape due to new crosslinks formed during post irradiation.

Figure 2.14 – (A) Schematic representation of the change in the polymeric network upon partial illumination
with light of 405 nm (λ2) and photographs monitoring the shape memory sequence. (B) Photographs and
schemes showing the process of shape fixation. (C) Schematic representation of the gripper, which closes due to
different cross-linking densities and thus swelling behavior of the orange (450 nm and 405 nm) and yellow
areas (450 nm). Photographs of the reversible swelling process (right).

Besides the thermo-mechanical properties, the network density of photopolymers also
determines their swelling behavior in organic solvents. In this context, the photoinduced
crosslinking via pendant chalcone moieties was used to modulate the swelling behavior of
the thiol-methacrylate networks in a spatially resolved manner. Consequently, a U-shaped
gripper was printed at 450 nm, whereby the inner area - as shown in Figure 2.14-C - was
additionally exposed to light of 405 nm. The immersion of the 3D structure in a solvent
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mixture of dichloromethane (DCM) and ethanol (EtOH) (1:1) for 60 seconds leads to closure
of the gripper. The observed motion is caused by the different swelling behavior of the
inner and outer region. As shown in Figure 2.S6, the additional cross-linking leads to a
significantly lower (approx. 25%) absorption of solvent.

2.4.3 Local Control of Network Density to Enable Stimuli-responsive 3D
Microstructures

To illustrate the versatility of this approach for the fabrication of multifunctional micro
architectures, pillar structures (100x40x15 µm) were fabricated by imprint lithography
using 450 nm light. In a subsequent step, selected pillars were additionally exposed to 405
nm using a photomask (Figure 2.15-A and B). In a first step, the pillar assembly was heated
above Tg2 and bent by applying a compressive force using a metal plate. This shape was
fixed by cooling to room temperature. When heated above Tg1, the columns that were not
exposed to 405 nm returned to their original shape, while the others remained in the bent
state until the temperature exceeded Tg2 (Figure 2.15-C and D).

Figure 2.15 – (A) Schematic representation of the experimental setup for demonstrating the shape memory
response of micro-imprinted pillars. (B) Photograph of the masking process, and (C) photograph showing
different shape memory response of illuminated and non-illuminated pillars at 60°C top view and (D) side view.

For a more detailed investigation of the influence of the illumination dose on mechanical
properties, squares with different doses (405 nm) were inscribed in a thin film using confocal
laser lithography, which were subsequently tested by nanoindentation (Figure 2.16). A
stepwise increase in modulus from 1.45 GPa (non-illuminated) to a maximum of 2.16 GPa
(29.3 J/cm2) was determined, resulting in an overall increase in modulus of 50% at the
highest dose tested. The series of 16 scans shows good linearity with a plateau at the
highest dose, which can be attributed to an intrinsic threshold of crosslinking activity due
to the utilization of free chalcone groups. Apart from the exposure of printed and molded
structures with light of 405 nm (see above) two-photon absorption lithography (TLP)
enables an elegant way of addressing the pendant chalcone groups in the thiol-methacrylate
network. This technique allows a focused and spatially resolved cross-linking reaction in
3D structures with resolutions in the sub-µm range. To investigate the two-photon induced
dimerization reaction, 15 µm long line structures were inscribed into cured films using a
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focused laser beam of 780 nm. As shown in Figure 2.S7, a clear difference in elastic modulus
and adhesion was observed by atomic force microscopy. Exploiting this technique, selected
pillars (100x40x15 µm, by imprint lithography) were subjected to exposure with 780 nm
followed by the investigation of the programmed shape memory response (Figure 2.S8),
where a less pronounced effect was observed. This may indicate a lower crosslinking
efficiency at 780 nm due to a lower quantum yield of two-photon excitation.

In addition to selective crosslinking, TPL was applied to produce microstructures by
exciting BMBDG with two-photon irradiation at 900 nm using a confocal microscopy laser
setup. Firstly, the pattern fidelity of micron-scale features prepared of the dual-wavelength
resin was determined as shown in Figure S6. Compared to mask dimensions (ideal size),
positive features were 0.6 ± 0.3 µm larger and negative features were 0.8 ± 0.7 µm smaller
than those of the digital mask, meaning that all patterned features were accurate to sub-
micron resolution. Negative features are smaller on average than positive features in the
patterned thiol-methacrylate networks due to diffusion of mobile species (e.g., radicals and
low-moleculare weight oligomers) out of the pattern boundaries.

Figure 2.16 – (A) Dose test with alteration of illumination conditions in each square. Laser intensity was
increased by row and the number of scans by line. The moduli measured by nano-indentation are plotted in (B),
with an excerpt of the highest number of scans, also yielding the highest tested modulus (C). (D) displays the
correlation between overall received dose and the observed moduli. (E) Microscope pictures of the polymerized
2.5D structures in the monomer matrix (F), after development and flood curing (G), after inscription of the
additional pattern with light of 405 nm (H, J). The blue and orange circles in G indicate the nano-indentation
sampling sites. (D) shows an overlay with the fluorescence channel, more clearly depicting the inscribed pattern.

Secondly, 2.5Dmicrostructures were prepared by TPL (Figure 2.16-E and F) and subjected
to additional crosslinking by structured exposure to 405 nm light. An increase in modulus
of about 10% was observed in the exposed areas (Figure 2.16-G) by means of nanoinden-
tation. Interestingly, fluorescence intensity (lex = 405 nm) increased following chalcone
dimerization, enabling enhanced visualization of the patterned region (Figure 2.16-H). One
possible explanation for this unexpected photoinducible fluorescence is aggregation-induced
emission (AIE)-type activity; some monomeric chalcones display this behavior376,377 and
other [2+2] cycloadditions are known to yield AIEgens.378–380
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2.4.4 Conclusion

In this contribution, a dual-cure, single-vat resin was investigated, based on radical poly-
merization of a thiol-methacrylate monomer system containing covalently bound chalcone
moieties as dimerizable crosslinkers. This approach enables spatial and temporal control
of the thermo-mechanical properties of thiol-methacrylate networks via the λ-orthogonal
[2+2] cycloaddition reaction of pendent chalcone groups during printing or alternatively in
a post-processing step. Reaction kinetics were studied with infrared and ultraviolet-visible
spectroscopy to demonstrate λ-orthogonality of the polymerization and crosslinking reaction.
The additional cross-linking enabled selective control of the glass transition temperature
and the modulus over a wide range by the illumination dose using light of 405 nm. Spatial
control of the glass transition temperature in the thiol-methacrylate networks enabled
complex architectures with multiple shape memory transitions, which was demonstrated on
various 3D structures fabricated by DLP-based stereolithography and imprint lithography.
Moreover, TPL provided an elegant way of dimerizing the pendant chalcone groups in thiol-
methacrylate networks allowing a focused and spatially resolved cross-linking reaction in 3D
structures with resolution in the sub-µm range. In addition to selective crosslinking, TPL was
tested for the production of microstructures by activating the photoinitiator (i.e. BMBDG)
employed with two-photon excitation at 900 nm using a confocal microscopy laser system.
The analysis of printed test structures showed that resolution in the sub-micrometer range is
achievable with this method. The ability to orthogonally excite both the photoinitiator and
the chalcone groups with high spatial resolution allows the fabrication of multifunctional
microstructures and represents a versatile concept for the fabrication of novel sensor systems
or soft active devices along various length scales.

2.4.5 Materials and Methods

Material and Chemicals: 4’-Hydroxychalcone (TCI, > 95%), methacryloyl chloride
(Fluka), bisphenol A glycerolate dimethacrylate (bisGMA, BOC-sciences), triethyleneg-
lycol dimethacrylate (TEGDMA, Aldrich), pyrogallol (Merck, 99.5 %) and 1,6-hexanedithiol
(HDT, TCI, >97.0 %) were purchased by the respective suppliers. Bis-(4-methoxybenzoyl)
diethylgermanium (BMBDG) was kindly provided by Lithoz GmbH. All materials were used
without further purification.

Monomer Synthesis: 4’-(methacryloyloxy) chalcone (Ch-MA) was synthesized from 4’-
hydroxychalcone and methacryloyl chloride according to literature.360 5 g (22.3 mmol; 1
eq.) of 4’hydroxychalone was dissolved in 100ml toluene and 4.5 ml (32 mmol; 1.5 eq.) of
triethylamine were added to the solution. After cooling to 0 °C in an ice bath 3.25 ml (33
mmol; 1.5 eq.) of methacryloyl chloride were added dropwise over the course of 10 minutes.
The reaction was kept at 0 °C for 4 hours and was further stirred at RT overnight. The
reaction was washed with NaOH (2 M), brine and deionized water. The organic phase was
dried over sodium sulfate, filtered and the toluene removed at reduced pressure. The product
was purified by column chromatography (silica gel 60, cyclohexane:diethyl ether = 5:1; Rf
= 0.25) to yield a slightly yellow solid (71%). An 1H NMR spectrum (CDCl3, Figure 2.S4)
showed peaks at 2.05 (3H, Me, s), 5.76 and 6.35 (2H, HC=CH, d) and 7.17-8.12 ppm (9H
aromatic and 2H, C=CH2, m).

Monomer Characterization: For the chemical characterization of the synthesized monomer
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an 1H NMR spectrum was recorded in chloroform-d with a Nanalysis-X552 nuclear magnetic
resonance spectrometer. Infrared spectroscopy was performed on a Bruker Vertex 70 FTIR
spectrometer (Bruker Corporation, Billerica, USA) in a range of 4000-400 cm–1 and a
datapoint interval of 4 cm–1 in ATR-IR mode (software: OPUS version 6.0). UV-vis spectra
were recorded with a Varian Cary 50 UV-Vis spectrophotometer (Agilent Technologies Inc,
Santa Clara, USA; software: Cary WinUV Scan version 3.00(182)) at 0.05 mM in acetonitrile.
Data processing was done with MestReNova version 14.2.0 and SpectraGryph version 1.2.

Resin Preparation: For the resin a variable composition of TEGDMA, bisGMA, Ivocerin
(1 wt%), pyrogallol (0.1 wt%) and Ch-MA (20-40 mol% of MA-molecules) was mixed
and dissolved on a stirring plate at 80 °C. When the mixture was clear it was cooled to
room temperature and HDT (0-25 wt%) was added. The resin was processed within 30
minutes to preparation to prevent recrystallization of Ch-MA. For all kinetics and DMA
studies the resin was used without bisGMA. For 3D-printed structures and further shape
memory experiments bisGMA was added with a weight ration of bisGMA:TEGDMA = 2:1.
Table 2.2 – Composition of the different resin samples for investigation of the influence of thiol content (1-3)
and chalcone content (3-5), as well as specialized for nano-scale 3D-printing (6).

TEGDMA bisGMAb Ch-MA HDT BMBDG Pyrogallol
wt% wt% mol%a wt% wt% wt% wt%

1 82 - 20 17 0 1 0.1
2 74 - 20 15 10 1 0.1
3 68 - 20 13 18 1 0.1
4 60 - 30 21 18 1 0.1
5 53 - 40 28 18 1 0.1
6 21 42 30 18 18 1 0.1
a mol% of all methacrylate molecules; b bisGMA was added for increased viscosity for improved suitability for nano-scale 3D printing.

Investigation of Cure Kinetics: The resin was drop coated between two calcium fluoride
discs. UV absorption (200-600 nm; scan rate: 4800 nm/min, datapoint interval: 1.0 nm)
and IR spectra (4000-850 cm–1 datapoint interval 4 cm–1) were recorded from the same
sample in transmission mode. For each illumination step the sample was removed from
the spectrometer, illuminated with the respective lamp (450 nm: LY-A180 wireless LED
dental curing lamp from Kongsin Dental (Zhengzhou, China), 4.5 mW/cm2; 405 nm: LED
Control 5S-100W from Opsytec Dr. Gröbel (Ettlingen, Germany) with a UV-LED Spot P at
405 nm, 227 mW/cm2) and measured again. For graphical representation of functional
group conversions, the integral of the respective peaks (acrylate at 1608 cm–1; thiol at 2572
cm–1 in IR and chalcone at 328 nm in UV) was evaluated and plotted versus illumination
time.

