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Abstract

Photopolymerization of (meth)acrylate-based resins is a widespread method for decorative and
protective coatings due to the energy efficiency and fast curing of this technology. Common
industrial radical photoinitiators are generally based on aromatic ketones with the benzoyl-
chromophore as the key constituent. Residual photoinitiators or photo products as ubiquitous
contaminants are rising health concerns. In this work a new generation of non-aromatic initiator
systems was developed to find an alternative for potentially hazardous aromatic initiators.
Therefore different aliphatic a-ketoesters were selected and synthesized. Simple aliphatic
ketoesters such as ethyl pyruvate and alkyl oxobutanoates with increasing methylation in B-
position were able to compete with or outperform typical industrial Type Il initiators in acrylates
and methacrylates. The performance could be boosted further with amine coinitiators but in
general all ketoesters show limited stability under influence of strong basic aliphatic amines.

By cyclization of aliphatic ketoesters a highly reactive near visible initiator was found which
outperformed standard visible light thioxanthone initiator ITX at 400 nm. Ethyl pyruvate EP and
cyclic ketoester DDFD are also quite good water-soluble and excellent for polymerizing acrylic
hydrogels, additionally the compounds showed excellent biocompatibility. All ketoesters have
excellent bleaching properties and did not cause any discoloration of the polymers in UV-aging

tests.

To improve the material properties of radical photopolymers it was tried to find new chain
transfer agents (CTA) based on addition fragmentation chain transfer (AFCT) and hydrogen
abstraction fragmentation chain transfer (HAFCT). In case of the new class of HAFCT CTAs it was
tried to prepare dimethoxy cyclohexadienes with different leaving groups. A t-butyl dimethyl silyl
cyclohexadiene (SiDCH) was stable and proofed the concept of hydrogen abstraction chain

transfer in difunctional methacrylates successfully.






Kurzfassung

Photopolymerisation von (Meth)acrylat basierenden Harzen findet weltweit breite Anwendung
im Bereich von dekorativen Beschichtungen und als Schutzschicht. Die schnelle und
energieeffiziente Hartung von Formulierungen macht diese Technologie besonders attraktiv.
Ublicherweise bestehen die verwendeten Photoinitiatoren aus aromatischen Ketonen mit einem
Benzoylchromophor als zentraler funktioneller Gruppe. Die mittlerweile tiberall nachweisbaren
aromatischen Uberreste aus Initiatoren und deren Photoprodukten werden zunehmend als
Gesundheitsgefahr wahrgenommen. Daher beschaftigt sich diese Arbeit mit der Entwicklung
neuer radikalischer Photoinitiatoren die ohne aromatische Substituenten auskommen.

Dazu wurden verschiedene aliphatische a-Ketoester ausgesucht und hergestellt. Einfache
Ketoester wie Ethylpyruvat und zunehmend B-methylierte Oxobutanoate waren in der Lage sich
mit klassischen Typ Il Industrieinitiatoren zu Messen oder diese sogar zu Ubertreffen. Die
Reaktivitat konnte zusatzlich durch Zugabe von aminischen Coinitiatoren verbessert werden,
allerdings zeigten die meisten Ketoester eine schlechte Lagerstabilitat in zu basischen
aliphatischen Aminen.

Zyklisierung der Ketoester sorgte fiir eine hohe Photoreaktivitat auch im sichtbaren Bereich. Hier
konnte der zyklische Ketoester DDFD sogar den Standard Thioxanthon Typ Il Initiator ITX unter
Bestrahlung bei 400 nm in den Schatten stellen. Ethylpyruvat und der zyklische Ketoester DDFD
waren aullerdem gut wasserldslich und konnten erfolgreich zur Herstellung von Hydrogelen
verwendet werden. Zudem zeigen die Initiatoren eine ausgezeichnete Biokompatibilitat. Bei der
UV-Alterung zeigte sich zusatzlich eine besonders hohe Farbbestdndigkeit der mit Ketoestern
gehadrteten Proben. Damit wurde eine neue Klasse an ungefahrlichen aliphatischen

Photoinitiatoren gefunden die lbliche aromatische Initiatoren in der Industrie ablésen kdnnten.

Um die Materialeigenschaften von spréden Photopolymeren zu verbessern wurde versucht neue
Kettentransferreagenzien (CTA) basierend auf Additions Fragmentierungs Kettentransfer (AFCT)
und Wassertsoffabstraktions Fragmentierungs Kettentransfer (HAFCT) zu finden.

Die neue Klasse an HAFCT CTAs basierend auf Dimethoxycyclohexadienen stellte sich vor allem
synthetisch als herausfordernd da. Eine stabile Substanz t-Butyldimethylsilylcyclohexadien SiDCH
konnte isoliert werden und in difunktionellen Methacrylaten wurde das Konzept des

Wassertsoffabstraktions Fragmentierungs Kettentransfer erfolgreich bestatigt.
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Introduction

Light induced polymerization is a relatively young method that rapidly developed into a versatile
industrial method and is widely used in a broad field of applications. Transforming a liquid
formulation into a solid material by light irradiation has many advantages. This process shows
low emission of volatile organic compounds, while being fast and energy efficient. The photo-
curing of liquid films or bulk material can be conducted with UV-light or visible light at room
temperature and pressure. Nowadays LEDs subsequently replace mercury lamps making this
process even less energy consuming. Even household lamps or sunlight can be used for some
applications. Therefore light curing can be considered as a part of “green chemistry” which
represents especially environmental friendly technological processes.

These advantages boost the development of new photopolymerization techniques and the
improvement of existing ones to conquer new fields of applications of light induced curing.
Photocurable coatings became a major application for radical photopolymerization. By choosing
the right monomer system thin layer coatings such as varnishes or paints can be polymerized on
a huge variety of substrates, such as wood, paper, ceramics, polymers or metals. Depending on
the application such as decorative coatings, prints on (food)packaging, release coatings on
polyolefin films and paper, flooring, etc. a huge variety of products are available on the marked.
2016 not less than 155,000 tons of radiation curing inks and varnishes were produced with an
average market value of 2.7 billion USS. Since then the market is steadily growing with 2-3% per
year.! Because of the high adaptability, everyday products of different materials from food
packaging to wooden floor tiles are coated with UV curable varnishes.?

Not only more or less simple coatings are relying on light curing formulations. Highly complex
technologies in the field of medicine e.g. restorative dentistry, tissue engineering and contact
lenses take advantage of fast and space resolved curing.

Space-resolved curing is even more important in the field of nanotechnology and
microelectronics. With up-to-date light-mask and laser technology, patterns in the scale of
nanometers can be polymerized with high resolution and accuracy. Basically computer
technology and the scientific field of analytic devices is based on photopolymerization. (e.g.
micro-chips, mirrors, waveguides and other structured materials in the nanoscale size)

Generally spoken a system for photopolymerization can be divided into three parts:



A light source, a polymerizable monomer and a photoinitiator.

Of course, actual systems in industry are far more complicated than this. Normally complex
mixtures of different monomers, initiators, fillers, pigments and regulating additives are used to
cope with the requirements of the application.

Depending on the field of usage, photopolymer systems need to fulfil certain requirements on
the mechanical properties of the resulting polymer. Regarding for example the color, hardness,
toughness and scratch resistance of a polymerizate.

To understand the properties of photopolymers the whole process from initiation to the final
material has to be understood.

A monomer consists of a molecule carrying reactive moieties with a high level of trapped
chemical energy, such as double carbon-to-carbon bonds or epoxides with high ring tension.
When a photoinitiator is irradiated with light, the compound is elevated to a higher energy state
and decomposes to reactive compounds that attack the monomer terminal-groups. By a chain
reaction, the monomer molecules build new covalent bonds, forming a macromolecule.

*+M =2 I-M* + M 2 |I-M-M* 22 (M),

By the mechanism of initiation and chain reaction, the photopolymerization can be divided into
the ionic and the radical photopolymerization.

This work will further deal with the radical photopolymerization and the improvement of some
inherent disadvantages of this versatile method.

The initiation of radical polymerization starts with the decomposition of an initiator molecule.
Such a decomposition requires some kind of activation energy. This could be thermal energy or

in the case of photopolymerization: light.

hv M
| — R + M ——> R-M:- + —, M,

As the initiator decomposes into radicals these radicals (R¢) can attack a monomer molecule (M).
The radical is passed to the monomer, which adds to the next monomer molecule, which then
again adds to the next monomer always passing the radical to the chain end. This process after
initiation is called propagation reaction or chain growth.

During the propagation, side reactions occur. Radicals tend to recombinate or disproportionate,

forming a covalent bond and terminating the chain growth.
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When oxygen is present also recombination reactions with oxygen as a biradical is very likely to
happen. This process is called oxygen inhibition, as the resulting species is not efficient in
reinitiating chain growth. Therefore, inert atmosphere is needed for radical polymerization in

thin layers or additives have to be used to prevent inhibition by oxygen.

M:> = -0=0- M-O-0O-
Chain~{  + — hl'/ Coxom

Raw material used for radical photopolymerization in industry normally consist of low molecular
weight resins (300-5000 g mol ) with two or more reactive end groups, so that durable networks
are formed during polymerization.3

Fast curing, high conversion, low toxicity, neutral odor, low shrinkage stress and low oxygen
inhibition during polymerization is essential for industrial applied monomers.*

The most common monomer systems used in industry are acrylates. The low steric hindrance

and high reactivity of the acrylic group ensures fast and efficient curing. (Scheme 1, a)

? 0 0 o Q
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acrylates methacrylates

Scheme 1. Typical monomers for radical photopolymerization

Important properties like hardness, flexibility, abrasion-, thermal- and chemical resistance can be
adjusted by the structure of the spacer between the reactive groups (R). Most resins consist of
acrylated polyepoxides, polyesters, polyethers and polyurethanes. To reduce the viscosity of
formulations reactive diluents like low molecular weight hexanediol diacrylate (HDDA) are added.
When a higher crosslink density is demanded low molecular weight multifunctional acrylates like
trimethylolpropane triacrylate (TMPTA), pentaerythritol tetraacrylate (PETA) and

dipentaerythritol pentaacrylate (DPEPA) can be used.? (Scheme 2)



Acrylates undergo Michael addition with amines and thiols present in tissue, therefore especially
low molecular weight acrylates are irritant and show significant toxicity.> Methacrylates are used
as less toxic alternative. Due to the steric methyl group and better stabilization of the propagating
radical methacrylates are less reactive but exhibit a significantly lower toxicity as methacrylates
are not prone to Michael addition.?
0 T
=
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HDDA TMPTA

PETA DPEPA

Scheme 2. Typical acrylic reactive diluents

Photoinitaiting Systems for Radical Polymerization

To understand the process of photoinitiation fully, basic physical concepts of photo quantum
physics have to be understood.

Any molecule exhibits an absorption spectrum between the UV and infrared spectrum. Such a
spectrum shows which wavelengths are absorbed by a substance. By linear combination of
atomic orbitals, chemical bonds and resulting molecular orbitals are formed. Heteroatom
containing molecules show free electron pairs which are not involved in bonds. These non-

bonding electrons exist in non-bonding states and occupy so-called n-orbitals. (Scheme 3)



Scheme 3. Molecule orbital scheme of a carbonyl moiety
Any electronic transition solely can happen from occupied to unoccupied orbitals. The orbital in
the highest energy state that is still occupied is called HOMO whilst the lowest unoccupied state
is called LUMO. Many molecular properties are actually defined by the HOMOs and LUMOs. The
energy difference of HOMOs and LUMOs define the wavelength, which has to be absorbed to
allow an energy transition. The part of the molecule containing such n or nt electrons, which
absorb in the UV-Vis region, is called chromophore. As the human eye can only detect light with
a wavelength between 400-800 nm, any substance with an absorption band in this region will be

colored.

Table 1: Absorption maxima of typical chromophores®

Chromophore Amax T-TC¥ Amax N-T*
[nm] [nm]
c=C 170 -
Cc=0 166 280
C=N 190 300
N=N - 350
C=S - 500

Typical chromophores and absorption maxima of their m-n* and n-n* are shown in Table 1. It is
visible that generally m to m* transitions absorb at much smaller wavelengths than n to n*
transitions. This can be explained by energy levels of the molecular orbitals. In Scheme 3 it is
visible that more energy is needed to elevate a m-electron to the n*-orbital than a nonbonding
electron from a n-orbital.”

In an example spectrum of benzophenone in Figure 1 it can be easily seen that the absorption of

the overlapping m-nt* orbitals is much stronger than that of the n-nt* transition. This is because



the n- and nt* orbitals in the carbonyl are barely overlapping, making the transition less likely.

The absorption properties are also dependent on the polarity of the solvent.?

N ~==—Ethanol

40 [~ Cyclohexane

G

30 =

log €

20 =

220

300
Wavelength, nm

Figure 1. UV-Vis spectrum of benzophenone in ethanol and cyclohexane®

By absorbing a quantum of energy (light), electrons are elevated in higher energy states (e.g. S1,
S2). In the un-exited singlet ground state So all electrons are paired in antiparallel directions.

When an electron is elevated to an exited singlet state the spins remain antiparallel.
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By intersystem crossing (ISC), the molecule can reach an excited triplet state T1 in which the spins

are parallel.

Photoinitiator

Figure 2. Jablonski diagram®
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Singlet ground Singlet excited Triplet excited
state state state

Triplet states are generally more long-lived (> 10®s) than singlet excited states (10°-107s) and
responsible for the formation of radicals. The formation of radicals is always in competition to
other deactivation pathways as the excited molecule tries to get rid of the excessive energy and
back to the So state. The deactivation can happen by emission of photons, which is called
fluorescence in case of singlet states and phosphorescence in case of triplet states. The excessive
energy can also be dissipated by internal conversion to vibrations (heat). (Figure 2)

Triplet stated can also be quenched by third party molecules like molecular oxygen, where the
energy is transferred to the third party and dissipated by mentioned pathways.°

Generally, two types of radical photoinitiators are distinguished by their mechanism of
generating radicals from the triplet state. Generally, it is common knowledge that radical
photoinitiators need benzoyl moieties as chromophore to initiate polymerization efficiently.
Norrish Type | photoinitiators consist of molecules with cleavable bonds. Normally an aromatic
acyl moiety is attached to either a tertiary carbon or heteroatoms such as phosphorus,
germanium, tin or other metals. In addition, peroxy or diazo structures can be used as

photoinitiator.!?

R

X= CR3, POR,, GeRs,
SiRs, SnRs, 0-OR

Norrish Type Il systems also contain benzoyl chromophores but the acyl moiety does not cleave
upon irradiation. In this case, an intermediate biradical is formed in the excited triplet state and
a hydrogen atom is abstracted from a coinitiator. This can occur via direct hydrogen abstraction
from surrounding molecules or via electron transfer reaction with amine coinitiators. *?

The class of Type | initiators generally consist of a benzoyl chromophore and some opposing

leaving group which is forming rather stable radicals. The first Type | initiators were



acetophenone derivatives, which are active in the UV-range with the typical n-it* transition at

around 330 nm. (Scheme 4.)

Scheme 4. General structure of carbon based Type | initiators
These types of photoinitiator are further classified by the substituents in the alpha position into
benzoin derivatives, diphenyl- or dialkoxy acetophenones, morpholino- and aminoketones and
hydroxyl dialkyl acetophenones.
In the 1960s to 1970s Norrish Type | benzoines have been excessively investigated as Pls. The
general structure of benzoin initiators can be seen in Scheme 5. Benzoin ethers are more

convenient than benzoines with free hydroxyl groups.

0]
R1

(T

Scheme 5. Basic structure of benzoin photoinitiators
For example 2,2-dimethoxy-2-phenylacetophenone (DMPA, Ri= OMe, R;= OMe) or benzoin
methyl ether (BME, Ri=OMe, R,= H) have been most widely applied industrially among all UV-
initiators for a long time.1° Benzoin ethers like DMPA exhibit a typical benzoyl n-it* transition at
343 nm and show fast cleavage from the triplet state and are efficient initiators for acrylates. The
benzoyl and methyl radicals are efficient in initiation of polymerization, while the dimethoxy

radical is rather a chain-terminating reagent.
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| |
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Scheme 6. Photodecomposition of benzoin ether initiators'®



To improve the reactivity of benzoin ethers a benzyloxybenzyl group was introduced (Ri= O-
benzyl, R;= benzyl) which leads to a more reactive radical. In addition, derivatives with
polymerizable groups were developed. (Scheme 6)

Also, dialkoxy/diphenyl acetophenones were used as photoinitiators. Dialkyloxy acetophenones
exhibit an especially fast cleavage and a good polymerization quantum vyield. While diphenyl
acetophenone shows long lived triplet states.!°

Ri R,=Ar, Oalkyl

R, R,= Ar, Oalkyl

Scheme 7. Basic structure of dialkoxy/diphenyl acetophenone photoinitiators

The initiator diethoxy acetophenone (Ri= OEt, Ry= OEt) can react in a Norrish Type | or Type Il

mechanism when excited by UV-light. (Scheme 7 and Scheme 8)

(I? . C|)H
SRS AN P

Type | Type I

Scheme 8. Decomposition by light of diethoxy acetophenone?®
Today mostly hydroxy propiophenones are used as highly reactive unimolecular Type | UV-
initiators. Fast homolytic cleavage leads to benzoyl and hydroxy propyl radicals that are very

reactive towards (meth)acrylates.?

0O 0O
hv |
| \ | \ s
= =

hydroxy propiophenones
For applications in visible light curing acyl phosphine oxides are widely used since the 1980s as
highly reactive Type | initiators. Acyl phosphine oxides exhibit an absorption maximum from 350-
380 nm extending up to 420-440 nm with a high extinction coefficient in the visible range. This
makes these compounds especially suitable for white pigmented systems due to the deeper

penetration depth.1 14
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In addition, phosphinoyl radicals show higher reactivity towards acrylates than benzoyl radicals.*®
Most recent initiators for visible light are half-metal and metal acyl compounds such as mono- to
tetraacylgermanes'® and tetraacylstannanes'’, which can initiate up to green light.

The class of Type Il initiators or non-cleavable photoinitiators mostly consists of diaryl ketones,
ketocumarins or diketones. When these systems are excited by light to the triplet state the
molecule does not cleave homolytically but either abstracts a hydrogen from a hydrogen donor
such as on alcohols or ethers or reacts with an amine coinitiator by electron and subsequent

hydrogen transfer. 13 (Scheme 9)

T
O H-~OH OH
a) .
Ar)q Ar)°\Ar '> OH

hydrogen abstraction

R R
T  N-CH, -
o} R 0 R OH R R
b) — = Lt NCH, — + N-CH
Ar” Ar Ar”® SAr R Ar”®SAr R

proton transfer

Scheme 9. Reaction mechanism of a Norrish Type Il initiator by a) hydrogen abstraction and b) electron/proton
transfer®?

Of course, forming a charge transfer complex and undergoing hydrogen transfer takes time and
is first diffusion and then equilibrium controlled. Therefore, Type Il systems are generally less
reactive than Type | systems. Benzophenones and thioxanthones are among the most used

photoinitiators in the field of coating and printing industry.!8
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Thioxanthone derivatives such as ITX are the most important Type Il initiators and sensitizers for
visible light. It has to be mentioned that Type Il systems with amine coinitiators are less sensitive
to oxygen inhibition.

The only aromat free initiators avaiable are planarized diketones such as camphor quinone,
which are widely used in dental applications as long wavelength initiators with aromatic tertiary
amines as coinitiator.®

The contamination of the environment and products of daily use and therefore human beings

with aromatic remains of photoinitiators is an increasingly noticed problem.?°

The Problem of Oxygen Inhibition

Unfortunately, oxygen from surrounding air is inhibiting the initiation and curing process.
Therefore, expansive inert gas solutions or extremely high concentrations of costly (co)initiators
have to be used to prevent oxygen inhibition.?% 22

Molecular oxygen can diffuse into the monomer formulation up to 60 um, depending on the
viscosity the resin layer. Therefore especially thin layers like varnishes or printings are affected
most by oxygen inhibition.?3

The industrial approach to counterfeit this problem is to use different initiator systems at
different wavelengths. To achieve good through cure a photoinitiators absorbing at 365 and 405
nm (e.g. acylphosphineoxide initiators) are used. Oxygen inhibition iscompensated at the surface
by using a lower wavelength than 350 nm and a highly efficient hydroxy acetophenone initiator.
For wavelengths lower than 365 nm, mercury pressure lamps have to be used, as there is still a
lack of efficient deep UV LED light sources. This leads to emission of ozone and mercury
contaminated waste bulbs.?* As already mentioned physical methods to create a sufficient
oxygen barrier (e.g. inter gas, lamination, sealing liquids) are expensive and circuitous.
Fortunately a multitude of chemical additives was found and developed in the recent years which
can normally be used in a concentration below 5 wt% and prevent quenching of the propagation
by oxygen.

There are multiple strategies to reduce the negative effect of molecular oxygen on the radical
polymerization. In the review article “Strategies to Reduce Oxygen Inhibition in Photoinduced
Polymerization”?® and the article “The formulator’s guide to anti-oxygen inhibition additives”?®

from 2014 a great overview on the prevention strategies of oxygen inhibition was shown.
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Scheme 10. Mechanistic explanation of oxygen inhibition and strategies to mitigate it: (a) initiation stage
strategies (i.e., inerting, lamination, light source, molecular inerting and photoinitiators), (b) quenching of excited
state of photoinitiator, (c) singlet oxygen scavengers, (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 abstraction, (i) peroxide decomposition, (j) scavenging of a molecule of oxygen, and (k) reinitiation
of polymerization.?®

During the propagation reaction of radical polymerization, a chain end radical can react with
molecular triplet oxygen and form unreactive terminal peroxide radicals. Triplet oxygen is the
stable form of oxygen and occurs as biradical. By recombination of the chain end radical with a
triplet oxygen radical the terminal peroxide is formed.

i~ 0-0 :
polymer chain M- > polymer ChainJW\M_O/O

This rather unreactive species can recombine with other chain end or initiator radicals (Scheme
10, g) resulting in the loss of two propagating radicals. Or the peroxyl radicals abstract hydrogens
from the surrounding matrix resulting in hydroperoxide end groups. This stable peroxides can be
cleaved thermally and release reactive oxyl radical. As photopolymerization is normally not
conducted at elevated temperatures the peroxides will not further play a role in the
polymerization.

By anti-oxygen inhibition reagents these reactions can be suppressed leading to high double
bond conversions even under air.

Reducing agents can be used to lower oxygen inhibition by reducing the peroxyl radical to a much
more reactive oxyl radical. (Scheme 10, e) Phosphines are a good example for reducing agents

that can be used to suppress oxygen inhibition.
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By adding triphenylphosphine (TPP) to an acrylic formulation (TPGDA), the conversion under air

atmosphere is subsequently improved with increasing amount of phosphanes.?’ (Figure 3)
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Figure 3. Photopolymerization kinetics of TPGDA under air using different concentrations of TPP. (a) 0 wt%, (b) 1
wt%, (c) 4 wt% and (d) 6 wt%. Photoinitiator: 4 wt% TPO, light intensity: 21 mW/cm2 %’

Hydrogen donors such as thiols are also powerful anti-oxygen inhibition reagents. In this case the
peroxyl radical abstracts a hydrogen from the thiol resulting in a saturated hydro peroxide end
group and a highly reactive thiyl radical that is reinitiating the chain growth. (Scheme 10, f)
. . _R o
0-0 o- HS polymer chain M-0

polymer™™> . polymer chain*"™>p_ g~

\ + R-
chain OH

In (meth)acrylic systems 1 to 10% of thiol additive can already reduce the oxygen inhibition
dramatically and even very thin layer of some micrometers can be cured.

Although thiols are potent anti-oxygen inhibition reagents, their application is limited due to
some inevitable drawbacks like bad odor, limited storage stability of the formulations and

reduced modulus of the resulting polymer.

Regulating Radical Photopolymerization
Although there is enormous potential for applications of photopolymers, the technology is
dealing with matters concerning the mechanical properties of photo materials. When

(meth)acrylic monomers are cured by uncontrolled radical photopolymerization,
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inhomogeneous networks with a high crosslinking density are achieved. Such material can be
very hard but also tend to be rather brittle. This is a critical problem when used as bulk material
for example as dental composites or material for additive manufacturing technologies.

The reaction mechanism of radical bulk polymerization must be understood in detail to find
solutions against the brittleness of photo materials.

Most industrial (meth)acrylate formulations are liquid at room temperature, therefore the
average molecular weight is low and the molar content of reactive doublebonds is high.
Multifunctional monomers crosslink during the curing reaction and the formation of new

covalent bonds causes shrinkage.

double bond conversion (DBC)
0% » end DBC liquid
S gel
S .
<« » > . cured solid
no stress increasing shrinkage stress

Figure 4. Development of shrinkage stress during curing reaction

As sketched in Figure 4, soon after the initiation due to the high density of functional groups, the
liquid formulation gels at rather low conversions. After the solidification, the network domains
are no longer mobile and the tensions caused by shrinking cannot be dissipated. Most of the
curing reaction propagates in solid state resulting in an inhomogeneous network with lots of
inner tensions.?®

The problem derives from the uncontrolled radical polymerization, resulting in inhomogeneous
highly cross-linked networks. (Figure 5) Such materials show typical duromeric thermo-
mechanical properties such as high and broad glass transition temperatures and low impact

resistance.

A

mechanical
stability

>

temperature

Figure 5. Schematic unregulated inhomogeneous network and broad phase transition?®
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Similar problems were already known for cationic cured epoxy resins, which were overcome with
particle-filled systems (rubber-, core-shell- and other particles) or by using block copolymers for
phase separation.3°

In case of radical polymerization, no polarity change can be observed between monomer and
polymer. Therefore, phase separation is hard to achieve without losing important mechanical
properties. In addition, filled systems can be problematic as the curing depth and accuracy are
negatively influenced by light absorption and scattering.

The monomer systems can be tuned by mixing high molecular weight oligomers with reactive
diluents or by adding radically ring-opening monomers (ROMP). Still the networks in such
polymers stay inhomogeneous and the problems inherent to photo materials cannot be solved
to full satisfaction.

The problem is that theoretically every second C-atom in the chain exhibits one crosslink to

another chain when only a difunctional monomer is used.3! (Figure 6)
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Figure 6. Principle of network formation with mono- and difunctional monomers3!
To reduce inner tensions and form homogenous networks the gel point has to be shifted to higher
DBC by controlling the radical propagation. In this case, the formulation stays liquid up to a higher

conversion and the volume of monomer curing in the solid state is reduced. (Figure 7)
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Figure 7. Development of shrinkage stress during regulated curing reaction

For that so-called chain transfer agents (CTA) can be used. Such molecules terminate chain

growth and then reinitiate polymerization. (Figure 8)

15



+ i) = cc=<IlD +>

chain end radical CTA chain terminated new radical

Figure 8. Simplified representation of a chain transfer agent

The termination reaction has to be statistically that means that the probability for a radical to
add to a monomer or CTA molecule has to be in the same range. This is defined by the chain
transfer constant Cr, the ratio of chain transfer and chain growth reaction of a radical

polymerization by their reaction constant, seen in equation 1.

Equation 1

Cr  Chain transfer constant
ke Rate constant transfer
k»  Rate constant chain growth by propagation

When Cr< 1, the chain growth is dominating, causing broad molar weight distribution and high
molecular weights.

When Cr> 1, the chain transfer is favored, causing delay of chain growth and low molecular
weights in the beginning of the reaction. After the chain transfer compound is consumed, ratios
change during the polymerization causing an inhomogeneous molecular weight distribution.
Keeping this in mind, the CTA has to be chosen according to the monomer system, offering a Ct

around 1.

—

storage impact storage X
modulus resistance modulus Impact

resistance

Figure 9. Material properties of unmodified and modified networks?®
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This reduces the average kinetic chain length and cross-linked domains are smaller. Therefore,
the DBC at the gel point (DBCg) is higher. In addition, the network structure is more homogenous
and narrow phase transitions can be obtained. (Figure 9)

Several concepts to regulate radical polymerization are known:

e NMP — nitroxide mediated polymerization3? 33

+ 'O_NR2

R-O-NR,

E
-

In this case stable nitroxide radicals such as (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) de-

P-O-NR; + "O-NR;

and reactivate chain growth by capturing and releasing terminal radicals. The equilibrium is
shifted to the non-active bound species, so only few active radicals are present at the same time,
reducing side reactions to a minimum. NMP is a controlled polymerization that offers great
regulation of molecular weight and can be used to form block copolymers and modify end groups.
The propagation on the other hand is very slow so the reaction takes hours also solvents are
required. Thus, this method is not usable for bulk photopolymerization.

e ATRP — Atom transfer radical polymerization3*

R-X + Cu(hX +  Cu(IhXs5

M

- 0

P-X + Cu()X

P +  Cu(IDX,

@,

M

Like NMP, ATRP is a reversible deactivation radical reaction that uses copper(l) salts as catalyst
and halogenated initiators.  Also this process offers all advantages of living radical
polymerizations, such as good control over molecular weight, easy access to tailored block
copolymers. Nevertheless, as well as with NMP for this rather slow reaction solvents and elevated

temperatures are needed.
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e RAFT- Reversible addition fragmentation chain transfer3>

Weak single bond

|

k k '
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double bond T
Z modifies addition and R must be a good homolytic leaving
fragmentation rates group and a good initiating species

RAFT polymerization uses thio charbonyl-thio compounds such as dithioesters, trithiocarbonates
or dithiocarbamates as chain transfer agents. After initiation with a radical initiator the
propagation reaction stays in a RAFT equilibrium, in which radicals add to the sulfur double bond
and a new radical is release on the opposite side forming a new reactive sulfur double bond. The
method offers a high control over molecular weight and distribution, especially because the RAFT
agent can be specifically adapted to the class of monomer. In addition, RAFT polymerization is
very robust in the sense of solvent, impurities and atmosphere. Generally, RAFT polymerizations
are used in solution for block copolymers, grafting polymer brushes from surfaces and other
complex polymer architectures. It was already shown that RAFT techniques cannot be applied in
bulk photopolymerization, as the slow RAFT reaction causes massive retardation during the
curing reaction and most RAFT reagents are strongly absorbing in the UV and blue region of the

spectrum. Therefore, photo initiation is not possible in this spectral region.3®

e AFCT — Addition fragmentation chain transfer3>

A kadd R’ . kfrag R' A
R" + y N R =———— wéa R —— + Re
Z Kadd Z Z

AFCT reagents are similar to RAFT reagents with the great difference that the process is
irreversible. Therefore, after addition of a radical, the chain is terminated and a leaving radical is
reinitiating polymerization. This means on the one hand that the chain transfer agent is
consumed during the reaction and on the other hand the process is faster as no propagation-
transfer equilibrium is reached. By choosing the activating group Z the transfer agents can be
tuned in the terms of addition and fragmentation rates. For different monomer systems, the
reagents have to be chosen to reach a chain transfer contestant of around 1. This guaranties
statistic conversion and low PDls. Depending on the AFCT reagent the reaction can be very fast

and is also usable in bulk photopolymerization.37-3°
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e Hydrogen Donors*

R- + DH —— RH + D-

In the simple concept of hydrogen donors, the tendency of radicals to abstract hydrogens is used.
The chain end radical can abstract a hydrogen from a hydrogen donor and is terminated while
the donor radical can reinitiate chain growth. Therefore, donor molecules need easy abstractable
hydrogens and the residual radical must efficiently add to monomer to reinitiate chain growth.
Typical hydrogen donors are thiols?® or group 14 hydrides such as silanes, germanes and
stannanes.*’ Also carbon bound hydrogens near hydroxyl or ether groups are efficiently
abstracted by radicals.

H H,
~N

Cc- _C._ __R
_C-OH R o

Depending on the donor hydrogen abstraction and reinitiation can be very fast and works well in
bulk systems at room temperature. Storage stability of formulations and reduced young’s

modulus of resulting materials can be still issues that limit application.
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Objective

Radical photopolymerization is a standard curing method that is widely used for protective and
decorative coatings in different industrial branches.

Due to the frequent and gaining use of photopolymers for packages in food industry and medical
applications from contact lenses to tissue engineering, the search for biocompatible and
harmless photoinitiators is very important. The vast majority of applied industrial photoinitiators
are based on aromatic ketone structures that are considered potentially harmful including their
photoproducts. Aromatic initiators such as benzophenones or thioxanthones and their
photoproducts often act as endocrine disruptors in the human body by imitating hormone

structures.*? In addition, a lot of these compounds exhibit potential carcinogenic effect.
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In this work, new concepts for non-aromatic photoinitiators should be explored. Recent
publications showed that aliphatic metalloid glyoxylates are efficient photoinitiators. Based on
this knowledge non-aromatic ketoesters and related structures should be chosen, synthesized
and tested as radical photoinitiators. By modifying aliphatic ketoesters, structure property
relations regarding absorption and initiation efficiency can be found. Photo-active compounds
need to be deeper investigated by UV-Vis measurements and photo-DSC tests in different
monomer systems, at different wavelengths and compared with industrial reference systems.
Photolysis tests are ought to reveal further information about initiation mechanisms and the
(photo)toxicity should be tested by cell incubation tests.

As a second task, also the material properties of photopolymers have to be further improved.
Therefore, the formation of brittle inhomogeneous photopolymer networks needs to be
regulated. Regulation of radical bulk photopolymerization is a way to reach higher toughness and
make photomaterials competitive with thermoplastic polymers. Different successful strategies
were developed to improve photomaterials. For example, regulation of radical polymerization by
addition fragmentation chain transfer (AFCT) and thiol-ene chemistry could already successfully

improve material properties.
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It is known that AFCT reagents with an a-oxy-acrylate base structure and a sulfone leaving group
are able to reduce the network density and internal stress of photopolymers and lead to tougher
materials with well-defined glass transition.

O

oy

In this work, new AFCT reagents based on oxy-acrylates should be synthesized and tested.
Therefore, the introduction of different leaving groups L and examination of the resulting
compounds is planned.

Recently, silane-ene chemistry was tested to replace thiol-ene chemistry as the strong odour and
the reduced modulus of thiol-ene based materials is a major drawback of this technology. It was
found that most alkyl silanes are weak hydrogen donors and that the storage stability under
oxygen is limited as silanes are prone to oxidation.

Consequently, stable cyclohexadiene hydrogen donors with a reactive leaving group should be
investigated. The mechanism of radical hydrogen abstraction and subsequent fragmentation is
already known from silylated cyclohexadienes in hydro silylation reactions.

L

o) o)
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In this work, cyclohexadienes with silyl and other leaving groups should be synthesized and tested
as hydrogen abstraction fragmentation chain transfer agents (HAFCT). The compounds need to
be fully characterized and tested in different monomer systems. Therefore, studies in
monofunctional methacrylates should be conducted to measure the photoreactivity of
formations with the new regulators. Subsequent NMR and SEC studies of the polymers will reveal
detailed information about the conversion and influence on the molecular weight.

Photo-rheology real-time NIR studies in difunctional methacrylate formulations can give a deep
insight into network formation and regulation, by measuring conversion and mechanical
properties of the samples at the same time. Dynamic mechanic thermal analysis of bulk polymer
sticks polymerized with the new compounds as additives will reveal detailed information about

mechanical properties and thermodynamic transitions.
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Part 1: Novel photoinitiators based on aliphatic structures

During the last half century, free radical photopolymerization has become one of the most
important technologies for protective and decorative coatings. Advantages are the fast and
energy-efficient curing of VOC free formulations. In this technology, UV-Vis light is used to
activate monomolecular Type | or bimolecular Type Il photoinitiators for the curing of
(meth)acrylate-based coatings and inks. Regulations for food packaging and medicinal products
are especially strict when it comes to substances migrating through the cured material into the
product.*> 4 These restrictions result from the fact that low molecular weight photoinitiators
and sensitizers together with their photoproducts are not environmentally friendly and may
harm the human body.** Benzophenones are among the most used photoinitiators for UV curing
in the range of 230-350 nm due to the low price and the rather good performance especially in
case of bathochromic shifted derivatives.!> The International Agency for Research on Cancer
(IARC) published a monograph in 2013 about the negative health effects and cancerogenity of
benzophenone.*

There is evidence that benzophenone, its derivatives and photoproducts act as estrogenic
endocrine disruptors in mammals. 6% The IACR also found some indications that orally absorbed
benzophenones can induce cancer growth in rats. Therefore, benzophenone was categorized as
“possibly carcinogenic to humans (Group 2B)”.4°

In 2005 Italian authorities discovered traces of the photoinitiator isopropyl thioxanthone (ITX)
within baby milk cartons, resulting in the seizure of more than 30 million liters of milk which has
been contaminated by the curable ink from outside the packaging.*® Furthermore, in a recent US
study different photo(co)initiators could be found in 100% of 1000 tested serum samples,
showing that these substance are ubiquitous contaminants.>®

The benzoyl chromophores of cleavable photoinitiators are generally also problematic as various
photoproducts are generated during the curing reaction. Especially volatile and odorous
compounds such as benzaldehyde can be problematic at the production site or when it comes to
food packaging.*®* On the other hand, degradation and recombination products of aromatic
initiators are potentially mutagenic or toxic to the human body. Therefore, even safe initiators
can lead to substances migrating in the resulting polymer network and becoming hazardous.
Therefore, non-aromatic Pls are of high interest for industrial applications. Up to now camphor

guinone is the only aromat-free photoinitiator of significant importance.
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1.1. State of the art

In the year 2017 the patent EP 3153150 Al was published on silicon and germanium based
ketoesters as longwave photoinitiators for dental applications.>® These structures were said to
be efficient initiators with an absorption maximum at 430-460 nm. Interestingly the lack of

aromatic moieties did not seem to affect the photoreactivity. °!
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The recent discovery, that silyl glyoxylates function as photoinitiator drew the attention to keto
esters in radical photopolymerization in general. Phenylglyoxylates are already well known as
low-yellowing Type Il radical photoinitiators (e.g. Irgacure 754). In this case, one aromatic moiety
of a benzophenone is replaced by an ester group. (Scheme 11) The n-it* transition and extinction
coefficient is in the same range (around 330 nm) as of a typical benzoyl chromophore.

Interestingly also aliphatic a-ketoesters show a compatible absorption pattern.
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Scheme 11. Structure relation of ketoesters to aromatic initiators

It was unclear up to now if the aromatic moiety at all is necessary for an efficient initiation. This
is why the photoreactivity of aliphatic ketoesters and their efficiency as photoinitiators for radical
polymerizations has to be investigated. Only a few studies have been reported describing their
photodecomposition. The first paper was published by Hammond et. al. in 1961. In these
experiments, they were able to show that ethyl pyruvate can be photolysed to CO and
acetaldehyde. They also proved that the decomposition can be sensitized by benzophenone and
interpreted this as proof for the decomposition of ethyl pyruvate via the triplet state. In this
publication neither a reaction pathway was suggested nor were radicals mentioned.>?

