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Summary

The present investigation focuses on the relationship between the reactivity and ultra-
fast dynamics of two examples for visible light-triggered precursor molecules.

First, a library of fourteen acylgermane derivatives as well as one tetramesitoylstan-
nane visible light-triggered Norrish type | photoinitiator used for free radical polymeri-
zation (FRP) between 400-490 nm were characterized in their initiation efficiency via
pulsed laser polymerization coupled with electrospray orbitrap mass spectrometry
(PLP-ESI-MS). The results were correlated to ultrafast dynamics obtained via transi-
ent broadband absorption spectroscopy (fs-TA) supported by time-dependent density
functional theory (TDDFT). Remarkably, an unexpected non-stoichiometric increase
of 40-100 % in the overall initiation efficiency is observed, which scales with the
number of benzoyl moieties for mono-, bis-, and tetraacylgermanes, e.g. a factor of
8.13 + 0.76 for tetrabenzoylgermane versus benzoyltrimethylgermane. The result is
in accordance with a much faster primary radical formation within 70-127 ps in com-
parison to the cleavage expected on a post-ns time scale for bis- and monoacyl-
germanes. In addition, a multiple cleavage mechanism for bis- and tetraacyl-
germanes is evidenced via a new developed prediction method for isotopic patterns
of n-armed star polymers. The size-dependence is partially correlated to the maximal
niT*-extinction coefficients. However, substitution patterns in para-position of the
benzoyl moieties lead to higher deviations from this correlation due to a strong influ-
ence of the substituents on the potential energy surfaces of the excited states. Based
on a model study on five benzoyltrimethylgermanes, electron withdrawing groups
(Cyano, Nitro) lead to a fast relaxation via internal conversion (IC), within 2-12 ps,
back to ground states after photoexcitation, which can be correlated to a weak ini-
tation efficiency (monomer conversion 0.1-1% at high total irradiation energies of
~110 J). In contrast, donating-para-substituents show an ultrafast intersystem cross-
ing (ISC) within a 2-4 ps leading to efficient initiation of FRP (monomer conversion of

4-5 % at total irradiation energies of ~30 J).

The tetramesitoylstannane indicates a factor two lower overall initiation efficiency
than tetrabenzoylgermane, which can be correlated to a reduced ground state stabil-
ity and dominant ultrafast relaxation pathway (~90 %) from singlet states competing
with ISC within hundreds of fs. Consequently, the radical formation via triplet states

and, in turn, the initiation efficiency is reduced.



Second, two visible 2-phenyl-5-pyrene- (PyTet) and 2-phenyl-5-biphenyl- (BiphTet)
and one UV light-triggered 2,5-diphenyl-tetrazole (Tet) applied for nitrile imine-
mediated tetrazole-ene cycloaddition (NITEC) reactions are investigated via fs-TA in
dichloromethane (DCM) as a solvent. Herein, the transient spectra of BiphTet and
PyTet are dominated by singlet state dynamics after excitation at 400 nm in accord-
ance to high fluorescence quantum yields @ of ~8 and ~11 % as well as lifetimes of
1.3 and 1.8 ns, respectively. By utilizing iodoethane (IEt) as a fluorescence quencher
in fs-TA, a long-living triplet state in PyTet is revealed, while stimulated emission is
guenched in accordance with a reduced @ from 8.3 to 6.7 %. In turn, an ISC within
~500 fs is determined in line with the non-fluorescent reference system Tet. In con-
trast, the transient spectrum of BiphTet is exclusively dominated by singlet dynamics.
In comparison with literature-known reactivity properties of PyTet and Tet, the nitrile
imine intermediate formation can be considered to proceed from excited triplet states,

while BiphTet is deactivated via singlet dynamics due to insufficient ISC propability.

The present thesis exemplifies, in turn, the deep relationship between the reactivity
and ultrafast dynamics of visible light-triggered precursor molecules.



Zusammenfassung

Die vorliegende Untersuchung konzentriert sich auf Korrelationen zwischen Reaktivi-
tat und ultraschneller Dynamik fir zwei Arten von reaktionsauslosenden Molekilen,

welche mit sichtbarem Licht angeregt werden kdénnen.

In einer ersten Untersuchung wurde eine Bibliothek von vierzehn Acylgermanen so-
wie einem Tetramesitoylstannan mittels gepulster Laser Polymerisation, gekoppelt
mit Elektrospruh-lonisations Massenspektrometrie (PLP-ESI-MS), transienter Breit-
bandabsorptionsspektroskopie (fs-TA) und zeitabh&ngiger Dichtefunktionaltheorie
(TDDFT) in Nettoinitiierungseffizienz und ultraschneller Dynamik charakterisiert. Es
handelt sich bei den untersuchten Verbindungen um Norrish Typ | Photoinitiatoren,
welche fur photoinduzierte freie radikalische Polymerisation (FRP) im Wellenlangen-
bereich von 400-490 nm verwendet werden. Bei der Untersuchung der Nettoinitie-
rungseffizienz von Mono-, Bis- und Tetraccylgermane wurde ein herausragender

nicht-stochiometrischer Anstieg von 40-100 % beobachtet, welcher mit der Anzahl an

Benzoyleinheiten skaliert. Zum Beispiel konnte ein Faktor von 8.13 £+ 0.76 fur ein
Tetrabenzoylgerman im Vergleich zu einem Benzoyltrimethylgerman bestimmt wer-
den. Die am hochsten beobachtete Nettoinitierungseffizienz fir Tetraacylgermane
korreliert dabei mit einer deutlich schnelleren primaren Radikalbildung innerhalb von
70-127 ps im Unterschied zu Bis- und Monoacylgermanen, welche vermultich auf
einer ns-Skala spalten. AuRerdem zeigen Bis- und Tetraacylgermane ein ausgeprag-
tes Mehrfachspaltungsverhalten, welches mittels einer neu entwickelten Vorher-
sagemethode fir Isotopenmuster von n-armigen Sternpolymeren nachgewiesen wur-
de. Die beobachtete GroRenabhangigkeit korreliert teilweise mit den n1r*-
Extinktionskoeffizienten. Allerdings fuhren Substitutionsmuster in para-Position der
Benzoyleinheiten zu grofReren Abweichungen von 20-50 %, die durch einen starken
Einfluss der Substituenten auf die Potentialhyperflachen in den angeregten Zustan-
den verursacht werden. Eine Modellstudie an funf para-substituierten Benzoyltrime-
thylgerman-Derivaten zeigt, dass Initiatoren mit Elektronen-ziehenden Gruppen
(Cyano, Nitro) eine schnelle Relaxation mittels innerer Konversion (IC) innerhalb von
2-12 ps zurlck in den Grundzustand bevorzugen, was mit einer schwachen Initiie-
rungseffizient korreliert (Monomerumsatz von 0.1-1 % bei maximalen Einstrahlungs-
energien von ~110 J). Dagegen offenbarten Initiatoren mit Elektronen-diickenden

para-Substituenten (Fluoro, Methoxy) eine ultraschnelle Interkombination (ISC) in



angeregte Triplettzustande innerhalb von 2-4 ps. Dieser Befund kann dabei mit einer
effizienten Initiierung in FRP korreliert werden (Monomerumsatz von 4-5 % bei ma-

ximalen Einstrahlungsenergien von ~30 J).

Das Tetramesitoylstannan weif3t eine um den Faktor 0.5 reduzierte Nettoinitiierungs-
effizienz im Vergleich zum Tetrabenzoylgerman auf. Die Ursache liegt daflr in einer
geringeren Grundzustandsstabilitdt sowie einer dominierenden Singulett-Relaxation
(90 %) innerhalb von hunderten von fs, die in Konkurrenz zu einem ISC und madgli-
cher Radikalbildung steht.

In einer zweiten Studie wurden die mit sichtbarem Licht anregbaren 2-Phenyl-5-
Pyren- (PyTet), 2-Phenyl-5-Biphenyl- (BiphTet) und ein UV-anregbares 2,5-Diphenyl-
Tetrazol (Tet) geldst in Dichloromethane (DCM) mittels fs-TA untersucht. Die Verbin-
dungen werden als Startermolekule in Nitril-Imin-vermittelte Tetrazol-Ene Zykloaddi-
tionen (NITEC) eingesetzt. In Ubereinstimmung mit hohen Fluoreszenzquantenaus-
beuten @ von ~8 und 11 %, sowie mit Lebenszeiten von 1.3 beziehungsweise
1.8 ns zeigen die transienten Spektren von PyTet und BiphTet eine dominierende
Singulettdynamik nach Anregung mit sichtbarem Licht bei 400 nm. Durch die Fluo-
reszenz-loschenden Eigenschaften von lodethan wurde ein langlebiger Triplettzu-
stand in PyTet im Einklang mit reduzierten @ von 8.3 nach 6.7 % nachgewiesen. In
Konsistenz mit dem nicht-fluoreszierenden Referenzsystem Tet zeigt PyTet folglich
ein ultraschnelles ISC innerhalb von ~500 fs. Im Unterschied dazu ist das transiente
Spektrum von BiphTet ausschliefilich von einer Singulettdynamik dominiert. Im Ver-
gleich zu Literatur-bekannten Reaktionseingenschaften von PyTet und Tet kann die
Bildung des Nitril-Imin-Intermediates aus einem angeregten Triplettzustand ange-

nommen werden, wahrend BiphTet mittels Sigulettrelaxation deaktiviert wird.