Dynamic Mechanical Analysis: For the investigation of temperature dependent mechanical
properties dynamic mechanical analysis was performed on a Mettler Toledo DMA/SDTA861e
analyzer (Mettler Toledo, Columbus, USA). Amaximum amplitude of 10 µm, maximum force
of 5 N and a constant frequency of 1 Hz were applied at a temperature range between -30
and 150 °C (ramp 2 K/min), dependent on the expected glass transition (Tg) temperature.
The Tg was calculated as the maximum of tan δ (ratio between storage and loss modulus =
E’/E”). For the sample preparation the resin was poured into silica molds (20x4x1.5 mm),
illuminated with 450 nm for 7 min under nitrogen atmosphere and further 23 min under
ambient conditions. Then the mold was turned upside down and illuminated for another
10 minutes. After removal of the DMA samples from the mold they were illuminated for
another 20 minutes per side at 70 °C. Polymerized samples were further illuminated with
405 nm at 70 °C for 5 to 60 minutes. Extended illumination times were used compared to
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FTIR spectroscopy to ensure full conversion in the thicker samples.

Stimuli Responsive Experiments: For shape memory experiments a butterfly shape (ca.
4x5 cm) was created by molding, in the same way as the DMA samples. The upper wings
were masked and only the lower wings illuminated with 405 nm for 30 min. For shape
programming, the sample was heated to 60 °C in the oven, then fixed in bent shape inside a
metal cylinder and cooled to 4 °C. To make the two Tgs visible, a first heating step to RT
and a second heating step to 60 °C (heating plate) was performed. For the shape fixation
experiment, grippers of the size of 1.5x2 cm were printed on a Lithoz (Austria) CeraFab
7500 printer at 450 nm. The thickness of the grippers was 0.4 mm, which was printed with
a layer thickness of 50 µm, an energy of 102 mJ/cm2, an intensity of 102 mW/cm2 and a
tilt speed of 10 s–1 for all layers. The gripper was bent up and fixated with a clamp, while
illuminated with 405 nm (227 mW/cm2) for 30 min. The sample was heated above Tg

in an oven (80 °C) for 10 min and flattened by hand while cooling to RT. Shape memory
was followed while heating to 80 °C again. For swelling experiments, a gripper of the
same dimensions was printed on a self-constructed dual-wavelength printer based on an
Anycubic Photon Mono (Anycubic Technology Co., China) with an exchangeable LED setup
operating at 450nm (added) and 405nm (original). The gripper was emerged into a solvent
mixture of ethanol:dichloromethane = 1:1 for 60 seconds, then removed from the solvent
showing closing of the gap in the original U-shape. Reversibility was shown after drying in
ambient conditions. For patterning experiments, a thin film of polymer was produced by
drop coating on a glass slide and illuminating with 450 nm (3.4 mW/cm2), in the same
way as the DMA samples. A chromium coated, simple line mask was directly placed on
the sample and illuminated for 30 min with 405 nm (227 mW/cm2). The samples were
examined with an Olympus BX51 light microscope. For micro scale experiments pillars of
100x40x15 µm were formed by nanoimprint lithography with a silicone mask.

Two-Photon-Lithography (TPA) Experiments: TPA writing experiments from liquid resin
were conducted in multi-photon lithography (MPL) with a custom lithography system
(Workshop of Photonics (WOP), Lithuania) utilizing a ultra-short pulsed laser at 515nm
(CARBIDE, 1MHz repetition rate, >290fs pulse duration, Light Conversion) and a 3-axis stage
(AEROTECH Nanopositioner, USA) for sample movement, further described in381. A 63x
magnification objective lens (63x, NA 1.4, Zeiss, Germany) was used for MPL. For writing in
polymerized films (1) an ultra-short pulsed laser at 780nm (C-Fiber 780, 80MHz repetition
rate, <100fs pulse duration, Menlo Systems GmbH) was used with a 50x magnification
objective lens (50x, 0.42 NA, Mitutoyo, Japan). General writing parameters were wet to:
1mm/s writing speed, 0.5mW Power in front of objective, 500nm hatch distance, 400nm
slicing distance and 200nm overlap in z.

Atomic Force Microscopy: The topography (height), adhesion, and Young’s modulus
measurements were performed with an atomic force microscope (JPK Nano Wizard 4,
Germany) mounted on top of the Zeiss AxioObserver inverted microscope. All measurements
were done with a PPP-NCHR cantilever (Nanosensors, Germany; nominal spring constant
= 42 N/m). Before each measurement, the exact cantilever spring constant and the
sensitivity were determined on the substrate adjacent to the sample area using the contact-
based calibration method (JPK, Germany). JPK QI®mode was used to record complete
force–distance curves in each measured pixel. Height, adhesion, and Young’s modulus
(elasticity) were extracted from force–distance curves via JPK data processing software.
Young’s modulus was obtained by fitting Hertz-contact model (paraboloid tip shape; tip
radius of 15 nm; Poisson’s ratio of 0.40).
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For imprint mask fabrication, the two-photon lithography (TPL) system PPGT 2 (Photonic
Professional GT2, NanoScribe GmbH & Co. KG, Eggstein, Leopoldshafen, Germany) with
the associated large features solution set was used, consisting of a 10x NA0.3 Objective,
the negative-tone photoresist IP-Q (Nanoscribe GmbH & Co. KG, Eggstein-Leopoldshafen,
Germany) and 1”x 1” silicon substrates. A silanization procedure was applied on the
substrate to enhance the adhesion of the printed polymer to the substrate surface. herefore,
the substrates were subjected to corona-plasma activation (custom built, Ahlbrandt System
GmbH, Lauterbach, Germany), directly followed by submersion in a silane solution (27
ml ethanol (100%), 3 ml deionized water, 5 drops of glacial acetic acid and 300 µl 3-
(trimethoxysilyl)propyl acrylate (CAS:4369-14-6)) in a tape-sealed glass Petri dish for
24 h at 70 °C. Subsequently, the already hydrophobic plates were rinsed with ethanol,
dried, and baked at 180 °C for another 8 h. The substrates were drily stored at room
temperature within a desiccator until usage. For the preparation of the print files via the
printer’s associated software standard parameters were chosen (slicing distance: 5 µm,
hatching distance: 1 µm, scan speed: 100 mm/s, laser power: 90% of the maximum laser
power). Only a non-standard shifted in scanning direction of 90° between each printed
layer was introduced. After writing, the development was performed through submersion
in propylene-glycol-methyl-ether-acetate for 20 min and isopropyl alcohol for 5 min. The
patterning of nano-pillars was performed with the above-mentioned device setup with a
20x NA0.5 air objective, slicing of 1 µm, hatching of 0.5 µm, 80% of maximum laser power
and scan speed of 2 mm/s.

Micro-scale 3D-printing: Photopatterning and imaging were performed on a laser scan-
ning confocal microscope (Zeiss LSM 710) equipped with a two-photon laser (Coherent
Chameleon Ti:Sapphire) and a Plan-Apochromat 10X air objective (NA = 0.45). Samples
were visualized using transmitted light from the 488 nm laser line to avoid unnecessary
activation of the chalcone dimerization reaction. Image acquisition was performed with
the 405 nm laser line at minimum power (0.2%). Laser powers, pixel and frame sizes, and
pixel dwell and averaging settings are specified below for each experiment. The resolution
test and printing of the university logo was done with 900 nm (2P) at 100% power, 0.42
µm pixel (2X zoom), 1024x1024, 0.79 µsec pixel dwell and 4 averaging steps (frame scan).
The full volume of the CU Boulder buffalo logo was scanned in this manner two times. After
washing away uncured resin and flood curing the freestanding structure with visible light
(450 nm LED), the sample was aligned on the microscope stage and irradiated with 1P 405
nm light (100% power, 0.5 µsec pixel dwell, 16 scans) to pattern the Montanuniversität
Leoben "M" logo. The dose test was performed as follows: On a previously cured thin film
(50µm, 450 nm LED) illumination was performed with 405 nm, 0.83 µm pixel (1X zoom),
1024x1024, 6.30 µsec pixel dwell.

Nanoindentation: A Hysitron TI 950 nanoindentor was used, utilizing a 5 µm 60 deg
conical probe (NS03221302) with a 10,000 µN capacity, to determine the local modulus
at each of the points of interest within each of the photo patterned samples. Using the
Triboscan 9 software, a customized point array program was run, implementing a custom
load function of 5 s load, 3 s hold, and 5 s release (3 s hold to account for any stress
relaxation in the material). Additionally, the program was run with 60 s motor settle time,
45 s piezo settle time, and drift correction to mitigate any baseline noise. Replicate data
was then averaged and spatially plotted to image the change in modulus across the sample.
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2.5 Utilizing Disparate Polymerization Mechanisms for a Dual-
Cure Resin

In addition to the above described dual-cure approach with free, dimerizable groups, the in-
troduction of network disparity through the use of two disparate polymerization mechanisms
was investigated.

The thiol-Michael and thiol-ene reactions were utilized in their distinctly different mecha-
nisms and reactivities. The thiol-Michael addition is induced by basic compounds, it proceeds
in a step-growth manner and consumes thiol and ene functionalities equimolarly. In a pure
acrylate resin, this reaction cannot take place. In contrast, thiol-ene reaction is initiated
by radicals and proceeds via a mixed mode thiol-ene and acrylate homopolymerization.
In a pure acrylate network this reaction follows the chain-growth mechanism. In a resin
comprised of bifunctional acrylates and thiols with access of acrylate, a radically initiated
polymerization would lead to small domains of homopolymerized acrylates within the
thiol-ene network (Figure 2.17). In comparison, a stepwise polymerization with a photo-
base (thiol-Michael) and subsequent radical photoinitiator (thiol-ene/homopolymerization)
would lead to larger domains of alternating thiol and acrylate molecules from the first step,
as well as long chains of homopolymerized acrylates.

405nm 365nm365nm

diacrylate

dithiol

Figure 2.17 – A dual-cure approach utilizing thiol-Michael and thiol-ene chemistry is graphically depicted.
Simultaneous curing of all monomers with 365 nm light (left) is shown compared to the stepwise crosslinking
of thiol and acrylates (thiol-Michael addition) at 405 nm and subsequent acrylate homopolymerization (right).

The hypothesis was tested, that the difference in polymerizationmechanism (step vs. chain
growth) should alter the network characteristics in terms of crosslinks and chain lengths,
and should therefore result in disparate mechanical properties of the fully cured resin. A
resin was designed comprised of a multifunctional thiol, access of bifunctional acrylate and
two photoinitiators, a long-wavelength photo base (2-(2-nitrophenyl)propyloxycarbonyl
tetramethyl guanidine, NPPOC-TMG) and a shorter wavelength radical type I PI (2-Hydroxy-
4’-(2-hydroxyethoxy)-2-methylpropiophenon, PI-2). The dual-cure sample would be exposed
to 405 nm (thiol-Michael) before completing polymerization with 365 nm (acrylate ho-
mopolymerization), while the comparative second sample would only be exposed to 365 nm,
radically inducing mixed-mode thiol-ene polymerization.