Three years later Leermakers et. al. found similar quantum yields for the decomposition reaction

for all alkyl pyruvates (¢p=0.15 + 0.02) and a narrow range of triplet energies around 272 kJ
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mol™?. They could also show that a direct hydrogen transfer reaction is not favored upon
irradiation, favoring a biradical mechanism for the decomposition and CO release.”3

Later in 1967 Evans and Leermakers could verify the Type Il elimination reaction of a-
ketododecanoic acid, decomposing to heptene and pyruvic acid. They also could show that a-
keto acids exhibit a unique behavior in comparison to other classes of keto-compounds. Namely,
aliphatic a-ketoacids may be characterized by high rates of both intersystem crossing and
photoreaction.>*

Two years later, Nakanish et. al. published the photoreduction of a non-enolisable a-ketoester
linked to a ginkgolide. As reaction route an intramolecular hydrogen abstraction creating a
biracial was suggested.>>

The radicals produced upon irradiation of pyruvates in isopropanol were investigated by ESR in
1972 by Samuni et. al. They could not only observe the resulting a-hydroxy radical but also a
cis/trans isomerization with the ester moiety.>®

1981 Davidson et. al. published a paper on the investigation of the Norrish Type Il reaction of
long chain aliphatic a-ketoesters and —acids. They were able to show that intramolecular
hydrogen abstraction leads to a biradical intermediate which further decomposes to alkenes and

a pyruvate.®’ (Scheme 12, a)
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Scheme 12. Photo-decomposition of aliphatic a-ketoesters on the a-carbonyl side (a),’” photo-decomposition
pathway on the ester side (b)*8

Finally, in the year 2000 Herrmann et. al. could verify that also the aliphatic moiety on the ester
side functions as hydrogen donor for the intra molecular hydrogen abstraction. The biradical

further decomposes under CO release of the intermediate ketal to aldehydes or an aldehyde and
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ketone, respectively.>® (Scheme 12, b) In both cases relatively long-lived radicals are generated,
which potentially could initiate radical polymerization.

This would give an interesting Type Il initiation system, as intramolecular hydrogen abstraction
and intermolecular hydrogen abstraction are possible. Coinitiators could be used but would not

be necessary for this system.

1.2. Selection of compounds

For the proof of concept, a basic set of aliphatic a-ketoesters with increasing methylation on the
B-carbon was chosen for the first tests. Fortunately, all ester compounds were commercially
available, except the tert-butyl ketoester MDMOB that was easily synthesized according to
literature. Therefore, pinacolone was first oxidized with permanganate to the t-butyl keto acid a

and then esterified with methanol.>% €0
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In a simple setup 1 w% of potential initiator was mixed with a equimolar mixture of two dental
methacrylates (UDMA and D3MA) and cured at 100% intensity in the broadband Intelliray 600
UV floodlight oven for 100 s. Speedcure 73 was used as high reactive reference sample. To a total
surprise, all a-ketoesters lead to perfectly cured samples. (Figure 10) Further, the reference cured
with the common initiator Speedcure 73 showed reddish discoloration whilst the ketoester-
cured samples remained colorless.
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Figure 10. Cured sticks with SC 73, EP, MOB, EMOB, MDMOB top and front view

To prove that ketoesters are different from simple aromatic ketones regarding their

photoreactivity, the phenyl analogues the a-ketoesters were tested in the same way.
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None of the tested benzoyl compounds showed reactivity. The preliminary curing tests in the UV
oven revealed only weak reactivity of the t-butyl DMPP, as some curing occurred after 600 s of
irradiation. The result was a limp and moist specimen that was barely cured. This shows that the
photochemistry is different from mono carbonyl compounds.
After these promising results, a deeper investigation and broad variety of a-ketoesters needed
to be tested. Therefore, promising substance were categorized by the variation on the a-
ketoester structure. (Scheme 13)
Group a) consists of mostly commercial simple aliphatic a-ketoesters that were already used for
the preliminary curing tests. Starting with ethyl pyruvate the compounds exhibit increasing
methylation on the B-carbon. Also, methyl and ethyl ester were varied. This should give insight
into the effect of increasing steric hindrance with increasing methylation and structure reactivity
relations between methyl and ethyl esters.
In group b) the influence of modification of the ester moiety should be investigated. By
introducing hetero atoms as nitrogen and sulphur the absorption spectrum should be shifted and
the influence on the reactivity by heteroatoms should be investigated. Also attaching an amine
coinitiator by esterification to improve the performance was planned.
Group c) modification of the alpha carbonyl consists of ketoesters with different groups in B-
position influencing the a-carbonyl. By altering the B-substituent it should be investigated if it is
possible to change the initiation mechanism of ketoesters from a Norrish Type Il to a Norrish
Type | mechanism. Therefore, moieties of known acetophenone Type | initiators such as halides,
hydroxy groups and morpholine should be introduced.
In group d) long wavelength UV initiators different strategies were tested to cause a
bathochromic shift of the absorption spectra. By introducing unsaturated moieties in B-position
the absorption should be increased and shifted to higher wavelengths by cross conjugation.
Planarized cyclic ketoesters should be tested as the low carbonyl angles should cause a significant
shift of absorption. Same effect should be achieved with ketomalonates due to their similarity to

triketones and by introducing phosphorus as hetero atom.
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Analogue to known silyl and germy glyoxylates, phosphonate and tosyl glyoxylates needed to be

investigated in group e) long wavelength visible initiators.

a) simple aliphatic ketoesters
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Scheme 13. Compounds selected to be tested as photoinitiators
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To compare the reactivity of the novel compounds with industrial standards, typical (co)initiators
were selected. (Scheme 14)
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Scheme 14. Reference (co)initiators for comparison with the novel compounds
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Benzophenone BP and benzophenone derivative BMS are widely used Type Il photoinitiators for
UV curing. The introduction of an aromatic thioether in BMS causes a massive increase in
absorption and makes BMS one of the most reactive Type Il initiators. These compounds are
always used with coinitiators such as methyl diethanolamine MDEA and ethyl dimethylamino
benzoate EDB.®? Phenyl glyoxylates such as ethyl phenylglyoxylate PGO are known Type Il
initiators based on a-ketoesters. Due to intramolecular hydrogen abstraction, these compounds
do not require a coinitiator.®?

Bromo propiophenone SCBr and hydroxy propiophenone SC73 are typical industrial Type | UV
initiators used for fast and efficient curing reactions.?

Thioxanthone ITX was selected to compare the new long wavelength UV initiators with. Isopropyl
thioxanthone is an efficient Type Il initiator in the near visible area and requires a coinitiator.1°
The long wavelength visible initiators are compared with the highly reactive dental diacyl german

Type | initiator Ivocerin.®3

2. Selection and synthesis of a-keto compounds

2.1. Simple aliphatic a-ketoesters

As a first curing test with ethyl pyruvate was successful, it was of interest to first investigate the
reactivity of ketoesters with increasing methylation. For the first proof of concept studies, a small

set of aliphatic a-ketoester compounds was chosen.

o oy A e

OEp O moB O EmoB MDMOB

It is known for ethyl pyruvate EP that intramolecular hydrogen abstraction occurs at the ester
CH,. For the excited carbonyl, it needs to be sterically possible to abstract intramolecular
hydrogen atoms. Therefore, differences in reactivity should be revealed by varying the aliphatic
groups on the ester and a-carbonyl.

Ethyl pyruvate (EP), methyl oxobutanoate (MOB) and ethyl methyl oxobutanoate (EMOB) were
commercially available. The compound with two methyl groups EMOB was very expansive and
therefore synthesized in a bigger scale. Methyl dimethyl oxobutanoate MDMOB was not

available commercially and therefore also synthesized.
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2.1.1. Synthesis of dimethyl oxobutanoic acid (1)
Dimethyl oxobutanoic acid (1) as a precursor to methyl dimethyl oxobutanoate (MDMOB) is
easily prepared by oxidation of 1 eq. pinacolone with 2 eq. potassium permanganate in strong
basic conditions identical to literature.”
(0]
KMnOy4, NaOH (0]
OH

>Hk H,0,0°C >HH(

0]

1

The ketone precursor is dissolved in 2 eq. cold aqueous NaOH and potassium permanganate is
added subsequently at 0 °C. The temperature has to be cold and the potassium permanganate
has to be added slowly as over-oxidation to pivalic acid is almost inevitable. Unfortunately, it is
nearly impossible to remove pivalic acid from the desired product, therefore this step is crucial.
After complete addition of permanganate within 4 h, the solution is allowed and warmed up to
RT and stirring is continued overnight. The precipitated manganese dioxide is filtered off and the
solution is acidified with conc. HCI. Extraction with diethyl ether and distillation in vacuum affords

the desired product 1 in 78% of theory with minor impurities of pivalic acid.

2.1.2. Synthesis of methyl dimethyl oxobutanoate (MDMOB)
For the synthesis of MDMOB 1 eq. dimethyl oxobutanoic acid is refluxed in 10-fold amount

methanol with catalytic amounts of sulfuric acid identical to literature.®°

Q cat. H,SO,4 Q
OH - ONG
MeOH, ref
(0] 0]
1 MDMOB

After evaporation of excessive methanol, the crude product is extracted with saturated sodium
hydrogen carbonate solution and distilled under reduced pressure to afford the desired
ketoester. To completely remove remaining pivalic acid methyl ester fractionated distillation

finally yields 38% methyl ester MDMOB as clear liquid.

2.1.3. Synthesis of ethyl methyl oxobutanoate (EMOB)
For the synthesis of ethyl methyl oxobutanoate EMOB a Grignard reaction between diethyl
oxalate and isopropyl magnesium bromide (2) was chosen as convenient preparation pathway

identical to literature.t% >
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As the Grignard reagent can attack twice on the oxalate and as well on the formed ketoester,
different ratios were tested between 1.0 and 2.0 equivalent diethyl oxalate. An excess of 0.5 eq.
is sufficient, by that unwanted side products can be successfully avoided. A higher excess is not
beneficial as the residue diethyl oxalate is hard to separate from the product. Distillation was not
successful and resulted in mixed fractions even when a Vigreux column was used. The product
can be isolated with column chromatography (20:1 petrol ether to ethyl acetate as eluent) and

is afforded in 36% of theory as colorless liquid.

2.2. Modification of the ester moiety

There is no literature available about light induced formation of radicals with simple aliphatic a-
ketoamides like KEA. Therefore, it was of interest to see if this class of compounds can induce
radical polymerization and if there is any influence on the light absorption pattern.

The a-carbonyl can also be influenced by modification of the ester group with sulphur. Thioesters
TBTKE and TKE were of interest as the photochemistry is not described in literature and the
thioesters are known to absorb light in the visible region. The introduction of sulphur atoms was
interesting, as the resulting O-alkyl and S-alkyl thioates should exhibit a bathochromic shift.®®

Also the photochemistry of this compound class is not investigated.

(@) O 0] S (0] 0]
—
OR OR SR
-n* = 330 nm n-n* = 392 nm ?

Also the introduction of amines as coinitiator like in AKE was a strategy to increase the curing

efficiency.

AL e

TBTKE

As it is expected that a-ketoesters are Type Il initiators, tertiary amine coinitiators could improve
the reactivity of the system. Additionally, the previously mentioned radical quenching cleavage
reactions could be suppressed by offering an electron/proton transfer moiety.
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Therefore, it was reasonable to introduce a tertiary amine as functionality on the ketoester to

create a monomolecular coinitiating system.

2.2.1. Synthesis of N,N-dibutyl-2-oxopropanamide (KEA)

In preliminary tests pyruvates showed instability under basic conditions. Probably due to aldol
reactions®’ the mixture of amines with pyruvates soon turns dark brown and no desired products
can be isolated. Therefore, the amide should be prepared via the acid chloride identical to

literature.5® 69

o
)\’40 Cl)\CI . J‘\,&O N,N-dibutylamine . o )\fo
o) o 0 o
OH bulk, 50°C Cl ether, 0°C ~o~N~_~

3 KEA

For the synthesis of N,N-dibutyl-2-propane amide (KEA) the corresponding acid chloride of
pyruvic acid (3) had to be prepared first. As a-keto acids are sensible to harsh reaction conditions,
the relatively soft chlorinating agent dichloromethyl methylether was chosen.*® To the acid the
chlorinating agent was added slowly in excess of 1.5 eq., under inert conditions and heated to
50 °Cfor 30 min after completion of addition. Then the mixture was stirred overnight under argon
at room temperature. After evaporation of all volatile residues in vacuum, the pyruvic acid
chloride (3) was directly used for the next step as it is too sensitive for distillation. Therefore, the
acid chloride was slowly added to a 2.1 eq. excess of dibutyl amine in threefold amount of dry
ether at 0 °C under argon. The reaction was stirred 1 h while cooling and quenched with diluted

HCI. After extraction and evaporation, distillation afforded the ketoamide KEA in 21% yield.

2.2.2. Synthesis of O-methyl S-ethyl 2-oxopropanethioate (TKE)
It was first tried to synthesize the S-ethyl thioketoester TKE by reaction of pyruvic acid chloride

with ethane thiol.”®
32
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The pyruvic acid chloride was very sensitive. The pyruvic acid previously prepared with the

chlorination agent dichloromethyl methylether, decomposed in the fridge.”* 72

? DCC o
)H(OH + /\SH > )S(Sv
THF, 45°C
o) 0
TKE

To avoid resynthesis of instable acid chloride, direct reaction of pyruvic acid and ethane thiol with
DCC was chosen identical to literature.”3

One equivalent DCC was dissolved in the tenfold amount dry THF. After the addition of 1 eq.
ethane thiol, 1 eq. pyruvic acid was added dropwise diluted in the threefold amount THF. Instant
formation of solid urea was visible and the whole reaction mixture turned deeply yellow. After
refluxing for 5 min the mixture was cooled and filtrated. After evaporation of the solvent under
vacuum, the yellow residual oil was distillated twice, yielding the thio ketoester TKE as yellow

extremely smelly oil in 34% of theory.

2.2.3. Synthesis of O-methyl 3,3-dimethyl-2-oxobutanethioate (TBTKE)
For the synthesis of O-methyl thiolate TBTKE a direct one-pot synthesis from pinacolone with

thionyl chloride and methanol as reagent was chosen according to literature.’

N
’s
(o]
+ S O/
SOCly, reflux MeOH, 0 °C
S<al crcr ci Cl ol
TBTKE
To the 15-fold amount of thionyl chloride pinacolone was added dropwise while stirring at RT
together with 2 mol% of pyridine as catalyst. Instantly a lot of gas formation and the reaction
turning deeply red was observed. After two hours the excess of thionyl chloride was distilled off
under vacuum. The crude intermediate was redissolved in the 20-fold amount of methanol and
4 eq. of triethylamine were added dropwise at 0 °C. After complete addition the reaction was

allowed to warm up to RT overnight. The next day the reaction was acidified with 1 N HCl and

extracted with ether. After drying of the organic phase the solvent was stripped off in vacuum
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and 1.73 g of yellow very smelly raw product was obtained. Further purification with MPLC and

ball pipe distillation afforded 8% of pure O-methyl 3,3-dimethyl-2-oxobutanethioate (TBTKE).

2.2.4. Synthesis of 2-(dimethylamino)ethyl 2-oxopropanoate (AKE)

For the synthesis of 2-(dimethylamino)ethyl 2-oxopropanoate (AKE) the dimethyl oxobutanoic
acid chloride (4) was used, prepared analogue to pyruvic acid chloride 3. By esterification of
dimethyl aminoethanol to the acid chloride analogue to literature the tertiary amine coinitiator

is installed on the ketoester.”>

') O
TEA
>HJ\I(CI LSS > N
| °
5 DCM, 0°C O AKE |
4

For the reaction 2.5 eq. of dimethyl ethanolamine were dissolved in 5-fold amount of dry DCM
and cooled to 0 °C. To the mixture 1 eq. acid chloride was added slowly dropwise. The reaction
was allowed to warm up overnight. After filtration of the hydrochloride precipitate, the mixture
was acidified with 1 N HCl and extracted. The organic phase was dried with sodium sulphate and
the solvent stripped off in vacuum. After ball pipe distillation of the crude oil only 17% of theory
of 2-(dimethylamino)ethyl 2-oxopropanoate (AKE) was obtained as colorless oil. First it was
unclear why the yield was that low. But the product was not stable under the strong basic
conditions of the amino end group. Even in the freezer the compound further decomposed within

weeks.

2.3. Modification of the alpha carbonyl
From acetophenones it is known that efficient Type | photoinitiators can be created by
introducing a leaving group such as halides or isopropyl hetero moieties. The a-cleavage pathway

is the most favorited but with halogen, sulphur or amino groups also B-cleavage occurs.!
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Therefore, it was of interest to synthesize ketoester analogues to the known acetophenone

initiators and compare their reactivity.

o (c) o (c) o (c)
(c) commercial Br OH ©)H(N
(s) to synthesize @
SCBr SC73 PMK
O (o) O (s) o (s) o (s)
\/O\H)*F \/O\H)H( \/O\[HH( ~_©
IS I Br I OH N/\

@) K/O
TFKE BrKE OHKE MOKE

The initiation mechanism for simple ketoesters as pyruvates is most likely a Type Il mechanism

which was shown in previous works.>? In the case of a-carbonyl modified silyl glyoxylates a Type |

mechanism is dominating.”! It was really interesting if the modification analogue to Type |

acetophenones would lead to an a- or B-cleavage mechanism. Therefore, a bromo (BrKE),

hydroxy- (OHKE) and morpholino (MOKE) ketoester should be synthesized. The trifluro ethyl

pyruvate was commercially available.

2.3.1. Synthesis of ethyl bromomethyl oxobutanoate (BrKE)
For the modification of the a-carbonyl with a bromine group, previously synthesized ethyl methyl
oxobutanoate (EMOB) was chosen as suitable precursor.

O O

Br2
o CCly, AcOH, RT Br )

EMOB BrKE

The tertiary hydrogen of EMOB can be easily substituted by bromine at room temperature
according to literature.”® As it is the energetically most favored position, only the tertiary
hydrogen is substituted by bromine. For the synthesis, ketoester EMOB is diluted in a 9:1 mixture
of tetrachloromethane and acetic acid and one equivalent elementary bromine is added via
syringe. After 2 h the solution decolorizes and the bromo ketoester (BrKE) is extracted with
chloroform and saturated sodium hydrogen carbonate solution. After removal of the solvents,

the product is obtained almost quantitatively (94%) as colorless oil.
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2.3.2. Synthesis of ethyl hydroxymethyl oxobutanoate (OHKE)
In the next step the bromo moiety should be substituted by a hydroxyl group. To use sodium
hydroxide seemed to be most convenient way. Therefore, the bromo ketoester was dissolved in

THF and stirred at RT with 1 eq. of agueous NaOH.”” After 4 h still a lot of precursor is left.

9 1 NaOH 0
Y e o X
B HO
r J THF/H,0 5
BrKE OHKE

To get a full substitution more NaOH was added and the ester should be transferred into the

methylhydroxy sodium oxobutanoate.

0 2 NaOH 0 -+
ﬁov °4- 7 > YH(O Na
B HO
r o THF/H,O o

BrKE

Unfortunately, under strong basic conditions the ketone moiety was destroyed by side reactions
and no free acid could be isolated after acidic workup.
A milder way to exchange bromine groups against hydroxyl groups is the reaction with silver (I)

oxide in moist acetonitrile analogue to literature.”®

(@] AG-O (0]
Y*m"“ - WOV
Br S RT, ACN, 1% H,0 HO S
BrKE OHKE

In this heterogeneous reaction the black silver oxide is suspended in the reaction mixture and
stirred overnight in darkness. Afterwards the grey solid is filtered off and the mixture is extracted
with diethyl ether. After drying and removal of the solvent, ball pipe distillation affords 94% of

theory of desired hydroxyl ketoester with minor impurities of precursor.
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2.3.3. Synthesis of ethyl morpholino methyl oxobutanoate (MOKE)
For the synthesis of morpholino ketoester MOKE, 1 eq. of previously prepared bromo ketoester

BrKE was reacted with 1 eq. morpholine in THF at room temperature similar to literature.””

(0]
(0] H
N TEA
\/O\[HK’( + [ j \/O\[HK’(N/\
B THF, RT
0 ' 0 © L_o
BrKE MOKE

One equivalent triethylamine was used as acid scavenger. Although the precipitation of TEA
hydro bromide was a good sign, no product could be isolated, as the basic conditions lead to side
reactions of the ketone. It seems that basic conditions are real troublesome for ketoesters, as

they readily decompose to a mixture of aldol products.°

2.4. Long wavelength UV initiators

Generally, aliphatic ketoester exhibit a low extinction coefficient and the absorption maxima of
the n-t* transition is located in the low UV-A region around 330 nm. Since LED technology is
gaining huge importance in industrial application and due to higher energy efficiency of light
sources in visible region it is of great interest to shift the absorption of photoinitiators to higher
wavelengths. By cross conjugation of the carbonyl with C-C double bonds the extinction

coefficient and the absorption wavelength of the n-n* transition are increased. (Scheme 15)

(0] (0]

Amax = 325 nm Amax = 346 nm

e=57Lmol"em™  £=75L mol! cm™

Scheme 15. UV-Vis absorption of alkyl phenyl ketone® in comparison to alkenyl phenyl ketone??
Therefore, unsaturated ketoesters ACKE and MAKE should be synthesized.
From diketones it is well known, that increasing coplanarity of the carbonyls also causes a strong
bathochromic shift and also increases absorption. The highest shift towards longer wavelength
can be achieved in five membered rings at a carbonyl angle of 0-10°, as for example in
camphorquinone.®3 Linear diketones or a-ketoesters arrange their carbonyls in trans-position
(180°). As a-ketoesters can be seen as pseudo diketone, planarization via ring structure as in

DDFD was also considered as possibility to improve the absorbance of ketoesters.
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Also higher conjugated triketones are known to strongly absorb in the visible area due to a major
bathochromic shifts. Unfortunately triketones are hydrolytically very unstable and readily form
hydrates, which do not exhibit conjugated carbonyls.8% 8 A variety of similar build ketomalonates
are commercially available and also these compounds should be tested as potential
photoinitiator.

Diethyl aceto phosphonate DEAP was chosen as analogue to ethyl pyruvate. The phosphonic acid
ester could increase absorption and cause a bathochromic shift, known from acyl phosphine
oxides.

Based on this knowledge the following four substances were chosen to be tested.

O (s) O (s) O (o)
(c) commercial ©) o0 ) o0~ O
(s) to synthesize )
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O 0 (0 o\\‘/ (c) HO 0 ()
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0] (0] — HO (0]
DEKM DEAP W SQA

Compounds with unsaturated carbon moieties on the a-carbonyl had to be synthesized. The

other compounds were commercially available.

2.4.1. Synthesis of ethyl 2-oxobut-3-enoate (ACKE)

From the synthesis of the dimethyl substituted aliphatic ketoester EMOB it was already known
that a-ketoesters can be synthesized from diethyl oxalate and the corresponding Grignard
reagent. In the case of EMOB isopropyl magnesium bromide lead to the desired product.

To synthesize ethyl-2-oxo-3-butenoate ACKE from diethyl oxalate, vinyl magnesium bromide or
chloride are commercially available as solutions in THF. As vinyl halides are dangerous gases at

room temperature, the Grignard reagents cannot be freshly prepared in laboratory scale.
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In the first attempt ident to literature,®® 8’ diethyl oxalate was treated slowly with 1 M vinyl
magnesium chloride solution in a 1:1 mixture of diethyl ether and THF at -78 °Cident to literature.
After 2 h the reaction mixture was warmed up to 10 °C and quenched with 1 N HCI. After
extraction with ethyl acetate and saturated NaHCOs solution, the dried organic phase was
stripped off the solvent. The small amount of yellow crude oil (10% of theory) still contained
diethyl oxalate. H-NMR shows a vinyl group, but the shifts of the double bond hydrogens are too
low. GC-MS only peaks with multiple molecular weight of the desired product.

Another possibility was to react ethyl chloro oxalate with vinyl Grignard reagent ident to
literature.®® In this case the acid chloride is even more reactive than the ester side. Also
guenching is not necessary as the Grignard reagent directly reacts with the acid chloride and

magnesium salts precipitate.
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The reaction was done with vinyl magnesium bromide, as well as vinyl magnesium chloride, in
presence of an excess of acid chloride. After filtration and extraction with NaHCOs solution and
ether, TLC showed one main product and two side products. The main spot was UV active and
quickly reacted with permanganate stain indicating the desired product. After column
chromatography with 15% diethyl ether in PE the product isolated was examined by *H-NMR and
GC-MS, revealing that the Grignard reagent attacked twice. It seems the generated ketone is too
reactive towards the Grignard reagent. In fact although there are patents and articles stating they
could synthesize ethyl oxobutenoate ACKE via this reaction,? * there is also literature declaring
itis nearly impossible to stop these Grignard reactions at the ketone due to their higher reactivity
towards nucleophile attack.’! Literature was found about amine mediated Grignard reactions
that stop in the keto stage with aromatic acid chlorides.®? Therefore a last attempt analogue to

literature was done using 2,2'-oxybis(N,N-dimethylethan-1-amine) as complexing agent.

(\Of\l RMgX M'N(\?/\N/
N AN / R/MQ\X N

Therefore, the Grignard reagent was slowly added to 1 eq. of amine in THF at -10 °C and stirred
for 15 minutes. The solution was dropped slowly to the diethyl oxalate substrate at -60 °C within
20 min. The mixture was warmed up to -20 °C and quenched with ammonium chloride solution.
Extraction with ethyl acetate afforded a mixture of addition products but no oxobutanoate ACKE.
As the synthesis of ethyl methyl oxobutanoate was possible by Grignard reaction, the lower
reactivity of isopropenyl magnesium bromide, which is far more sterically hindered than the vinyl

reagent, could be used to obtain an unsaturated ketoester.

2.4.2. Synthesis of ethyl 3-methyl-2-oxobut-3-enoate (MAKE)

For the synthesis of 3-methyl-2-oxobut-3-enoate 1.5 eq. the Grignard reagent isopropenyl
magnesium bromide (4) had to be prepared. Therefore, magnesium flakes where moisturized
with 2 mL dry THF. After diluting 1.3 eq. isopropenyl bromide in tenfold amount of dry THF, 2 mL
of the solution were added to the magnesium and heated with a heat gun. After the reaction
started, reflux temperature was maintained by dropwise addition of isopropenyl bromide

solution.
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After the Grignard reaction was finished the resulting solution of 4 was added dropwise to a
solution of 1 eq. diethyl oxalate in 60 mL 1:1 ether THF at -80 °C ident to literature.®* As the
Grignard reagent can react multiple times with the substrate, TLC monitoring was crucial. After
adding % of the solution, subsequent TLCs showed no more diethyl oxalate and the reaction was
guenched with 2 N H,SO4. After extraction with ether, the combined organic phases were dried
and the solvent removed in vacuum. The resulting yellow oil shows some remaining diethyl
oxalate and impurities in NMR. After ball pipe distillation, a clear oil was obtained. NMR still
showed some precursor and a pure product was obtained by column chromatography in a yield
of 34% as slightly yellow oil.

The conversion of diethyl oxalate is hard to follow by TLC as the compound is not visible under
UV and hardly stains with any staining reagent. After NMR it was clear that diethyl oxalate was
not fully consumed, therefore the yield is lower than expected.

In literature, the compound is described as yellow which made this product especially interesting
as the double bond was expected to cause a bathochromic shift.% °* Nevertheless, the color is
caused by impurities of diketone, which results from double attack by the Grignard reagent. The
yellow very apolar compound can be separated by column chromatography. The pure compound

is almost colorless.

2.5. Long wavelength visible light initiators

The initial idea to use ketoesters as initiators came from the previously mentioned patent
covering silyl and germyl glyoxylates as photoinitiator.®> Phophinoxide (PKE) and sulfon (SKE)
ketoesters were not covered by the patent and the heteroatom-moiety in a-position could lead
to new visible photoinitiators. Therefore, the patented molecules should be compared to new

glyoxylates.
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By using diazo acetate and half metal triflates the corresponding a-diazo ester can be easily
prepared.’® The silyl and germyl glyoxylates are then prepared by rhodium acetate catalyzed

denitrification of the diazo compounds in presence of oxiranes as oxygen donor.%’

E _ 0 DIPEA
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For the synthesis of the phosphine oxide and sulfonyl diazoacetates a different route has to be
chosen. In old German literature a very simple synthesis for phosphine oxide glyoxylates was
stated by Kreuzkamp.%®

He suggested the bulk reaction of triethyl phosphite with chloro ethyloxalate.
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This was falsified years later by McKenna, who showed that this route is not working and the
desired product was never synthesized. He suggested a synthesis via triethyl phosphono acetate
as the pronounced electron deficiency of the methylene carbon makes it resistant to direct
oxidation. Therefore, carbene-mediated oxygen transfer chemistry utilizing the intermediate
phosphor diazoacetate with rhodium catalyst and propylene oxide should be used.”’” The
resulting triethyl phosphono glyoxylates was described as highly moisture sensitive brilliant
yellow oil.

The triethyl phosphono diazoacetate (10) can be easily prepared from tosyl azide® and

commercial triethyl phosphono acetate according to literature.'
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Tosyl diazoacetate can be prepared in the same manner.%! Also the oxygen transfer via rhodium

catalyst should work accordingly but has never been described.
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2.5.1. Synthesis of trimethyl silylglyoxylate (TMSi)
For the synthesis of the ethyl trimethyl silylglyoxylate the triflate compound (5) had to be
synthesized first from trimethyl chlorosilane. Therefore, trimethyl chlorosilane was added at

onece to 1 eq. silvertriflate suspended in abs. DCM. The suspension is stirred overnight and

filtrated. %
, , F
silver triflate F
/Sli/ g |=>l\s/’O &
o DCM, RT A
-AgCl 5

The solution of TMS-triflate (5) was then added dropwise to 1 eq. ethyl diazoacetate and 1 egq.
ethyl diisopropylamine in 20-fold amount of ether at -78 °C. After 20 min the mixture was
warmed up to room temperature and stirred overnight. After filtration of the resulting
ammonium salt the solvent was stripped off in vacuum and the crude ethyl
diazo(trimethylsilyl)acetate (6) was obtained as deep yellow oil. Further purification was not

conducted due to stability concerns of the product.
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The diazo compound (6) was dissolved in toluene and 12 eq. of propylene oxide were added.

Then the 2 mol% rhodium catalyst was then added while stirring. Instant formation of gas was
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observed. The reaction was then heated to 40 °C overnight and the solvent was stripped of in

vacuum.
) 0 Rhy(AcO)4 o}
N\\N%)J\o/\ propylenoxide R O\\")J\O/\
_Si_ 6 Toluene, 80 °C Si

/l\ TMSi

The crude product was flashed over silica with PE/EE 1:25 and after evaporation of the solvent

31% of theory ethyl trimethyl silylglyoxylate TMSi was obtained as brilliant yellow oil.

2.5.2. Synthesis of ethyl trimethyl germylglyoxylate (TMGe)
For the synthesis of ethyl trimethyl germylglyoxylate TMGe, the reaction with trimethyl

chlorogermane was conducted exactly as in the reaction with the chlorosilane.
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Also, the next step was prepared as the silyl compound. The product (8) was then analyzed by
GC-MS, NMR and ATR-IR showing the product and minor traces if amine. In the IR the diazo peak

was clearly visible at 2075 cm™.
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In addition, in this case the yellow diazo intermediate was redissolved in toluene in a Schlenk
tube and charged with 12-fold excess of propylene oxide. The gas formation when adding the
2 mol% rhodium acetate was even stronger and almost caused the reaction to foam out of the
flask. After stirring at 40 °C overnight, the product was purified by column chromatography with
10% ether in PE after removing the solvent. In the end, 35% of theory of ethyl trimethyl germyl

glyoxylate was obtained as brilliant yellow oil.
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2.5.3. Synthesis of triethyl phosphono glyoxylate (PKE)
In the case of triethyl phosphono glyoxylates the precursor triethyl phosphono acetate is
commercially available. For the diazotation of the compound tosyl azide (9) has to be freshly

prepared from tosyl chloride and sodium azide.

o
-Cl NaN; \©\ o _
) / +N
/©/ o N

Acetone/H,O, RT CS/ N*

For the preparation of tosyl azide (9), sodium azide is dissolved in the 4-fold amount of water and
stirred.%2 Tosyl chloride is dissolved in the 2-fold amount acetone and added dropwise to the
stirred sodium azide solution cooled to 0 °C. After 1 h the precipitate of NaCl is filtered and the
filtrate is extracted with ether. The solvent is then stripped off carefully off the dried organic

phase to afford tosyl azide (9) quantitatively.

- /
THF, RT
) ) N2 10

In the next step abs. THF is charged with 1 eq. of triethyl phosphono acetate and 1 eq. cesium

o O 0
\/O\ / \/O\ 7
O/p\)l\o/\ CsCOj, TosN3 (9) =4 o~

carbonate. 1 eq. tosyl azide (9) is added quickly and the mixture is stirred at RT for 2 h.1%
Afterwards the reaction is filtered over hyflow to remove the precipitated tosyl amide and the
solvent stripped off in vacuum to afford crude triethyl phosphono diazo acetate as yellow oil.
NMR analysis showed remaining tosyl amide therefore the compound is redissolved in a small
amount of diethyl ether and the same amount of petrol ether is added to precipitate remaining
tosyl amide. After filtration and removal of the solvent in vacuum, the diazo compound (10) is
received in 49% of theory as yellow oil. Small amounts tosyl amide are still present but due to

the instability of the compound 92% purity was acceptable for the next reaction step.

o O Rhy(OAc)4 o
\/O\ﬁ% propylene oxide ~_O-« 2
/ O/\ - /P\[HJ\ /\
(@) 0 O
) N, 10 Tol, 80 °C ) o)

In the third step, 1 eq. triethyl phosphono diazo acetate is redissolved in 40-fold excess of abs.

toluene and charged with 12 eq. propylene oxide in a Schlenk tube. After adding 2 mol% of
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rhodium catalyst to the reaction, it is stirred at 40 °C overnight.®” The next day it was tried to
filtrate a small amount of the reaction mixture over silica gel in a Pasteur pipette to remove the
green catalyst. The eluate is yellow and loses its color within minutes. As the resulting compound
seemed to be highly air sensitive the solvent was stripped of by vacuum in the Schlenk tube. It
was then tried to get rid of the rhodium salts in the green oil. Unfortunately, the compound was
so instable, that filtration lead instantly to the decomposition of the product. Precipitation with
small amounts of petrol ether could precipitate some of the rhodium salts. The resulting dark
yellow oil already decolorized when it was mixed with NMR solvent or monomer.

Probably the pulling phosphonate and ester groups cause formation of a gemdiol and further

decomposition.

Figure 11. *H-NMR of decomposed triethyl phosphono glyoxylate (PKE)
The crude product could not initiate polymerization. It seemed that the stated sensitivity to air
moisture stated in literature®” 19 was too severe to isolate and analyze the compound under

normal conditions. The NMR in Figure 11 shows the ethyl signals of the decomposed product.

2.5.4. Synthesis of ethyl tosyl glyoxylate (SKE)
The tosyl ethyl acetate (11) had to be synthesized previously by the simple reaction of ethyl

bromo acetate and sodium toluene sulfinate ident to literture.10®
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Therefore, the sodium sulfinate was dispersed in 20-fold weight excess of DMF and ethyl bromo
acetate is added at once. The suspension gets warm and the solid dissolves quickly. After stirring
overnight, the mixture is diluted with half the volume water and extracted with the same amount
of ethyl acetate. The solvent is then stripped off the dried organic phase. To remove the
remaining DMF the oil was redissolved in diethyl ether and extracted three times with the 4-fold
amount of water. After drying and evaporating the organic phase, 70% of theory of tosyl ethyl

acetate crystallized as colorless needles.

\©\ //O Q CsCOs, TosNs \©\S//O Q
PPN %O/\

THF, RT Iol

In the next step 1 eq. tosyl acetate (11) were suspended with 1 eq. of cesium carbonate in 35-
fold amount of THF. An equimolar amount of tosyl azide was added after 30 min stirring at RT
and stirred overnight.1% The next day the deeply orange solution was filtered off the colorless
precipitate and the solvent was stripped off in vacuum. The resulting orange oil was filtered over
15-fold amount of silica gel with 1:1 EE/PE as eluent. The solvent was removed again by vacuum
and the resulting lemon-yellow oil crystallized. Recrystallization from CHCIs affords 88% of theory

of ethyl tosyl diazoacetate (12), with small amounts of remaining tosyl amide.

Rh,(OAc),
\©\ o O propylene oxide \©\
/7
S
f&o/\ f&

Tol, 80 °C

In the third step, 1 eq. ethyl tosyl diazoacetate is redissolved in 40-fold excess of abs. toluene and
charged with 12 eq. propylene oxide in a Schlenk tube. After adding 2 mol% of rhodium catalyst
to the reaction, it is stirred at 40 °C overnight.®” After evaporation of the solvent in vacuum, a
half-solid orange oil was obtained. HPLC, GC-MS and NMR show about 30 substances, two of
them main products. In addition, this glyoxylate is probably very moisture sensitive as it carries
two electron withdrawing groups on the ketone. Therefore, column chromatography was not

successful. The orange crude product did not initiate polymerization. As can be seen in NMR of
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Figure 12, there are a huge number of different products after the reaction with rhodium catalyst

and propylene oxide, only the tosyl CHs signal at 2.3 ppm is clearly visible.

8 6 4 2 [Ppm]

Figure 12. *H-NMR of ethyl tosyl diazo acetate (blue) and the reaction product afterwards (red)
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3. Preliminary curing tests with a-keto compounds
All compounds that were commercially available or could be synthesized were tested ina 1 wt%
hexanediol diacrylate formulation by irradiating a 500 pl sample in a silicone mold in a broadband

Intelliray 600 UV floodlight oven for 100 s. (Scheme 16)

a) simple aliphatic a-ketoesters

o (© o (c) o (cls) o (s)
OYJ\O/\ O/
EP O mMoB EMOB O MDMOB

b) modification of the ester moiety

TBTKE TKE KEA AKE

d) long wavelength UV initiators

(0] (s) o O (c) HO O (o) (e} O (c) OY (c)
(@] O/\ o ji /\O)J\H/U\O/\ O:FI’—O
HoO o o O —

MAKE DDFD SQA DEKM W DEAP

€) long wavelength visible initiators

(c) O (s) (0] (s)
\\‘)J\ J< O\\‘)J\O/\ O\\‘)J\O/\ (c) commercial
si (s) synthesized
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Scheme 16. Available compounds that were tested as photoinitiators.