In der voliegenden Arbeit wurde damit der tiefgreifende Zusammenhang zwischen

Reaktivitat und ultraschneller Dynamik an zwei beispielhaften Studien verdeutlicht.
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1. Introduction

Visible light induced phenomena in nature are usually determined at much earlier
times than the consequences can be experienced by human perception. A prominent
example is the light-triggered cis/trans-isomerization of retinal in vision,* which is the
starting point for a cascade of photophysical and -chemical events leading to an im-
age in brain. The absorption as well as the subsequent cis/trans isomerization of reti-
nal occur on a ultrafast time scale within femtoseconds (1 fs = 10°s), while the re-
action time of a human is in the order of milliseconds (1 ms £ 103s). Thus, the first
trigger to final experience is temporally separated by a factor of a trillion (10?). For
comparison, a factor of a trillion approximately separates the time span of one day
(8.6-10 s) in relation to the age of the earth (4.5 billion years ~ 1.4-10*" s). Since
Ahmed H. Zewail has introduced femtochemistry in the 1980s,? the observation of
ultrafast photophysical and -chemical processes is possible by utilizing transient laser
spectroscopy with fs-time resolution.® Herein, a powerful tool was presented to inves-
tigate the ultrafast dynamics, which are crucial for subsequent chemical reactions.
Besides the cis/trans isomerization of retinal, many more examples in photochemistry
are determined by ultrafast dynamics, e.g. photo-switching used for cell-imaging and
drug delivery™® as well as photo-triggered intermediate formation for chemical reac-

tions.”®

Ultrafast dynamics are defined by the channel branching of photophysical and
-chemical processes within the electronic excited states after photoexcitation.® After
light absorption of the ground state, an excited singlet state is populated, from which
different relaxation pathways are available, e.g. radiationless relaxation pathways via
internal conversion (IC) back to the ground state or intersystem crossing (ISC) into
triplet states. All relaxation pathways are accompanied by vibrational relaxation (VR).
In addition, photochemical reactions can occur from excited singlet and triplet states.
Further, radiative relaxation processes can proceed from the lowest excited electron-
ic and vibrational state after IC and VR (Kasha’s rule) into the ground state, which
can occur from singlet and triplet states as known as fluorescence and phosphores-
cence, respectively. ISC is a so-called spin-forbidden process, which is nevertheless
enabled by the spin-orbit coupling (SOC) of the system.'® SOC can be increased by
internal or external perturbation of heavy-atoms (Kasha effect, or heavy-atom-effect,

HAE),*"*2 which enhances singlet-triplet transitions with the consequence of quench-



ing competing singlet relaxation pathways, e.g. fluorescence. An in-depth under-
standing of the outlined channel branching is important for modern photochemistry,

i.e. faces the tailor-made synthesis of light-triggered applications.****

In particular, photoinitiators — or more general — precursors with visible light absorp-
tion properties are highly desired in scientific and industrial research, e.g. for photo-

15-20

induced free radical polymerization (FRP) applied in curing technologies, or nitrile

14, 21

imine-mediated tetrazole-ene cycloaddition (NITEC) used for (A-orthogonal) pol-

26-27 28-29

ymer linkage,?*® fluorescence markers in biology,?*?’ and surface modifications.
Red-shifted wavelengths within the visible spectrum of light (400-700 nm) have the
advantage of bioorthogonality and higher penetration depths. In a simplified view,
(visible) light-triggered precursors consist of a photon-absorbing chromophoric moiety
and functionality, which lead to reaction, or intermediate formation, after photoexcita-
tion. Hence, the design of visible light-triggered precursors is critically depending on
the complex interplay of absorption and reactivity units featuring a specific channel
branching within the excited states. For instance, apparently suitable chromophores
can change the potential energy surface topology resulting in insufficient reactivity.*
31 Thus, the correlation of reactivity properties with ultrafast dynamics of the molecule
is required for a systematic mechanistic investigation of light-triggered precursors,

which can support the tailor-made synthesis.

In the present thesis a unique methodological combination of pulsed laser polymeri-
zation coupled with electrospray mass spectrometry (PLP-ESI-MS) and transient
broadband absorption spectroscopy (fs-TA) supported by time-dependent density
functional theory (TDDFT) calculations are applied to visible light-triggered photoiniti-
ators used for FRP. The approach was introduced in previous collaborative studies of

32-35 \which enables the correlation of the

the Barner-Kowollik and Unterreiner groups,
efficiency of photoinitiators after final macromolecular growth via PLP-ESI-MS (post-
mortem) with the ultrafast excited state dynamics after photoexcitation via fs-TA (in-

situ).

Promising examples for visible light-triggered photoinitiators with large structural vari-
ety are mono-, bis- and tetraacylgermanes. Pioneering experiments for the develop-
ment of germanium-based initiators were done by Mochida et al. in the beginning
1980’s.3°3" Recently, mono-, bis- and tetraacylgermanes are developed with suffi-

cient initiation efficiency at wavelengths between 400-450 nm within the visible spec-

2



trum of light.*®*° In addition, the synthesis of a tetramesitoylstannane compound was
published in 2018,** which achieves a further red shift of its absorption spectrum up
to 490 nm. In contrast to organo-germanium compounds, tin-containing systems
show weaker covalent bonds, which can explain a further red shift but also probably
lead to a reduced stability.** Based on laser flash photolysis coupled with UV/Vis

spectroscopy>®, actinometry,*

electron spin resonance spectroscopy (ESR) and
chemical induced dynamic nuclear polarization (CIDNP),*® cleavage of acylgermanes
is considered to occur via a Norrish type | mechanism. Norrish type | initiators are
known for very fast radical formation from singlet or triplet states after photo-
excitation, which is determined by the topology of the excited state energy surfaces.*
For instance, differently substituted benzoin Norrish type [ initiators show only an effi-
cient initiation for derivatives featuring an ultrafast ISC (2-4 ps) into an energetically
lower triplet state with nm*-character and subsequent radical formation within
~50 ps.*® In analogy, a recent theoretical study on different para-substituted mono-
acylgermanes considers an efficient ISC for precursors with electron donating sub-
stituents, while electron withdrawing substituents are expected to induce a higher
probability for relaxation pathways back to the ground state.® In addition, the cleav-
age of bisbenzoyldiethylgermane is reported to occur on a ns-time scale after a ultra-
fast ISC within tens of ps.*®

Within the present thesis, the overall initiation efficiency of diversely para-substituted
mono-, bis-, and tetraacylgermanes with different system sizes is quantified in so-
called PLP-ESI-MS cocktail experiments after final macromolecular growth. In addi-
tion, the relevant radicals for FRP are identified via PLP-ESI-MS end group analysis.
Subsequently, the initiation properties of the initiators are correlated with excited
state dynamics obtained from fs-TA. For extension of the systematic methodological
approach, one tetramesitoylstannane is additionally investigated. Hence, mechanistic
models from first excitation to final macromolecular growth are developed for a com-
prehensive library of initiators. The results are critically discussed with respect to pub-

lications.

Within a second project, the interplay between chromophoric and reactivity properties
for visible light-triggered diaryl-tetrazoles is investigated via transient and steady-
state spectroscopy. UV-driven 2-5-diphenyl-tetrazoles have been used as precursors

for NITEC since 1967,* while the visible light-triggered systems have been very re-



cently developed.** Red-shifting of the absorption spectrum of diaryl-tetrazoles can
be achieved by substitution in 5-N-position of the phenyl ring with larger aromatic

! or biphenyl moieties.*® Herein, 2-pyrene-5-phenyl-

chromophores, e.g. pyrene,?
tetrazole (PyTet) features an efficient NITEC reaction, while the 2-
dimethylaminobiphenyl-5-phenyl-tetrazole (BiphTet) is not reactive towards alkene
species, e.g. maleimides.? * In addition, both systems show a strong fluorescence
pathway.?" ® Based on quantum chemical calculations, the formation of the nitrile
imine intermediate is expected to occur from triplet states after sufficient 1SC.3* ¢
However, N,-release via singlet states cannot be safely excluded in line with calcula-
tions on high energetic tetrazole compounds.*” Furthermore, the photophysical

mechanism after light excitation has not been investigated by experiments, yet.