Looking at rheological measurements, the formation of a loose network through thiol-
Michael polymerization is clearly visible as a step in the moduli (Figure 2.18 - middle).
IR kinetics show the change of the signals for thiol, which is depleted completely and
acrylate, which is reduced to the corresponding 50 % mark as the ratio of thiol vs. ene is
1:2 (Figure 2.18 - left). Access acrylate is subject to homopolymerization in the second
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Figure 2.18 – Properties of a resin, cured in a stepwise manner, depending on the reaction regime. FTIR
kinetics show the stepwise depletion of acrylate, while all thiol is consumed in the first step (left). Rheological
measurements indicate the stepwise increase in mechanical integrity and network formation (middle). DMA
confirms the difference between the first step and second step material in dual-cure, however shows no difference
between dual-cure and 365 nm sample (right).

illumination step at 365 nm, where the signal drops below 10 % and further strengthening
of the network can be monitored on the rheometer. As a second sample, the same resin
was cured with 365 nm light exclusively. Rapid curing within the first minute takes place,
completely crosslinking both, thiol and acrylate, at a similar speed. However, looking at
the final values for the elastic and plastic moduli, the difference in material stiffness is only
marginal. This can be confirmed in DMA samples (Figure 2.18 - right) over a range of
resin compositions (Chapter 2.5.1) with varied ratios of functionalities between thiol and
acrylate as well as different branching (multifunctionality) of the thiol. The Tg for both, the
dual-cure and the single-cure (365 nm) approach are comparable. However, for some resins
it was possible to create an alternative material by stopping the illumination after the first
step of the dual-cure approach, only crosslinking thiol and acrylate in a thiol-Michael fashion.
The non-crosslinked acrylate leads to a significantly lower Tg as shown in Figure 2.18 -
right. Not all tested resins exhibited enough crosslinking within the anionic curing step to
produce a solid material and therefore specimen for DMA testing.

Concluding, the hypothesis to achieve significant bulk material differences through tai-
lored anionic-radical crosslinking could not be proved successfully. However, the stepwise
crosslinking could be followed by FTIR, DMA and in rheological measurements and has
potential for a different kind of dual-cure approach, exploiting the uncured acrylate for its
softening influence on the material.

2.5.1 Materials and Methods

Synthesis: Synthesis of 2-(2-nitrophenyl)propyloxycarbonyl tetramethyl guanidine
(NPPOC-TMG) was done according to the protocol published by Zhang et al.41 2-(2-
Nitrophenyl)propyl chloroformate (NPPOC, 3.6 g, 15 mmol) were dissolved in 50 ml DCM.
Tetramethylguanidine (2.88 g, 25 mmol) were also dissolved in DCM (100 ml) separately.
The NPPOC solution was added dropwise and the reaction mixture was stirred over night at
RT. The organic phase was washed with brine (3x30 ml), dried over sodiumsulfate, filtered
and the solvent evaporated under reduced pressure. The product was obtained as white
solvent (75% yield) and the NMR spectra are shown in Figure 2.S11.
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Resins: Dual-cure resins were prepared according to Table 2.3. 1 g of resin contains 1 wt%
PI-2, 1 wt% NPPOC-TMG and 0.2 wt% pyrogallol as stabilizer. The following diacrylates
and thiols were used: Tricyclo[5.2.1.02,6]decandimethanoldiacrylat (TCDDA), Dipropylene
glycol diacrylate (DPGDA), 1,4-Bis(acryloyloxy)butane (BDA), Tetraethylene glycol diacry-
late (TEGDA), Trimethylolpropane tris(3-mercaptopropionate) (TMPMP), Pentaerythritol
tetra(3-mercaptopropionate) (PETMP), 1,4-Butanediol bis(thioglycolate) (BDBTG). The
measurements shown in Figure 2.18 were sample c, a and d for FTIR kinetics, rheology
and DMA, respectively.
Table 2.3 – Formulations for photoinitiator-based dual-cure resins.

Sample Acrylate Thiol Thiol functionality Acrylate excess [%]
a TCDDA TMPMP 3 50
b TCDDA TMPMP 3 200
c TCDDA PETMP 4 100
d TCDDA BDBTG 2 100
e BDA TMPMP 3 100
f TEGDA TMPMP 3 100
g DPGDA TMPMP 3 100

Rheology: Curing experiments were performed on an Anton Paar (Austria) Modular Compact
Rheometer 102 with a measuring system in parallel-plate geometra (diameter = 25 mm).
Themeasurement was conducted on a quartz glass plate and an external lampwas coupled to
the system to allow bottom-up illumination during the measurement. A 405 nm light source
(LED control, Table 2.1) and an OmniCure S1000 OmniCure (EXFO Photonic Solutions,
Canada) with a spectrum of 320-500 nm were used. With a constant gap of 0.1 mm.

Dynamic Mechanical Analysis: For the investigation of temperature dependent mechanical
properties dynamic mechanical analysis was performed on a Mettler Toledo DMA/SDTA861e
analyzer (Mettler Toledo, Columbus, USA). A maximum amplitude of 10 µm, maximum
force of 5 N and a constant frequency of 1 Hz were applied on a temperature range between
-15 and 80 °C (ramp 2 K/min), dependent on the expected glass transition (Tg) temperature.
The Tg was calculated as the maximum of tanδ (ratio between storage and loss modulus =
E’/E"). The samples were produced on the rheometer with a film thickness of 0.1 mm and
cut to dimensions of 20x4 mm before testing.
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Figure 2.S1 – NMR spectra of hydroxy-styrylpyrene (SP-OH, left) and styrylpyrene acrylate (SP-A, right).
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Figure 2.S2 – NMR spectrum of 2-(2-(thymin-1-yl)acetoxyl) ethyl methacrylate (T-HEMA).
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Figure 2.S3 – IR spectra of uracil and its derivatives. Structural conformation for 4TU, 4TT and 2,4TT.

2.6.2 Supporting Information Chapter 2.4

Figure 2.S4 – 1H-NMR spectrum of 4’-(methacryloyloxy) chalcone (Ch-MA) after synthesis.
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Figure 2.S5 – (A) Correlation between illumination time with 405 nm and the reduction in free chalcone units
(right axis) and the achieved difference in Tg after the respective illumination times (left axis). (B) Correlation
between the chalcone content and the maximum difference in Tg achievable by illumination. (C) Influence
of the thiol content on the Tg with and without chalcone dimerization (black and blue, respectively). (D)
Influence of the thiol content on the network mobility and the thereby achieved chalcone conversion.
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Figure 2.S6 – Mass difference in a swelling experiment between the original sample and the swolen sample.
The difference in swelling behavior of the polymerized (green) and further crosslinked (yellow) sample is
displayed.
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Figure 2.S7 – Lines were inscribed onto a thin film with a 780 nm laser. AFM measurements are depicted (top)
with (A) the surface roughness, (B) adhesion and (C) young’s modulus. (D) gives the graphical representation
of the respective values.

Figure 2.S8 – Shape memory experiment with nanoimprinted pillars.
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Figure 2.S9 – Resolution test of micro-scale 3D printing (900 nm; TPA) on thin film. (A) Picture of the printed
structures. (B) Comparison of theoretical and measured values for the feature width with (C) magnification
from B.

Figure 2.S10 – Matrix of varied laser power and number of scans, illustrating the optical effects of 405 nm
photopatterning on a visible light-cured dual-wavelength photopolymer film (scheme left; fluorescence middle).
(Right) Fluorescence (ex/em = 405/420-500 nm) and transmitted light intensity for varied formulations of
dual-wavelength photopolymer. The sample containing no photoinitiator was a pre-cured film while all other
samples were liquid monomer blends.
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Figure 2.S11 – NMR spectra of 2-(2-nitrophenyl)propyloxycarbonyl tetramethyl guanidine (NPPOC-TMG).
1H – NMR (left) and 13C – NMR (right) measured in deuterated chloroform.

– Page 65 of 135 –



3 Photocuring Behavior of Novel
Molecules and Resins

When novel monomers, photoinitiators or resins are introduced, their behavior upon illumi-
nation is crucial for comparison and possible future applications. A number of experiments
are of use to characterize photo-reactive behavior, including photobleaching, UV or FTIR
kinetics, rheological measurements and photo-DSC.

Novel type I radical photoinitiators, based on tin or germanium, were investigated upon
their curing behavior. They can be used in future applications as an alternative to state-of-the-
art phosphorous PIs with reduced toxicity1 and pronounced reactivity in the energy-efficient,
innocuous visible light region. Bio-based monomers with methacrylate, vinyl and alkyne
functionalities were evaluated for their applicability in novel resins for 3D-printable biological
scaffolds or coatings. Eugenyl- and vanillyl alcohol-based monomers show potential as
sustainable alternatives for hydrophobic paper coatings with promising barrier and release
performance. And amino acid-based monomers indicate the capability to be used in bone
regeneration as they are 3D printable and their degradation products are bio-absorbable.

The following chapter will focus on FTIR kinetics and photo-DSC analysis as tools for
monomer and photoinitiator characterization. After presenting some findings on biomass-
derived methacrylate monomers for paper coatings (first author publication382), overall
remarks on the methods of FTIR kinetics and photo-DSC analysis will be given on some
examples from further publications (co-author383–387).
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3.1 Low Molecular Weight Biomass-derived Methacrylate
Monomers for Paper Coatings

When employing a novel photocurable resin in industry, finding the optimal reaction pa-
rameters for the photopolymerization process is a key point. While optimizing the material
and reaction properties, feasibility and economic factors (e.g. time, energy, space) have
to be taken into account. Up to now a variety of radically polymerized photocurable
resins based on (meth)acrylates have been used in applications such as inkjet printing,
photolithography and coatings388–390. However, as the production and use of chemicals
from renewable sources has been increasingly promoted, the investigation of biobased
monomers is imperative.391 Eugenol (2-methoxy-4-(2-propenyl) phenol), first isolated
from Eugenia caryophyllata in 1929392, and vanillyl alcohol (4-hydroxy-3-methoxybenzyl
alcohol), derived from lignin, are notable for their chemical functionalization potential.
Eugenol, found in plant oils such as clove, turmeric, and cinnamon oils, possesses antibac-
terial properties due to its aromatic ring and allyl group, effectively preventing microbial
growth on coated surfaces393. Its structure, particularly the hydroxyl group, facilitates the
formation of photocurable methacrylate esters. Vanillyl alcohol, in contrast, is produced
by reducing the aldehyde group of vanillin, a lignin derivative.394 Lignin is a naturally
occurring polymer distinguished by its complex chemical structure that makes up the wood
tissue. Owing to the presence of methoxy, aldehyde, and hydroxyl functional group in the
aromatic vanillin structure, it is possible to apply distinct functionalization approaches to
this specific molecule.394 Vanillyl alcohol is preferred over vanillin for producing a liquid
resin with methacrylic anhydride due to vanillin’s tendency to form a less processable solid
resin. Both compounds, eugenol and vanillyl alcohol, demonstrate significant versatility in
chemical applications due to their unique functional groups.

The current study, explored two low molecular weight sustainable monomers – eugenyl
methacrylate (EM) and vanillyl alcohol methacrylate (VAM) synthesized via methacrylic
anhydride according to previously reported and adapted protocols.395,396 Using photo-DSC
as a simple, but strong method for the analysis of reaction kinetics, EM and VAM were inves-
tigated upon their suitability for application in hydrophobic coatings on additive-containing
paper (Glassine paper). Compared to previous works that used vegetable oil derivatives
as prepolymers,397–401 herein we report for the first time on the paper coatings based on
low molecular weight monomers. The study aimed to closely examine the polymerization
kinetics across a wide temperature range in order to determine the most optimal curing
conditions for the corresponding coatings. The resulting hydrophobic coatings demonstrated
performance worthy of applications for packaging and release liners – paper carriers for
adhesive labels.