This curing test ensured to reveal any activity as photoinitiator as the device offers very high
broadband light power. Substances that exhibited no curing of the HDDA formulation within

100 s were eliminated from the study. (Table 2)
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Table 2. Overview of the reactivity of compounds in preliminary curing tests

compound initiation
a) simple aliphatic ketoesters

EP yes
MOB yes
EMOB yes
MDMOB yes

b) modification of the ester moiety
TBTKE no, no bleaching
TKE incomplete, no bleaching
KEA no
AKE yes

¢) modification of the alpha carbonyl
BrKE yes
OHKE yes
TFKE no

d) long wavelength UV initiators

MAKE no
DDFD yes
SQA no (insoluble)
DEKM yes
DEAP yes

e) long wavelength visible initiators
SiKE yes
TMSi almost liquid, no bleaching
TMGe no, no bleaching

In group a) the simple aliphatic a-ketoesters showed good reactivity and no discoloration of
specimens.

Exchanging oxygen with sulphur in group b) modification of the ester moiety leads to yellow
compounds with a bathochromic shift. The t-butyl thio ketoester TBTKE did not show any activity
while the thio ketoester TKE showed some reactivity. The yellow color probably derives from an
equilibrium with the o-alkyl isomer. This explains why the compound does not show reactivity in
the visible range (Ivoclar Lumamat) although it absorbs light in that region. By changing the ester
group to an amide (KEA) the photo reactivity completely disappears.

Although amino ketoester AKE is slowly decomposing due to the basic amino group, it showed
decent reactivity directly after synthesis.

The modification of the alpha carbonyl in group c) with B-bromine (BrKE) or B-hydroxy groups

(OHKE) leads to reactive colorless compounds. Interestingly the trifluoro ketoester TFKE did not
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show any reactivity. This compound is known to be moisture sensitive due to the highly
electronegative rests on the ketone.

The group d) of slightly yellow long wavelength UV initiators show very mixed results. The
isopropenyl ketoester MAKE is completely unreactive and the formulation does not change upon
irradiation. Even longer irradiation in solution did not show any change in the NMR spectrum.
The cyclic structure DDFD shows high reactivity and leads to a colorless polymer. The other cyclic
compound, squaric acid SQA, is actually a four membered cyclic dione. It was assumed that the
strongly planarized carbonyls would cause a bathochromic shift and visible light reactivity.
Unfortunately, the compound was not soluble in any monomer and the supernatant formulations
that were decanted after 30 min ultrasonic bath at 50 °C showed no reactivity at all.

The ketomalonate DEKM shoes some activity but the sample seems to be not fully cured. As it is
the same problem for all ketoesters with two pulling groups, sensitivity to moisture is a crucial
problem. Under non-inert conditions, ketomalonates readily form monohydrates with a gem-diol
structure. Initiation is then probably impeded, as the carbonyl chromophore is destroyed.%’
The phosphorus ester analogue diethyl aceto phosphonate DEAP showed surprisingly good
curing and was very active.

In group e) the long wavelength visible initiators all had a deep yellow color as neat compound.
Also the formulations were yellow. As expected the known silylglyoxylate initiator SiKE was highly
reactive and showed good bleaching. The trimethyl silylglyoxylate was barely active and showed
only slight bleaching. The specimen was not fully cured, resulting in a soggy specimen. The

trimethyl germylglyoxylate was completely inactive and showed no bleaching or conversion.
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Brook rearangement

Scheme 17. Photoreaction of benzoyl trimethyl silane: Brook carbine formation, left and hemolytic cleavage right
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This can be explained by brook rearrangement that is known from acyl silanes that are not
sterically hindered. (Scheme 17) The probability of photo Brook rearrangement arrangement is
higher the less sterical demanding moieties are carried by the silane.108 10°

The same reaction is also known for acyl germanes, which also undergo Brook rearrangement. 10
The fact that only the sterically hindered ketoester SiKE is active as radical photoinitiator is a clear
sign that trimethyl groups are not bulky enough and also silyl and germyl glyoxylates undergo
rearrangement reactions when excited by light.

In total nine compounds were found to be active as photoinitiator and were further investigated.

4. UV-Vis measurements

From all compounds active as photoinitiator, UV-Vis measurements were conducted. The
concentration in acetonitrile was chosen, that the maximal absorption was not exceeding
1.0 absorption units. This ensures that the measurement is within the linear region of Lambert-
Beer’s law.

In Table 3 the absorption maxima of the n-n* transition and the extinction coefficient at the

maximum is given. Most compounds show an absorption maximum between 320 and 340 nm.

Table 3. Maxima of the n-nt* transition and extinction coefficient of the tested initiators.

Initiator Amax €
[nm] [L moltem™]
reference initiators

BP 338 140
BMS 312 21600
PGO 343 53
ITX 383 2792

a) simple aliphatic a-ketoesters
EP 330 17
MOB 325 17
EMOB 331 21
MDMOB 311 25

b) modification of the ester moiety

TKE 298 / 393 213 /4.5

c) modification of the a-carbonyl
BrKE 327 57
OHKE 318 33

d) long wavelength UV initiators
DDFD 375 28
DEKM 368 30
DEAP 334 38

e) long wavelength visible initiators

SiKE 434 92

52



Only bathochromic shifted compounds like cyclic DDFD, visible light initiator ITX and diethyl
ketomalonate DEKM exhibit absorption maxima at higher wavelength.

The spectra of the reference initiators benzophenone and phenyl glyoxylate are shown in Figure
13. Benzophenone BP and phenyl glyoxylate PGO show similar absorption pattern.
Benzophenone is carrying two phenyl groups and therefore shows a higher extinction coefficient.
Phenyl glyoxylate PGO shows a bathochromic shift in comparison to benzophenone. By
exchanging one phenyl group to an ethyl ester the absorption is lower but tails out until 405 nm.
This can be explained by the interaction of the ketone carbonyl with the ester carbonyl, forming
a pseudo diketone. Benzophenone absorbs until 390 nm and therefore cannot be used as

photoinitiator in visible light.

500 ~

450 4 | 0
. OEt

- PGO

Figure 13. UV-Vis spectrum of benzophenone (BP) and phenyl glyoxylate (PGO).
The compounds with the highest absorption in this study were the benzophenone thioether BMS
and thioxanthone ITX. (Figure 14) BMS shows very high absorption in the UV range with a
maximum at 313 nm and an extinction coefficient of 21500 L mol* cm™. The compound shows a

tail out to about 390 nm and does not initiate in the visible light area.
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Figure 14. UV-Vis spectrum of benzophenone derivative BMS and thioxanthone ITX.

Thioxanthone ITX has a lower extinction coefficient than BMS but it is still magnitudes higher
than the other tested initiators. With an absorption maximum at 383 nm and an extinction
coefficient of almost 2800 L mol cm™ the absorption tails out to 410 nm in the visible area.

The simple aliphatic a-ketoesters all show relative low extinction coefficients of 17 to 25 L mol™*
cm ™ and similar absorption patterns. (Figure 15) The n-rt* transition maximum is around 330 nm,
only t-butyl derivative MDMOB shows a significant lower shifted maximum at 317 nm and less

absorption in the higher UV range.

100 ~
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Figure 15. UV-Vis spectra simple ketoesters ethyl pyruvate EP, methyl oxobutanoate MOB, ethyl methyl
oxobutanoate EMOB and dimethyl methyl oxobutanoate MDMOB
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All compounds tail out to 390 — 400 nm and methyl oxobutanoate EMOB shows the highest
absorption from 340 to 400 nm.

Modification of the a-carbonyl by introducing a bromine or hydroxy moiety in B-position, the
absorption can be increased. (Figure 16) The effect is stronger for the bromo compound BrKE. In
comparison to the unmodified ketoester EMOB (Figure 15) the extinction coefficient is more than
doubled to 57 L mol't cm™. There is no bathochromic shift visible as the n-rt* transition maximum
is 327 nm but due to the higher overall absorption there is a tail out visible until 405 nm.

The hydroxy ketoester OHKE shows a lower extinction coefficient at the maximum of only 33 L
mol?t cm™ at 318 nm. Therefore, the hydroxy group causes a hypsochromic shift in comparison

to the unmodified ketoester EMOB.
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Figure 16. UV-Vis spectra of bromo ketoester BrKE and hydroxy ketoester OHKE

By modification of the ester moiety, thioketoester TKE showed a remarkable absorption
spectrum. The compound exhibits a strong absorption band in the deeper UV-region at 298 nm

with an extinction of 213 L mol* cm™.
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Figure 17. UV-Vis absorption spectra of S-ethyl thioketoester TKE

However, a closer look reveals a transition in the visible light region up to 430 nm. (Figure 18)
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Figure 18. Zoomed-in UV-Vis absorption spectra of S-ethyl thioketoester TKE

The absorption in this region explains the deep yellow color of the compound. The visible
maximum is found at 393 nm with a low extinction coefficient of only 4.5 L mol* cm™. The
maximum is part of a plateau from 390 nm to 420 nm which exhibits almost the same extinction
coefficient.

Only two compounds with significant bathochromic shift were active as photoinitiator in the
group of long wavelength UV initiators. Diethyl ketomalonate DEKM and cyclic ketoester DDFD
exhibit very similar absorption pattern. In case of the ketomalonate DEKM the two ester groups

together with the ketone form a pseudo triketone. The additional carbonyl in comparison to
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pyruvates causes a shift of the maximal n-n* absorption from 330 nm to 368 nm. Due to this shift

the compound absorbs light up to 420 nm. (Figure 19)
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Figure 19. UV-Vis absorption spectra of cyclic ketoester DDFD and diethyl ketomalonate DEKM
Cyclic ketoester DDFD is the cyclic isomer to simple ketoester EMOB. From diketones, it is known
that the carbonyl angle determines the absorption pattern of diketones.'' 12 Higher co-

planarity of the carbonyls causes a shift to higher wavelengths. a-Ketoesters can be defined as
pseudo diketone.
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Figure 20. UV-Vis absorption spectra of linear analogue EMOB in comparison to cyclic DDFD
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Cyclisation of a ketoester leads to an increased co-planarity of the carbonyls due to sterical
reasons. This causes a bathochromic shift of the UV-Vis absorption, which can be clearly seen in
Figure 20 where the absorption of linear ketoester EMOB is compared to cyclic DDFD.

The bathochromic shift is higher than in case of ketomalonate DEKM and leads to the highest
absorption in the visible light area among the aliphatic ketoesters.

Aceto phosphonate DEAP shows a maximum at 334 nm with an extinction coefficient of
38 L molt em™. Unfortunately, the compound only absorbs only until 380 nm. Therefore, the
phosphorus does not cause the expected bathochromic shift and the compound cannot be used
in the near UV-visible area. This was unexpected as similar aromatic acylphosphine oxides are
used as visible light photoinitiator.53

Already known silyl glyoxylate SiKE was also tested. In this case, a strong shift of the carbonyl
band to visible light is seen. (Figure 21) Inductive effects of the silicon atom on the a-carbonyl of

the ketoester cause the strong bathochromic shift.!!3
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Figure 21. UV-Vis absorption spectra of silyl glyoxylate SiKE

After characterization of the compounds, they were tested in photo-DSC measurements

according to their absorption properties.

5. Photo-DSC measurements with a-keto compounds

All initiators were tested by photo-DSC measurements in different monomer systems. To ensure
the same molar ratio of initiators to monomer for all tested compounds, ethyl pyruvate (EP) as
compound with the lowest molecular weight was used as benchmark. For the photo-DSC

measurements, 10 mg (1 wt%, 0.086 mmol) of EP were weighed into a brown glass vial with
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1000 mg monomer. All other (co)initiators were weighed into the monomer equimolar to the
amount of 1 wt% ethyl pyruvate.

After transferring 10.5 £ 0.5 mg into a DSC pan, the aluminum pan was closed by a glass lid and
put into an auto sampler. The samples were irradiated twice for 300 s and a calorigram was
recorded. After subtracting the baseline calorigram of the second irradiation period from the
first, a baseline corrected calorigram was obtained. From the area under the curve, the total heat
evolved during polymerization was given. With the theoretical heat of polymerization for each
monomer, the maximal rate of polymerization (Rp), time to Rp, time to 95% end conversion and
double bond conversion DBC was calculated.

The rate of polymerization is a good measure to describe the reactivity of a system. A high

polymerization rate ensures fast and efficient curing.

5.1.Acrylate system

Acrylates are an important class of highly reactive monomer for radical polymerization. The fast
curing and very variable mechanical properties of acrylates are benefits used in surface coatings,
decoratives, as well as different printing applications and additive manufacturing technology.
With 5 million metric tons produced worldwide, acrylates are still the most used monomers for

radical bulk photopolymerization in industrial application.*

monomer 0]
= O\/\/\/\O)J\/
/\(g(
HDDA

For testing the novel photoinitiators in acrylic resins, hexane diol diacrylate (HDDA) was chosen

as highly reactive diacrylate that is widespread in different industrial fields.*>

5.1.1. Simple aliphatic a-ketoesters

To compare the aliphatic a-ketoesters with known industrial initiators, three reference
compounds were chosen. Benzophenones BP and BMS are classical Norrish Type Il initiators,
therefore these initiators required coinitiators. The phenylglyoxylate PGO is a known Type Il
initiator that is the aromatic analogue to aliphatic ketoesters. It was tested both, with and
without coinitiator like all other ketoesters.6% 116 (Scheme 18)

As coinitiator, the low molecular weight methyl diethanol amine (MDEA) was selected. Tertiary
aliphatic amines are often found as coinitiators for electron transfer reactions. Amines tend to

have a strong fish-like odor. To circumvent the bad smell tertiary di- or triethanol amines are
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used which are less volatile. In dental composites or other medical applications ethyl-4-
dimethylamino benzoate (EDB) is used as coinitiator, as it is odorless, less basic than aliphatic

amines and considered biocompatible.17. 118

initiators
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Scheme 18. Test setup for testing a-ketoesters in acrylates

First, the ketoester compounds were tested without coinitiator. Benzophenone BP and
benzophenone thioether BMS were tested with the industrial standard coinitiator methyl

diethanol amine (MDEA).
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Figure 22. Rate of polymerization of industrial initiators (1) with MDEA, (1) without MDEA and a-ketoesters

without coinitiator ® (green) in HDDA mixtures at 1 W cm (320-500 nm). Formulations contain 1 eq. (co)initiator
relative to 1 w% EP.
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As expected, benzophenone thioether BMS with coinitiator MDEA shows a much higher rate of
polymerization (Re) than benzophenone BP. This is caused by the effect of the thioether that
increases the absorption of BMS by two magnitudes compared to benzophenone.

Surprisingly, all tested aliphatic ketoesters can readily compete with the industrial Type I
initiators regarding the rate of polymerization even though no coinitiators were used. (Figure 22).
This is especially interesting, because analogous phenyl glyoxylates have significantly higher
extinction coefficients, still the reactivity of some aliphatic ketoesters is even higher. That is a
sign, that the aromatic moiety is responsible for the higher absorption, but not necessary for fast
photopolymerization. When no coinitiator is used, the methyl esters MOB and MDMOB are
significantly more reactive than the ethyl ester EP and EMOB. This can be explained by
intramolecular hydrogen abstraction from the ester alkyl, as the reactivity of primary radicals is
higher than that of secondary ones.

Table 4. Photo-DSC results for industrial initiators with MDEA and o-ketoesters without coinitiator in HDDA
mixtures at 1 W cm (320-500 nm). Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

Rp tmax tos DBC

[mmol Lt s [s] [s] [%]

BP_MDEA 114 10.8 77 72
BMS_MDEA 189 6.9 36 60
PGO 187 14.1 63 71
EP 198 8.0 71 67
MOB 223 7.8 45 65
EMOB 201 8.3 70 69
MDMOB 222 8.3 54 67

Taking a closer look at the detailed results in Table 4 reveals that the time to reach maximal rate
of polymerization tmax is the lowest in case of state of the art Type Il initiator BMS (6.9 s).
Interestingly, the aliphatic ketoesters also show very low values and reach maximal Rp after
around 8 s. This is significantly faster than the aromatic ketoester PGO. To compare how fast a
curing reaction is, the time to 95% total conversion (tgs) is used. Here it is clearly visible that the
reaction initiated by methyl ketoesters MOB and MDMOB is significantly faster than the ethyl
esters and the industrial ketoester PGO. The benzophenone derivative BMS is still the fastest but
the difference is to the fastest ketoester MOB is less than 10 s. The overall double bond
conversion DBC is similar for all compounds (64-67%) only benzophenone BP and phenyl

glyoxylate PGO reach about 70%.
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After these first very promising results, it was of great interest to use coinitiators to boost the
reactivity. As aliphatic tertiary amines like MDEA are known to be highly efficient coinitiators for
Type Il reactions, it was a logic step to test it with ketoesters. It was problematic that easily
enolizeable a-ketoesters such as ethyl pyruvate EP or methyl oxobutanoate MOB and also
phenylglyoxylate PGO rapidly decomposed by aldol reactions and lost their ability to initiate.
Shortly after mixing, the sample became turbid and a brownish oil precipitated. The higher
substituted ketoesters like ethyl methyl oxobutanoate EMOB and methyl dimethyl oxobutanoate
MDMOB could be measured as they decomposed much slower.

As can be seen in Figure 23, indeed the coinitiator could further improve the reactivity. This is a

clear hint that the polymerization is initiated by a Type Il reaction mechanism.
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Figure 23. Rate of polymerization of industrial initiators [0 (hollow), a-ketoesters without coinitiator m (green)

and o-ketoesters with MDEA as coinitiator ® (blue) in HDDA mixtures, at 1 W cm (320-500 nm). Formulations
contain 1 eq. (co)initiator relative to 1 w% EP.

The detailed results with MDEA as coinitiator are displayed in Table 5. One will notice that not
only the Rp is improved but also the tmax and tgs is much faster with coinitiator, while the DBC

remains unchanged. The oxobutanoate EMOB shows a tmax even lower than highly reactive

reference BMS.
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Table 5. Photo-DSC results for industrial initiators and o-ketoesters with MDEA as coinitiator in HDDA mixtures at
1 W cm™ (320-500 nm). Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

RP Tmax tos DBC
[mmol L™ 5] [s] [s] [%]
BP 114 10.8 77 72
BMS 189 6.9 36 60
EMOB 237 6.7 57 68
MDMOB 234 7.7 41 65
initiator
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To test other substances as coinitiators a test series with ethyl pyruvate EP was conducted.

Therefore, 1 wt% of ethyl pyruvate was used with one equivalent coinitiator. (Figure 25)
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Figure 24. Rate of polymerization of ethyl pyruvate EP without coinitiator m (green) and ethyl pyruvate with

coinitiators m (blue) in HDDA mixtures, at 1 W cm™ (320-500 nm). Formulations contain 1 eq. (co)initiator relative
to 1 w% EP.
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It was found that the ketoesters are stable when ethyl dimethyl amino benzoate (EDB) was used
as coinitiator. The aromatic amine is less basic and does not carry alcohol groups that can react.
This coinitiator is used with camphor quinone in dental restorative composites. It is not used in
coating industry due to the strong yellowing during photoreaction and aging of the coating.
Nevertheless, it can give deeper insight how coinitiators influence the curing efficiency of a-
ketoesters. In case of ethyl pyruvate the aromatic amine EDB clearly shows a positive effect and

increases reactivity. (Table 6)

Table 6. Photo-DSC results of ethyl pyruvate EP with different coinitiators in HDDA mixtures at 1 W cm2 (320-500
nm). Formulations contain 1 eq. coinitiator relative to 1 w% EP.

Rp tmax tos DBC

[mmol Lt s [s] [s] (%]

EP 193 8.5 56 66
EP_EDB 239 7.3 39 66
EP_Gly 196 8.1 52 65
EP_Thiol 174 12.6 55 65
EP_EDB_IOD 179 9.9 45 67

Glycerol (Gly) was tested as highly biocompatible coinitiator. The triol contains easy abstractable
hydrogens and should act as simple hydrogen donor. There is some positive effect, as the Rp is
slightly increased. But the effect is very little and therefore it is not suitable as coinitiator. Also a
macro trithiol (Thiol) was tested, as thiols are well known hydrogen donors. In this case, there is
no positive effect visible. This can be explained by the high molecular weight thiol that may not
be suitable for diffusion controlled hydrogen donation. In addition, the compound interferes with
the polymerization and causes retardation in acrylates due to chain transfer reactions.

Aryl iodonium salts can be used with coinitiators and Type Il initiators, as the initiator can
decompose iodonium salts by electron transfer. Complicated decomposition patterns form
several reactive radical species.!'® Therefore, (4-octylphenyl)(phenyl)iodonium hexafluoro
antimonate was tested as coinitiator together with EDB. In case of ethyl pyruvate, no increase of
reactivity was observed with this iodonium salt.

In Figure 25 the Rp of the initiators without coinitiator is compared with results obtained when
the aromatic amine EDB was used as coinitiator. Interestingly the ethyl esters including reference
initiator PGO profited from addition of EDB. The methyl esters MOB and MDMOB did not benefit
from the aromatic amine. In contrary, the rate of polymerization was even lower. Two possible

reasons for that are: First, the aromatic amine absorbs in the same region as the ketoesters. This
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could reduce the quantum yield of the initiation, as photons are absorbed by the coinitiator. If

this would be the case, all ketoesters should show a reduction of efficiency, which is not the case.
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Figure 25. Maximal rate of polymerization of industrial initiators 1 (hollow) and a-ketoesters with EDB as

coinitiator m (orange) in HDDA mixtures at 1 W cm2(320-500 nm). Formulations contain 1 eq. (co)initiator relative
to1w% EP.

The second, more plausible explanation could be found in the difference of methyl and ethyl
radicals. A closer look at the result in Table 7 reveals that also the values of tmax and DBC of the
methyl esters are also worse with coinitiator. Maybe the formation of methyl radicals by direct
hydrogen abstraction is faster and more efficient that the slower process of electron charge
transfer reactions with the amine. As the reactivity of methyl ester MDMOB clearly improved by
using an aliphatic amine as coinitiator, it could also be that the triplet state of the methyl esters
can be quenched to some extent by aromatic amines.

Table 7. Photo-DSC results for industrial initiators and o-ketoesters with EDB as coinitiator in HDDA mixtures at
1 W cm2 (320-500 nm). Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

Rp tmax tos DBC

[mmol Lt s [s] [s] [%]

BP 99 10.1 86 63
BMS 162 7.2 44 72
PGO 249 7.1 36 68
EP 239 7.3 39 66
MOB 211 8.5 41 66
EMOB 258 6.8 42 69
MDMOB 177 10.6 43 60
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As visible in Table 7, the ethyl ketoesters clearly benefit from adding EDB. The methyl
oxobutanoate EMOB reaches the highest Rp of 258 mmol L s, a higher value than the
commercial initiator PGO.

Although the addition of aromatic coinitiator EDB is beneficial for some ketoesters, it is not
necessary, as the reactivity is already higher than that of industrial Type Il initiators when no

coinitiator is used.

5.1.2. Modification of the ester moiety
The modification of the ester moiety by heteroatoms should reveal influence on the initiation by
changing absorption properties ort the efficiency of the compounds. As o-methyl ketoesters and

ketoamides did not initiate polymerization, only two substances were tested by DSC.
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Also these two compounds were not as successful as expected. As clearly visible in Figure 26 the
rate of polymerization of the new compound is significantly lower than that of the reference
initiators. In case of dimethyl amino ketoester AKE, this is probably caused by the basic self-
decomposition of the compound, which was observed after synthesis.

The thioketoester TKE showed higher activity but still was less reactive than the references,
adding coinitiator EDB could improve the reactivity slightly but still the performance was
disappointing. As previously mentioned in chapter 3, the compound is in the equilibrium between

the O-alkyl and S-alkyl thioester. As O-alkyl thiono ketoesters do not initiate, it is possible that
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the unreactive isomer is shielding light from the active S-alkyl species. The initiation is likely to

be a Norrish Type Il reaction as amine coinitiator EDB increases the reactivity.
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Figure 26. Rate of polymerization of industrial initiators (I (hollow) and new compounds with EDB as coinitiator

(orange), without coinitiator m (green) in HDDA mixtures at 1 W cm (320-500 nm). Formulations contain 1 eq.
(co)initiator relative to 1 w% EP.

In Table 8 the results are summarized. Here it is visible that the polymerization with the new

compounds is slower and reaches lower DBCs compared to the industrial reference initiators.

Table 8. Photo-DSC results for industrial initiators and new compounds with EDB as coinitiator in HDDA mixtures
at 1 W cm2 (320-500 nm). Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

Rp tmax tos DBC

[mmol Lt s [s] [s] (%]

BP_EDB 99 10.1 86 63
BMS_EDB 162 7.2 44 72
AKE 34 33.6 162 41
TKE 58 26.7 112 52
TKE_EDB 70 23.6 104 51

5.1.3. Modification of the a-carbonyl

Two a-ketoesters were modified analogue to typical industrial Type | photoinitiators. Type |
initiators show homolytic cleavage upon irradiation. Therefore, the initiation is much more
efficient, leading to higher rates of polymerization. Typical Type | initiators are hydroxy
propiophenone like Speedcure 73 (SC73) which is widely used and its bromo precursor SCBr. In a

DSC measurement with HDDA as monomer, the substances were compared.
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(c) commercial
Br HO (s) synthesized

SCBr SC73
In Figure 27 the rate of polymerization of the tested formulations is shown. The formulation with
industrial Type l initiator SC73 shows an unbeatable high rate of polymerization. But interestingly
the mixture with bromo ketoester BrKE shows the highest rate of polymerization upon all
ketoesters tested without coinitiator. The Rp is significantly higher than that of the bromo
propiophenone SCBr.
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Figure 27. Rate of polymerization of industrial initiators [ (hollow) and a-carbonyl modified ketoesters without

coinitiator m (green) in HDDA mixtures at 1 W cm™ (320-500 nm). Formulations contain 1 eq. initiator relative to
1w% EP.

The formulation with hydroxy ketoester OHKE shows a lower Rp comparable to the simple
ketoesters measured before in 5.1.1. Although the new ketoester compounds are very reactive
and show better results than the bromo compound SCBr, it is not clear by reactivity if these
compounds are initiating by a Type | mechanism. In case of bromo ketoester BrKE a B-cleavage
mechanism could be the reason for a significant higher reactivity than all other tested simple

ketoesters.

68



0] 0O

|
. 'Kﬂ/o\/ S UG
Type | Br Br-
* / 0] (0]
a

O
Q or B

YJ\”/O\/ L >‘)J\H/O\/
Br o) Br o

Type Il OH

Y‘YOV
Br o

It was tried to add amine coinitiators to see if the reactivity is increased. Unfortunately, the
bromo ketoester BrKE was instantly decomposing when amines were added. The hydroxy

compound could be measured with amines and the results are visible in Table 9.

Table 9. Photo-DSC results for industrial Type I initiators and new compounds in HDDA mixtures at 1 W cm™ (320-
500 nm). Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

Rp tmax tos DBC

[mmol Lt s [s] [s] (%]

SC73 379 3.0 24 67
SCBr 152 7.3 63 60
BrKE 248 5.9 40 64
OHKE 226 6.0 73 66
OHKE_MDEA 128 12.7 81 60
OHKE_EDB 85 19.0 74 61

Surprisingly the addition of amines significantly reduced the reactivity, which could indicate a
Type | reaction that is disturbed by adding coinitiator. In Table 9 it is also shown that the
ketoesters used without coinitiator, show very short tmax and high conversions. Nevertheless, the

compounds cannot compete with the state of the art Type | initiator SC73.

5.1.4. Long wavelength UV initiators — broadband tests

It was of great interest to find highly reactive UV initiators that absorb in the long wavelength UV
region. Three of the tested substances showed activity in preliminary tests. To compare the
reactivity to commercial UV initiators, the substances were first tested with broadband photo-

DSC measurements.
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In Figure 28 the rate of polymerization Rp of the formulations is visible. Ethyl pyruvate EP was
also tested to compare the reactivity with the phosphorus analogue DEAP. All new compounds

were tested without and with EDB as coinitiator.
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Figure 28. Rate of polymerization of industrial initiators [ (hollow) and a-ketoesters without coinitiator m (green)
and with EDB as coinitiator m (orange) in HDDA mixtures at 1 W cm (320-500 nm).

Surprisingly, without coinitiator, diethyl phosphono acetate shows high reactivity, comparable to
ethyl pyruvate EP. The compound outperforms the industrial references BP and BMS by a lot.
Adding EDB as coinitiator further boosts the Rp by 20% and leads to a significantly higher
reactivity than ethyl pyruvate EP.

The ring-structured ketoester DDFD is less reactive than the linear ethyl pyruvate. The reactivity

is comparable to benzophenone derivative BMS, which is already a good result. Interestingly just
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as with the methyl esters MOB and MDMOB in previous studies, cyclic DDFD does not benefit
from adding amine EDB. Probably the polymerization is directly induced by radicals, formed by
hydrogen abstraction.

Diethyl ketomalonate DEKM was also tested as initiator, but the results were disappointing.
Although coinitiator EDB could double the rate of polymerization, the compound shows less than
half the reactivity than benzophenone BP. The low reactivity is probably caused by the high
moisture sensitivity of the compound. Under non-inert conditions, ketomalonates readily form
monohydrates with a gem-diol structure. Initiation is then impeded, as the carbonyl
chromophore is destroyed.0”

In Table 10 the results are summarized and it is clearly visible that the low rate of polymerization

of keto malonate DEKM correlates with the very slow polymerization leading to low DBC.

Table 10. Photo-DSC results for industrial Type | initiators and new compounds in HDDA mixtures at 1 W cm2 (320-
500 nm). Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

Rp timax tos DBC

[mmol*L1s?] [s] [s] [%]

BP_EDB 85 11.1 69 66
BMS_EDB 161 8.0 44 65
EP 193 8.5 56 66
EP_DMAB 211 7.7 42 63
DEAP 202 8.2 43 61
DEAP_EDB 241 6.7 37 64
DDFD 174 11.6 58 63
DDFD_EDB 171 11.3 54 62
DEKM 16 68.4 117 28
DEKM_EDB 31 37.5 152 38

The mixture containing phosphorus compound DEAP and coinitiator EDB was the most efficient,
exhibiting the lowest time to maximal rate of polymerization and the fastest conversion. The DBC

is comparable to the industrial references.

5.1.5. Long wavelength UV initiators - 400 nm LED tests

Photoinitiators that are active in and near the visible light spectrum are especially important for
energy efficient state of the art LED curing systems. Isopropyl thioxanthone (ITX) with amines as
coinitiator is one of the most important industrial Type Il initiator systems for visible light

polymerization.
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Therefore, it was very interesting to see how ketoesters perform near the visible spectrum. The
only active substance found with the right absorption pattern was cyclic ketoester DDFD. As
visible in Table 11, the extinction coefficient of ITX is 48 times higher than that of cyclic ketoester
DDFD. Ethyl pyruvate EP barely absorbs any light at 400nm. Still, both substances were compared
with ITX in a 400 nm LED photo-DSC measurement at 0.38 W cm™.

Table 11. Extinction coefficient at 400 nm of different initiators.

Initiator Ea00

[L Mol em]
ITX 677
DDFD 13.6
EP 0.10

The results for the rate of polymerization Rp of the mixtures are shown in Figure 29 and utterly
surprising. The formulation containing cyclic ketoester DDFD exhibits a significant higher
reactivity than the mixture with ITX and coinitiator MDEA. This is again a good example that the
extinction coefficient does not correlate with the efficiency. However, even more unexpected is
the mixture with ethyl pyruvate. Although the compound barely absorbs at 400 nm the rate of

polymerization is still comparable with benzophenone at broadband irradiation.
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Figure 29. Rate of polymerization of industrial initiator ITX with MDEA as coinitiator (1 (hollow), a-ketoesters

without coinitiator m (green) in HDDA mixtures at 0.38 W c¢cm? (400 nm LED). Formulations contain 1 eq.
(co)initiator relative to 1 w% EP.

In Table 12 detailed results of the measurements are shown. The mixture with ITX and coinitiator
MDEA reaches tmax one second earlier than cyclic DDFD, but the polymerization with DDFD is
almost twice as fast with a tgs of only 38 s. In the end, the DBC reached with the one compound

system DDFD is 6% higher than that of ITX with 64%.

Table 12. Photo-DSC results for industrial Type Il initiator ITX and new compounds EP and DDFD in HDDA mixtures
at 0.38 W cm (400 nm, LED). Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

Rp tmax  tos DBC
[mmol*Lts?]  [s] [s] [%]
ITX 109 8.1 62 58
DDFD 245 9.1 38 64
EP 75 21.0 73 49

Ethyl pyruvate EP is much slower and only reaches a DBC of 49%. Still the fact that a descent
polymerization is initiated by ethyl pyruvate at 400 nm shows how potent ketoesters are as one

component initiation systems.

5.1.6. Measurements at the same absorbance
It was tried to compare selected initiators not only by equimolar mixtures but also by extinction
at a certain wavelength. For the measurements the extinction coefficient at 365 nm was

measured and afterwards the amount of initiators was chosen to fit 1 wt% of benzophenone BP.
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Benzophenone was chosen as benchmark, as the compound with the highest extinction

coefficient. (Table 13)

Table 13. Extinction at 365 nm and factor F relating to benzophenone

Initiator €365 Factor F initiator coinitiator
[L:‘mol™-cm™] [] [wt%] [wt%]

BP 59.9 1.00 1.0 1.1

EP 7.1 0.12 4.4 9.0

BrKE 22.8 0.38 3.2 X

DDFD 25.3 0.42 1.7 2.5

By dividing the molar amount of 1 wt% benzophenone by factor F, the equiabsorbant amount of
initiator is calculated. Benzophenone was measured with aromatic amine EDB as coinitiator, so
also ketoesters could be measured with coinitiator. Bromo compound BrKE was not measured
with coinitiator, because it decomposes even under mild basic conditions, as previously
mentioned. The results for the rate of polymerization Rp are shown in Figure 30. Benzophenone
in a concentration of 1 wt% shows a rather low rate of polymerization. Due to the low absorption

of ethyl pyruvate EP 4.4 wt% were used.
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Figure 30. Rate of polymerization of industrial initiators [ (hollow) and a-ketoesters without coinitiator m (green)

and with coinitiator EDB m (orange) in HDDA mixtures at 1 W cm (365 nm). Formulations contain equi-absorbant
amounts of initiator relative to 1 w% benzophenone BP. Coinitiators were used equimolar to the amount of
initiator.
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The high amount of initiator significantly increases the Rp of the formulation in comparison to 1
wt% measured in previous series. Nevertheless, the gain of reactivity is not correlating with the
amount of initiator added, which indicated that the absorption with 1 wt% EP is almost saturated
and cannot be improved much further. Adding coinitiator EDB is even negative in this case. Due
to the high molecular weight of the aromatic amine in comparison to ethyl pyruvate, 9 wt% EDB
had to be added for an equimolar mixture. This is a problem as the amine EDB exhibits a strong
absorption in the same region as the initiator EP. The lower reactivity of the mixture with EDB is
for sure caused by a light shielding effect through the coinitiator.

Although, the mixture with bromo ketoester BrKE is far more reactive than benzophenone, the
high concentration is surprisingly less efficient than the lower concentrated previous mixture.
Cyclic ketoester DDFD shows significantly higher reactivity than in the broadband measurements
when used at the same absorbance of 1 wt% benzophenone, also in this case a coinitiator is not
beneficial.

In the details in Table 14 it gets clear that ethyl pyruvate EP is the most efficient initiator when
used in amount equiabsorbant to benzophenone BP. The ethyl pyruvate mixture EP not only
shows the highest rate of polymerization, it also exhibits the fastest time to maximal rate of

polymerization and reaches the highest DBC with 64%.
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Table 14. Photo-DSC results for industrial Type | initiators and new compounds in HDDA mixtures at 1 W cm?
(365 nm). Formulations contain equiabsorbant amounts of (co)initiator relative to 1 w% benzophenone BP.

Rp tmax tos DBC

[mmol L1s?] [s] [s] [%]

BP_EDB 79 14.2 67 55
BMS_EDB 200 7.1 36 61
EP 224 5.6 43 64
EP_EDB 201 6.9 39 60
BrKE 188 6.4 41 59
DDFD 190 7.7 45 60
DDFD_EDB 173 8.0 45 56

Mixtures with cyclic ketoester DDFD without coinitiator are again slower than the linear aliphatic

ketoesters but compared to industrial benzophenone very good results were achived.

5.2.Methacrylates

Methacrylates are the second most important class of monomers used for radical
photopolymerization. The methyl moiety at the double bond increases the sterical hindrance,
causing a lower reactivity than acrylates. Due to the better biocompatibility of methacrylic groups
compared to acrylates, methacrylates are often used in medical applications such as bone
adhesives or dental composites.

First hexanediol dimethacrylate (HDDMA) was considered as suitable monomer for the following
DSC studies. Unfortunately, the physical properties of HDDMA were unsuitable for measuring
DSC. The formulations with the monomer tended to creep along the aluminum pans and reached
the sealing glass plates, causing a “fisheye” as the formulation was stuck between glass and the

edge of the pan. (Figure 31)
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Figure 31. Creeping of formulations with HDDMA (yellow) to the glass lid of the DSC pans.

This effect took about 2 h to happen, considering that one measurement took 30 minutes means

that after four samples all other samples in the auto sampler were immeasurable.
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To prevent the formulations from creeping, it was tried to hydrophobize DSC pans with Cs-
trichlorosilane. (Figure 32) Therefore, the pans were stirred for 4 h in a 1 wt% trichloro octyl
silane toluene solution. After rinsing with toluene and drying, the pans were hydrophobic and

water droplet would pearl off the pans.
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Figure 32. Hydrophobization of aluminum with trichloro octyl silane

The hydrophobization was successful, but as DSC pans are not perfectly planar, the formulations
tended to form a droplet at the side of the pan. As the thermo sensor of the DSC device is located

at the middle of the pans, this was also no solution to the problem. (Figure 33)
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Figure 33. Creeping of formulations with HDDMA (yellow) to the edge of the hydrophobized DSC pans.

As the problem of creeping monomer could not be solved to full satisfaction, a different
methacrylic monomer system had to be used for the formulations.

