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Abstract

Photo-induced radical polymerization plays an important role in modern industrial
applications. Various photoinitiators were developed to cater the different requirements. Type
I initiators, on which the focus lies here, are usually more reactive than type II initiators,
which is caused by a necessary bimolecular reaction of the later. Oxygen inhibition
additionally leads to serious problems. Chemical and physical strategies were developed to
minimize this effect. Several studies focus on the kinetic effect of oxygen inhibition but
mechanistic approaches are rare.

This thesis focuses on two main parts; first, oxygen effects on initial stages of photo-induced
radical polymerization and second, a new germanium based photoinitiator. The mechanistic
investigation of oxygen effects is mainly based on CIDNP spectroscopy, supported by EPR,
MS, NMR and kinetic simulations. The characterization of intermediates and follow-up
products helped to develop ideas for oxygen dependent reaction mechanisms. There are
significant correlations between the oxygen concentration, the photoinitiator type and
decarboxylation.

I extended the mechanistic approach from the initiators to photo-induced radical
polymerization processes. Oxygen dependent follow-up products of the initiators in the
presence of butyl acrylate were detected. It was possible to observe double bond conversion
depending on the oxygen concentration and to trap intermediate radicals. Additionally I
determined addition rate constants and performed kinetic simulations of the suggested
mechanisms.

The second part is related to a newly developed promising photoinitiator. Here I
characterized its photoreactivity, polymerization ability and determined addition rate
constants. In context of the established photoinitiators, the reactivity towards oxygen was
tested and oxygen dependent products were characterized. This new germanium based
initiator showed promising results, as it could theoretically form up to eight radicals.







Zusammenfassung

Lichtinduzierte radikalische Polymerisation spielt eine bedeutende Rolle in modernen
industriellen Anwendungen. Unterschiedliche Photoinitiatoren wurden entwickelt um den
mannigfaltigen Bedingungen gerecht zu werden. Typ I Initiatoren, auf welche ich mich hier
konzentriere, sind im allgemeinen reaktiver als Typ II Initiatoren, was mit notwendigen
bimolekularen Reaktionen zur Aktivierung des Initiators zusammen héngt. Ein wichtiger
Aspekt bei Photopolymerisationen ist die Inhibierung durch Sauerstoff. Um diesem Problem
entgegen zu wirken wurden physikalische und chemische Strategien entwickelt. Der
kinetische Effekt der Sauerstoffinhibierung ist gut untersucht, jedoch sind mechanistische
Studien rar.

Die vorliegende Arbeit gliedert sich in zwei Hauptteile. Den ersten Fokus lege ich auf
Sauerstoffeffekte im Initiierungsschritt und der zweite Teil befasst sich mit einem neuen
vielversprechenden germaniumbasierten Photoinitiator.

Die mechanistische Untersuchung der Sauerstoffinhibierung basierte vorwiegend auf CIDNP
Spektroskopie, welche mit EPR, MS, NMR und kinetischen Simulationen erginzt werden.
Ich charakterisiere Zwischen- und Folgeprodukte und entwickle Vorschlige fiir
sauerstoffabhiingige Reaktionsmechanismen. Die Ergebnisse zeigen aussagenkriftige
Korrelationen  zwischen  der  Sauerstoffkonzentration, dem  Initiatortyp  und
Decarboxylierungsreaktionen.

Ich habe den mechanistischen Ansatz von den Photoinitiierungsprozessen auf
Photopolymerisationsprozesse ausgeweitet und untersuche die sauerstoffabhiingige Bildung
von Folgeprodukten in Anwesenheit von Butylacrylat. Es ist moglich die sauerstoffabhiingige
Umsetzung von Doppelbindungen zu beobachten. Intermediate konnten erfolgreich gefangen
und  charakterisiert =~ werden.  Zusidtzlich  war es  erfolgreich  Additions-
Geschwindigkeitskonstanten zu bestimmen, welche die vorgeschlagenen Mechanismen mit
kinetischen Simulationen bekréftigen.

Der zweite Schwerpunkt befasst sich mit der Charakterisierung eines neuen
vielversprechenden germaniumbasierten Initiators. Ich habe die Photoreaktivitit und die
Fahigkeit zur Photopolymerisation gepriift. In diesem Zusammenhang wurden
Geschwindigkeitskonstanten bestimmt und Polymertestkorper hergestellt. Die Effekte, Rund
um die Sauerstoffinhibierung spielen auch hier eine wichtige Rolle und wurden eingehend
untersucht. Dieser neue auf Germanium basierende Initiator zeigt, unteranderem durch die
Moglichkeit der Bildung von bis zu acht Radikalen, vielversprechende Ergebnisse.
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General Introduction

1 General Introduction

Photochemistry covers a wide important field, from natural processes to industrial
applications. There are numerous examples of photo-induced reactions that are important in
nature. One of the most important is photosynthesis, which is a chlorophyll based energy
conversion process. Not of minor importance is Vitamin D, which is essential for humans and
is only produced when UVB light is present. Deep-water fishes, that use bioluminescence for
hunting, are another example. In technical aspects photo chemistry is applied in several
fields, from water treatment, organic synthesis to polymerization and many more.'”

Photopolymerization was early applied to obtain polymer chains and since then this technique
was steadily improved. Photopolymerization is nowadays the method of choice for all kinds
of coatings. Photolithography is used for 3-D printing and in semiconductor industry. Even
for medical purposes like in dentistry photochemistry is applied.“f6

Because of its advantages, the importance of photopolymerization is increasing. One
advantage is the possible use of solvent-free formulations for coatings. This cuts production
costs and is environmentally beneficial. Compared to thermally-initiated systems less energy
is required and new LED technologies increase this benefit even more. Other advantages are
a high spatial resolution and high curing speed.’

One of the main drawbacks of photo-induced radical polymerization is caused by oxygen
inhibition. Oxygen can react with radicals and forms less active peroxides. Further oxygen
quenches the excited state of the photoinitiator and singlet oxygen, which is highly reactive
(i.e. it causes oxidative stress and can lead to cancer), might be formed.

This thesis consists of 6 chapters and starts with a general introduction. Chapter 2 provides
information about the theoretical background and chapter 3 contains a description of all
applied experimental techniques, methods and sample preparation and it is presenting
experimental details. The present work focuses on two aspects; first the impact of oxygen on
photoinitiators and on photopolymerization and second the characterization and evaluation of
a new promising photoinitiator.

Chapter 4 presents the results of my studies on 2-hydroxy-2-methyl-1-phenylpropan-1-one,
which is an industrially applied photoinitiator. The oxygen dependent reactivity and products
of the photoinitiator and photoinitiating processes were studied. 1 developed oxygen
dependent reaction mechanisms and simulated the obtained experimental data with a kinetic
modelling program. The backbone of these results, are NMR and especially CIDNP based
experiments.

Chapter 5 focuses on phenyl-bis-(2,4,6-trimethylbenzoyl) phosphine oxide, which is also an
industrially applied photoinitiator. Additionally to mechanistic studies and product
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characterization like in chapter 4, I obtained oxygen dependent kinetic data. It was possible to
differentiate between bulk effects, thermal diffusion and oxygen inhibition with live view
thermal imaging. The part concerning thermal imaging was recently published.® The
phosphorous containing initiator enabled us to apply 3'P_.NMR and *'P-CIDNP experiments.

Chapter 6 Here I characterized the photoinitiator abilities of tetramesitoylgermane. This
promising photoinitiator has been synthesized in the Group of Prof. H. Stiiger (TU Graz). The
interesting mechanism of the novel photoinitiator shows radical formation and radical
addition to monomers. The curing properties for various monomer formulations were tested
and I studied the oxygen effects on this photoinitiator and compared the outcomes with the
other investigated initiators. Parts of these results will be published soon.
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2 Theoretical Background

2.1 Photoinitiators and Photo-Induced Radical Polymerization

For successful photo-induced radical polymerization efficient photoinitiators are required and
developing new initiating systems and improving existing initiators are ongoing processes.
Efficient photoinitiators must fulfill several criteria. They need to absorb at a desired
wavelength with a high quantum yield and the active species formed upon photolysis (i.e.
radicals) should show high reactivity towards monomers.*”

In general, one differentiates between two types of photoinitiators. Norrish type I initiators
undergo o or  homolytic cleavage and form directly two radicals. This unimolecular reaction
is often considered to be faster than the bimolecular Norrish type II initiation process. Light
at a reasonable wavelength for the o or B cleavage is required. The initiating radicals are
mainly formed in the excited triplet state (T;). The triplet state is reached via excitation of the
initiator to the excited singlet state (S;) followed by intersystem crossing (ISC). A sensitizer
can be added in case the initiator does not absorb at a desired wavelength. In this case the
sensitizer is excited to a triplet state and a radiationless energy transfer from the sensitizer to
the initiator occurs.

Scheme 1. Examples for typical Type I photoinitiators. a) benzoin derivatives, b) hydroxyalkylphenones and c)
arylphosphine oxides.'®

Depending on the substituent of the a carbon either a or B cleavage is preferred. When i.e.
halogens are situated next, the bond cleaves at the p position.'"'?

o) N 9
V L]
—_— .
a cleavage Q)H(OH ©) Fom
A1
O hy (0]
B cleavage &Cl —_— > ©)K
(¢]]

Scheme 2. Examples for an a and a P cleavage. a cleavage of an o-hydroxy ketone (2-hydroxy-2-methyl-1-
phenylpropan-1-one) and  cleavage of 2-chloro-1-phenylethan-1-one.

In this present work I focused on initiators, which undergo o cleavage. The results for the a-
hydroxy ketone, 2-hydroxy-2-methyl-1-phenylpropan-1-one A1, which is displayed in
Scheme 2 and the bisacylphosphine oxide, phenyl-bis-(2,4,6-trimethylbenzoyl) phosphine
oxide, which is a derivative of compound ¢ in Scheme 1, are described here.
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Type II initiators, as already mentioned undergo a bimolecular reaction. They require a
hydrogen-atom source for activation. They can either directly abstract a hydrogen-atom or,
more commonly involve a proton coupled electron transfer (PCET). Direct hydrogen-atom
abstraction is observed i.e. for alcohols and ethers. Electron transfer reactions are common
for secondary and tertiary amines. "

i r

o
a b

Scheme 3. Common Type II photoinitiators. a) benzophenone and b) dibenzoyl or benzil."°

Type 1II initiators can undergo two different initiation processes as displayed below. Both
result in the formation of two uncharged radicals. The formed diphenylmethyl-ol radical
tends to dimerize and generally the polymerization is initiated by the amine (co-initiator). A
disadvantage of type II initiators is their reduced curing speed through the bimolecular
process. At advanced polymerization state the diffusion is hindered and bimolecular reactions
become less probable. Type II initiators require longer excited state lifetimes. This becomes
problematic when oxygen is involved in competitive reactions.'* "’

OH
R1
[ ]
+ N__R
> P
R Rs O O RS Y1
2

0 H* transfer

-
o ‘;\‘ R OH

H* transfer

e transfer

Scheme 4. Initiation process of benzophenone. With an amine first an electron transfer occurs, which is followed by a
proton transfer. With alcohols direct hydrogen-atom abstraction takes place.

As mentioned before, these initiators are used for photo-induced radical polymerization in
various industrial applications such as, coatings, electronics, 3-D printing, dentistry and many
more. The photo-induced radical polymerization consists of 3 main steps; the excitation and
cleavage of the initiator, the first radical addition to the monomer and the chain propagation.

. . . . . . . 18.1
Moreover radical disproportionation and termination reactions occur. 819
hv first addition propagation
AB——>» A+ B—> AM+-+ BM+ —>_  polymer
i M l
follow-up products follow-up products

Scheme 5. General reaction scheme for photo-induced radical polymerization.
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2.2 Oxygen Inhibition in Photo-Induced Radical Polymerization

Photo-induced radical polymerization with all its advantages and its wide field of applications
has one serious drawback; inhibition by molecular oxygen. The inhibition causes incomplete
curing, with tacky surfaces and in some cases the whole curing process fails.'>*%*!

For easier handling and to reduce cost, industrial photopolymerization is often performed
under atmospheric conditions. To reduce the impact of oxygen, alternative polymerization
methods were developed. Thiolene systems and cationic polymerization of epoxides are less
sensitive towards oxygen, but their application range is limited due the availability of various
monomers. Often heterocyclic monomers i.e. oxirane and thietane are used. The release of
the ring strain drives the reaction. Cationic epoxide polymerization has advantages in
negative resist photopolymerization.”>2® As radical photopolymerization cannot always be
replaced by alternative methods, oxygen inhibition needs to be understood.

Oxygen inhibition is a complex process. Scheme 6 represents general reaction pathways for
photopolymerization, oxygen inhibition, oxygen scavenging and reinitiation processes.”’ >

in the absence of oxygen

hv'@ M M
Pl Y 3 [PIT — 3 2R* — » M,* ———»  polymer
0,® or additive loz(d) MK
sensitizer )
i N o. 02(1)
R 0e * M7 ~Oe
S0s© ] |
SOS-OZ - 02
¢ RA(®) ¢ DH® ¢Mm(g)0 ¢ RH®M
_O___RA® _O. + De M/O\O’M"‘ M/O\OH . Re
M, O My OH n n stable
¢ w w
O=RA + M,-O ® M,-O® + M-0® M,-0°+H-0°®

Scheme 6. Overview of radical photopolymerization in the absence and presence of oxygen. a) excitation of the
initiator to the triplet state, b) oxygen dependent triplet quenching leads to singlet oxygen, c) reaction of singlet
oxygen with a singlet oxygen scavenger. Reactive radicals Re initiate polymerization (M,) via addition to monomer M
and chain propagation leads to polymer. d) oxygen adds to radicals and forms less reactive peroxyl radicals.
Reinitiation is possible by adding e) reducing agents RA and f) hydrogen-atom donors DH. i) peroxide decomposition
of peroxides formed via termination reactions, i.e. with M or hydro%en-atom abstraction from RH. k) newly via
reinitiation processes formed radicals can proceed the polymerization.”>*°
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When oxygen is present two different inhibition processes occur. The oxygen ground state is
a triplet, therefore it can effectively quench the excited triplet state of the photoinitiator and
singlet oxygen is formed. Singlet oxygen is very reactive and can form further reactive
oxygen species, which can lead to unwanted side products and incomplete curing. To avoid
these effects, singlet oxygen scavengers can be added. The triplet quenching does not result
in consumption of the initiator, which can be excited again. The second oxygen inhibiting
process is the reaction of oxygen with initiator radicals. In this work I focus on this second
case and its follow-up processes. Here, the initiator is consumed and peroxyl radicals are
formed. Termination reactions can occur, and depending on the reaction conditions the
predominantly formed peroxides can decompose. The addition of oxygen to carbon centered
radicals is two to four orders of magnitudes faster than the radical addition to the monomer.
Oxygen addition rates are reported to be significantly higher than 5 x10* M™' s and therefore
are often within the diffusion controlled range.”' ™’

The formed peroxyl radicals are less reactive and do not react with the double bonds of
acrylates. Therefore chain polymerization is inhibited. Oxygen is also able to react with
monomer radicals and inhibit the reaction at this step.”'*>

Crucial for oxygen inhibition is the concentration of dissolved oxygen (for acrylates it is in
the order of 10 M) and the oxygen permeability of the resin. Depending on the resin type,
the layer thickness of the coating and the concentration of the initiator inhomogeneous curing
occurs.”® Pigmented coatings and highly absorbing initiators lead to different radical
concentrations within the layer. An additional effect for cross-linking systems is observed.”
Cross-linking affects the propagation- and termination rate, which are both diffusion
controlled processes. At low conversion the process is auto accelerated because of heat
development. At higher conversion the more mobile monomer becomes sterically hindered
and auto deceleration is observed.**™* When oxygen is present cross-linking becomes more
complicated. Russell described mechanisms of termination and reinitiation processes for
cross-linking systems.*’

Decker and Jenkins calculated steady state oxygen concentrations in model resin systems. For
their calculations they took the light intensity, the termination rate and the oxygen addition
rate into account. They used formulations containing 2-5 wt. % of photoinitiator (2,2-
dimethoxy-2-phenylacetophenone Irgacure 651) and acrylates. The outcome for typical
acrylate termination rates is that polymerization only occurs for oxygen concentrations in the
range of 10° M.*> Bowman and Goodner obtain similar results and they developed prediction
methods for double bond conversion in photopolymerization reactions and worked on oxygen

. . 4446
diffusion.

. . L 29.44.47,30,48 . .
There are several strategies to avoid oxygen inhibition. Physical barriers can be

used to retain oxygen from the resins. Chemical strategies include compounds, which
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consume oxygen, scavenge singlet oxygen, reinitiate the reaction or are inert against oxygen.
New technologies, like electron beam curing, are possible ways to eliminate oxygen
inhibition. An excellent overview for the different strategies is provided by Ligon, Husar and
Liska.*

There are several publications on the kinetic effects of oxygen on photopolymerization.
Addition rate constants for various radicals towards oxygen were mainly determined by laser
flash photolysis (LFP) or time resolved EPR **44-%

Kinetic oxygen inhibition effects have been widely studied but mechanistic effects at the
molecular level are not well described. The formation of peroxyl radicals and the termination
to peroxides are known, but further follow-up products, to my knowledge, have not been
investigated so far.**>"% In this thesis I want to determine mechanisms of oxygen dependent
follow-up products. CIDNP- and NMR- results reveal intermediates and products. For the
mechanistic determination the CIDNP effect is a powerful tool and therefore it is described in
detail in the next section.

Oxygen inhibition is usually seen as an undesired effect, which needs to be eliminated.
However there are applications developed, where the inhibitive effect is used. Grachev et al.
describe molecular oxygen as a regulator in 3-D polymerization.61 Another example is the
catalyzed selective oxidation of hydrocarbons in photochemical reactions, which was recently
reported by Sato et al %

Our aim is to develop mechanisms for better understanding of oxygen inhibition and to gain
knowledge to selectively use the inhibition effects.
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2.3 Chemically Induced Dynamic Nuclear Polarization CIDNP

Paramagnetic compounds such as free-radicals cannot be observed directly by NMR but with
the Chemically Induced Dynamic Nuclear Polarization effect a powerful magnetic resonance
technique exists, which enables us to detect radical derived products and to obtain
mechanistic information.®*%*

To observe the effect fast radical reactions of radical pairs are required, which can either be
started thermally or photo chemically. In radical pair reactions, unpaired electrons interact
with nuclear spins and lead to polarization in the resulting NMR spectra. Polarization means
that the overall spin distribution does no longer meet the requirement of the Boltzmann
equilibrium. It derives from a non-Boltzmann distribution of the a or B spin populations. The
preference of populating o or B spins is depending on the precursor and radical pair
mechanism explains this effect. Because of the polarization no conventional NMR spectrum
in respect to intensities of Zeeman transitions is observed. Instead strongly enhanced
emission or absorption signals are obtained. In respect to chemical shifts the recorded spectra
stay the same. Therefore signal assignment 1i.e. 'H-CINDP experiments is identical as in 'H-
NMR experiments.

In CIDNP experiments we observe two different effects; the net effect and the multiplet
effect. The net effect occurs, when all resonances of a multiplet have the same polarization
(either enhanced emission or enhanced absorption). The multiplet effect is observed when
different polarizations in the same multiplet occur.*>%
polarizations and are a useful tool for qualitative interpretation of CIDNP spectra.67
A/E E/A

1| N N

equilibrium A ‘ ‘ ‘

Kaptein’s rules allow predictions of

Figure 1. Possible CIDNP effects on a quadruplet. a) thermal equilibrium as observed in standard NMR experiments.
b) net effect in Absorption. c) net effect in Emission. d) multiplet effect Absorption/Emission. e) multiplet effect in
Emission/Absorption.

The explanation of these unusual NMR phenomena is provided by the Radical Pair
Mechanism RPM. This theory covers most CIDNP observations, is well understood and
described.®>*"* Additionally several books are available.”” "




Theoretical Background

The RPM is based on the idea of nuclear spin dependent recombination probabilities within a
magnetic field Hy. When the precursor molecule R;-R; is cleaved, electron spin correlated
radicals R;* and R, are formed. These electron spin correlated radicals are called radical
pair. Radical pairs can be either formed thermally or photo chemically. Depending on the
route of radical formation, radical pairs in the excited singlet or triplet are obtained (see

Scheme 7).

R1-R; R1-R;
hv AT
S-T mixing

s
3R1'R2 _— Rl. * Rl. .RZ — 1R1‘R2
escape products cage products
B 1~ B =T~ B BT
O —— o — Ol —— o —X—
singlet triplet triplet singlet
precursor precursor precursor precursor

Scheme 7. Overview of required reactions to observe the CIDNP effect. Radical pairs are represented by radicals
with an overbar. Overpopulation of spin states is represented by thick bars.

\

d

Radical pair separation (r)

Figure 2. Energy levels in an external magnetic field as
a function of radical pair distances.”’

The radical pairs might undergo singlet-triplet
mixing (S-T mixing). The last step consists of
different subsequent reactions of singlet and
triplet pairs, which form products observable
by NMR. We differentiate between cage and
escape  products. Cage  products are
recombination products of the initial pair.
Escape products are formed when the radicals
escape the cage.

According  to the Pauli principle
recombinations are only allowed in the singlet
state, therefore singlet-triplet mixing is
required.




Theoretical Background

The rate of singlet-triplet mixing is dependent on the magnetic field Hy, the radical’s g factor
difference and the magnitude of the hyperfine coupling constant.

When a radical pair is formed in singlet state, it faces attractive forces for distances r < r*
with an energy minimum at distance d. If the potential depth at d is larger than kT, then the
radical spin states are trapped until the radicals reacted. Radicals in the triplet state face
repulsive forces for distances r < r*. (Figure 2)

The singlet-triplet interconversion becomes possible for distances r > r* as the exchange
interaction J(r) is small enough. As the distance increases, electron spins start to precess
independently with different frequencies.”® This process is illustrated by the vector
representation in Figure 3.

il ¢S +¢,T, S

]

Figure 3. Vector representation for S-T, mixing of a triplet state derived radical pair shown for the electron spins 1
and 2 (cg + ¢y = 1). With kind permission from Neshchadin.”’

The singlet-triplet mixing rate can be determined by the Lamor frequencies Aw difference of
the two electron spins if two different radical species are formed. Faster singlet-triplet mixing
happens with higher Aw values.

k

n
1
Aw = w; —wy = > HoAgB.h™ + Z a;imq; — Z azjmy;| (1)2
i=1 =

Equation 1 enables us to determine a value for singlet-triplet interconversion. The first term
of the equation is derived from the spin-orbit interaction as the g factor is related to spin-orbit
induced magnetic fields. The second and third term describe the electron-nuclear coupling.

* ®, and o, are the Lamor frequencies of the unpaired electron spin of R and R,e. Hy is the magnetic field
strength, Ag is the g factor difference of the radicals, Be is the Bohr magneton, a;; and ay; are the hyperfine
coupling constants and m,; und my; are the magnetic quantum numbers.
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Theoretical Background

Further contributions to the local field, which affects the radicals, derive from electron-spin
interactions.

Based on Equation 1 we can describe spin-selective reaction pathways displayed in Scheme
7. For simplification it can be assumed that the radical pair is formed in Ty state, with only

. . . . 1

one radical carrying the magnetically active nucleus |my;| = > Further we assume that Ag

and aj; are both bigger than 0. These simplifications lead to two different Aw values, as two
. o . 1 1 .

possible spin orientations, my; = + 3 and mqy; = — 5 exist.

1 1
a, my; =+=, Aw, = E[HoAgﬁeh‘l +§a1i] (2)

B' my; = —

N| = N| =

1 1
. b= |Hodgheh S a| @)

These equations simply relate singlet-triplet mixing to the nuclear spin orientation. The
assumption that all contributions beside the spin orientation are constant causes higher A®
values for a spins.

A radical pair, which is formed in triplet state and possess an a spin is more likely to undergo
triplet-singlet interconversion. Therefore we obtain an overpopulation of a spins in the singlet
state and detect enhanced signals for the cage products. Radicals with B spin will stay longer
in triplet state and therefore it is more likely that they diffuse apart and form diamagnetic
escape products with an excess of § spins.

If the radicals are formed in the singlet state then radicals with a spin will obtain the triplet
state faster and escape products will be overpopulated with a spins. Radicals with  spins will
be more likely to stay in singlet state and therefore lead to cage products with excess 3 spins.

The mixing rate also influences the recombination probability to cage products. For
photochemical applications fast mixing would lead to faster recombination.

To detect NMR signals, differences in spin population are required and CIDNP leads to
overpopulation of spin states, which enhances the recorded signal intensities. The
overpopulated state or polarization is obtained between 10" to 107 s and is therefore a rather
fast process. Fortunately the polarization is preserved within the longitudinal relaxation time
(for protons in small molecules ~ 0.5 — 10 s) and can be observed with ~0.5 — 4 us radio
frequency pulses.78

For this work CIDNP was the ideal method as I was able to follow photo induced reactions
on a short time scale. An additional benefit was the detection of signals from small amounts
of newly formed products. It was possible to obtain mechanistic information and additional
kinetic data with time resolved CIDNP.
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Experimental

3 Experimental

To study the effects of oxygen on photoinitiation and photo-induced radical polymerization
processes I used several analytical techniques. Structural determination and mechanistic
aspects are the main focus of this present work. Various NMR experiments, especially
CIDNP experiments led to the desired results. With NMR techniques it was possible to
characterize starting materials, intermediates and final products. To confirm those results
ESI-MS measurements were additionally applied. I obtained further insight into kinetics with
LFP. To investigate further effects and to support the findings additional experiments
included the use of oxygen sensors, time resolved EPR, UV-Vis, and kinetic simulations.

3.1 Materials and Methods

3.1.1 Materials

Acetonitrile d; from euriso-top® and deuterated- benzene, toluene and chloroform from
Sigma-Aldrich were used. 2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO), 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO), N-tert-Butyl-o-phenylnitrone (PBN), triethylene glycol
dimethacrylat (TEGDMA) and diurethane dimethacrylat (UDMA) were obtained from
Sigma-Aldrich. Acetonitrile and toluene were from Roth. The photoinitiators 2-hydroxy-2-
methyl-1-phenylpropan-1-one (Darocur™ 1173) and phenyl-bis-(2,4,6-trimethylbenzoyl)
phosphine oxide (Irgacure™ 819) were from Ciba-Geigy, now part of BASF. Butyl acrylate,
methyl methacrylate and styrene were obtained from Fluka. Argon 5.0 oxygen 3.5 and
synthetic air 5.0 (79.5 % N; and 20.5 % O,) were used from Messer. N, (g) was used from
Airliquide via the house own gas supply system. With a MKS Instruments gas mixing device
it was possible to obtain all desired defined gas mixtures.