3.1.1 Photocuring behavior

To determine the suitability of eugenol and vanillyl alcohol- based resins for biobased
coatings, reaction kinetics of their respective resins were investigated. The conversion of
double bonds was followed in real-time FTIR spectroscopy during a photoinitiator induced
This chapter was published as an article in Journal of Polymer Research on March 4th, 2024.382 Reproduced with
permission from Springer Nature.
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radical polymerization (Figure 3.S1). The vanillyl alcohol-based resins (VAM and VPE) show
close to full conversion (98 and 97%, respectively) while the conversion of the eugenyl based
resins stops at 88 and 90% (EM and EPE, respectively) and progresses more slowly. This can
be attributed to allylic proton abstraction as side reactions and the incomplete conversion of
allyl double bonds.402 When PDMS-ECEMS is added to the resin, the reaction of double
bonds is slowed down intermittently, as PDMS-ECEMS acts as a diluent, to finally reach a
slightly higher conversion for the eugenyl resin (EPE) compared to the pure monomer (EM)
(Reaction kinetics EM VAM).
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Figure 3.1 – Reaction kinetics of all resins measured on FTIR (left). Full IR spectrum of VAM over time (red to
violett) during illumination (right). Double bond conversion was followed by integration of the IR signal at
1650 – 1620 cm–.

Photo-DSC measurements show a similar picture with relatively fast reaction of vanillyl-
based resins within the first minute (t95% = 27 s and 34 s at 25 °C for VAM and VPE,
respectively), while EPE and especially EM show very low heat flow and a prolonged time
to 95% conversion of 3.5 min (EM) and 5 min (EPE). The difference in heat flow from
eugenol-based and vanillyl alcohol-based resins can be attributed to structural differences.
While VAM possesses two methacrylate groups taking part in the polymerization reaction,
EM can crosslink through only one methacrylate group, with the allyl functionality being
mostly inert in this process (Figure 3.S2). Additionally, in the PDMS-ECEMS resins, a
higher heat flow can be observed, which can be attributed to epoxide rearrangement to
carbonyl groups (Figure 3.S2) and subsequent radical addition to free double bonds.403 To
investigate the influence of temperature on the propagation of the photoinduced curing,
reaction conditions were altered in a range between -10 °C and 100 °C (Figure 3.2 and
Figure 3.3).

For all tested resins, the peak performance was found to be at 10–25 °C. While at lower
temperatures the curing proceeded more slowly and to a lesser conversion, at higher
temperatures a fast initial activity was observed. However, the increase in temperature also
negatively influenced the amount of side reactions and degradation leading to a severely
reduced overall conversion. Peak performance at ambient temperature is apparent in overall
reaction heat (which can be linked to monomer conversion), as well as in peak heat flow
(Figure 3.S1). This leads to the conclusion that, while a fast initial reactivity is preferred,
the disadvantages of increased process costs at elevated temperatures and the reduction in
final conversion outweigh the kinetic advantages.404
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Figure 3.2 – Photo-DSC measurements of EM (A) and VAM (B) with the recorded heat flow [mW/mg], left,
and the integral evolution over time, right. The overall integral can be compared to monomer or double bond
conversion.

3.1.2 Photopolymerized EM and VAM coatings on paper

The hydrophobicity of eugenol and vanillyl alcohol-based coatings on paper was investigated
through contact angle (CA) measurements. Pure EM and VAM exhibit a slightly hydrophilic
surface finish with 83° and 70°, respectively (Table 3.1) and are comparable to previously
published values for eugenol-derived coatings developed by Molina-Gutiérrez et al.405
varying from 82 to 92°. The slightly lower contact angle of VAM is being explained by the
more oxygen-rich structure of the monomer and the tendency of these oxygen atoms to
exhibit polar solvent interactions. To the best of our knowledge and literature findings, no
data on the wettability of vanillin- based coatings have been available. Notably, Srikanthan et
al. fabricated wood-mimicking macroporous vanillin methacrylate-based polymer matrices
via porogen templating method yielding a hydrophilic porous surface and CA of 63°.406
Upon addition of a hydrophobic additive, PDMS-ECEMS, EPE (EM with additive) and VPE
(VAMwith additive) coatings showed a substantial increase in hydrophobicity, with a contact
angle of 106° for both. The pronounced increase in CA of 23° and 36°, respectively, shows
a good compatibility between the additive and both monomers, while the low standard
deviation indicates homogeneous distribution of PDMS-ECEMS withing the coating.

Comparing EPE and VPE to previously published biobased coatings on paper a good
amount of hydrophobicity was achieved. While Parvathy and Sahoo developed hydrophobic
paper coatings based on castor oil and epoxy methyl ricinoleate with the highest reached
contact angle of 97°397, Loesch- Zhang et al. produced hydrophobic coatings using olive oil
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Figure 3.3 – Photo-DSC measurements of EPE (left) and VPE (right) with the recorded heat flow [mW/mg],
solid line, and the normalized integral evolution over time, dashed line.

modified with 1,8-octanedithiol as a prepolymer with a contact angle of 120°398. Employ-
ment of the modified vegetable oil coatings for paper packaging is on the rise. Freire’s group
reported on the tung oil-based photopolymerizable paper coatings with barrier function.399
Wettability of the coatings after being exposed to different irradiation times was significantly
changed exhibiting a CA increase from 71 to 127°. The same group fabricated another
type of photocurable paper coatings for packaging applications copolymerizing 2-ethylhexyl
acrylate with a biobased prepolymer isobornyl acrylate.400

All the coating formulations displayed a remarkable improvement in hydrophobicity of the
paper surface reaching the CA values higher than 120°. In a previous work the wettability
of linseed oil-based thermoset paper coatings reinforced with distinct hydrophobic additives
was studied.401 The coated paper surface exhibited an average CA of 108°. In comparison to
all above-referenced works, which employed vegetable oil-based molecules as prepolymers
for paper coatings, this substantial study demonstrated the potential of low molecular weight
monomers as an asset in the paper coatings arena and confirmed that current achievements
on paper surface modification with biobased coatings likely pave the way for opening a new
chapter in sustainable approach with positive prospects for paper industry.
Table 3.1 – Water contact angle of the UV-polymerized EM and VAM coatings on glassine paper.

Sample Contact angle [°]
EM 83±4
VAM 70±1
EPE 106±2
VPE 106±3

3.1.3 Conclusion

In this study a comprehensive investigation of the photopolymerization behavior of eugenol
and vanillyl alcohol-based resins was presented, emphasizing their application in the devel-
opment of hydrophobic coatings for paper substrates. Through photo-DSC analysis and FTIR
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spectroscopy, superior reactivity and conversion rates of vanillyl alcohol-based resins (VAM
and VPE) compared to their eugenol-based counterparts (EM and EPE) were found and
linked to the structural distinction between the resins, particularly the presence of multiple
reactive sites in VAM. Moreover, the addition of PDMS-ECEMS as a hydrophobic additive sig-
nificantly enhanced the surface hydrophobicity of the coatings, demonstrating the potential
of both biobased resins in creating effective hydrophobic surfaces on paper. Temperature
was found to play a crucial role in the polymerization process, with optimal reactivity
observed at ambient temperatures (10-25 °C). Higher temperatures, while accelerating the
initial reaction rate, adversely affected the overall conversion. This insight underscores the
importance of carefully controlled reaction conditions to achieve efficient polymerization
while minimizing costs and environmental impact. The findings of this research not only
contribute to the growing body of knowledge on biobased photocurable resins but also
highlight the practical implications of these materials in sustainable coating applications. By
leveraging the unique properties of eugenol and vanillyl alcohol-derived resins, environmen-
tally friendly alternatives for the paper coating industry can be further explored, aligning
with the global shift towards renewable resources and sustainable manufacturing practices.

3.1.4 Materials and Methods

Materials: Eugenol 99%, vanillyl alcohol 98%, methacrylic anhydride 94%, 4-
dimethylaminopyridine (DMAP) 99%, 1-hydroxycyclohexyl- phenylketone 99% (trade
name Irgacure 184), dichloromethane 99.5%, ethyl acetate 99.5%, sodium bicarbonate
99.7%, molecular sieve 0.4 nm beads with moisture indicator and poly-dimethylsiloxane-
co-(2-(3,4- epoxycyclohexyl)-ethyl)-methylsiloxane (PDMS-ECEMS) were purchased from
Sigma-Aldrich and used as received.

Synthesis and Resin Preparation: 20 g (121.8 mmol, 1 eq.) eugenol, 20.6 g (133.6 mmol,
1.1 eq.) methacrylic anhydride (MA) and 0.15 g (1.2 mmol, 0.01 eq.) DMAP was added to
a round bottom flask equipped with a thermometer and a magnetic stirrer (200 rpm) and
intensively gassed with nitrogen. The mixture was left to react for 24 h at 45 °C. Afterwards,
the reaction mixture was diluted with ethyl acetate and dichloromethane and washed with
1 wt% solution of sodium bicarbonate. The mixture was left on a molecular sieve overnight
and the solvents were evaporated to yield a yellow oil. Figure 3.S3 20 g (129.7 mmol, 1
eq.) vanillyl alcohol (VA), 40 g (259.5 mmol, 2 eq.) methacrylic anhydride and 0.2 g (1.6
mmol, 0.012 eq.) DMAP were reacted in the same way, however, the reaction took place for
at least 48 h due to the low solubility of VA in MA yielding a colorless oil. Four formulations
were prepared as follows (Table 3.2):
Table 3.2 – Photocurable formulations derived from EM and VAM resin.

Formulation I184 [g] EM [g] VAM [g] PDMS-ECEMS [g]
EM 0.02 1.0 - -
VAM 0.02 - 1.0 -
EPE 0.02 1.0 - 0.1
VPE 0.02 - 1.0 0.1

Fourier transform infrared spectroscopy (FTIR): FTIR measurements from 4000 cm–1 to
850 cm–1 of the resin between two CaF2 discs were performed on a Bruker (USA) VERTEX
70 FTIR spectrometer in transmissionmode, using 2 scans and a resolution of 4 cm–1. Spectra
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were recorded every 5 s during illumination with UV light (OmniCure Series S1500, Lumen
Dynamics 125 mWcm–2). For data analysis, SpectraGryph - optical spectroscopy software
(version 1.2.15) was used. The spectra were baseline corrected and the development of the
acrylate absorption bands (1650˘1620 cm–1) was analyzed by integration.

Photo-DSC Analysis: The photo-DSC measurements were conducted using a Netzsch DSC 204
F1 with an autosampler. The monomers (EM and VAM) were mixed with 2 wt% of Irgacure
184 in an ultra-sonic bath for 30 min at room temperature. 10 ∓ 1 mg of each formulation
was weighed into an open aluminum pan and all formulations were analyzed in duplicate.
The formulations were measured at different temperatures under inert atmosphere (N2-flow
= 20 mlmin–1). After an equilibration phase of 4 min the samples were irradiated for at least
5 min with UV light from a Lumen Dynamics OmniCure Series S1500 (320-500 nm) with
an intensity of 300 mWcm–2. The heat flow of the polymerization reaction was recorded as
a function of time.

UV polymerization on paper substrate: The prepared formulations were applied to Glassine
paper surface with a coating blade (1 µm) and cured about 30 s with a mercury lamp (M-
25–1-TR-SS IST from Metz GmbH; 180-450 nm) with an intensity of 660– 810 mJcm–2(75%
of maximum intensity). The UV energy was measured with a UV integrator (UV-Technik
Meyer GmbH).

Contact Angle Measurement: The water contact angle was measured using the DataPhysics
OCA 35 contact angle-measuring device. The drop volume was 1.5 µl, and the drop rate was
1 µls–1. The contact angle was determined using the sessile drop method as the mean value
of the right and left angle (ellipse fitting) and measured immediately after the droplet had
stabilized on the surface, before swelling or evaporation effects appeared. The contact angle
was measured at least five times for each sample at different positions, and the resulting
values represent an average of all measured values.

3.2 Investigation of Reaction Kinetics by Photo-DSC and FTIR
Spectroscopy

Reaction kinetics are a main point of interest when investigating the behavior of a resin
under illumination. They can provide insight into the reactivity of the photoinitiator383 or
monomers384, and give information about reacting species and pathways (see Chapter 2.4).
Requiring a sample size of only 10 mg or less, photo-DSC and FTIR spectroscopy are excellent
methods for the testing of novel systems and their potential use in photo-based coatings or
additive manufacturing.