A more viscos equimolar mixture of dental methacrylates UDMA and D3MA was prepared and is
further known as DMM. Formulations of DMM were perfectly measureable and did not creep
even after 12 hours. As they are used for dental composites and 3D printing, the new

photoinitiators can be tested close to the field of application in DMM.
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5.2.1. Simple aliphatic a-ketoesters

To compare the aliphatic a-ketoesters with known industrial initiators, the same three reference
compounds were chosen as for the acrylate study. Benzophenones BP and BMS are classical
Norrish Type Il initiators, therefore these initiators required coinitiators. The phenylglyoxylate
PGO is a known Type Il initiator that is the aromatic analogue to aliphatic ketoesters. It was tested

both, with and without coinitiator like all other ketoesters.6% 116
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First, the ketoester compounds were tested without coinitiator. Benzophenone BP and
benzophenone thioether BMS were tested with the industrial standard coinitiator methyl

diethanol amine (MDEA).
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Figure 34. Rate of polymerization of industrial initiators (CJ) with MDEA, (1) without MDEA and o-ketoesters

without coinitiator m (green) in methacrylic DMM mixtures at 1 W cm (320-500 nm). Formulations contain 1 eq.
(co)initiator relative to 1 w% EP.

Methacrylates generally exhibit a lower rates of polymerization than acrylates, which is clearly
visible in Figure 34. All formulations with a-keto esters including industrial initiator PGO perform
better than the benzophenones BP and BMS. Also in methacrylate DMM the new ketoesters
show impressive performance. However, due to the higher steric demands of methacrylates, the
ketoesters with the highest amount of methyl groups in the B-position, EMOB and MDMOB, are
less reactive. Only methyl oxobutanoate MOB is as reactive as the most reactive industrial
reference PGO.

Table 15. Photo-DSC results for industrial initiators with MDEA and o-ketoesters without coinitiator in

methacrylate DMM mixtures at 1 W cm2 (320-500 nm). Formulations contain 1 eq. (co)initiator relative to 1 w%
EP.

Rp tmax tos DBC
[mmol Lt s [s] [s] [%]
BP_MDEA 21.4 21.8 140 49
BMS_MDEA 41.9 13.2 94 51
PGO 58.7 14.9 117 67
EP 48.6 18.8 139 57
MOB 58.9 15.5 106 57
EMOB 442 17.3 121 54
MDMOB 38.8 20.0 102 52

In following Table 15 the detailed results of the measurements are shown. Although,
phenylglyoxylate PGO and methyl oxobutanoate MOB show the highest rate of polymerization,

the benzophenone derivative BMS shows the fastest polymerization overall. The time to maximal
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Re (tmax) and the time to reach 95% of total conversion is significantly shorter than that of the
other initiators. However, mixtures with benzophenone BP and benzophenone thioether BMS
reach the lowest double bond conversion (DBC) among the compounds with around 50%. The
ketoesters reach 52 —57% DBC, while phenyl glyoxylate PGO reaches impressing 67%.

Hence, it was exciting if the performance of ketoesters can be enhanced when aromatic amine
EDB is used as coinitiator.

On the first sight, it is evident in Figure 35 that the reactivity of the formulations can be improved
a lot. Reference phenyl glyoxylate PGO shows the highest polymerization rate. Nevertheless, the
ethyl ketoesters EP and EMOB benefit the most from coinitiator. The reactivity of mixtures with
ketoester EMOB is almost doubled by the coinitiator. Interestingly the methyl esters show less

improve of Rp when a coinitiator is added, which was also observed in acrylates.
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Figure 35. Rate of polymerization of industrial initiators (1 (hollow) and a-ketoesters with EDB as coinitiator =
(orange) in DMM mixtures at 1 W cm2 (320-500 nm). Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

In Table 16 it becomes clear that industrial initiator BMS still reaches tmax the fastest but all
ketoester improved a lot. Ethyl ketoester EMOB reaches the maximal Rp even faster than highly
reactive phenyl glyoxylate PGO. The most sterical hindered ketoester MDMOB again shows the
lowest reactivity among the ketoesters, resulting in longer tmax and t95 and a DBC of only 51%.
All other mixtures with novel compounds show faster time to 95% total conversion than the
industrial references and reach 57% DBC, which is more than that of the benzophenone

compounds BP and BMS. Again, glyoxylate PGO reaches the highest DBC with 66%.
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Table 16. Photo-DSC results for industrial initiators and a-ketoesters with EDB as coinitiator in DMM mixtures at
1 W cm2 (320-500 nm). Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

Rp tmax tos DBC
[mmol Lt s [s] [s] [%]
BP 20.5 18.5 147 50
BMS 44.6 10.8 96 54
PGO 83.5 11.2 93 66
EP 71.3 11.9 83 57
MOB 68.3 12.2 86 57
EMOB 78.1 11.0 59 57
MDMOB 53.5 14.9 70 51

The reason for the lower response of methyl esters to the coinitiator could be the fast formation
of methyl radicals, which are very reactive. This could lead to fast monomolecular initiation,
therefore a coinitiator which reaction is diffusion controlled cannot improve this reaction. This
would explain the higher reactivity of methyl oxobutanoate MOB in comparison to ethyl pyruvate
EP. Ethyl ketoester EMOB is more sterically hindered as it carries two methyl groups in beta
position. With coinitiator similar Rp values for all three compounds are reached. Methyl ketoester
MDMOB is the most sterically hindered compound and therefore generally less reactive towards
bulky methacrylates.

This theory is supported by the fact, that if smaller aliphatic amine MDEA is used, the rate of
polymerization can be further improved in case of base-stable compounds EMOB and MDMOB.
This can be explained by faster diffusion of MDEA compared to bulky aromatic EDB. Again, the
more hindered methyl ester MDMOB shows lower reactivity than the less bulky ketoester EMOB,
but this time the reactivity is almost doubled. The ethyl ester EMOB shows twice the Rp in
methacrylate DMM when MDEA is added and reaches the same value as industrial phenyl

glyoxylate PGO with EDB as coinitiator. (Figure 36)
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Figure 36. Rate of polymerization of industrial initiators [0 (hollow), a-ketoesters without coinitiator m (green)

and a-ketoesters with MDEA as coinitiator ® (blue) in DMM mixtures, at 1 W cm2 (320-500 nm). Formulations
contain 1 eq. (co)initiator relative to 1 w% EP.

The detailed results in Table 17 are quite impressive. The mixture with ethyl ketoester EMOB and
coinitiator MDEA exhibits outstanding reactivity. With more than the double Rp than reference
BMS, the mixture reaches maximal rate of polymerization (tmax) faster than any other compound.
In addition, the conversion (DBC) of 63% is much better than that of industrial state of the art
initiator BMS. Also, the performance of bulky ketoester MDMOB is significantly higher than when

no coinitiator or aromatic amine EDB is used as additive.

Table 17. Photo-DSC results for industrial initiators and a-ketoesters with MDEA as coinitiator in DMM mixtures
at 1 W cm-2 (320-500 nm). Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

Rp tos DBC

[mmol Lt s?] tmax [S] [s] [%]

BP 21.4 21.8 140 49
BMS 41.9 13.2 94 51
EMOB 83.4 104 99 63
MDMOB 62.9 13.2 93 56

Overall, the new a-ketoester initiators also show very good performance in the methacrylic
system. They can easily compete with the standard industrial benzophenones, even the reactivity

of special phenyl glyoxylate initiator PGO can be reached with some formulations.
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5.2.2. Sensitation of initiation

Although the quantum vyield of decomposition for alkyl pyruvates is relatively low (¢= 0.15 %
0.02),°3 the initiation efficiency is surprisingly good. 1961 Hammond et. al. described the
sensitation of the photo decomposition of ethyl pyruvate by benzophenone. The quantum yield
could be increased from 0.17 to 0.32 when benzophenone was added. In addition, it was
described that benzophenone did not decompose when ethyl pyruvate was present, which
indicates direct energy transfer.>? It was of great interest to see if the efficiency of a-ketoesters
can be improved by sensitizing. It was decided to test sensitation of pyruvates in methacrylate

systems, as it was expected, that the effect of a sensitizer can be easier seen in a less reactive

monomer.
o 0]
o0 U
benzophenone 2-isopropyl thioxanthone quinine triphenyl methane
BP ITX Chin TPM

The triplet energy Er of ethyl pyruvate is 272 kJ mol ! that of benzophenone BP is 284.5 kJ mol1.120
Therefore, the energy transfer is possible. Due to the high triplet energy of pyruvates, it was hard
to find suitable substances for sensitizing these. Classic photo sensitizers like thioxanthones (ITX)
only have an Er of 256 kJ mol* and should not sensitize ethyl pyruvates, but were still tested.'!
Quinine (Chin) is a known biocompatible compound with a strong absorption in the same region
as pyruvates.’?? There is no triplet energy found in literature so the compound was also tested
as sensitizer.

Triphenyl methane TPM exhibits a very high triplet energy of 339 kJ] mol? and is known to
sensitize photoreactions.? Therefore, it should be able to sensitize pyruvates and was tested as

well.
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Figure 37. Rate of polymerization of ethyl pyruvate EP without additive B (green) and ethyl pyruvate with additive
m (blue) in DMM mixtures, at 1 W cm (320-500 nm). Formulations contain 1 eq. additive relative to 1 w% EP.

Although the photodecomposition of ethyl pyruvate EP sensitized by benzophenone in benzene
solution is described in literature, there is no sign of higher reactivity in Figure 37. The addition
of benzophenone caused no significant difference in the speed of polymerization or DBC, which
can be seen in Table 18.

It is plausible, that the high absorption of benzophenone is shielding light from the initiator EP.
As benzophenone itself is a weak initiator without coinitiators it does not contribute to the
polymerization. In addition, the relatively polar urethane methacrylate in DMM could directly
guench excited benzophenone by hydrogen transfer. It seems the results from experiments in
low viscous, apolar and almost inert benzene cannot be directly applied in bulk polymerization
of resins.

The addition of thioxanthones is definitely reducing the reactivity of the formulation. The lower
Er and high absorption of thioxanthone ITX, together with the lack of coinitiator, that is necessary
for ITX to initiate lead to decreased efficiency of the mixture. This confirms that the energy
transfer from ITX to pyruvate EP is not possible in this combination.

Also the nontoxic quinine shows poor results as sensitizer. Probably the triplet energy is too low
for sensitizing pyruvates. In addition, quinine is known for its strong fluorescence, which prevents

the molecule from entering the triplet state via inter system crossing.
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Table 18. Photo-DSC results for 1 wt% ethyl pyruvate without coinitiator in DMM mixtures at 1 W cm2 (320-500
nm). Formulations contain 1 eq. sensitizer relative to 1 w% EP.

Rp tmax tos DBC
[mmol L*s?]  [s] [s] (%]
EP 52 17.0 118 57
EP_BP 52 17.8 101 56
EP_ITX 28 253 124 48
EP_Qui 32 18.9 142 50
EP_TPM 56 16.2 108 58

The only tested compound that had a slight positive effect was triphenyl methane TPM. The
compound increased the rate of polymerization by ~8%. The effect is not strong but visible.
Considering that benzophenone did not have a positive influence, this is a sign that TMP could
be more potent under the right conditions. The low concentration of initiator and sensitizer as
well as viscosity and polarity of the used monomer system probably limits the achievable effect.
The mixtures were also tested with coinitiator EDB present but no beneficial effect by any
potential sensitizer could be observed.

Considering that, the novel a-ketoesters, should replace potentially toxic aromatic
photoinitiators, it is anyway questionable to use aromatic compounds as benzophenones or

other multiple aromatic compounds as sensitizers.

5.2.3. Modification of the a-carbonyl
The B-bromo and B-hydroxy ketoesters were tested in less reactive methacrylates as well. Again,
they were compared to commercial Type | initiators. Hydroxy compound OHKE was also tested

with the amine coinitiator EDB to see if the reactivity can be improved.

(c) commercial
Br HO (s) synthesized

SCBr SC1173

The results for the rate of polymerization Rp of these mixtures is shown in Figure 38. State of the

art UV Type | initiator SC73 is similar to the acrylate mixtures the most reactive. The formulation
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containing commercial bromo derivative SCBr shows a much lower reactivity and cannot
compete with new bromo ketoester BrKE. Compared to the simple ketoesters tested before, the
compound shows exceptional high reactivity. Only the mixture of ketoester EMOB with MDEA
as coinitiator (5.2.1) could produce a similar rate of polymerization. Considering that in case of
bromo ketoester BrKE no coinitiator is used, the exceptional high reactivity compared to other

ketoesters makes it plausible that a Type | reaction takes place.
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Figure 38. Rate of polymerization of industrial initiators [0 (hollow) and a-carbonyl modified ketoesters without

coinitiator m (green), with EDB m (orange) in DMIM mixtures at 1 W cm (320-500 nm). Formulations contain 1 eq.
initiator relative to 1 w% EP.

The hydroxy ketoester OHKE performed significantly worse than the bromo derivative. By adding

aromatic amine EDB as coinitiator, the reactivity could be doubled.

Table 19. Photo-DSC results for industrial initiators and a-ketoesters in DMM mixtures at 1 W cm (320-500 nm).
Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

Rp tmax tos DBC
[mmol Lt s?] [s] [s] (%]
SC73 145 5.64 49 64
SCBr 60 12.2 129 51
BrKE 82 10.2 107 57
OHKE 25 31.6 128 39
OHKE_EDB 48 20.2 141 51

In acrylic systems, only a small difference in reactivity was observed between the bromo and the
hydroxy compound and adding coinitiator did not improve the performance. It seems that the
hydroxy ketoester OHKE reacts mainly by a Type Il mechanism in more polar and less reactive

methacrylates. That explains the lower reactivity and good response to the coinitiator.
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Also in the detailed results shown in Table 19 it is clear that Type linitiator SC73 shows the highest
reactivity by far. Still bromo ketoester BrKE reaches tmax faster than the industrial bromo
reference SCBr. Also the significant higher conversion of 57% is reached faster than with the
aromatic analogue compound. The hydroxy ketoester OHKE shows the slowest polymerization

and cannot exceed a conversion of 51% even with coinitiator.

5.2.4. Long wavelength UV initiators — broadband tests
The new compound absorbing in the higher UV-range were also tested with broadband light in

methacrylates and compared to commercial Type Il initiators.
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Diethyl ketomalonate DEKM showed very poor reactivity in diacrylate HDDA and did not show
any reactivity in methacrylate mix DMM. Therefore, no maximal rate of polymerization is shown
for this compound.

In methacrylate DMM also phosphonate DEAP showed lower reactivity than the industrial
initiator BMS. (Figure 39) The Rp is still higher than benzophenone when no coinitiator is used.
Adding aromatic amine EDB as coinitiator has a very positive effect on the reactivity. The mixture
with phosphonate DEAP and coinitiator is almost twice as reactive and exceeds the Rp of the
industrial reference initiators. This shows that direct initiation is not favored in case of this
compound. Cyclic ketoesters DDFD shows a higher maximal rate of polymerization by direct
initiation than phosphonate DEAP. Still the value of Rp is lower than that of the industrial
references. Also in case of cyclic DDFD the addition of coinitiator increases the reactivity beyond

the industrial references.
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Figure 39. Rate of polymerization of industrial initiators [ (hollow) and a-ketoesters without coinitiator  (green)
and with EDB as coinitiator m (orange) in DMM mixtures at 1 W cm2 (320-500 nm).

The sterical hindrance and lower reactivity of the methacrylate formulation makes direct
initiation by inter or intra molecular hydrogen abstraction less efficient. Adding a coinitiator is
therefore more beneficial than in acrylic monomers.

This is also clearly visible in Table 20, were all results are shown. Without coinitiator no novel

compound can beat the industrial references regarding the time to Rp or the DBC.

Table 20. Photo-DSC results for industrial initiators and a-ketoesters in DMM mixtures at 1 W cm2 (320-500 nm).
Formulations contain 1 eq. (co)initiator relative to 1 w% EP.

Rp tmax tos DBC

[mmol Lts?]  [s] [s] [%]

BP 20 18.2 143 49
BMS 46 11.1 115 57
DEAP 31 26.7 133 43
DEAP_EDB 53 14.3 104 51
DDFD 36 27.5 110 47
DDFD_EDB 50 18.2 90 54

With coinitiator EDB both substances DDFD and DEAP are comparable or faster than
benzophenone BP but not than BMS which shows the fastest tmax. The benzophenone derivative
BMS also shows the highest conversion with a DBC of 57%. Cyclic ketoester DDFD with EDB gets

close, reaching a DBC of 54% with a significantly faster tos.
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5.2.5. Long wavelength UV initiators - 400 nm LED tests

Isopropyl thioxanthone (ITX) with amines as coinitiator is one of the most important industrial
Type Il initiator systems for visible light polymerization. Therefore, it was very interesting to see
how cyclic ketoester DDFD performs near the visible spectrum at 400nm in less reactive

methacrylates. Photo-DSC studies with a 400 nm LED were conducted. Each sample was

irradiated at 0.38 W cm2 twice for 300 s.

ITX DDFD
coinitiator
(0]
o ™
N
| EDB

In Figure 40 the maximal rate of polymerization for DMM mixtures with thioxanthone ITX and
cyclic ketoester DDFD is shown. Thioxanthones are classic Type Il initiators and need a coinitiator

to function efficiently. Usual amine coinitiator MDEA was used equimolar to ITX.
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Figure 40. Rate of polymerization of industrial initiator ITX [ (hollow), a-ketoester DDFD without coinitiator m

(green) and with EDB = (orange) in DDM mixtures at 0.38 W ¢cm? (400 nm LED). Formulations contain 1 eq.
(co)initiator relative to 1 w% EP.

In opposite to the LED measurements conducted in acrylate mixtures, the mixture with cyclic
ketoester DDFD shows lower reactivity than the mixture with thioxanthone ITX + MDEA. The
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maximal rate of polymerization of the ITX mixture is twice as high. The low reactivity of ketoester
DDFD in methacrylates was also observed in the broadband studies. Adding aromatic amine EDB
as compatible coinitiator to the mixture with cyclic ketoester DDFD does improve the reactivity
but the effect is too small to compete with the reactivity of ITX.

Table 21. Photo-DSC results for industrial initiator ITX with MDEA as coinitiator and cyclic a-ketoester DDFD with

and without EDB as coinitiator in DMM mixtures at 0.38 W cm2 (400 nm). Formulations contain 1 eq. (co)initiator
relative to 1 w% EP.

Rp tmax  tos DBC
[mmolLts?]  [s] [s] [%]
ITX_MDEA 47 12.0 100 53
DDFD 32 31.5 129 49
DDFD_EDB 40 21.1 124 50

In Table 21 it can be seen that cyclic ketoester DDFD performs significantly slower than
thioxanthone ITX. It has to be considered that in case of DDFD the less reactive and more bulky
coinitiator EDB had to be used which explains the lower reactivity compared to ITX with more

reactive amine MDEA.

5.2.6. Long wavelength visible light initiators

Based on the novel silyl glyoxylate SiKE Type | initiator for dental application it was tried to
synthesize other visible light initiators based on glyoxylates. As the synthesis of phosphono and
sulfonyl glyoxylates was unsuccessful and trimethyl silyl and germyl derivatives did not show
sufficient reactivity in preliminary tests, only silyl glyoxylate SiKE was compared to a standard
dental initiator Ivocerin.

For comparison, equimolar mixtures of both compounds were prepared with dental
methacrylate mixture DMM. 1 wt% Ivocerin was used for calculation of the molar amounts. The
samples were then irradiated in the DSC device at 400-500 nm with 1 W cm™ at the end of the

light guide and the kinetic data was compared.

o O O
0 oJ< /©)Lee
Si— o < ? o~
\ SiKE Ivocerin
K69
On the first sight it is visible that the silyl glyoxylate SiKE shows much lower reactivity. The

maximal rate of polymerization of the mixture with Ivocerin is four times higher. Also in the

calorigram (Figure 41, right) shows a much slower polymerization.
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Figure 41. Maximal rate of polymerization Re (left) and calorigram (right) of mixtures of Ivocerin and silyl
glyoxylate SiKE in methacrylate DMM.

The mixture of silyl glyoxylate SiKE reached a DBC of 50% while the mixture with Ivocerin as
initiator achieved 72% DBC.

Even if it is considered that Ivocerin forms the double amount of radicals compared to silyl
compound SiKE, it is clear that the reactivity of ketoesters in methacrylates is limited. This is well
supported by Table 22 which displays the detailed results. Dental initiator Ivocerin (K69) reacts
much faster and reaches more than 70% conversion while the slower silyl glyoxylate only reaches

50% DBC.

Table 22. Photo-DSC results for visible light initiator Ivocerin (K69) and silyl glyoxylate SiKE

Rp tmax tos DBC

[mmol L1s?]  [s] [s] (%]

K69 192 3.8 44 72
SiKE 56 14.5 74 50

It is known that silyl glyoxylate SiKE initiates by Type | mechanism,?* but it seems that the

cleavage reaction or resulting radicals are less efficient than that of acyl germanes.

5.3.Hydrogels

Hydrogels are materials, with a widespread use in industry. The most common product made
from hydrogels are soft contact lenses but also other products such as medical electrodes, wound
dressings and hygiene products are made from hydrogels. Newer applications like drug delivery

and tissue engineering are gaining importance.?®
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For photo curing in the presence of cells, biocompatibility of the initiators is essential. Ethyl

monomer

/\g[o\/h))]\/

PEG700DA
0 initiators O
o7 L
OH
o 0
1C2959 BPQ

(0] o O
(0]
)k”/ ~ o

(0]
EP DDFD
coinitiator
I
N
HO™ """ 0H
MDEA

e

OH

©
Cl
-

®
N
| H

pyruvate EP is water soluble up to 1 wt% in pure water and cyclic DDFD is water soluble at even

higher concentrations. The solubility is further increased in formulations containing water soluble

monomers.

50 wt% solutions of water soluble diacrylate PEG700DA with the different initiators were

prepared and tested at 320-500 nm and 1 W cm™. Water soluble Type | initiator Irgacure 2959

and Quantacure BPQ, a bimolecular Type Il initiator with MDEA as coinitiator, were used as

reference initiators. The amount of (co)initiators was calculated equimolar to 1 wt% EP.
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Figure 42. Rate of polymerization Re of industrial initiators () with MDEA, (1) without coinitiator and a-

ketoesters without coinitiator ® (green) in methacrylic DMM mixtures at 1 W cm (320-500 nm). Formulations

contain 1 eq. (co)initiator relative to 1 w% EP.
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As can be seen in Figure 42 and Table 23 that ethyl pyruvate EP and cyclic ketoester DDFD can
compete with the commercial water-soluble Type Il system BPQ/MDEA. The performance is
sufficient even without coinitiator. Ethyl pyruvate EP shows a higher reactivity than cyclic initiator
DDFD, which also was observed in acrylate HDDA. This results in shorter times to reach Rp and
also shorter tgs than that of benzophenone BP and cyclic DDFD. An average DBC of 88 + 2% was
reached for the Type Il systems. As expected the Type | system shows a higher polymerization
rate the highly reactive initiator 1C2959 reached almost full conversion of 95% in a shorter time

than all other compounds.

Table 23. Photo-DSC results of hydrogels with water-soluble industrial initiators IC2959 and BPQ as well as water-
soluble ketoesters EP and DDFD

Rp tmax tos DBC

[mmol L s?] [s] [s] (%]

1IC2959 72 3.7 23 95
BPQ_MDEA 36 7.6 42 90
EP 45 6.4 37 87
DDFD 33 10.3 46 86

Ethyl pyruvate is a FDA approved food additive and the compound as well as its photoproducts
are harmless to the human body. Considering the field of application for hydrogels, the water-
soluble ketoesters could be highly biocompatible initiator replacements for water-based
formulations. Due to the absorption spectrum near the visible light of cyclic ester DDFD even

more harmless light sources with higher wavelength in presence of cells could be used.

6. UV-aging of polymers

For coatings and decorative applications of light curable formulations, it is important that the
cured formulations do not change their appearance with time or undergo discoloration during
the curing process. Yellowing therefore is a well-known problem when it comes to cure clear
surface coatings, especially when thioxanthones are used as sensitizers and/or amine coinitiators
are used in Type Il curing systems.126 127

Photoinitiators of coatings and inks cause discoloration of the system. Especially pale pigmented
inks and clear coatings are more prone to discoloration by the photoinitiators and their
photoproducts since it is common practice to use around a 7 £ 10% photoinitiator level to attain

the fast curing systems demanded by the printing ink industry.?®
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A simple test was used to see how color-stable the cured samples were upon longer UV exposure.
Therefore, the formulations used for DSC measurements were put into silicon molds and cured
in an Intelliray UV flood oven for 100 seconds. The cured specimens were then taken out of the
mold and irradiated for additional 120 minutes.

After the UV aging process, the specimens were glued on a white sheet of paper and
photographed in a flatbed scanner to obtain pictures with neutral white balance.

In Figure 43 the specimens cured without coinitiators are shown. On the first sight, very good
results were obtained with all formulations. The polymers are clear and almost colorless. The
mixture with Type | initiator SC73 showed a pinkish color after curing, this discoloration vanished
during 120 min UV aging. Probably some colored diketone recombination products formed, that

further decomposed during irradiation.

without coinitiator

sC73 SCBr BrKE OHKE
EP MOB EMOB MDMOB
i
DDFD DEAP PGO

Figure 43. Polymer specimens from DMM with 1 wt% initiator and without coinitiator after 120 min of irradiation
A closer look shows that the bromo compounds SCBr and BrKE show some slight yellowing. It is
plausible that released bromine or bromo side products are responsible for that color. Also in
case of phenyl glyoxylate some yellow shimmer is visible. As already described above, initiators

with aromatic chromophores tend to produce side products which absorb in the visible range.
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MDEA as coinitiator

BP/MDEA BMS/MDEA ITX/MDEA

EP/MDEA EMOB/MDEA MDMOB/MDEA

Figure 44. Polymer specimens from DMM with 1 wt% initiator and 1 eq. MDEA as coinitiator after 120 min of
irradiation

All mixtures with simple ketoesters and the hydroxy ketoester OHKE result in very clear and
colorless specimens that did not show any discoloration.

When industrial Type Il initiators and novel ketoesters are used with aliphatic amine MDEA as
coinitiator, significant yellowing occurs. From the industrial reference compounds
benzophenone showed the lowest discoloration, while benzophenone derivative BMS shows
significant yellowing. As BMS contains an aromatic thioether is possible that colored thio
compounds are formed. The strongest discoloration is shown by the mixture containing ITX. The
thioxanthone is yellow on its own and known for photo oxidation of amines leading to severe
yellowing. (Figure 44, first row)

The mixtures containing ethyl pyruvate EP and ketoester EMOB are examples for decomposition
by the nucleophilic amine MDEA. As already mentioned, enolizeable ketoesters tend to
decompose under the influence of MDEA. The decomposition is very fast for mixtures with ethyl
pyruvate EP. The more stable ketoester EMOB can be used with MDEA as coinitiator, but after
storage for one week at 4 °C the slower decomposition also leads to formation of brown oily
precipitate visible in the magnified pictures. In comparison the stability of sterical hindered
ketoester MDMOB, does not show signs of decomposition or discoloration. (Figure 44, second

row)
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EDB as coinitiator

BP/EDB BMS/EDB PGO/EDB EP/EDB
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Figure 45. Polymer specimens from DMM with 1 wt% initiator and 1 eq. EDB as coinitiator after 120 min of
irradiation

As already expected the aromatic amine coinitiator EDB caused the strongest discoloration. All
mixtures containing EDB showed yellow discoloration. Nevertheless, the initiators containing
aromatic moieties caused the strongest discoloration together with phosphonate DEAP. When
amine EDB is used with a-ketoesters the yellowing is significantly lower. (Figure 45)

Considering that, a-ketoesters show higher reactivity without coinitiator than commercial
systems with coinitiator this new class of photoinitiators combines high reactivity with perfect
color stability. If the reactivity has to be further increased by usage amines as coinitiator with

aliphatic ketoesters, the discoloration is still lower than with hitherto existing Type Il systems.

7. Photolysis studies

To get a deeper insight into the mechanism of initiation, photolysis studies were conducted by
Markus Griesser in the group of Georg Gescheidt at the TU Graz.

Although there are some mechanistic studies on the photodecomposition of a-ketoesters, there
is no literature about the initiation process of radical polymerization. In addition, the
photochemistry of cyclic a-ketoesters with planarized carbonyl groups is generally not described.
Therefore, the reaction of the cyclic ester DDFD with styrene was chosen as the ideal paradigm
for establishing the mechanism of polymerization initiated by a-ketoesters, as the compound is
less prone to side reactions and has characteristic methyl groups. Styrene (other than common

(meth)acrylates), carries no methyl groups, hence resonances stemming from the growing
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polymer chain and styrene-based byproducts do not deteriorate the assignment of signals in the
methyl group region. Accordingly, the corresponding NMR signals exclusively reflect conversions
based on DDFD.

The NMR spectrum of DDFD/styrene (Figure 46) presents four new signals in the "methyl region"
with only one (1.24 ppm, largest) corresponding with the reference spectrum of pure irradiated
DDFD (Figure 47). The peak at 0.5 ppm indicates aliphatic protons in close vicinity to a phenyl
group (strong shielding). In the following Scheme 19 two different addition modes are shown:
Based on the radical pair RA/RB generated upon irradiation, styrene can add to both radicals and
starting the polymerization. For simplicity, only products A and B in are presented in Scheme 19.
A longer polystyrene homopolymer chain does not further influence the assignment of the NMR

resonances attributed to the methyl groups, therefore the scheme is simplified.

N —

r T T T T T T T T T T T 1
1.6 1.4 1.2 1.0 0.8 0.6 0.4
o/ ppm

Figure 46. 'H-NMR spectra taken before (black), after 30 min (red), and after 60 min (blue) of continuous
irradiation with an LED (365 nm). Initiator DDFD 45 mM, styrene 110 mM, solvent CD3CN.

Upon reaction, the two 4-methyl groups in DDFD (red) become non-equivalent in A and B.
Accordingly, the four emerging peaks at 0.50, 1.03, 1.06, and 1.41 ppm (Figure 46) indicate

methyl-group-based resonances of DDFD-type end groups A and B respectively.
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Scheme 19. Photo-induced (intermolecular) hydrogen atom transfer of DDFD forming the radical Pair RA/RB
followed by their addition to styrene and H-atom addition. The colored indicates the two equivalent methyl
groups of DDFD, which become non-equivalent in the addition products A and B (red and blue in A, green and
orange in B). Only the head additions are shown

These observations point to DDFD initiating the polymerization via, intermolecular hydrogen-

atom transfer (Type Il, Scheme 19). Analogous performed reactions with N-vinylpyrrolidone,

butyl acrylate, methyl methacrylate, and 3,3-dimethyl-2-methylenebutanoate are corroborating

the results with styrene. However, the substantially higher number of methyl groups present in

the latter monomers renders it very complicated assigning the observed resonances, which is

visible in Figure 47 to Figure 49.
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Figure 47. 'H NMR taken of DDFD (40 mM) before (black), after 30 min (red), and after 60 min (blue) of continuous
irradiation with an LED (365 nm).
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The observations are in line with previous spectroscopic studies on aliphatic a-ketoesters
indicating that pyruvates are not likely to undergo Type | a~cleavage reactions but rather react

via triplet-state hydrogen transfer,>’, 129 130

—
R
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S/ ppm

Figure 48. 'H NMR spectra obtained upon irradiating DDFD (27 mM) in the presence of 3,3-dimethyl-2-
methylenebutanoate (83 mM). Spectra taken before (black), after 30 min (red), and after 60 min (blue) of
continuous irradiation with an LED (365 nm).
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Figure 49. 'H NMR spectra obtained upon irradiating DDFD (46 mM) in the presence of N-vinylpyrrolidone (155

mM). Spectra taken before (black), after 30 min (red), and after 60 min (blue) of continuous irradiation with an
LED (365 nm).
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In case of cyclic ketoester DDFD intra molecular hydrogen abstraction is not possible due to

sterical reasons. This would explain the lower reactivity compared to linear aliphatic ketoesters.

8. Cytotoxicity

For testing the biocompatibility of the novel water-soluble initiators, cytotoxicity tests were
performed by Marica Marcovic in the group of Aleksandr Ovsianikov at the TU Wien with mouse
fibroblast cell line L929. The compounds were compared to the most common commercial water-
soluble Type | initiator Irgacure 2959 and the commercial water-soluble Type Il benzophenone
ammonium salt system BPQ with MDEA as coinitiator. Equimolar stock solutions of the initiators
were prepared standardized on a 40 mg/L (17.84 mM) solution of 1C2959. In a dilution series, the
toxic concentrations with and without previous 10 min UV-irradiation at 365 nm were

determined.
non UV
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Figure 50. Cell viability after 24 h incubation in initiator solutions without initial irradiation at 365 nm
Left to right: m BPQ/MDEA, m 1C2959, m EP and = DDFD.

As visible in Figure 50 and Figure 51, the reference initiators BPQ/MDEA and 1C2959 can be
considered as biocompatible from 4.46 mM and lower, as the metabolic activity of treated cells
(also after UV ) was above 80%. The new photoinitiators ethyl pyruvate EP and the furandione

DDFD can be considered nontoxic even at the highest concentration of 17.84 mM and also after
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UV irradiation. This

harmful.
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indicates that the compounds themselves and also photoproducts are not

17.84 8.92 4.46 2.23
concentration (mM)

mBPQ/MDEA mSC2959 MEP DDFD

Figure 51. Cell viability after 24 h incubation in initiator solutions after 10 min initial irradiation at 365 nm

These good results

photoinitiators.

Left to right: m BPQ/MDEA, m 1C2959, m EP and = DDFD.

show that aliphatic a-ketoesters have high potential as biocompatible
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Part 2: Improving network properties with chain transfer reagents

Radical polymerization is a very fast and uncontrolled process. Side reactions as chain transfer by
hydrogen abstraction and termination reaction cause a broad distribution of kinetic chain
lengths. The formation of new covalent bonds causes a reduction of intermolecular interspace
and therefore a shrinkage of cured materials. Shrinkage forces and inhomogeneous chain lengths
lead to rather brittle materials with broad glass transitions. To improve material properties of
radical photopolymers, regulation of the curing reaction is necessary. Different mechanisms for
regulation of radical polymerization are known. All of these methods share terminating a
propagating chain and reinitiation of new chain growth. So far only addition fragmentation chain

transfer and hydrogen donation are fast enough to be applied in bulk photopolymerization.

1. Addition fragmentation chain transfer (AFCT)
1.1.  State of the art
In recent years, AFCT gained a lot of interest as research topic. Due to the wide application of
photomaterials, improving the material properties of photopolymers became important. Due to
high reactivity, good mechanical properties and relatively low toxicity of methacrylates in
comparison to acrylates, methacrylic monomers play an important role in the field of dental
composites and additive manufacturing technologies. This is why this work will further focus on
chain transfer agents that can be used with methacrylates.
Since the late 1980s when AFCT was described to control radical polymerization for the first
time3% 132 3 huge number of reagents have been described in literature.
Hee Young Park et al. already reported AFCT modified dental composites 2010.%33 It is described
that the produced composites showed low (40-50 °C) and very sharp glass transitions and that
the shrinkage stress can be reduced significantly. These results were achieved by combining AFCT
and thiol-ene chemistry.
Nk
Reactive/ z

double bond T

Z modifies addition and
fragmentation rates

The principal structure for most AFCT reagents is the same. There has to be a reactive double
bond, usually carbon, on which a radical can add and a good homolytic leaving group R. The

addition and fragmentation speed is determined by the activating Z-group. Depending on the

102



AFCT structure the chain transfer constants can be varied in monomer systems. It is crucial that
the addition rate is in the same order of magnitude as the monomer addition constant. This
guaranties statistic consumption of the reagent. Also very important is that the fragmentation
reaction is much faster than a potential copolymerization which could happen if the intermediate
radical is too long lived and reactive towards monomer.

In Scheme 20 a radical polymerization with an AFCT reagent is shown. After cleavage of the
initiator an initiator radical le starts the polymerization. Depending on the initiator, this happens
with the certain addition rate kini. The propagation of the reaction starts with the addition rate
of a chain-end to monomer kprop. During the polymerization, a terminal radical can also add to an
AFCT molecule with kaqd. The intermediate chain transfer agent radical can now undergo two
reactions in competition to each other. Either the intermediate radical adds to monomer with
the copolymerization addition rate k¢, or the leaving group R cleaves off with the fragmentation
rate krag. After fragmentation, the rate of reinitiation kreini is dependent on the chemical structure

of the leaving group.
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Scheme 20. Possible reaction pathways of radicals with AFCT reagents

Normally chain transfer agents are used as additive up to 20 mol%. Therefore, it is possible but
rather unlikely that an initiator is directly adding to a CTA. This is why that case is not shown in

Scheme 20.
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k
Cr=—= Equation 2
kprop

k dd*k
ki = ﬁ Equation 3
add frag

(6 SUUIRN Chain transfer constant

Ktreeoeesoieeeannne Rate constant transfer

Kpropeeeeoveesuenn. Rate constant chain growth by propagation
Kadd vevvveenennn. Rate constant of addition reaction
Kfrag.eeeeeenenenn. Rate constant of fragmentation reaction

For good regulation of radical polymerization statistical consumption of AFCT molecules is crucial.
This is defined by the so-called chain transfer constant Cr, the ratio of the addition rate constant
of terminal radicals to monomer kprop (propagation reaction) and the rate constant for the
transfer reaction ki. (Equation 2) For homogenous consumption, the quotient should be
around 1.

The transfer rate constant is given by the reversible addition rate constant kags and the
fragmentation rate constant ksrag. (Equation 3) Copolymerization has to be extremely unlikely, so
it does not interfere with the transfer rate constant. Therefore, the fragmentation rate constant
kirag has to be magnitudes higher than the copolymerization rate constant ke. The addition of
radicals to a CTA molecule is reversible. The fragmentation rate constant has to be as high as
possible to ensure the cleavage reaction happens before the reverse addition reaction can take
place.

The leaving radical Re should be highly reactive towards the monomer to ensure efficient
reinitiation. In addition, the addition of a leaving radical to a transfer agent is possible but unlikely
due do an excess of monomer double bonds.

a) b) c)

A Kadd R' . I(frag R' A

R + ﬁ/ N R =——— w ﬁL\R - y + R
Sz Kagg z z

reactive /

double bond T
weak single bond . .

Z modifies addition and for B-scission R must be a good homolytic leaving

fragmentation rates group and a good initiating species

Scheme 21. Structure and reactivity relation of an AFCT reagent

These rate constants can be influenced by the chemical structure of the AFCT reagents. The
addition rate of a radical to the double bond is highly dependent on the structure of the Z moiety.