Within the present thesis, a photophysical and -chemical mechanism of two visible
light-triggered tetrazoles (PyTet, BiphTet) and 2-5-diphenyl-tetrazole (Tet) as an UV-
reference system, dissolved in dichloromethane (DCM) is developed on a ps-to-ns
time scale via transient and steady-state UV/Vis-absorption, as well as fluorescence
spectroscopy. In particular, the fluorescence properties of PyTet and BiphTet hamper
the spectroscopic investigation. Thus, fluorescence quencher molecules are utilized
to elucidate possible triplet state dynamics of the visible light tetrazoles. The results

are related to the corresponding NITEC-reactivity known from literature.*

2. Fundamentals

In the following, a general overview is given on the photophysical and -chemical
properties of molecules with respect to radical polymerization and ligation reactions.
Subsequently, the necessary methodological fundamentals are presented, e.g. non-

linear optics, mass spectrometry, and quantum chemistry.

2.1 Photophysical and -Chemical Processes in Molecules

A fundamental property of molecules is the ability to absorb photons, which leads to
the population of electronic excited states. The dynamics of the excited state popula-
tion are determined by the photophysical and -chemical processes of the molecule. In
general, photophysical processes can be defined as transitions between potential
energy surfaces of the excited states as well as between the excited states and the

ground state of a molecule, e.g. fluorescence, or ISC.*® In contrast, photochemical



processes lead to change in the chemistry of the molecule after photoexcitation, e.g.

cleavage reactions or formation of intermediates.

As a result of perturbation theory of the time-dependent Schrbédinger equation, the
rate of an electronic transition i—~f between an initial state 1! and a final state ¥ is

given by Fermi’s golden rule (Eq 2.1).*°

2T

ratei_,f =
h

p < H >2 Eq 2.1

h is the Planck constant, p is the density of states, and < H' >? is the square value
of the matrix element for the perturbation coupling the initial and final states. Thus,
the rate of a transition depends on the number of accessible final states, which are
coupled to the initial states in the order of magnitude of the matrix element.*® Thus,
the selection rules of a transition, in turn, can be derived from the condition
< H' > = 0. Herein, if a transition is “allowed” or “forbidden” depends on the char-
acter of orbitals involved, Franck-Condon-factors (FCF), and SOC.*® Examples for

“allowed” and “forbidden” transitions in molecules are presented in the following.

Complex molecules with many degrees of freedom feature a manifold of excited
states, which leads to channel branching of photophysical and -chemical processes.
The characterization of the channel branching is crucial for the development of a
mechanism for the excited state dynamics. A simple and powerful tool to sketch ex-
cited dynamics of complex molecules is the Jabtorski diagram.® Herein, potential
energy surfaces of the excited states are simplified to energy levels, while arrows
indicate the photophysical and -chemical processes. An example Jabtonski diagram

including the most important processes is presented in Figure 2.1.
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Figure 2.1. Jabtonski diagram depicting electronic energy levels (black lines) and vibrational
energy levels (grey lines) of the ground state S, and the first two excited singlet S;, and tri-
plet states T, ,. Arrows indicate the most important photophysical and -chemical processes:
Absorption (A) in blue, radiative relaxation pathways of spin-allowed fluorescence (F) in
green and spin-forbidden phosphorescence (P) in dark green. Radiationless relaxation path-
ways of spin-allowed internal conversion (IC) and vibrational relaxation (VR) in red color, and
spin-forbidden intersystem crossing (ISC) in dark red color. Photochemical reactions from
singlet and triplet states are depicted in black arrows.

The absorption (A, Figure 2.1) of a photon leads to transitions from the ground state
So into higher vibration levels (grey lines) of an excited singlet state, e.g. S,. Experi-
mentally, absorption can be measured by recording the optical density OD in steady-
state UV/Vis spectroscopy by comparison of an incident I, and passed light intensity
1 after the sample for a certain concentration ¢ and optical pathlength [, and the mol-
ecule-specific extinction coefficient e, which is given by Beer-Lambert’s law in Eq
2.2

I
OD = log (TO) = ecl Eq 2.2

Immediately after absorption, the population of excited molecules is cumulated in a
higher vibrational level of the excited state under conservation of the initial ground
state geometry due to the Franck-Condon principle (more details below). Subse-
quently, the population is redistributed to adjacent vibrational modes on an ultrafast
scale ~10'%-10% s, which is known as intramolecular vibrational energy redistribu-

tion (IVR).*® In addition, interactions with the environment lead to energy dissipation



(heat) via VR. For example, the environment of a solvent provides a manifold of rota-
tional, vibrational and translation modes, which can assimilate the dissipating heat

from the VR of the molecule featuring ultrafast rates of 10°-10** s*.%8

Accompanied by VR, non-radiative “allowed” transitions between potential surfaces
of the same spin-multiplicity can occur from higher to lower energy levels via IC, e.g.
between singlet states S,—S;, S{=S, or triplet states T,—»T, (Figure 2.1). The rate of
IC is in general higher between higher excited states than between an excited state
and the ground state due to an increased density of states.*® However, ultrafast re-
laxation via IC from excited to ground states is possible for very close lying potential
energy surfaces due to non-adiabatic effects leading to conical intersections, e.g. the
photoisomerization event in vision or sigmatropic H-shift of cycloheptatriene deriva-
tives.! °*°° Non-adiabatic effects are caused by vibronic coupling of the electrons to
the nuclei between different states, which leads to the breakdown of the Born-
Oppenheimer approximation by mixing of states.*® >* A conical intersection is a (3N-
8)-dimensional seam (N: number of atoms), where the relevant coordinates of the

potential energy surfaces are curved to one very efficient relaxation pathway.>* 8

For completeness, additional non-radiative deactivation can occur via predissocia-
tion, autoionization or energy transfer for a donor-acceptor pair.>® However, these

processes are only of minor interest within the scope of the present thesis.

Non-radiative “forbidden” transitions between excited states with different spin-
multiplicity are called ISC, e.g. singlet-triplet transitions like S;—T,. In general, “for-
bidden” transitions are expected on a much longer time scale (ns-ms) than “allowed”
transitions (fs-ns). In contrast, ISC within a few ps is literature-known for several

compounds, e.g. Norrish type | photoinitiators.3> ¢

Radiative relaxation pathways are fluorescence (F) and phosphorescence (P, Fig-
ure 2.1), which occur from lowest vibrational level of S; and Ty, respectively (Kasha’s
rule).® The reason for Kasha’s rule lies in the much faster VR and IC within the higher
excited states. F is an “allowed” transition S;—S, between states with the same spin-
multiplicity, while P is “forbidden” due to spin-flip during the transition T;—=S,. Typical
time scales for fluorescence and phosphorescence are 10*%-10° s and 10°-10" s,

respectively.>



Further, the population can leave the excited potential surfaces due to chemical reac-
tions as indicated by black arrows in Figure 2.1, e.g. by formation of intermediates.
The branching between the described processes is determined by the topology of the
potential energy surfaces. For photochemistry, it is crucial to design molecules, which
feature relaxation pathways leading to the desired reaction channels. For example,
the cleavage of Norrish Type | photoinitiators into radical fragments used for radical
polymerization occurs efficiently from excited triplet states.® ® Thus, a precursory
ISC is crucial, while relaxation pathways (IC+VR, F) back to ground states are com-
peting. In general, the channel branching cannot be predicted due to missing infor-
mation about the wave functions of the electronic states. However, a qualitative un-
derstanding can be achieved by a quantum dynamic view on the above described
photophysical processes. In turn, quantum mechanical concepts for FCF and SOC
are presented in greater detail, which are crucial for photochemistry in the scope of

the present thesis.
Franck-Condon Factors, Oscillator Strengths and Extinction Coefficients

Absorption is a radiation-induced transition from ground state to an electronic excited
singlet state of a molecule, e.g. S,<Syp, which results from perturbation of the dipole

moments of electrons by the electric field of a photon. Thus, the rate of the absorp-

tion is proportional to the square value of the transition dipole moment |uﬂ|2
< Pi|alyt >2 for the transition between the electronic states ! and ¥’ (e.g. i = Sp and
f = S,) and the dipole operator ji. Electron motions are considered to be much faster
in comparison to the nucleus motions due to a factor ~10 lower mass, which allows
the separation of the wave functions for electrons and nuclei (Born-Oppenheimer ap-
proximation) ' = zpé'flpf;f. In addition, the dipole operator can be split into electronic
and nucleus contributions i = . + fiy. Hence, the transition dipole moment can be

written in Eq 2.3.%*

pp =< PUAlY™> = < iy lhe+inlwips> Eq 2.3
~ < YL fe Yl >< Pis >=< iyl >-S.

Herein, S is the overlap integral of the wave functions in the initial and final state and
the square value |S|? is called the FCF.%* The magnitude of the absorption can be

expressed by the oscillator strength f (Eq 2.4).%% ¢

8
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/= 3e?h

|ual? o< |S1%. Eq 24

m,: mass of electron, vg: resonance frequency for transition f«i, e: elementary

charge.

In general, fully “allowed” transitions are reflected by f = 1, while “forbidden” transi-
tions lead to much smaller oscillation strengths between 10°-10 %

The extinction coefficient ¢ reflects the molecule specific absorption properties (refer
to Eq 2.2), which is, in turn, proportional to the oscillator strength and consequently to

the FCF as summarized in the following relation.>* ®*

goc foc | ppi|® o |S|2.