3.2.1 Differential Scanning Photo Calorimetry

Photo-DSC provides thermal information about the strength and speed of polymerization
characterized by the values of reaction heat, peak height, time to peak maximum and time
to 95% conversion.407

The basic principle of a photo-DSC lies in the comparison in temperature between two
sensors. One sensor contains the "blank", an empty crucible, while the second sensor holds

– Page 72 of 135 –



Chapter 3
— Photocuring Behavior of Novel Molecules and Resins —

a crucible filled with the sample of interest. The heat flow between the two is recorded and
gives a curve of endo- and exothermic behavior, where endothermic is the the heat flow into
and exothermic out of the sample. Compared to a regular DSC measurement the reaction is
not triggered by temperature, but light. Two openings above the measurement sites allow
for illumination of the sample inside the nitrogen-flooded chamber. To account for the
light induced temperature change on the sensors depending on the sample’s and crucible’s
absorption behavior, a second illumination step is necessary after the initial polymerization.
The then inert sample is illuminated and these solely light induced changes in the signal
can be subtracted from the original heat flow curve (Figure 3.4).

0 2 4 6 8 10 12 14 16 18

0

10

20

30

40

50

60

D
S

C
 [m

W
/m

g]

Time [min]

 equilibrium phase
 illumination 1
 equilibrium phase
 illumination 2
 end of measurement

0 2 4 6

0

10

20

30

40

50

60

D
S

C
 [m

W
/m

g]

Illumination time [min]

 subtracted curve

Figure 3.4 – Signal processing in photo-DSC: original photo-DSC curve (left) and subtracted curve (right).

In all experiments a photo-DSC 204 F1 Phoenix device from NETZSCH (Selb, Germany)
was used with an autosampler, a NETZSCH Intracooler cooling system and an Omnicure
S1500 (Lumen Dynamics, USA) high pressure mercury lamp. The irradiating light could
be altered by intensity (up to 300 mWcm–2 at the sample surface) and emission spectrum
with two available filters, 365 nm and 400-500 nm, or the full spectrum 320-500 nm. With
the connected cooling system, measurements could be conducted in a temperature range
from -30 to 100 °C. All measurements were done in nitrogen atmosphere (flow rate =
20 mlmin–1) on samples of 10 ± 1 mg.

In the conducted photo-DSCmeasurements, it can be differentiated between photoinitiator
and monomer investigation.

When evaluating the reactivity and efficiency of a novel PI, the monomer system should be
well characterized. If the theoretical heat of polymerization of the monomer ∆H0,monomer is
known, double bond conversion (DBC) can be calculated from the overall reaction enthalpy
∆H (area under curve) according to Eq. (3.1).

DBC [%] = 100 · ∆H

∆H0,monomer
(3.1)

The DBC makes it possible to directly follow the polymerization process and determine
the final monomer conversion. Additionally, the maximum rate of polymerization Rp,max

can be calculated using Eq. (3.2), where h is the height of the exothermic DSC signal in
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mWmg–1 and ρ is the density of the pure monomer at ambient temperature.

Rp,max =
h · ρ

∆H0,monomer
(3.2)

Typically, the DSC signal increases rapidly upon illumination, but an initial on-set phase
is often present, which can in some systems be attributed to oxygen still remaining in
the resin and it’s inhibiting effect on radical curing of (meth)acrylates. When the initial
radicals are formed by the PI and the polymerization is in progress, the signal peaks before
decreasing due to diffusion limitation and recombination events happening. The mark of
95% conversion is often times used as a further value for comparison, giving the time from
the start of illumination as t95%.

In photoinitiators, a fast initial polymerization with little to no on-set is desirable, as well
as a high peak value (fast polymerization rate), a high, ideally full, double bond conversion
(DBC) and less pronounced fading out of reactivity, displayed through a low value of t95%.

A library of oligoacylgermanes as long-wavelength radical photoinitiators was presented
by Frühwirt et al. in terms of synthesis and reactivity.385 In my contributing photo-DSC
measurements the polymerization reactivity in 1,6-hexanediol diacrylate (HDDA) was
compared to that of tetrakis(2,4,6-trimethylbenzoyl)germane (1) as a radical photoinitiator.
At large the reactivity was found to be comparable to 1 at equifunctional (Figure 3.5) as
well as equimolar (Figure 3.6) concentrations. The para-substituted digermane 4d, however
showed lower DBC, which proved consistent with its slower photobleaching under 385 nm
light. All tested PIs showed a relatively long on-set of ca. 5.5 s, but a fast reaction (tmax =
1.9 -2.5 s) after that.
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Figure 3.5 – Photo-DSC (left) and conversion plots (right) for the photopolymerization of HDDA with 0.3 mol%
PI.

Several more novel photoinitiators were tested with the same method and published
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Figure 3.6 – Photo-DSC (left) and conversion plots (right) for the photopolymerization of HDDA with PI
concentration with equimolar amounts of radically cleavable groups.

with Maier et al.383 and Püschmann et al.386. While the germanium-based photoinitiators
showed little disparity in their initiating behavior in HDDA, the stanneolates showed a
range of about 10 to 40 % of DBC in glycerol dimethacrylate, which was used due to better
solubility. Again, the para-substituted derivative showed the least reactivity, despite its
promising red-shifted absorption spectrum.

When investigating and comparing monomers instead of novel photoinitiators, the PI
should be efficient and kept constant in all samples. The main comparison should be that
of polymerization on-set and the time to reach maximum polymerization. In Chapter 3.1
two novel, biobased methacrylate monomers were investigated upon their ideal curing
conditions as pure monomers and with a hydrophobic additive. While the measurements
cannot be used for comparison among the resins, their general reactivity and behavior at
different temperatures can be evaluated. Due to the exothermic nature of the polymerization
reaction, the overall conversion is reduced at elevated temperatures, even though the initial
reaction rate is increased (Figure 3.3).

The above mentioned values provide information about the speed of polymerization, but
detailed assertions about reaction kinetics would require knowledge of bonding energies. As
different molecules show disparate polymerization enthalpies, their DSC signals cannot be
compared directly and another method, such as FTIR spectroscopy, is needed to determine
overall polymerization conversion.

3.2.2 Fourier-transform Infrared Spectroscopy

FTIR spectroscopy provides information about the chemical identity during conversion
from monomer to polymer, following functional groups such as double bonds. Compared
to photo-DSC it has a shorter response time if measured in real-time, a uniform sample
thickness and provides additional information on reactants and possible intermediates.408

The principle of IR spectroscopy is based on light-matter interaction. The low energy
wavelengths used (typically mid-IR of 2.5-25 µm or 4000-400 cm–1) induce movement in
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the molecule if the irradiation wavelength matches the vibrational frequency of a bond. The
nature of the bond, the masses of the atoms and vibronic coupling influence the vibrational
frequencies. Absorbed wavelengths appear as bands in an absorption spectrum and can be
assigned to certain bond types. However, overlapping signals, especially in the lower energy
range ("fingerprint area") pose a challenge in clean interpretation of kinetics.

FTIR kinetic experiments were conducted on a Bruker (USA) Vertex 70 spectrometer
either in transmission mode or on a reflection module. In both setups, the sample was drop
coated between two CaF2 platelets of 1 cm diameter and 1 mm thickness. The sample
thickness was reduced until the absorption of the main peaks was below 1 to remain in the
linear region of the Lambert-Beer law. Due to the cut-off of CaF2 the measured frequency
range was 4000-850 cm–1. Illumination of the sample was done either directly in the device
(real-time FTIR) or with an external illumination setup in a step-wise manner.

After the initial spectrum is recorded, the illumination process is started and the spectra
changes according to the molecular rearrangements. To account for possible shrinkage of
the sample, the spectra can be normalized. Thereby a signal needs to be chosen, which is not
affected in size or position by the reaction, the corresponding bond remaining with the same
bonding atoms and environment. Further, the signals of interest need to be determined.
Typically absorption bands in the higher energy region are chosen as there is less overlap.

Figure 3.7 – Biodegradable monomers investigated in FTIR kinetics

In an investigation on novel, biodegradable monomers (Figure 3.7) in different resin
systems, alkyne and thiol signals were followed with FTIR spectroscopy, monitoring their
conversion and indicating the amount of hompolymerization. At equal concentrations of
thiol and unsaturated bonds the resin with the bifunctional monomer (SP12) shows a slower
conversion than the trifunctional SP13 (Figure 3.9 - left). The rate of homopolymerization
increases with illumination time and decreased monomer concentrations409, indicated by
the divergence of the two conversion graphs. In similar glycine and valine-based monomers
(Figure 3.7), the functionalization with vinyl esters (VE) and vinyl carbonates (VC) was
tested. The ester derivatives showed a slightly higher monomer conversion in thin film
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Figure 3.8 – FTIR spectrum of SP13 during illumination (left) with enlarged view of the signals of interest
(right).

(FTIR measurement).387

In another resin system (Chapter 2.5), homo- and co-polymerization behavior was
investigated in dependence of photoinitiators. While an anionic PI was activated in a
first step to induce thiol-Michael step growth polymerization, a radical PI lead to acrylate
homopolymerization in a secondary illumination step. The step-wise consumption of acrylate
depending on the illumination regime is depicted in Figure 3.9 - right.
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Figure 3.9 – FTIR kinetics of two biodegradable monomers in thiol-silylether resin (left) and of a dual-cure
thiol-acrylate resin (right).

Concluding, FTIR spectroscopy is an important tool for fast information on molecule
structure especially during light-induced polymer synthesis in a resin of mixed functional
groups.
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The 1H NMR spectra were recorded on a Nanalysis (Canada) NMReady-60 spectrometer
(60 MHz) with deuterated chloroform (CDCl3) as solvent. Baseline correction and automatic
phase correction was done in MestReNova (version 14.2.0).
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4 Type I Photoinitiators for Visible
Light Induced

Photopolymerization

Photopolymerization is a light-induced crosslinking process of monomers and oligomers.
Upon exposition to electromagnetic irradiation, electrons of the so-called photoinitiator (PI)
are elevated to an excited state, which can thereafter form a reactive species that is able
to start a polymerization reaction.411 The application of photopolymerizable formulations
became very popular in the ink and coating industry because these resins provide several
advantages such as low environmental pollution (no VOCs), fast curing rates, low energy
consumption and reactivity at room temperature.412 Over the last few years, the applications
of photopolymerizable resins extended from the field of coating, printing inks and adhesives
to new, challenging applications such as stereolithography and 3D ink-jet printing.411 A
crucial component in a photopolymerizable resin is an appropriate photoinitiator. It needs
to produce suitable reactive species, i.e. radicals or ions, depending on the mechanism of
polymerization, to a sufficient extent and in a short period of time. In addition, the PI has
to provide an absorption spectrum with a good overlap with the emitting light source and a
high extinction coefficient in that region. Depending on the application and the system used,
solubility either in a liquid monomer, water or a suitable solvent is essential.411,413,414 Most
PIs offer good absorption in the UV range, due to the high energy of the photons in this
region and the facile excitation thereby.415 However, UV light shows several disadvantages
such as a low curing depth due to a high absorption, scattering in most materials and,
moreover, it’s harmfulness to DNA and cells.416