(Scheme 21) On the one hand, it must stabilize the intermediate radical well enough to provide
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high addition rates on the other hand it must be instable enough to ensure fast B-scission. The
fragmentation is also dependent on the bond strength between the leaving group and atom A.
Highly stabilized intermediate radical tend to retard the cleavage reaction, slowing down the
whole polymerization reaction. Too strong A-R bonds cause copolymerization instead of chain
transfer.134

In Table 24 some typical AFCT classes that can be used for methacrylates, and chain transfer

constants Cr are shown.

Table 24: Chain transfer rates of different B-scission AFCT reagents in methacrylates'*®

Subtance Activating  Atom attached to Leaving Chain transfer
class group leaving group group constant
Y4 A R Cr
vinyl ethers Ph (0] CH,Ph 0.7613¢
vinyl peroxides | Ph 0 O-tBu 0.83%
allyl sulfides CO,Et CH» S-tBu 0.74138
allyl halides CO,Et CH» Br 1.451%6
Allyl sulfones CO,Et CH» SO,Tol 1.1136

Chain transfer constants found in literature are usually calculated from thermal polymerizations
in solvents. The behavior of CTAs in bulk photopolymerization can therefore not be derived
directly from these experiments. Promising classes of AFCT reagents were already tested in
previous works. (Scheme 22)

Vinyl ethers need an activation group such as a radical stabilizing phenyl moiety. It was shown in
previous work that these reagents tend to fragment slowly and cause massive retardation of

polymerization in bulk polymerization of methacrylates.'*

saaclNcan Bl aes

vinyl ether vinyl peroxide allyl sulfide
(o)
_R
Oﬁ)J\/Br Oﬁ)k/\\s\\
0]
OR ' OR
allyl halide allyl sulfone

Scheme 22. Examples for some classes of AFCT reagents

Vinyl peroxides show similar transfer constants as vinyl ethers. Due to the labile peroxide bond,
the elimination reaction is facilitated. Unfortunately, peroxo compounds show thermal lability,

which reduces the storage stability of formulations and the heat of polymerization in bulk can
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lead to decomposition of the peroxides. Therefore, the AFCT reagent would act as initiator
instead of regulating the network.4°

Allyl sulphides activated with ester or phenyl moieties show activity as chain transfer agents.
Unfortunately the polymerization regulated by these compounds shows strong retardation and
resulting materials have a much lower modulus than the unregulated reference networks.3°
Thiyl radicals are known to efficiently reinitiate methacrylates but the resulting thioethers exhibit
very flexible bonds reducing the modulus of resulting materials.14!

Allyl halides such as ester activated allyl bromides show high transfer constants but halogen
radicals are not very reactive towards methacrylates. Also organic bromo compounds are light
sensitive and potentially toxic.

Four years ago, B-allyl sulfones were found to be very efficient chain transfer agents for
photopolymerization of methacrylates.3” The sulfonyl radical is among the most reactive radicals
towards (meth)acrylates. Different activating groups were tested to optimize reactivity and
regulation. Finally it was shown that ester groups as activating moiety are most beneficial for

forming homogenous networks with good mechanical properties.*?

OEt OEt o
E . 7
0] 0 Kadd o\, 0 Kirag PF /,S\/
R~ + S — 8 ——— O + J R
(e} R -k R (e} R -k
add frag
R= Tos, Me R

Although allyl sulfones are potent network modifiers and work well in methacrylic bulk networks
the polymerization is still retarded in comparison to neat materials, when higher amounts of CTA
are added.3® The cause for that delay is the new double bond formed after cleavage of the leaving
group. Due to sterical reasons, this double bond is less reactive than methacrylic end groups and
the fragmentation reaction is reversible.?®

Introducing an oxygen instead of the CH; in a-position improves the reactivity a lot. Vinyl
sulfonates were found to be even more potent than allyl sulfones and show fast and well-
regulated polymerization for acrylates and methacrylates.'#® In the case of vinyl sulfonates the
fragmentation reaction leads to formation of a ketogroup, which is irreversible and does not

interfere with the radical polymerization.
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add R

R= Tos, Me
After fragmentation of the intermediate radical, different reaction pathways are possible.
Homopolymerization of the CTA is not possible as the fragmentation is favored and much faster.
After fragmentation, the sulfonyl radical can reinitiate chain growth but other than allyl sulfones,
also self-consumption is possible. (Scheme 23) In this case, the leaving group radical attacks
another CTA molecule, leading to chain reaction, which consumes CTA. It was shown that this
happens solely when no monomer is present or if high concentrations of CTA (> 20 db%) are used.
As long as reactive monomer is present, reinitiation is favored due to the high reactivity of

sulfonyl radicals towards (meth)acrylates.'3°
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Scheme 23. Reaction pathways of the intermediate radical of vinyl sulfonates
The combination of an irreversible fragmentation step and a highly reactive sulfonyl radical as
leaving group is the key to high curing speed and a well-regulated network with significantly
better mechanical properties.'#3
A major drawback of sulfonates is, that these esters show an alkylation potential and are

therefore considered to be carcinogenic, which can be shown by Ames test.144 145
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1.2. Selection and synthesis of AFCT compounds

As it is already known from previous studies, the oxygen between the double bond and the
leaving group is optimal for fast and efficient chain transfer due to an irreversible cleavage
reaction. As sulfonate esters (L= SO2R) are potentially toxic other leaving groups (L) attached to

an oxyacrylate were investigated.

Various oxyacrylates can be prepared via nucleophilic attack of the enol oxygen on an
electrophile. The enolisation is conducted via tertiary amine base, which is also needed as acid
scavenger for the acidic elimination-product of the electrophile.

+
o BH

base O- E—X o)
/Jkﬂ/OR N 4%\N/OR - 4%\T7o * BHX
0]
0] OR
For the silane-ene chemistry it is already shown, that silyl radicals are efficient reinitiating
radicals. Therefore, CTAs carrying silyl groups should be investigated. A trimethyl silyl group with
low sterical hindrance and a tri(trimethylsilyl)silyl group which showed high reactivity as radical

in silane-ene polymerization was chosen as leaving group.

1.2.1. Synthesis of silanoxy ethyl acrylates

The preparation of TMS oxyacrylates is quite simple. The pyruvate is enolised by 1.1 eq.
trimethylamine in dichloromethane at room temperature and directly reacted with 1.1 eq.
trimethyl clorosilane.?®® After filtration and distillation the TMS oxyacrylate TMSA is obtained in
a yield of 82%.

o)
o TEA
~_..0
_Sli_C| + (@) - /SI OEt
| OFt RT, DCM |
TMSA

Interestingly the product polymerized within days during storage at 4 °C in the dark. This is
surprising as bulk polymerization with a radical initiator was unsuccessful. The resulting polymer
had an exceptional high molecular weight (> 100000 Da) and a low polydispersity index (<2).

The experiment was repeated four times, BHT was used as inhibitor in all cases, still two batches

polymerized without known reason. The high molecular weight and low polydispersity indicates
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ionic polymerization, rather than a radical mechanism. The batches that did not polymerize
within the first week of storage, showed a shelf-life of several years.

The synthesis of a tri(trimethylsilyl) oxy acrylate SSA was conducted in the same way as for the
TMS derivative TMSA. Unfortunately due to the high sterical hindrance and the low reactivity of

the tris(trimethyl silyl) chlorosilane no product could be isolated.

T™MS
T™MS. L
TMS ®© of F ™S>0
TMS-Si-TMS + Ag O=S—-F o 0=$=0 i
Cl o F 9 /}\
FIF
F
TMS\sTiMS 0 0
TMS™" "0 o TEA ™S, O
13 0=8=0 " )SW/ ~ ™SS %O/\
0 ™S
F/}\F
F SSA

To increase the reactivity of the electrophile, the chloro moiety had to be replaced by a triflate,
which is a better leaving group for the nucleophile attack.*” Therefore, 1.1 eq. chlorosilane was
stirred overnight with 1.1 eq. silver triflate in absolute DCM under argon and the filtrated solution
of tris(trimethyl silyl)silyl triflate (13) was added to 1 eq. ethyl pyruvate in dichloromethane with
1.1 eq. trimethylamine as base without further purification. After extraction and column

chromatography 70% of the supersilyl oxyacrylate SSA was obtained.

1.2.2. Synthesis of boron oxy ethyl acrylates

Boryl radicals also seem suitable as reinitiating leaving group. It was already shown that boranes
can be used as coinitiator with benzophenone similar to silanes. The initiation is described as very
efficient with acrylates.'*® In addition, boron compounds show a low toxicity in general. 14°
Therefore, a CTA based on vinyl borates should be synthesized.

The chemistry of boron is different from carbon or silicon based chemistry as boron has an empty
p orbital that interacts with bonds attached to the boron atom. For example, oxygen-boron
bonds exhibit a semi double bond character as the lone pairs of oxygen interact with the empty
p-orbital. Organo boranes are known to be sensitive to oxygen and hydrolysis as in fact, B-C bonds
(323 kJ/mol) are weaker compared to C-C bonds (358 kJ/mol), whereas B-O bonds (519 kJ/mol)
are much stronger than C-O bonds (384 kJ/mol).1>° With increasing oxygen moieties the stability

of boron compounds is increased.
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This is why pinacolo borates should offer higher hydrolytic stability. The cyclic structure of this
ester offers additional protection and therefore, first a pinacolo vinyl borate was to be

synthesized.

o oH 0, O O  DABCO %o o
I« — B-Cl + —x— ,
<N Pentane, 0°C DCM, -60 °

I cl ol O 14 OEt  DCM,-60°C Ot

In the first step according to literature 1 eq. dry pinacol was dissolved in dry pentane at 0 °C in
argon atmosphere, afterwards a commercial solution of 1 eq. boron trichloride in hexane was
added carefully.*>! The unavoidable sideproduct of diborane was filtered of and the residue
solution was distilled quickly under inert conditions. Pinacolo chloroborane is meta stable and
can be kept at -80 °C for two days under slow decomposition. To avoid decomposition the
afforded distillate was kept in action ice slurry at —80 °C under argon and directly used for the
second step of the reaction. In the second step the chloroborane was added slowly at - 60 °C to
2 eq. ethyl pyruvate with 1.5 eq. DABCO as base in abs DCM and slowly warmed up to RT analogue
to the synthesis of the silanoxy compounds. After evaporation of the solvent, the residue showed
no signs of doublebonds in the NMR.

As dicyclohexyl chloroborane was commercially available and this compound is thermally stable,
the reaction with pyruvate was also tested with this organic chloroborane. Therefore, 1 eq. of a
commercial solution of dicyclohexyl chloroborane was slowly added to a solution of 1 eq. ethyl
pyruvate and 1.1 eq. DABCO at -60 °C under inert atmosphere analogue to the silanoxy

compounds. After evaporation of the solvent again no doublebonds were found in the crude

(0]
O\ _ClI O DABCO O\ 0
B + YJ\O/\ > B OEt
@ 5 DCM, -60 °C

It seems to be very likely that the ethyl pyruvate never reacted, as the formation of a boronic salt

product.

with the base is very likely. This salt is then unreactive towards nucleophiles as the boron is

negatively charged.
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To avoid basic conditions it was reasonable to use the TMS trapped enol which can be insitu

deprotected by potassium fluoride and crown ether.1>% 153

O crown ether, KF KE)‘ OJ |'Q R o
TMS/OTHJ\O/\ TMSF M KCl B T})J\O/\
TMSA 0 R

As already shown the stable TMS enolether TMSA can be easily prepared from ethyl pyruvate
and TMSCI. In the next step the enol was added dropwise to a solution of chloroborane, crown
ether and potassium fluoride in DMF at 50 °C and stirred for three hours. After extraction with
ethyl acetate the solvent was removed in vacuum and the residual oil showed no double bonds
in NMR.

This was the case for pinacolo chloroborane as well as for the dicyclohexyl chloroborane.

The synthesis routes were also repeated with the dicyclohexyl boron triflate which was prepared
analogue to the supersilyl triflate, in the hope that reactivity can be improved but also in this case
no product could be isolated.

It seems that boron compounds are very instable and also the chemical procedures cannot be
directly transferred from silicon and carbon based chemistry. As it was unclear if the boron
compounds are stable at all and no synthesis pathway could be found, no further synthesis with

boron compounds was done.

1.2.3. Synthesis of sulphur oxy ethyl acrylates
In literature, alkyl and aryl sulfenates are found. Sulfenates are isomeric to sulfoxides and could
be an interesting functional group for CTAs as the radical resulting from irreversible cleavage is

well known from thiol-ene chemistry.

o R._O. i R 0
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The stability of sulfenate esters is questionable, as it is known that such compounds tend to

rearrange to sulfoxides.'>

(0\1 Rl
R/ \S/ J—— /S\

>~ R R'
For a synthesis attempt, first phenyl sulfenyl chloride (15) was synthesized by refluxing 1 eq.
diphenyl disulphane in 2 eq. sulfuryl chloride.'>
S—S

S0,Cl, S<g
O i

After removal of excessive sulfuryl chloride, 40% of theory sulfenyl chloride (15) can be distilled
as blood red metastable liquid. Decomposition of the distillate in the freezer overnight leads to
a yellow solid and gas formation. So 1 eq. freshly distilled sulfenyl chloride was added to a cooled
solution of 1eq. ethyl pyruvate with 2 eq. DABCO in dry DCM resulting in a black tar of

unidentifiable composure.

DABCO
o - O S
s~ S DCM, 0°C o

Either stability of sulfenate esters is too low or the desired compound never formed, however no

product could be isolated.

Further literature research showed that sulphur monochloride (S,Cl>) readily reacts with alcohols
to form stable oxy disulphides (R-O-S-S-O-R). More than hundred stable oxy disulphides were
found, including propinyl or allyl derivatives.*>® As no enol-like structures were found, it was

interesting to test if sulfur monochloride can also react with enols to form enoxy disulphides.

S-S i TEA i (o] S JH(O
/ \ + O PN > P Na-O~ ~
c’ cl \\‘)ko DCM. 0°C O)HT SEN© T

Therefore, 1 eq. sulphur monochloride was added to a cooled solution of 2 eq. ethyl pyruvate

and 4 eq. trimethylamine in dry DCM.*>7 Unfortunately, also in this case a black tar was formed

that showed Ss rings in GC-MS. No traces of product were found in NMR or GC-MS.

1.2.4. Synthesis of phenyl oxycarbonyl ethyl acrylate (PCA)
It was also considered to test new carbon centered AFCT reagents, as carbon based CTAs should

be less problematic regarding stability and toxicity.
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Structure derivatives of vinyl esters like benzoyl vinylester VE5 have shown disappointing results

as chain transfer agents in previous work, due to the strong C-O ester bond that has to be

cleaved.®
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Alternative vinyl carbonate structures are easily available via chloroformates. E.g. Phenyl
chloroformate. Only few similar structures are known from publications in the field of inorganic
synthesis®8, but have never been tested as CTA. Decarboxylation of the intermediate radical
could add a driving force to cleave the C-O bond of these vinyl carbonate based CTAs compared

to vinyl esters.
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In first synthesis attempts 1 eq. ethyl pyruvate was enolised with 1.5 eq. DABCO or 1.5 eq. TEA
in DCM and 1.1 eq. phenyl chloroformate were added dropwise while cooling analogue to the
synthesis of vinyl sulfonates.*3 The mixture was then stirred overnight. Filtration and extraction
with 1N HCI, bicarbonate and brine resulted in low yields with many side products, difficult to

separate, after evaporation of the dried organic phase.

0 TEA, RT j\
0 -, OEt
@ )¢ * Yko/\ 0 on(
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38 % ©
PCA

A very successful way to synthesize PCA was finally found, after testing different amine bases, by

using a mix of 1.5 eq. pyridine and 1.5 eq. DABCO 1:1 as base. Probably due to the stronger
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enolisation by DABCO and the catalytic effect of pyridine 90% yield could be achieved in less than
an hour by the same procedure.
o Pyr, DABCO @\ o
@\ e N O)\WOEt - o )J\O JH(OEt
(0] Cl ) DCM, RT 5

90 %
PCA

It was also tried synthesize an aliphatic tert-butyl vinyl ester and carbonate as, the lack of
stabilization by phenyl groups could lead to more efficient cleavage of the leaving group.
Therefore, pivalic acid chloride was added to ethyl pyruvate and triethylamine in dry DCM. Soon
the solution turned yellow and precipitation of trimethylamine hydrochloride started. After 12 h
the yellow mixture was extracted with 1 N HCl and saturated NaHCOs3 solution. After removing
the solvent of the dried organic phase in vacuum, the crude product was examined by NMR and
GC-MS. Unfortunately, the product was not stable or never formed and therefore could not be

isolated as only traces were found.
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For the synthesis of tert-butyl vinyl carbonate, di-tert-butyl dicarbonate (diboc) was reacted with

ethyl pyruvate under basic conditions with potassium carbonate. *>°

O
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The potassium carbonate was suspended in dry THF and ethyl pyruvate was added. To the
mixture, Diboc was added at once. After stirring for 12 h under argon at RT the solution was
deeply brown and no desired product could be found after standard workup.

In the end only three new AFCT reagents were prepared successfully and could be further tested.
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1.3.
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Avinyl phosphate from previous work was also included in the study, as it has not been examined
in monofunctional systems before. Also the vinyl benzoate VE5 was tested as reference to the
carbonate PCA. Both reagents were previously synthesized by Konstanze Seidler in the course of

her thesis.13?

Testing AFCT reagents in monofunctional systems

1.3.1. Photo-DSC

In a first study in monofunctional monomer, the reagents should be tested in a photo-DSC
experiment. Monofunctional monomers form soluble linear polymers that can be further
investigated by NMR and SEC studies. Benzyl methacrylate was selected as monomer as this
compound has a high boiling pint of 276 °C and fewer disturbing NMR signals in the lower ppm
scale.’*? In addition, the retention properties of poly-BMA are similar to polystyrene and
therefore SEC can be measured with polystyrene standards to determine molecular weights. As
photoinitiator 1 wt% of Ivocerin was used to guarantee efficient initiation with visible light, as
the influence of UV light on the aromatic CTAs was unknown. To see a clear effect by the chain
transfer agents it was decided to use 20 db% of additive.

After mixing chain transfer agents and initiator with the monomer, 12 + 0.5 mg of sample were
weighed into aluminum DSC pans and closed with a glass lid to prevent monomer and additives

from evaporation.

115



_\ 0]

VP2 VES

The samples were irradiated at 400-500 nm 1 W/cm? at the tip of the light guide twice for 300 s.

The heat of polymerization was recorded against the time.
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Figure 52. Rate of polymerization of BMA and mixtures with 20 db% additive

Already by comparison of the rate of polymerization great differences are visible in Figure 52.
The CTAs with carbon based leaving groups, the vinyl ester VE5 and the carbonate PCA, barely
have any influence on the rate of polymerization. But the formulations of CTAs with hetero atom
based leaving groups, the phosphate VP2 and the two silyl compounds TMSA and SSA, cause an
equal reduction of the rate of polymerization. As shown in Figure 53, this does not affect the time
to reach maximal rate of polymerization tmax and the time to 95% overall DBC tgs. Only the

trimethylsilyl compound TMSA showed both lower tmax and lower tos.
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Figure 53. Time to maximal rate of polymerization (tmax) m (blue) and time to 95% m (red) of overall double bond
conversion (tss) of BMA and mixtures with 20 db% CTA

As could already be expected from the low rates of polymerization, the double bond conversion

of the heteroatom based CTAs is significantly lower than that of the carbon based.
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Figure 54. Double bond conversion (DBC) of BMA with 20 db% additive in comparison to neat BMA
Calculated from the heat of polymerization only about 10% conversion was reached. The other
formulations of the vinyl ester VE5 and vinyl carbonate PCA reached similar conversions as neat
BMA of 50%. This is disappointing, as it seems that the phosphate VP2 and the silyl oxyacrylates
TMSA and SSA inhibit the polymerization of BMA. The chain transfer reactions were expected to

be energy neutral.3” (Figure 54)
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1.3.2. NMR

As the heat of polymerization and chain transfer is unknown for the formulations with CTA and
to see if the CTAs are consumed in an equal rate to monomer, NMR spectra were recorded of
the resulting polymers. The spectra were compared to non-irradiated mixtures. By comparison
of the standardized double bond signals, the conversion of BMA and CTAs was calculated. The
conversion of VE5 could not be calculated separately from the monomer BMA as the double bond

signals directly overlapped, therefore a combined conversion is shown.
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Figure 55. Conversion (DBC) of BMA m (blau) and chain transfer agents m (red) evaluated by *H-NMR of resulting
polymers from the DSC

The conversion of BMA calculated from NMR visible as blue bars in Figure 55, generally shows
the same trend as the evaluation by DSC visible in Figure 54. Interestingly the formulation
containing the carbonate PCA shows a little higher conversion of BMA in NMR than in DSC
measurements, which indicated that the reaction with PCA is not entirely energy neutral causing
an endothermic effect. The carbonate PCA is built into the polymer quite homogenously, as the
conversion of CTA is also high and close to that of BMA. The vinyl phosphate VP2 shows low
conversion of CTA and monomer. Therefore, it seems that this compound generally inhibits
polymerization. In the case of trimethyl silyl compound TMSA the conversion of CTA is much
higher than that of BMA. This means the heat of polymerization in the DSC measurements must
derive from the CTA in case of this sample. 28% of CTA was consumed, while only 3% of monomer
polymerized. It looks like the initiator radicals preferably react with TMSA, which mainly

undergoes homo reactions. In the case of the more bulky silyl SSA the DBC of monomer was
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significantly better with 12% but still twice as much chain transfer agent was consumed. This
means that not only the polymerization is inhibited but also these silyl chain transfer agents are
not consumed homogenously.

As almost no monomer was consumed in the case of the trimethyl silyl compound TMSA, the
reagent was also irradiated with only initiator and no BMA present to see if homopolymerization

or self-consumption occurs.
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Figure 56. NMR of trimethyl silyl CTA TMSA with 1 wt% Ivocerin before and after 600 s irradiation at 400-500 nm
In case of silyl compound TMSA it seems, that a mixture of both homopolymerization and self-
consumption is happening.

In Figure 56 signal 1 and signal 4 show new overlapping slightly higher shifted ester signals. These

signals together with the new signal 2 indicate self-consumption, as shown in Scheme 24.

\ s/ 0
_si, o L2 !
yj\o/\ , /SliYJ\O/\ 4 self consumption
O
~N _,O \
/
- 8
R ~do
% R Si
0] ,SI\ ') 0
O o]
(0] — homopolymerization
( ﬁ)ko/\ [ O3\ > >0
.0
\S"O >S||

Scheme 24. Radical reactions of silyl acrylate TMSA leading to specific NMR signals
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The singlet 3 in Figure 56 is an indicator for homopolymerization as it is shifted much lower. As
the signal of self-consumption is bigger than that of the homo polymerization, it is highly
probable that only oligomers are produced. The conversion is lower when no monomer is
present, then the double bond conversion reaches only 18%.

It is interesting that the self-consumption mechanism cannot be suppressed by the presence of
monomer, which is the case for vinyl sulfonates.'*? This can maybe explained by the much lower
reactivity of silyl radicals in comparison to sulfonyl radicals towards methacrylate double bonds.
Therefore, even at a concentration of 20 db% the polymerization is almost completely inhibited
and only self-consumption and homopolymerization of the CTA takes place.

In the case of the bulky supersilyl SSA, no self-reaction could be found and significantly more
polymerization of monomer took place. Probably the very bulky supersilyl radical is too sterically
hindered to attack another CTA molecule. The consumption of CTA is still favored also in the case

of SSA.

1.3.3. Size exclusion chromatography (SEC)

To see if the new CTAs are able to regulate the radical polymerization of benzyl methacrylate,
the NMR samples were diluted with THF. From that samples size exclusion chromatography
spectra were recorded on a THF SEC device with a refractive index detector and a styrene
standard calibration.

From the chromatograms the number average molecular weight Mn and the polydispersity index

PDI was determined.
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Figure 57. Molecular weight and polydispersity index (PDI) of resulting polymers from the DSC measurements.
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As can be seen in Figure 57 the molecular weight of the carbon based CTAs VE5 and PCA is about
the same or slightly higher than that of neat BMA. Also the PDI remains unchanged in these
samples, which indicates that these compounds undergo copolymerization rather than chain
transfer. The phosphate VP2 has no positive influence on the PDI but caused a massive reduction
of the molecular weight. Therefore, it inhibits the chain growth but does not regulate the
polymerization. The formulation of trimethyl silyl compound TMSA did not yield any polymer.
This could be expected, as there was almost no polymerization of BMA visible in NMR.

The only reagent that showed some regulation is the super silyl compound SSA. The molecular

weight was almost bisected and the PDI was reduced to only 1.8, which is surprisingly low.

1.4. Testing AFCT reagents in difunctional systems
To see how the network formation in difunctional methacrylates is influenced by the new
compounds, a mixture of dental methacrylates D3MA and one equivalent UDMA was prepared

(DMM). The CTAs were used in a concentration of 20 db%, with 0.3 wt% Ivocerin as initiator.

methacrylate system:
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1.4.1. RT-NIR photorheology

For further investigation of the new CTAs, coupled RT-NIR-photorheology measurements were
conducted. By coupling of RT-NIR spectroscopy with photorheology a very potent tool is created,
that can be used to characterize the photopolymerization of resins. From these measurements
the time until gelation (tg), conversion at gel point (DBCg), final conversion (DBC) and shrinkage
stress (normal force measurements, FN) can be obtained. By combination of these parameters a

polymerizable system can be deeply investigated.
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120 pl of the formulations were irradiated on a RT-NIR photorheometer at 400-500 nm at 0.5
W/cm?for 300 s at a constant gap of 100 um with a deflection stress of 1% at 1 Hz. The storage
modulus G’ and loss moduls G”” as well as the normal force were recorded with time. At the same
time IR-spectra of the curing formulations were recorded to determine the DBC with time. From
the intersection of G’ and G” the gel point was determined.

In Figure 58 examples of conversion curves of the dimethacrylate mixture DMM with and without
CTAs is shown versus the time. As in the measurements with the monofunctional system, great
differences can be seen between the formulations containing carbon centered CTAs and the
hetero atomic compounds. Both the vinyl ester VE5 and the carbonate PCA increase the double
bond conversion slightly from 72.2 £ 0.1 for neat DMM to 77.5 £ 0.4 and 79.6 + 0.5 respectively.
The effect is stronger for the mixture with the vinyl carbonate PCA, which also shows a little delay

in the onset of polymerization.
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Figure 58. Double bond conversion DBC versus time of dimethacrylate DMM with 20 db% of chain transfer agents
calculated from RT-IR: — DMM neat, —VE5, , —VP2, , —SSA

As could already expected from DSC measurements the formulations containing the heteroatom
CTAs show massive retardation in curing compared to neat methacrylate DMM and generally
reach lower conversions. The polymerization of the phosphate formulation VP2 is the slowest
and only reaches 26.2 £ 0.6% DBC. Adding 20 db% of trimethyl silyl compound TMSA slows down
the polymerization in the beginning, but probably when all CTA is reacted the polymerization
speed increases and a final conversion of 62.0 + 1.2 can be achieved. The super silyl compound

SSA shows constant but also slow polymerization and achieves 62.8 + 1.4% DBC.
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Looking at the time to gelation tg in Figure 59, the same trend is visible. The neat methacrylate
DMM shows very fast gelation, after only 4.0 £ 0.2 s the formulation is solid. The vinyl ester VE5
does not influence the time to gelation much and reaches nearly the same value with 5.1 + 0.1.
The carbonate PCA causes a delay in gelation, which can be explained by the delayed onset of
polymerization. The formulation reaches solid state after 12.3 £ 0.1 s.

Due to the much slower polymerization the hetero CTAs cause a massive retardation of gelation.
The phosphate is the slowest with 125 £ 2 s. The formulation containing trimethyl silyl CTA TMSA
is faster and gels after 63 + 1.3 s. The fastest hetero CTA mixture is the super silyl formulation

which reaches the gel point after 42 +3.5s.

140 -
120 -
100 -

80

time to gelation tg [s]

40

20 -

0 i [ : - : : :

DMM VE5 PCA VP2 TMSA SSA

Figure 59. Time to reach the gelpoint tc of the neat formulation DMM and the formulations containing 20 db%
of CTA

In an optimal case of chain transfer, gelation is not delayed but shifted to higher conversions.
Therefore, the double bond conversion at the gel point DBCs was determined and plotted in
Figure 60.

Only the carbonate PCA was able to shift the gel point to a little higher conversion. The effect is

not very strong, but could indicate that PCA acts as chain transfer reagent in difunctional systems.
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Figure 60. Double bond conversion at the gel point DBCs of the neat formulation DMM and the formulations
containing 20 db% of CTA

The hetero CTAs show lower DBCg than the neat DMM. This can maybe explained by the very
slow polymerization, giving the system more time to form a gel and therefore reach the point of
gelation at lower conversion. This indicates that the phosphate and silyl compounds do not act
as chain transfer agents at all.

The same trend is visible at Figure 61 where the time to 95% of DBC is shown. Interestingly vinyl
ester VE5 and vinyl carbonate PCA accelerate the curing of these formulations in comparison to
neat methacrylate DMM. Considering the higher DBC of these formulations, the curing is
definitely improved by these substances. It could be that the carbon centered CTAs are acting as
reactive diluent and the small monofunctional compounds stay mobile even up to higher

conversions. The hetero CTAs show the expected delay of polymerization.
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Figure 61. Time to 95% overall DBC tgs of the neat formulation DMM and the formulations containing 20 db% of
CTA

Also the mechanical properties and shrinkage behavior show great differences depending on
which reagent was used.
Unfortunately the shrinkage stress, measured as normal force on the rheometer plate, is not

reduced significantly by the carbon centered CTAs. (Figure 62 and Figure 63)
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Figure 62. Maximal normal force Fn developed by the neat formulation DMM and the formulations containing
20 db% of CTA

Due to the slow and incomplete polymerization of formulations containing vinyl phosphate or
silyl compounds, the shrinkage stress is reduced in these samples. The slow polymerization and

therefore slow development of stress is clearly visible in Figure 63.
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Figure 63. Normal force Fn of the neat formulation and the formulations containing 20 db% of carbon-centered
CTAs —VE5 and (left) and the formulations containing 20 db% of hetero atom CTAs phosphate —VP2,
trimethyl silyl compound and supersilyl compound —SSA

The final storage modulus G’ of networks containing carbon centered CTAs, VE5 and PCA, is
comparable to the neat DMM polymer. The measurements of VE5 show some delamination from

the rheometer plate, therefore the measured modulus drops after about 150 s. (Figure 64, left

diagram)
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Figure 64. Storage modulus G’ measured by rheology of the neat formulation —DMM and the formulations
containing 20 db% of carbon-centered CTAs —VE5 and (left) and the formulations containing 20 db% of
hetero atom CTAs phosphate —VP2, trimethyl silyl compound and supersilyl compound —SSA (right)

The formulations containing vinyl phosphate VP2 and trimethyl silyl compound TMSA reach
significantly lower moduli than the neat polymer DMM. Only the sample with supersilyl CTA SSA

reaches a similar G’ as the unmodified network.
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1.4.2. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis of duromeric networks can give a lot of information about
the architecture of a network. Therefore, sample sticks (1.5 x 5 x 40 mm) were prepared in a
silicon mold at 400-500 nm blue light irradiation, containing 20 db% regulator together with 1
wt% initiator and were compared to the unmodified DMM network.

During DMTA measurements, the sample bars were heated from -100 °C to 200 °C while torsion
strain of 1% at 1 Hz was applied to the material. The storage modulus G’ and dissipation factor
tan 6 were recorded with temperature.

In Figure 65 the storage modulus and dissipation factor tan 6 of the different networks is plotted
versus the temperature. In the left diagram the carbon centered CTAs are compared with the
unmodified methacrylic network DMM. The neat polymer shows a typical broad glass transition
of highly cross-linked duromers. The glass point Tg can be defined as the maximum of the
dissipation curve tan 6. In case of DMM the maximum of the extremely broad transition is at
150 °C with an FWHM of 155 °C. The network containing vinyl ester VE5 shows similar properties
at room temperature (25 °C), but a higher modulus is visible at elevated temperatures. The
mixture with VE5 reaches the glass point significantly later than the neat polymer at about 170 °C.
Also the glass transition is much sharper with an FWHM of only 60 °C. It seems like VES5 is acting
as Te modifier as this reagent just copolymerizes and does not regulate the polymerization. Due
to the high rigidity of the bulky phenyl group, the modulus is increased and the glass transition is
shifted to higher temperatures.

The network modified with vinyl carbonate PCA shows similar properties as the unmodified
network up to 90 °C then a rather sharp glass transition is visible that reaches its maximum at the

glass point at 145 °C. The FWHM is rather narrow with 50 °C.
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Figure 65. Storage modulus G’ and tan & of the neat formulation —DMM and the formulations containing 20 db%
of carbon-centered CTAs —VE5 and (left) and the formulations containing 20 db% of hetero atom CTAs
phosphate —VP2, trimethyl silyl compound and supersilyl compound —SSA (right)

All formulations with hetero atoms show a lower modulus over the whole temperature range. As
can be seen in the right diagrams of Figure 65, the vinyl phosphate VP2 shows a low glass
transition temperature of only 69 °C with a broad FWHM of 90 °C. This is or sure caused by
incomplete conversion, which results in a softer network. Also the polymer with trimethyl silyl
compound TMSA shows a lower glass transition temperature of 118 °C with an FWHM of 96 °C.
The broad glass transition and the lowered modulus makes it clear that this substance is not
regulating the network, which could already be expected.

The storage modulus of the network containing 20 db% supersilyl compound SSA exhibits a much

lower modulus than the neat polymer of DMM. The Tg is at 128 °C and the broadest with an
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FWHM of 130 °C. Also it is visible, that more than one tan 6 peaks are overlaying each other,
indicating a very inhomogeneous network.

In conclusion the carbon centered CTAs showed high reactivity and build into the network
homogenously. It seems that the vinyl ester VES5 is just copolymerizing, but acting as T¢ modifier
leading to higher T and sharper glass transition. The carbonate PCA could improve the DBCg and
also the overall conversion. The material showed a significantly sharper glass transition in the
same range of the neat material but the shrinkage force is not reduced significantly. Tests in
monofunctional methacrylate BMA did not show evidence of chain transfer as the molecular
weight and polydispersity was not changed by carbonate PCA. Therefore, it is likely that also this
reagent acts as reactive diluent and not as CTA.

All hetero CTAs showed massive retardation of the polymerization and caused significantly lower
conversion. Only the supersilyl CTA SSA showed some evidence of regulation in monofunctional
systems and reached acceptable conversion and modulus in the difunctional monomer DMM.
Due to the lower conversion and slower polymerization this CTA was able to reduce the shrinkage
a lot, but DMTA revealed that the material regulated by SSA was much softer and

inhomogeneous than the neat network.
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2. Hydrogen abstraction fragmentation chain transfer (HAFCT)

2.1.  State of the art

Thiol-ene chemistry is based on well abstractable hydrogens in thiols. With this well applicable
method, high vyields, high reaction rates, sharp glass transitions, high tolerance in oxygen
inhibition and the possibility of visible light polymerization can be achived.®°

As one of the most influential chemist in the field of thiol-ene chemistry, Hoyle and his co-authors
presented this radical mechanism as an improvement for methacrylate based photocurable
formulations. Instead of classical radical polymerization, thiol-ene systems show a mixed chain
growth/step growth reaction. The combination of the addition of a thiyl radical to an ene-group
and the hydrogen transfer to chain end carbon radicals are the base of the thiol-ene step growth

reaction. (Scheme 25)

H
R—Se + \/R' — R/S\/Q\R' addition
H s B .
R/S\/Q\R' * HS-R ——> Rp-°~F>g * R-Se chain transfer

Scheme 25. Thiol-ene chain transfer reaction by hydrogen abstraction
Of course, the formed carbon radical can also continue normal radical chain growth. (Scheme 26)
Which of the reactions is the more preferred, depends on the chemical structure and

concentration of the monomer and thiol groups.

$l

H, , °CH
R’S\/C“R‘ + xR - ( ——>  propagation

monomer R/S\/CHR'

Scheme 26. Normal radical chain growth reaction

By combining monomers, thiol compounds and concentrations, the polymer network
architecture and properties are adjustable on a wide range. This would not be possible with
conventional radical photopolymerization.*® With thiol-ene reaction it comes to a shift of the gel
point to higher conversions, which reduces the network inherent shrinkage forces and generally
leads to high overall conversions of double bonds. Rapid photo-induced polymerization, forming
homogenous polymer networks, with sharp glass transition temperature and high impact
strength, is possible by thiol-ene chemistry. These are good arguments for using thiol-ene

systems is the field of photopolymerization to improve mechanical properties of photomaterials.
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On the other hand, using thiols entails some major drawbacks. Thiols show more or less strong
odor and tend to colorize polymers with aging. As well, premixed thiol formulations show a low
shelf life and tend to polymerize during storage, even if stored in a fridge under exclusion of
light.® Although toughness can be significantly improved, the highly flexible thioether bonds in
the network reduce the young’s modulus of the resulting materials.

To circumvent the drawbacks of thiol-ene technology other elements were already tested as
hydrogen donor.

In the chase of phosphorus, thiols are replaced with phosphorus compounds carrying
abstractable hydrogens. The principle is the same as for thiol-ene chemistry. Hydrogens can be
easily abstracted from phosphorus compounds. But unlike thiols there are various phosphorus
compounds available in different oxidation states that carry hydrogens. The oxidized compounds

can also contain a sulphur double bond instead of oxygen.
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As can be seen in Scheme 27 the polymerization cycle with phosphonate-ene chemistry is similar

to thiol-ene chemistry. 162
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Scheme 27. Mechanism of hydrophosphonylation

After a polymerization was started with an initiator or phosphonate radical chain growth takes

place until a hydrogen is abstracted from a phosphonate and the chain is terminated. The
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phosphonate radical is then efficiently reinitiating polymerization. By modifying and selecting the
phosphorus compound a wide variety of reagents are available.

Phosphanes carrying two hydrogens can even undergo abstraction reactions twice and
phosphane end groups can be modified after polymerization changing mechanical properties for
example by oxidation. Also 3!P atoms are well detectable by (solid-state) NMR and offer a lot of
information about the chemical structure of a polymer.163

Unfortunately aromatic phosphanes are too unreactive for radical polymerization due to high
stabilization of the intermediate radical. Also un-oxidized phosphorus compounds are very
sensitive towards oxidation and have to be handled in inert atmosphere. Formulations tend to
polymerize spontaneously under air and therefore show a short shelf life. 163

In the end the strong odor, volatility and often high toxicity of phosphorus containing hydrogen
donors limits application drastically.