3.1.2 Sample Preparation

I prepared stock solutions of the desired photoinitiator, the corresponding solvent and further
additives such as butyl acrylate in 8 ml brown glass vials. The concentration range of the
initiator and the solvent is adapted to each specific experiment. Precise compositions are
mentioned in the results section.

3.1.3 NMR Experiments

'H- PC- and *'P NMR experiments were performed on a 200 MHz Bruker AC-200 FT-NMR
spectrometer with a broadband multi nuclei probe head BBO 5 mm. 800 ul of the initiator
solution were transferred into a 5 mm thin wall NMR tube. Then the tube was sealed with a
septum. Bubbling for ~3 min with the desired gas mixtures adjusted the corresponding
oxygen concentration. Afterwards I irradiated the samples with UV light from the
Hamamatsu lamp. NMR spectra were recorded before and after irradiation. After irradiation,
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argon was flushed through oxygen containing samples and further NMR spectra were
recorded. The additional argon flushing led to signal enhancement of samples, which
previously reacted with oxygen.

3.1.4 CINDP Experiments

I recorded 'H- and *'P-CINDP spectra on a 200 MHz Bruker AVANCE DPX spectrometer.

A custom-made 5 mm 'H-CIDNP probe head and a custom-made multi nuclei CIDNP probe
0 head were used.

Sample tube

A Quantel Nd-YAG Brilliant Blue laser, which operates at 20
Hz and emits at 355 nm with ~80 mJ/pulse and a pulse length
of ~8-10 ns, served as light source. The applied pulse
sequence consisted out of presaturation followed by a laser
pulse and a zg30 2 us radio frequency detection pulse. Finally
the free induction decay (FID) was recorded. Every pulse
f ) sequence was separated from the next by a delay time. Long
il time CIDNP experiments with multiple recorded spectra

Magnet

Quartz prism

Figure 4. Schematic probehead 1NCluded an additional sample rotation after every 32 scans.
arrangement in NMR magnet. This enhanced sample mixing and reduced probe bleaching.

Experiments with additional rotation are indicated in the
result section by the rotation number multiplied with the number of each cycles scans i.e.
4x32 scans with totally 128 recorded scans.

The sample preparation for CIDNP experiments was the same as for NMR experiments, but
without irradiation or additional argon flushing.

SAT LP RF
R TT1 T
CIDNP sequence. I “ M
t
SAT RF
tD

Figure 5. Typical CIDNP pulse sequences. The top trace shows the actual CIDNP pulse sequence, which starts with
the presaturation SAT. This step is followed by adjustable delay time t; and subsequent laser pulses LP within the
time t;. An additional adjustable delay t, follows. For time resolved CDINP experiments spectra, with various delays
t, are recorded. The delay is followed by a pseudo 90 degrees zg30 radio frequency detection pulse RF. Finally the
free induction decay FID is acquired. The bottom traces shows the “Dummy” CIDNP pulse sequence. It is the same
sequence but without laser pulses. Figure adapted from Neshchadin.”’

13




Experimental

3.1.5 UV-Vis Experiments
A TIDAS UV-Vis spectrometer from J&M Germany was used to record UV-Vis spectra and
to determine the absorbance for LFP experiments. 1 cm x 1 cm quartz cuvettes were used.

3.1.6 LFP Experiments

For laser flash photolysis a LSK80 Laser Flash Photolysis Spectrometer from Applied
Photophysics UK was used. The frequency tripled light of a pulsed Spitlight Compact 100
solid state Nd-YAG laser with an emitting wavelength of 355 nm from InnoLas Germany
served as excitation source. The laser generates 8 ns pulses with an energy of 10 mJ/pulse.

I prepared stock solutions with toluene as solvent in 8 ml brown glass vials. The concertation
of the photoinitiator was adjusted to an absorbance of ~0.3. For the determination of butyl
acrylate addition rate constants the samples were deoxygenated by flushing with argon and a
concentration range of acrylate from 0.05 M to 0.5 M was applied. To determine the oxygen
addition rate constant oxygen mixtures between 1 % and 6 % were bubbled for 2 minutes
through the sample. Transient absorption spectra were recorded in 1 cm x 1 cm quartz
cuvettes, which can be sealed with septa. The decay was determined at the samples transient
absorption maximum in a timescale of 20 us.

3.1.7 EPR Experiments

Standard EPR experiments were recorded on a MiniScope MS 300 table EPR spectrometer
from mt magnettech. The magnetic field ranged from 2000 — 4000 G with a modulation of 5
G. Samples were prepared in 1 ml with septa sealed colorless glass vials. Bubbling the
samples for 3 minutes with the corresponding gas mixtures adjusted a desired oxygen
concertation. The samples were irradiated with the Hamamatsu UV lamp. For EPR
measurements the samples were transferred in glass capillaries and sealed.

3.1.8 TR-EPR

Time-resolved electron paramagnetic resonance (TR-EPR) spectra, using chemically induced
dynamic polarization (CIDEP), were recorded with a Bruker ESP 300E X-band spectrometer
with unmodulated static magnetic field and a LeCroy 9400 dual 125 MHz digital
oscilloscope. For TR-EPR the desired magnetic field range is scanned and 100 accumulated
EPR time responses are recorded.” An InnoLas SpitLight 400 Nd:YAG laser serves as a
pulsed light source at 355 nm with ~ 10 ns pulses with a power of ~10 mlJ/pulse. The
oscilloscope is synchronized with the laser trigger and the whole setup is controlled by the
tsc2 program developed by Dr. J. T. Toerring from Berlin Germany.

3.1.9 ESI-MS Experiments

A high resolution Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer from Thermo
Fischer was used for mass determination. Electrospray ionization (ESI) in negative mode,
positive mode and positive mode with activation for the ionization was applied. In negative
mode small amounts of formic acid were added.
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3.1.10 Oxygen Measurement

The oxygen concentration in organic solvents was determined by using an oxygen sensor
setup consisting out of a Firesting-Mini device and an oxygen trace sensor from PyroScience
with a dihydroxy-aza-BODIPY dye as sensor material. The concentration measurements were
performed in septum sealed NMR tubes with 10 mM initiator and the corresponding solvent.
The oxygen concentration was adjusted with bubbling defined gas mixtures through the
sample.

3.1.11 Thermal Imaging

Thermal imaging was done with a VarioCAm high resolution infrared camera by InfraTec
Germany. Thermograms were recorded at a frequency of 10 Hz. For setup control and data
evaluation IRBIS remote 3.0 software was used. 0.1 wt. % of the initiator was directly
dissolved in butyl acrylate. 2 ml were filled in 5 mm thin wall NMR tubes and the oxygen
concentration was adjusted by bubbling gas mixtures through it. The recording of the
experiment began ~5 s before the reaction was initiated. The reaction was started by 10 s
irradiation with the Hamamatsu UV lamp.

3.1.12 Kinetic Simulations

Copasi® was used for kinetic simulations. This is a freeware software and is developed by
the COPASI project, an international collaboration between the Biocomplexity Institute of
Virginia Tech, the University of Heidelberg and the University of Manchester.
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2-hydroxy-2-methyl-1-phenylpropan-1-one

4 2-hydroxy-2-methyl-1-phenylpropan-1-one

2-hydroxy-2-methyl-1-phenylpropan-1-one (A1) an a-hydroxy ketone is

O
used as a model compound in this part of the thesis. It is well studied and
OH is commonly used as a standard type I photoinitiator. Its fragmentation
A1 upon irradiation to benzoyl- and propan-2-ol-2-yl radicals and the

Scheme 8. 2-hydroxy- formation of recombination products is known. Various spectroscopic
;L‘Z'stll'g;ll;an Leone techniques provided an insight, into products formed in the dependence

y -1 . . .
(AI) an a-hydroxy Of oxygen and its kinetic behavior.
ketone.

4.1 Results

This section presents the results of the investigation of the impact of oxygen on the o-
hydroxy ketone AI. Each subsection focuses on the results of the dedicated experiment. I
start with the outcomes obtained from NMR experiments and continue with additional
experimental techniques to support and strengthen these results. The discussion at the end
compares and reviews this part.

4.1.1 '"H-NMR Experiments

The following sections compare the results of compounds found after irradiating the
photoinitiator depending on three factors; 1* a monomer, 2™ water and 3™ most important
oxygen.

4.1.1.1 'H- NMR Experiments at Various Oxygen Concentrations

Spectra of non-irradiated photoinitiator solutions served as references. Irradiated
photoinitiator samples, containing various amounts of oxygen led to additional products,
which are reflected in the NMR spectra. Figure 6 below illustrates typical 'H-NMR spectra.
The spectra of the oxygen containing samples show additional product signals, compared to
oxygen-free samples.
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Figure 6. '"H-NMR spectra of photoinitiator A7 (10mM). The non-irradiated photoinitiator in acetonitrile is used as
reference in the comparison of the oxygen-free and oxygen-saturated sample.

The irradiation with UV-light created radicals RI and R2, which led to new products. 'H-
NMR spectra show these products but not the radicals. Radicals can be observed with ESR.

i i i O
hv |
[ ] [ ]
O Yon = (Y o — o y—{on
cage 0
P1 P2

A1
(0]
o) |
)J\ + )J\OH + ©)
P3 P4 P5

Scheme 9. Illustration of the light induced cleavage of the compound A1, formation of radicals and possible products
of the radicals in the absence of oxygen.%’ 2

R1 R2

One of these new products is the expected pinacol P2, which is presented in Scheme 9 and is
a recombination product of two propan-2-ol-2-yl R2 radicals. Signal 6 at 1.1 ppm represents
the protons of pinacols methyl groups. The spectra of the irradiated samples contain signals
of the parent initiator AI. Solely 'H-NMR experiments cannot prove the formation of
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dibenzoyl P1, as its signals overlap with the initiator within the aromatic region of the NMR
spectrum.

Beside the recombination products, the experiments show evidence for new compounds such
as acetone P3 with its proton signals 7 at 2.1 ppm and benzaldehyde P5 with the aldehyde
proton 8 at 10.0 ppm. These products are well described.®® A well-known hydrogen-atom
abstraction reaction describes its formation. A benzoyl radical RI is able to abstract a
hydrogen-atom from a propan-2-ol-2-yl radical R2 to form benzaldehyde P5 and the

.. 27.83—
remaining acetone P3. 83785

After irradiating the samples in the presence and in the absence of oxygen the compounds
shown in Scheme 10 can be observed.

(@] O (]

hV e}
(j%—» (j*ﬁ + Ho—{on +A+@“
A1 P3 P5

A1 P2

Scheme 10. Illustration of products, which are detected after irradiation of AI1. Additionally to the initiator itself
acetone, pinacol and benzaldehyde are formed.

On the first sight the oxygen-free and oxygen-saturated sample seem to behave similarly and
the only eye-catching difference is the decrease of the water signal at 2.14 ppm. This is easily
explained with the treatment of the samples. To obtain the desired oxygen concentration, the
sample is bubbled with a mixture of nitrogen and oxygen. The oxygen is very dry and
therefore reduces the amount of dissolved water in the solvent. The nitrogen on the other
hand is relatively wet and the water signals do not decrease when the samples are treated with
nitrogen. To prove if the effects derive from of oxygen or from water, additional experiments
involved defined amounts of water. Those experiments are described in a further section.

R1 R2 R3 R4

Scheme 11. Expected additional products formed of benzoyl RI and propan-2-ol-2-yl R2 radicals in the presence of
oxygen.
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The rescaled aromatic region of the NMR spectrum reveals additional signals. Figure 7
displays the additionally assigned peaks. Beside the typical signal of the aldehyde proton the
aromatic proton signals 9 around 7.9 ppm confirm the formation of benzaldehyde P5.

irradiated R-0-0 HsC OHCH3
oxygen-saturated

@)

IZHJL 11

10
H 11

I 12

irradiated
oxygen-free

|

T T T T T T T T T T T T T T T
8.1 7.9 77 75 7.3 7.1 6.9 6.7

¥ J

T T T T T T T T T
10.1 9.9 9.7 9.5 9.3 9.1 8.9 8.7 8.5 8.3
f1 (ppm)

Figure 7. Detailed comparison of "H-NMR spectra. In the lower trace the irradiated, oxygen-free sample is displayed
and in the upper trace, the irradiated oxygen-saturated sample. Differences are found in the aromatic region of the
NMR spectrum.

Very interesting is the appearance of peak 12 at 9.6 ppm. Referring to literature and 'H-NMR
prediction tools this belongs to formaldehyde. Currently it is not clear how formaldehyde
could be formed under these conditions, but reports about photochemical oxidations of
olefins and intermediate carbonyls are published.86 Signal 10 at 8.0 ppm probably belongs to
a benzoyl peroxide. Unfortunately, according to literature and predicted values, further
signals of benzoyl peroxides overlap with the signals of the initial compound AI. The signal
at 8.0 ppm is the only confirmed hint for the formation of benzoyl peroxide out of this
experiment. Also this signal is only observable in the presence of oxygen. In the absence of
oxygen peroxides cannot be formed and the corresponding spectra show no evidence for
them. Additional 'H-NMR experiments with dibenzoyl peroxide reveal signals in the
corresponding area, that could match benzoyl based peroxides. However the aromatic signals
of dibenzoyl peroxide are not necessarily identical with the also likely formed 2-
hydroxypropan-2-yl-benzoperoxoate P8§.
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Another compound worth to mention is 2-phenylpropan-2-ol P9, its aromatic protons appear
at 7.3 ppm and its methyl groups can be found at 1.25 ppm. The spectrum of the oxygen-free
sample reveals traces of this compound, and the signal intensities enhances in the presence of
oxygen. The formation of 2-phenylpropan-2-ol seems to depend on the concentration of
oxygen, as the observed signal intensity is significantly higher in the oxygen-saturated
sample, compared to the sample prepared under atmospheric conditions.

(@]
hv + O2

A1

Scheme 12. Confirmed additional products formed from A1 upon irradiation in the presence of oxygen. R is RI or
R2.

Further signals at 6.7ppm 6.8 ppm and 6.9 ppm are recorded in the oxygen-saturated sample.
Those signal fit to several possible compounds, such as phenol, benzoquinone and
hydroperoxybenzene, but cannot be assigned unambiguously.
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It is possible to analyze the products relative signal intensities in a semi quantitative way. The
initial untreated initiator serves therefore as a reference. The reference is a basis to observe
increases or decreases of signals in the dependence of the oxygen concentration. To compare
each measurement, normalized, relative intensities based on the solvent are calculated. The
analysis of the relative intensities derived from water signals, did not reveal significant
differences compared to the solvent based calculations.

The initiator signal decreases after irradiation in dependence of the oxygen concentration.
Figure 8 plots the decay of the methyl groups’ signal of the initiator AI. The first point
marks the starting concentration of the untreated initiator AI at a normalized, relative signal
intensity of 2. The signals decrease after irradiation in dependence of the oxygen
concentration. This trend is fitted by a single exponential function. Additionally the signal
intensities, i.e. of the benzaldehyde P5 proton, increase (displayed in Figure 9).

Increase of benzaldehyde singal in
Decay of methyl group signal of the initiator i = dependence of the oxygen concentration
201 = in dependence of the oxygen concentration T

0024 LG »

0.01 o

relative signal
relative signal

0.00 4

T T T T T T T T T T T T T T T T T T T T T T
1] 10 20 30 40 50 80 70 80 80 100 ] 10 20 30 40 50 60 70 80 0 100

O, concentration [%] 0, concentration [%)]
Figure 8. Decay of the initiators A1 methyl group Figure 9. Increase of the benzaldehyde P5 signal
'H-NMR proton signal in dependence of the oxygen obtained from "H-NMR in dependence of the oxygen
concentration concentration

The irradiation with UV-light cleaves the a-bond of the initiator A and radicals are formed.
The radicals have several possibilities to react, indicated i.e. in Scheme 9. Examples are the
recombination product P2 and the parent photoinitiator AI. The signals of PI overlap with
Al in the aromatic region of the NMR spectrum, but AI can be characterized by its methyl
groups.

In the absence of oxygen the back reaction to the parent initiator AI seems to be favored.
About 75% of the initial signal intensity is found after irradiation. The signal intensity of Als
methyl groups is the basis for this estimation. When oxygen is present, only 25% of the initial
signal is left. According to this the intensities of new formed products must increase. Through
the presence of oxygen, the created radicals have another possible reaction partner and can
form additional products.

The 'H-NMR spectra of the irradiated oxygen containing photoinitiator provide hints for the
formation of benzoyl peroxides (P6 and P8). Figure 8 shows a significant decrease of the
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initiator signals upon irradiation depending on the oxygen concentration. This is in line with
the expected formation of peroxides PI10.

Worth to mention is the relative signal intensity of the products P2 and P3 in dependence of
the oxygen concentration. Both have a maximum around 5% oxygen with a factor of 2 higher
intensity compared to the oxygen-free and oxygen-saturated (100%) sample. The oxygen-
free- and oxygen-saturated sample are within the same range. When small amounts of oxygen
are present P2 and P3 seem to be formed in higher amounts. RI might form more stable
benzoyl peroxides; therefore smaller amounts of R are available to react with R2.

relative signal intensity of pinacol relative signal intensity of acetone
B in dependence of the oxygen concentration in dependence of the oxygen concentration
-
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Figure 10. Relative "H-NMR signal intensity of pinacol Figure 11. Relative 'H-NMR signal intensity of acetone
P2 depending on the oxygen concentration. P3 depending on the oxygen concentration
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4.1.1.2 '"H-NMR Experiments in the Presence of Butyl Acrylate

In order to observe oxygen effects not only at the photoinitiation step but also on the
polymerization, experiments in the presence of monomers were performed. The most
promising and best to follow monomer was butyl acrylate. This monomer gives well resolved
"H-NMR signals, which are not overlapping with A1.

o} o}
hv I,
OH g ———» + K
< OH
2
A1 cage R1

o) R7 R5
° + + o
Ao~ o

H0>r HO

R8 R6
(0]
Ao~
polymer
polymer

Scheme 13. Expected additional compounds after irradiation of the Al with butyl acrylate in the presence and
absence of oxygen. Note; for simplification radical recombination products and products formed through hydrogen-
atom abstraction are not shown here they are displayed in Scheme 9-12.

The scheme above shows expected additional products out of the photoinitiated reaction of
Al and butyl acrylate in the absence and presence of oxygen. In the absence of oxygen the
additions of RI and R2 radicals to butyl acrylate are expected. This addition will initiate a
chain reaction and will lead to the formation of a polymer. The 'H-NMR experiments provide
information about the first addition step.

It is expected that radicals react with oxygen first to form peroxyl radicals R3 and R4.
Peroxyl radicals are known to be less reactive but here the results show that the first addition
is possible.
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Figure 12.. 'H-NMR spectra of AI (10mM) and butyl acrylate (100 mM) after 3 minutes of UV irradiation in the
aromatic area. On the bottom trace the spectrum of the non-irradiated initiator (reference) is displayed. The middle
trace shows the spectrum of the irradiated oxygen-free sample and the spectrum on top represents the oxygen-
saturated sample.

After irradiation all samples contain the proton signal 8 of benzaldehyde. The spectrum of the
oxygen-free sample shows the new peak 13 at 8.0 ppm and an unassigned signal at 8.6 ppm,
while signal intensity of the initiator decreased. Signal 13 belongs to the growing chain of the
polymer P11, consisting out of the benzoyl RI part of the initiator and at least one molecule
of butyl acrylate. In the presence of oxygen this signal is visible but less developed. In this
case the benzoyl peroxide P10 with signal 10 seems to be dominant. After irradiation, signals
of the initiator are not observed. Signal 12 at 9.6 ppm, which could indicate formaldehyde
and another new signal at 9.7 ppm, which is only observed in the presence of oxygen, appear
in the spectra.

There are more differences in the aliphatic range of the NMR spectra, which are displayed in
Figure 13. The methyl 4 signal of the reference spectrum decreases after irradiation in
dependence of the oxygen concentration. In the monomer free system signal 4 can be
observed after irradiation of the oxygen-saturated sample, but this is not possible when
monomer is present. The spectrum of the oxygen-saturated sample shows no signal of the
initiators methyl groups 4, which means that the back reaction is not favored and other
pathways are preferred.
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The spectrum of the oxygen-free sample shows a significant lower intensity of the initiators
methyl protons signals. In the absence of oxygen additional reaction pathways are missing
and the back reaction is more likely to happen. Signal 5 represents the hydroxyl group proton
of the initiator AI and it behaves same as signal 4. The hydroxyl group signals of newly
formed species are shifted to a lower field and the signals overlap with signals 14 and 20.
Therefore the hydroxyl groups cannot be distinguished anymore.
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Figure 13. 'H-NMR spectra of Al (10mM) and butyl acrylate (100 mM) after 3 minutes of UV irradiation in the
aliphatic range.

Acetone P3 is under these conditions one of the major products and the formation of it is
preferred in the oxygen-saturated sample. A broad band 20 around 4 ppm indicates double
bond conversion into newly formed single bonds. Another clue for the double bond
conversion is the shift to the higher field of the initial multiplet 16 to the new band 19. Signal
18 represents the proton of a hydroxyl group. This hydroxyl group belongs to compound P12
and it is formed through the addition of R2 to butyl acrylate, which is displayed in Figure 13.
P12 and pinacol P2 are here the only compounds, which contain hydroxyl groups.

Signal 21 at 2.5 ppm probably belongs to the methylene group of the peroxide P13, which is
displayed in Figure 13. The benzoyl peroxide P10 is visible in the aromatic region of the
NMR spectrum. These combined results support the formation of butyl-3-(benzoylperoxy)-
propanoate P13.
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Scheme 14 displays the new products, which are formed through the addition of butyl
acrylate in the absence or presence of oxygen. For simplification of the graph, the already
described products i.e. benzaldehyde and acetone are omitted here.
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Scheme 14. Ilustration of by 'H-NMR experiments confirmed newly found products, when butyl acrylate is added. In
the absence of oxygen the addition products of RI and R2 to butyl acrylate are detected. In the presence of oxygen I
find strong indications for the formation of butyl-3-(benzoylperoxy)-propanoate P13 as well as the addition products
P11 and P12.

These NMR measurements indicate that oxygen is consumed during a light induced curing
process, by the formation of peroxides. Oxygen measurements, which quantify the

consumption, are presented in section 4.1.7.

Worth to mention is the bulk behavior of the NMR samples containing butyl acrylate in a
concentration of 100 mM. After irradiation and in the absence of oxygen this sample slowly
cured and became solid, while samples containing atmospheric amounts of oxygen became
highly viscous. Oxygen-saturated samples did not seem to cure, as no changes in the viscosity
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were observed, although NMR experiments indicated minor double bond conversion. The
double bond conversion in the presence of oxygen is mainly caused by the first addition of a
radical to butyl acrylate; there is no evidence for further chain propagation.

4.1.1.3 "H-NMR Experiments in Dependence of Water
The miscibility of acetonitrile with water leads to water peaks in the '"H-NMR spectra. To
clarify if effects are caused by water or by oxygen, spectra with defined amounts of water

were recorded in the absence and presence of oxygen. The samples were “dry”, or contained
1M, 4 M, or 20 vol. % water and 10 mM Al.

The dry and 1 M water containing samples show no differences beside the water peak. In
respect to the oxygen concentration the same products are found and the minor amounts of
water do not influence the results. The sample with 4 M water does not show any product
fragmentation and the water peaks shifted to 3.0 ppm. The addition of water causes some
kind of resonance interference. The existing signals broaden and contain additional
resonances. With 20 vol. % water added those phenomena become more pronounced and the
water peak moves to 3.5 ppm and an additional broad signal at 6.0 ppm appears.

The water concentration of untreated samples is far below 1 M and these results indicate that
minor amounts of water do not affect the reactions. Same results are observed for
experiments where butyl acrylate is added.
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4.1.2 13C-NMR Experiments

In addition to 'H-NMR experiments I performed BC-NMR measurements to confirm the
results gained from the "H-NMR investigations. The chemical shifts of e.g. benzoyl peroxides
and the polymerization products of butyl acrylate, tend to overlap. This makes the structure
elucidation extremely difficult and sometimes impossible. ?*C-NMR has the benefit of a
bigger range of chemical shifts, which enables to determine additional structures.

4.1.2.1 C-NMR Experiments in Dependence of Oxygen
First let us recall the main expected products (Scheme 15) after irradiation of AI. To simplify
the scheme only the additional found products in the presence of oxygen are displayed.

products formed upon irradiation additional products
in the presence of O,

o ofe b
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O AR
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P2 P5 P14

Scheme 15. Products formed upon irradiation of A (blue background). Additional products, which are formed in the
presence of oxygen, are indicated by the red background.

The interpretation of the aliphatic region of the spectra is difficult as the chemical shift
differences are not big and through multiplet splitting of the methyl groups peak overlaps
occur. In principle acetone should be found around 30 ppm. At this shift a signal is visible,
but it is possible that it belongs to a multiplet originating from the parent initiator.

On the other hand in the aromatic region of the spectra shift differences are significant and
signals, which depend on the oxygen concentration, can be observed. Figure 14 displays this
desired part of the spectra. The broad peak a at 205.5 ppm belongs to the carbonyl carbon of
Al and, when the sample is irradiated additionally to the carbonyl carbon of acetone P3. The
intensity of this signal increases after irradiation as acetone is formed. The signal of the
carbonyl carbon of other possible created products such as PI and P5 should also be in the
same area.
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In the non-irradiated reference spectrum, the assignment of AI’s aromatic signals (b-g) is
possible. The carbon b, which is the closest to the carbonyl group has the highest shift and is
found at 136.1 ppm. This carbon is of particular interest, because the chemical shift depends
significantly on the group, which is attached to the carbonyl.

Interesting to mention is peak k, which belongs to PI. This signal appears in the untreated
reference sample as well as in the oxygen-free irradiated sample. The presence in the
reference sample indicates slight decomposition of A1 during sample preparation. Compared
to "H-NMR experiments the signals of PI and AI can be distinguished in *C-NMR spectra.
After irradiation the intensity of h increases, this indicates the additional formation of PI.
Another hint for some decomposition is the finding of propanol in 'H-NMR spectra.