Thus, the maximal extinction coefficients are detected for vertical transitions from the
ground state to excited states with the highest FCF of the corresponding vibrational
wave functions under conservation of the initial ground state geometry of the nuclei.
Herein, the FCF are the reason why an electronic excitation is always accompanied
by vibrational relaxation processes (as described above) as the starting point for fur-

ther branched relaxation processes, e.g. IC, F and ISC.

In general, FCF are valid for radiative transitions in general, e.g. absorption, excited
state absorption (ESA), as well as stimulated emission, fluorescence and phospho-
rescence.”® For example, the mirror-inverted shape of the fluorescence compared to
the corresponding absorption spectrum is a result of Kasha’s rule and the FCF for

similar potential energy surfaces of the excited and the ground state.

Spin-orbit Coupling (SOC), Heavy-Atom-Effect (HAE) and Fluorescence
Quenching

Radiationless “forbidden” transitions between excited states with different spin-
multiplicity proceed via ISC, which depends on the spin-flip mechanism by perturba-
tion by magnetic field due to SOC or spin-spin-coupling (SSC).>*! %52 SSC results
from interaction of paramagnetic states, which is important for the mechanism of ISC
in diradicals.”® The more common mechanism of ISC results from SOC, which is
caused by the magnetic interaction of the orbital motions coupled to the spin angular

momentum of an electron as reflected by the operator for SOC (Eq 2.5).1% 4863



~ o Z
Hgoe = &l « (r_3)nl- Eq 2.5

[ is the orbital angular momentum number, § the spin momentum operator and &,,; is

the SOC-constant for a specific state, given by the principal quantum number n and
the orbital angular momentum number [. The SOC-constant is proportional to (rZ—3)nl

where Z is the nuclear charge and r the distance between an electron and a nucleus
for quantum state nl. Thus, a high SOC can be achieved for heavy-atoms with high
atomic numbers, which is known as the HAE. For instance, SOC in a hydrogen-like
atom scales with Z*.*** In addition, the interaction between the spin- and orbital
momentums of an electron increases for shorter distances to the nucleus with
&n <73, For illustration, &, for a carbon- (Z = 6), iodine (Z =53), and lead-atom
(Z = 82) are in the order of 28, 5060, and 7800 cm™, respectively.’ In conclusion,
heavy-atoms in the proximity of a molecule increase SOC leading to a higher spin-flip

probability, which enhance the rate of singlet-triplet transitions. %1% 48

Herein, the HAE-effect can be utilized for influencing the channel branching of photo-
physical processes within the excited states of molecules, e.g. fluorescence quench-
ing via enhanced ISC into triplet states. Fluorescence quenching via HAE can be
achieved in two approaches. On the one hand, by synthesis of heavy-atom contain-
ing compounds.®* On the other hand, by external perturbation of a heavy-atom con-
taining quenching molecule (quencher) also known as Kasha-effect?, e.g. via io-
doethane (IEt).*"%°

Fluorescence quenching via the external perturbation of SOC in 1T-orbitals proceeds
i) stationary or ii) dynamically via collisions of the target molecule with the
quencher.’ i) The increase of SOC depends on the penetration of the Tr-electron into
the electric field of the nucleus of the heavy-atom as well as on the atomic number
due to &,; o« Z.1% i) For collision-induced HAE, the overlap between the -orbital of
the perturbed molecule and the p-orbital of the heavy-atom depends additionally on
the quencher-concentration due to low-range interaction of the SOC perturbation as

reflected by &, o 3. 1011
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Quantum Yields, Rate Coefficients, and Time Constants

As schematically depicted in Figure 2.1, excitation of a molecule with many degrees
of freedom always results in a channel branching of radiative and non-radiative re-
laxation pathways including possible chemical reactions. For quantification of the
channel branching quantum yields can be determined, which are related to the rate

coefficients and time constants k and t, respectively.

The quantum yield ¢; of a photophysical or -chemical process i is defined by the ve-
locity of the photo-induced processes v; and by the absorption of photons I, [pho-
tons per second], which is proportional to the sum of the velocities of all processes
Lys < ¥ v; (EQ 2.6).>"
Ui Ui .
¢i=E=m'Wlth Zd)i:l. Eq 2.6

For example by excluding a chemical reaction, the relaxation of an excited singlet
state S* occurs after the absorption of photons with the elementary processes of fluo-
rescence vy = kg[S*], internal conversion v,. = k;c[S*] and intersystem crossing
vise = kisc[S*], leading to a first order decay of the excited singlet state with the start-

ing concentration of the excited state [S*], as shown in Eq 2.7.%*

1
S* — S* -kt — S* —t/TO’ th — . Eq 27
[S*] = [S"]oe [S*]oe with 7o kp + ko + Kysc

Herein, 7, is the lifetime of the excited singlet state. Since v « k, the fluorescence
quantum yield is given by ¢p = kp - (kg + k;c + k;5c)~1. For continuous absorption

of photons, the concentration of the excited state can be assumed as quasi-constant,

which leads to the approximation kp = ?. Thus, for a continuous excitation the rate

0

coefficient of each process can be determined by the knowledge of its quantum yield

and the total lifetime of the excited state.**

For a non-quasi-stationary system, the determination of rate coefficients for photo-
physical processes of a molecule is challenging due to the need to have the exact
duration and the quantum yield of the considered elementary step as given by Eq
2.8.%

11



k; = % Eq 2.8
For example, time constants of elementary photophysical and -chemical processes
can be obtained by multiexponential fitting analysis of responses from fs-TA by as-
suming a combination of first-order processes. However, transient absorption spectra
of molecules with many degrees of freedom are often superimposed by a manifold of
processes (refer to Figure 2.1), which allows the quantification of k only in special

cases.

2.2 (Photo-Initiated) Free Radical Polymerization (FRP)

FRP is an important polymerization technique in industrial and scientific research. An
extensive variety of polymers can be obtained by FRP with many accessible mono-
mers since it presents a straightforward polymerization method with a high orthogo-
nality towards various functionalities.®® As an advantage of FRP, high molecular
weights can be obtained in a rapid fashion.®” In contrast, limitations of FRP are the
lack of control over the poly-dispersity and low end group fidelity.®® Remarkably, the
initiation of FRP can be achieved thermally, electrochemically, or photo-induced,
which leads to a wide field of applications.®® For instance, photo-induced FRP (photo-
FRP) can be performed at low temperatures, which results in less side reactions (e.g.
chain-transfer reactions) compared with thermally initiated FRP. Hence, photo-FRP
can be used in biochemical applications e.g. immobilization of enzymes, as well as
for polymerization of monomers with low ceiling temperatures, which favor depoly-
merization above a specific temperature limit. In addition, light can be applied in cur-
ing of large coated surfaces or filigree structures leading to a manifold of applications,

17-18

e.g. curing technologies,™*® dental fillings, tissue engineering,’® and 3D-

lithography.?°

The mechanism of photo-FRP is presented in Figure 2.2, which depicts initiation,

propagation, termination and chain transfer as elementary reaction steps.®’

12
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Figure 2.2. Mechanistic aspects of FRP. After fragmentation of the initiator | into radicals R,
the monomer M is consumed via the addition to the radical center generating a growing pol-
ymer chain. Termination occurs via |) recombination or Il) disproportionation of macroradi-
cals.

The initiation is divided in two reaction steps: a) (photo-) dissociation of initiator | into

radical fragments R, b) the attack of the radical R upon the first monomer unit M (as-

sociation step). Herein, step a) is determined by the cleavage mechanism of the initi-

ator, which is described by first order kinetics as defined in Eq 2.9.%"
d[R']

— =2 feff ' kdiss[I]-

Eq 2.9
dt

The formation of the radical is dependent on the rate of fragmentation kg of the ini-
tiator | into two radicals (hence, Eq 2.9 requires a factor of 2). f. < 1 is a scaling fac-
tor for the radical formation, which take into account that not every initiator-derived
radical starts a polymerization process. In general, f.; is smaller than one due to e.g.
recombination and H-abstraction reactions of the formed radicals. In the case of a
photoinitiator, k;;s; depends on the photophysical and -chemical mechanism after
photoexcitation, e.g. efficient cleavage from triplet states for Norrish Type | initiators.
b) The addition of monomer to the initiator-derived radical is a second order process
as described in Eq 2.10.%7

d[P]

= kinit[M] [R-].

Eq 2.10
dt

During propagation, further addition of monomer units to the growing chain results in

the formation of macroradicals P,. The propagation rate k is dependent on the

prop

13



steric and electronic properties of the monomer, e.g. values of 10? L mol™* s for
k,rop are experimentally determined for slow polymerizations such as of styrene, and
10*L mol™ s for fast propagation of acrylate derivatives. The consumption of the
monomer during propagation is given by Eq 2.11.%

d[M]

- T = kprop [Pn] [M] Eq2.11

Besides the chemical properties of the monomer, k.., is dependent on temperature

as well as on the viscosity which increases during the polymer process.