Also group 14 element hydrides (RsMeH) of Si, Ge and Sn can be used as chain transfer agents
similar to thiol-ene reactions.'®* Unfortunately organo tin hydrides are extremely toxic and
therefore are not usable for industrial application in more than catalytic amounts.

Germanes are nontoxic and germyl radicals are very efficient initiating radicals.'®> Keeping in
mind that germanium is a very expansive element, germanes can be used in small amounts for
photoinitaiting systems but not as additive in a two digit percentage scale.

Interestingly also much cheaper silanes can also be used as hydrogen donors and were already

deeply investigated. (Scheme 28)
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Scheme 28. Mechanism of silane-ene reaction
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A silane-ene mechanism was first mentioned in 2008 by Allonas’ group. They found out that silyl
radicals are very reactive towards electron rich and poor alkenes and mentioned that the reaction
is surprisingly insensitive to air.1%® As oxygen inhibition is a huge problem in industrial applications
when it comes to polymerize thin layers, this is a big advantage of silane-ene chemistry. The
complex reaction can be seen in Scheme 29. Besides chain transfer silanes can terminate
unreactive peroxyl chain ends (4) and a silyl radical can also scavenge molecular oxygen. By
rearrangement the oxygen is incorporated in the silicon compound (6) and a reactive radical

species is generated.®’
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Scheme 29. Silane effect against oxygen inhibition®’
Unfortunately, the chain transfer reaction was not favored and therefore significant
homopolymerization occurred. The explanation for the low abstraction rate was the bond
dissociation energy (BDE) between the hydrogen and silicon atom. 18
In Figure 66 the BDEs of hydrogens on different silanes are shown correlated with the IR
vibrations. Trimethylsilane shows a high BDE comparable to silanes with higher numbers of
hydrogens. By introducing TMS groups in the silane the BDE is lowered.16®
Also the conformation of the radicals changes from a tetrahedral to a more planar structure while
the stability of the radical is increased by dr-pr interaction and hyper conjugation of the Si-

atoms 169, 170
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Figure 66. Bond dissociation energy of silane hydrogens and their IR vibration?6®

2007 Semchikov et al found that the electron density on the H atom of silanes is responsible for
the reactivity of macro radicals towards hydrogen abstraction. The higher the e” density on the
hydrogen the better radicals can abstract that hydrogen. That was also shown in this work by
thermal polymerization of methyl methacrylate in presence of different silanes and organosilicon
hydrides.'®” (Figure 66)

It was already shown that electron rich silanes with TMS groups can be used as chain transfer
agents in bulk polymerization of acrylates and methacrylates, improving mechanical properties
of the formed networks. Bulky silanes such as tri(trimethylsilyl)silane can be problematic when it
comes to polymerize sterically hindered monomers like norbornene.'’% 172

A drawback for these systems is the autoxidation of silanes under exposure to air. Although the

reactivity of the resulting siloxane hydride is still given, autoxidation is a radical mechanism and

can lead to initiation of polymerization and therefore reduced shelf life under air.173-17

2.2. Selection and synthesis of HAFCT compounds

A new class of hydrogen donors had to be developed which should not inherent the same
drawbacks of thiol-ene and silane-ene chemistry. Cyclohexadienes came to mind as they carry
easily abstractable hydrogens. By adding a leaving group in para position of the abstractable
hydrogens, aromatization of the ring structure could be a strong driving force for releasing a

reactive radical to reinitiate chain growth'’®
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The structure of the cyclohexadienes is crucial for the system to work. There are four possibilities
how the doublebonds can be arranged in the ring regarding the leaving group L.
5 O O ¢

2-L-1,3-diene  5-L-1,3-diene 3-L-1,4-diene  1-L-1,4-diene
Only cyclohexa-1,4-dienes with the leaving group in the 3-position can function that way, as the
intermediate radical has to be in ortho position to the leaving group.
Cyclohexadienes can be synthesized by Birch reduction in liquid ammonia with alkali metals.t”’
Depending on the substitution of the aromatic precursor, the doublebonds can be directed in
different positions. Direct reduction of the benzene derivative already functionalized with a

leaving group L would not lead to the wanted configuration of doublebonds.’®

B|rch

On the other hand, it is already known that polar effects of electron donating groups such as
methoxy moieties facilitate the abstraction and especially fragmentation of the leaving group.
In EPR studies performed by the group of Prof. Dr. J. C. Walton of the University of St. Andrews
(UK) the radical chemistry of substituted cyclohexadienes was deeply investigated at different
temperatures. It was shown that silylated dimethoxy cyclohexadienes, even at the lowest
temperature of 102 K, fragment so fast after hydrogen abstraction, that the intermediate cyclic
radical cannot be detected. The silyl cyclohexadienes without methoxy group did not fragment
at all until temperature was raised to 360 K (87 °C). Then the radical fragmentation products
could be found.'”® 18 This effect was used for radical organic synthesis but never tested in

polymer chemistry.
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As quick fragmentation is crucial for radical polymerization 1,3-dimethoxy benzene was chosen
as precursor for the Birch reaction. The resulting dimethoxy cyclohexadiene can be further

modified in the 2-position by lithiation and corresponding leaving group electrophile.”?
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In the next step a methyl group has to be added to prevent radicals from abstracting the

preferred hydrogen close to the leaving group L.8!
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For addition of the methyl group the cyclohexadiene has to be lithiated again and then treated

with a methylation reagent.
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In this case, the radical can only abstract hydrogens from the para position of the leaving group
and it is ensured that a leaving reactive radical is eliminated off the ring by aromatization.

To ensure efficient reinitiation of the propagation reaction the leaving group radical has to be
reactive towards (meth)acrylates. The addition constants for silyl radicals is in the magnitude of
10% mol L st and for sulfonyl radicals around 10° mol L s which is sufficiently fast.0 182

Therefore, it was planned to synthesize silyl and sulfonyl dimethoxy cyclohexadienes.

2.2.1. Synthesis of 1,5-dimethoxy cyclohexa-1,4-diene (DCH)

As a precursor dimethoxy cyclohexadiene DCH had to be prepared via Birch reduction ident to
literature and was further used for the synthesis of cyclohexadiene transfer agents.!8?
NHg, Li

_0O O _0O (ONQ
-70 °C

DCH
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For the synthesis of 1,5-dimethoxy cyclohexa-1,4-diene 1 eq. dimethoxy benzene was dissolved
in absolute diethyl ether under inert atmosphere and ammonia was condensed into the solution
at-70 °C. 5 eq. lithium were added as metal wire and dissolved within minutes resulting in a deep
blue solution of solvated electrons. After 2 h the reaction was quenched carefully with ethanol
and the resulting mixture warmed up to room temperature. Afterwards it was extracted with
saturated ammonium chloride solution. The dried organic phase was stripped of the solvent
under vacuum and vyielded 91% of theory, pure 1,5-dimethoxy cyclohexa-1,4-diene DCH as

colorless liquid.

2.2.2. Synthesis of 1-(t-butyl dimethyl silyl)-1-methyl dimethoxy cyclohexadiene (SiDCH)

To compare the reactivity of simple alkyl silanes with electron rich TMS silanes it was planned to
synthesize a cyclohexadiene with a trimethyl or triethyl silyl group. But from literature is known
that only the t-butyl dimethyl silyl derivative of dimethoxy cyclohexadienes is stable, the
trimethylsilyl derivative decomposes within hours. Therefore, the first synthesis attempt was
used to obtain the stable of 1-(t-butyl dimethyl silyl)-1-methyl dimethoxy cyclohexadiene SiDCH

in a one pot synthesis ident to literature.8°

Li
o) o) t-BuLi, TMEDA
~ ~N /O O\
THF, -60 °C
DCH
~N
Li 0 \/
TBDMS-CI i
_O Ny 7<
THF, -60 °C
0
|
o \ o \/
| n-BuLi. DMS S
\’< THF, -15 °C \’<
0 0
| SiDCH |

First dimethoxy cyclohexadiene DCH was dissolved in absolute THF under argon and cooled to -
60 °C. Then the mixture was treated with 1.1 eq. tert-butyl lithium and tetramethylen diamine
(TMEDA) resulting in a yellow solution. After 90 min 1.1. eq. of tert-butyl dimethyl chlorosilane
was added and the mixture was allowed to warm up to RT and stirred for another 90 min. A

precipitate of LiCl can be observed. In the last step, the solution was cooled to -15 °C and treated
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with 1.1 eq. n-butyl lithium resulting in deep orange solution. For the methylation 1.1 eq.
dimethyl sulfate (DMS) were added resulting in instant discoloration. After 30 min the reaction
was quenched with water and extracted. The organic phase was washed twice with water and
once with brine. After drying the organic phase the solvent was stripped off. Column
chromatography and recrystallization of the product in MeOH afforded 51% of pure 1-(t-butyl

dimethyl silyl)-1-methyl dimethoxy cyclohexadiene SiDCH as colorless crystals.

2.2.3. Synthesis of 3-tris(trimethylsilyl)silyl-3-methyl-2,4-dimethoxy-1,4-cyclohexadiene
As low steric hindered groups lead to instable products, a tris(trimethylsilyl)silyl (supersilyl)
moiety should be introduced. It is known that super silyl radicals efficiently reinitiate the

polymerization of acrylates and methacrylates.'’*

Li
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~ ~ > /O O\
THF, -60 °C
Li b / \SL
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The procedure was the same as for the tert-butyl dimethyl derivative. After the first lithiation the
1.1 eq. supersilyl chloride was added and also a precipitate of LiCl could be seen. Reaction GC-MS
confirmed the successful synthesis of the first step. The second lithiation also resulted in a dark
orange mixture, which was decolorized by adding 1.1 eq. dimethyl sulfate (DMS). After aqueous
workup and extraction with petrol ether, the solvent was removed by vacuum. Crude TLC showed
five different products but 2D TLC first indicated sufficient stability on silica gel. After column
chromatography, the fractions were concentrated in vacuum. Unfortunately, the product was
not stable as expected and decomposed further resulting in multiple TLC spots in former clean

fractions. Therefore, no further synthesis of silyl cyclohexadienes was done.
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2.2.4. Synthesis of sulfonyl dimethoxy cyclohexadienes
Sulfonyl radicals are among the fastest radicals to add to (meth)acrylic double bonds. Therefore,

a cyclohexadiene with a tosyl leaving group should be synthesized.

o >0
TMEDA, t-BuLi Li
THF, - 60 °C
o) o)
DCH | I
~
0 o o /©/
Li TosClI 'S
- W\
THF, - 60 °C
<|3 o)
|
o o /©/ 1: BuLi o o /©/
‘s 2: dimethyl sulfate 'S
A\ : I\
0 THF, -15 °C ©
o) O TosDCH

The same procedure was applied for this reaction as for the silyl derivative. After lithiation 1.1
eqg. tosyl chloride was added to the lithium cyclohexadiene. After that the second lithiation and
methylation was proceeded as described previously. After quenching with water, ethyl acetate
was used for extraction as the product was expected to be more polar as the silylated
cyclohexadienes. After drying with sodium sulfate the solvent of the organic phase was removed
by vacuum distillation. The remaining oil was colorless until the rotary evaporator was vented
with air. Then the oil turned deeply blue. When small portions were diluted in solvent the color

was deeply violet and vanished after some hours. (Figure 67)

Figure 67. Solution of the violet product of the reaction with dimethoxy cyclohexadiene and tosyl chloride after
dissolving and 30 min later. Complete discoloration occurred.
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'H-NMR showed various aromatic and aliphatic signals that could not be assigned to a specific
structure. TLC also showed a violet spot among other products. Unfortunately, column
chromatography was not possible as the product would move to the first third of the column and
then fade. Therefore, the blue/violet species could not be isolated. The remaining oil discolored
under argon at -18 °C over night. Exposing the oil to air would result in the same deep blue color.
Probably stable radicals were formed under the exposure to oxygen, slowly disintegrating to

other structures.

Li
o) o) t-BuLi, TMEDA
- > > /O O\
-60 °C
Li CLLL L |
- 0
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-15°C

In the hope to find other stable sulfonyl modified cyclohexadienes also mesyl- and dimethyl
sulfamoyl chloride was reacted in the exact same way as the tosyl derivative with dimethoxy
cyclohexadiene. Again, no defined product could be isolated.

When 1.1 eq. dimethyl sulfamyl chloride were used for the introduction of the leaving group, the
reaction did not turn orange but light yellow during the second lithiation. After usual addition of
1.1 eq. DMS and workup a slightly yellow crude product was obtained. Examination by NMR
showed several aromatic products and various aliphatic signals. No double bond signals from the
hexadiene were found. GC-MS showed mainly dimethoxy benzene and traces of sulfamyl
substituted product from step 2.

The reaction product with mesyl chloride, which was conducted ident to the reaction with tosyl
chloride, yielded a product with the same strange behavior as the reaction with tosyl chloride.
Also in this case, a blue product was generated under air that lost its color with time at room
temperature and could not be isolated as single substance. Storage under argon would decolorize

the product, while contact to air caused instant blue coloration.
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The tert-butyl dimethyl silyl dimethoxy cyclohexadiene SiDCH was the only stable derivative that

could be synthesized. In Scheme 30 the proposed reaction with propagating chain and radicals,

is shown.
1 %monomer}monomer. +  monomer —> chain“y\°
n
H’) °
O/ O/
H
2 chainﬂd\' + — > chainﬂj\/ + P
—0  siC —0 S
.m /
<§ E}_—O o/ >‘\
E— + 1
3 ( s SI.
—O0 SI\ —0 / \

Scheme 30. Chain transfer reaction under exclusion of oxygen
In step 1 the normal chain growth reaction is taking place until it is terminated by abstraction of
a hydrogen from the chain transfer reagent in step 2. The chain transfer reagent eliminates a
radical tertbutyl dimethyl silyl radical by aromatization of the ring system in step three and this
reactive radical should reinitiate chain growth of step one. As the ringstructure does not contain
polymerizable groups the dimethoxy toluene remains in the network as volatile residue. For the

proof of concept, these aromatic signals can be used as indicator of the aromatization reaction.
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2.3. Testing HAFCT reagents in monofunctional systems

The new cyclohexdiane hydrogen abstraction fragmentation chain transfer (HAFCT) reagents
should be tested under same conditions as AFCT reagents. Due to the challenging synthesis and
low stability of the compounds, only one stable silyl cyclohexadiene, 1-(t-butyl dimethyl silyl)-1-
methyl dimethoxy cyclohexadiene (SiDCH), could be tested. Like the AFCT reagents, the
cyclohexadiene was first tested as chain transfer agent in a monofunctional benzyl methacrylate
BMA. In addition, the precursor dimethoxy cyclohexadiene DCH carries abstractable hydrogens
and was therefore tested as inactive reference to proof the concept of abstraction fragmentation

chain transfer.

monomer initiator \i/

o o) > O _§i—
\[HJ\O/\Q Ge _0 o._ _O ONg
o Q o) U
BMA lvocerin DCH SiDCH

2.3.1. Photo-DSC

In a first study in monofunctional monomer, the reagents should be tested in a photo-DSC
experiment. Monofunctional monomers form soluble linear polymers that can be further
investigated by NMR and SEC studies. Benzyl methacrylate was selected as monomer as this
compound has a high boiling pint of 276 °C and fewer disturbing NMR signals in the lower ppm
scale.1#?

1 w% lIvocerin was used as photoinitiator and 20 mol% of additive were used to regulate the
radical polymerization of BMA. After mixing chain transfer agents and initiator with the
monomer, 12 £ 0.5 mg of sample were weighed into aluminum DSC pans and closed with a glass
lid, to prevent monomer and additives from evaporation. The samples were irradiated at
1 W/cm? at the tip of the light guide twice for 300 s. The heat of polymerization was recorded
against the time. The parameters were obtained and calculated according to chapter 3.

Already the resulting rate of polymerization Rp of the mixtures shows that both the unmodified
cyclohexadiene DCH and the silyl hexadiene SiDCH slow down the propagation reaction of BMA.
(Figure 68, left) unexpectedly the cyclohexadiene with a silyl leaving group showed the lowest

rate of polymerization. At this point it is unclear if the mechanism works as predicted, but the

significant drop in the rate of polymerization is not a positive sign. Both mixtures containing
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cyclohexadienes exhibit a lower time to reach maximal Rp, so at least the start of the

polymerization is not inhibited. (Figure 68, right)
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Figure 68. Rate of polymerization of BMA and mixtures with 20 db% additive (left) and time to maximal rate of
polymerization (tmax) (right) of BMA and mixtures with 20 db% additive

In the left Figure 69 the time to reach 95% overall double bond conversion is shown, both
mixtures with 20 db% cyclohexadiene DCH and silyl cyclohexadiene SiDCH exhibit lower tgs values
than neat benzyl methacrylate BMA. On the other hand, visible on the right side of Figure 69, the
double bond conversion DBC reached by the mixtures containing cyclohexadiene additive is
massively reduced. It seems that there is no difference in the reactivity of the cyclohexadiene
precursor DCH and the silylated product SiDCH. Benzyl methacrylate is a rather unreactive
monomer and the process of hydrogen abstraction and elimination of the leaving group is time
consuming. Therefore, it was expected that chain transfer by silyl cyclohexadiene SiDCH causes
some retardation of the polymerization. It is surprising, that there is almost no difference

observed when comparing the cyclohexadiene DCH with the “activated” silylhexadiene SiDCH.
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Figure 69. Time to 95% of overall double bond conversion (tgs) (left) and and Double bond conversion (DBC) of
BMA and mixtures with 20 db% additive

2.3.2. NMR
To get a deeper understanding of the reaction, *H-NMR spectra were recorded from the un-

irradiated mixtures and the irradiated samples from photo-DSC.

2 i
2 > 1 _—2
Y g o
0 O I
o
6 3 L
4 L
6 4 [ i
l L[ Lo
- SR N S S S
4 3 2 1 [Ppm]

Figure 70. *H-NMR spectrum of silyl cyclohexadiene SiDCH in CsDe

The pure silyl hexadiene SiDCH is visible in Figure 70, showing the expected signals with

corresponding integrals.
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Figure 71. 1-H-NMR spectrum in CDCls of BMA with 20 mol% silyl cyclohexadiene SiDCH and 1 wt% Ivocerin after
600 s irradiation at 1 W cm2 400-500 nm

The silyl cyclohexadiene SiDCH showed some instability in CDCls solution probably due to
hydrochloric acid which is always present in chloroform, leading to new singlet peaks in the silyl
area. The silyl hexadiene SiDCH was stable in monomer, but depending on the time between
NMR sampling and recording of the spectra the CTA more and more decomposed. Therefore,
measurements were conducted immediately after irradiation.

It is visible that still a lot of CTA was present after irradiation. Quantification of the conversion is
possible by referencing the 6 H dimethyl silyl peak at 0 ppm which is not changed much by
polymerization and comparing the integral to the ring hydrogen triplet signals. (Figure 71) The
tert bultyl group at ~0.9 ppm is overlapping with broad polymer signals and also shows some
additional singlet peaks as the dimethyl signal at 0 ppm. Due to the overlap the integral is higher.

In Figure 72 this is shown in detail.
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Figure 72. Zoomed view of the silyl signals after irradiation (x-axis ppm)
Luckily the triplet signals of the cyclohexadiene ring are well separated from other signals and
qguantifiable. (Figure 73) Indeed these signals decreased during polymerization and the

conversion could be calculated accordingly.
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Figure 73. Triplet signals of the cyclohexadiene ring after irradiation (x-axis ppm)

By decrease of the triplet integrals the conversion of cyclohexadiene a conversion of 32.5% of
the CTA SiDCH was reached. If the mechanism of hydrogen abstraction and fragmentation by
aromatization of the ring is true, according aromatic signals should be visible. That means if the

2 H cyclohexadiene ring triplet signal decreases by 0.75 a new aromatic 2 H doublet signal of
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about the same integral should appear at ~ 6.5 ppm. This was calculated by increment prediction.
Indeed, there is a specific signal of resulting dimethoxy toluene when the mixture was irradiated
visible in Figure 74 that shows some aromatization takes place. But the integral only sums up to
0.10. This indicates that hydrogen abstraction and subsequent aromatization is not the main

pathway of the reaction in benzyl methacrylate.

:

Figure 74. Specific aromatic signal of dimethoxy toluene (x-axis ppm)
Maybe, when hydrogen abstraction is not the main pathway, radicals directly add to the
doublebonds. This could still lead to fragmentation. However, there is no energy gain by
aromatization. Therefore, it is not clear if fragmentation would take place in this case. The
resulting 1,3-cyclohexadiene would still carry abstractable hydrogens and doublebonds that

would probably lead to inhibition of polymerization.
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From the obtained NMR spectra, it is not possible to directly relate signals with the addition
products although there are several overlapping new signals in the range of 1.5 — 4 ppm that
could come from addition products.

The calculation of DBC of benzyl methacrylate shown in Figure 75 shows a bit higher values than
that obtained by DSC measurements. The calculations deviate 3-4% which is either caused by a

small endothermic effect or lies within the uncertainness of the measurements.
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Figure 75. DBC of methacrylate BMA calculated by NMR
The calculation of DBC of benzyl methacrylate shown in Figure 75 shows a bit higher values than
that obtained by DSC measurements. The calculations deviate 3-4% which is either caused by a

small endothermic effect or lies within the uncertainness of the measurements.

2.3.3. Size exclusion chromatography (SEC)
After the NMR measurements the samples were diluted with THF and GPC chromatograms were

recorded to determine the molecular weight and polydispersity of the polymers. (Figure 76)
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Figure 76. Number average molecular weight Mn and polydispersity index PDI of the resulting polymers from DSC
measurements

As expected the neat monomer BMA reached an average Mn of about 5000 Da with a typical

high PDI of 3.5. Both mixtures containing cyclohexadienes show very similar results. In both cases
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the molecular weight is dramatically reduced to about 2000 Da and also the PDl is reduced below
2, which indicated regulation. The fact that there is no difference in the regulation between the
dimethoxy cyclohexadiene DCH and the silylated version SiDCH is not very promising. It seems
that both molecules rather inhibit the reaction, causing lower molecular weights and

distributions and that the reinitiation by the silyl leaving group is not working properly.

2.4. Testing HAFCT reagents in difunctional systems

Although the results from the test in the monofunctional system with methacrylate BMA were
not promising, the cyclohexadienes were also tested in a difunctional more reactive dental
methacrylate mixture DMM. Photo rheology measurements with real time NIR were conducted
a concentration of 20 db% and 10 db% respectively of CTA with 0.3 wt% Ivocerin as initiator. The
initiator was used in low concentration to be able to properly follow the curing reaction.
Therefore, also the lowest light intensity of 0.5 W/cm? supported by the Exfo OmniCure TM 2000

broadband Hg-lamp was used at 400-500 nm.
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For the DMTA measurements, sample sticks (1.5 x 5 x 40 mm) were prepared in a silicon mold at
400-500 nm blue light irradiation, with 1 wt% initiator and samples containing 10 — 20 db% CTA
were compared to the unmodified DMM network.

During DMTA measurements, the sample bars were heated from -100 °C to 200 °C while torsion
strain of 1% at 1 Hz was applied to the material. The storage modulus G’ and dissipation factor

tan 6 were recorded with temperature.

149



2.4.1. RT-NIR photorheology

For further investigation of the new HAFCT CTA, coupled RT-NIR-photorheology measurements
were conducted.

Interestingly the measurements with the difunctional more reactive monomer DMM revealed
different behavior of the HAFCT reagents than observed in the rather unreactive BMA mixtures.
The mixture with 20 db% unmodified cyclohexadiene DCH showed typical inhibition and barely
reaches 15% conversion in Figure 77. The mixture with 20 db% silylated cyclohexadiene SiDCH
reached more than the double DBC of 44%. This is still a lot less than the neat monomer, which
reaches a little more than 70%, and the polymerization is also much slower but a significant effect
of the reinitiating group can be observed. In addition the sample was not a hard piece of plastic
but more like an organo gel. Due to the release of dimethoxy toluene, the sample is softened as
if it was swollen in solvent. In addition, the very distinct mint like odor of dimethoxy toluene was
very present.

By lowering the amount of SiDCH to 10 db% a DBC 68% was reached and the polymerization was
significantly faster as can be seen by comparison of the dark blue (20db% SiDCH) and the light
blue line (10 db% SiDCH) in Figure 77.

80 A

70 A ~~ g

60 -

50 A

40 -+

DBC [%]

30 ~
20 A

10 A

0 100 200 300 400 500

time [s]

Figure 77. Double bond conversion DBC versus time of dimethacrylate DMM with hexadienes calculated from RT-
IR:
— DMM neat, , , —SiDCH 20 db%

In Figure 78 the time to gelation is shown. As expected the neat polymer reaches the gel point in
around 4 s. Interestingly the cyclohexadiene DCH was so inhibiting that no gelpoint was reached

and the mixture stayed liquid. The mixtures with silylated SiDCH reached the gelpoint in 37 s with
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10 db% CTA and 43 s with 20 db% respectively. Interestingly the time to gelation is similar for
both mixtures although the rate of polymerization is much lower for the mixture containing 20

db%.
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Figure 78. Time to reach the gelpoint tc of the neat formulation DMM and the formulations containing
cyclohexadienes

The 10 db% mixture of SiDCH showed higher conversion at the gel point than the neat monomer
which reaches the gel point at 17% DBC. The DBCg is significantly increased to over 20% by adding
10 db% silylated cyclohexadiene.
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Figure 79. Double bond conversion at the gelpoint DBCg of the neat formulation DMM and the formulations
containing cyclohexadienes
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Adding more HAFCT reagent shows no positive effect and the DBCs decreases back to 16%.
(Figure 79)

What was already visible in the conversion curves is also confirmed by measuring the time to
95% of reached DBC. (see Figure 80) All reagents cause significant retardation of polymerization.
The mixture with 10 db% SiDCH reached a comparable DBC to the neat monomer system DMM

but it takes more than the twofold amount of time to reach that conversion.
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Figure 80. Time to 95% overall DBC tgs of the neat formulation DMM and the formulations containing 20 db% of
dimethoxy cyclohexadienes DCH and silyl dimethoxy cyclohexadiene compound SiDCH in 10 and 20 db%.

Although the polymerization is slower, the 10 db% mixture of silyl compound SiDCH reached
acceptable conversions and, as visible in the next graph Figure 81, the shrinkage force is reduced
by 28%. As no gelation took place in case of the mixture containing 20 db% precursor DCH, no
shrinkage was detected in this case. The 20 db% mixture with silyl compound SiDCH exhibits very
low shrinkage force, but this was expected considering the low conversion and the slow

polymerization.
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Figure 81. Maximal normal force Fn developed by the neat formulation DMM and the formulations containing
cyclohexadienes

Interestingly the results of the storage modulus G’ were surprisingly good. As can be seen in
Figure 82, the mixture containing 10 db% of silyl compound SiDCH reaches a similar high modulus
to the neat formulation DMM. Higher contents of the silyl CTA cause a significant reduction of
modulus, which may be caused by the low conversion but also by the softening effect of evolving
dimethoxy toluene. The green curve of precursor DCH clearly shoes that no polymerization takes

place.
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Figure 82. Storage modulus G’ of the tested formulations — DMM neat, —DCH, , —SiDCH 20 db%
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2.4.2. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis of duromeric networks can give a lot of information about
the architecture of a network. Therefore, sample sticks (1.5 x 5 x 40 mm) were prepared in a
silicon mold at 400-500 nm blue light irradiation, containing 20 db% respectively 10 db%
regulator together with 1 wt% initiator and were compared to the unmodified DMM network.
During DMTA measurements, the sample bars were heated from -100 °C to 200 °C while torsion
strain of 1% at 1 Hz was applied to the material. The storage modulus G’ and dissipation factor
tan 6 were recorded with temperature.

Also with 1 wt% photoinitiator and a curing time of 20 minutes the mixture containing 20 db% of
precursor DCH did not cure at all. The other mixtures containing silyl cyclohexadiene SiDCH cured
well, but the sample with a higher content of 20 db% was notable softer than the other sticks.
Again, the distinct smell of dimethoxy toluene was observed in the case of the silyl CTA samples.
As visible in Figure 83 the mixture containing 20 db% silyl compound SiDCH is indeed much softer
than the neat DMM polymer. The material is so soft that the sample sticks break at 50 - 60 °C.
The network modified by 10 db% SiDCH is also softer than the unmodified network, but the sticks
withstand the stress applied and can therefore be measured again. It was already expected that
the resulting dimethoxy toluene would act as softener. This could be proofed by a second DMTA
run. It is clearly visible that the evaporation of the softener causes a significant increase of
modulus at room temperature and also the glass transition is shifted to a higher temperature
and much sharper. In the second run it can also be seen that the network regulation is not very

good but at least the glass transition is sharper and lower than that of the neat polymer.
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Figure 83. Storage modulus G’ and loss factor tan & of polymers, containing neat DMM and mixtures with silyl
cyclohexadienes, plotted against temperature

After considering the results of all different measurements, it seems very likely that the system
works as intended but not very efficiently. The conversion of CTA and monomer in
monofunctional methacrylate BMA was not very high for both the unmodified and modified
cyclohexadiene. The more reactive difunctional system DMM clearly showed that the unmodified
dimethoxy cyclohexadiene is inhibiting the polymerization while the silyl compound exhibited
higher reactivity of its formulations. With a reduced amount of 10 db% a high DBC was reached
together with a higher DBCg than the neat monomer and the shrinkage stress was significantly
reduced. The rearomatization as driving force for the elimination of the leaving group could not
be proved in the monofunctional methacrylate BMA. Surprisingly, in the mixtures with
difunctional DMM the aromatization took most certainly place. This can be seen by the
significant higher reactivity of activated silyl hexadiene SiDCH and the not activated precursor
DCH, and also by the generation of very odorous dimethoxy toluene that acts as softener in the

network.

2.5. Anti-oxygen inhibition - photoreactor tests
As the results were promising with 10 db% of silyl compound SiDCH also the activity of this

substance as potential anti oxygen inhibition reagent was tested.
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Hydrogen donors can be used to terminate unreactive peroxyl chain ends that inhibit radical

polymerization under air.
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Scheme 31. Hydrogen donor mechanism of silyl compound SiDCH as antioxygen inhibition reagent.

As shown in Scheme 31 the donor hydrogen in para position to the leaving group gets abstracted
and by the driving force of aromatization the leaving group is eliminated as radical to reinitiate
polymerization. The mechanism of peroxyl radicals to abstract hydrogens from cyclohexadienes
is already known from hydro silylation in organic chemistry.83

To see if the silyl cyclohexadiene SiDCH shows any activity against oxygen inhibition, photo-
reactor studies were conducted in deuterated benzene. To prevent oxygen inhibition, hydrogen

donors can be used in a threefold concentration of photoinitiator.2®
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Figure 84. The photo reactor

For this purpose, a photo reactor with an OmniCure Hg-lamp with 400-500 nm filter as light
source (Figure 84) was used to irradiate benzyl methacrylate in solution, after degassing with
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argon or bubbling air through the solution. Ivocerin was used as photoinitiator in a concentration
of 1 wt% and additives were used in 3 eq. to the initiator.

Samples were drawn before irradiation and every 500 s and subsequently *H-NMR spectra were
recorded. In Figure 85 the conversion is plotted with the time. It is visible that neat BMA reaches
50.5% DBC after 1500 s under inert conditions. Under air the reaction stops at 42% DBC after
1000 s and does not further increase. Under inert conditions the cyclohexadiene additives cause
a little lower rate of polymerization and therefore the dimethoxy cyclohexadiene DCH reaches

only 43% DBC while the activated silyl compound reaches 47% DBC.
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Figure 85. Photo reactor study in C¢Ds with BMA as monomer under argon and air with cyclohexadiene DCH and
silyl cyclohexadiene SiDCH as anti-oxygen inhibition reagent.

The polymerization under air is strongly inhibited by both cyclohexadienes, even though only
around 3% are used. It seems that the proposed mechanism is not working under these
conditions and the polymerization is additionally inhibited. The mixture with silyl activated
cyclohexadiene only reaches 20% DBC and shows the lowest conversion. Also the conversion

barely changes after 500 s.

157



Summary

Due to the frequent and gaining use of photopolymers for packages in food industry and medical
applications from contact lenses to tissue engineering, the search for biocompatible and
harmless photoinitiators is very important. The vast majority of applied industrial photoinitiators
are based on aromatic ketone structures that are considered potentially harmful including their
photoproducts. Therefore, new aliphatic compounds should be investigated on their suitability
as photoinitiators in Part | of the thesis.

As a second task in Part Il of the thesis, also the material properties of photopolymers have to be
further improved. Therefore, the formation of brittle inhomogeneous photopolymer networks
needs to be regulated. Regulation of radical bulk photopolymerization is a way to reach higher
toughness and make photomaterials competitive with thermoplastic polymers. In this work, new
addition fragmentation chain transfer (AFCT) reagents based on oxy-acrylates should be
synthesized and tested. Additionally, a new concept of hydrogen abstraction fragmentation chain
transfer agents (HAFCT) using cyclohexadienes with silyl and other leaving groups should be

investigated.

In Part | first simple aliphatic a-ketoesters were examined in group a). Then by modification of
the ester moiety in group b) the influence of the ester should be investigated. In group c)
modification of the a-carbonyl the influence on the reactivity by introducing typical Type |
initiator moieties was of interest. For curing at higher wavelengths, heteroatoms, planarization
of the carbonyls and cross conjugation were investigated to find long wavelength UV initiators
(group d) and long wavelength visible initiators (group e).

23 compounds with properties fitting to each group were selected to be tested. Nine of the
substances were commercially available and another nine substances could be synthesized.
After preliminary initiation tests in hexanediol diacrylate, finally a selection of twelve compounds

was found to be active as photoinitiator.
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a) simple aliphatic ketoesters
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UV-Vis measurements in acetonitrile were conducted of the compounds and the spectra were
evaluated to obtain n-rt* absorption ranges and extinction coefficients.

Simple aliphatic ketoesters ethyl pyruvate EP, methyl oxobutanoate MOB, ethyl methyl
oxobutanoate EMOB and methyl dimethyl oxobutanoate MDMOB showed absorption maxima
from 311 to 331 nm with extinction coefficients between 17 and 25 L mol™ cm™. The absorption
of reference initiators e.g. benzophenone BP is in the same range (~¥330 nm) but the extinction
coefficient with 140 L mol? cm, is significantly higher. None of the compounds showed an
absorption above 400 nm, so these initiators are limited to UV photopolymerization.

coinitiators
(0]

A o
HO™ >"~""0H

MDEA EDB
In acrylates and methacrylates, the simple aliphatic a-ketoesters showed good reactivity when
used without coinitiators and could outperform benzophenone-based initiators BP and BMS with
MDEA as coinitiator as well as phenyl glyoxylate PGO without coinitiator, even though the
extinction coefficients of the industrial initiators were at least four times to three magnitudes
higher. Generally, methyl esters were a little more reactive than ethyl esters, which can be

explained by the higher reactivity of the methyl radical formed by intramolecular hydrogen
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abstraction. When aliphatic amine MDEA is used as coinitiator, most ketoesters exhibit limited
stability in the formulations due to aldol reactions. Aromatic amine coinitiator EDB known from
dental composites was compatible with all ketoesters. The performance of most a-ketoesters
was further improved.

Modification of the a-carbonyl by introducing a bromo or hydroxy group in B-position also lead
to very reactive initiators. Bromo ketoester BRKE and hydroxy compound OHKE showed excellent
reactivity. BrKE showed the highest reactivity of all ketoesters even though it could not be
measured with amine coinitiators due to decomposition.

Modification of the ester side was unsuccessful, as ketoamides and thiono esters do not initiate
at all. Introducing a tertiary amine as intramolecular coinitiator (AKE) lead to slow decomposition
of the compound. In addition, thioketoester TKE showed poor reactivity only in the UV range.
Two compounds of the long wavelength UV initiators, cyclic ketoester DDFD and diethyl
ketomalonate DEKM, showed significant absorption around 400 nm. The substances were tested
under broadband and 400 nm LED conditions. Ketomalonate DEKM showed very poor results as
the high sensitivity of ketomalonates towards moisture probably leads to fast degradation in
technical grade monomers. Cyclic ketoester DDFD, however was very reactive at broadband and
at 400 nm LED irradiation. Under this conditions ketoester DDFD showed better performance
without coinitiator than state of the art visible light Type Il thioxanthone initiator ITX with MDEA
as coinitiator.

Acetophosphonate DEAP was surprisingly reactive in the UV range but did not absorb light above
390 nm. The compound also seemed to initiate via Norrish Type Il mechanism as the performance
could be significantly improved by coinitiator EDB.

No novel compounds suitable as long wavelength visible initiators (>410 nm) could be
synthesized. Both, tosyl glyoxylates and phosphono glyoxylates were too instable to be isolated
under normal conditions. Therefore, only already known aromat free dental initiator silyl
glyoxylate SiKE was compared in dental methacrylates with a state of the art acyl germane
Ivocerin. It revealed that silyl glyoxylates are a lot less reactive than acyl germanes.

Fortunately, FDA approved ethyl pyruvate and cyclic ketoester DDFD were water-soluble and
could be tested in cell cultures and hydrogel formulations. Cytotoxicity tests proved that the
compounds and their photoproducts are harmless to cells.

The initiators were tested in a PEG700 acrylic hydrogel formulation. Broadband DSC

measurements showed that the ketoesters exhibit better reactivity than a state of the art water-
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soluble Type Il system (BPQ). Only simultaneously tested Type | initiator 2959 showed higher
reactivity.

Photolysis studies with cyclic ketoester DDFD were conducted to reveal the initiation mechanism.
From aliphatic a-ketoesters, it is known that they undergo a Norrish Type Il reaction from the
excited triplet state and initiate by intra/inter molecular hydrogen abstraction. This was also
shown for cyclic DDFD but due to sterical reasons of the ring structure, no intra-molecular
hydrogen abstraction was found.

The formulations used for DSC measurements were also used to determine discoloration of
polymer specimens by UV aging. After irradiating the samples for 2 h with broadband UV light,
the cured specimens were evaluated regarding their color. Generally, it can be said that all
ketoesters lead to colorless polymer specimens, when no coinitiator was used. Mixtures with
industrial Type Il initiators benzophenone, benzophenone thioether BMS and thioxanthone ITX
show significant yellowing, especially the mixture with ITX. The strongest yellowing was observed
with aromatic amine coinitiator EDB. All polymer bars were visibly yellow. However, the
formulations cured with aliphatic ketoesters were significantly less discolored.