In the oxygen-free irradiated spectrum signal i at 129.4 ppm represents the meta protons of
P1. This signal appears in the reference spectrum only as a shoulder. As d declines i becomes
visible as an independent peak.
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Figure 14. Aromatic area of 3C-NMR spectra of Al (1M) after irradiation in dependence of oxygen. The bottom
trace displays the spectrum of the non-irradiated photoinitiator. The middle trace shows the spectrum of the oxygen-
free irradiated sample and the upper trace displays the spectrum of the oxygen-saturated sample.

Peaks j, k and [ strongly indicate that peroxide P10 is formed in the presence of oxygen. k at
130.9 ppm is neither observed in the spectrum of the oxygen-free sample nor overlapping
with any other peak. Compared to the corresponding carbon ¢ at 132.2 ppm of the initiator,
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the signal of k is significantly shifted to a higher field. Signal j at 127.2 ppm is not
overlapping with signal f from the parent initiator at 127.6 ppm.

BC-NMR experiments confirm the formation of benzaldehyde P5 by e.g. signal m at 135.9
ppm in the oxygen-saturated sample. In the absence of oxygen the broad peak b of the
initiator overlaps with the aldehyde signal m. After irradiation and in the absence of oxygen
signals of the parent compound Al are left, which cover the signal m from P5. A good
indication for two or more overlapping peaks, including the signal of P5 is the shape of the
initiator signal b. After irradiation of the oxygen-free sample, this broad peak has no longer a
maximum and a plateau is observable instead. In the oxygen-saturated sample peak m of the
benzaldehyde appears in a pointed shape.

After irradiation of the oxygen-free sample I can only assign PI, as P5 overlaps with existing
broad signals. The oxygen-saturated sample once more provides information about formed
benzoyl peroxides PI0 and benzaldehyde P5. Worth to mention is, that the signals of the
initiator are not detectable in the spectrum of the oxygen-saturated sample. This is also
observed in the aliphatic region of the spectrum and is in line with the findings from the 'H-
NMR experiments.

Further experiments, with chloroform as solvent, show comparable results, but chloroform is
not the ideal solvent for this system as the solvent peaks overlap with tertiary carbon signals.
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4.1.2.2 5C-NMR Experiments in Dependence of Oxygen with Butyl Acrylate

Signal p at 166.4 ppm represents the carbonyl carbon of butyl acrylate. This signal is an
excellent indicator for the polymerization, as it shifts to lower fields when the double bond is
converted. In the absence of oxygen the benzoyl radical R1I attacks the double bond and the
addition product P11 can be determined via the new signal of the carbonyl carbon s around
175.4 ppm. Another hint for the addition of RI to butyl acrylate is signal ¢ at 137.1 ppm,
which is also shifted to a lower field. In the presence of oxygen neither of these peaks is
observable. Signal p is after irradiation and in the presence of oxygen still visible. This
indicates that no double bond conversion occurred in the oxygen-saturated sample.

In the presence of oxygen signal j indicates the formation of benzoyl peroxides P10, but the
determination of the exact species is not possible here.

Further assignments are not possible within the aromatic area of the spectra, as butyl acrylate
partly overlaps with other signals and polymerization creates a huge amount of different
molecules.
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Figure 15. >*C-NMR of A1 (100 mM) with butyl acrylate (400 mM) in the aromatic region of the NMR spectrum. On
the lower trace the spectrum of the non-irradiated initiator with butyl acrylate is shown. The middle and the upper
trace display the spectra of the irradiated oxygen-free and oxygen containing sample.
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This experiment shows that oxygen-saturated samples do not significantly polymerize. The
spectra of atmospheric oxygen containing samples provided evidence of double bond
conversion and samples with more than 400 mM butyl acrylate cured.
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Figure 16. ®C-NMR spectra of AI (100 mM) with butyl acrylate (400 mM) in dependence of the oxygen concentration
in the aliphatic area. The lower trace shows the spectrum of the non-irradiated initiator with butyl acrylate. The
middle and the upper trace display the spectra of the irradiated oxygen-free and oxygen containing sample.

Butyl acrylates impurities, which probably derive from oxidation processes, are detected in
the aliphatic region of the spectra. Irradiation of the oxygen-free sample leads to double bond
conversion, which can be followed by the new signals x and y. x at 43.6 ppm indicates the
presence of at least a dimer and the corresponding monomer has a signal around 32 ppm.
Peaks in this area are recorded, but overlaps with products P2 and P3 occur.

Peak z at 70.4 ppm is detectable only in the oxygen-free sample. It corresponds to the tertiary
carbon of R2 attached to butyl acrylate. This indicates that both fragments of A1, RI and R2
are able to initiate the polymerization.

BC-NMR experiments show that double bond conversion is possible in the absence of
oxygen and in the presence of atmospheric oxygen amounts. Oxygen-saturated samples
provided no evidence for double bond conversion. On the other hand, these measurements
confirm the formation of benzoyl peroxides in the presence of oxygen.
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4.1.3 CIDNP Experiments
One of the huge advantages of CIDNP is the signal suppression of analytes, which have no
radical precursor. In principle solvent peaks or signals of starting material should not be

visible. Signal overlapping is an evident problem in standard "H-NMR experiments, but with
CIDNP it should not be an issue.

Well resolved spectra allow proper peak assignment of main- and minor products. A strength
of this technique is the detection of short lived intermediates such as prop-1-en-2-ol P4.
Others like 2-peroxypropan-2-ol P14 species can be confirmed, but most important for
mechanistic approaches is that only products with direct radical precursors are observed.

4.1.3.1 'H-CIDNP of Al in Dependence of Oxygen

The results of these experiments provide information about products, which are formed 2 us
after the sample is excited by a laser pulse. The line broadening effect of oxygen causes
interpretation problems of oxygen-saturated samples.
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Figure 17. "H-CIDNP spectra of AI (10 mM) in dependence of oxygen (32 scans). The bottom trace shows the oxygen-
free 'H-CIDNP spectrum obtained from AI. The middle trace displays the spectrum of the sample containing
atmospheric oxygen concentrations, while the top trace represents the oxygen-saturated sample.

33



2-hydroxy-2-methyl-1-phenylpropan-1-one

Comparing these spectra, with the standard "H-NMR spectra after irradiation, reveals new
signals as well as changes in the intensity. The signal of benzaldehyde &8 is pronounced and in
enhanced absorption, as well as the signal of AIs methylene groups 4. Product signals,
belonging to the parent initiator, confirm the cage reaction. These results correspond to
already published data.*

The protons 6 in enhanced emission represent pinacol P2 and its signal intensity decreases in
dependence of the oxygen concentration. In the oxygen-saturated sample only traces of P2
are left.

New, compared to the '"H-NMR, are the signals 22, 23 and 24, which belong to prop-1-en-2-
ol P4. "H-NMR experiments show no evidence for this compound, as the equilibrium of the
keto-enol tautomerization is on the side of acetone P3, which is identified as peak 7. P4 and
P3 are found in the presence and absence of oxygen.

The Peaks at 2.1 ppm represent water in the oxygen-free sample. This signal decreases in the
presence of oxygen, as the sample is flushed with dry gas. The oxygen-free samples
contained more water, because the used nitrogen was wet. To clarify, if the observed effects
are caused by water or oxygen, I added 50 mM water to oxygen-free and oxygen-saturated
samples and additionally a dry oxygen-free sample was prepared by using argon. The result
of this experiment was that traces of water do not cause different spectra. Therefore, the
observed effects are caused by oxygen.

Signal 25 at 1.29 ppm in oxygen containing samples belongs to a species of PI14. Further, P9
with signal 26 at 1.35 ppm is only observed in the presence of oxygen. The weak peak at 9.6
ppm in the oxygen-saturated sample is again a hint for the formation of formaldehyde.
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4.1.3.2 'H-Time-Resolved-CIDNP in Dependence of Oxygen
TR-CIDNP was performed to obtain information about reaction kinetics. The delay between
the laser-pulse and the recording of the spectrum was in the range from O ps to 25 us.
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Figure 18. "H-CIDNP signal intensities in dependence of the delay time of, a) the methyl groups of AI b) acetone P3 c)
pinacol P2 d) 2-peroxypropan-2-ol P14.

The signal of the methyl group of the initiator shows a dependence on oxygen. When no
oxygen is present, the methyl signal decays from O us to 2 us delay and rapidly increases
from 2 us to Sus. After 5 us a stable plateau is reached. The signal intensity of the sample
containing oxygen is the same after O us and 1 us delay. After 1 us the intensity increases
immediately and reaches a slowly decreasing maximum. 'H-NMR experiments after
irradiation show, that this signal is biggest in the absence of oxygen. The results, displayed in
Figure 18a, indicate the same, as the initial signal slightly decays in the presence of oxygen.

The signals attributed to acetone show a different picture. Oxygen enhances the signal
intensity of P3 and it is formed earlier in higher amounts. After 2 us in the presence of
oxygen an almost doubled signal intensity of acetone is observed, while in the oxygen-free
sample the intensity only increased by around 10 %. After the equilibrium is reached, the
oxygen containing sample has a 25 % higher acetone signal intensity, than the oxygen-free
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sample. This result fits to '"H-NMR experiments, which show that more acetone is formed in
the presence of oxygen.

Signals of pinacol P2 on the other hand behave opposite. The increase of the signal intensity
by increasing the delay is biggest in the absence of oxygen. The oxygen-free and atmospheric
samples behave, except for the first 3 ps, similar. I measure extremely reduced P2 signal
intensities in the oxygen-saturated sample. The signal intensity of P2 from the oxygen-
saturated sample differs by a factor of approximately 10, compared to the oxygen-free
sample.

Interesting is the formation of 2-peroxypropan-2-ol PI14. This cannot be detected in oxygen-
free samples and the signal intensities depend on the oxygen concentration. More oxygen
leads to higher signal intensities of the peroxides and that increase over time. The relatively
low signal intensity is an issue. The signal intensity of the parent initiator is approximately 10
times higher, than the intensity of the peroxide. When oxygen is present, the formation of
acetone P3 is preferred; therefore less R2 is available to react with oxygen to form P14.

The signals of 2-phenylpropan-2-ol P9 show similar results as P14, which are only detected
in the presence of oxygen and the signal intensities, are highest in the oxygen-saturated
samples. The signal intensities of the sample under atmospheric conditions decrease up to 15
us delay and then increase again. Within the delay times of 0-25 us the signal intensities are
approximately on the same level. The oxygen-saturated sample shows significantly increased
signal intensities at longer delays. These results fit to 'H-NMR measurements, where oxygen-
saturated samples provide the highest signal intensities.

The results for prop-1-en-2-ol P4 are comparable with P2. The development of the signal
intensities of the oxygen-free and the atmospheric oxygen sample are similar. The oxygen-
saturated sample gives always lower signal intensities.
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Figure 19. "H-CIDNP signal intensities of samples containing different oxygen concentrations in dependence of the
delay time of a) 2-phenylpropan-2-ol P9 and b) prop-1-en-2-ol P4.
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4.1.3.3 'H CIDNP of A1 with Butyl Acrylate in Dependence of Oxygen
The spectra in Figure 20 are similar to those without butyl acrylate and all the expected
signals from the initiator and its follow up products are present.
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Figure 20. '"H-CIDNP spectra of A1 (10 mM) with butyl acrylate (100 mM) and various oxygen concentrations (32
scans). The bottom spectrum represents the oxygen-free sample, while the middle trace displays the spectrum of the
sample containing atmospheric oxygen. The top trace shows the spectrum of the oxygen-saturated sample.

In the aromatic region of the NMR spectrum, weak additional resonances appear, that belong
to benzoyl groups and the double bond of butyl acrylate. These signals indicate the addition
of the benzoyl radicals R1 to the double bond of butyl acrylate. Additionally, in the oxygen-
saturated sample, signal traces appear, which fit to formaldehyde. This might be a hint that
formaldehyde is also formed via a radical mechanism. I observed this signal also in the
irradiated "H-NMR spectra of A1 in the presence of oxygen.

Worth to mention is peak I8 at 1.25 ppm in the spectra of the oxygen-free sample and the
sample with atmospheric oxygen. It belongs to butyl 4-hydroxy-4-methylpentanoate P12 and
this molecule is formed after the addition of R2 to butyl acrylate. This new signal does not
overlap with others i.e. P2, which is observed around 1.1 ppm.

The peaks in the spectrum of the oxygen-saturated sample are broadened and the signal 18 of
P12 is not visible, but again there is evidence for P14 via the peak at 1.29 ppm.
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4.1.3.4 "H-CIDNP Experiments of Al with Butyl Acrylate in Dependence of Oxygen after
Irradiation

'"H-NMR experiments showed that after irradiation the initiator is decomposed and in
dependence of the oxygen concentrations the signal intensities of Al decrease. Samples
containing lower oxygen concentrations should therefore still contain initiator, which could
be activated.
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Figure 21. 'H-CIDNP spectra of AI and butyl acrylate after UV irradiation and in dependece of the oxygen
concentration (32 scans). The bottom trace shows the oxygen-free 'H-CIDNP spectrum. The middle trace displays the
spectrum of the sample containing atmospheric oxygen concentration while the top trace represents the oxygen-
saturated sample.

The spectra recorded after irradiation, in absence of oxygen and under atmospheric
conditions, are similar to the corresponding 'H-CIDNP spectra of the non-irradiated samples.
A difference is the strong signal of the solvent. Acetonitrile provides a quintet at 1.94 ppm
and the solvent signal is in all three spectra pronounced compared to CINDP experiments of

non-irradiated samples.

Additionally, the spectra show a new peak at 2.57 ppm. This peak could belong to poly butyl
acrylate or to an oxygen species attached to butyl acrylate.

The enhanced signal at 8.05 ppm, which belongs to an aromatic compound, is interesting.
This signal intensity increased significantly, compared to previous 'H-CIDNP experiments.
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The preceding irradiation leads to benzaldehyde P5, which is not inert and can be
decomposed by light. A possible product of the decomposition is benzene, which could
explain the additional signal in the aromatic area of the spectrum.

The spectrum of the oxygen-saturated sample shows only 3 different signals, which represent
acetonitrile, acetone and a not assigned product. The signal intensity of the new peak at 2.57
ppm is more pronounced in the presence of oxygen, than in the absence of oxygen.
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4.1.4 Spin Trap- and Experiments in the Presence of TEMPO

The initiator A1 was irradiated with UV light in the absence and presence of oxygen and the
created radicals were spin trapped. Spin trap experiments included EPR and NMR
measurements with N-fert-Butyl-oa-phenylnitrone (PBN) and 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO). Additionally, (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) reacted with
the created radicals to form diamagnetic products, which are characterized with '"H-NMR and
BC-NMR experiments.

4.1.4.1 EPR Measurements

Several samples of AI mixed with different ratios of N-tert-Butyl-a-phenylnitrone (PBN)
were irradiated with the Hamamatsu UV-lamp in the absence and presence of oxygen for 1
minute and subsequently EPR spectra were recorded. PBN is a common spin trap agent and
the detection of benzoyl derived radicals is expected; these are displayed in the following
scheme. Literature states that PBN does not react with R2.*’
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Scheme 16. Expected spin trapped species upon irradiation and follow-up reaction of A1 with PBN in the absence and
presence of oxygen. In the absence of oxygen the trapped product R10 is expected. In the presence of oxygen benzoyl
peroxide R3 might be trapped.
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Figure 22 EPR spectrum of a) oxygen-free sample with Al (25 mM) with PBN (50 mM) and b) oxygen-saturated
sample with A1 (25 mM) with PBN (50 mM) in acetonitrile.

In the absence of oxygen the EPR hyperfine splitting constants are ay= 14.51 G and ag= 4.62
G. These results correspond excellent to the values for R10, published by G. Hutchings et
al.®” and are matching well to other data.”**** The EPR spectrum in the absence of oxygen
reveals no further radicals; this fits to our expectations, as R2 does not react with PBN.Y

The spectrum of the oxygen-saturated sample reveals lower hyperfine splitting constants with
ax= 13.56 G and ay= 1.93 G. Hutchings suggests for similar values benzoyloxy radicals.®””!
According to the NIEH spin trap database oxygen centered radicals like benzoyloxy are
likely. I expect similar hyperfine splitting’s for the trapped R3. EPR data clearly indicate an
oxygen centered radical, which is supported by NMR results. The EPR spectrum contains
hints for a second radical, which is most likely R10.
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Additionally to PBN, experiments were performed with DMPO, which is able to trap RI and
R2.”* A possible disadvantage is the formation of DMPO dimers.
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Scheme 17. Expected spin trapped species upon irradiation and follow-up reaction of A7 with DMPO in the absence
and presence of oxygen. In the absence of oxygen RI and R2 will be trapped. In the presence of oxygen additionally
the corresponding peroxides R3 and R4 can be trapped.

The spectrum of the oxygen-free sample indicates the formation of several radicals. In the
range from 350 to 380 mT the spectrum has a similarity to the commonly formed DMPO
dimer. Water within the sample could have led to additional radicals, which were not
expected.
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Figure 23 EPR spectrum of a) oxygen-free Al sample (25 mM) with DMPO (50 mM) and b) oxygen-saturated A1
sample (25 mM) with DMPO (50 mM) in acetonitrile.
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The spectrum of the oxygen-saturated sample shows a pronounced triplet. The hyperfine
splitting of this signal is ax= 14.25 G. An additional weak signal has an approximate
hyperfine splitting of ax=15.5 G.

The main signal fits to oxygen centered radicals RI14 and R15, as well as to the DMPO dimer.
The additional signal indicates a carbon centered radical. For the hyperfine splitting of ax
15.5 G a phenyl radical is suggested.”’93 Phenyl radicals can be obtained via decarbonylation
and decarboxylation reactions.
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4.1.4.2 NMR Spin Trap Experiments

'H- and ">C-NMR experiments of the samples followed subsequently the EPR measurements.
The spin trapped radicals themselves should not be visible in the NMR experiments. With
NMR measurements paramagnetic substances cannot be detected and they lead to severe line
broadening. However, hydrogen-atom abstraction or follow-up reaction may yield
diamagnetic products.

oxygen-saturated O
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oxygen-free ©AIJ{I J< 27

T T T T T T T T T T T T T T T
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Figure 24. "H-NMR of irradiated A1 (25 mM) with PBN (50 mM) in presence and absence of oxygen. The lower trace
represents the oxygen-free sample and the upper trace the oxygen-saturated sample. Line broadening through
remaining radicals is observed in both spectra.

Both samples contain signals representing benzaldehyde, acetone and the initiator. In the
presence of oxygen once more the intensity of the initiator decreases after irradiation. The
samples have usually a dark brown color, therefore the penetration of light is reduced and not
every initiator molecule cleaves. Also the formed radical can recombine to the initial
compound. The methyl groups of PBN 27 are detected at 1.54 ppm and the protons of the
double bond are observed at 8.3 ppm.

A radical attacks the double bond and through conversion to a single bond the methyl groups
of PBN are shifted to a higher field and provide a peak 28 at 1.13 ppm. Concerning these
methyl groups no difference is observed if oxygen is present or not. The double bond
conversion of PBN is responsible for the shift of the methyl groups 28.
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I also recorded *C-NMR spectra of the spin trap samples containing PBN and DMPO. The
BC-NMR spectra of the oxygen-free samples and the oxygen containing samples show no
difference. Only the spin trap (PBN and DMPO) and A1l are visible there and no further
products are observed. The '"H-NMR experiments with DMPO on the other hand revealed
differences in dependence of the oxygen concentration

In the absence of oxygen benzaldehyde signals appear, that cannot be found in the oxygen-
saturated sample. The spectrum of the oxygen-saturated sample reveals a signal at 9.66 ppm,
additionally two triplets 33 at 2.44 ppm and 32 at 2.24 ppm and a further peak 31 at 1.55
ppm. These signals belong to the newly formed 4-methyl-4-nitropentanal P15.
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Figure 25. '"H-NMR of irradiated A (25 mM) with DMPO (50 mM) in presence and absence of oxygen. The spectrum
of the oxygen-free sample is shown on the bottom and the spectrum of the oxygen-saturated sample is displayed on
top.

Signal 30 represents the trapped product of R2 and DMPO. This signal is far more
pronounced in the absence of oxygen, than in the presence of oxygen. Acetone is formed in
the presence of oxygen in significant amounts, while in the oxygen-free sample only traces
are detected. Peak 34 indicates the formation of significant amounts of isopropanol P17 in the
oxygen-saturated sample, while the amount is significantly decreased in the oxygen-free
sample.
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The multiplets at 2.22 ppm and 2.07 ppm, which are found in the absence of oxygen,
correspond to DMPQO’s CH,-groups.

The aromatic region of the NMR spectrum reveals in both samples additional signals at 8.05
ppm and 8.0 ppm. These signals fit to the addition product of RI to DMPO, as well as
benzoyl peroxide.
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Scheme 18. Additional confirmed products detected by 'H-NMR after the reaction of AI with DMPO in the presence
and absence of oxygen.

P15 is a decomposition product of DMPO in the presence of oxygen, which indicates that
DMPO is not the ideal spin trap for oxygen-saturated samples.
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4.1.4.3 TEMPO trapped NMR Experiments
Similar to spin traps, TEMPO should act as a radical scavenger in oxygen dependent 'H- and
BC-NMR experiments of A1.
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Scheme 19. Additional expected products by using TEMPO as a radical scavenger in the absence and presence of
light upon UV irradiation of A1.

TEMPO 1is an additional reaction partner of the formed radicals and the main expected
products are displayed in Scheme 19. The expectations were not fully met, as NMR
experiments led to partly different interesting results.

The reference spectrum shows only signals belonging to the initiator even though TEMPO is
present. TEMPO is a stable free-radical and therefore not visible in NMR and the presence of
radicals causes line broadening. This effect occurs as radicals reduce the relaxation time.

After irradiation, both samples contain benzaldehyde, which is determined by the typical
peaks at 10.0 ppm and 7.9 ppm. The spectra show strong acetone signal intensities with
approximately doubled signal intensity in the oxygen-saturated sample, compared to the
oxygen-free sample. This has two reasons; First the presence of oxygen. Oxygen-saturated
samples without TEMPO have by 50-70 % increased acetone signal intensities, compared to
oxygen-free samples. Second; TEMPO seems to support the acetone formation as it is able to
abstract a hydrogen-atom.”*"
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Figure 26. 'H-NMR spectra of A1 (10 mM) with TEMPO (20 mM) in the presence and absence of oxygen. The lower
trace displays the non-irradiated sample and serves as reference. The middle spectrum shows the oxygen-free sample
after irradiation and the spectrum on top represents the oxygen-saturated sample after irradiation.

The spectrum of the oxygen-free sample shows again pinacol P2 signals. After irradiation
and in the presence of TEMPO, signals of the initiator are not found. This indicates that the
back reaction is less favored in the presence of TEMPO. TEMPO seems to be more reactive
towards A, than the spin traps PBN and DMPO. The long irradiation time ensures the
cleavage of the initiator. Bleaching of the sample occurs as TEMPO is consumed.

In the oxygen-free sample signals are present, which belong to 2,2,6,6-tetramethylpiperidin-
1-yl benzoate P18. This is the termination product of RI and TEMPO. The aromatic signal
35 at 8.05 ppm of this compound is up field shifted, compared to the initiator. The aliphatic
signals 36-39 belong to the TEMPO derived part of PI18. These signals are not influenced by
the group, which adds to TEMPO’s oxygen. Predictions suggest that signal 36 and 37 have
the same shift, but conformation effects lead to the observed splitting. The integrals of both
signals are the same. The signal ratios of the assigned peaks fit to TEMPO derived products.
Signals 36 and 38 from the TEMPO substituent overlap in the oxygen-saturated sample,
through line broadening.
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2,2,6,6-tetramethylpiperidin-1-ol P19 is a new product, which is formed in the presence of
oxygen. Signal 40 at 7.35 ppm belongs to its hydroxy group and in the absence of oxygen
only traces of this signal can be found.

The spectrum of the oxygen-saturated sample reveals a signal at 8.0 ppm belonging to a
benzoyl peroxide PI10. The results from "H-NMR experiments are insufficient to determine
the precise structure of the peroxide; therefore further '>C-NMR experiments were performed.
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Figure 27. BC.NMR spectra of A1 (100 mM) with TEMPO (200 mM) in the presence and absence of oxygen. The
lower trace displays the non-irradiated sample. The middle spectrum shows the oxygen-free sample the spectrum on
top represents the oxygen-saturated sample, both after irradiation.

Signal a and a2 in the non-irradiated reference spectrum belong to the parent initiator. After
irradiation these signals disappear, which indicates that follow-up reactions are preferred, and
this finding is in line with the 'H-NMR results.

In the absence and in the presence of oxygen the carbonyl carbon of acetone provides a signal
at 207.4 ppm. There is an additional carbonyl signal ¢2 at 167.0 ppm. This signal fits to P18
and to PI0. In the absence of oxygen the assignment to P18 is supported by the quaternary
carbon d2 at 58.9 ppm. This signal is not detected in the presence of oxygen. Therefore it is
more likely that signal ¢2, in the presence of oxygen, belongs to PI10. The formation of
peroxides is also indicated by "H-NMR experiments.
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Signal e2 at 61.0 ppm peak represents the quaternary carbon of P19 and is found in both
samples, but in the oxygen-saturated sample it is more pronounced.

The combination of the 'H- and ">*C-NMR results, provide strong evidences, that the products
displayed in Scheme 20 are formed.
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Scheme 20. Overview of products, which I detect in 'H- and *C-NMR spectra after irradiation of AI with TEMPO in
the presence or absence of oxygen.

In accordance with the expectations, TEMPO scavenges R1, in the absence of oxygen. In the
presence of oxygen signals representing P10 appear, but its reaction with TEMPO cannot be
confirmed.

There is no evidence that TEMPO scavenges R2 ,but it abstracts hydrogen—atoms.%95 This
additional hydrogen-atom abstraction leads to a significant higher amount of acetone, which
is represented in the high intensities of the acetone signals.
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4.1.5 Mass Spectrometry

NMR based structure elucidation of similar products is not always possible. Therefore, and to
confirm NMR results high resolution mass spectrometry experiments with matrix assisted
laser desorption ionization (MALDI) and electro spray ionization (ESI) were performed. For
the mass analysis MALDI uses time of flight (MALDI-TOF) and ESI uses an orbitrap.