Over the last decade there was an increasing interest in the investigation of PIs that
initiate under visible light excitation. The introduction of LED based light sources paved
the way towards an energy efficient curing. Besides low heat generation and energy
This chapter was published as a review article in ChemPhotoChem on June 27th, 2022.410 This is an open-access
article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.
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consumption, the narrow spectral width of those light sources bring a major advantage
for photopolymerization. Light source and PI can be tuned for perfect spectral overlap
and the best initiation performance at low energy input.13 Even λ-orthogonality can be
realized in initiation systems.14,15 The focus of this review is set on type I PIs, which
undergo a homolytic bond cleavage upon irradiation with visible light. In contrast to
type II initiators, these PIs do not need an additional H-donor molecule to generate a
reactive species. The mechanism of radical formation in type I PIs can be divided into
two types of cleavage, namely alpha- (Norrish type I) and beta-scission. Upon excitation
the molecule exhibits an excited singlet state and can undergo inter system crossing (ISC)
to the triplet state. Relaxation of the triplet state can lead to bond cleavage in the alpha
position of a carbonyl bond. Beta scission can occur, additionally or exclusively, when
there is a weak bond between the carbonyl-alpha-carbon and a hetero atom,417 as well
as in beta-position to a conjugated system. Consequently, this can lead to molecules that
are photoactive without the presence of carbonyl groups, such as trichloromethyl triazine
derivatives, where the C-Cl bond is cleaved and Cl radicals are produced.418 The first PIs
for visible light photopolymerization were already introduced in the 1970s,11b, 419 namely
camphorquinone (CQ)/amine, a two-component type II system. CQ is the colored sensitizer,
with an absorption maximum at 468 nm, while the amine acts as an electron and proton
donor, respectively420,421. Although such CQ based PIs have already been applied in dental
applications, two-component systems generally suffer from the disadvantage of a lower
reaction rate and higher toxicity, which is caused by the amine synergist.422–425 Besides
CQ, compounds based on naphthalimide426, benzoquinone427,428 and titanocenes429 were
introduced and evaluated as type II PIs. However, limited by the rate of the hydrogen
abstraction, the achieved reaction performance is comparatively low.425,430 During the last
decade more research focused on one-component systems and type I PIs with high reactivity
and an absorption behavior suitable for visible light excitation. Since phosphine oxides
are the workhorse of modern photopolymerization, the main strategies for their synthesis
are first presented. Subsequently, recent advances in group 14 photoinitiators and some
selected examples of other initiator systems are reviewed.

4.1 Phosphinoxides and Phosphinates

Phosphine oxides (POs) have been known as photocleavable molecules since the 1980s.431
Due to their high initiation performance, excellent bleaching behavior and absorption in
the near UV-visible range, mono- and bisacylphosphine oxides (MAPO and BAPO, respec-
tively) such as 2,4,6-trimethylbenzoyldiphenylphosphine oxide (R4) and phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (R2) are widely used in industrial coatings. Especially for
the curing of thick and highly pigmented formulations, as well as white coatings (e.g. TiO2
pigmented), where the disappearance of the PI’s color during the polymerization process
(i.e. photobleaching) is necessary,417 these types of PIs are indispensable. Current research
mainly focuses on the synthesis of PO derivatives with improved absorption behavior in the
visible range or solubility in water.

Water-soluble photoinitiators are widely required for a range of applications in industry
(inkjet inks432, liquid crystal monomer production433, 3D printing technologies434) and
life science, as their compatibility with physiological conditions makes them even suitable
for biological applications (cell encapsulation435 and hydrogels436). In this context, Anseth
et al. investigated the fabrication of hydrogels from a hydrophilic diacrylate using lithium
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Figure 4.1 – Commercially available PIs, ethyl (2,4,6-trimethylbenzoyl) phenyl phosphinate
(R1), phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (R2), 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (R3) and 2,4,6-trimethylbenzoyldipenylphosphine oxide (R4), often used as references.

phenyl-2,4,6-trimethylbenzoylphosphinate (Li-TPO, Figure 4.2). This ionic PI showed not
only a better water-solubility and faster conversion than the commonly used 2-hydroxy-
4’-(2-hydroxyethoxy)-2-methylpropiophenone (R3), but it was also possible to achieve
polymerization in the visible region.437 In another effort to make R3 water-soluble, Chemtob
et al. introduced a tertiary amino group on the benzoyl moiety (MAPO-3, Figure 4.2). It
can be converted to methyl triflate by quaternization, improving the water-solubility and
the extinction coefficient.438 While Anseth and Chemtob used a mono acyl phosphine in
their investigations, other research groups focused on bis-acylphosphine oxide salts for the
polymerization of N - acryl morpholine.425 Compared to the work of Anseth a significant
red-shift to approx. 440 nm is achieved with the lithium salt of bis(mesitoyl)phosphinic
acid (BAPO-OLi, Figure 4.2). For the respective sodium salt (BAPO-ONa, Figure 4.2) an
absorption can be observed even at 465 nm.437,439

Figure 4.2 – Structures of water-soluble photoinitiators based on phosphine oxides.425,437,438

Another possibility to enhance the water-solubility of POs, as well as their absorp-
tion wavelength offers the derivatization with hydrophilic and electron-donating groups,
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respectively.440 Several research groups have worked on this approach over the last 20 years,
introducing functional groups to the acyl, as well as the phosphorus site. One of the first
derivatizations of BAPO was published by Liska and Moszner, using oligo(ethylene glycol)
functionalized bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide (Figure 4.3). The alkoxy-
substitution on the benzoyl chromophore resulted in a strong redshift, while substitution
on the P-aromatic moiety improved the extinction coefficient and storage stability.440

Figure 4.3 – A variation of bisacylphosphine oxide with alkoxy-substitution on the benzoyl moiety.[29]

Another BAPO derivative presented by Baudis and Grützmacher is poly(ethylene glycol)
bisacylphosphine oxide (PEG-BAPO, Figure 4.4), combining water-compatibility and high
absorption wavelengths. Compared to the previously mentioned BAPO salts (BAPO-OLi and
BAPO-ONa), it shows a higher extinction coefficient at 430 nm and can induce polymeriza-
tion even at 460 nm. With a dispersibility of 30 wt% (300 g/L) in water (by the formation
of micells), it is highly suitable for the production of hydrogel structures.441

Figure 4.4 – Poly(ethylene glycol) bisacylphosphine oxide (PEG-BAPO).[30]

In a similar approach, the groups of Farsari and Gryko synthesized several acylphosphine
oxide derivatives with varying functionalities in the acyl moiety (Figure 4.5).442 It was
shown that by adding a suitable donor group, a push-pull system is achieved and thus the
absorption can be increased up to 440 nm. In this study, tertiary amino groups as donor
caused the highest shift toward visible absorption, which is in good agreement with the
results obtained by Wang, Yu et al.443 They showed that the absorption properties of a
diethylamino functionalized mono PO are superior compared to the commercially available
R4, especially at irradiation with light of 420 nm. The low tendency of leaching makes
this PI potentially useful for inks and coatings for food packaging materials or biomedical
applications.

Besides the realization of water-soluble PO derivatives, substantial research efforts have
been made to improve the absorption behavior of POs in the visible range. In a recent publica-
tion, Lalevée and co-workers presented molecular modeling as a method to select potentially
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Figure 4.5 – A variation of acylphosphine oxides with different acyl group functionalities.442,443

reactive compounds before their synthesis. They investigated a number of acyldiphenylphos-
phine oxides (ADPOs, Figure 4.6), which show comparable, or even better efficiencies
than R1 or R2.444 Following this study, Lalevée et al. looked at further derivatization of
acylphosphine oxides, using carbazole chromophores. The new carbazole based phosphine
oxide (CPO-2, Figure 4.6), as well as the before mentioned CPO-1 (Figure 4.5)442 show
an enhanced absorption in the near UV-visible range compared to the standard PIs R1 and
R2. Especially CPO-2, which exhibits a 50% increase of conversion at 395 nm compared to
R1 and a far better solubility than R2, could provide potential for LED curing.445

Figure 4.6 – Acyldiphenylphosphine oxides (ADPO[33] and CPO-2[34]) as photoinitiators with improved
absorption behavior in the visible range.

Focusing on the effect of additional substituents, the groups of Grützmacher and Gescheidt
synthesized derivatives of R2 with a different functionalization of the phosphorous site
(Figure 4.7) and investigated their polymerization behavior in common monomers such as
(meth)acrylates, 1-vinyl-2-pyrrolidone and styrene. The new, tested PIs showed absorptions
up to 435 nm and the possibility to be used as anchors to specific environments (e.g.,
polyoxyethylene groups, Si-containing substituents, possibly intercalating π-systems), by the
introduction of certain functional groups. Despite these modifications, the photoinitiating
properties are similar to those of R2.446

In a recent publication, the group of Grützmacher explored new ways in the field of
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Figure 4.7 – A variation of bisacylphosphine oxides with different phosphorous functionalities.446

phosphine oxides [36]. By grafting BAPO molecules onto a cyclodextrine core, an effi-
cient, multifunctional PI (BAPO-γ-CyD; 10 BAPO units per molecule, Figure 4.8) has
been created, which can also be used as photocrosslinker for mono-functional acrylates.
Using poly(ethylene glycol) methyl ether methacrylate, as a mono-functional monomer, an
insoluble, but highly swellable (>660%) polymer was obtained without further additives.447

Figure 4.8 – BAPO-γ-CyD, a cyclodextrine based bisacylphosphine oxide.447

Besides the aims of improving water-solubility and absorption behavior, Versace et al. ad-
dressed the topic of green chemistry. They synthesized the first-known bio-sourced type I pho-
toinitiator on the basis of vanillin (PM – (4-allyloxy-3-methosybenzoyl)diphenylphosphine
oxide, Figure 4.9)). PM proved to be as effective as the commonly used R2 in initiating the
radical polymerization of trimethylolpropane triacrylate (TMPTA) in laminate. While oxy-
gen inhibition is still a challenge in the pure acrylate system, it can be partially overcome by
the addition of a trifunctional thiol (1:1 thiol:PM ratio), resulting in conversions of 25% for
TMPTA and 60% for soybean oil acrylate. Although no tests have yet been performed above
400 nm, this compound appears to be a promising candidate for visible light initiation.448

Even though, POs have been known as commercial photoinitiators for almost half a decade,
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Figure 4.9 – (4-allyloxy-3-methosybenoyl)diphenylphosphine oxide, a vanillin derived type I photoinitiator.448

there is still research needed to further improve not only the water-solubility and absorption
properties, but also their efficiency in the surface cure of coatings. Quenching by oxygen
inhibition is responsible for a poor polymerization at low depths limiting the applications
of this class of PIs417. Therefore, the field of research is increasingly expanding to other
compounds and functional groups.

4.2 Heavier Group 14 Elements

4.2.1 Silicon

Although silanes and even acylsilanes have been known for decades,449–451 their use in
photoinduced polymerization, especially in the visible light region, was only discovered
recently. Historically speaking, silanes (R3Si – H) were used as co-initiators in type II
photoinitiating systems (PIS), where the silyl radical was generated by hydrogen abstraction.
In these systems silanes can substitute toxic amines and overcome oxygen inhibition.452
Silyl radicals react with O2 with a nearly diffusion-controlled rate constant and form
silylperoxyls, which help prevent oxygen inhibition in some polymerizations.414 Recently
more and more type I initiators have been developed, where the Si-Si, Si-C bonds cleave to
generate silyl radicals. In the following, several examples of Si-containing PIs and PISs are
discussed, whereby the majority is based on the formation of silyl radicals as radical source
for photopolymerization.