With aliphatic a-ketoesters a new class of initiators was found, with surprisingly high reactivity.
Simple ketoesters such as ethyl pyruvate show high potential as replacement for standard Type Il
initiators in UV curing. Together with the color stability of ketoester cured polymers this is a very

promising new class of photoinitiators for industrial applications in various fields.

In Part Il of the thesis it was tried to improve methacrylic networks with new addition
fragmentation chain transfer agents (AFCT) and hydrogen abstraction fragmentation chain
transfer agents (HAFCT), which were synthesized and tested.

The synthesis of chain transfer agents (CTAs) with boron and sulfenyl leaving groups was
unsuccessful but new compounds with silyl and carbonate leaving groups could be synthesized.
Further a phosphorus compound and a CTA with benzoyl leaving group were compared with the
new compounds and also deeply investigated.

Photo-DSC studies with monofunctional benzyl methacrylate with subsequent NMR analysis and
SEC measurements were conducted to gain deeper understanding of the polymerization kinetics

and influence on the molecular weight of resulting polymers.
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With a difunctional methacrylate mixture the CTAs were tested on a real-time NIR
photorheometer to obtain information about the mechanics and chemical conversion curves at

the same time.
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Finally, test bars were polymerized to obtain detailed thermal mechanical information about the
formed networks by DMTA measurements.
The DSC tests with monofunctional methacrylate showed that mixtures with vinyl ester VE5 and
vinyl carbonate PCA cause no retardation of the polymerization and that the double bond
conversion is not negatively influenced. CTAs with silyl (TMSA) or phosphorus (VP2) leaving
groups caused strong retardation of the polymerization and also lower conversions. Therefore,
it is likely that the compounds are inhibiting the propagation. Bulky silyl compound SSA caused
also strong retardation of polymerization but reached higher monomer conversions.
SEC measurements showed that only the sample with supersilyl SSA achieved a lower molecular
weight and a lower PDI.
The samples of smaller silyl CTA TMSA did not contain polymers at all, due to strong inhibition
effects. In NMR studies self-consumption and homo polymerization of TMSA could be shown,
explaining the strong polymerization inhibition of benzyl methacrylate.
Also in the difunctional monomer system the hetero atom CTAs caused massive retardation. Only
supersilyl compound SSA could reach an acceptable DBC of 60%. The conversion at the gel point
was not higher in any mixture of hetero CTAs, which is a clear sign that no efficient chain transfer
took place.
The mixture with vinyl ester VE5 showed no change of polymerization kinetics and also the
mechanical properties of the network remained unchanged. Surprisingly, vinyl carbonate PCA
had a significant effect in the more reactive difunctional mixtures. The gel point was shifted in

time and to higher conversions. Also the polymerization was significantly faster and reached
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higher conversions than the unmodified reference. This is a clear sign that the compound is active
as chain transfer agent in this system. This was further supported by the fact that the mixture
with PCA was the only mixture with a significant lower and sharper glass transition than the neat
network, while keeping the high modulus at RT of the unmodified network.

In the last approach the new mechanism of hydrogen abstraction fragmentation chain transfer
(HAFCT) had to be proofed as concept. Therefore, cyclohexadienes with sulfonyl and silyl leaving

groups should be synthesized.

The synthesis of the new compounds was challenging, due to the low stability of the resulting
compounds. Only the compound with t-butyl dimethyl silyl leaving group was stable. So, a proof
of concept study was conducted with dimethoxy t-butyl dimethyl silyl cyclohexadiene (SiDCH).

The leaving group activated compound was compared with not activated dimethoxy

Y

cyclohexadiene (DCH).

gealate
DCH SiDCH

The compounds were tested in the same way as AFCT reagents in a concentration of 20 db%. In
monofunctional monomer both cyclohexadiene compounds caused strong retardation and lower
double bond conversion. SEC measurements revealed a significantly lower molecular weight but
also a very low polydispersity. NMR measurements showed that silyl cyclohexadiene SiDCH is
consumed to a similar extent as the monomer but only minor signs of aromatization were
observed.

Real-time NIR photorheology in the more reactive difunctional monomer DMM showed
significant different behavior between the activated and not activated hexadiene. The non-
activated cyclohexadiene DCH inhibited the polymerization to an extent that no gelation was
observed. When 10 db% of silyl hexadiene SiDCH were added, the conversion was still slower
than that of the neat monomer but in the end nearly the same DBC of unmodified methacrylate

DMM was reached. In case of the 10 db% mixture also the conversion at the gel point was higher,

163



which is a clear sign for regulation. Interestingly also the storage modulus was in the same range
as the unmodified network, while the shrinkage force was significantly reduced. Both mixtures
with silyl activated silyl hexadiene released the typical strong smell of 1,3-dimethoxy toluene
during curing. Together with the observed effects this is a sign that the transfer mechanism with
hydrogen abstraction and subsequent aromatization worked.

DMTA measurements revealed that the released dimethoxy toluene acts as softener. Therefore
both mixtures with silyl hexadiene SiDCH were significantly softer than the reference material.
Sample bars with 10 db% were investigated in a second run. Due to the evaporation of softener
the bars exhibited a significantly higher modulus and showed a sharper and lower glass transition
at 100 °C than the unmodified network. It seems that the proof of concept worked in a

concentration of 10 db% with silyl cyclohexadiene SiDCH.
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Experimental part

Part 1: Novel Photoinitiators based on aliphatic structures

1. Selection of compounds

For a first test of a-keto esters on their ability to initiate 1 wt% of keto compound was mixed with
methacrylate DMM. Therefore, 10 mg of keto compound were weighed into brown glass vials
and afterwards 1000 mg of monomer DMM were added. After 10 seconds mixing with the Vortex
mixer at highest power, the sample was transferred into a silicon mold (2 x 1 x 0.15 cm) and put
into the middle of an Intelliray 600 UV flood curing system. If a compound did not dissolve
properly, mild heat was applied with a heat gun and mixed until a homogenous solution was
achieved. The samples were irradiated on the middle tray for 100 s in an Intelliray broadband UV
oven at 100% power of the mercury lamp. Afterwards the samples were categorized into cured,

partly cured or uncured.

2. Synthesis and selection of a-keto compounds
2.1. Simple aliphatic a-ketoesters

2.1.1. Synthesis of dimethyl oxobutanoic acid (1)
]

KMnO,4, NaOH @)
> OH
H,0, 0 °C
0]

1

The synthesis of dimethyl oxobutanoic acid (1) was conducted according to literature.>®
Therefore, in a acetone/ice bath cooled 3 L three-necked flask 19.83 g pinacolone (0.198 mol, 1
eq.) were dissolved in 750 mL cold aqueous NaOH (0.396 mol, 2 eq.) and 62.58 g potassium
permanganate (0.396 mol, 2 eq.) were added subsequently in small potions so that the
temperature does not raise above -2 - 0 °C. After complete addition of permanganate within 4 h,
the solution is allowed and warmed up to RT and stirring is continued overnight. The next day
the precipitated manganese dioxide is filtered off and the solution is acidified with 35 mL conc.
HCl to PH 2. The filtrate was extracted three times with 150 mL diethyl ether and the combined
organic layers were washed with 150 mL brine. After drying the organic phase with anhydrous
Na;S04 the solvent was removed in vacuum. Distillation at 100 °C and 26 mbar afforded dimethyl
oxobutanoic acid 1 in 78% of theory as colorless liquid. Small quantities of pivalic acid (8%) could

not be removed.
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bp.: 79-80 °C / 26 mbar, lit.: 78-80 °C / 19 Torr'®

n20 = 1.421, lit.: n%> = 1.422218
IH NMR (400 MHz, CDCl3, 8, ppm): 8.91 (s, 1 H, COOH), 1.11 (s, 9H, C(CH3)3).
13C NMR (100 MHz, CDCls, & (ppm): 200.8 (C4), 161.0 (C4), 42.6 (C4), 25.8 (C1).

2.1.2. Synthesis of methyl dimethyl oxobutanoate (MDMOB)
O 0]

cat. H,SO
OH 2 O
MeOH, ref
(0] (0]

1 MDMOB

For the synthesis of methyl dimethyl oxobutanoate MDMOB, 13.01 g of dimethyl oxobutanoic
acid (1) (0.10 mol, 1 eq.) is refluxed overnight in 100 mL freshly distilled methanol with 2 mL of
sulfuric acid in a three-necked flask. The reaction mixture was poured in 100 mL ice water and
extracted four times with 50 mL ethyl acetate. The combined organic phase was washed three
times with 50 mL saturated sodium hydrogen carbonate solution and once with 40 mL brine.
After evaporation of the solvent in vacuum, 10.90 g the crude product was distilled in vacuum at
100 °C and 20 mbar to remove side product pivalic acid methyl ester. Finally 5.51 g (38% of
theory) of pure methyl dimethyl oxobutanoate were obtained as colorless liquid with fruity odor.
bp.: 60 °C / 20 mbar, lit.: 59-60 °C / 18 Torr'8®

n® = 1.412, lit.: n¥°> = 1.4131%7

1H NMR (400 MHz, CsDs, 8, ppm): 3.83 (s, 3H, CHs), 1.24 (s, 9H, 3CHz)

13C NMR (100 MHz, CDCls, 6 (ppm): 201.2 (C4), 163.9 (C4), 52.1 (C1), 42.4 (C4), 25.3 (C1),

2.1.3. Synthesis of ethyl methyl oxobutanoate (EMOB)
(0]

/\O Ov
B M O
Y r g \(MgBr 0] O
THF, reflux 2 THF, -78 °C o

EMOB

For the synthesis of ethyl methyl oxobutanoate EMOB a Grignard reaction between diethyl
oxalate and isopropyl magnesium bromide (2) was chosen as convenient preparation pathway.%%
65

For the preparation of the Grignard reagent, 3.26 g magnesium flakes (0.134 mol, 1.1 eq.) were

placed in a 250 mL three-necked flask and heated with a heat gun under vacuum. The flakes were
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cooled to RT under argon and 20 mL of dry THF were added. Then 15.01 g 2-bromo propane
(0.122 mol, 1 eq.) were diluted in 100 mL dry THF and attached to the flask in a dropping funnel.
2ml of the bromo mixture was added to the magnesium and heated to reflux with a heat gun.
The remaining solution of bromo propane was added dropwise so that the reflux temperature
was maintained. After full addition, the mixture was heated to reflux for another 35 min.

For the next step 26.7 g (0.183 mol, 1.5 eq.) freshly distilled diethyl oxalate, dried with CaH, was
dissolved in 30 mL THF and cooled to -80 °C under argon atmosphere. The Grignard solution (2)
from the first step was added dropwise over one hour. After the addition the mixture was allowed
to warm up to -15 °C and quenched with 100 mL saturated ammonium chloride solution. After
three times extraction with 100 mL ether the combine organic phase was washed with 100 mL
brine and dried with Na;SO4. The solvent was stripped off in vacuum and the raw ketoester was
distilled at 100 °C and 12 mbar. Three fractions with a boiling point between 60 °C and 67 °C were
obtained. All of them contaminated with remaining oxalate. Column chromatography with PE:EE
= 20:1 yielded 6.39 g (36% of theory) ethyl methyl oxobutanoate EMOB as colorless oil with a
distinct smell of pineapple.

bp.: 64-67 °C/ 12 mbar, lit.: 63-70 °C /12 Torr'®®

n30 = 1.412, lit: n3’ = 1.413%4

'H NMR (400 MHz, CeDs, 8, ppm): 4.29 (g, J = 7.1 Hz, 2H, O-CH»-CH3s), 3.20 (h, J = 7.0 Hz, 1H, -CH-
(CHs)2), 1.33 (t, /= 7.1 Hz, 3H, O-CH»-CHz3); 1,12 (d, J = 7.0 Hz, 6H, -CH-(CH3)5)

2.2.Modification of the ester moiety
2.2.1. Synthesis of N,N-dibutyl-2-oxopropanamide (KEA)
As pyruvates showed instability under basic conditions, the amide should be prepared via the

acid chloride according to literture.®® °

~
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For the synthesis of N,N-dibutyl-2-oxopropanamide (KEA) first 6.16 g (70 mmol, 1 eq.) pyruvic
acid and five drops of dry DMF were put into a 100 mL three-necked flask under argon
atmosphere. 8.05 g (70 mmol, 1 eq.) of dichloromethyl methylether were added slowly under
inert conditions and heated to 50 °C for 30 min after completion of addition. Then the mixture
was stirred overnight at room temperature. After evaporation of all volatile residues in vacuum,
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the acid chloride 3 was used as is. In the next step, 2.13 g (20 mmol, 1 eq.) acid chloride diluted
in 10 mL dry ether and added to a 5.43 g (42 mmol, 2.1 eq.) of dibutyl amine dissolved in 30 mL
dry diethyl ether at 0 °C. During the addition of acid chloride the reaction turned orange and
hydrochloric smoke was visible. The reaction was stirred for 1 h while cooling and quenched with
45 mL 1N HCl. After phase separation, the aqueous phase was extracted with another 50 mL
ether and the combined organic phase was dried with 50 mL brine and Na;SOa. After evaporation
of the solvent, 42% of raw product were received as red oil. Flash chromatography over 100 g
silica (PE:EE = 5:1) yielded 830 mg (21% of theory) of N,N-dibutyl-2-oxopropanamide (KEA) as
clear liquid.

DC: PE:EE (5:1) Rf: 0.68

'H NMR (400 MHz, C¢Dg, 6, ppm): 3.15 (t, J = 7.5 Hz, 2H, CH3), 2.91 (t, J = 7.6 Hz, 2H, CH>), 2.12 (s,
3H, CHs), 1.36(qi, J = 7.4 Hz, 2H, CH,), 1.25 (qi, J = 7.5 Hz, 2H, CH), 1.13 (s, J = 7.6 Hz, 2H, CH)),
0.98 (s, J=7.6 Hz, 2H, CH), 0.80 (t, J = 7.3 Hz, 3H, CHs), 0.72 (t, J = 7.3 Hz, 3H, CH3)

13C NMR (100 MHz, CsDg, 6 (ppm): 198.8 (C4), 166.9 (C4), 47.4 (C2), 44.8 (C2), 33.3 (C2), 31.1 (C2),
27.8 (C1), 20.2 (C2), 19.9 (C2), 13.8 (C1), 13.7 (C1)

GC-MS: 199.27 [M+], 156.21 [M - C3Hs], 100.11 [M - CoHs-CsaHo], 57.13 [M - N-C4Ho-COCOCH:3]

2.2.2. Synthesis of O-methyl S-ethyl 2-oxopropanethioate (TKE)

0 DCC O
Ao, - A
THF, 45°C
(0] (0]
TKE

Direct reaction of pyruvic acid and ethane thiol with DCC was chosen for synthesis of O-methyl
S-ethyl 2-oxopropanethioate TKE.”3

Therefore, 19.6 g (98 mmol, 1eq.) DCC were dissolved 200 mL dry THF. After the addition of 5.90
g (98 mmol, 1 eq.) ethane thiol, 8.37 g (98 mmol, 1 eq.) pyruvic acid were added dropwise diluted
in 25 mL THF. Instant formation of solid urea was visible and the whole reaction mixture turned
deeply yellow. After refluxing for 5 min the mixture was cooled and filtrated. After evaporation
of the solvent under vacuum, the yellow residual oil was distillated twice, yielding 4.3 g (34% of
theory) O-methyl S-ethyl 2-oxopropanethioate TKE as yellow extremely smelly oil. The compound
has to be handled very carefully as the unbearable smell is causing nausea and can be hardly
removed from any surface.

bp.: 59 °C/ 13 mbar, lit.: 62-64 °C / 10 Torr'®
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IH NMR (400 MHz, CsDs, 8, ppm): 2.51 (g, J = 7.3 Hz, 2H, CH,-CHs), 1.78 (s, 3H, CHz), 0.89 (t, J =
7.4 Hz, 3H, CH,-CHs)
13C NMR (100 MHz, CsDs, & (ppm): 193.2 (C4), 191.6 (C4), 23.9 (C1), 23.2 (C2), 14.2 (C1)

2.2.3. Synthesis of O-methyl 3,3-dimethyl-2-oxobutanethioate (TBTKE)
For the synthesis of O-methyl thiolate TBTKE a direct onepot synthesis from pinacolone with

thionyl chloride and methanol as reagent was chosen. 74
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To 88 g (0.75 mol, 15 eq.) thionyl chloride, 5.01 g (50 mmol, 1 eq.) pinacolone was added
dropwise while stirring at RT together with 2 mol% of pyridine as catalyst. Instantly a lot of gas
formation and the reaction turning deeply red was observed. After two hours the excess of
thionyl chloride was distilled off under vacuum. The crude intermediate was redissolved in
100 mL methanol and 20 g (200 mmol, 4 eq.) triethylamine were added dropwise at 0 °C. After
complete addition, the reaction was allowed to warm up to RT overnight. The next day the
reaction was acidified with 50 mL 1 N HCl and extracted three times with 50 mL ether. After
drying the organic phase with Na,SO4 the solvent was stripped off in vacuum and 1.73 g of yellow
very smelly raw product was obtained. Further purification with MPLC (PE:EE = 5:1) and
subsequent ball pipe distillation afforded 582 mg (8% of theory) pure O-methyl 3,3-dimethyl-2-
oxobutanethioate (TBTKE) as yellow oil with unbearable smell.

bp.: 124 °C / 0.9 mbar, lit.: na

'H NMR (400 MHz, CeDe, 8, ppm): 3.43 (s, 3H, O-CH3), 1.11 (s, 9H, C-(CH3)3)

2.2.4. Synthesis of 2-(dimethylamino)ethyl 2-oxopropanoate (AKE)
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For the synthesis of 2-(dimethylamino)ethyl 2-oxopropanoate KEA, dimethyl oxobutanioc acid
chloride (4) had to be prepared first.®®

Therefore, 4.55 g (35 mmol, 1 eq.) dimethyl oxobutanoic acid (1) and five drops DMF were
dissolved in 30 mL dry DCM under argon atmosphere. While stirring at RT, 4.39 g (38.5 mmol, 1.1
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eq.) dichloro methyl methylether were added dropwise and the mixture was stirred for two
hours.

Then the volatile residues were removed by vacuum and the residues were distilled at 60 °C and
95 mbar (bp.: 40 °C). The acid chloride 4 was obtained as clear liquid in a low yield of 10%. a-oxo
acid chlorides are sensitive and it seems that distillation causes some decomposition.

In the next step 0.54 g (3.7 mmol, 1 eq.) of acid chloride 4 were dissolved in 10 mL DCM under
argon. To the solution 0.81 g (9.1 mmol, 2.5 eq.) dimethyl ethanolamine were added dropwise
while cooling with ice.'® The mixture was stirred for 48 h. Then the solvent was removed in
vacuum. The crude oil was redissolved in ether to remove insoluble hydrochloride. Due to water
solubility and the ability of the product to form ammonium salts, aqueous extraction with
hydrochloric acid was not possible. Therefore, the product was purified with ball pipe distillation
(bp.: 94 °C/ 1.2 mbar).

Only 122 mg (17% of theory) could be isolated as colourless oil with an amine like smell.

The product was metastable as the basic amino group slowly decomposed the ketoester!

Rf: 0.10, PE:EE (1:1)

'H NMR (400 MHz, CeDs, 6, ppm): 4.11 (t, J= 6.5 Hz, 2H, O-CH,-CH,-), 2.29 (t, J= 5.9 Hz, 2H, CH»-
CH»-N), 2.02 (s, 6H, N-(CHs)2), 1.16 (s, 9H, C-(CHs)3)

2.3.Modification of the alpha carbonyl — Type | cleavage

2.3.1. Synthesis of ethyl 3-bromo-3-methyl-2-oxobutanoate (BrKE)

O Br, O
J cCly/ 12T% AcOH Br I
EMOB BrKE

For the synthesis'®! of the bromo ketoester BrKE 1.44 g (10 mmol, 1 eq.) of ethyl 3-methyl-2-
oxobutanoate (EMOB) were dissolved in 10 mL CCls together with 1 mL of acetic acid. 1.60 g
(10 mmol, 1 eq.) of bromine were added via syringe and the mixture was stirred in darkness for
1.5 h. 50 mL chloroform were added and the reaction was quenched with 50 mL saturated
NaHCOs solution. After extraction in a separation funnel the organic phase was dried with 10 g
Na;S04 and the solvent was removed by rotary evaporator (10 mbar, 40 °C) to yield 2.09 g (94%
of theory) BrKE as slightly yellow oil with fruity smell.

R¢=0.48, PE:Et,0=9:1

n%° = 1.449, lit.: na
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1H-NMR (400 MHz, CDCI3, ppm): 4.38 (q, 2 H, J= 7.05 Hz, CH»-CHs); 2.01 (s, 6 H, Br-C-(CHs),); 1.39
(t, 3H, J= 7.05 Hz, CH,.CH3).

2.3.2. Synthesis of ethyl hydroxymethyl butanoate (OHKE)

O A0 O
B 9 HO
r 0 RT, ACN, 1% H,O 0
BrKE OHKE

For the synthesis of ethyl hydroxymethyl butanoate OHKE 4.46 g (20 mmol, 1 eq.) bromomethyl
oxobutanoate (BrKE) is dissolved in 30 mL acetonitrile with 0.3 mL water.”® Then 2.32 g (10 mmol,
0.5 eq.) Ag,0 are added. The suspension is stirred 16 h at RT under exclusion of light. During the
reaction the suspension changes from black coarse particles to grey and fine. Afterwards the grey
solid is filtered off. The filtrate is diluted with 10 mL water and extracted with 100 mL diethyl
ether. After drying the combined organic phases, the solvent is stripped off in vacuum
(100 mbar). Subsequent ball pipe distillation affords 1.50 g (94%) desired hydroxyl ketoester in
93% purity as clear oil. The impurities consist of precursor BrKE.

Rf: 0.5, PE:EE=3:1

n2® = 1.417, lit: n2° = 1.4176192

bp.: 120 °C/ 25 mbar, 80-90 °C / 12 Torr*?

1H-NMR (400 MHz, CsDs, ppm): 3.85 (q, 2 H, J= 7.2 Hz, CH,-CHs), 2.94 (bs, 1H, -OH), 1.30 (s, 6 H,
HO-C-(CHz3)a).

2.4. Modification of the alpha carbonyl — Long wavelength UV initiators

2.4.2. Synthesis of ethyl 3-methyl-2-oxobut-3-enoate (MAKE)

o) oJ
5 é 0
O ©
)\ Mg N )\ /_ )J\[HJ\O/\
Br THF, reflux MgBr -78°C, Et,0 o)
4 MAKE

For the synthesis of 3-methyl-2-oxobut-3-enoate 1.5 eq. the Grignard reagent isopropenyl
magnesium bromide (4) had to be prepared first ident to literture.®* 1% Therefore, 1.09 g (45
mmol, 1.5 eq.) magnesium flakes where moisturized with 2 mL dry THF. After diluting 4.36 g

(36 mmol, 1.3 eq.) isopropenyl bromide in 37 mL of dry THF, 2 mL of the solution were added to

171



the magnesium and heated with a heat gun. After the reaction started, reflux temperature was
maintained by dropwise addition of isopropenyl bromide solution.

After the Grignard reaction was finished the resulting solution was added dropwise to a solution
of 4.38 g (30 mmol, 1 eq.) dry diethyl oxalate in 60 mL 1:1 dry ether and THF at -80 °C. As the
Grignard reagent 4 can react multiple times with the substrate, TLC monitoring was crucial. After
adding % of the solution, subsequent TLCs showed no more diethyl oxalate so the addition of
magnesium bromide 4 was stopped and the reaction was quenched with 15 mL 2 N H,SO04. After
three times extraction with 30 mL ether, the combined organic phases were dried with 50 mL
brine and NaxS0Og4, then the solvent was removed in vacuum. The resulting yellow oil shows some
remaining diethyl oxalate and impurities in NMR. After ball pipe distillation at 12 mbar and
100 °C, a clear oil was obtained. NMR still showed some precursor. 1.46 g (34% of theory) of
3-methyl-2-oxobut-3-enoate (MAKE) was finally obtained by column chromatography with
PE:EE = 19:1.

The conversion of diethyl oxalate is hard to follow by TLC as the compound is not visible under
UV and hardly stains with any staining reagent. After NMR it was clear that diethyl oxalate was
not fully consumed, therefore the yield is lower than expected.

In literature, the compound is described as yellow which made this product especially interesting
as the double bond was expected to cause a bathochromic shift.®> °* Nevertheless, the color is
caused by impurities of diketone, which results from double attack by the Grignard reagent. The
yellow very apolar compound can be separated by column chromatography. The pure ethyl 3-
methyl-2-oxobut-3-enoate (MAKE) is almost colorless.

Rf: 0.3, PE:EE = 19:1

n2> = 1.434, lit.: n2" = 1.43256

!H-NMR (400 MHz, CDCls, ppm): 6.17 (s, 1H, C=CH,), 6.09 (s, 1H, C=CH), 4.35 (q, J= 7.2 Hz, 2H, O-
CH»-CHs), 1.93 (s, 3H, CHs), 1.37 (t, J= 7.2 Hz, 3H, O-CH2-CH3).

13C NMR (100 MHz, CDCl3, & (ppm): 188.8 (C4, C=0), 164.2 (C4, C=0), 140.7 (C4, C=CH>), 132.4
(C2, C=CH,), 62.1 (C2, O-CH>-CHs), 16.2 (C1, CH3), 14.1 (C1, O-CH,-CHs)

2.5. Modification of the alpha carbonyl — Long wavelength visible light initiators

2.5.1. Synthesis of trimethyl silylglyoxylate (TMSi)

silver triflate F
Sli/ > F>l\s/9 Sl./
cIroN DCM, RT § o
_AgCl 5
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For the synthesis of the ethyl trimethyl silylglyoxylate, the triflate compound 5 had to be
synthesized first from trimethyl chloro silane ident to literature.®® Therefore, 0.71 g (6.5 mmol,
leq.) trimethyl chloro silane was added at once to 1.67 g (6.5 mmol, 1 eq.) silver triflate
suspended in 4 mL abs. DCM under argon. The suspension is stirred overnight under exclusion of

light and filtrated.

0
F -N\\ +
E _ 0 DIPEA N
F>l\s/’o Sli/ v Ny o™
d/ ~o 7 A o ™ Et,0O, -78 °C /Sli\ 6
5

The solution of TMS-triflate 5 (smoking) was then added dropwise to 0.85 g (6.5 mmol, 1 eq.)
ethyl diazo acetate and 0.84 g (6.5 mmol, 1 eq.) ethyl diisopropyl amine in 30 mL dry ether under
argon at -78 °C.2°* After 20 min the mixture was warmed up to room temperature and stirred
overnight. After filtration of the resulting ammonium salt the solvent was stripped off in vacuum
and the crude ethyl diazo(trimethylsilyl)acetate (6) was obtained as deep yellow oil. Further
purification was not conducted due to stability concerns of the product. The product 6 shows a

specific ATR-IR signal of C=N; at 2080 cm™* which is consistent with literature.®®

N o] Rhy(AcO), 0
SNt propylenoxide 0
Si Toluene, 80 °C Si

/l\ 6 /l\ TMSi

The diazo compound 6 was immediately redissolved in 20 mL toluene and 5.2 g (78 mmol, 12 eq.)
of propylene oxide were added. Then 66 mg (2 mol%) rhodium acetate was added while stirring.
Instant formation of gas was observed. The reaction was then heated to 40 °C overnight and the
solvent was stripped of in vacuum.

The crude product was flashed over silica with PE/EE 25:1 and after evaporation of the solvent
350 mg (31% of theory) ethyl trimethyl silylglyoxylate TMSi was obtained as brilliant yellow oil.
Rf: 0.4, PE:EE = 25:1

IH-NMR (400 MHz, CDCls, ppm): 3.87 (g, J= 7.14 Hz, 2H, O-CH,-CHs), 0.87 (t, J= 7.14 Hz, 3H, O-
CH»-CH3s), 0.12 (s, 9 H, Ge(CH3)3)

13C NMR (100 MHz, CDCl3, ppm): 230.2 (C4, C=0), 161.1 (C4, C=0), 61.7 (C2, CH,-CH3), 13.8 (C1,
CH2-CHs), -3.5 (C1, Si(CH3)3)

GC-MS: calculated: 174.07, found: 175.14 [M +H], 159.07 [M —CHzs], 131.11 [M -Et, -CH3], 101.01
[M —COOE], 73.13 [(CH3)3Si]
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2.5.2. Synthesis of ethyl trimethyl germylglyoxylate (TMGe)
For the synthesis of trimethyl germylglyoxylate (TMGe) the exact same procedure as in 2.5.1. was

conducted but with trimethyl chloro germane.

; ; F
silver triflate F
Gle/ g F>I\S//O Gl/
ClI = DCM, RT 200N
-AgCl 7
O
e b 0 DIPEA Nay
AL de v N L - o™
g o X0 Et,0, -78 °C /Gle\ o
7
N O Rh3(AcO), 0
SNt propylenoxide 0
SN .
/G|e\ 8 Toluene, 80 °C /G|e\ T™MGe

The diazo intermediate 8 shows a specific ATR-IR signal of C=N; at 2077 cm™* which is also found
in literature.%®

Column chromatography with Et,0 : PE = 5:95 afforded 500 mg (35% of theory) of ethyl trimethyl
germyl glyoxylate TMGe as brilliant yellow oil.

Rf: 0.26, PE:Et,0 = 95:5

IH-NMR (400 MHz, CDCls, ppm): 3.9 (q, J= 7.14 Hz, 2H, O-CH,-CHs), 0.9 (t, J= 7.14 Hz, 3H, O-CH,-
CHs), 0.32 (s, 9 H, Ge(CHs)a).

13C NMR (100 MHz, CDCls, ppm): 184.8 (C4, C=0), 160.1 (C4, C=0), 59.8 (C2, O-CH,-CHs), 13.4 (C1,
O-CH,-CHs), -4.3 (C1, Ge(CHs)s)

GC-MS: calculated: 220.02, found: 221.02 [M +H], 204.86 [M —CHs], 146.98 [M —COOEt],
118.98 [(CH3)3Ge]

2.5.3. Synthesis of triethyl phosphono glyoxylate (PKE)
2.5.3.1. Synthesis of tosyl azide (9)

For the preparation of phosphono glyoxylate PKE tosyl azide had to be prepared first.

o\\ /Cl NaN3
S 0] -
W\ /7 +N
/©/ O S\ N

Acetone/H,0, RT O// N~
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For the preparation of tosyl azide (9) ident to literature, 4.88 g (75 mmol, 1.5 eq.) sodium azide
is dissolved in 20 mL water and stirred.'® Then 9.53 g (50 mmol, 1 eq.) tosyl chloride is dissolved
in 20 mL acetone and added dropwise to the stirred sodium azide solution cooled to 0 °C. After
1 h the precipitate of NaCl is filtered and the filtrate is extracted with 100 mL ether. After drying
the organic phase with Na;SOa, the solvent is stripped off carefully (RT) in vacuum to afford 9.8
g (99% of theory) tosyl azide (9) quantitatively as colorless oil. Heating should be avoided as tosyl
azide can be explosive. During storage in the fridge tosyl azide crystalizes as colorless needles,
which rapidly melt at RT.

mp.: 21 °C, lit.: 22°C*%®

1H-NMR (400 MHz, CDCls, ppm): 7.76 (d, J = 8.6 Hz, 2H, Ar), 7.34 (d, J = 8.4 Hz, 2H, Ar), 2.40 (s,
3H, CH3).

2.5.3.2. Synthesis of ethyl 2-diazo-2-(diethoxyphosphoryl)acetate (10)

<) oJ CsCO,, TosN \o(o oJ
Oo. P
RO, THF, RT d’P ﬁ(&o
S

10

In the next step 100 mL abs. THF were charged with 2.47 g (11 mmol, 1 eq.) triethyl phosphono
acetate and 3.58 g (11 mmol, 1 eq.) cesium carbonate. Then 2.17 g (11 mmol, 1 eq.) tosyl azide
(9) are added quickly and the mixture is stirred at RT for 2 h according to literature.'%3 Afterwards
the reaction is filtered over hyflow to remove the precipitated tosyl amide and the solvent
stripped off in vacuum to afford crude triethyl phosphono diazo acetate as yellow oil. NMR
analysis showed remaining tosyl amide so the compound is redissolved in a small amount of
diethyl ether and the same amount of petrol ether is added to precipitate remaining tosyl amide.
After filtration and removal of the solvent in vacuum, 1.34 g (49% of theory) phosphor diazo
compound (10) is received as yellow oil. Small amounts tosyl amide are still present but due to
the instability of the compound 92% purity was acceptable.

'H-NMR (400 MHz, CDCls, ppm): 4.29 - 4.01 (m, 6H), 1.36 — 1.15 (m, 9H)

13C NMR (100 MHz, CDCl3, ppm): 161.5 (d, Jc-p= 12.1 Hz, C4), 63.7 (d, Jcp= 5.8 Hz, C2), 61.7 (C2)
16.1 (d, Jc-p=7.2 Hz, C1), 14.3 (C1)

GC-MS: calculated: 250.07, found: 250.05 [M+], 223.11 [M -N,, +H], 177.04 [M —COOEt], 137.08
[PO(OEt),]
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2.5.4. Synthesis of ethyl tosyl glyoxylate (SKE)
2.5.4.1. Synthesis of ethyl tosyl acetate (11)

\©\ o \©\ o O

-0 + —_— /

S Na+ Br\)J\O/\ S/\)J\O/\
11

6 DMF, RT O/

For the synthesis of ethyl tosyl glyoxylate SKE, ethyl tosyl acetate (11) had to be prepared first
according to literature.’® Therefore, 2.67 g (15 mmol, 1 eq.) sodium toluene sulfinate was
dispersed in100 mL DMF and 2.51 g (15 mmol, 1 eq.) ethyl bromo acetate were added at once.
The suspension gets warm and the solid dissolves quickly. After stirring overnight, the mixture is
diluted with half the volume water and extracted with 50 mL ethyl acetate. The solvent is then
stripped off the organic phase dried with Na;SOs. To remove the remaining DMF the oil was
redissolved in 50 mL diethyl ether and extracted three times with the 200ml| water. After drying
and evaporating the organic phase, 2.53 g (70% of theory) of tosyl ethyl acetate (11) crystallized
as colorless needles.

mp.: 31-33 °C, lit.: 32-33 °C?¥’

'H-NMR (400 MHz, CDCls, ppm): 7.75 (d, J= 8.1 Hz, 2H, Ar), 7.30 (d, J= 8.1 Hz, 2H, Ar), 4.09 (q, J=
7.0 Hz, 2H, O-CH,-CH3), 4.02 (s, 2H, S-CH2-COO0-), 2.39 (s, 3H, Ar-CHs), 1.13 (t, J= 7.3 Hz, 3H, CH»-
CHs)

GC-MS: calculated: 242.06, found: 243.19 [M +H], 197.05 [M —COOEt], 155.13 [Tol-SO;]

2.5.4.2. Synthesis of ethyl tosyl diazoacetate (12)

THF, RT d
1 Ny 12

In the next step 1.79 g (7.4 mmol, 1 eq.) tosyl acetate (11) were suspended with 2.41 (7.4 mmol,
1 eq.) of cesium carbonate in 70 mL THF under argon. An equimolar amount of tosyl azide was
added after 30 min stirring at RT and stirred overnight analogue to literature.% The next day the
deeply orange solution was filtered off the colorless precipitate and the solvent was stripped off
in vacuum. The resulting orange oil was filtered over 50 g silica gel with 1:1 EE/PE as eluent. The
solvent was removed again by vacuum and the resulting lemon-yellow oil crystallized.

Recrystallization from CHCI3 affords 1.75 g (88% of theory) of ethyl tosyl diazoacetate (12), with
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small amounts of remaining tosyl amide, as yellow needles. Melting point and NMR perfectly fit
literature values.!98

mp.: 64-65 °C, lit.: 65 °C198

!H-NMR (400 MHz, CDCls, ppm): 7.83 (d, J= 8.1 Hz, 2H, Ar), 7.28 (d, J= 8.1 Hz, 2H, Ar), 4.15 (q, )=

7.4 Hz, 2H, O-CH,-CHs), 2.38 (s, 3H, Ar-CHs), 1.18 (t, J= 7.1 Hz, 3H, CH,-CHs)

3. Preliminary curing tests with a-keto compounds

To test a-keto compounds on their ability to initiate polymerization 1 wt% of keto compound was
mixed with the diacrylate HDDA. Therefore, 10 mg of keto compound were weighed into brown
glass vials and afterwards 1000 mg of monomer were added. After 10 seconds mixing with the
Vortex mixer at highest power. If compounds would not dissolve, mild heat was applied by heat-
gun and longer mixing times were used until a homogenous solution was obtained. The sample
was transferred into a silicon mold (2 x 1 x 0.15 cm) and put into the middle tray of an Intelliray
600 UV flood curing system. The samples were irradiated for 100 s at 100% power of the mercury
lamp. If no curing occurred another 200 s of irradiation were added. Afterwards the samples

were categorized into cured, partly cured or uncured.

4. UV-Vis measurements

For the UV-Vis experiments samples were dissolved in pure acetonitrile and measured in 10 mm
quartz cells on a Lambda 750 UV-Vis photometer (scanning mode) from 250 to 450 nm at a slit
width of 2 nm.

The concentration was chosen so that the absorption is not higher than 1.2 AU and Lambert
Beer’s law can be applied. Aliphatic a-ketoesters were measured at 102 mol L™, benzophenone
and phenyl glyoxylate at 103 mol L and high absorbing benzophenone derivative BMS and

thioxanthone ITX were measured at 10~ and 10* mol L? respectively.

5. Photo-DSC measurements with a-keto compounds

Initiators that showed curing activity in the preliminary tests were further tested in photo-DSC
measurements.

Hexanediol diacrylate HDDA was used as received. Methacrylate mixture DMM was prepared
from 1 eq. 7,7,9-Trimethyl-4,13-dioxo-3,14-dioxa-5,12-diazahexadecan-1,16-diyl-bis(2-methyl-
acrylate) (UDMA, 470.56 g mol?) and 1 eq. 1,10-decanediol dimethacrylate (D3MA, 338.49 g
mol?). The monomers were mixed for one minute after warming the mixture to reduce the

viscosity.
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The hydrogel acrylate mixture was prepared from polyethyleneglycol diacrylate (Mn = 700 Da)
with 50 wt% water.