Termination of the polymer chain growth can occur via two reaction pathways: 1)
combination, and Il) disproportionation. In the first process, recombination of two
macroradicals leads to a so-called “dead polymer chain”.®® Since every chain is con-
ventionally initiated by an initiator-derived radical, combination products bear two end
groups at both chain ends. In contrast, disproportionation proceeds by hydrogen ab-
straction of one macroradical by a second radical chain via B-elimination. Thus, two
terminated polymers are obtained, which feature in a-position (start of the polymer
chain) the end group originating from the initiating radical fragment and a hydrogen
or double bond functionality in w-position (end of the polymer chain), respectively.
The latter polymer chain carrying a double bond in w-position is able to act as mac-
romonomer for additional polymerization processes leading to chain branching.” In
general, the termination step is a diffusion-controlled process, which results in both
mechanisms in one second-order rate coefficient k., with values in the range of

10° to 10% L mol™* s™ (Eq 2.12).%"

d[Py]
dt

=2 kterm[Pn']z- Eq 2.12

Herein, termination occurs statistically, which leads to a distribution of polymers spe-
cies with various chain lengths. However, the steric properties of monomer have an
impact on the mode of termination, e.g. methyl methacrylate (MMA) favors termina-
tion via disproportionation due to high steric hindrance caused by the high number of
substituents of the olefin moiety, while less steric demanding monomers such as sty-
rene prefer combination reactions.”* For high monomer conversion, the viscosity of
the polymerization mixture increases. Therefore, the rate of termination step de-

creases since it is highly diffusion-controlled.

14



One major topic within the present thesis is the determination of the overall initiation
efficiencies of radicals originated from an initiator towards a monomer after the final
polymerization process. All polymerization experiments have to be conducted with
the same monomer, here MMA. Thus, propagation and termination reactions can be
neglected due to identical rate coefficients. Consequently, differences in the FRP
mechanism are limited to the initiation step, which depends on the nature of the em-
ployed initiators. Herein, the absorption spectrum and excited state channel branch-
ing after photoexcitation of an initiator as well as the reactivity of the formed radicals

towards the monomer has to be considered for efficient initiation.3?>3

Norrish Type | Radical Photoinitiators

Besides the employed monomer, the conditions for efficient FRP are determined by
the absorption spectrum and cleavage mechanism of a photoinitiator, e.g. excitation
wavelength, curing depth, and initiation efficiency. Photodecomposition of aldehydes
and ketones can be classified in Norrish type | and type Il reactions.”® Norrish type |
reactions undergo homolytic a-cleavage of aldehydes or ketones into radical frag-
ments upon irradiation, while type Il initiators produce radical species via hydrogen-
abstraction. Examples for Norrish type | initiators are acetophenones,®**>> * hydrox-

577 and acylgermanes.®**° Typi-

9

ylalkylphenones,” oxime esters,” acylphosphines,

78-79

cal Norrish type Il initiators are benzophenones, thioxanthones,’

0

anthraqui-

onones,® camphorquionones,® and ketocoumarins.®* The general decomposition

mechanism of a ketone-based Norrish type | initiator is presented in Figure 2.3.

T
ISC O
— |

R R

O
— R- -+ .Il\
RI
Figure 2.3. General Norrish Type | mechanism of keto-based photoinitiator. After photoexci-
tation into an excited singlet state S, the radical formation can occur from singlet states or
after ISC from triplet states T. Which reaction path is preferred, depends on the topology of
the potential energy surfaces within the excited states.
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In principle, the decomposition of a keto-based Norrish type | initiator can occur from
an excited singlet or triplet state.** With respect to channel branching after light exci-
tation, the favored reaction pathway is determined by the topology of the excited

state potential energy surfaces.

A comprehensive investigation on the initiation efficiency in correlation to the photo-
physical and -chemical mechanism of different substituted mono-, bis- and tetraacyl-
germane-derivatives as an example for Norrish type | initiators is presented in chap-
ter 4.

2.3 Nitrile Imine-Mediated Tetrazole-Ene Cycloaddition (NITEC)

NITEC was firstly reported by Huisgen and coworkers in 1967,* as an efficient, irre-
versible and catalyst-free ligation method.?* Nowadays, the conjugation reaction has
found many applications in recent research fields, e.g. (A-orthogonal) polymer link-

26-27 and surface modifications.?®?° The NI-

age,’*® fluorescence markers in biology,
TEC reaction proceeds in two steps: First, the formation of a nitrile imine 1,3-dipole
intermediate (b) from a diaryl tetrazole (a) after photo-induced N-release. The se-
cond step entails subsequent cycloaddition of the 1,3-dipole intermediate with a dipo-

larophile to form the cycloadduct (c) as presented in Figure 2.4.82

Ry

n=N — R’ RaA Nk
= =N—N —
\// =N, R N\ /
R
(a) (b)

Figure 2.4. Mechanism of NITEC.®#® Structure (a) represents the photoreactive tetrazole
compound, while the nitrile imine intermediate formed by photo-induced N,-release is as-
signed to structure (b). Structure (c) is the cycloadduct formed via the 1,3-dipole cycloaddi-
tion of the 1,3-dipole and an alkene as a dipolarophile.

The fluorescence properties of the resulting cycloadduct are dependent on the sub-
stituents of the employed diaryl-tetrazole derivative.®® In addition, the substituents
influence the reactivity of the nitrile imine intermediate towards a dipolarophile as
well, e.g. methoxy or dimethyl amine groups in para-R’-position enhance the addition
towards non-activated and electron rich alkene species.?® 8 However, nitrile imine

intermediates can undergo several side reactions in the absence of a dipolarophile.
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Herein, reactions of the intermediate with water,®® imidazoles and acetonitrile,®® as

well as the dimerization of two 1,3-dipoles® are reported.

In the current thesis, the ultrafast dynamics of two visible and one UV light-triggered
diaryl-tetrazoles are investigated via fs-TA, which is presented in chapter 6.

2.4 Laser Optics

Generation of coherent light by light amplification by stimulated emission of radiation
(LASER) has become an important tool in optics as well as chemical research.? 8%
Especially, pulsed laser techniques provide high peak intensities for very short dura-
tions, which enable the investigation of dynamics of chemical and biological systems
in real time without damaging the samples.® °* In polymer chemistry, the use of
pulsed laser systems with pulse durations of 10 seconds (ns) bears possibilities of
PLP techniques, which can be coupled to chromatographic and mass spectrometric
methods as a powerful tool for investigation of the propagation rate of monomers and
cleavage mechanism of initiators in FRP.3* %% |n addition, photophysical processes
of atoms and molecules occur on a fs-to-ps time scale. Thus, ultrashort laser pulses
with durations in the order of 10™*° seconds (fs) enables a wide field of transient spec-
troscopic methods with a sufficient time resolution to observe molecular motions, e.g.
fs-TA.® The high peak intensities lead to nonlinear optical effects for light-matter in-
teractions, which can be utilized to generate laser pulses with tunable wavelengths

over a spectrally wide range.

In the following, the fundamentals of the laser principle, nonlinear optics and the

generation of ns- and fs-laser pulses are described.
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2.4.1 Laser Principle and Laser Pulses
A laser consists of a resonator, an active medium and an energy source for pumping

the medium as sketched in Figure 2.5.%

energy/pump source

mirror
mirror (semitransparent)

active medium

<——resonator———

Figure 2.5. Basic setup of a laser, which is composed of an active medium in a resonator
consisting of two mirrors. The active medium is pumped with energy, which leads to emission
of the medium. The emission is amplified by stimulated emission for each oscillation within
the resonator. A semitransparent mirror enables the ejection of intense coherent laser light
after a defined number of resonator circuits.

The pump source excites the active medium, which leads to population inversion and
spontaneous emission of photons. Herein, population inversion can be achieved for
at least three-level systems (Figure 2.6), which designates a population of a higher

excited state compared to the ground state population AN = N; — N, > 0.%

short-living
A
Jong-living
upper laser level
pump SE

Y

0
ground state / lower laser level

Figure 2.6. Schematic three-level system for illustration of the laser-principle. For further
detail refer to main text.