Looking at silicon as a substituent, several systems have already been designed that
involve modifications of known photocleavable structures, such as hydroxyalkylphenylke-
tone, benzoin, etc. In most cases, however, the modified compounds do not generate new
radicals and therefore behave like their parent molecules with absorption only in the UV
range.453–455 In 2008 and 2009, Lalevée and co-workers reported on the formation of
silyl radicals and showed their potential as promising PIs.456,457 A derivative of the type II
chromophore thioxanthone (TX-O-Si, Figure 4.10) showed the formation of silyl radicals by
Si-Si bond cleavage and an absorption tailing out into the visible light region up to 430 nm.
In addition, they introduced the class of siloxyamines as silyl radical based PIs in 2011.458
Both compounds, shown in Figure 4.10, have low absorption maxima (SiN-1 at 267 and
303 nm and SiN-2 at 262 and 301 nm), but the absorption tails out into the visible light
region. They offer a promising photoinitiating ability, also at irradiation above 400 nm.
SiN-1 shows a 30% conversion of trimethylolpropane triacrylate (TMPTA) without additives.
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Figure 4.10 – Structures of radical photoinitiators with silicon groups.457,458

Pertaining to acylsilanes, the first alpha-silyl ketones were already known in 1960 and the
red shift in their absorption was noticed. However, it took several decades before they were
tested for their ability to initiate photopolymerization.449 For the photochemical reactions
of acylsilanes mainly two mechanisms are possible, either α-cleavage for the formation of
radicals (Norrish type I) or Brook rearrangement, forming siloxycarbenes (Norrish type
II).420,459 Which reaction type takes place depends on the acylsilane structure, the reaction
medium as well as the reaction partner used.460 In 2008 Lalevée and co-workers presented
some novel PIs, based on silyl radical chemistry, and investigated their cleavage behavior
upon irradiation. Most molecules showed absorption in the UV range, but one molecule
(PI-B, Figure 4.11) with an acylsilane structure was absorbing with a maximum at 365 nm
(220 M-1cm-1) and was dissociated at the Si-carbonyl bond.456 This, as well as most
other publications concentrate on monoacylsilanes.461,462 Liska and co-workers, however,
synthesized a tetra-functional acylsilane (tetrakis(2,4,6-trimethylbenzoyl)silane; TTBS,
Figure 4.11) and showed it’s absorption being effective up to 460 nm (λmax= 382 nm)
with a good photobleaching behavior under air and argon. The polymerization ability was
compared to the common bimolecular camphorquinone/amine PIS and similar reactivities
of TTBS were found. For low initiator concentrations it even outperforms conventional
PIS.420

Figure 4.11 – Various acylsilanes for the generation of silyl radicals.420,456,463

The groups of Lalevée and Klee investigated, again, a molecule which has already been
described before, but has not been tested with respect to photoinitiating properties, namely
a bisilylketone (BSK, Figure 4.11). With an exceptionally high absorption maximum at
530 nm (80 M–1cm–1) BSK was curable with a green laser diode (532 nm), but gave only a
low double bond conversion in methacrylate systems and showed slow photobleaching.463
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4.2.2 Germanium

The photoreactivity of certain germanium compounds have been known for more than half
a century.451,464–467 Their synthesis and even their reactivity and mechanism of radical
formation were described, however, their use as photoinitiators was not mentioned until
2008. When Liska et al. rediscovered the class of acylgermanes for photoinitiation purposes,
they were looking at molecules similar to the well-known acylphosphine oxides.16,17 By
substitution of the phosphine oxide by a germanium analogous they managed to tune the
absorption wavelength of the PI and to increase the quantum yield. The presented diben-
zoyldiethylgermane (Bis-Ge-a, Figure 4.12) provides an absorption tailing out to 490 nm
(λmax= 418.5 nm), while the benzoyl(trimethyl)germane offers a maximum absorption at
411 nm with a tail-out to 470 nm. Although both germanium compounds exceeded the
curing efficiency of their phosphorous homologues (i.e. MAPO and BAPO) at higher wave-
length (>430 nm), only the diacylgermane was able to outperform common photoinitiators
like BAPO and CQ/amine in a dimethacrylate system.18 The field of acylgermanes became
rapidly more popular and further research was done on a variation of substitution patterns.
Bis(4-methoxybenzoyl)diethylgermane (Bis-Ge-d, Figure 4.12)421 that can be obtained
by an easy and efficient synthesis shows promising properties including a high extinction
coefficient and a good curing performance.

Figure 4.12 – Bisacylgermanes for the generation of germyl radicals.421

Only shortly after the presentation of acylgermanes as photoinitiators, their versatil-
ity was shown by Yagci and co-workers, as they proved their capability to initiate a
radically promoted cationic polymerization upon addition of Ph2I+PF6-. In a two-step
reaction, a block copolymer of cyclohexane oxide and styrene was achieved by this bi-
functional photoinitiator.19,468 Lalevée and co-workers looked at acetyltriphenylgermane
(Figure 4.13) as an alternative to benzoyl derivatives and found that a highly reactive
radical is formed, but only absorption up to 420 nm can be reached, which is in the lower
range for acylgermanes.20
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Figure 4.13 – Acetyltriphenylgermane for the gen-
eration of germyl radicals.20

Figure 4.14 – Bis(triphenylgermyl)ketone as radi-
cal source.21

A molecule described long ago, namely bis(triphenylgermyl)ketone (BGeK, Figure 4.14)
was presented as a new class of PIs in 2010. It was first described in 1968 and offers an
excellent absorption spectrum with a maximum at 514 nm, good storage stability, a slightly
lower polymerization rate but a higher final conversion than titanocene, the reference
compound used.21,451

Another wave of research was published from 2016 to 2019, when more substitution
patterns were investigated[56] and the logical propagation led from mono- and bisacylger-
manes to tris- and tetraacylgermanes.23,24 In the course of these studies a synthetic protocol
allowing a straightforward access to these highly active compounds was developed. Even
more complex Ge-compounds with an increasing number of chromophores were investigated
(Figure 4.15), showing higher UV-Vis absorption and tailing up to 525 nm.25

Figure 4.15 – More complex Ge-photoinitiators based on Ge-mesitoyl.25

Furthermore, the Haas group investigated the group tolerance of their new synthetic
pathway toward tetraacylgermanes and obtained a variety of compounds (Figure 4.16)
that have a good absorption around 450 nm and high extinction coefficients.[58,60] The
substitution pattern at the phenyl ring, can again be used for a more exact tuning of the
absorption properties. While para-methoxy substituents and mesitoyl derivatives show a
blue-shift, o-tolyl substituents induce a bathochromic shift. Ortho substitution in general
gives more fine structures in the spectra and consequently broadens the absorption band to
push the “edge” of the tailing.23,24,26
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Figure 4.16 – Tetraacylgermanes as photoinitiators.23,24,26 If not noted otherwise all other substituents (R) are
-H.

Two different research groups investigated the substitution patterns on ben-
zoyl(trimethyl)germane (Figure 4.17) and agreed on the fact, that electron-withdrawing
groups, such as cyano or nitro substituents in para position, stabilize the excited singlet
state, decrease the amount of alpha-cleavage and reduce the conversion of monomers by
radical polymerization.22,469

Figure 4.17 – Benzoyl(trimethyl)germane with various substitution patterns.22

Wu and co-workers published an alternative synthetic protocol towards
monoacylgermanes.470 The corresponding monoacylgermanes were synthesized
starting from hexamethyldigermane, carbon monoxide and (hetero)aryl iodides in the
presence of a Pd-catalyst and triorgano phosphite (Figure 4.18).

Figure 4.18 – Isolated monoacylgermanes via palladium-catalysed carbonylative reaction.470

Recently a synthetic strategy for the hitherto unknown geminal bisgermenolate was
introduced. This compound represents a new synthon for the synthesis of a variety of
different acylgermanes in good yields (Figure 4.19).27

4.2.3 Tin

Silanes and germanes were shown to reduce the bandgap and red-shift the absorption
maxima due to the interaction of their empty d-orbital with the π* orbital of the carboxyl
group. Tin as member of the same periodic group, was investigated for its use in PIs for the
first time in 2018 by Liska and Haas.28,29
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Figure 4.19 – Isolated acylgermanes using bisgermenolates as synthon.27

Figure 4.20 – Tetraacylstannanes as stannyl radical source.29

Tetrakis(2,4,6-trimethylbenzoyl)stannane and tetrakis(2,6-dimethylbenzoyl)stannane
were synthesized (Figure 4.20).29 They both show absorption at very high wave-
lengths, tailing out until 550 and 520 nm, respectively. Especially tetrakis(2,4,6-
trimethylbenzoyl)stannane outperformed Bis-Ge-d (Figure 4.12), a commonly used ger-
mane, and titanocene at 522 nm irradiation with respect to photobleaching, photocuring
and final double bond conversion and showed low water-solubility as well as low cytotoxic-
ity. In a follow-up publication, Haas et al. presented a reaction pathway and a variety of
Sn-based PIs (Figure 4.21), similar to their germanium equivalents. These PIs show an even
more pronounced red-shift with absorption up to 600 nm and reasonable photoinitiating
capacity.30

Figure 4.21 – A variety of acylstannanes for photoinitiation.30

Further research on tin compounds would be interesting for the future. However, storage
stability is a main topic for stannanes and might constitute their limit for commercial
application.
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4.3 Other Types of Photoinitiators

All the above described photoinitiators were based on the cleavage of a carbon-heteroatom
bond in alpha position to a carbonyl group, which can be split with low energy irradiation
(visible light). However, an increasing number of compounds have been discovered to
exhibit similarly cleavable bonds, for example diketons or trichloromethyl triazine. As an
example of β-cleavage, trichloromethyl triazine was explored for UV-initiated polymerization
before.471 Lalevée and co-workers managed to manipulate the triazine substituent in a
way to achieve visible light absorption tailing out up to 460 nm (Figure 4.22).418 Upon
irradiation a chloride radical is formed, which can initiate a polymerization at 405 nm
leading to an acrylate conversion of 58% (TMPTA in laminate). However, this PI is strongly
inhibited by oxygen, which makes the addition of ethyl 4-(dimethylamino)benzoate or
methyl diethanolamine necessary to compensate the decreased efficiency in surface cure.
Li and co-workers have developed a new visible light PI ((E)-7-(diethylamino)-2-oxo-2H-
chromene-3-carbaldehyde o-acryloyl oxime (DCCA), Figure 4.22) based on coumarin as a
chromophore. This initiator bears an acrylate moiety and exhibits an absorption maximum
at 436 nm. Even though it cannot compare with R2 in initiation performance, it outperforms
R4 with an acrylate conversion of about 50% (TMPTA). In addition, lowmigration is achieved
by copolymerization of the acrylate moiety of DCCA.472

Figure 4.22 – Structure of 2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (R–Cl)418, a radical PI
producing chloride radicals, and a coumarin based initiator (DCCA)472.

In 2013 Lalevée and co-workers employed pyrene moieties to improve absorption of
well-established PIs, such as 2,2-dimethosy-2-phenylacetophenone (Figure 4.23). In this
molecule they achieved a red-shift of 13 nm, increased the extinction coefficient by a factor
of 100, and showed a generally higher monomer conversion with the modified PI upon
illumination with visible light (405 nm).473

Another molecule type, namely silylglyoxylate, was introduced into visible light pho-
toinitiation by Lalevée and Klee in 2017.474 Alkylphenylglyoxylates (APGs) were already
described and investigated as UV-photoinitiators475 with methyl benzoylformate (MBF)
being commercially available, however their absorption does not reach the visible light re-
gion. In their study Bouzrati-Zerelli and co-workers presented t-butyl(t-butyldimethyl)silyl
glyoxylate (DKSi) and two derivatives with varied glyoxylate substituents (Et-DKSi and
Bn-DKSi, Figure 4.24). The introduction of the silyl group strongly influences the delo-
calization of HOMO and LUMO and reduces the energy gap, resulting in a red shift in the
absorption spectrum. The new PIs show a broad band in the visible wavelength range tailing
up to 510 nm. A double bond conversion of 40-70% could be achieved upon illumination
at 477 nm in a methacrylate system in laminate. The presented silylglyoxylates exhibit
a dual initiation behavior as type I and type II PIs. While undergoing homolytic cleavage
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Figure 4.23 – Pyrene derivatives of 2,2-dimethosy-2-phenylacetophenone.473

of the C-C carbonyl bond under separated conditions, DKSi, can undergo intra- or inter-
molecular hydrogen abstraction. Therefore, its polymerization efficiency can be improved
in combination with additives, such as ethyldimethylaminobenzoate or diphenyliodonium
hexafluorophosphate, to overcome oxygen inhibition.