Sample preparation is the same as for post irradiation NMR experiments. The samples
contain acetonitrile as solvent, 10 mM initiator and defined amounts of oxygen. Additional
probes included each one of the following compounds: butyl acrylate, TEMPO, PBN or
DMPO.

The MALDI-TOF experiments were not successful. The ionization source is not suitable for
photo active compounds. There is no oxygen dependent difference and mainly decomposition
products are observed. Additional polymerization experiments followed by MALDI-TOF-MS
should minimize the decomposition problem.

10 mM initiator were directly dissolved in methyl methacrylate and irradiated for 10 s in the
absence or presence of oxygen. This procedure leads to polymer dissolved in monomer. After
the addition of n-hexane the polymer precipitated. The filtered and dried polymer was then
dissolved in acetonitrile and analyzed by MALDI-TOF-MS.

Both samples, oxygen-free and oxygen-saturated, formed polymer, but the mass analysis
revealed no differences. This indicates that in the presence of oxygen part of the initiator
reacts with oxygen and the other part with the monomer. The distribution between them
depends on the addition rate constants.

ESI-MS experiments on the other hand worked very well. Here I put the focus on the initiator
itself and prepared 10 mM initiator probes in acetonitrile in the absence or in the presence of
oxygen.

ESI-MS measurements were carried out in the negative, the positive and the positive mode
with activation. Formic acid was added as puffer. The positively charged pseudo molecule
ions are formed by protonation or with ammonium. The negative ions are formed either by
deprotonation or by addition of an electron.
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Figure 28. ESI-MS results of Al after irradiation. The lower three traces represent the oxygen-saturated sample. The
upper three traces display the spectra of the oxygen-free sample. For each sample experiments in the negative, the
positive and the positive activated mode were performed. Assigned signals are marked and the structures are
displayed in Scheme 21.

The negative mode leads to fewer fragmentation products, than the positive. In the absence of
oxygen fewer signals, than in the presence of oxygen appear. In the negative mode the most
dominant peaks are at m/z 141, 157 and 297. Those signals are probably caused by matrix

effects as I detect the identical signals in the BAPO spectra (see chapter 5 section 5.1.7).

The most interesting signal in the negative mode is found at m/z 121. This signal belongs to
benzoate and is found in large abundance in the presence of oxygen. The spectrum of the
positive mode contains the corresponding signal at m/z 122.

The peak with the highest abundance in the positive mode and in the absence of oxygen
appears at m/z 206 (red). This peak corresponds to the initiator ionized with ammonium. The
positive mode spectrum in the presence of oxygen contains the same signal, but in a much
lower quantity. This fits to the NMR findings, of the decrease of initiator signal intensities,
when the oxygen concentration is increased.

The signal at m/z 105 (green), which belongs to the benzoyl cation, has a higher abundance in
the presence of oxygen, than in the absence of oxygen. This species is most likely derived
from benzaldehyde. This result supports the previously discussed oxygen dependent NMR
findings of benzaldehyde.
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Figure 29. Enlarged section of the ESI-MS results of Al after irradiation. The lower three traces represent the
oxygen-saturated sample. The upper three traces display the spectra of the oxygen-free sample. For each sample
experiments in the negative, the positive and the positive activated mode were performed. Assigned signals are
marked and the structures are displayed in Scheme 21.

In the presence of oxygen the signal at m/z 128 represents hydroperoxybenzene with
ammonium. To form this compound intermediate phenyl radicals are required. Additional
hints for phenyl radical intermediates are 1-1’-biphenyl (m/z 172), benzophenone (m/z 183)
and oxydibenzene (m/z 188). The formation of hydroperoxybenzene fits to the post
irradiation "H-NMR spectra in the presence of oxygen, where corresponding signals at 6.8
ppm and 6.9 ppm are found.

The additional peroxide species, 2(phenylperoxy)propan-2-ol, has a peak at m/z 170. NMR
experiments revealed only the formation of PI4, but here the exact species was determined.
The signal at m/z 260 confirms the already by NMR experiments indicated formation of
dibenzoylperoxide PI.

The interesting peak at m/z 136 belongs to 2-phenylpropan-2-ol P9, which was observed in
traces in 'H-NMR spectra. Comparable to NMR measurements the signal intensities of this
compound are increased in the presence of oxygen.

The signal at m/z 116 represents cyclohexanone and it has higher abundance the presence of
oxygen, than in the absence of oxygen. Only in the presence of oxygen 3-oxo-3-
phenylpropanenitrile at m/z 163 is found, which seems to be a product of the solvent and R1.
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Scheme 21. Overview of the marks indicated in the MS traces of Figure 28 and Figure 29 and their structure
assignment. Compounds in brackets represent pseudo molecules with ammonium or a proton.
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4.1.6 Kinetic Simulations with Copasi®

Kinetic simulations with published data help to understand possible reaction mechanisms and
to estimate amounts of formed products. For simple reactions with few parameters the results
are fitting very well to experimental data. Oxygen containing reaction systems are rather
complex and therefore simplification is required. Here I show the impact of oxygen on the
initiation step and on a model polymerization.

The following reaction scheme with the rate constants displayed in Table 1 represents the
basis of the simulations.
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Scheme 22. Overview of reaction steps used for kinetic simulations. In the absence of oxygen only the initiator, the
intermediate radicals and the products are modelled. In the presence of oxygen, oxygen addition is added. Peroxyl
radical reactions are estimated with peroxyl radical recombination and -termination and an additional hydrogen-
atom abstraction. The simulation displayed in Figure 30d includes a peroxide decomposition term. In this model light
induced decomposition succeeds peroxide formation, followed by decarboxylation and finally the formation of 2-
phenylpropan-2-ol P9.

Table 1. rate constants used for simulations.

rate constant  value unit reference rate constant value unit  reference
kd 83x 105 S-l 96,34,97 khyd‘r‘ogen abstr 1.8 x 107 M-l S—l 96,98,29,99,100
kprod ~2x 107 M'I s_l 34.97,53 kperox term ~6X 107 M-l S-l 101,60,61
Kagdo,benz 3.0x10° M'gt RPN ko oxdecomp  1.0x10° s 103,101,104,61
Kadgao,iso  6.6x10° M'g! HOPH K gocarbox 10x10° ! 105,106,103
Kgadpapenz 2-5x10° M'g' 3102 eomb ~2%x107 M's! 100,107
kaad Baiso 1.3x107 M's! 34,102,29 Kprop 1000 Mgl 108456061
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Figure 30. Kinetic simulations of A1. Concentration vs. time plots with various parameters and different selected
compounds. a) decomposition of the initiator, the formation of benzoyl RI and propan-2-ol-2-yl R2 radicals, and the
formation of products in the absence of oxygen. b) decay of RI and R2 and formation of benzoperoxyl R3 and
propan-2-ol-2-peroxyl R4 through the addition of oxygen. c) Selected compounds after first addition of oxygen to R1
and R2. d) Inclusion of a peroxide decomposition term. Initiator concentration is 0.01 M and the oxygen
concentration in simulation a is 0 M and is 0.1 M in b, ¢ and d.

Figure 30a shows the concentration decay of the initiator upon irradiation. The graph is a
simplified concentration vs. time plot, which includes three different processes; First
decomposition of the initiator; Second formation of intermediate radicals and third product
formation. Through the decomposition of the initiator, RI and R2 are formed. These radicals

can react in various ways and form products like acetone, benzaldehyde and radical
recombination products (Scheme 22).

In the presence of oxygen the time scale changes massively as the addition rates of oxygen to
R1 and R2 are about two orders of magnitudes higher than the product formation out of the
radicals. In the presence of oxygen the life time of the free-radicals is at the ns scale. Figure
30b displays the addition of oxygen to RI and R2, where we can see that the addition of
oxygen to R2 is approximately two times faster, than the addition of oxygen to R1.

The simulations become complex, when a focus is put on follow-up products. The simulation
displayed in Figure 30c includes peroxyl radical termination and decomposition reactions. In
this simulation the concentration of RI16 decreases and the concentrations of the phenyl
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radical R17 and CO; increase. This model leads to traces of P9 and an additional hydrogen-
atom abstraction reaction causes the amount of acetone to rise.

The simulation displayed in Figure 30d contains an additional peroxide decomposition step,
causing higher amounts of R2, which can be available for other reactions. The maximum
transient concentration of R16 is only 30 uM in the simulation displayed in Figure 30c and
here it is about 8 mM.

The simulations show that a huge diversity of products can be formed upon irradiation and in
the presence of oxygen, but only traces of them are obtained, if no peroxide decomposition is
included. The NMR and mass spectrometry experiments revealed that some products like
acetone are formed in higher amounts in the presence of oxygen, which fits to simulations
were peroxide decomposition was included.

Additional simulations included the decarbonylation of benzoyl radicals, with the rate of
approximately of ~ 1 s”'. The decarbonylation is orders of magnitudes slower than other
reactions in the simulations and therefore this process is not observed.'”''*!!! However the
quantitative decarbonylation is possible in the presence of a catalytic converters, but those

were not applied in this system.112
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The addition of initiator radicals to monomer in the absence and presence of oxygen is also
very interesting. The simulations show a strong influence of the oxygen concentration. The
following scheme represents the reactions, which were used for the simulations. The applied
rate constants are summarized in Table 1. I chose the propagation rate constant for the
polymerization kyop= 1000 M s as literature values are between a couple of hundreds and
several thousand M' s depending on the system. 45.60.108.113
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Scheme 23. Overview of reactions used for the simulations. Starting with the light induced cleavage of the initiator,
this is followed by product formation of RI and R2. Addition of the radicals to the monomer and propagation
reactions. In the presence of oxygen addition of oxygen RI and R2.

58



2-hydroxy-2-methyl-1-phenylpropan-1-one

a) b)
9.0x10° o
4.0x10°
= 6.0x10 <| — 21 c
X — 0 X
g —— R1 addition to BA s
s —— R2addition to BA s
2 arent initiator e 3
5 s —groducls 5 2.0x10 1. addition R7 of to BA
©  3.0x10° © 1. addition R2of to BA
0.0 T T T T 1 0.0 T T T T 1
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10* 0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10*
time [s] time [s]
c) d)

9.0x10° 4

\ 6.0x10° - \
— butyl acrylate BA

1. addition of R7 or R2to BA
—— polymer from R7or R2
~—— products

6.0x10° 4

—— butyl acrylate BA
—— 1. addition of R7 or RZto BA
polymer from R7
— polymer from R2
R3
R4
= products
——

concentration [M]
concentration [M]

) 2.0x10°
3.0x10°

SN—

T
0.0 1.0x10"

T T T 1
2.0x10" 3.0x10" 4.0x10" 5.0x10"

time [s]

T y d T
3.0x10" 4.0x10" 5.0x10" 0.0 1.0x10"

time [s]

T
2.0x10"

Figure 31. Kinetic simulations of the reaction of A7 with butyl acrylate in the absence and presence of oxygen. 0.01 M
of the initiator are used; 0.1 M of butyl acrylate and 0.01 M of oxygen when present. a) shows the first addition of
benzoyl R1 and propan-2-ol-2-yl R2 radical to butyl acrylate in the absence of oxygen. b) displays the first addition of
R1 and R2 to butyl acrylate in the presence of oxygen. c) represents the propagation reaction for the formation of
poly butyl acrylate in the absence of oxygen. d) shows the formation of polymer in the presence of oxygen.

In the absence of oxygen fast addition of R2 to butyl acrylate and the by two orders of

magnitudes slower addition of RI to the monomer occur. The concentration of the initiator
decreases, while follow-up products are formed.

The addition rate of R1 to oxygen is approximately four and the addition rate of R2 to oxygen
is approximately two orders of magnitudes higher, compared to the addition rates to butyl
acrylate. These reactions were simulated with two oxygen concentrations, 10 mM and 100
mM respectively. The simulation with 100 mM oxygen contains mainly peroxyl radicals and
only traces of first addition products.

I chose 10 mM oxygen, because at this concentration the ratio between initiator and oxygen is
I:1 and the ratio between initiator derived radicals and oxygen is 2:1. Additionally the
concentration of 10 mM oxygen corresponds with the oxygen saturation of acetonitrile under
1 atm oxygen partial pressure, which is comparable to the oxygen-saturated samples in this
thesis.''*!"> The simulations with 10 mM oxygen fit very well to the experimental results of
samples under atmospheric conditions.
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The simulation containing 10 mM oxygen is displayed in Figure 31b and shows bigger
amounts of additional products. First mainly the peroxyl radicals are formed until the oxygen
is consumed and then R1I and R2 attack primarily the monomer.

About 50 % of the initiator reacted with oxygen, while the rest formed addition products with
the acrylate or formed benzaldehyde and acetone. R2 reacts faster with both oxygen and
monomer, than R1 does.

In the absence of oxygen an additional propagation step enables to follow the simulated
polymerization. The polymerization stops after ~ 0.4 s when the butyl acrylate is consumed
and the resulting polymer is formed by equal amounts of RI and R2.

In the presence of 10 mM oxygen the first main products are again peroxyl radicals R3 and
R4. The first addition and then the polymerization succeed the consumption of oxygen. The
polymerization stops ~ 0.8 s after initiation, which is ~ 0.4 s later, than in the absence of
oxygen. There is a difference in the amount of polymer created from RI and R2 in the
presence of oxygen. The slower RI initiates more poly butyl acrylate chains than the faster
R2, because R2 reacts faster with oxygen and therefore a higher amount is already consumed
before it can initiate the polymerization.

No polymerization occurs in the presence of 100 mM oxygen and the main products are R3
and R4 and only traces of additional products. The oxygen concentration decreases during
this simulation to 80 mM.

The simulations fit to my experimental data, as in the absence of oxygen double bond
conversion occurred and in the presence of higher amounts butyl acrylate even full curing.
The results are the same in the presence of atmospheric amounts of oxygen and in the
absence of oxygen, except the additional peroxide based products in the presence of oxygen.
Oxygen-saturated samples on the other hand showed no double bond conversion or
polymerization. This also corresponds with published simulations on the oxygen inhibition on
methyl methacrylate polymerizations.*
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4.1.7 Oxygen Measurement

I measured the oxygen concentration in deuterated acetonitrile with an optical oxygen sensor.
The output of the sensor is a function of the partial pressure, which can be converted into
molar values by applying Henry’s law with the corresponding Henry coefficient k5= 203.8
X 10° pa. 115116

Figure 32 displays the molar oxygen
concentration in deuterated acetonitrile as a
function of the oxygen partial pressure in the
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Figure 32. Oxygen concentration in deuterated paccurate.

acetonitrile with Al (10 mM) before and after

irradiation. . .. .
After irradiation the oxygen concentration at

lower given oxygen concentrations decreases for about 10 % and at higher concentrations up
to 56 %. At higher concentrations oxygen consumption is observed too, but accurate values
cannot be given as it is outside of the sensors operation range.

1.8 mM oxygen are dissolved in deuterated acetonitrile under atmospheric conditions, which
is similar to published data of oxygen solubility in acetonitrile.''>!'"*!"” The slight difference
to published data can be caused by the use of deuterated solvent.
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4.2 Discussion

2-hydroxy-2-methyl-1-phenyl-propan-1-one A1 is a well-studied photoinitiator, which I used
as a model compound to study oxygen effects on photoinitiation processes. CIDNP results
show products formed via a radical pathway, while NMR experiments provide additional
information about further reaction products. Mass spectrometry experiments confirmed NMR
results and additional expected species were detected with them.

? hv (I). . ‘/”\”/‘ ©)L
©)H(OH cage @2 ' ﬁ)H
A1 R1 R2 HO OH 4 )J\ + )LOH

P2

Scheme 24. Overview of products formed in the absence of oxygen. I can confirm these products by NMR 'H-CIDNP
and mass spectrometry.

The results for AI in the absence of oxygen correspond with published data.’**”!''® CIDNP
experiments revealed the expected products displayed in Scheme 24. The recombination of
benzoyl radicals RI to dibenzoyl PI was not detected with CIDNP, but this product was
proven by C-NMR and confirmed by ESI-MS. Propen-2-ol P4 on the other hand is only
found in CIDNP spectra, as acetone is the preferred tautomeric form.

Through the formation of new products in the presence of oxygen, also the compound ratios
changed. In the presence of oxygen the signal intensities of acetone increase and the signal

e e 2 G O 0
oo - ot

The 'H-NMR signals for P9 significantly increase in the presence of oxygen and this
compound is also detected with mass spectrometry. The large signal intensity in the presence
of oxygen indicates a different pathway for the formation of P9. The benzoyl radical can
undergo a decarbonylation, which is reported but also stated to be rather unlikely. The rate
for benzoyl decarbonylation is in the order of 1 s, while the decarboxylation rate of RI6 is

intensities belonging to the parent initiator decrease.

Scheme 25 Additional products formed in the presence of oxygen.
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about four orders of magnitudes faster.''""'*!® When oxygen is present the corresponding
peroxyl radicals R3 and R4 are formed. Those can recombine with other radicals or abstract a
proton to form hydroperoxides.

Under UV light peroxides, like dibenzoyl peroxide P6, decompose and in this system the
benzoyloxy radical R16 is created. This radical undergoes a decarboxylation, leading to the
phenyl radical ¥7105:119-33 Following the suggested pathway displayed in Scheme 26 benzoic
acid could be formed via a hydrogen-atom abstraction. Because of signal overlapping the
determination of benzoic acid by NMR is not possible. ESI-MS results show benzoate but it
is not known if it is present in the sample or if it is formed through the ionization.

The intermediate phenyl radical is also difficult to observe, however Hutchings et al. reported
that they trapped the phenyl radical with PBN as well as R16.*” The detection of the phenyl
radical was not successful and as our system differs from Hutchings, I might have observed
R3 instead of R16. They state the hyperfine coupling constant ag= 1.8 G while, my result for
the PBN trapped species is ag= 1.93 G.
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(0} (I) (e}
R 0o . O,o
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Scheme 26. Suggested pathway of the formation of 2-phenylpropan-2-ol P9 in the presence and absence of oxygen.

R16

The suggested pathway offers in the presence of oxygen an additional way for the formation
of P9. The multiple steps, which are necessary to obtain the product, make this route unlikely
on the first sight, compared to the route in the absence of oxygen, as there are only two steps,
but the different rates for decarbonylation and for decarboxylation result in an essential
difference.
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In the absence of oxygen the rate determining, very slow decarbonylation is followed by the
fast addition of R2.

In the presence of oxygen, first the very fast oxygen addition occurs, which is succeeded by
the fast recombination to P6. The decomposition of P6 upon UV irradiation is comparable
with the decomposition rate of the parent initiator. The following decarboxylation is also very
fast and the last reaction step is the same as in the absence of oxygen.

The kinetic simulations revealed that the suggested pathway in the presence of oxygen is
possible. The simulation in the absence of oxygen and including the decarbonylation term
shows no evidence for the formation of P9.

ESI-MS experiments support the suggested pathway, as in the presence of oxygen P6 and
even more important additional follow-up products are detected. The mass spectra show
signals belonging to benzoate and further phenyl based compounds, like 1-1’-diphenyl and
hydroperoxybenzene P20.

Worth to mention is 2-(phenylperoxy)propan-2-ol P21, this is another phenyl based product,
which was detected by ESI-MS in oxygen-saturated samples.

Kinetic simulations, NMR- and ESI-MS experiments support the suggested pathway for the
formation of P9 in the presence of oxygen. The decomposition of dibenzoylperoxide P6 leads
to reactive radicals, which can form P9 after decarboxylation and reaction with R2.

There are hints, that an oxygen quenched initiation process can be restarted by the
decomposition of P6. This reinitiation process is already discussed, as one possibility to
overcome oxygen inhibition. 6129, 30.58

It was possible to follow the oxygen dependent double bond conversion with 'H- and "C-
NMR experiments. Bowman et al state that the average oxygen concentration in acrylates
under atmospheric conditions is about 107 M, and further Decker et al. reported that
polymerization occurs only if the oxygen concentration is below ~4 x 10° M. *33 The
oXygen concentration in acetonitrile under atmospheric conditions is about 1.8 x 10~ M. With
this amount of dissolved oxygen and in contrast to these publications, my results indicate
double bond conversion. For oxygen-saturated samples no polymerization is observed.
Bowman worked with acrylates in bulk while I worked in diluted solution and obtain only
small oligomers.44

Under atmospheric conditions the addition of RI and R2 to butyl acrylate and the ongoing
polymerization occur. Additionally peroxides are formed, which are the main products in
oxygen-saturated samples.
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Oxygen is consumed, through the formation of peroxides and the largest consumption in % is
observed under atmospheric conditions. Under these conditions polymerization is possible, as
sufficient amounts of RI and R2 are still available, which is supported by the kinetic
simulations and the oxygen measurements. Oxygen-saturated samples on the other side do
not polymerize, as they contain oxygen in excess, which mainly leads to the formation of
peroxides and their follow-up products.

One of these products is the already described dibenzoylperoxide P6, which is also used as a
photo initiator. '"H-NMR spectra of samples containing oxygen reveal the addition products
of oxygen containing species to butyl acrylate. These signals could derive either from R3 or
R16, which are not distinguishable in 'H-NMR spectra. RI6, which is formed upon
decomposition of P6 is known to add to butyl acrylate.

The experiments under atmospheric conditions showed that RI addition to butyl acrylate
occurs more often than the addition of R16 to the monomer, as the '"H.NMR signal intensities
for benzoyl R1I addition products are higher. In our system R16 is produced via several steps,
which are displayed in Scheme 26 and the simulation of this system fits to my NMR results.

The simulation in Figure 33 displays the

polymerization products based on the initiator.
Almost equal amounts of polymer derive from

butyl acrylate BA
0.004 v Y

——1. addition of BA 1
i il i RI and R2, and only a small fraction from
—pol fr R1
0.003 g&zm f:m Rz R16

1. addition of R76to BA
polymer from R76

0.002 4

concentration [M]

Reinitiation in the presence of oxygen via
0001 peroxide decomposition plays a minor role and
. for this process the oxygen concentration is
i - . o o8 o crucial. With 10 mM initiator and 10 mM

time [s]

Figure 33. Kinetic simulation of a photo induced OXYZCN the polymerization is possible.

polymerization in the presence of oxygen. 10 mM A1, 10 Simulations with 100 mM oxygen showed no
mM O, and 100 mM butyl acrylate. This simulation

includes peroxide decomposition and reinitiation via polymers.
benzo oxyl, indicated in Scheme 26.

To conclude, experiments and simulations
showed comparable results for polymerization processes. In the absence of oxygen the
determination of curing products and few side products was successful. In the presence of
atmospheric oxygen amounts polymerization is still observable and additional side products,
like peroxides and P9 are detected. Oxygen-saturated samples show only peroxides and
additional side products.
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5 phenyl-bis-(2,4,6-trimethylbenzoyl) phosphine oxide

The bisacylphosphine oxide phenyl-bis-(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO) is also known as Irgacure 819®. This
BAPO is an efficient type I photoinitiator, which is used in
=) various industrial applications. It has an absorption maximum
around 380 nm, which makes it an ideal initiator for highly
pigmented solutions in outdoor applications like paintings.
Additionally, this BAPO cures under sun light and photo bleaches.

Scheme 27. phenyl-bis-(2,4,6- 1t 18 also used for, higher cross linked polymers, various types of

trimethylbenzoyl)  phosphine  ¢oatings, like gel coatings and for the formation of composites.'”
oxide (BAPO).

Also scientifically BAPO is well described and spectroscopic and kinetic reference data exist.
Multiple studies were performed by Nicholas Turro and his research group. >>'2%'21122 My
working group used this BAPO frequently. *>'#*'%*

5.1 Results

Here I performed various 'H- C- and *'P-NMR experiments, studying the initiator in the
presence and absence of oxygen and monomer upon irradiation. In the presence and absence
of oxygen TEMPO scavenged the formed radicals and the obtained products were
characterized with NMR experiments.

'H- and *'P- CIDNP experiments support mechanistic approaches of the oxygen influence
and these results are confirmed by additional ESI-MS measurements.

With an oxygen sensor and controlled partial pressures, it was possible to determine, the
oxygen concentrations in the solutions.

LFP measurements resulted in the determination of monomer and oxygen addition rate
constants. These rate constants were used to create kinetic models with Copasi®.

Additionally, I followed oxygen dependent radical photo polymerizations with a high
resolution thermal camera. With this technique, a live view of polymerizations and
differentiation between thermal effects, bulk diffusion and oxygen inhibition is possible.
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5.1.1 1H-NMR Experiments

5.1.1.1 'H-NMR Experiments at Various Oxygen Concentrations

The treatment of BAPO samples is the same as for A based samples, which includes the "H-
NMR experiments before and after irradiation in the presence or absence of defined oxygen
concentrations. The observable changes within the spectra are tremendous and displayed in
Figure 34 below.
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oxygen-free

reference /CE[ 7 = 2 3 \J
0,
4 \—\

solvent solvent =~

8.0 78 7.6 74 7.2 7.0 6.8 6.6 64 6.2 6.0 4.4 4.2 3.0 2.8 26 2.4 2.2 2.0 18 1.6
f1 (ppm)

Figure 34. 'H-NMR of BAPO 10 mM (32 scans in toluene). At the bottom trace the spectrum of the non-irradiated
initiator in the absence of oxygen is displayed. The middle spectrum represents the irradiated sample without oxygen
and the top trace displays the irradiated sample in the presence of oxygen.

Before irradiation the spectrum of the initiator is well resolved and it is possible to assign all
peaks, without the problem of solvent derived signal overlap. In addition to the chemical
shifts, the integrals of peaks I, 2 and 3 fit perfectly to the structure.

The signals of the initiator disappear, when the sample is irradiated. Another aspect, that the
oxygen-free and the oxygen-saturated sample have in common, is their fragmentation into
many different follow-up products.

The spectrum of the oxygen-free irradiated sample reveals the three different species P’1, P’3
and P’4. Peaks 5 at 2.54 ppm and 6 at 2.42 ppm belong to dimesitoyl P’I. The reduced
photoinitiator P°3 is identified via peaks 7 and 8 at 2.01 ppm and 2.16 ppm respectively. This
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reduction is commonly known and best observed in "H-CIDNP- and especially in *'P-CIDNP
experiments.

The signals 9 and 10 at 2.85 ppm and 2.69 ppm are of particular interest, as they are
dependent on the oxygen concentration and they represent 2,2'.4,4',6,6'-hexamethyl-1,1'-
biphenyl P’4. In the absence of oxygen these peaks are clearly visible, while in the presence
of oxygen only traces of these signals are found. Protons of P’4s methyl groups are shifted
significantly to a lower field than those of P’1. Also in case of P’4 the protons of the para
methyl group are shifted to lower fields, compared to the ortho methyl groups.