The theoretical heat of polymerization for diacrylates (161 kJ mol) was found in literature®®® and
used to calculate the heat of polymerization for HDDA (AHo,uooa= 711 J g™1) and the PEG700DA
for the hydrogel formulation (AHonpbpa = 230 J gt). For methacrylate mixture DMM (AHo,omm

=299.54 J g'1) the known value from literature was used.3’

Measurements at 320-500 nm and general procedure

To ensure a constant molar ratio of initiators to monomer for all tested compounds, ethyl
pyruvate (EP) as smallest molecule was used as benchmark. For the photo-DSC measurements,
10 mg (1 wt%, 0,086 mmol) of EP was weighed into a brown glass vial with 1000 mg monomer.
All other (co)initiators were weighed into the monomer equimolar to the amount of 1 wt% ethyl
pyruvate. All samples were thoroughly mixed on a Vortex mixer at highest power for 10 seconds.
If the (co)initiator would not dissolve easily, mild heat was applied by heat-gun and longer mixing
times were used until a homogenous solution was obtained.

The Photo-DSC measurements were conducted on a Netzsch DSC 204 F1 with auto-sampler at 25
°C under nitrogen atmosphere. Photoreactivity of the monomers was tested by weighing
accurately 10 to 11 mg of the sample into an aluminium DSC pan with an Eppendorf pipette,
which was subsequently placed in the DSC chamber after closing it with a glass lid. The sample
chamber was purged with a N2 flow (~ 20 mL min-1) for 4 min. Afterwards the samples were
irradiated with filtered UV-light (320 — 500 nm) from an Exfo OmniCure S2000 broadband Hg-
lamp with a light intensity of 1 W cm™ at the end of the light guide. The samples were exposed
to light for 2 x 300 s, and the heat flow was recorded as a function of time.

After subtracting the baseline calorigram of the second irradiation period from the first, a
baseline corrected calorigram was obtained. From the area under the curve, the total heat
evolved during polymerization was given. With the theoretical heat of polymerization the
maximal rate of polymerization (Rp) and double bond conversion DBC was calculated according

to Equation 4 and 5.

Rp = %6 1000 Equation 4
AH,
Rp.ooovieaeinn. rate of polymerization in mM s-1
Qoo maximum heat flow mJ s-1 mg-1
o T density of the sample in g L-1
AHy.....uvennee. theoretical heat of polymerization in kJ mol-1
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AHp

DBC =100 x — Equation 5
AHg
AHp..ooooveene measured heat of polymerization J g™!
AHg..ooovnn. theoretical heat of polymerization in J ™!

All measurements were conducted as triplicates. To ensure the stability of the measuring device
the lamps were calibrated before each measurement and a reference sample of HDDA with SC73
as initiator was measured before, in the middle and at the end of each series.

For each value the average deviation was determined to find an acceptable range of error. The

obtained values were accepted with maximal the double average relative deviation. (Table 25)

Table 25. Average relative standard deviation of determined values from DSC measurements in %

Rp tmax tos DBC
determined 2.5 2.0 6.6 0.8
accepted 5 4 14 2

Measurements with errors above the accepted deviation were repeated.

Measurements at 400-500 nm

The mixtures were prepared, sampled and measured according to the general procedure.

As light source for the DSC-measurements an Exfo OmniCure S2000 broadband Hg-lamp with
filtered UV-light (400 — 500 nm) and a light intensity of 1 W cm™ at the end of the light guide was

used.

Long wavelength experiments at 400 nm

The mixtures were prepared, sampled and measured according to the general procedure.

As light source for the DSC-measurements, a 400 nm OmniCure® LX400+ LED spot curing system
was used and coupled into the device light guide by an aluminum passive cooler. To prevent
overheating of the LED a second aluminum passive cooler was attached to the tail of the LED and

a USB fan was used for cooling. (Figure 86)
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Figure 86. LED coupling with DSC light guide and active cooling

light guide

With an ocean optics photometer a light intensity of 0.38 W cm2 was measured 1 cm from the

tip of the light guide at 100% power of the LED.

Measurements at same absorption and 365 nm

In the case of measurements at same absorption the concentrations of initiators were calculated

to fit the absorption of 1 wt% of benzophenone at 365 nm with Equation 6 and 7.

F = £365,ini

Equation 6
€365,BP
Foiiis extinction factor at 365 nm
E365,inj +wrrerreererrens extinction coefficient of initiator at 365 nm
EZGE,BP +wrverrerrersens extinction coefficient of benzophenone at 365 nm
molgpXMin;
Minieq.abs. = % Equation 7
Minieq.abs. -+ equiabsorbent mass of initiator in 1000 mg monomer
molgp ..cccouveneen. molar equivalent of 10 mg benzophenone
Mipi cooeeeeeeeniieanns molar mass of initiator

......................... extinction factor at 365 nm

Table 26. Calculated (co)initiator mass for 1000 mg monomer at same absorption

Initiator Conc. Ases €365 Factor F Eq Abs. EDB
mol*L? L*mol*s*cm™ mg mg
BP 0.001 0.060 59.90 1.000 10.00 10.61
EP 0.01 0.071 7.08 0.118 53.92 89.74
BrKE 0.01 0.228 22.78 0.380 32.20 X
DDFD 0.01 0.253 25.32 0.423 16.63 25.09
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The mixtures were according to Table 26, sampled and measured according to the general
procedure.

As light source for the DSC-measurements an Exfo OmniCure S2000 broadband Hg-lamp with
filtered UV-light (365 nm) and a light intensity of 1 W cm™ at the end of the light guide was used.

6. UV-Aging of Polymers
500 mg of mixtures used for the DSC measurements were cured in a silicon mold (2 x 1 x 0.15 cm)
and afterwards aged in the Intelliray 600 UV flood curing system in one step. The samples were
exposed to the UV light for 2 h and afterwards the discoloration was documented by digital

photography.

7. Photolysis studies
'H-NMR spectra were recorded on a 200 MHz Bruker AVANCE DPX spectrometer. Irradiation of
the solutions in CD3CN was carried out using 365 nm LEDs (100 mW) and spectra recorded after

0, 30 and 60 min.

8. Cytotoxicity
Mouse fibroblast cell line L929 were purchased from Sigma-Aldrich and cultured in Dulbecco's
Modified Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum
(Sigma) and 1% of 10 000 units penicillin and 10 mg mL* streptomycin (Sigma-Aldrich).
Cells were cultivated in incubator in humid atmosphere with 5% carbon dioxide at 37 2C. Medium
was refreshed every second day.
To evaluate the cytocompatibility of photoinitiators PrestoBlue cell viability reagent (Thermo
Fisher) was used. For this test ten 96-well plates were seeded with 5 000 cells per well and left
in the incubator overnight for cells to attach. Next day, the cells were incubated with 100 uL of
different dilutions of Pl in DMEM, each plate in duplicate, one to evaluate cytotoxicity of
substance only and another to cytotoxicity after exposure to UV for 10 min in a Boekel Scientific
UV crosslinker at 365 nm. All plates had wells with non-treated cells as a control samples, every
concentration had at least 6 repetitions.
After 24 h incubation period with photoinitiators, culture medium was exchanged twice to
remove residues of photoinitiator and cell viability was evaluated. Resazurin-based reagent
PrestoBlue was diluted 1:10 with medium and 100 pL were applied per well and incubated for 1

hour. Because of the reducing environment of viable cells, this reagent is transformed and turns
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red, while becoming highly fluorescent. The fluorescence was then measured with a plate reader
(Synergy BioTek, excitation 560 nm, emission 590 nm). After correction for background
fluorescence, the results of the cells exposed to different concentrations of photoinitiators were
compared to each other and to the controls (non-stimulated cells) using One Way ANOVA
Dunnett's Multiple Comparisons Test. It was assumed that metabolic activity of the 24h control
not exposed to photoinitiators is 100%. Statistical evaluation of data was performed using

software package IBM SPSS Statistic 25.0 and Excel 2016 (Microsoft Office).

Part 2: Improving network properties with chain transfer reagents

1. Addition fragmentation chain transfer (AFCT)
1.2. Selection and synthesis of AFCT compounds

1.2.1. Synthesis of silanoxy ethyl acrylates

1.2.1.1. Synthesis of trimethylsilanoxy ethyl acrylate (TMSA)

o 0
| TEA _,ofk
—gj- 0 - . Si OEt
TMSA

For the preparation of TMS oxyacrylate according to literature, 13.93 g (120 mmol, 1 eq.) of ethyl
pyruvate are enolised by 13.36 g (132 mmol, 1.1 eq.) trimethylamine in 120 mL dichloromethane
under argon while cooling to 0 °C. Then 14.34 g (132 mmol, 1.1 eq.) freshly distilled trimethyl
chlorosilane is added dropwise diluted in 20 mL DCM.*® The mixture is allowed to warm up to
room temperature and stirred for another hour. After filtration the solvent was removed by
vacuum. Distillation at 100 °C and 50 mbar afforded 15.0 g (67% of theory) TMS oxyacrylate TMSA
as clear fluid liquid with an intense smell.

bp.: 92 °C / 50 mbar, lit.: 90-92 °C / 38 Torr?®

!H-NMR (400 MHz, CDCls, ppm): 5.28 (s, 1H, C=CH,), 4.64 (s, 1H, C=CH,), 3.98 (q, J= 7.0 Hz,
2H, -CH,-CH3), 3.56 (t, J= 7.2 Hz, 3H, CH»-CH3s), 0.00 (s, 9H, Si(CHs)s).

13C NMR (100 MHz, CDCl3, ppm): 164.3 (C4), 147.2 (C4), 103.7 (C2), 61.1 (C2), 14.1 (C1), -0.2 (C1).
GC-MS: calculated: 188.09, found: 189.05 [M +H], 173.06 [M —CHs], 115.21 [M —-COOEt],
73.45 [(CH3)sSi]
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1.2.1.2. Synthesis of supersilyl oxyacrylate (SSA)
For the synthesis of supersilyl oxyacrylate SSA a more reactive triflate had to be prepared from

the chlorosilane identical to literature.14”

™S
TMS. L
™S ® R F ™S "0
TMS-Si—-TMS + Ag 0O=S——F 0=$=0
| I _AgC| ']3
Cl o F
FIF
F
TMS\STiMS o o
TMS™" "0 o TEA s, o
o=s=0 * )J\[( ~7 >si” o
13 TMS™ ]
0 ™S
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F SSA

Therefore, 1.00g (3.55 mmol, 1 eq.) chloro supersilane was stirred overnight with 0.91
(3.55 mmol, 1 eq.) silver triflate in 3.5 mL absolute DCM under argon and exclusion of light. The
suspension was decanted the next day and tris(trimethylsilyl)silyl triflate (13) was added without
further purification to 0.41 g (3.55 mmol, 1 eq.) ethyl pyruvate in dry dichloromethane under
argon with 0.36 g (3.55 mmol, 1 eq.) trimethylamine as base.'*” After stirring for 6 h at RT the
mixture was filtrated and extracted with 20 mL 1N HCI, 20 mL saturated NaHCOj3 solution and 20
mL brine. After drying the organic phase with sodium sulfate and removal of the solvent in
vacuum, column chromatography with PE:EE = 92:8 afforded 700 mg (54% of theory) supersilyl
oxyacrylate SSA as viscous oil.

Rf=0.23, PE:EE=92:8

'H-NMR (400 MHz, CDCls, ppm): 5.21 (s, 2H, =CHy), 4.51 (s, 2H, =CH,), 3.98 (q, J= 7.2 Hz, 2H,
0O-CH2-CH3), 1.08 (t, J= 7.1 Hz, 3H, O-CH2-CHs), 0.00 (s, 27H, Si(TMS)3).

13C NMR (100 MHz, CDCl3, ppm): 174.0 (C4), 164.1 (C4), 101.1 (C2), 60.9 (C2), 14.1 (C1), -0.1 (C1).
GC-MS: calculated: 362.16; found: 363.02 [M +H], 347.03 [M -CHzs], 289.02 [M —COOEt], 263.11
[(TMS)sSiO]

Elemental analysis: Calculated: C, 46.35; H, 9.45; O, 13.23 Found: C, 40.74;* H, 9.52; O, 13.09*

*formation of SiC and SiO>
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1.1.2. Synthesis of boron oxy ethyl acrylates
OH

o 0,
I|3 + —_— B—ClI
cl” >cl OH Pentane, 0°C o]

14
For the synthesis of pinacolo chloroborane 14 according to literature, 3.55 g (30 mmol, 1 eq.) dry
pinacol was dissolved in 100 mL dry pentane at 0 °C in argon atmosphere, afterwards 30 mL of a
commercial solution of boron trichloride in hexane (30 mmol, 1eq.) was added carefully.*>! The
unavoidable sideproduct of diborane was filtered off and the filtrate was distilled quickly under
inert conditions at 60 °C and 10 mbar affording 1.80 g (37% of theory) pinacolo chloroborane 14
as highly sensitive liquid. Pinacolo chloroborane 14 is meta stable and can be kept at -80 °C for
two days under slow decomposition. To avoid decomposition the afforded distillate was kept in
action ice slurry at — 80 °C under argon and was directly used for further synthesis.

bp.: 40 °C / 10 mbar, lit.: 31-33 °C/ 3.8 Torr?%!

1.1.3. Synthesis of sulphur oxy ethyl acrylates
For synthesis of phenyl sulfenyl chloride (15), to 10.0 g (46 mmol, 1 eq.) diphenyl disulphane 12.4
g (92 mmol, 2 eq.) sulfuryl chloride were added dropwise while stirring.'>>

S—S

S0,Cl, S<g
O .

After removal of excessive sulfuryl chloride in vacuum with a cooling trap, sulfenyl chloride 15
can be distilled as blood red metastable liquid at 100 °C and 15 mbar. Decomposition of the
distillate takes place if the receiver flask is not cooled. This can lead to a violent explosion, as well
as warming up the substance from the freezer. The compound has to be freshly prepared and
cannot be stored.

Distillation under vacuum with cooled receiver affords 4.3 g (32% of theory) phenyl sulfenyl
chloride (15) as red liquid with suffocating smell.

bp.: 75 °C/ 15 mbar, lit.: 80-81 °C / 20 Torr?®?

1.1.4. Synthesis of phenyl oxycarbonyl ethyl acrylate (PCA)

(0]
o) Pyr, DABCO
©\ Jo 7 O)ﬁ(oa g o)l\o OFt
(0] Cl DCM, RT

0]
90 % ©

PCA
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To synthesize phenyl oxycarbonyl ethyl acrylate PCA a three-necked flask was charged with 20
mL dry DCM under argon. Then 3.1 mL (28 mmol, 1 eq.) ethyl pyruvate were added together with
3.39 mL (42 mmol, 1.5 eq.) dry pyridine. 4.82 g (31 mmol, 1.1 eq.) phenyl chloroformate were
added dropwise diluted in 10 mL DCM while cooling with a water bath. Another 15 mL of DCM
were added to dilute the precipitating pyridine hydrochloride. After 18 h the reaction was not
finished so 4.7 g (42 mmol, 1.5 eq.) DABCO were added. After 2 h complete conversion was
observed by TLC. Therefore, the mixture was subsequently extracted with 2x 60 mL 1N HCI, 60 mL
saturated NaHCO3 solution and 80 mL brine. The combined organic phase was dried with Na;SO4
and the solvent stripped off in vacuum. Column chromatography with PE:Et,O = 1:1 afforded
5.8 g (88% of theory) phenyl oxycarbonyl ethyl acrylate PCA as slightly yellow oil after removal of
solvent in vacuum.

Rf= 0.6, PE:Et,0 =1:1

mp.: ~8 °C

'H-NMR (400 MHz, CDCls, ppm): 7.40-7.10 (m, 5H, Ar-H), 6.04 (s, 1H, =CH,), 5.60 (s, 1H, =CH,),
4.24 (q,J=7,22 Hz, 2H, O-CH>-CH3), 1.27 (t, J=7,22 Hz, 3H, O-CH>-CH3)

13C NMR (100 MHz, CDCls, ppm): 161.0 (C4), 151.3 (C4), 150.9 (C4), 144.7 (C4), 129.6 (C3), 126.5
(C3),120.8 (C3), 113.9 (C2), 62.1 (C2), 14.1 (C1).

Elemental analysis: Calculated: C, 61.02; H, 5.12; O, 33.86; Found: C, 61.59;* H, 5.16; O, 32.49

1.3. Testing AFCT Reagents in Monofunctional Systems

1.3.1. Photo-DSC

For the DSC measurements 20 mol% of chain transfer reagent and 1wt% of Ivocerin as
photoinitiator were mixed with 1000 mg benzyl methacrylate BMA on a Vortex mixer in brown
glass vials.

The Photo-DSC measurements were conducted on a Netzsch DSC 204 F1 with auto-sampler at
25 °C under nitrogen atmosphere. Photoreactivity of the monomers was tested by weighing
accurately 10 to 11 mg of the sample into an aluminum DSC pan with an Eppendorf pipette, which
was subsequently placed in the DSC chamber after closing it with a glass lid. The sample chamber
was purged with a N2 flow (~ 20 mL min-1) for 4 min. Afterwards the samples were irradiated
with filtered UV-light (400 — 500 nm) from an Exfo OmniCure S2000 broadband Hg-lamp with a
light intensity of 1 W cm™ at the end of the light guide. The samples were exposed to light twice

for 300 s, and the heat flow was recorded as a function of time.
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The rate of polymerization and DBC was calculated with the theoretical heat for benzyl

142

methacrylate of 56 kJ/mol, taken from literature!*? according to the general procedure in

chapter 5, page 177.

1.3.2. NMR

Directly after DSC measurements the aluminum pans with polymer sample were transferred from
the autosampler into 2 mL glass vials and 0.7 mL of deuterated chloroform were added. The
polymer samples were dissolved by shaking and transferred to brown NMR tubes with a syringe.
'H-NMR spectroscopic analysis of conversions were recorded with a Bruker AC 400 spectrometer
at 400 MHz, using CDCl; as a solvent (deuteration > 99.5%). The solvent signal was used as
internal reference for shifts.

The resulting spectra were evaluated by integration of the double bond peaks of the CTAs and
monomer. (Figure 87) The O-CH»-Ph signal of benzyl methacrylate at 5.2 ppm was used as internal
standard. For determination of the consumption of monomer the double bond signals at 6.2 ppm
(s, 1H, =CH3) and 5.6 ppm (s, 1H, =CH;) were used. The consumption of CTA was determined the

same way by integration of the corresponding double bonds signals.

] Lo ] [+
* * + *

I

—
6.0 5.5 5.0

Figure 87. NMR of BMA with 20 mol% trimethylsilane oxyacrylate TMSA
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Spectra were measured before and after polymerization. Double bond conversion could be easily
determined by the integrals of the double bonds before (I,) and after curing (I) as shown in

equation 8.

DBC% = (1-+) X 100 Equation 8
0

1.3.3. Size exclusion chromatography (SEC)

Size exlusion chromatography (GPC) was performed with a Waters GPC using three columns
connected in series (Styragel HR 0.5, Styragel HR 3 and a Styragel HR 4) and a Waters 2410 RI
detector. The columns and detector were maintained at 40 °C and a flow rate of 1.0 mL min"t was
used. Polystyrene standards were used for molecular weight calibration and abs. THF stabelized
with BHT was used as solvent.

For the sample preparation 0.5 mL of the NMR samples were transferred to a SEC analysis vial
and diluted with 1.5 mL THF.

The baseline was set from a stable plateau before the polymer peak to the stable plateau before
the injection peak. Then the area for automatic integration was set to the beginning and end of
the polymer peak. The molecular weight and distribution was automatically calculated by the

OmniSEC operating software.

1.4.  Testing AFCT Reagents in Difunctional Systems

1.4.1. RT-NIR Photorheology

Sample mixtures were prepared with dimethacrylate monomer DMM containing 0.3 wt% of
Ivocerin as photoinitiator and 10 db% or 20 db% chain transfer agent respectively. Double bond
percent (db%) are mol% calculated on the total molar amount of doublebonds.
Real-Time-NIR-Photorheology experiments were conducted on an Anton Paar MCR 302 WESP
with a P-PTD 200/GL Peltier glass plate and a PP25 measuring system. A Bruker Vertex 80 FTIR

spectrometer is additionally coupled with the rheometer.
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Figure 88. Determination of the gel point by intersection of G’ and G”’

For the experiments, 130 ul of sample mixture were transferred to the center of the glass plate.
The head of the rheometer is lowered to a measuring position of 200 um. The formulations were
subjected to an oscillatory stress with an angular strain of 1% and a frequency of 1 Hz.
Photopolymerization was started by blue light (300 s, 400-500 nm, 0.5 W/cm?) guided to the
sample from underneath by a waveguide using an Exfo OmniCure TM 2000 broadband Hg-lamp
light source with 400-500 nm filter. The IR beam passes through the sample and is reflected by
the rheology head before returning to an external MCT detector. During the measurements, the
storage modulus G’, the loss modulus G”” and the normal force Fn were recorded. The double
bond conversion (DBC) was determined by recording a set of single spectra (time interval = 0.47s)
and then integrating the respective double bond bands at ~6160 cm™. All spectra were exported
into AClI-format using the software OPUS from Bruker. The area of the double bond signal at the
start and during the measurement were used to calculate the DBC with time. DBC at the point of

gelation is defined by the time at which the storage and loss modulus intersect. (Figure 88)

1.4.2. Dynamic mechanical thermal analysis (DMTA)

For the DMTA measurements mixtures with dimethacrylate DMM were prepared containing 10
or 20 db% CTA and 1 wt% Ivocerin as photoinitiator. The samples were mixed on a vortex mixer
until a homogenous formulation was obtained. Afterwards the mixture was filled into a
transparent silicone mold (Elastosil RT 601, 4 x 0.5 x 0.2 cm) and the samples were irradiated
twice at RT for 10 min in an Ivoclar Lumamat light oven (400-500 nm). Between the irradiations
the samples were turned upside down to ensure homogenous curing.

Afterwards the cured sample sticks were grinded to perfect geometry with grinding paper (grade

1000). The samples were placed into an Anton Paar MCR 301 DMTA device with a CTD 450 oven
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and a SRF 12 measuring system. The samples were cooled to -100 °C and heated to 200 °C with
2 °C mint while 1% torsion stress is applied at a frequency of 1 Hz.

The storage-, loss modulus and dissipation factor tan 6 was obtained as function of temperature.
The glass transition was defined as maximum of tan & and the sharpness described by the full

width at half maximum (FWHM)

2. Hydrogen abstraction fragmentation chain transfer (HAFCT)
2.2.Selection and synthesis of HAFCT compounds
2.2.1. Synthesis of 1,5-dimethoxy cyclohexa-1,4-diene (DCH)
Dimethoxy cyclohexadiene DCH had to be prepared via Birch reduction according to literature as
a precursor and was further used for the synthesis of cyclohexadiene transfer agents.®!

0 O NHs, Li 0 O

DCH

For the synthesis of 1,5-dimethoxy cyclohexa-1,4-diene DCH 6.0 g (43.4 mmol, 1 eq.) dimethoxy
benzene was dissolved in 16 mL dry diethyl ether under inert atmosphere and 180 mL ammonia
was condensed into the solution at -70 °C. Then 1.51 g (217 mmol, 5 eq.) lithium were added as
metal wire and dissolved within minutes resulting in a deep blue solution of solvated electrons.
After 2 h the reaction was quenched carefully over 30 min with 20 mL ethanol and the resulting
decolorized was mixture warmed up to room temperature. Afterwards it was extracted with 140
mL saturated ammonium chloride solution. The organic phase was dried twice with 30 mL brine
and NazSOas. Then the solvent is stripped off under vacuum and yielded 5.53 g (91% of theory)
pure 1,5-dimethoxy cyclohexa-1,4-diene DCH as colourless liquid.
R=0.27, PE:EE =98:2
'H-NMR (400 MHz, CDCls): 4.31 (m, 2H, CH), 3.51 (s, 6H, CHs), 2.65 (m, 4H, CH,).
GC-MS: 140.09 [M+], 139.21 [M-H], 124.20 [M-CHs], 110.21 [M-2CHs], 109.23 [M-OCHzs], 94.25
[M-CH3-OCHjs]

2.2.2. Synthesis of 1-(t-butyl dimethyl silyl)-1-methyl dimethoxy cyclohexadiene (SiDCH)
For the synthesis of 1-(t-butyl dimethyl silyl)-1-methyl dimethoxy cyclohexadiene SiDCH, a one

pot synthesis ident to literature was conducted.'®®
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First 4.91 g (35 mmol, 1 eq.) dimethoxy cyclohexadiene DCH was dissolved in 100 mL absolute
THF under argon and cooled to -60 °C. Then the mixture was treated with 22.6 mL (38.5 mmol,
1.1 eq.) tert-butyl lithium (1.7 M in pentane) over 30 min. Then 4.5 g (38.5 mmol, 1.1 eq.)
tetramethylene diamine (TMEDA) were added dropwise within 5 min. The resulting yellow
solution was stirred 90 min. Then 12.9 mL (38.5 mmol, 1.1. eq.) of a 3 M tert-butyl dimethyl
chlorosilane solution in THF was added dropwise at -60 °C over 10 min. Next the mixture was
allowed to warm up to RT and stirred for another 90 min.

A precipitate of LiCl can be observed. In the last step, the solution was again cooled to -15 °C and
treated with 15.4 mL (38.5 mmol, 1.1. eq.) of a n-butyl lithium solution in hexane over 15 min,
resulting in deep orange solution. The reaction was stirred for another 60 min at -15 °C. For the
methylation 4.74 g (38.5 mmol, 1.1. eq.) dimethyl sulfate (DMS) were added within 5 min
resulting in instant fade of color. After 30 min at RT the reaction was quenched with 40 mL water
and extracted. The organic phase was washed twice with 40 mL H,O and 40 mL brine. After
drying the organic phase with Na;SOa4 the solvent was stripped off in vacuum. The crude oil was
purified by column chromatography (PE:EE = 98:2). To further improve the purity the compound
was recrystallized from 10 mL MeOH twice and afforded 4.77 g (51% of theory) pure 1-(t-butyl
dimethyl silyl)-1-methyl dimethoxy cyclohexadiene SiDCH as colorless crystals.

Rf=0.49, PE:EE = 98:2

mp.: 34.3 - 34.9 °C, lit.: 32-33 °C 2%

1H-NMR (400 MHz, CDCl3): 4.36 (t, Jun = 3.7 Hz, 2H, C=CH), 3.12 (s, 6H, O-CHs), 2.88-2.86 (m, 2H,
CH-CH,), 1.67 (s, 3H, C=C-C-CH3), 1.07 (s, 9H, Si-C-CH3s), 0.27 (s, 6H, Si-CHs)
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13C NMR (100 MHz, CDCls, ppm): 158.9 (C4), 88.7 (C3), 53.2 (C1), 35.8 (C4), 27.5 (C1), 24.7 (C2),
20.3 (C1), 19.4 (C4), -4.5 (C1).

GC-MS: 269.99 [M+H], 268.02 [M+], 253.16 [M-CHs], 212.10 [M-t-Butyl], 195.12 [M-t-Butyl,-CHs],
179.15 [M-t-Butyl,-OCHs], 153.16 [M-(Si-R)], 152.16 [M-(Si-R),-H], 138.18 [M-(Si-R),-CHs], 121.21
[M-(Si-R),-OCHs], 107.19 [M-(Si-R),-OCH3 -CHs], 91.19 [M-(Si-R),-OCH3 -2CHs]

2.3.Testing HAFCT reagents in monofunctional systems
2.3.1. Photo-DSC
Photo-DSC measurements were conducted according the general procedure and with 400-

500 nm at 1 W cm™. See chapter 1.3.1, page 185.

2.3.2. NMR
Sample preparation and evaluation of monomer conversion see exp. chapter 1.3.2, page 186.

Evaluation of HAFCT reagent conversion see chapter 2.3.2, page 144.

2.3.3. Size exclusion chromatography (SEC)

SEC measurements were conducted and evaluated as described in chapter 1.3.3, page 187.

2.4. Testing HAFCT reagents in difunctional systems
2.4.1. RT-NIR Photorheology
Rheometry measurements were conducted and evaluated as described in exp. chapter 1.4.1,

page 187.

2.4.2. Dynamic mechanical thermal analysis (DMTA)

DMTA measurements were prepared and conducted as described in exp. chapter 1.4.2, page 188.

2.5. Anti-oxygen inhibition - photoreactor tests
The polymerization of benzyl methacrylate BMA under air or argon in deuterated benzene was

performed in a light reactor seen in Figure 89.
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Figure 89. Dimensions of the glass photoreactor

For the polymerization of benzyl methacrylate BMA, 2 mL deuterated benzene were put into the
reactor together with a 4 mm magnetic stirrer under exclusion of light. After 3 mol% of Ivocerin
as photoinitiator and anti oxygen inhibition reagent were added, the solution was purged over a
septum with argon or air for ten minutes. Irradiation was performed with a 400-500 nm filtered
OmniCure mercury lamp system at a low light intensity of 3 mW/cm? on the sample.

Irradiation was performed in a “stop and go” method. Therefore the irradiation time was set to
500s and samples were drawn after every exposure. This was repeated for three times. After
each irradiation 0.6 mL of sample were transferred into a brown glass NMR tubes and measured
subsequently after finishing the series of exposure.

Evaluation of conversion was performed by integration of the double bond peaks of BMA at
6.2 ppm and 5.6 ppm respectively in the same way as for the DSC-NMR samples in chapter 1.3.2,

page 186.

Material and Methods

Chemicals

All chemicals not synthesized were purchased from different chemical suppliers and used as
received unless otherwise noted. (Table 27)

THF was received in absolute quality. Dichloromethane (DCM) used for synthesis was of high

purity grade from an absolution device.
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Urethane dimethacrylate (UDMA M44311), 1,10-decanediol dimethacrylate (DsMA N01688) and
bis(4-methoxy phenoyl)diethyl germanium (lvocerin©) were obtained from Ivoclar Vivadent and
used as received.

Hexanediol diacrylate HDDA and polyethyleneglycol diacrylate PEG700DA were received form
Sigma Aldrich and used as received.

All chemicals that were light sensitive were handled under exclusion of light (orange light).

Table 27: Applied reagents for synthesis

Substance ‘ Distrubutor
2-Hydroxy-2-methylpropiophenone (SC73) Lambson
2-Hydroxy-4'-(2-hydroxyethoxy)-2-

Methylpropiophenone (2959) Ciba
3-(4-Benzoylphenoxy)-2-hydroxy-N,N,N-
Trimethyl-1-propanaminium chloride (BPQ) Rahn
4,4-Dimethyldihydrofuran-2,3-dione Sigma Aldrich
4-Benzoyl-4’-methyldiphenyl sulphide Lambson
Acetone Donau Chem
Acetonitrile 99.9% Acros
Benzophenone TCl

Bromine Merk

BMS Lambson
Chlorotris(trimethylsilyl)silan TCI

DABCO 98% TCI
Dichloromethane Fluka
Dichloromethyl methyl ether ABCR
Diethylether Donau Chem
Diethyloxalate Sigma Aldrich
Diethyl acetylphosphonate TCl

Dimethyl ethanolamine Sigma Aldrich
Dicyclohexylcarbodiimide Sigma Aldrich
Diphenyldisulfide Fluka
Ethanol, denatured AUSTRALCO
Ethanediol Sigma Aldrich
Ethyl 3-methyl-2-oxobutyrate Sigma Aldrich
Ethyl acetate Donau Chem
Ethyl diazoacetate Sigma Aldrich
Ethyl pyruvate TCl
Isopropylbromid Sigma Aldrich
Methyl diethanolamine Fluka
Methanol Donau Chem
N,N-dibutylamine Fluka
Pinacolone Sigma Aldrich
Pinacol TCI
Phenylglyoxylate na
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Phenylchloroformate TCI

Pyruvic acid TCl

Silver triflate TCI

Silver(l) oxide Sigma Aldrich
Sodium p-toluenesulfinate Fluka

Sulfuric acid na

THF Merk

Thionyl chloride 99.7% Acros
Triethyl phosphono acetate TCI

Trimethyl chlorogermane TCl

Trimethyl chlorosilane Acros
Toluene Fluka

Tosyl chloride Sigma Aldrich
Triethylamine 99% Sigma Aldrich

All solvents and chemicals were applied in a quality common for organic synthesis.

TLC

(TLC) aluminum foils, coated with silica gel 60 F254 from Merck were used.

Melting points

Melting points were obtained from an Optimelt MPA100 automated melting point apparatus.

GC-MS
Measurments were conducted on a Thermo Scientific GC—MS DSQ Il using a BGB 5 column (I =30
m, d = 0.32 mm, 1.0 um film, achiral) with the following temperature method (injection volume:

1 pL): 2 min at 80 °C, 20 °C min~* until 280 °C, 2 min at 280 °C.

NMR
Spectra (400 MHz for *H and 100 MHz for 13C, respectively) were recorded with a Bruker AC 400
spectrometer, using CDCls or CsDs as a solvent (deuteration >99.5%). The solvent signal was used

as internal reference.

Photo differential scanning calorimetry (Photo-DSC)
The photo differential scanning calorimetry (photo DSC) is a powerful and easy method to

characterize a photopolymerizable system.
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Figure 90. Cross-sectional drawing of a photo-DSC measuring device and resulting calorigram

During polymerization heat is generated by the chain reaction of double bonds. The difference
in heat flow to a non-reactive reference, the exothermic reaction during polymerization, is
detected and delivers several important parameters. (Figure 90) The time to maximal rate of
polymerization (tmax) shows how quick the reaction is in the beginning. The height of the peak
maximum (q) is used to calculate the maximum rate of polymerization Rp. The faster tmax and the
higher Rp is the more reactive is a system. The area of the peak (Hp) displays the total energy yield
of the reaction. With the theoretical heat of polymerization of a monomer, the conversion can
by determined by Hy. Time to attain 95% conversion (tos) is defined as the time required for

conversion to equal 95% of total DBC. The higher tgs is, the longer full curing takes.

RT-NIR Photorheology
Experiments were conducted on an Anton Paar MCR 302 WESP with a P-PTD 200/GL Peltier glass plate
and a PP25 measuring system. A Bruker Vertex 80 FTIR spectrometer is additionally coupled with the

rheometer.

DMTA

Anton Paar MCR 301 DMTA device with a CTD 450 oven and a SRF 12 measuring system
Viscoelasticity is the characteristic that polymers, if they are exposed to an external load, show
frequency and temperature dependent mechanical properties.

Dynamic mechanical thermal analysis (DMTA) measures the storage and loss modulus as a
function of temperature. This is achieved by applying a sinusoidal mechanical stress o(t) to the
sample to produce a sinusoidal strain g(t) of preselected amplitude. The sinusoidal strain is
delayed by a phase angle 6 from the applied stress, because of the viscoelastic manners of the
material. (Figure 91)

The complex modulus E* is defined by the ratio between stress and deformation, with the real

component E’ and the imaginary component E".
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Figure 91. Schematic plots for stress and strain during DMA experiment for viscoelastic behavior?%*

These two moduli characterize the mechanical properties of materials. E' is called the storage
modulus and describes the elastic behavior of materials like rigidity and stiffness. E" is called the
loss modulus. It defines the viscous behavior of a material, how fluid or rubbery a material is. By
the ratio of the two moduli the parameter tan & is defined (tan 6 = E"/E'). It shows the ratio of
energy loss and energy storage in each deformation cycle.?% The viscous behavior, the dissipated
energy during deformation, is represented by the loss modulus and the elastic behavior, the
guantity of stored energy during deformation, is represented by the storage modulus (equates
the Young’s modulus). The phase shift between them is the so called loss factor (tan §). In the
range of the Tg a decrease of the storage modulus can be observed which is typical for

(semi)crystalline materials. (Figure 92)
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Figure 92. Temperature dependency of the storage modulus?®
The value of the loss modulus runs through a relative maximum at the glass transition
temperature. It is possible to obtain the Tg from the inflection point of the storage modulus (Tg,
storage modulus) and from the relative maximum of the loss modulus (Tg, loss modulus) and the

loss factor (Tg tan8). All three values differ slightly from each other. 24 In this study Tgwas defined

as the maximum tan 6.
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Abbreviations

A difference

°C degree(s) Celcius

AFCT addition fragmentation chain transfer
ATRP atom transfer radical polymerization

AU absorption units

BMA benzyl methacrylate
co carbon monoxide

Cr chain transfer constant
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CTA chain transfer agent

CTA chain transfer agent

D3MA  decandiol dimethacrylate
DABCO 1,4-diazabicyclo[2.2.2]octane

DB double bond

db% double bond percent

DBC double bond conversion

DBCq double bond conversion at gelpoint

DBPO dibenzoylperoxide

DCM methylene chloride

DIPEA  diisopropyl ethyl amine

DMAP  4-(dimethylamino)pyridine

DMF dimethyl formamide

DMM dental methacrylate mixture

DMTA  dynamical mechanical thermo analysis

DSC differential scanning calorimetry
EDB ethyl-4-dimethylaminobenzoate
EE ethyl acetate

EP ethyl pyruvate

eq. equivalent

Fn normal force

FT-IR Fourier transformed infrared

G’ storage modulus

G” loss modulus

GC-MS gas chromatography-mass spectrometry
HAFCT  hydrogen abstraction chain transfer
hydrogen abstraction fragmentation chain
transfer

HDDA  hexanediol diacrylate

HDDMA hexanediol dimethacrylate

HOMO highest occupied molecular orbital

IARC International Agency of Cancer Research
LED light emitting diode

LUMO lowest unoccupied molecular orbital
mbar millibar

MDEA  methyl diethanolamine

HAFCT

min minutes

mL milliliter

mM millimolar

mmol millimol

Mn number average molecular weight
mol% mole percent

Mp melting point

MPa mega Pascal
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MPLC

n D20

n D25

NIR
nm
NMP
NMR
Pa
PDI
PE
PEG
Ph

Pl

Pl

ppm

RAFT
Rt

Re

RT

RT
RT-NIR

SEC

tos
tan 6
TEA

THF
TLC
tmax
tmax
UDMA
uv

Vis
VOC
w%
AHp

medium pressure liquid chromatography
Newton

refractive index at 20 °C

refractive index at 25 °C

near infrared

nanometer

nitroxide mediated polymerization
nuclear-magnetic-resonance
Pascal

polydispersity index
petrolether

polyethylene glycol

phenyl group

photoinitiator

photo initiator

parts per million

evolved heat at maximum rate of polymerization
reversible addition fragmentation chain transfer

relate to front

maximal rate of polymerization
room temperature

room temperature

real time near infrared

seconds

size exclusion chromatography
time to 95% of total conversion
dissipation factor
triethylamine

time to gelation
tetrahydrofuran

thin layer chromatography
time to maximum rate of polymerization
time to maximal rate of poymerization
urethane dimethacrylate

ultra violet

visible light

volatile organic compound
weight percent

heat of polymerization

molar extinction coefficient
wavelength
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