Figure 4.24 – Structures of some silyl- and phenylglyoxylates for the use as high-performance PIs.474,476,477

Over the last two years, the groups of Malval, Lalevée and Wang published more studies
on phenylglyoxylate-based PIs.476–479 Malval looked at the sulfur containing substituent
dibenzothiophene with and without a bromide group (Figure 4.24). The reaction pathway
is similar to the above described one but is followed by an elimination of carbon dioxide
from the carboxyl radical to yield a methyl radical. At a curing wavelength of 425 nm an
acrylate conversion of 80% was found in tripropylene glycol diacrylate (TPGDA) system.476
Wang et al. exchanged sulfur for nitrogen, looking at carbazole substituents in combination
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with further aromatic groups (CO-P, CO-N, CO-C, Figure 4.25. They found absorption up
to 460 nm and high efficiency in the polymerization of TPGDA with conversion between
73% and 89%, significantly higher than observed for a CQ/amine system.479 Lalevée had
continued research on the silicon containing compounds changing up the silyl substituents
as well as the second ketone substituent, by introducing a benzyl group. Two 1-aryl-
2-(triisopropylsilyl)ethane-1,2-diones (SED1 and SED2, Figure 4.25) were synthesized,
exhibiting absorption maxima at 486 and 468 nm, respectively. In the polymerization of
methacrylates they showed a conversion of 40-50%, better than the previously reported
DKSi at 520 nm.478

Figure 4.25 – Structure of various diketones for photoinitiation.478,479

Recently, a water-soluble silyl diketone (DKSi-COOH, Figure 4.24) was described.477
With a prevalent type I initiation mechanism and an absorption maximum at 442 nm a
very fast (20 s) double bond conversion of 70% can be achieved in methacrylate systems
in thick films (1.4 mm) at 477 nm irradiation wavelength (I0 = 300 mW cm-1). This
photoinitiator might be a promising candidate for the use in dental applications. Combining
nitrocarbazole, as a chromophore, with oxime esters, as a novel cleavable group, Lalevée and
co-workers developed three new visible light PIs (OXE-M, OXE-V, OXE-P, Figure 4.26). While
commercially available oxime esters (such as O-benzoyl-α-oxooxime and O-acetyloxime)
have maximum absorption wavelengths of 326 and 338 nm, respectively, their absorption
tails out until 450 nm, exhibiting higher molar extinction coefficients at 405 nm than R4.
Upon illumination the N-O bond is cleaved, forming two radicals. While the iminyl radical
is inactive for free radical polymerization, the second radical undergoes decarboxylation
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and generates active free radicals, depending on the terminal group used. With methyl as
an end-group, a final acrylate conversion of 69% (compared to 65% with R4) in TMPTA can
be achieved.480

Figure 4.26 – A novel photoinitiator containing an oxime ester as cleavable group.480

In a similar approach, using conjugated carbazoles, Li et al. synthezised bifunctional
oxime esters as PIs for one and two-photon absorption in the visible range (Figure 4.27).
The 2,7-substituted carbazoles show higher molar extinction coefficients at 405 nm and vinyl-
substituents yield higher double bond conversions in acrylate formulations. Therefore, the
2,7-substitued PI with vinyl initiation functionality has comparable photoinitiation efficiency
to R4 and a lower threshold energy than that of commercial two-photon resists.481

Figure 4.27 – Conjugated bifunctional carbazole-based oxime esters.481

Besides Carbazoles, also other chromophores were tested in combination with oxime
esters. Liu, Li and Dietliker used diethylaminocoumarin and investigated a variation of
initiation functionalities (Figure 4.28). OEC poses one of these molecules, with a 4-
substitution of the coumarin, in combination with a simple benzyl functionality for the
initiating radical. With curing depths of up to 4.8 mm in a thiol-ene system under 450 nm
illumination (200 mW/cm2) and fast (2 min) and deep (2.6 mm) photo-bleaching, OEC is
a promising PI especially for dental applications.482 Further, they showed that heterocyclic
radicals efficiently initiate free radical polymerization of acrylates and thiol-ene systems
as well as, being able to photo-cure materials with up to 10 mm thickness under 450 nm
illumination (O-2).483

In an effort to explore even more molecules for their photoinitiating properties, Wang
and co-workers investigated derivatives of flavonoids as type I radical initiators, but also for
their acid generating abilities. Flavonol sulfonate (3HF-S, Figure 4.27), used at very low
concentrations of 0.125%, showed a final acrylate conversion of 80% and 71% (TPGDA)
upon illumination with 405 nm and 460 nm, respectively. Due to the high efficiency and mild
polymerization conditions 3HF-S could play a role in the field of biocompatible polymers in
future.484
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Figure 4.28 – Diethylaminocoumarin-based oxime esters for photo-initiation.482,483

Recently, Yagci and Liu published another dual-use PI (P-PTh, Figure 4.29), which absorbs
light through the UV, visible and near-IR region with an absorption maximum at 514 nm.
Upon illumination it cleaves homolytically, forming phenacyl radicals, as well as Brønsted
super acids. Thereby, two reactions can be initiated, free radical and cationic polymerization,
respectively. These reactions can be utilized either in pure epoxy or acrylate systems or in a
hybrid photopolymerization, using both reaction mechanisms at the same time.485

4.4 Summary and Outlook

Type I photoinitiators, which are reactive under visible light, have had a rapid development
within the last ten to twenty years. Current research can be divided into three main areas:
Phosphine oxides, Group 14 elements and other photocleavable structures. Phosphine
oxides are the group of PIs, which are already well established and commercially available.
New findings in this area address water-solubility and absorption behavior, which is tuned
by variation of the phosphor-substituents. By introducing Group 14 elements into the
compounds, a bathochromic shift can be achieved, and the illumination wavelength is
pushed further into the visible light range. The different Group 14 elements pose various
advantages and challenges. As silicon is an abundant resource, the PIs are relatively cheap
and readily available, yet the maximum absorption wavelength seems to be still limited. This
is overcome by germanium and especially tin compounds, with absorption up to 600 nm.
However, the disadvantages of these compounds are their stability, their compatibility
with high-throughput polymer synthesis and their occurrence in the earth’s crust. To
expand possibilities, research was recently advanced to other structures, such as oxime
esters, diketones or flavonoids, with the goal of finding a water-soluble, high wavelength-
absorption PI with high yield in synthesis and good photoinitiation performance. This
review focused mainly on the comparison of absorption and bleaching behavior, as well as
photoinitiation ability and water-solubility. However, there are some topics, such as toxicity
and migration of the PI as well as the cleavage products, which will gain increasing interest
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Figure 4.29 – Photoinitiators based on flavonol sulfonate484 and a phenothiazinium salt485.

and will need additional evaluation as visible light 3D printing is becoming a versatile tool
in clinical and life-science applications.
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Additive manufacturing and the quest for novel, smart and renewable materials for 3D
printing and light-based applications has become a major focus in polymer science. In
material development this calls for a good and comprehensive understanding of all con-
stituents used, their reaction mechanism, curing behavior and influence on the final material
properties. Novel compounds should be thoroughly investigated to properly assess their
role and behavior in the resin.

This thesis covered three topics: photoinitiators and their characterization, bio-based
monomers for radical photo-polymerization and most prominent a library of molecules first
implemented in dual-cure 3D printing of smart materials.

First, a novel group of crosslinkers for multi-material 3D printing was presented. Chalconyl
moieties were implemented into a thiol-methacrylate resin to achieve a second lever for
material property alterations during printing or in post-production (Figure 5.1 - left).

Figure 5.1 – Summary on chalcone as a photo-crosslinkable group with step-wise curing kinetics (left) and
alteration of glass transition temperatures with increased illumination dose (right).

The primary material properties could be tuned by thiol content to achieve glass transition
just below room temperature, attaining the most prominent gap in properties at ambient
conditions (Figure 5.1 - right). When looking at the introduction of crosslinks in the novel
resin, secondary chalconyl crosslinks could be precisely triggered in terms of resolution
and quantity. Chalconyl conversion can be controlled by light dose, which directly affects
material properties (Figure 5.2). Therefore, continuous tuning of the final stiffness of the
material was proven, yielding the possibility of implementing multiple material domains
into a single specimen. Simple shape memory experiments as well as multi-wavelength 3D
printing was shown on macro- and micro-scale to present the vast opportunities for this
novel 3D-printable material.
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Figure 5.2 – Summary on chalcone as a photo-crosslinkable group showing the change in material properties
with number of scans and light intensity on micro-scale.

Furthermore, a library of photo-crosslinkable molecules was established and their reactiv-
ity investigated under the most common light sources. The mismatch between absorption
spectra and reactivity makes this kind of screening absolutely necessary to evaluate possible
applicability of a certain functionality in an orthogonal system. 4-Thiothymine, anthracene
and stryrylpyrene displayed distinct conversion differences upon 450 nm and 365 nm or
405 nm irradiation, making them promising candidates for application in resins similar to
the chalconyl group. Additionally, styrylpyrene showed indications for cycloreversion at
said wavelengths. The advantage of the herein presented molecules is clearly in their direct
and steppless control for crosslink density alterations and their bonding into the polymer,
making dimerization optional while maintaining network integrity nonetheless.

Secondly, photo-DSC and IR kinetics were used as a tool to investigate and characterize
a number of novel photoinitiators and biobased molecules for advanced applications in
future additive manufacturing. Two bio-based methacrylates, eugenyl methacrylate (EM)
and vanillyl alcohol methacrylate (VAM) were investigated upon their curing behavior
along a range of temperatures to optimize processing conditions in paper coating. Vanillyl
alcohol-based resins exhibit faster polymerization and higher conversion rates compared to
their eugenol-based homologues, attributed to their structural differences. Hydrophobic
coatings with a water contact angle of 106°, comparable to those of conventional resins,
could be achieved by incorporating PDMS-ECEMS. Eugenol and vanillyl alcohol-based resins
were demonstrated as sustainable alternatives for hydrophobic paper coatings. Additionally
the tracking of curing behavior was demonstrated by photo-DSC and FTIR spectroscopy on
a wide range of molecules. Novel photoinitiators based on heavier group 14 elements were
investigated as replacements of phosphorous-based PIs. And amino acid-based monomers
were examined upon their suitability in 3D printing of biological scaffolds. Paving the way
towards a more bio-compatible, renewable and sustainable future of 3D printing.

Finally, a literature review of advancing radical photoinitiators is given, as a comprehensive
overview and library for fast and specialized polymerization reactions. The focus was put
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on homolytically cleaved, type I PIs with excitation wavelengths in the visible region.
The possibility to utilize electromagnetic irradiation above 400 nm for the initiation of
polymerization reactions provides several advantages such as a lower energy demand and
higher curing depths in pigmented reactive systems. Recent developments of PIs based on
phosphorus and group 14 elements as well as other selected concepts for type I visible light
initiators were outlined and discussed within this chapter.

Under the umbrella of radically induced thiol-ene and (meth)acrylate polymerization,
some of the most important aspects towards 3D printing were addressed in this thesis.
Investigations on photointiators and curing behavior as well as additionally crosslinkable
moieties for smart materials and 4D printing.

Materials with advanced properties and modulation thereof will be of increasing interest
as 3D printing is a clearly emerging technology with possible applications in all fields of
everyday life. Focusing on benign conditions at room temperature and with excitation
wavelengths in the visible region is not only advantageous for safety, but also from an
ecological standpoint, reducing energy costs. Therefore some of the herein presented
molecules will be subject to further investigations as photo-triggered crosslinkable groups
in 3D and 4D printing. ■

‘ The only true wisdom
is in knowing

you know nothing.’

~ Socrates
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