Excitation into a short-living higher pump level leads to ultrafast relaxation into a long-

98-99

living upper laser level (us-ms), which can be depopulated by stimulated emis-
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sion (SE) into the lower laser level or ground state, respectively. A more efficient
population inversion is achieved for a four level system. Herein, the lower laser level
is short-living, which leads to fast depopulation via radiationless transitions into the
ground state. The relaxed population is again available for pumping of the upper la-
ser level. Thus, a higher population inversion occurs compared to the three-level sys-
tem due to highly populated upper and depopulated lower laser levels. A prominent
example for a four level system is the neodym:yttrium aluminum garnet (Nd:YAG)

laser. 100

The resonator features a self-amplifying effect of the active medium by feedback of
stationary waves of oscillating photons between the end mirrors. For each passing
photon through the active medium, a second photon with the same spatial and tem-
poral phase (coherence) as the incident photon is produced via SE leading to ampli-
fication of light. The amplified coherent laser light can leave the resonator via a semi-

transparent mirror for each oscillation.®’

The temporal behavior of the laser emission depends on the lifetimes of the involved
upper and lower laser level, the amplification per resonator cycle and the pump fre-
quency.®” For continuous pumping of the laser medium with a long-living upper laser
level, a quasi-stationary population inversion is provided, which leads to a continuous
laser operation. Is the lifetime of the upper laser limit short in comparison to the rising
time of the pump process, the population inversion is steadily reached and degraded,
which leads to a high repetition rate of laser pulses, e.g. excimer-laser.®” For very
high amplifications of the SE, the population inversion can be degraded faster than
repopulation via pumping can occur. Consequently, a periodic or irregular series of
laser pulses (spikes) are generated with pulse durations smaller 1 us, e.g. for flash
light-pumped ruby lasers. Q-switching enables a controlled generation of short and
intensive pulses in the ns-region instead of irregular ejected spikes, e.g. flash diode-
pumped Nd:YAG-laser. Ultrashort laser pulses with pulse durations of
10*2-10"° s can be generated by mode-locking in a nonlinear laser medium, which
produces a fixed phase-relationship between fluctuating laser modes within the reso-

nator.®’
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Properties of laser pulses

Laser pulses can be described as a wave package as the result of superposition of
coupled laser modes with various phases.*®® Thus, a laser pulse experiences a spec-
tral broadening due to the transform limit in analogy to the Heisenberg’s uncertainty

principle of time and energy as given by Eq 2.13.2%*

TpAVZK. Eq 2.13

Here, 7, is the pulse duration, Av the spectral width and K a constant, which is de-
pendent on the pulse shape, e.g. 0.441 for a Gaussian-shaped pulse.'® However,
the effect of the transform limit leads to a significant spectral width for ultrashort puls-
es like ps- and fs-pulses, e.g. a spectral width of A1 ~2:10™ nm can be calculated for
a pulse of 7, ~10 ns at 1, = 400 nm. Hence, ns-pulses can be considered to be qua-
si-monochromatic in relation to the broadening of an electronic transition of a mole-
cule in solution. In contrast, fs-pulses show spectral widths of several up to tens
of nm. In addition, dispersion effects in optical media can lead to additional spectral
broadening (chirp) of the envelope of the pulse or wave package, respectively. Dis-
persion is caused by different phase velocities v,, of the coupled modes within a
wave package due to the frequency dependence of the refractive index n(w) of a
medium as given by Eq 2.14.%°

_ w _ Co
Uoh T T ()

Eq 2.14

Eq 2.14 is called dispersion relation with the speed of light constant ¢, and the abso-
lute value of the wave vector k. In general, the wave vector k determines direction of
a propagating electromagnetic wave.® The velocity of the propagating wave package
is called group velocity, which is dependent on the derivation of phase velocities with
respect to the wavelength 1 according to Eq 2.15.%°

dv
h
v p

o7 = Vpn — A2 Eq 2.15

In vacuum, the group velocity is equal to the phase velocity, while the derivation of
the phase velocity reflects the influence of the dispersion in a medium. Consequently,
the temporal overlapping of two pulses with different central wavelengths propagating

in an optical medium suffers from so-called group velocity mismatch (GVM) due to
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dispersion. GVM is given as the difference between the inverse group velocities

Vyr.1/2 OF both pulses (Eq 2.16).'%

1 1

Vgr1  Vgr:2

GVM = Eq 2.16

In the following the basic principles of nonlinear optics are presented, which are nec-
essary for the generation of ultrashort laser pulses and the tuning of their frequen-

cies.

2.4.2 Nonlinear Optics and Parametric Processes
The interaction of light and matter results in the polarization P of an optical medium

proportional to the vacuum permittivity ,, the electrical field E of the incident beam

and the electrical susceptibility tensor of the medium ¥ as follows in Eq 2.17.1%

P = &, 7E. Eq 2.17

For very high intensities in the order of atomic electric fields, the polarization of an
optical medium is not only linearly correlated to the electrical field anymore due to
additional nonlinearities of the potential of a medium at larger elongations, e.g. the
electric field of an electron of a hydrogen atom at the distance of one bohr relative to
the nucleus corresponds to an intensity of ~4-10*° W cm™.2%® Thus, higher orders of
the polarization have to be considered, which can be described by expansion of Eq

2.17 as given below in Eq 2.18.10%: 13
Pi = SOZXL(})E] + SOZXf]zlejEk +€OZXL(]3/21E]EI€EL + .- Eq 218
J Jjk jkl

)(i(jl), )(f]z,z ;(i(f,zl are the linear, second-order and third-order susceptibility represented

by second-, third- and forth-rank tensors, respectively. The indices ijkl lable the elec-

trical field components with respect to the corresponding Cartesian coordinates.

Important nonlinear phenomena, resulting from the second- and third-order polariza-

tion term, are discussed in the following.
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Second Order Nonlinear Optics: Parametric Processes

The second order nonlinearities are dependent on the second power of the electrical
field as described by the second term of Eq 2.18. Second-order processes can be
generated in special nonlinear media without an inversion center, e.g. B-barium bo-
rate (BBO), or lithium triborate (LBO). An inversion center leads to an odd polariza-

tion function. Consequently, even terms would vanish in Eq 2.18.%°

The superposition of two planar electromagnetic waves E; ,(x,t), which exclusively

OE JE OE . .
—2 % —2="2=0) and oscillate with w;, w,, can be ex-

propagate in x-direction ( o T oy = o2

pressed by Eq 2.19.1%

Ex(x,t) = Eyq(x)e™" 1t + B, 5 (x)e™'2t + Ey 1 (x)e'1t + E; 5 (x)el@2 Eq 2.19

= Ey 67t + B, et e

Complex conjugated terms are designated by c.c.. Inserting Eq 2.19 to the second
term of Eq 2.18 leads to the following expression (Eq 2.20) for the second-order non-

linear polarization.**®

. . Eq 2.20
PP = g0y 2E, \Efy + 2B, ,EL, + E2 e7 1201t 4 2 o-i203t

optical rectification SHG w4 SHG w5

+ ZEx,lEx,Ze_i(w1+w2)t + ZEx,lE;,ze_i(wl_wZ)t + c.c.|.
SFM DFM

The first term is called optical rectification, which has a static contribution to the polar-
ization leading to charge separation within the medium. The second and third terms
contain the doubled frequencies 2w, , of the incident electromagnetic waves. Thus,
the nonlinear process is called second harmonic generation (SHG). The addition
(w1 + w,) and subtraction (w; — w,) of the frequencies of both electromagnetic
waves are called sum frequency mixing (SFM, fourth term) and difference frequency
mixing (DFM, fifth term), respectively. SHG, SFM and DFM belong to parametric pro-

cesses, which obey the conservation of energy and momentum.*®

For the special case of E, ; = E,, and w; = w,, only SHG occurs as can easily be
seen from Eq 2.20. In a particle picture, SHG is achieved by the interaction of two

photons of the same energy in a nonlinear medium resulting in a photon with doubled
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energy. Due to conservation of the momentum p = ZihEi = const., the incident and

the SHG-photons need a constructive phase relationship as given by the phase

matching condition Eq 2.21 of the corresponding wave vectors Einc and ESHG, respec-

tively.8% 97

Ak = kgyg — Kine = 0. Eq 221
In general, the wave vector in a medium is dependent on the frequency due to the
dispersion relation k «< n(w), where n(w) is the refractive index. The phase matching
condition can be fulfilled by utilizing the angular dependence of the extraordinary re-
fractive index n®°(0) for double refractive anisotropic nonlinear crystals without inver-
sion center, e.g. BBO.% @ defines the angle between the optical axis of the crystal
and the propagation direction of the incident laser pulse. Herein, two types of phase
matching are possible. For type | the incident photon corresponds to the ordinary ray,
which leads to SHG reflected by the extraordinary ray, if the condition n$,(6) = n? is
true. Type Il phase matching occurs for n59,(0) = 1/2(ng? + n?), where the incident
ray consist of an ordinary and extraordinary part. If the phase matching condition is
fulfilled, the intensity of the SHG is proportional to 12 corresponding to the optical
pathway (1) through the nonlinear crystal.’®* However, the conversion efficiency is
limited for ultrashort pulses due to pulse broadening caused by dispersion with a

highest conversion efficiency ~60 %.%

Parametric processes can be used for noiseless optical parametric amplification
(OPA) of a signal laser pulse at the frequency w,, which is achieved by overlapping

with an intense pump pulse with wpump > Wsigna IN @ Nonlinear medium.®’ Due to
conservation of energy, an additional so-called idler pulse with
Widler = Wpump — Wsignal IS geNerated. OPA can be constructed in a non-collinear op-

tical parametric amplification (NOPA) setup, which is an efficient technique to tune

the frequencies of fs-laser pulses.’®® Herein, phase-matching is achieved for

— —

Ak = Kpymp — Ksignal — Kiaier = 0. This condition is fulfilled by matching the group ve-
locity of the signal wave with the idler group velocity by adjusting the angle 6 of the
nonlinear crystal axis relatively to the direction of the pump pulse propagation.'® By
using a white light continuum for the signal pulse, the amplified frequency of the sig-
nal pulse can be varied by changing the angle of the nonlinear crystal as well as for
the delay between the optical pathways of signal and pump pulse. Thus, dependent
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on the spectrum of the white light continuum and geometry of the NOPA, fs-laser
pulses can be tuned in a wide range. The generation of a white light continuum is
based on third-order nonlinear optical effects, which are discussed in the following

paragraph.