BAPO R1 R?2 P1 P2

o
o _P_0O
o]
R'1 R'3 P'3

Scheme 28. Illustration of bond cleavage and radical formation of BAPO upon irradiation with UV light in the
absence of oxygen. Recombination to the initiator is indicated with the “cage” step. Recombination products of the
radicals are displayed in the top reaction step. The phosphinoyl radical can be reduced, which leads to compound
P’3.

The scheme above illustrates the first reactions of BAPO upon irradiation. The 'H-NMR
experiments were based on 3 minutes of irradiation, therefore the cleavage of BAPO’s both

mesitoyl groups is expected and compounds P’2 and P’3 are interpreted as intermediates.

The formation of P’4 should include a decarbonylation or a decarboxylation step. From A1
we know that decarboxylation processes are preferred. A possible mechanism could include
compound P’3 and is indicated in Scheme 29 below.
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R'6 P'4

b\*%aﬁﬁ%ﬁ Jo

Scheme 29. Possible way for the formation of 2,2'4,4',6,6'-hexamethyl-1,1'-biphenyl P’4 via compound P’3. After
cleavage of P’3 R’4 is formed this undergoes decarboxylation and leads to mesitoyl radicals R’6. Two R’6 recombine
to P’4.

Further assignments, in the spectra recorded after irradiation and in the absence of oxygen,
cannot be done without speculation. In principle R’6, formed after decarbonylation or
decarboxylation, could attach to R’5 or R’2. This might explain in the absence of oxygen the
signals at 1.74 ppm and 1.70 ppm, but prediction tools and reference samples are limited and
therefore I cannot confirm a compound were R’6 is attached to phosphorus.

Through product fragmentation and signal overlap, assignments in the aromatic region of the
NMR spectrum are difficult. After irradiation both samples do not contain signals of the
initiators aromatic protons 2. Peak overlaps, especially in the aromatic region of the
spectrum, are a serious problem in the presence and absence of oxygen peak, but in the
presence of oxygen one pronounced peak 13 at 6.59 ppm appears. This signal belongs to a
mesitoyl peroxide species, which can be determined as dimesitoyl peroxide P’5, through its
para 11 and ortho 12 methyl groups’ protons at 2.34 ppm and at 2.30 ppm respectively.

An additional signal, that has a similar shift like compound P’3, is 2,4,6-trimethylbenzoic
phenyl(2,4,6-trimethylbenzoyl)phosphinic peroxyanhydride P’6, which is formed in the
presence of oxygen. For this product further hints are provided by signal 14 at 2.15 ppm and
signal 15 at 2.02 ppm.

Lo m oS e O
P — . oP — 0o + O o
8 1o o] P-C 0
cage 5 3
R1 R2 P's P'6

Scheme 30. Confirmed products found after irradiation with UV light in the presence of oxygen. Dimesitoyl peroxide
P’5 and compound P’6 are detected while signals of the initiator disappear.

The para methyl group, which belongs to compound P’6 and the para methyl group from
compound P’3 have a slightly different chemical shift (2.15 ppm and 2.16 ppm respectively).
Distinguishing between these two signals is difficult; therefore additional '°C- and *'P-NMR
data are required.
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Upon irradiation in the absence of oxygen an additional broad peak appears at 4.3 ppm. This
peak moves to lower fields, when the oxygen concentration increases and in the oxygen-
saturated sample it is observed around 6.3 ppm. This broad signal indicates fast exchangeable
protons, which probably derive from by degradation formed phosphorous based acids.

The repetition of this experiment with acetonitrile as a solvent shows the typical signal of
2,4,6-trimeethylbenzaldehyde P’7 around 10 ppm. The aldehyde is formed, through
hydrogen-atom abstraction of R’I, which is not possible in toluene, as neither the solvent nor
the initiator has abstractable hydrogen-atoms. The water in acetonitrile acts as a hydrogen-
atom donor, which enables the formation of the aldehyde.

In acetonitrile a strongly pronounced broad peak shifts to a lower field, when the oxygen
concentration is increased. The signal intensity of these fast exchangeable protons is higher in
acetonitrile, than in toluene and the chemical shift is different. In the absence of oxygen the
peak is observed around 3 ppm and it shifts to around 5 ppm in the oxygen-saturated sample.
The increased intensity of this signal in a water containing solvent is an indication for the
formation of an acid.

Both experiments led to the same results in respect to product fragmentation behavior, beside
the detection of the aldehyde and the increased intensity of the broad peak.
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5.1.1.2 '"H-NMR Experiments with Butyl Acrylate

The 'H-NMR experiments with addition of monomer, before and after the irradiation are
similar to the experiments based on AI. In order to keep the product fragmentation low, the
samples (10 mM initiator and 100 mM butyl acrylate in benzene) were exposed with 64 1 us
laser pulses.
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Figure 35. '"H-NMR spectra of BAPO 10 mM and butyl acrylate 4 mM before and after irradiation, in absence and
presence of oxygen (32 scans in benzene). The bottom trace represents the non-irradiated oxygen-free sample and
serves as reference. The middle spectrum belongs to the irradiated oxygen-free sample and the top spectrum to the
corresponding oxygen containing sample.

The signal assignment of the well resolved reference spectrum is easily possible. The use of
benzene causes slightly shifted signals, compared to the experiments performed in toluene.
The aromatic region of the NMR spectrum shows signals belonging to butyl acrylates double
bond protons, but for my purposes the signals of the butyl chain are more important, as they
are excellent indirect indicators for double bond conversion.

After irradiation of the oxygen-free sample the signal at 10.6 ppm, which represents the
aldehyde proton of 2,4,6-trimeethylbenzaldehyde P’7, appears. Peaks 21, 22 and 23 belong to
the protons of the butyl chain of the “polymerized” acrylate. These signals indicate the
double bond conversion through addition of either R’I or R’2, but the differentiation, which
radical attacked is not possible with this technique.
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I am able to follow the addition of R’2 to the monomer via signal 20. Through the radical
addition these two protons are in close proximity to phosphorous, which leads to a broad peak
around 2.7 ppm, but when a mesitoyl radical R’I adds the protons are observed at 3.28 ppm.

The additional signals 24 at 2.06 ppm and 26 at 2.15 ppm represent the protons of the para
and ortho methyl groups of R’I, which is attached to the acrylate. The aromatic protons 25 of
this product have a signal at 6.62 ppm.

In case of the oxygen-free sample three main products, the two addition products of either
R’I or R’2 with butyl acrylate and P’7, can be found. This experiment does not provide
evidence for other recombination products of the radicals. Further the integral of the broad
peak 20 indicates that R’2 adds more efficient to the monomer.

The behavior in the presence of oxygen is similar. With atmospheric oxygen concentrations
the addition products of R’I and R’2 to the acrylate are detected but the signal intensities are
much lower, than in the absence of oxygen. In the presence of oxygen double bond
conversion decreases and the mesitoyl peroxide P’8 is detected in small amounts. Oxygen
saturated samples show no evidence for double bond conversion, only P’7 and P’8 are found.
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Scheme 31. Products found with '"H-NMR experiments after irradiation of BAPO in the absence and presence of
oxygen.

The scheme above sums up the results of these experiments, with the oxygen dependent
addition of R’ and R’2 to butyl acrylate as a main finding. The signal intensities
representing the addition of R’I and R’2 to the acrylate decrease, when higher amounts of
oxygen are present. Oxygen-saturated samples showed no radical addition to the monomer.
Hydrogen-atom abstraction leads to the formations of 2,4,6-trimeethylbenzaldehyde P’7. In
the presence of oxygen the main products are P’7 and the corresponding peroxides. It is
possible to follow double bond conversion and curing processes in the dependence of the
oxygen concentration.
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5.1.1.3 '"H-NMR Experiments in Dependence of Water

After irradiation of the photoinitiator, broad peaks appear, that most likely belong to a
phosphorous derived acid. Measurements in toluene and also in acetonitrile show these
signals. In acetonitrile these signals were more pronounced, as the solvent contains some
water and therefore easy exchangeable protons are available. As explained before with A1,
water has some influence on the process. Therefore 'H-NMR experiments with defined
amounts of were performed.
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Figure 36. '"H-NMR spectra of BAPO with various amounts of water after irradiation (acetonitrile, 32 scans, 10 mM
BAPO). The bottom spectrum shows the untreated BAPO in dry acetonitrile. The spectra above represent irradiated
samples with 20 mM, 1 M and 4 M of water.

The reference spectrum displays the peaks of the initiator in the aliphatic range. Signal 8§
belongs to the reduced form of the initiator P’3. To suppress huge product fragmentation the
irradiation time was reduced to 30 s. After the short irradiation all samples lead to the same
fragmentation pattern, as after longer irradiation times. The initiator is decomposed and the
man products P’I and P’3 and the side product P’7 are formed.

The water peak shifts to lower fields and signals of the analytes are slightly shifted to higher
fields, when the water content is enlarged. Beside the slight shift, a general peak broadening
and the increase of artefacts at higher water concentrations, no effects on the products are
observed.
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5.1.2 13C-NMR Experiments

The *C-NMR experiments with A1 revealed additional useful information, as it was possible
to confirm the formation of peroxides and to observe the addition of benzoyl RI and propan-
2-0l-2-yl R2 radicals to butyl acrylate. The carbonylic carbon of the acrylate was ideal to
follow the double bond conversion. Here the aim is to determine the exact structures of the
formed peroxides and to follow double bond conversion.

In order to obtain well resolved spectra, to reduce product fragmentation and to minimize
overlaps with the solvent, it was necessary to reduce the irradiation time to 30 s and to use
chloroform.

5.1.2.1 >C-NMR Experiments in Dependence of Oxygen

The '"H-NMR experiments revealed that dimesitoyl P’I is formed in the absence of oxygen
and that the initiator is partly reduced to P’3. In the presence of oxygen mesitoyl peroxides
P’8 are detected but it is not possible to determine the exact structure of the peroxide with
this experiment. It is likely that dimesitoyl peroxide P’5 is formed.
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Figure 37. *C-NMR spectra of BAPO in dependence of the oxygen concentration after irradiation (chloroform 4096
scans, 100 mM BAPO). The bottom traces represents the non-irradiated reference sample in the absence of oxygen.
The middle spectrum belongs to the oxygen-free irradiated sample and the top spectrum to the oxygen-saturated
irradiated sample.
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The reference spectrum contains the two signals of the carbonylic carbons of BAPO, one at
215.8 ppm and the other at 216.8 ppm. Signal a belongs to the para carbon of the mesitoyl
with a shift of 141.2 ppm and signal b to the ortho carbons with 135.6 ppm.

After irradiation in the absence of oxygen the additional signals d and e are detected. d
overlaps with signal a from the initiator and is recognized by a shoulder. Both new signals fit
to P’1. The oxygen-free sample shows no further products, although additional products are
likely. Signals of the reduced form of the initiator P’3 probably overlap with the signals of
the parent compound.

In the presence of oxygen peak broadening occurs and new signals, which represent
dimesitoyl peroxide P’5, are found. Signals f at 141.9 ppm and & 136.1 ppm are low field
shifted compared to the corresponding parent para and ortho carbons @ and b. Additional
signals are g and i. g represents the meta carbons at 130.6 ppm and i the ipso carbon at 129.0
ppm. All aromatic carbons of P’5 can be assigned here, but the methyl groups on the other
hand are not strongly influenced by the oxygen addition and therefore it is not possible to
observe a different chemical shift for them.

Further assignments in the spectrum of the oxygen-saturated sample are not feasible due to
bad resolution and signal overlaps.

The "°C experiments create strong indications, that P’5 is the main peroxide species, which is
formed upon irradiation of BAPO.
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5.1.2.2 BC-NMR Experiments in Dependence of Oxygen with Butyl Acrylate

These *C-NMR spectra are excellently resolved, compared to those containing only the
initiator, especially when the sample was saturated with oxygen. Of special interest is the
aromatic region of these NMR experiments. The signal at 166.0 ppm represents the
carbonylic carbon j of butyl acrylate. As described already in chapter 4, the carbonyl signal of
the acrylate shifts to lower fields, when the double bond is converted into a single bond.
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Figure 38. *C-NMR spectra of BAPO 100 mM in dependence of the oxygen concentration after irradiation with
butyl acrylate 400 mM (chloroform 4096 scans).On the lower trace the reference sample consisting out of BAPO and
butyl acrylate is displayed. The middle spectrum represents the oxygen-free irradiated sample and the top spectrum
the oxygen-saturated sample.

After 30 s of irradiation signal j is still detected, but related to butyl acrylate an additional
peak k;I at 174.4 ppm is found, which belongs to R’I or R’2 attached to the acrylate. Only
from this signal it is not feasible to distinguish, which radical attacked the acrylate, but the
signals in the aliphatic region of the spectrum contain further information. The addition of
R’1 to the monomer results in a signal at 41.2 ppm and the addition of R’2 leads to a peak at

18.9 ppm.

In accordance with the "H-NMR results I can confirm the addition of R’I and R’2 to butyl
acrylate. However BC-NMR experiments are not feasible to obtain information about the
addition probability of the radical species.
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In the presence of oxygen "C-NMR experiments do not reveal double bond conversion,
which is indicated by the change of butyl acrylates carbonylic carbon shift (signal j). For
butyl acrylate no changes are observed. The initiator based side products are the same, as in
the °C spectrum of BAPO in the presence of oxygen. This spectrum is better resolved and
again it is possible to assign the additional signals to P’5.

Scheme 32. Overview of products, which are confirmed by *C-NMR measurements. In the left blue field products
are displayed, which are formed in the absence of oxygen. In the presence of butyl acrylate the addition products to
the monomer and 2,4,6-trimeethylbenzaldehyde are formed. The right red field represents the products that I detect
in the presence of oxygen.

With “C-NMR experiments it was possible to observe the addition of R’ and R’2 to the
monomer in the absence of oxygen. In oxygen-saturated samples only the parent initiator, P’7
and P’8 were found.
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5.1.3 31P-NMR Experiments

BAPO is dedicated for *'P-NMR experiments, as the shift of BAPO’s single phosphorus
strongly depends on its chemical surrounding and therefore should provide further
information about reaction products. However this method faces difficulties as references and
predictions are limited.

The *'P-NMR irradiation experiments with BAPO are the same as with 'H- and *C-NMR. It
was necessary to adjust concentrations and irradiation times to obtain proper results. 10 mM
initiator and 3 minutes of irradiation lead only to a rough baseline. As the other NMR
experiments showed already and mass spectrometry will show soon, BAPO tends to form
many different products and therefore the signal intensities of each fragment are low.

I obtained best results with 50 mM initiator and 60 s of irradiation. Lower irradiation times
are not useful, as then only the parent initiator is observed.
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Figure 39. ¥P-NMR of BAPO 50 mM in dependence of oxygen (toluene, 64 scans). The bottom traces shows the
spectrum of the BAPO with its typical peak at 7.35 ppm. The middle trace represents the oxygen-free irradiated
sample and the top trace the oxygen-saturated irradiated sample. R can be R’1 or R’2.

The reference spectrum displays one peak a at 7.35 ppm, which belongs to BAPO. After
irradiation of the oxygen-free sample the signal of the parent initiator disappeared, which
corresponds with the 'H-NMR results. Signal f# at 14.2 ppm possibly belongs to the mono
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acyl phosphine oxide P’I11. The formation of P’I1 is not contradicting with in 'H-NMR
spectra observed P’4. Both compounds require the 2,4,6-trimethyl phenyl radical R’6 as an
intermediate, which can be formed via decarbonylation or decarboxylation.

In the presence of oxygen the signal of the initiator and several additional signals appear. It is
possible to assign signal p at 30.0 ppm to a phosphinoyl peroxide P’I2, which is either
attached to R’I or R’2.

Further signals, in the absence and presence of oxygen, should belong to P-P bonded
compounds, but from these data it is not feasible to determine their structures. Although the
chemical shift change from 5- to 3-bonded phosphorus is tremendous, the reduction is not
observed here. I observed these changes in *'P-CIDNP experiments and described the results
in section 5.1.5.

P12

Scheme 33. Additional products observed in *'P-NMR experiments in the presence and absence of oxygen. R can be
R’1 or R2.

These experiments were carried out also in the presence of butyl acrylate with irradiation
times between 5 s and 3 min. These conditions led to many different products and the signal
intensities of most of these products are low and can hardly be distinguished from the
baseline. In the absence of oxygen a broad peak from ~23-29 ppm is observed, which fits to
the expected signal of the addition product P’10 from R’2 and butyl acrylate. The sample
under atmospheric conditions leads to the same result. The oxygen-saturated sample shows
only a rough baseline with no resolved peaks.
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5.1.4 1H-CIDNP Experiments

"H-NMR experiments revealed several products, which are formed upon irradiation. Partially
signals overlap with the solvent and signal intensities can be low. Here I take advantage of
the CINDP effect, which reduces interferences with the solvent, leads to signal enhancement
and provides mechanistic information.

5.1.4.1 'H-CIDNP Experiments of BAPO in Dependence of Oxygen
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Figure 40. "H-CIDNP spectra of BAPO 10mM and various oxygen concentrations (toluene 4x32 scans). The bottom
trace represents the oxygen-free sample. The middle trace shows the spectrum of BAPO under atmospheric
conditions and the top spectrum represents the oxygen-saturated sample.

The 'H-CIDNP spectra of the oxygen-free sample and the sample under atmospheric
conditions are similar. When small amounts of oxygen are present peak broadening occurs

and traces of additional signals are found. The differences become more pronounced when
the oxygen concentration increases.
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The spectrum in the absence of oxygen reveals three different products. The pronounced
signals 1,2 and 3 represent the cage product. The reduced product P’3 of the initiator is
observable via signals 7, 8 and 27. Here it is feasible to assign signal 27 at 6.59 ppm to the
aromatic hydrogen-atoms of this compound. Also the recombination product dimesitoyl P’1
is clearly visible in Figure 40.

&% @wi M &%

BAPO

Scheme 34. Products found with "H-CIDNP in the absence of oxygen.

The '"H-CIDNP spectra in the presence of oxygen show signals belonging to the initiator and
to additional oxygen dependent products. Comparable to "H-NMR experiments it is possible
to assign the signals to dimesitoyl peroxide P’°5 and to compound P’6. The oxygen-saturated
sample faces the problems of low signal intensities and severe peak broadening. However the
'H-CIDNP results support the formation of P’°5 and P’6.

BAPO R1 R2 P’s P'6

Scheme 35. Additional products detected in the presence of oxygen.

Here it is not possible to detect the recombination product P’2, consisting out of two
phosphinoyl radicals R’2, with a P-P bond. *'P-CIDNP is the most useful method to
distinguish between different phosphorus species and the results are described in section
5.1.5.
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5.1.4.2 'H-CIDNP Experiments of BAPO with Butyl Acrylate in Dependence of Oxygen
The 'H-NMR experiments were useful to follow double bond conversion and here further
information for the radical attack to the double bond is obtained.
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Figure 41. "H-CINDP spectra of BAPO 10 mM and butyl acrylate 100 mM in dependence of the oxygen concentration
(toluene 32 scans). The lower spectrum belongs to the oxygen-free sample and the upper spectrum to the sample
under atmospheric conditions.

The dummy scans show the insufficient presaturation through the high amount of butyl
acrylate. After subtraction of the dummy scan, spectra with large signal intensities of butyl
acrylates double bond protons are obtained, which could indicate radical polymerization and
double bond conversion. Additionally signals 24 and 26 represent the addition product P’9 of
R’I and the acrylate. These are the same signals, which were observed in 'H-NMR
experiments. It 1is possible to detect dimesitoyl P’I and additionally 2.,4,6-
trimeethylbenzaldehyde P’7 with signal 28 at 10.3 ppm.

In the presence of atmospheric oxygen concentrations the signal intensities are reduced and
oxygen-saturated samples show only a rough baseline with some polarization of the acrylate
through the insufficient presaturation.
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5.1.4.3 'H-CIDNP Experiments of BAPO in Dependence of Oxygen and Water

In order to observe water effects, 'H-CIDNP spectra of samples with defined amounts of
water were recorded. "H-NMR experiments showed that water leads to slight shifts of the
signals, but the products keep the same. These experiments lead to matching results, as the
detected cage and escape products are the same in the water-free reference sample.

In the presence of water intense signals appear, which shift to lower field when the water
concentration increases. The shift of the water signals is in line with the "H-NMR results. In
the presence of water it is possible to observe the same cage and escape products, but
partially signals overlap.

From this experiment I can conclude that traces of water, which are present in the solvents do
not interfere with the system. High amounts of water should be avoided.
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Figure 42. "H-CIDNP spectra of BAPO 10 mM and various water concentrations (acetonitrile, 32 scans). The bottom
trace represents a water-free sample and serves as reference. The middle trace shows the spectrum of BAPO with 1
M water and the top spectrum represents the sample with 4 M water.
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5.1.5 31P-CIDNP Experiments

S'P-NMR experiments were only partial successful, as the fragmentation of BAPO and the
reduced signal to noise ratio caused problems. The 3'p_CINDP experiments ensure to observe
products formed via a radial mechanism on a short time scale and with enhanced signal
intensities.

5.1.5.1°'P-CIDNP Experiments of BAPO in Dependence of Oxygen

In the absence of oxygen I obtain the same results as Urszula Kolczak described in her PhD
thesis.'>''® The spectra show additionally to the cage product, the phosphorus containing
escape products. Signals ¢ at 22.71 ppm and 24.74 ppm indicate the formation of a P-P bond
and belong to compound P’2.

Compound P’3 was already successfully determined with 'H-NMR and 'H-CIDNP
experiments and here it is possible to identify it via signal # at 96.87 ppm. Additionally the
doublets of signal ¢ at 108.40 ppm and 106.8 ppm and doublet é at 16.37 ppm and 15.06 ppm
represent the escape product P’13 formed out of R’2 and reduced R’2.
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Figure 43. *'P-CIDNP spectra of BAPO 10 mM and various oxygen concentrations (toluene, 4x32 scans). The bottom
spectrum represents the oxygen-free sample and the middle spectrum the sample under atmospheric conditions. The
top trace shows the spectrum of the oxygen-saturated sample. R is R’I or R’2.
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Scheme 36. Cage and escape products confirmed with 31P-CIDNP experiments in the absence of oxygen.

In the presence of oxygen similar effects as in 'H-CIDNP experiments occur, including
significant decrease of signal intensities. The main product in the presence of oxygen is the
parent initiator and the same signals as in the absence of oxygen are detected.

In the spectrum of the oxygen saturated-sample, like in S'P.NMR experiments, signal y at
30.20 ppm belongs to the peroxide P'I12, with R being either R'I or R'2. With "H-CIDNP
measurements it is possible to detect the peroxide P'6, which is P'12 with the substituent R'].
Unfortunately I cannot distinguish between the two species here as both species should have
the same phosphorus shift. As phosphinoyl peroxides are not very stable it is only possible to
observe them in CIDNP- and after short time irradiation in NMR experiments. With long
irradiation times no corresponding signals in NMR spectra appear.

e

P12
Scheme 37. Additional escape product found with *'P-CIDNP in the presence of oxygen. R is R’I or R’2.
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5.1.5.2 *'P-CIDNP Experiments of BAPO and Butyl Acrylate in Dependence of Oxygen
Compared to 'H-CIDNP here the big advantage is that only phosphorus containing
compounds are visible and that NMR signal interferences from not saturated butyl acrylate
are not an issue.

In the presence of butyl acrylate the 3'P_CIDNP spectra differ from the spectra recorded in
the absence of monomer, as it is not possible to observe the recombination product P’13. The
spectra show the cage- and the escape product P’3. The signals ¢ at 22.71 ppm and 24.40
ppm belong to P’2 and the second signal is slightly shifted to a higher field compared to the
S'P_CIDNP measurement without butyl acrylate. In the absence of oxygen and under
atmospheric conditions this peak has a shoulder and compared to the second peak belonging
to compound P’2 it has a higher signal intensity. Therefore I assume that the signal at 24.40
ppm is overlapping with an additional compound.
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Figure 44. 3'P-CIDNP spectra of BAPO 10 mM with butyl acrylate 100 mM and various oxygen concentrations
(toluene, 4x32 scans). The bottom trace shows the spectrum of the oxygen-free sample. The middle spectrum
represents the sample under atmospheric conditions and the top spectrum the oxygen-saturated sample.
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Predictions and reference data indicate, that the overlapping signal at 24.40 ppm belongs to
the addition product P’10 of R’2 to butyl acrylate. This assumption is supported by the
observation in the oxygen-saturated sample. There the two ¢ signals have the same intensity
and the second peak has a shift of 24.48 ppm. The spectrum of the oxygen-free sample shows
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at the same shift a signal with a shoulder. This indicates that R’2 in oxygen-saturated samples
does not react with the acrylate, which is supported by the previous findings, that in oxygen-
saturated samples double bond conversion does not occur.

no addition to butyl
acrylate observed

Scheme 38. Additional reaction products found with >'P-CIDNP experiments in the presence of butyl acrylate.
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5.1.6 Radical Trapping with TEMPO

TEMPO can be applied as a radical scavenger and is therefore added to the photoinitiator
solutions. The results show that TEMPO reacts with the radicals, which are formed upon
irradiation and yields by "H- °C- and *'P-NMR experiments observable compounds.

5.1.6.1 'H-NMR Experiments with TEMPO at Various Oxygen Concentrations

In the reference spectrum only the initiator and the solvent are visible, as TEMPO is
paramagnetic. After irradiation the spectrum of the oxygen-free sample contains broad new
peaks and the signals of the parent initiator disappear. TEMPO’s protons provide signals in
the range from 1.0 ppm to 1.5 ppm; due to the broad and overlapping signals a precise
assignment is not possible.