An alternative method to achieve tunable laser pulses is OPA in a resonator setup,
so-called optical parametric oscillator (OPO),?” which is used for example in frequen-

cy-tunable ns-laser systems (Figure 2.7).

< resonator for 4 and @, > O
W3 ———» W2

nonlinear Medium i je— (1)

(QF

Figure 2.7. Schematic setup of an optical parametric oscillator, which leads to conversion of
a photon with w5 into two further photons with w; + w; = ws.

Analogous to a laser resonator, an OPO makes use of the electronic transitions of
the nonlinear medium, which is pumped by high intensities at w5. As a result of quan-
tum fluctuations, two additional photons w, and w, are obtained. The frequencies are
determined by w; + w, = w3, which must not correspond to an electronic transition of
the medium.®’ In a photon picture, an OPO features the inverse effect of SFM, where
a photon is converted to two photons with lower frequencies w; = w; + w, instead of

the addition of two photons to one with higher frequency w; + w, — w5. Efficient

OPO-operation is achieved for the phase-matching condition El + Ez = E3. In turn, a
high frequency range is accessible, which can be tuned by changing the feedback
conditions within the resonator, e.g. crystal-angle.”’

Third Order Nonlinear Optics: White Light-Generation and Kerr-Lens Effect

As given by the third term of Eq 2.18, the third-order nonlinear polarization is propor-
tional to the third order of the electromagnetic field. Thus, third-order effects are not
limited to birefringent media without an inversion center. Due to the weak third order

susceptibility,**

third order processes only occur for very high pulse energies or
strongly focused laser beams. Consequently, frequency tripled electromagnetic

waves are usually not generated via third-order nonlinear effects due to the more ef-
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ficient combination of second-order SHG and subsequent SFM with the fundamental

wave.

The most important third-order nonlinear effect is the optical Kerr effect. The optical

Kerr effect is a result of the nonlinear refractive index n(I), which depends on the

intensity I « E2 as reflected by Eq 2.22.87 10

1
n(l) =ny + Enzl. Eq 2.22

Herein, radial-symmetrical laser pulses with high intensities experience spatial self-
focusing known as Kerr effect. In addition, the phase of the laser pulse is modulated
by so-called self-phase modulation (SPM), as a consequence of the orientation of
dipole moments alongside the direction of the strongest incident field, which can be

understood as the temporal Kerr effect.®’

SPM leads to pulses with high peak intensities and highly broadened frequency
spectra due to chirp as a result of the intensity dependence of the self-modulated
phase. Thus, SPM can be utilized for white light-generation in thin substrates, e.g.
sapphire, or calcium fluoride (CaF,).}**%" In addition, mode-locking induced by the
Kerr effect of a nonlinear crystal can be used for the generation of ultrashort laser

pulses, e.g. titanium-sapphire laser.®’

2.4.3 Generation of ns-Laser Pulses: Q-Switch

Laser pulses with ns-duration can be generated by Q-switching of a flash light-
pumped resonator. To this end, an optical switch causes energy losses within the
resonator (low quality resonator), which prevents the oscillation and amplification of
SE until the switch is triggered. Consequently, the population of the upper laser level
is increased to very high excess by persistent pumping. When the Q-switch is trig-
gered, the oscillation-threshold can be reached (high quality resonator), which leads
to the sudden generation of a very intensive pulse.®” The cycles of the Q-switched

pulse generation define the repetition frequency.

The optical switch consists of two crossed polarizers and a Pockels cell. A Pockels
cell is an anisotropic crystal, which rotates the polarization plane with the angle 9 of
the transmitted linear-polarized light proportional to an applied electrical potential U.

Herein, the transmittance T for a Q-switch is given by Eq 2.23.%’
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T =Ty(1 — cosd), with9 o U. Eq 2.23

For U leading to 9 = 90°, the transmittance is high and light can oscillate without
losses within the resonator. In contrast, 9 = 0° for U = 0 prevents the transmittance

due to crossed polarizers.

The optimal trigger for switching the Pockels cell depends on the temporal properties
of the pump pulse as well as the lifetime of the upper laser level. Long excited state
lifetimes and short pump pulse durations lead to only small losses of the population in
the upper laser level caused by spontaneous emission or radiationless relaxation
processes. Thus, the trigger for the Pockels cell should be chosen at the end of the
pump pulse duration, where the highest population inversion is expected. Conse-
guently, ns-laser pulses with peak intensities up to several megawatts (MW) are gen-
erated.®” A broad tunability of ns-laser pulses can be achieved by using parametric
processes, e.g. OPO and SHG. A detailed description of the tunable laser setup used

within the present thesis is presented in section 3.3.1.

2.4.4 Generation of fs-Laser Pulses: Mode-Locking

One efficient technique for generation of ultrashort laser pulses is passive mode-
locking. The generated fs-pulses can be amplified via chirped pulse amplification
(CPA), which was discovered by Strickland and Mourou in 1985 and recently reward-
ed with the Nobel Prize in 2018.'°® Both principles are described in the following.

In general, light oscillates with an arbitrary phase relationship in a laser resonator.
Herein, the single modes circulate with frequencies close to the resonance (q = 1) or

overtone (q = 2, 3,4, ...) frequencies v, of the resonator which are defined by the con-

stant speed of light ¢, and the length between the two end mirrors L as given by Eq
2.24.1%1

Vq = %. Eq 2.24
Fluctuations in the intensity of the laser modes occur due to interference between
longitudinal modes as well as arbitrary phase relaxations. Introducing a special non-
linear active medium, the laser mode with the highest intensity experiences the
strongest self-focusing due to the Kerr effect (refer to Eq 2.22). After a few cycles, an
intense laser pulse is generated, which consists only of the most intensive modes

with a stable phase relationship (Kerr-lens mode-locking, KML). Consequently, the
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laser emission consists predominantly of laser pulses with a repetition rate v, = i

which is dependent on the geometry of the resonator.®’

Dispersion caused mainly by the resonator mirrors has to be compensated, e.g. in-
troducing negative dispersion via a prism compressor.’®* 1% Otherwise, the disper-
sion would lead to dephasing of the modes accompanied by a temporal broadening
of the laser pulses. For example, a passive mode-locked, dispersion-compensated

titanium:sapphire-laser achieves laser pulses down to 5 fs.®’

The peak intensity of the laser pulses is limited by the self-focusing effect. An in-
crease of the laser pulse energy can be carried out via CPA. % Herein, the generated
laser seed pulses are temporally stretched in a combination of gratings, subsequently
amplified in a second resonator (regenerative amplifier, RGA), and finally recom-
pressed to the approximately original pulse duration as depicted in Figure 2.8.1%2

I /\

—> gstretcher ——> amplifier —> compressor ———>

Figure 2.8. Chirped pulse amplification (CPA) of short laser pulses is achieved by amplifying
a stretched initial pulse, which is subsequently recompressed approximately to the original
pulse duration.

Stretching the laser pulses before amplification has the advantage of a better tem-
poral overlap between the seed and pump pulse as well as to prevent damaging of
the optics. The RGA-medium is pumped with a second laser. In contrast to OPA,
RGA is based on amplification by the stimulated emission of the pumped crystal. To
this end, a crystal is applied which provides a similar emission spectrum as the seed
pulse. For instance, titanium:sapphire can be used for the generation of the initial
seed pulse as well as amplifier medium within the RGA unit, which leads to the ampli-

fication of pulses at 800 nm by several orders of magnitude.®?
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2.4.5 Transient Broadband Absorption Spectroscopy (fs-TA)
In the current thesis, fs-laser pulses are used for fs-TA, which is a pump-probe tech-
nigue. The fundamental principle for all pump-probe techniques is visualized in Fig-

ure 2.9.
I
 rope White light SaMPIE , resolved
generation detection
fs-laser — tdelay
— pump frequengy
conversion
delay line

Figure 2.9. Basic setup for (fs-)pump-probe techniques. For a detailed description refer to
main text.

Generated laser pulses at a given repetition rate and wavelength are split into a
pump and probe pathway. The probe pulses are used for white light generation in a
thin substrate (e.g. CaF,), while the frequency of pump pulses can be converted via
optical parametric processes, e.g. NOPA, SHG, or SFM. Both pulses are temporally
and spatially overlapped in a sample. The temporal overlapping-point ¢, is dependent
on the wavelength as a consequence of the GVM between the spectral contributions
of the white light probe pulse and the pump pulse. Depending on specific properties
of this pulse (e.g. chirp and pulse duration), a transient intensity artifact in the region
of the temporal zero-point occurs due to cross-correlation of the pump and probe
pulse. The rise of the cross-correlation artifact can be used to estimate the time-

resolution of the experiment.