These TEMPO signals also belong to a newly found compound, which is the reaction product
of TEMPO and R’I. The signals at 2.30 ppm (28), 2.48 ppm (30) and 6.64 ppm (29) indicate
the formation of P’14 2,6-tetramethylpiperidin-1-yl 2,4,6-trimethylbenzoate. The peak shapes
point to possibly overlapping signals but further structure determination is not feasible. The
reaction between R’2 and TEMPO is likely but not observable with 'H-NMR.

irradiated
oxygen-saturated

12 o
13 O’O
13;29 0 12

irradiated
oxygen-free

30
O

R oA W

reference o Q

s LU

T T T T T T T
4.0 3.5 3.0 2.5 2.0 1.5 1.0

N

r T T T T T T T
8.5 8.0 75 7.0 65 6.0 5.5 5.0 4.5
f1 (ppm)

Figure 45. "H-NMR spectra of BAPO 10 mM and TEMPO 20 mM at various oxygen concentrations, before and after
irradiation (32 scans in toluene). The bottom spectrum represents the non-irradiated sample. The middle trace shows
the spectrum of the oxygen-free irradiated sample and the top spectrum the oxygen-saturated sample.
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In the presence of oxygen signals belonging to P’I4 are detected. These signals overlap
partially with the signals belonging to dimesitoyl peroxide P’8. It is possible to assign the
peroxide through a substituent effect, which strongly influences the para methyl group of the
mesitoyl R’1. When R’I reacts with TEMPO the protons of the para methyl are shifted to a
higher field than the ortho methyl group protons. In the absence of oxygen shifts and relative
intensities of peaks 28 and 30 indicate this behavior. In the presence of oxygen these two
peaks have similar intensities. This is because for P’8 the shift of para methyl protons is
higher than the shift of the ortho methyl protons. Here I find the para signals at the same
value as the ortho signals of P’I4 and vice versa.
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Scheme 39. With '"H-NMR experiments observed reaction products of BAPO and TEMPO in the absence and
presence of oxygen.

With '"H-NMR experiments, in the absence and presence of oxygen, it is possible to detect the
reaction product of R’I and TEMPO. In the presence of oxygen P’8 is additionally observed.
On the other hand there is no evidence for the possible reaction product of the mesitoyl
peroxide radical R’7 and TEMPO.

89



phenyl-bis-(2,4,6-trimethylbenzoyl) phosphine oxide

5.1.6.2 PC-NMR Experiments with TEMPO at Various Oxygen Concentrations

Here I present data that support the findings from "H-NMR experiments. The reaction of R’I
and TEMPO is best followed by the carbonyl carbon signal, as signal ¢ of BAPO is detected
around 210 ppm and the carbonyl signal r (168.56 ppm) of the reaction product 2,6-
tetramethylpiperidin-1-yl 2,4,6-trimethylbenzoate P'I4 has a significantly different shift. The
shift of the aromatic carbons p and g support this, as well as signal s at 60.05 ppm. This
signal belongs to the carbons in position 2 and 6 of TEMPO. The ?C-NMR spectra in the
absence and presence of oxygen show all signals of this compound.
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Figure 46. >C-NMR spectra of BAPO 10 mM and TEMPO 20 mM at various oxygen concentrations, before and
after irradiation(4096 scans in toluene). The bottom spectrum represents the non-irradiated sample. The middle
trace shows the spectrum of the oxygen-free irradiated sample and the top spectrum the oxygen-saturated sample. R:
R’I,R’2 or R’7.

Signal o is of particular interest, as it indicates that phosphorus is bound to TEMPO, which
results in a shift to lower field. BAPO has two mesitoyl substituents and both can cleave. If
one mesitoyl is still attached to the phosphorus the carbonyl carbon of the mesitoyl
substituent should provide a signal around 210 ppm. In the absence of oxygen this carbonyl
signal is not observed. Therefore it is likely that compound P’15 is formed.

In the presence of oxygen signals representing P’15 are observed. Additionally signal ¢
indicates that TEMPO is attached to R’2 but here it is not possible to distinguish between
phosphinoyl, which is attached to one or two TEMPO units. In the presence of oxygen
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carbonyl signals still appear around 210 ppm. There are multiple possible explanations: parts
of the parent initiator are still existing, dimesitoyl peroxide P’8 or similar mesitoyl peroxides
are formed and TEMPO replaced only one of BAPOs mesitoyl substituent groups.

BAPO 9 + 0O,

P14 P'16

Scheme 40. With 3C-NMR experiments observed reaction products of BAPO and TEMPO in the absence and
presence of oxygen. R: R’1, R’2 or R’7.

The formation P’I4 in the absence and presence of oxygen is corresponding with the results
obtained from the 'H-NMR experiments. Additionally with these experiments and in the
absence of oxygen it was possible to observe compound P’15.
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5.1.6.3 *'P-NMR Experiments with TEMPO at Various Oxygen Concentrations

I repeated the same radical scavenging experiment and recorded 3'P_NMR spectra. The non-
irradiated reference spectrum contains signals of the parent initiator. Irradiation causes severe
product fragmentation and only small signal intensities of the formed products are detected.
The spectrum of the oxygen containing sample shows traces of the parent initiator and in the
absence of oxygen these signals are not found.

irradiated
oxygen-saturated

irradiated
oxygen-free vki_o

reference

45 40 35 30 25 20
f1 (ppm)

Figure 47. *'P-NMR of BAPO 10 mM and TEMPO 20 mM (256 scans in toluene). On the bottom trace the spectrum
of the non-irradiated sample in the absence of oxygen is displayed. The middle spectrum represents the irradiated
sample without oxygen and the top trace displays the irradiated sample in the presence of oxygen.

The promising signal x has a shift of 20.20 ppm and is found in both samples, but in the
absence of oxygen it has higher signal intensity. ACD/labs® and MestReNova® prediction
tools calculate a phosphorus signal of compound P’15 around 17 ppm with an error of 5 ppm.
Signal x is within the predicted regime and I expect that phosphorus, which has two TEMPO
units as substituents, is shifted to lower fields compared to the signal of the parent initiator,
therefore the assumption that x represents compound P'15 is feasible.
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5.1.7 Mass Spectrometry

ESI-MS experiments were performed to obtain additional information about formed products
and to support NMR results with an independent method. NMR experiments indicated
already significant product fragmentation of the initiator upon irradiation and the ESI-MS
results show the product fragmentation much better. Many different signals appear in the
observed range from m/z 50 to m/z 750. The assigned signals are color-coded in the
displayed graphs and the structures are shown at the end of this section in Scheme 41.
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Figure 48. ESI-MS results of BAPO 10 mM after irradiation. The lower three traces represent the oxygen-saturated
sample. The upper three traces display the spectra of the oxygen-free sample. For each sample experiments in the
negative, the positive and the positive activated mode were performed. Assigned signals are color-coded and the
structures are displayed in Scheme 41.

The differences between oxygen containing and oxygen-free samples are not significant, as
the same pseudo molecules and comparable relative abundances are obtained. After
irradiation the spectra of both samples contain a signal at m/z 419, which belongs to the

protonated form of the initiator.

These results indicate the formation of several phosphorus based acids, which fits to the
observation of fast exchanging proton signals in 'H-NMR. The signal at m/z 78.9 represents
traces of the deprotonated form of phosphenic acid. The spectra indicate high abundances of
phenylphosphinic acid in the negative mode (signal at m/z 141) and in the positive mode
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(signal at m/z 143). Additionally the peaks of phenylphosphonic acid appear at m/z 157 and
159.

The signal at m/z 147 represents the mesitoyl fragment and the corresponding aldehyde P'7 is
observed at m/z 149. The recombination product dimesitoyl P'I provides a signal at m/z 295.
With A1 1 observed dibenzoyl peroxide P6 but here, against the expectation, it was not
possible to detect the corresponding peroxide P'S.

Similar to Al 2.4,6-trimethyl phenyl substituents containing products are detected. The
formation of 2,4,6-trimethyl phenyl supports decarbonylation and decarboxylation
mechanisms. For example I detect 2,2',4,4',6,6'-hexamethyl-1,1'-biphenyl P’4 at m/z 239.
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Figure 49. Enlarged section of the ESI-MS results of BAPO 10 mM after irradiation. The lower three traces
represent the oxygen-saturated sample. The upper three traces display the spectra of the oxygen-free sample. For
each sample experiments in the negative, the positive and the positive activated mode were performed. Assigned
signals are color-coded and the structures are displayed in Scheme 41.

The enlarged sections of the ESI-MS graphs indicate some differences between oxygen
containing and oxygen-free samples. It appears that phosphorus derived acids and mesitoyl
fragments are found in higher abundance when oxygen is absent. It is not feasible to assign

the peaks at m/z 84 and m/z 124, which are predominantly formed in the presence of oxygen.

Additional pseudo molecules containing two phosphorus atoms and phosphorus based
peroxides appear. These molecules and substructures support my NMR results.
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Scheme 41. Overview of the marks indicated in the MS traces of Figure 48 and Figure 49 and their structure
assignment. Compounds in brackets represent pseudo molecules with ammonium or a proton.
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5.1.8 Oxygen Measurement

I measured the oxygen concentration in deuterated toluene before and after the irradiation of
BAPO. The used optical sensor is designed for determining low oxygen concentrations and
works best in the range from 0-20 % oxygen under normal conditions.

From the measured partial pressure I calculated the actual molar concentration via Henry’s
126,127,128

law. kb*=110.6 x 10° Pa was used for the calculations.
Figure 50 displays the molar oxygen concentration in the solvent as a function of the oxygen
partial pressure in % under normal conditions. The application of Henry’s law leads to linear

0, concentration in deuterated toluene functions, which imply that the oxygen sensor
is within its operation range. Upon irradiation
the oxygen concentrations decrease. From
NMR and ESI-MS experiments we know that
peroxides are formed in the presence of
oxygen and therefore oxygen is consumed. The
results from o-hydroxy ketone AI show the
same effect but for BAPO it is more
pronounced. The oxygen concentrations of the

O, concentration in the solvent [mM]

= BAPO before irradiation
® BAPOQ irradiated

0 10 20
O, concentration in the gas phase [%)]

Figure 50. Oxygen concentration in deuterated toluene irradiated BAPO Samples can also be fitted

with BAPO 10 mM before and after irradiation. linearly. I can explain the stronger pronounced

oxygen consumption with BAPO’s possibility

to undergo additional cleavages. The cleavage in the first step usually leads to R’I and R’2

and both radicals can react with oxygen. The phosphinoyl radical R’2 after the first cleavage

is a MAPO derivative and therefore the second mesitoyl group can be removed. In principle

D BAPO leads up to 4 radicals, which are able to

w0 . . react with oxygen, instead of two radicals
derived from A1.

In samples under atmospheric conditions 1.75
mM oxygen are dissolved in toluene. After
irradiation only 0.68 mM oxygen are detected,
= = 1 uis =20 which means that ~61 % were consumed.

0, concentration in the gas phase before irradiation (%)

Lower oxygen concentrations lead to similar

Figure 51. Percentage of the consumed oxygen values and they are presented in Figure 51.
concentrations after irradiation.
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5.1.9 Laser Flash Photolysis

The addition rate constants for R’1 and R’2 to butyl acrylate are known, but most values were

0.04 4

0.02 4

AA[a.u.]

T 1
0.00000 0.00002
time [s]

Figure 52. Transient absorbance decay of R’2 in the
presence of various butyl acrylate concentrations.
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Figure 53. Transient absorbance decay of R’2 in the
presence of various oxygen concentrations.
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Figure 54. Stern-Volmer plot to obtain the addition rate
constant of R’2 to oxygen.

published rate in acetonitrile of ko, = 2.70 x 10° M

determined in acetonitrile. I used toluene and
for this solvent lower addition rate constants
compared to acetonitrile are reported.’’'*’

With LFP it is possible to observe the decay of
the transient absorbance and often the decay
can be fitted with a single exponential
function. Quenching the formed radicals with
defined amounts of butyl acrylate or oxygen
results in the determination of addition rate
constants of pseudo first order reactions.'*’
The addition rate constant for the phosphinoyl
radical R’2 in toluene is kpuyi= 7.42 x 10° M!
s'. This is lower, than the published rate
constant kyyyi= 1.10 10" m! s'l, which was
measured also via LFP but in acetonitrile.*
The rate kpuy= 7.6 x 10° M s' + 02
determined in toluene via TR-EPR fits
excellent to my LFP result.”

To resolve the addition rate of oxygen to
BAPO only oxygen concentrations between 0
and 0.5 mM are suitable. At higher oxygen
concentrations first the exponential decay of
the transient absorbance is very fast and then a
further slow linear decay occurs. Figure 53
displays this effect.

The addition rate constant for oxygen should
be considerably higher and I expect it to be in
the range between 10° and 10'° M s7.%°°° The
addition rate for oxygen to R’2 is ko, = 1.50 x
10° M' s7. This is considerably lower than the

''s! but within the same order of

magnitude.59 The rate constant obtained from TR-EPR measurements is published with the

value of kg, = 4.3 x 10" M s and therefore more than one order of magnitude bigger than

my via LFP obtained addition rate constant.
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5.1.10 Kinetic Simulations with Copasi®

With available kinetic data it was possible to simulate the first steps of a simplified reaction
pathway of BAPO. In the absence of oxygen I focused on the formation of R’ and R’2 and
their recombination products. This model is based on complete cleavage of the initiator and
the cleavage of all mesitoyl groups.

D om e B 430

P1

R'10

Scheme 42. First reactions of BAPO in the absence of oxygen. Radicals are formed upon irradiation. The phosphinoyl
radical R’2 can form additional radicals after second excitation with light.

P
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Scheme 43. Overview of simulated reactions of BAPO in the presence of oxygen.
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In the presence of oxygen multiple side reactions can take place, therefore the simulations
included radical peroxide formation and termination reactions. In this simulation it is
determined that the phosphorus centered radicals are both able to react with oxygen and form
further intermediates.
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Figure 55. Kinetic simulations of BAPO 10 mM reacting upon irradiation in the presence of various oxygen
concentrations. Time versus concentration plots of selected species. a) simulation in the absence of oxygen.
Decomposition of the initiator, intermediate radicals and products are observed. b) under atmospheric conditions
(1.75 mM oxygen). Similar behavior as in the absence of oxygen. Additional peroxides are found. c¢) Simulation with
10 mM oxygen. Increase of peroxides and less initiator radicals. Products are still detected d) with 50 mM oxygen.
Only phosphinoyl peroxide radicals R’12 and mesitoyl peroxide radicals R’7 are found.

Graphs a and b represent the simulation in the absence of oxygen and the simulation under
atmospheric conditions (1.75 mM oxygen), which are similar. High amounts of mesitoyl R’/
and phosphinoyl R’2 as radical intermediates appear. Dimesitoyl P’I and phosphines are the
main products. Under atmospheric conditions small amounts of peroxides are formed, which
fits to my NMR results, where oxygen-free samples and those under atmospheric conditions
led to equivalent results.

The composition of products and intermediates changes tremendously, when the oxygen
concentration increases to 10 mM and 50 mM respectively. With 10 mM oxygen R’I still is
observed but the new main products are peroxides P’8 and P’17. On the other hand I obtain
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only about 10 % of the possible dimesitoyl concentration. Mesitoyl peroxide radicals R’7 and
phosphinoyl peroxide radicals R’11 are only intermediates in this simulation.

With 50 mM oxygen, R’7 and R’12 are the main products and all other compounds are
detected only in traces. Through the high oxygen concentration and the high addition rate
constant towards oxygen mesitoyl radicals R’I and phosphinoyl radicals R’2 react
dominantly with oxygen. Also with 50 mM the oxygen concentration is higher than the
maximum radical concentration. Therefore not all oxygen is consumed, while with 10 mM
the whole oxygen is consumed.

Polymerization simulations contain the same data set as before and reactions of the radicals
with monomers were added. The starting concentrations were for BAPO 10 mM, for butyl
acrylate 100 mM and for oxygen 0 M, 1.75 mM, 10 mM and 50 mM.

o o B S o] o)
add BA mes

O
SO

ha .
Koﬂ‘é Lo H @ .

o P@ hV kd
O pa O 5 Qs
RS Kadd BA phos

Scheme 44. First addition reactions of radicals to butyl acrylate.

The simulations show the first addition products and they contain a propagation step to obtain
polymers. For simplification the initiating radicals do not influence the rate of the
propagation step and chain termination reactions were not included.

In the absence of oxygen first the fast formation of R’ and R'2 occurs. Due to the higher
amount of R'I and the lower addition rate towards butyl acrylate, the concentration of R'I
decreases slower than the concentration R'2.

In the meantime, the first radical addition forms intermediate main products. The
concentration of the first radical addition products decreases and polymer concentrations rise
when the time scale is increased. In the absence of oxygen the polymerization is completed
after ~0.2 s. The most dominant side product is dimesitoyl P'I.

Figure 56 a and b displays the simulations in the absence of oxygen.
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Figure 56. Kinetic simulations of BAPO 10 mM with butyl acrylate and various oxygen concentrations. The left
graphs (a,c,e,g) represent short timescales 10 s while the right graphs (b,d,f,h) show the long timescale ~1 s. a & b)
oxygen-free simulation. ¢ & d) atmospheric condition O, 1.75 mM. e & f) 10 mM oxygen. and g & h) 50 mM oxygen.
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The simulation under atmospheric conditions shows comparable results as the oxygen-free
sample. Efficient addition and polymer formation occurs and peroxide side products are
detected. The polymerization speed is slightly reduced as the reaction is complete after 0.22
seconds compared to 0.2 s in the oxygen-free simulation.

In the presence of 10 mM oxygen dimesitoyl peroxide P'8 and phosphinoyl peroxide radicals
R'I2 appear in high amounts. Nevertheless still sufficient amounts of reactive radicals are
available for a first addition. The maximum concentration of the first addition product is here
~12 mM compared to ~25 mM in the absence of oxygen. In other words about 50 % of
reactive radicals are consumed by oxygen. Through the lower concentration of first addition
products also the polymerization takes a proximately twice as long as in the absence of
oxygen.

With 50 mM oxygen I observe in the short timescale only mesitoyl peroxide radicals R'7 and
phosphinoyl peroxide radicals (R'71 and R'I2). Minor amounts of radicals attack the
monomer. As these simulations do not include further oxygen based termination reactions,
slow polymerization in form of butyl acrylate consumption is still observed. Through the very
low concentration of first addition products, the polymerization requires more time. After 20
s the monomer is consumed. In the absence of oxygen this process takes only 0.2 s.

The simulation results correlate well with my experimental findings. Samples with
atmospheric oxygen concentrations and oxygen-free samples behave similar. There it is
possible to observe polymerization. Oxygen-saturated samples mainly led to peroxides and
polymerization or any double bond conversion did not occur.

Table 2. rate constants used for Kkinetic simulations.

rate constant value unit reference rate constant value unit reference
kg 83x10° s’ 90,5451 Koadsames  1.8x10° M's! 2T
kprod ~2x 107 M_l S-l 9733 kadd BA phosph 7.4 x 106 M'l s'] own work
Kadao,penz 1.8x10° M5! 35 Kperoxterm  ~6x107 M'g! 1010061
kaaa 0, phosph 1.5 x10° M's! own work kprop 1000 Mgl 108456061
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5.1.11 Thermal Imaging

It was possible to study thermal polymerization effects with a live view thermal imaging
camera. The differentiation between bulk effects, thermal diffusion and oxygen inhibition
was successful. In contrast to previous experiments, i.e. NMR and ESI-MS experiments
worked in diluted, here the focus is put on bulk reactions and concentrated butyl acrylate
samples are cured.

The results are described in detail in the attached paper while here I highlight a few findings.8

UV initiated polymerization temperature vs. time in dependence of oxygen presence
80

A high resolution thermal camera recorded

——solvent .
108 e i spatially resolved the surface temperature
during the polymerization. The observed heat

754

70

oxygen free
e5.] yg

. is produced dominantly through the double
bond conversion. Therefore it is possible to
follow the polymerization process. The results
for the oxygen-free sample and the sample

2 -, under atmospheric conditions are similar and

55
50 -

45

temperature [°C]

time [s]

Figure 57. Time versus temperature plots of BAPO in correspond with our previous findings.
bulk butyl acrylate at various oxygen concentrations.

Irradiation time 10 s. Upon irradiation of those samples the
temperature increases rapidly, with reaching a
maximum at ~ 75 °C. The atmospheric sample
keeps this temperature after irradiation
stopped for about 10 s an then the temperature
decreases slowly. The oxygen-free probe stays
around 75 °C for about 15 s and the
temperature decrease afterwards is slower than
under atmospheric conditions.

The polymerization spreads out through the

Figure 58. Thermal images of BAPO in bulk butyl Whole sample tube and at the end the probes

acrylate 10 s after irradiation started. The oxygen- 41e cured.
saturated sample shows minor heat development.

The oxygen-saturated sample behaves different, as the temperature increases during
irradiation to a maximum of 50 °C and immediately after the irradiation stopped the
temperature rapidly decreases. Heat development is restricted to the irradiated area, and the
sample did not cure and therefore stayed liquid.

Simple bulk polymerizations seem to work also in the presence of atmospheric oxygen.
Irradiation times and photo initiator concentrations might be adopted.
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Introduction

Generally, polymerisation reactions are exothermic. It is well
established that bulk effects lead to rather high temperatures
in polymerising mixtures. These thermal effects have been
investigated by a variety of methods, in particular DSC or
in situ with thermal sensors. Another important aspect in real
systems is that heat is dissipated at the interfaces between the
reaction mixture and its environment, ie., the vessel and the
atmosphere. This obviously causes a rather inhomogeneous
heat distribution, which may substantially alter the homo-
geneity and the properties of the final polymeric product. This
feature is well established and has been addressed particularly
using simulations."™ A related aspect is the inhibition of
radical polymerisations by oxygen, which also appears at the
interface between the polymerising formulation and air.” A
detailed analysis of these above-mentioned phenomena
requires a corresponding technique, which provides infor-
mation offering spatial and time resolution appropriate for
polymerisation reactions.

It has been shown that the use of a thermal sensor® and,
particularly, a thermal camera provides valuable insights for
assessing the efficiency of (preferably) exothermic events.””
Although thermal images exclusively display the temperature
at the surface of the sample and disturbing reflections may
occur, an image representing a two-dimensional spatial heat
distribution offers useful insights into environmental effects
of chemical reactions."’
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reactions. Here we show that the use of a thermal IR camera reveals effects of heat transfer in polymeris-
ing mixtures if appropriately designed reaction vessels are used. We report on case studies illustrated by
photo-induced radical polymerisation of butyl acrylate and thermally triggered ring-opening metathesis
polymerisation of dicyclopentadiene.

We have, therefore, evaluated the use of a high-resolution
thermal camera for simultaneously following the temperature
and its dissipation depending on various reaction conditions.
Moreover we have developed and tested reaction vessels for
this type of study. Here we report our initial results, which
indicate the scope (and caveats) of this experimental approach.

Results and discussion

As a first example, we have chosen a photo-initiated radical
polymerisation for our investigations."™* Such a procedure
provides a clearly defined trigger for starting the polymeris-
ation. In a thin-walled NMR tube, a mixture of the phosphine
oxide based photoinitiator Irgacure 819 and butyl acrylate
(Fig. 1A) in benzene was irradiated using a Hg/Xe high-
pressure lamp for 10 s (shutter). The corresponding setup is
shown in Fig. 1B. The Hg/Xe lamp is oriented perpendicular
toward the NMR tube. This allows following the development
of heat in a cross section below and above the centre of the
irradiating light. The dissipation of heat together with the
corresponding thermographic curves is displayed in Fig. 1C
and D. Fig. 1C shows that a hot spot is immediately created at
the position where the sample is irradiated. The temperature
gradually decreases at larger distances. Upon stopping
irradiation after 10 s, the temperature rises to its maximum,
then gradually cools down but still being above room tempera-
ture after 140 s. In Fig. 1D, the influence of oxygen is illus-
trated. The three samples shown contain identical mixtures of
the initiator and butyl acrylate. The sample on the left side is
degassed on a vacuum line and sealed under N, (identical to
the sample in the middle of Fig. 1C), the one in the middle
reflects atmospheric conditions, whereas that on the right is
saturated with O,. All three images are obtained immediately
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Fig. 1 Polymerisation under investigation (A), experimental setup for the recording of thermal images (B), thermal images of formulations irradiated
for 10 s at 5, 10, and 140 s after irradiation was stopped (under N,) (C, above) and time/temperature profiles for the same experiment at selected dis-
tances from the position of irradiation (C, below) as well as thermal images of samples at different oxygen concentrations recorded 10 s after
irradiation was stopped (D, above) and time/temperature profiles at the centre of irradiation of these samples (D, below).

after the irradiation ended. In the sample under an inert
atmosphere, the heat is evenly distributed above and below the
centre of irradiation. Although the highest temperature is
essentially identical in the image in the middle, the heat distri-
bution becomes inhomogeneous. The substantial inhibiting
effect of oxygen can be clearly distinguished in the right
sample: the temperature is much lower (less than half com-
pared to the degassed case), clearly showing a substantially
hampered polymerisation. This is shown in Fig. 1D (lower
part) comparing the rise and decrease of the temperature in
these three samples over 200 s at the centre of the irradiation.
Whereas the green curve recorded under inert conditions (N,
saturated sample) reaches the highest temperature (7,,.) and
decreases only slowly indicating a rather long period of poly-
merisation, the blue curve recorded under atmospheric atmo-
sphere has an identical T, but a substantially faster decay.
When the solution is saturated with oxygen, Tya.x is markedly
lower and the decay is even more pronounced. Fig. 1C reveals
that particularly at later stages of the polymerisation, the dissi-
pation of heat is not uniform, but systematically depends on
convection and, possibly on the thermal properties of the
environment. This is mirrored by the fact that the temperature
above the centre of irradiation (positive values in Fig. 1C) is
higher than that at the corresponding distance below.

The spatially-resolved images shown in Fig. 1C reveal that
under an inert atmosphere, a maximum number of active initi-
ating radicals is produced. Accordingly many polymer chains
start to grow. Moreover, since chain growth is not quenched by
oxygen, recombination and disproportionation reactions
appear as side reactions of the radical-chain reaction. A sub-

This journal is © The Royal Society of Chemistry 2015

stantial portion of the heat is produced by the formation of
novel C-C bonds. As soon as oxygen is present, the formation
of active initiating radicals is hindered by the deactivation of the
initiating radicals by oxygen. Since the photo-induced « cleavage
is rather fast and the quenching of the initiating radicals by O,
is a second-order diffusion-controlled reaction, this reaction is
not dominating in the very first phase of polymerisation under
atmospheric conditions. However, this becomes much more pro-
nounced in the O, saturated sample where the initiating radicals
are attacked by oxygen at a higher rate. The oxygen quenching of
the C-centred radicals of the growing chain is evident in both
oxygen-containing samples showing a much faster decrease of
the temperature relative to the degassed one.

Not all effects discussed above are exclusively caused by the
role of oxygen. Heat transfer to the interfaces between the
sample and the glass walls and the atmosphere definitely con-
tribute to the efficacy of the polymerisation reaction. We have
therefore specifically addressed the influence of the bulk and
the interface area in a second series of experiments. To this
end, we have chosen ROMP (ring-opening metathesis poly-
merisation, Fig. 2) since the progress of ROMP (initiated with
the particular class of ruthenium compounds used) is hardly
affected by the presence of oxygen and starts after an induc-
tion period of a few minutes allowing a proper mixing of the
solutions and placing them in appropriate vessels."?

In a first set of measurements, four vials were filled
with differing volumes of the same polymerising mixture
(0.5-3.7 mL) and immediately, the thermal development of the
samples was monitored with the thermal camera (Fig. 2). After
an induction period of ca. 4 min, the sample with the highest

Polym. Chem., 2015, 6, 2488-2492 | 2489
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Fig. 2 ROMP of dicyclopentadiene initiated with M20 (A), photographs of reaction vessels ((a) 3.7, (b) 2.6, (c) 1.2 and (d) 0.5 mL)) containing the for-
mulation for ROMP (B) and thermal images showing the heat evolvement during polymerisation depending on the volume (C).

volume starts to polymerise, consecutively followed by the
samples with decreasing volumes of the formulation. The
starting area of the reaction is always the (a priori) warmest
region of the samples. This can be additionally perceived by
the fact that even a slight heat transfer from one sample to
another (if they are in close vicinity) creates a “hot spot”
becoming the starting area for the polymerisation in the adja-
cent vessel. The lower the volume of the sample, the longer it
takes for the start of the polymerisation and the lower the
highest temperature achieved. Clearly these effects can be
traced back to bulk effects counterbalanced by heat transfer
across interfaces. To assess the influence of the overall volume
and the interface area in a systematic way (walls of the sample

vessel and atmosphere), we have constructed reaction
chambers (Teflon) providing specific volume/interface area
ratios. To avoid heat transfer between the samples, the reac-
tion chambers were positioned well apart from each other
(Fig. 3A and B). The measurement of the reaction temperature
at the surface of the samples was achieved by positioning the
camera above the reaction chambers. Selected results are dis-
played in Fig. 3C. In analogy with the measurements shown in
Fig. 2, an induction period of ca. 3 min was observed. Poly-
merisation started first in the sample with the highest volume.
This can be seen in Fig. 3C and D, where column a, corres-
ponding to the reaction chamber with the highest volume
(Table 1), reveals the first detection of heat after 211 s.
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Fig. 3 General shape of the reaction chambers (A), photograph of the reaction chambers made of Teflon (B), thermal image showing the heat evol-
vement during ROMP in dependence of the dimensions of the reaction chambers (cf. Table 1) (C) and time/temperature profiles of the reaction

chambers a—e (D).
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Table 1 Dimensions of reaction chambers

Reaction chamber a b c d e
Diameter [mm] 20 20 12 10 20
Depth [mm] 10 6 10 8 2
Volume [mL] 3.14 188 1.13 0.63 0.63
Volume-interface area ratio[mm] 2.50 1.87 1.87 1.54 0.84

Columns b-d in Fig. 3C then follow in the order of their gradu-
ally smaller volumes.

In addition to this ‘volume effect’, also the volume/interface
ratio appears to play a major role. The polymerisation in
chambers b and c starts almost simultaneously (see 4™ line in
Fig. 3C) although the volume of chamber c is only 60% of that
of b. Remarkably, b and ¢ have the same volume/interface area
ratio. This implies that the heat is evenly dissipated across the
interfaces between the sample and Teflon/atmosphere. Com-
paring the reaction in chambers d and e underpins the influ-
ence of the volume/interface area ratio. These chambers have
identical volumes (0.63 mL) but different interface areas
(volume/interface area ratio 1.54 and 0.84 mm, respectively).
Significantly, in sample e with a lower volume/interface area
ratio, the polymerisation starts later and reaches a lower
maximum temperature (Fig. 3D). Here, a larger amount of the
reaction heat is transferred from the bulk to the surrounding.
Generally Fig. 3D indicates that the samples with higher
volume and bigger volume/interface ratio polymerise earlier
and reach higher temperatures. Moreover the observation that
the decay of the maximum temperature is substantially less
pronounced in a, b than in d, e (Fig. 3D) is in line with the
higher volume/surface ratio of the former samples.

Experimental section

For the temperature measurements, we have used an InfraTec
VarioCam hr M83072 thermography system providing a 640 X
480 dpi resolution at a frequency of 60 Hz. We used 10 Hz and
2 Hz for photoinitiated and ring opening metathesis poly-
merisation reactions, respectively.

Since thermal camera images exclusively present surface
temperatures, our measurements were either performed in
thin-walled glass tubes (NMR) or in specifically produced reac-
tion vessels (Teflon). The specific shapes of the latter were
designed to account for the effects of the overall reaction
volume and the ratio of volume vs. the interfacing area with
the atmosphere and the contact area of the polymerising
mixture with the Teflon surface.

For the photoinitiated reactions benzene solutions of butyl
acrylate and Irgacure 819 (phenylbisacylphosphine oxide,
BASF, Germany) were used. For the measurements 0.8 mL of a
prepared stock solution consisting of 9.8 wt% benzene, 0.1 wt%
Irgacure 819 and 90.1 wt% of butyl acrylate was filled in thin-
walled 5 mm NMR tubes. The NMR tubes were sealed with
septa and either degassed (N, bubbling for 3 min) or enriched
with oxygen under light exclusion (wrapped in aluminium

This journal is © The Royal Society of Chemistry 2015
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foil). Samples representing atmospheric oxygen levels were
kept untreated. Every sample was freshly prepared before the
experiment. A Hg/Xe lamp (Hamamatsu LC4, L8252 lamp, max
at 365 nm) equipped with a light guide (diameter 5 mm) was
used. This setup yielded 2200 + 300 mW c¢cm ™. A cross section
of 15 mm was irradiated for 10 s (shutter). The recording of
the thermal response was started 7 s before irradiation.

For the ring opening metathesis polymerisation in bulk,
dicyclopentadiene (97%, a mixture of endo and exo isomer
(95:5), ABCR; 7.84 g and 14.7 g for measurements in glass
vials and Teflon moulds, respectively) was molten and mixed
with dichloromethane (30 pL per mL DCPD) to keep it in the
liquid state. A stock solution of the initiator M20 (Umicore)"®
in dichloromethane (34.5 mg mL™') was prepared. For the
thermal measurements, the polymerisation was initiated by
the addition of initiator-solution (240 and 450 pL; equal to
150 ppm M20 in respect of DCPD) to the monomer. Sub-
sequently, the formulation was filled in the respective moulds
and the heat evolvement was measured.

Conclusions

Although thermal measurements were reported for several
cases as a (semi)quantitative tool for describing the efficiency
of chemical reactions,"” our results illustrate pretty well the
power of thermography to visualize, study and quantify the
polymerisation progress under different conditions. The aim
of our investigation was testing whether the use of a thermal
camera provides new and useful insights into polymerisation
phenomena. The images and the curves shown in Fig. 1 and 3
illustrate that we have been capable of systematically estab-
lishing and distinguishing bulk effects, heat transfer, the influ-
ence of interfaces, and the impact of oxygen. Although the
recorded images provide only information on the temperature
of the surface of the investigated samples, the non-isotopic
heat flow can be followed rather precisely and reproducibly.

In these terms, the use of a high-resolution thermal camera
is very useful for investigating the efficiency of the formation
of polymers on a convenient time scale (1/60 s) and an appro-
priate resolution (sub mm), which is likely to be useful for
studying rather subtle details during the curing of photo-poly-
merisable coatings in addition to standard IR procedures
monitoring the conversion of double bonds.'® Such investi-
gations require custom-made reaction chambers that allow fol-
lowing the desired phenomena, always bearing in mind that
the surface temperature is monitored exclusively. It is also
crucial to control the environmental conditions very precisely
to achieve a perfect reproducibility of the results.

We are currently expanding our studies toward frontal poly-
merisation, non-homogeneous systems, etc. and developing
specific vials for enhancing the scope of this approach. A
detailed look on thermographic images seems to be valuable
and should also enhance the development of theoretical
models."’
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5.2 Discussion

The results for the oxygen dependent reactivity of BAPO and the a-hydroxy ketone Al are
comparable. In both cases in the presence of oxygen, peroxide formation and reduced double
bond conversion of butyl acrylate were observed. Additionally to 'H- and BC-NMR
techniques, BAPO invites to use S'P_.NMR experiments.

In the absence of oxygen it was possible to detect and assign the main reaction products of
BAPO upon irradiation. The in this work presented results match perfectly with published

R
)

BAPO

N o ﬁ *Q

P'18

Scheme 45. Compounds detected with various NMR techniques (NMR and CIDNP of different nuclei) in the presence
and absence of oxygen. In the presence of oxygen the displayed compounds are formed additionally.

Longer irradiation times cause further follow-up products. One of these products is
2,2',4,4',6,6'-hexamethyl-1,1'-biphenyl P’4, which is of particular interest, as it appears in the
absence and presence of oxygen, but the signal intensities are in the absence of oxygen
higher. The a-hydroxy ketone A1 leads to comparable compounds. There a decarboxylation
step preferably takes place in the presence of oxygen.

Opposite to A1, the decarboxylation of BAPO is preferred in the absence of oxygen, which is
caused by a different mechanism. With A1 first a peroxide needs to be formed, which can
then decompose and subsequently decarboxylates. For BAPO an additional possibility exists.

The first step is the reduction to compound P’3, which is followed by the light induced
cleavage and formation of R’4. R’4 can undergo fast decarboxylation, which leads to the
mesityl radical R’6. It is possible to detect P’4, but further recombination products with R’I,
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R’2 or other intermediates are feasible. ESI-MS results support this as mesityl substituted
compounds are found.

L s )
&% roducton ﬁﬁ %;/ ﬁjf \gj & L

BAPO
Scheme 46. Suggested reactions for the formation of P’4.

Decarbonylation of R’I is an additional possibility to obtain R’6, but as I discussed already
for A1 decarbonlyations of benzoyl radicals and its derivatives are about four orders of
magnitudes slower than corresponding decarboxylations.109’“0’111

NMR experiments with butyl acrylate showed that polymerization only occurs in the absence
of oxygen and under atmospheric conditions. The oxygen-saturated samples showed no
double bond conversion. It was also possible to detected addition products of R’I and R’2 to
the acrylate. Both mesitoyl groups of BAPO can cleave and the resulting phosphinoyl radical
can react with two acrylates, but the direct observation was not achievable.

Therefore experiments included TEMPO. It can trap radical intermediates and S'P.NMR

experiments revealed compound P’15, which is R’10 with two attached TEMPO units.
~o )K/\Q/\)k /\/‘\ o>>:P

% goQ
Jol o] P o
o 8
H R'13 A hV
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o A
peroxides o~ o +0,

RPO

Scheme 47. Determined products formed of BAPO and TEMPO or butyl acrylate in the absence and presence of
oxygen.

The experiments with TEMPO showed, that the addition of two butyl acrylate units to one
BAPO derived phosphinoyl is plausible. This is in line with end group analysis.””''** My
working group performed also successful experiments with wavelength selective cleavage of
BAPOs mesitoyl groups and further selective diblock copolymerization.'**

The determined addition rate constants for phosphinoyl radical R’2 to butyl acrylate and for
R’2 to oxygen are Kyuyi= 7.42 X 10° M s in toluene, which fits well to the published value
of kpuyr= 7.6 x 10° M s £ 0.2 in toluene>'* and ko,= 1.50 x 10° M s, which is
considerably lower than published rates.***!°*'*® The Turro group i.e. published the addition
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rate constant Ko, = 2.70 x 10° M' s measured with LEP in acetonitrile. The difference in the
addition rate constants might be caused by solvent effects. The addition of R’2 to oxygen is
about 2-3 orders of magnitudes faster than the addition of R’2 to butyl acrylate. For the
mesitoyl radical R’1 it is the same.

The fast reaction of oxygen with R’I and R’2 is one reason for oxygen inhibition. With
kinetic simulations it was possible to visualize the inhibiting effect. When the oxygen
concentration increases, the amounts of peroxides rise and the desired product concentrations
of i.e. polymers decrease. The used kinetic models are in line with my experimental results.
In the presence of oxygen different peroxide species and reduced amounts of products are
detected. Further it is not possible to observe double bond conversion and polymerization in
oxygen-saturated samples. Additionally the quantification of the oxygen consumption with
optical oxygen sensors is feasible

Thermal imaging provided information of the bulk behavior, which mainly corresponds with
observations in diluted systems. Inhibition in the presence of high oxygen concentrations
occurred and the observed effects are exclusively caused by oxygen. Heat transfer from the
center to the glass surface, diffusion and changed gas solubility’s through temperature
increase also play an important role. It was possible to differentiate between those effects
with oxygen independent ROMP reactions.® This technique was a useful additional tool to
visualize oxygen effects on bulk samples. These results contribute to a better understanding
of oxygen reactivity and follow-up products in photo-induced radical polymerization.
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6 Tetramesitoylgermane

Tetramesitoylgermane (GeAcs) is a new compound,
which was first synthesized by Michael Haas from the
Stiiger group of the Institute of Inorganic Chemistry at
o) Graz University of Technology. This new compound is
(0] related to dibenzoydiethylgermane and the commercially
Ge available bisacylgermane (BAG) (diethylgermanediyl)bis
O ((4-methoxyphenyl)methanone). My group studied the
photo initiating ability of dibenzoyldiethylgermane and
based on this I characterized GeAca.

Scheme 48.  Tetramesiotylgermane 1he next section presents results gained from EPR, NMR
(GeAcy) and LFP experiments as well as polymerization tests.

6.1 Results

Time resolved EPR experiments determined the homolytic cleavage upon irradiation of
tetramesitoylgermane. 'H- and ?C-NMR experiments before and after irradiation, which
correspond to the experiments carried out with the a-hydroxy ketone A1 and BAPO, provide
oxygen dependent structural information. 'H-CIDNP experiments revealed interesting
properties of this new compound and LFP measurements were performed to determine the
addition rate constants of the germyl radical to butyl acrylate and to oxygen. Here I will also
show results of polymerization experiments. Various formulations, with either GeAcs or
dimesitoyldiethylgermane as initiator, were cured.
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6.1.1 Time Resolved EPR

%102

EPR Intensity [a.u.]

Figure 59 TR-EPR spectrum of GeAc, in toluene

With TR-EPR primary formed radicals can be observed. Figure 59 displays the TR-EPR

spectrum of GeAcys. Upon irradiation, a signal in absorption between 339.2 and 338.2 mT

appears. From previous studies it is known that mesitoyl and germyl radicals are detected

within this magnetic field."”” The signal in absorption indicates that most of the polarization

is obtained through the radical pair mechanism RPM. The spectrum is not well resolved and
therefore both signals overlap. After 3 us the
signal disappeared. The light induced cleavage
of the parent compound and the formation of
radicals are proven.

Figure 60 displays the EPR spectrum recorded
after 200 ns. Here the broad signal is clearly
visible.

3311.8 33‘8.0 33‘8.2 33‘8.4 33‘8.5 33‘8.8 33‘9.0 33‘9.2 33‘9.4 33;).8 33;).8 1 1
ot The scheme below is based on previous

research and shows the most likely formed

Figure 60. EPR spectrum derived from GeAc, 200 ns . . -
radicals upon irradiation.

after the laser pulse.

- i 3
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. o . Mes
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0Jd O)/*
GeAc, R"1 R'"2

Scheme 49. Formation of mesitoyl R”7 and germyl R”2 radicals after irradiation of GeAc, with UV light.
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6.1.2 1H-NMR Experiments

The 'H-NMR spectrum of GeAcy in toluene confirmed the purity of the analyte as no
additional signals beside the solvent peaks are detected. It is possible to assign the signals
belonging to the protons of the methyl groups and the protons on the mesitoyl substituent of
the parent compound in the displayed spectrum Figure 61. The aromatic protons I at 6.35
ppm represent the meta position. The ortho methyl groups’ protons 2 are found at 2.22 ppm
and the para methyl groups’ protons 3 at 2.05 ppm. The signal intensities integral ratio of
ortho and para methyl groups is 2:1. This matches perfectly the structure of the compound.

After 3 minutes of irradiation with UV light in the absence of oxygen, additional peaks
appear. Peak 4 in the aromatic region of the NMR spectrum corresponds to the aromatic
protons of dimesitoyl P”2. Further proofs for the formation of P”2 are the signals obtained
from the ortho methyl groups protons 5 at 2.34 ppm and the para methyl group protons 6 at
2.15 ppm. The results of the 'H-CIDNP experiments, which are described in the next section,
support the formation of P”2. After irradiation signals belonging to the parent compound are
still detected, but with reduced intensity.138

After irradiation broad and additional signals in the aromatic and aliphatic range arise. The
assignment of these peaks is currently not possible. One of the difficulties for signal
assignment occurs from germanium. Germanium has a huge impact on the chemical shift, but
only few references exist and the current prediction tools are not able to handle germanium
containing compounds properly.
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Figure 61. !H-NMR of GeAc, (10 mM) before and after irradiation (3 min) (16 scans in toluene). Bottom trace non-
irradiated reference spectrum and on top the spectrum after irradiation in the absence of oxygen.
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Another difficulty of the signal assignment is the long irradiation time, as a mix of follow-up
products is obtained. The recombination of germyl radicals can lead to follow-up products
containing Ge-Ge bonds. An indication for this, are the additional signals, which appear next
to the peaks of the parent compound. Haas observed with GC-MS products of similar
germanium based initiators, which indicated Ge-Ge bonds.

The signal of an additional follow-up product at 2.76 ppm might belong to 2,2'4,4',6,6'-
hexamethyl-1,1'-biphenyl P”3, which can be formed after decarbonylation.
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Scheme 50. Expected follow up products of GeAc, upon irradiation.

Irradiation of samples, containing 50 mM or more GeAcy in the absence of oxygen for 3
minutes leads to the formation of a white sediment. Through the long irradiation additional
mesitoyl substituents cleave and the formation of germanium particles is possible. This
process includes electron transfers, but with these experiments it was not feasible to obtain
additional information about it."*"'*’

The oxygen dependence is better observable and the amount of follow-up products decrease,
when the irradiation time is reduced. I combined these requirements with the CIDNP
experiments and recorded additional 'H-NMR spectra after the CIDNP measurements. One
CIDNP spectrum consists out of 32 scans; this means that the sample is hit by 32 1 ps laser
pulses. The previous samples were irradiated for 3 minutes with the Hamamatsu UV-lamp.

Through the reduced irradiation time, I expect fewer light induced products and therefore less
signals in the NMR spectra. 32 'H-CIDNP scans are usually not sufficient to degrade the
sample. For example with BAPO or with A1 it is not possible to detect sample degradation
after 32 scans. In the case of GeAcy the "H-.NMR spectra, which were recorded after the
CIDNP experiments show changes.
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Figure 62. "H-NMR of GeAc, after CIDNP experiment with 32 1 ps laser pulses in the dependence of oxygen (16
scans in toluene). The spectrum on the bottom shows the non-irradiated compound and serves as reference. In the
middle the spectrum of the oxygen-free irradiated sample is displayed and on top is the spectrum of the oxygen-
saturated irradiated sample.

The bottom trace of Figure 62 displays the reference spectrum of the non-irradiated GeAcs.
After the irradiation with 32 laser pulses through the CIDNP experiment, additional peaks
caused by sample degradation appear. In the absence of oxygen the formation of the
dimesitoyl P”I occurs. The signals for P”I are less pronounced here, than in the spectrum
obtained after 3 minutes of irradiation with the UV lamp, but they are better resolved, as less
additional products are formed. Its aromatic protons 4 have a peak at 6.61 ppm. The signals
of the methyl groups’ protons 5 and 6 are again recorded at 2.34 and 2.15 ppm.

I detect additional signals at 6.49, 6.43 and 2.44 ppm but currently proper assignment is not
possible. It is likely that these signals belong to species with a Ge-Ge bond.

There are two effects in the presence of oxygen. First a general line broadening and second
the appearance of new signals. In the aromatic range the high field shifted peak 7 at 6.59 ppm
next to the proton signal of P”I belongs to the protons of a peroxide derivative of mesitoyl
P74, indicated in the spectrum above. The substituent R could be either another mesitoyl
group or a germanium based fragment. This signal is not suitable to distinguish, what the
substituent R is but the addition of oxygen to R”I can be assured. The addition of oxygen
causes expected high field shifts of the peaks.
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In the aliphatic region of the NMR spectrum line broadening is a problem. However, signals
8 and 9 at 2.28 and 2.12 ppm correspond to the protons of the methyl groups of the mesitoyl
peroxide P”4. In the presence of oxygen proton signals for P”3 are found too.

Worth to mention are the signal intensities of the parent initiator. In the absence of oxygen
the signals for GeAcy are clearly visible and the signal intensities ratios are corresponding to
the non-irradiated sample. When oxygen is present these signals are far less pronounced and
overlap with additional signals. The appearance of multiple new signals in the aliphatic range
indicates oxygen addition to germanium. R”I derived signals are the same as R’I based
product signals from BAPO, but so far it is not exactly known how the addition of oxygen to
R 2 influences the shifts of the methyl protons of R”2.

Additional proton spectra included samples containing butyl acrylate. After CIDNP
experiments double bond conversion was observed only in traces. The irradiation with UV
light (3 minutes) led to double bond conversion in the absence of oxygen. The results are
comparable to the experiments of a-hydroxy ketone AI with butyl acrylate displayed in
Figure 13, where double bond conversion in the absence of oxygen and no double bond
conversion in the presence of oxygen is described.
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Scheme 51. Overview of products formed by irradiating GeAc, in the presence of oxygen. Mesitoyl peroxide species
are the only confirmed additional products.

The detected products, which are formed upon irradiation in the absence of oxygen, met the
expectations (see Scheme 50). Dimesitoyl P”I and Ge-Ge species are formed. In the
presence of oxygen it is only possible to confirm the formation of mesitoyl peroxides P”4.
The formation of Ge-O-Ge or Ge-O-O-Ge species is probable, but '"H-NMR experiments are
not feasible for their determination.
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6.1.3 13C-NMR Experiments

Similar to the 'H-NMR experiments I recorded BC.NMR spectra of GeAc4 before and after
irradiation. To obtain reasonable spectra 4096 scans were required. Figure 63 displays the
spectra of the non-irradiated reference and the irradiated sample in the absence of oxygen.
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Figure 63. >*C-NMR spectra of GeAc, in the absence of oxygen before (bottom trace) and after irradiation (spectrum
on top) (4096 scans in toluene).

The solvent peaks dominate the spectra and overlap with the carbon signals of the methyl
groups. In the aromatic region of the NMR spectrum the signals @, b and ¢ belong to GeAc,.
Signal a at 233.95 is characteristic for the carbonyl next to the germanium. This signal is used
for quality control in the synthesis of GeAcs. b and ¢ correspond to the para and ortho carbon
of the mesitoyl.

After irradiation the new signal d at 226.91 ppm is a hint for compound P”1. d represents the
carbonyl group of the newly formed dimesitoyl P”I. Further evidence, for the formation of
P”1 is provided by the signals e and f.

An additional peak at 138.05 ppm possibly belongs to P”3. Further expected peaks of P”3
would overlap with the solvent. "?C-NMR experiments cannot confirm the formation of P”3
but the results do not contradict with the outcomes of the "H-NMR measurements.

119




Tetramesitoylgermane

In the spectrum below we can see next to the parent compounds carbonyl peak two additional
high field shifted signals.
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Figure 64. *C-NMR spectrum of GeAc, in the absence of oxygen and after irradiation. Additional, not assigned
carbonyl carbon signals are detected after irradiation of GeAc, in the absence of oxygen (4096 scans in toluene)
Figure 64 shows the enlarged part of the irradiated GeAc, "C-NMR spectrum in the absence
of oxygen. New signals appear at 231.88 and 230.63 ppm. Due to their relative high shift it is
possible that they belong to a carbonyl next to a germanium atom.

BC-NMR measurements confirm the decomposition of GeAc, after UV irradiation and the
formation of dimesitoyl P”I is a proof of it. The additionally found carbonyl carbon signals
indicate germanium based follow-up products. The shift of these signals could be a hint for
Ge-Ge bond formation.
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6.1.4 1H-CIDNP Experiments

Time resolved EPR experiments revealed the formation of radicals. To follow the products,
which are formed via a radical mechanism, CIDNP experiments were performed. Figure 65
shows a comparison of 'H-CIDNP spectra obtained from samples containing different
oxygen concentrations.
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Figure 65. "H-CIDNP spectra of GeAc, containing different oxygen concentrations (32 scans in toluene).The bottom
trace displays the spectrum recorded with the oxygen-free sample. The middle spectrum was recorded under
atmospheric conditions and the sample represented by the top spectrum is oxygen-saturated.

The oxygen-free sample and the sample containing oxygen in atmospheric concentrations
behave similar. In both cases the cage reaction occurs. Peaks I, 2 and 3 correspond with the
formation of the initial compound. Peak 2 is less pronounced, while peak 3 seems to overlap
with other signals. Comparable to 'H-NMR results signals correspond to dimesitoyl P”1.
Peaks 4, 5 and 6 belong to P”I and are in accordance with the 'H-NMR measurements. The
enhanced signal intensity of the ortho methyl group protons of P”I compared to the ortho
methyl group protons of the parent compound is of interest. The probable high amount of free
R”1 could lead to enhanced intensities of P”1. But quantitative interpretation of data obtained
by CIDNP experiments is not feasible, due to the non-Boltzmann distribution of the spin
states.
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The oxygen-saturated sample faces significant line broadening and the aliphatic signals are
slightly shifted to lower fields. Additional resonances belong to the peroxide form of mesitoyl
P4, which are indicated in the spectrum above and are in accordance with the results from
the "H-NMR measurements. Signal 7, corresponding to the aromatic protons of the P4, is
here much better resolved than in the "H-NMR spectrum. Here it is possible to detect the
protons of the ortho methyl group of the peroxide 8 as an independent signal. In the "H-NMR
spectra this signal overlaps with the signal from the parent compound and it is only
recognized as a shoulder in the peak.

As described before the signal at 2.44 ppm could belong to P”3. 'H- and BC-NMR
experiments support this finding.

Irradiation creates mesitoyl radicals R”I and the formation of the corresponding aldehyde is
expectable, like in the reaction of the o-hydroxy ketone AI. The formation of the
corresponding 2.4,6-trimethylbenzaldehyde P”5 was not observed, as GeAcy like BAPO has
no abstractable hydrogen-atoms, which are necessary to form the aldehyde. When butyl
acrylate is present, hydrogen-atom abstraction of the growing polymer chain takes place and
the aldehyde is detected.
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Figure 66. "H-CIDNP spectra of GeAc, with butyl acrylate in dependence of the oxygen concentration (32 scans in
toluene). On the bottom trace the spectrum of the oxygen-free sample is displayed. The spectrum in the middle shows
the sample prepared under atmospheric conditions and the spectrum on top represents the oxygen-saturated sample.
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I detect a signal, which belongs to 2.,4,6-trimethylbenzaldehyde P”5 in the presence of
monomer in all three samples with different oxygen concentrations. Peak 11 is assigned to
the aldehydes proton, which is indicated in the figure above. The spectra of all samples
contain the additional signal 10, with the best resolution of it in the spectrum of the oxygen-
free sample. This signal 10 belongs to the addition product P”’6 of the mesitoyl radical R”1 to
butyl acrylate.

Here it is not possible to observe the addition of the germyl radical R”2 to butyl acrylate.
Further the signal of the parent compounds ortho methyl group protons 2 is not detected. This
signal should be visible at 2.22 ppm, but in the presence of a monomer the cage reaction is
less likely as further reaction pathways exist.

In the presence of oxygen the spectra indicate the formation of a plateau from 6.5 to 6.6 ppm.
The signals representing P”1 and P”4 are expected in this range. Taking the results from the
a-hydroxy ketone A into account, I can additionally expect mesitoyl peroxide attached to
butyl acrylate. Solely from this data it is not possible confirm this addition product.

The signal intensities at 2.44 ppm, which represent P”3, rise with the increase of the oxygen
concentration. Oxygen induced line broadening is a problem preventing further assignments.
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Figure 67. 'H-CIDNP spectra of GeAc, in the presence and absence of butyl acrylate indicating double bond
conversation and cage reactions (32 scans in toluene). The sample of the bottom spectrum contains butyl acrylate,
while the top trace shows the spectrum of the monomer-free sample.
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Figure 67 displays the direct comparison of the "H-CIDNP spectra of GeAc, in the presence
and absence of monomer. As described before only in the presence of monomer it is possible
to observe the aldehyde P”5, which is represented by signal 11 in the bottom trace.

There is evidence for the addition of R”I to butyl acrylate. In this comparison I marked a
further indication for double bond conversion. The signals around 5.2 ppm belong to protons
attached to the double bond and around 4.2 ppm the a-protons of the butyl chain are detected.
Those polarized signals indicate an addition of a radical. Some polarization of these signals
can be seen in the dummy scan through not efficient presaturation. The dummy scans were
subtracted from the CIDNP spectra.

Scheme 52. Reaction products of GeAc, and butyl acrylate upon irradiation in the absence and presence of oxygen.

GeAcy shows similar behavior like the a-hydroxy ketone A1 and BAPO. In the absence of
oxygen and under atmospheric conditions the mesitoyl radical attacks butyl acrylate and
double bond conversion occurs. Increasing the oxygen concentration causes lower signal
intensities from P”6, on the other hand the signal intensities for P”4 rise. With GeAc, and
BAPO I detect traces of 2,2'4,4',6,6'-hexamethyl-1,1'-biphenyl P”3.
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6.1.5 Laser Flash Photolysis

The results of the NMR experiments confirmed the addition of mesitoyl radicals R”I to butyl
acrylate. However, these experiments showed no hints for the addition of germyl radicals
R”2 to the monomer. Laser flash photolysis experiments helped to obtain the desired
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Figure 68. Transient absorbance spectrum of R”2 . . .
g P kinetics can be derived.

obtained through excitation with a 355 nm laser pulse

The decays are fitted to obtain the exponential
coefficients keyp. With those it is possible to obtain the Stern-Volmer plot displayed in Figure
70. The addition rate constant of R ”2 to butyl acrylate is kpuyi= 1.75 x 10" M s
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Figure 69. Comparison of the transient state quenching Figure 70. Stern-Volmer plot to obtain the addition rate
in presence and absence of monomer constant of R”2 to butyl acrylate
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Figure 71. UV-Vis spectrum of GeAc, in acetonitrile
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Figure 72. Time dependent absorption spectra of GeAc,
in acetonitrile
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Figure 73. Time dependent absorption decay upon
irradiation of GeAc,.
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Figure 74. Time dependent absorption spectra of GeAc,
and MMA in acetonitrile.
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6.1.6 UV-Vis

GeAc, has in acetonitrile a broad absorption
band from approximately 350 to 440 nm with a
maximum at 375.5 nm.

The compound has four mesitoyl groups
attached to the germanium and as I showed
already irradiation leads to mesitoyl R”I and
germyl R”2 radicals. In principle it should be

possible to cleave all four mesitoyl groups.
Cleaving one group should cause a change in
the absorption spectrum. Based on this a
wavelength selective cleavage might be
achievable, which was tested by irradiating
GeAcs with different wavelengths and
recording time resolved UV-Vis spectra. 1
started with 450 nm but this energy is not
sufficient to excite the sample. Wavelengths
lower than 435 nm are required. The results of
irradiating the sample with 435 and 420 nm
are similar. In both cases GeAcs 1is
decomposed and the absorption bands
disappear, which is displayed in Figure 72.

The plot of the absorbance versus the
irradiation time visualizes an exponential
decay.

The addition of methyl methacrylate causes an

enhanced decay of the absorption band.
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Figure 75. Time dependent absorption decay upon
irradiation of GeAc, in the presence of MMA.
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6.1.7 Polymerization Experiments

I produced polymer pellets using GeAcs as photoinitiator and compared it with the similar
and published initiator K-42. Details for the production of the tablet shaped polymers are
given in the experimental section. These results discuss the curing ability of GeAc, for
different monomer formulations. The standard monomer of choice was butyl acrylate, as
NMR and LFP experiments showed the possible curing ability of GeAcs. It was possible to
follow double bond conversion by NMR techniques and to determine the addition rate
constant of the germyl radical R”2 to the acrylate.

Here I performed polymerization experiments with methyl methacrylate, styrene, triethylene
glycol dimethacrylat (TEGDMA), diurethane dimethacrylat (UDMA), a mixture of
TEGDMA and UDMA in the ratio 1:4 wt. as well as mixtures of TEGDMA with methyl
methacrylate, butyl acrylate and styrene in a 1:1 wt. ratio. The mixture TEGDMA and
UDMA is used in the same ratio by Ivoclar Vivadent AG for their dental application.'*’

GeAcy is insufficiently soluble in the monomers itself, but to obtain a defined initiator
concentration, it was dissolved first in toluene. This set of experiments used initiator
concentrations of 0.1 0.5 1 and 2 wt. %.

I irradiated the monomer mixtures for defined amounts of time and checked the curing
process by sticking the probe with a spatula. The Bluephase™ dental lamp from Ivoclar
Vivadent AG initiated the curing process. The lamp was arranged in a distance of 1.5 cm,
which allowed irradiating the whole surface of the formulation. These specifications result in
650 W cm for the low power mode and 1200 W cm™ for the high power option.

6.1.7.1 Styrene

Styrene samples contained 1 wt. % initiator dissolved directly in the monomer and the
irradiation was started in 10 s steps at the low power mode. After 10 respectively 20 s no
change of the samples or polymerization was observed. To check the ability of the initiators
to cure styrene, both samples were irradiated for 3 min, with the lamp in the high power
mode. It was not possible to obtain cured pellets. After irradiation the sample containing
GeAc, bleached almost completely and became colorless. The mixture containing K-42 also
bleached but the yellow color was still clearly visible.
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6.1.7.2 Methyl methacrylate

These samples required the initiator to be previously dissolved in toluene. Initiator
concentration was 1 wt. % and the curing settings were the same as for the styrene samples.
Again it was not possible to observe sufficient curing. I increased the irradiation time to 3
min and the intensity by using the high power mode. Also with these settings polymerization
was not observed. 2 hours after the irradiation both samples became sticky. It is likely that
parts of the monomer polymerized and formed longer chains and that the free monomer
evaporated through its high volatility. The sufficient curing of methyl methacrylate was also
not possible.

6.1.7.3 Butyl acrylate

The same preparation and sample treatment as with methyl methacrylate was applied. 20 s
after irradiation in the low power mode smoke appeared. Within this time the monomer cured
and the sample heated up. The huge heat development caused smoke. 15 to 20 s after the
irradiation started small bubbles within the pellets were observed. The increased temperature
changes the solubility of gases in liquids and the bubbles were the result of released dissolved
gas. The cured monomers remain sticky and oily on the surface, but they form transparent
pellets. Both initiators led to the same results; they are able to cure butyl acrylate within a
short amount of time (20 s).

6.1.7.4 TEGDMA

Dental filling compositions contain TEGDMA (triethylene glycol dimethacrylat) as a curable
monomer.'*' Ivoclar Vivadent AG i.e. described test compositions containing TEGDMA as
monomer and K-42 as initiator. They used different initiator concentrations starting with 0.1
wt. % as the lowest."*" T performed the first test polymerization with a photoinitiator
concentration of 1 wt. %. To obtain this concentration the initiator was dissolved before in
toluene. The dental lamp irradiated the samples in the low power mode for 20 s. After 10 s
the samples were already cured and smoke was detected. As the samples were already cured I
stopped the irradiation after 20 s. It was not possible to observe a difference in the curing
abilities between K-42 and GeAcs.

As 1 wt. % of initiator was more than efficient to cure the monomer, I reduced the amount to
0.1 wt. %. Again the samples were irradiated in the low power mode for total 40 s. 10 s after
the irradiation started the sample containing GeAcy had the consistency of a soft gel with a
skin on top. 5 s later it became jelly like and more rigid. Another 5 s later the sample is on top
rigid, while the bottom is still a bit softer, from this point on the temperature increased
significantly. 5 s after this the polymer pellet is fully cured and hot. 5 and 10 s of additional
irradiation did not change the properties of the pellet.
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The sample containing 0.1 wt. % of K-42 as initiator behaved similarly. 10s after the
irradiation started the observed structure was jelly like. 5 s later the sample became rigid on
top but was still soft on the bottom. 5s after this the pellet was rigid and hot. After 10 and 20
s of additional irradiation no further changes were observed.

I performed these experiments also in the high power mode of the UV lamp. The sample
containing 0.1 wt. % of GeAc4 was jelly like after 10 s of irradiation. 5 s later it became rigid
with smeary edges. 5 s later it was fully cured and hot. Longer irradiation times did not
change the properties of the test pellets.

The sample containing 0.1 wt. % K-42, which was irradiated in the high power mode, was 10
s after irradiation start also jelly like. 5 s later it was rigid and had smeary edges. After
additional 5 s it was fully cured, rigid and hot.

These results show that GeAcs and K-42 have comparable polymerization abilities for
TEGDMA. In the high power mode both initiators behave the same, but in the low power
mode it is possible to observe slight differences. K-42 reacts slightly faster with TEGDMA.
The sample containing K-42 is completely cured after 20s, while it takes 25 s for the sample
containing GeAcs. In the low power mode maybe only one mesitoyl group cleaves. This
would lead in case of GeAcy to the bulky and sterically hindered germyl radical R”2. The K-
42 derived germyl radical is not as bulky as R”2 and therefore more likely to add to the
monomer. When the light intensity increases more cleavages are possible and GeAcy can in
principle form more radicals than K-42.

Pl conc. wt % 0.1 0.5 1.0 2.0

uncured

cured

Figure 76. Example of observed photobleaching, for GeAc, curing TEGDMA. The pictures in the upper trace show
the liquid monomer with the photoinitiator before irradiation at various initiator concentrations. The lower trace
displays the cured TEGDMA pellets. The samples become almost colorless and transparent; only the sample with 2
wt. % initiator shows slight yellow coloring.
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6.1.7.5 UDMA

UDMA (diurethane dimethacrylat ) is another compound used in dental fillings and I tested it
with our initiators using a concentration of 0.1 wt. %. Irradiation was done in the low power
mode with the dental lamp. 10s after irradiation start the sample containing GeAcs was jelly
like rigid. 10s later it was completely cured hot and smoke appeared.

The probe with K-42 behaved in the same way. 10 s after irradiation start the sample was
jelly like rigid and another 10 s later it was completely rigid and smoke developed.

UDMA showed no differences of the two initiators polymerization abilities.

6.1.7.6 Mixtures with TEGDMA

As the polymerization experiments with TEGDMA were very efficient I tested mixtures of it
with other monomers. The initiator concentration of K-42 and GeAc, for these experiments
was always 0.1 wt. %

It was not possible to cure the 1:1 mixture of TEGDMA and styrene, neither with K-42 nor
with GeAcy as initiator.

The curing of 1:1 mixtures of TEGDMA and methyl methacrylate were sufficient and both
initiators behaved similar. In contrast to pure TEGDMA the required irradiation time was
much longer. The samples were irradiated for 160 s in the high power mode. After this time
pellets cured completely. The pellets were brittle and could be crushed with a spatula.

TEGDMA 1:1 mixed with butyl acrylate behaves similar compared to the formulation
containing methyl methacrylate. 140 s of irradiation in the high power mode were required to
obtain a pellet. The pellet was first like rigid jelly and after a few minutes it became brittle.
These brittle pellets were easily crumbled with a spatula.

The mixture of TEGDMA and UDMA in the wt. ratio 1:4 was a huge contrast to the mixtures
containing acrylates. For curing the low power mode of the lamp is sufficient and also the
required time is significantly lower. The TEGDMA UDMA mixtures were completely cured
after 10s of irradiation. It was not possible to observe a difference in the polymerization
behavior of the two initiators. I was even able to cure these mixtures with a standard visible
light LED used for bike lighting.
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6.2 Discussion

GeAcs is a new compound and I tested its photoinitiating abilities. Time resolved EPR
experiments proved the formation of two different radicals (a germanium centered radical
R”2 and a mesitoyl radical R”I). This is in accordance with previous studies for the similar
bisacyl-germanes.'**

My continuing studies focused on NMR techniques, to observe follow-up products and to
study the impact of oxygen on GeAcy based radicals. It was possible to detect R”I based
products. Through the influence of germanium on the proton shifts and few existing
references, the structure elucidation of germanium based follow-up products was not feasible.
'H- and PC-NMR experiments provided hints for the formation of Ge-Ge bonds. There are
also indications that germanium particles are formed, as sediments in concentrated and
oxygen-free samples occur.

After irradiation the NMR proton signal intensities of GeAc4 decrease stronger than those of
the a-hydroxy ketone A1 and BAPO. For GeAcs 32 1 ps laser pulses were sufficient to
observe sample degradation and to determine follow-up products. Longer irradiation times
led to overlapping signals. For BAPO and the A1 irradiation times around 3 minutes were
ideal.

The CIDNP studies support radical mechanisms. Polarized signals of the parent compound,
which indicates the cage reaction, appear. Further these experiments reveal products like
dimesitoyl P”’I in the absence and peroxide P4 in the presence of oxygen.

The cage reaction is, similar to BAPO and A1, more pronounced in the absence of oxygen.
When oxygen is present the intensities of additional follow-up products increase. Mesitoyl
peroxides (i.e. P”4) are the main species. It was not feasible to assign further germanium
based products.

NMR experiments indicate the addition of R”1 to butyl acrylate. The signals for this step are
more pronounced in the absence of oxygen. Samples prepared under atmospheric condition
showed double bond conversion too but the spectra from oxygen-saturated samples showed
no indications for monomer addition. The NMR results confirm the formation of P”6 through
the addition of R”I to butyl acrylate. Comparable to BAPO 2,4,6-trimethylbenzaldehyde P”5
is only formed in the presence of a monomer with abstractable hydrogen-atoms.
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Scheme 53. With NMR techniques observed intermediates and products, through the reaction of GeAcy with butyl
acrylate in the presence and absence of oxygen detected. In the absence of oxygen R”I adds to the monomer and
induces a radical chain reaction. The aldehyde P”5 is formed in the absence and presence of oxygen through
hydrogen-atom abstraction. P”4 is the main and P”3 is an additional product in the presence of oxygen. Oxygen-
saturated samples show no signs for polymerization.

The addition of R”2 to butyl acrylate happens, as I know from LFP experiments, but with
NMR it is possible to confirm it. Laser flash photolysis experiments proved the first addition
of R”2 to the monomer and the addition rate constant kpuy= 1.75 X 10" M!' st was
determined. The addition rate constant of the bisacylgermane K-42 derived germyl radical is
Kpuyi= 1.2 X 10 M s, This is approximately one order of magnitude higher, but it is
essential to take sterical effects in account. As mentioned before the germanium center of
R”2 is sterically shielded. The monomer needs to have a certain orientation to react with the
radical. Therefore the first addition should be slower. Also solvent effects need to be taken
into account. I used toluene, while the addition rate of K-42 was determined in acetonitrile.

Through sterical hindrance the first addition of R”2 to butyl acrylate is slower than the first
addition of the K-42 derived germyl radical. Upon further cleavages of mesitoyl groups the
sterical hindrance should decrease and the addition rate of the new GeAcs derived germyl
radicals to the monomer should increase.

There are several hints for the cleavage of further mesitoyl groups from GeAcs. When no
monomer is present, Ge-Ge bonds are probable to be formed and upon long irradiation a
precipitation, which most likely consists out of germanium derived particles, occurs. These
particles can be formed only if the mesitoyl groups split off. Further the UV-Vis spectra are
important. Mono-, bis-, tris-, and tetraacylgermanes have similar UV-Vis absorption
properties. They have an absorption maximum around 375 nm. Upon irradiation of GeAcy the
absorption bands decay and no substantial batho- or hypsochromic shift is observed.

It is possible to follow the decay of the absorption maximum in the absence and in the
presence of monomer. In the absence of monomer P”I and Ge-Ge bonds are formed. In the
presence of monomer, polymerization starts through the addition of R”I and R”2 to butyl
acrylate.
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GeAc, is able to split off up to 4 mesitoyl groups and therefore leading step by step to 4
germyl radicals. In total up to 8 different radicals can be formed, which indicates a high
polymerization potential.

I brought this theoretical idea to a practical approach and tested the polymerization abilities
of GeAcs by curing different monomer formulations and compared the results with the
bisacylgermane K-42.

Both of them behave very similar. It was possible to polymerize butyl acrylate, TEGDMA,
UDMA and mixtures of them with both initiators. K-42 seems to polymerize butyl acrylate
slightly faster, but the polymerization times for the other monomers are the same. Both
initiators are not able to cure methyl methacrylate, and styrene.

An outstanding result is that GeAcy is a new and promising photoinitiator. It has comparable
abilities to commercially available initiators. First tests showed that GeAcy4 cures monomers,
which are of interest in dental applications.l‘m’141 Polymerization under atmospheric
conditions is possible. The main effects from oxygen are observed in oxygen-saturated
samples. For practical applications the impact of oxygen seems neglect able.

In principle GeAcy and its derivatives could be potential initiators for star shaped polymers,
but wavelength selective cleavage of the mesitoyl groups did not work in these first
experiments and more work needs to be done. By substitutions on the acyl groups wavelength
selective cleavage could be achieved. An additional approach would be dose dependent
polymerization, where defined light intensities are applied. The following scheme visualizes
a germanium centered star shaped polymer with 4 different monomers.

0 O}Mes hv Q

Mes™ ‘Ge, Mes >3 Ge
Mes— \C[)I/ E—— O
° O ONO
O
monomers

Scheme 54. Schematic approach to obtain star shaped tetra block copolymers. Either wavelength selective or dose
dependent initiation.
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7 Conclusions

This study shows that tetramesiotylgermane GeAc, is photo active and can be used as a photo
initiator. Through its mesitoyl groups, it shows similar reaction patterns like BAPO. The
addition rate constant of the formed germyl radical R”2 towards butyl acrylate were
determined and various monomer formulations were cured. The characterization shows that
tetraacylgermanes are excellent photoinitiators.

The main work focused on oxygen inhibition and all three studied initiators showed similar
oxygen concertation dependent behavior. It was possible to follow the oxygen addition to the
radicals and to determine follow-up products. In case of the a-hydroxy ketone Al the
decarboxylation increased in the presence of oxygen and therefore the formation of 2-
phenylpropan-2-ol P9 rose. Interestingly the decarboxylation process of BAPO is more
efficient in the absence of oxygen. I can explain this effect by two different mechanisms. A1
decarboxylizes mainly via a peroxide intermediate, while BAPO’s phosphorus can be
reduced and then the resulting product decarboxylizes.

Concerning photo-induced radical polymerization it was possible to follow double bond
conversion in the presence of oxygen. Only the oxygen-saturated systems did not show any
evidence for sufficient double bond conversion. Experiments with A1 even revealed minor
peroxyl radical addition to the monomer.

It was possible to measure the oxygen consumption upon irradiation. BAPO experiments
showed linear dependent oxygen consumption.

Determination of follow-up products and intermediates is supported by ESI-MS experiments
and by radical trapping.

Oxygen addition rate constants were obtained for BAPO’s R’2 and addition rate constants
towards butyl acrylate were determined for R’2 and GeAcs’s R”2. These results correspond
with published data and based on them I performed kinetic simulations on the suggested
reaction mechanisms. The simulations support the suggestions for the formation of follow-up
products. Polymerization experiments indicate lower polymer concentrations in the presence
of oxygen, this fits to the simulations, where fewer polymers are formed in an increased time
span.

Additionally it was possible to study thermal effects and differentiate between bulk effects,
thermal diffusion and oxygen inhibition.
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10 List of Schemes

Scheme 1. Examples for typical Type I photoinitiators. a) benzoin derivatives, b)
hydroxyalkylphenones and c) arylphosphine OXIAES. " .o 3

Scheme 2. Examples for an o and a B cleavage. a cleavage of an a-hydroxy ketone (2-
hydroxy-2-methyl-1-phenylpropan-1-one) and 3 cleavage of 2-chloro-1-phenylethan-1-one..3

Scheme 3. Common Type II photoinitiators. a) benzophenone and b) dibenzoyl or benzil.'..4

Scheme 4. Initiation process of benzophenone. With an amine first an electron transfer
occurs, which is followed by a proton transfer. With alcohols direct hydrogen-atom
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Scheme 5. General reaction scheme for photo-induced radical polymerization. ...................... 4

Scheme 6. Overview of radical photopolymerization in the absence and presence of oxygen.
a) excitation of the initiator to the triplet state, b) oxygen dependent triplet quenching leads to
singlet oxygen, c) reaction of singlet oxygen with a singlet oxygen scavenger. Reactive
radicals Re initiate polymerization (M,) via addition to monomer M and chain propagation
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Reinitiation is possible by adding e) reducing agents RA and f) hydrogen-atom donors DH. 1)
peroxide decomposition of peroxides formed via termination reactions, i.e. with My* or
hydrogen-atom abstraction from RH. k) newly via reinitiation processes formed radicals can
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Scheme 7. Overview of required reactions to observe the CIDNP effect. Radical pairs are
represented by radicals with an overbar. Overpopulation of spin states is represented by thick
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Scheme 8. 2-hydroxy-2-methyl-1-phenylpropan-1-one (A7) an a-hydroxy ketone................ 16

Scheme 9. Illustration of the light induced cleavage of the compound A/, formation of
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Scheme 10. Illustration of products, which are detected after irradiation of A/. Additionally to
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Scheme 13. Expected additional compounds after irradiation of the A/ with butyl acrylate in
the presence and absence of oxygen. Note; for simplification radical recombination products
and products formed through hydrogen-atom abstraction are not shown here they are
displayed In SCheme 9-12. ......cociiiiiie e e 23
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Scheme 14. Tllustration of by '"H-NMR experiments confirmed newly found products, when
butyl acrylate is added. In the absence of oxygen the addition products of R/ and R2 to butyl
acrylate are detected. In the presence of oxygen I find strong indications for the formation of
butyl-3-(benzoylperoxy)-propanoate P73 as well as the addition products P17 and P12....... 26

Scheme 15. Products formed upon irradiation of A/ (blue background). Additional products,
which are formed in the presence of oxygen, are indicated by the red background................. 28

Scheme 16. Expected spin trapped species upon irradiation and follow-up reaction of A/ with
PBN in the absence and presence of oxygen. In the absence of oxygen the trapped product
R10 is expected. In the presence of oxygen benzoyl peroxide R3 might be trapped............... 40

Scheme 17. Expected spin trapped species upon irradiation and follow-up reaction of A/ with
DMPO in the absence and presence of oxygen. In the absence of oxygen R/ and R2 will be
trapped. In the presence of oxygen additionally the corresponding peroxides R3 and R4 can
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Scheme 21. Overview of the marks indicated in the MS traces of Figure 28 and Figure 29 and
their structure assignment. Compounds in brackets represent pseudo molecules with
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Scheme 22. Overview of reaction steps used for kinetic simulations. In the absence of oxygen
only the initiator, the intermediate radicals and the products are modelled. In the presence of
oxygen, oxygen addition is added. Peroxyl radical reactions are estimated with peroxyl
radical recombination and -termination and an additional hydrogen-atom abstraction. The
simulation displayed in Figure 30d includes a peroxide decomposition term. In this model
light induced decomposition succeeds peroxide formation, followed by decarboxylation and
finally the formation of 2-phenylpropan-2-0l P9............cccoviiriiieiiieeriieeieeeeeeeee e 55

Scheme 23. Overview of reactions used for the simulations. Starting with the light induced
cleavage of the initiator, this is followed by product formation of R/ and R2. Addition of the
radicals to the monomer and propagation reactions. In the presence of oxygen addition of

OXYZEN RT ANA R2. ..ottt sttt et e seee e es 58
Scheme 24. Overview of products formed in the absence of oxygen. I can confirm these
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Scheme 25 Additional products formed in the presence of 0Xygen. .........cccccvvveeveeecieennennnen. 62
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Scheme 26. Suggested pathway of the formation of 2-phenylpropan-2-ol P9 in the presence
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Scheme 28. Illustration of bond cleavage and radical formation of BAPO upon irradiation
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Scheme 31. Products found with 'H-NMR experiments after irradiation of BAPO in the
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Scheme 32. Overview of products, which are confirmed by BC-NMR measurements. In the
left blue field products are displayed, which are formed in the absence of oxygen. In the
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