The transient response of the system is probed at t = t4c10y — to after excitation by
the pump pulse at zero time t,. The temporal delay t,.1.y is adjusted by varying the

pathway of the pump with respect to probe pulse due to constant velocity of light.
Thus, transient difference absorption spectra AA(t,A) of the excited states can be

measured by the time- and wavelength-dependent absorbance as follows in Eq 2.25.
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AA(t, ) = A, (6, 4) — Ay o (D). Eq 2.25

A, (t,2) is the transient absorbance spectrum after pumping at time t, while A,, /,(1)
is the ground state absorbance spectrum of the sample without excitation. In general,
different processes can contribute to AA(t, 1): Excited state absorption (ESA), stimu-
lated emission (SE), ground state bleaching (GSB), and “hot” ground state absorption
(HGSA) as illustrated in Figure 2.10.

2 A
f probe
1 delay oo °e0 X
probe

pump probe probe — el
g-20eeee (X o0 (X (X oo | oo oo oo

absorption ESA SE GSB HGSA

AA>0 AA <0 AA<0 AA>0

Figure 2.10. Overview of possible transitions causing a transient response within pump-
probe experiments. After pumping, population from ground state O to an electronic excited
state 1 several processes can be observed after the delay time, e.g. from left to right: excited
state absorption (ESA), stimulated emission (SE), ground state bleaching (GSB), and hot
ground state absorption (HGSA).

ESA contributes with a positive response to AA(t,A) and results from the transient
absorption of the excited state into energetically higher excited states. Negative con-
tributions to AA(t, 1) are SE and GSB. SE occurs for the radiative deactivation of the
excited state induced by probe-photons. GSB is the negative response of the depop-
ulated ground state after excitation due to A,,,, > A,,. “Hot” ground state absorption
(HGSA) occurs for probing higher vibrational levels of the ground state, which were

populated after fast relaxation (IC+VR) of previously pumped excited states.

In general, transient spectra of complex molecules are superimposed by more than
one of the described processes due to several correlated relaxation pathways as ex-
pected from photophysical and -chemical channel branching.
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2.5 Mass Spectrometry (MS)

Mass spectrometry (MS) is a widely used technique for analysis of the chemical
composition of molecules and their fragments.**° Fields of application include investi-

111-113 114 115-116

gation on biomolecules, cells™™ and interstellar space chemistry, structure

determination and quality control of drugs,**’ food,™*® and polymers.®® **°

A mass spectrometer is constructed of an ion source, a mass analyzer for separation
and sorting of the generated ions and a detection unit. In general, the right choice of
the ion source in combination with the mass analyzer depends on the investigated

systems.

Electron ionization (El) can be used for structure determination of small molecules,
while secondary ion mass spectrometry (SIMS) can be applied for surface analysis.
However, both methods lead to fragmentation. In contrast, soft ionization techniques,
which avoid fragmentation, are matrix assisted laser desorption ionization (MALDI)
and electrospray ionization (ESI). MALDI and ESI are especially used for analysis of
polymers and biopolymers.*'® The advantage of ESI-ion sources is the production of
multiple charged ions, which significantly extends the accessible mass range com-
pared to other ionization techniques. In addition, ESI can be coupled to precursory
high-performance liquid chromatography (HPLC) or size-exclusion chromatography
(SEC).llg

In principle, the first mass analyzer was applied in the Thomson-experiment 1897 for
the determination of the mass to charge-ratio (m/z) of an electron.®® A moving
charged particle in a magnetic field experiences a Lorentz-force, which leads to de-
flection. The deflection depends on the mass of the charged particle. Thus, depend-
ent on the deflection coordinate, the particles can be separated in their specific m/z.
Today, Coulomb forces of electric fields can as well be utilized for analysis of ions,
e.g. quadrupole. As an alternative, ions can be trapped in an electric or magnetic
field for recording their specific oscillations with respect to m/z, e.g. cyclotron, or-

bitrap.**®

In modern mass spectrometry several mass analyzers are available, which are differ-

ent in their separation process with i.e. specific resolution (mass resolving power, R),
mass accuracy, and mass range, e.g. quadrupole mass filters (R = 100-1000), time-

of-flight (ToF, R = 1000-40000) mass analyzers.® A very high resolution of
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R = 10000-100000 is achieved for orbitraps, which was published by Makarov in the
year 2000.119- 121

The combination of an ESI-ion source and Orbitrap-mass analyzer is ideal for the
analysis of the distinct end group distribution of the repeating units for the characteri-
zation of macromolecules obtained from PLP used in the present thesis. In addition,
precursory size-exclusion-chromatography enables the separation of macromole-
cules due to their hydrodynamic volume before ionization, which facilitate the evalua-

tion of complex mass spectra.

In the following the principles of the ESI-ion source and Orbitrap-mass analyzer are
presented in detail.

2.5.1 lon Source: Electrospray lonization (ESI)
ESI is a soft ionization method, which can be applied for MS-analysis of polymers

without fragmentation. A scheme of the setup is provided in Figure 2.11.

counter electrode | N, drying gas skimmer
3-5kV
i taylor cone sample cone
capillary nozzle '
— — — z_r""\,vv.....oooooooooccnn(o ...... ? ....... @ Orbltrap

. @) mass analyzer
flow (1 - 10 uL/min) R

atmospheric
pressure

J, 102-103 mbar  10® mbar

Figure 2.11. Schematic setup of an ESI-ion source. For a detailed description refer to main
text.

A highly diluted polymer sample is inserted via a capillary at atmospheric pressure
and a high potential of ~4 kV, which leads to highly charged fluid droplets. A counter
electrode at 4-5 kV accelerates the droplets at the nozzle tip under formation of an
elliptically shaped Taylor-cone of the fluid, which tapers to a relatively sharp point.***
122 Subsequently, the diminished charged droplets enter a low vacuum chamber of
103-10* mbar, where the solvent is evaporated while ions are retained. The nebuli-
zation and evaporation is supported by a heated drying gas, e.g. nitrogen.**® The

shrinkage of droplets proceeds until the repulsive forces between the ions outweigh
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the cohesive forces of the solvent (Rayleigh-limit) leading to cascades of droplet
bursts into even smaller droplets (Coulomb explosions). Finally, the completely sol-
vent-freed ions are pulled via an electric gradient through a skimmer into the mass

analyzer.'*

The ESI process leads to generation of highly charged species without fragmenta-
tion. Intrinsically uncharged polymer chains can be ionized by doping the solvent of
the sample with millimolars of Na*. However, the polydispersity of many different
charged species can lead to a manifold of isobaric patterns in MS.**° This disad-
vantage is avoided by using SEC, which sorts the polymers depending on their hy-
drodynamic volumes before injecting into the ESI-source. For instance, an isobaric
overlap of double-charged species in the region of single-charged species, featuring
the half of the mass of the former, can be circumvented by utilizing SEC for ESI-MS.

2.5.2 Mass Analyzer: Orbitrap

In principle, orbitraps are ion-traps similar to Fourier transform ion cyclotron reso-
nance mass analyzers (FT-ICR), which achieve high R > 10000 and mass accuracies
<5 ppm.**® In contrast, a unique feature of orbitraps is ion trapping in absence of a
magnetic field, which leads to a significant reduce of costs and laboratory space re-

quirements compared to FT-ICR instruments with superconducting magnets.**°

An orbitrap is constructed of a specific arrangement of axial-symmetric outer barrel-
shaped and inner coaxial spindle electrodes, which generate a logarithmic electro-
static potential U(r, z) as shown in Eq 2.26.12 1%

2 r

k r k
=2 - —)4+= 21 [ — Eq 2.26
U(r,z) 2<Z 2>+2(Rm) ln( )+C.

Here, r and z are cylindrical coordinates, k is the field curvature, R,, the characteris-
tic radius and C is an arbitrary constant. Perpendicular infusion of ions at the equato-
rial position relatively to the r and z-coordinates leads to stable trajectories in orbiting
motions around the central electrode. Since no cross terms between r and z are pre-
sent in U(r,z), the potential in z-direction is exclusively quadratic, which leads to
harmonic oscillations. Thus, the oscillation frequency in z -direction w, is anti-

proportional to square root of m/z as given by Eq 2.27.1%% 1%
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w, = /k% Eq 2.27

The oscillation frequency w, is achieved by fast Fourier-transformation (FFT) of the
time-dependent detected current, which is induced by the trapped oscillating ions
between two electrodes.'?> '?* As a consequence of FFT, the signal-to-noise ratio
can be improved for longer recording times.*° In addition, rotational and radial fre-

quencies can also be determined for ion trajectories in the orbitrap potential.**

Infusion of ions obtained from an ESI-source is achieved via serially employed quad-
rupoles between the ion source and the orbitrap. A collision gas (N;) slows the ions
(cooling) in turn, and causes them to accumulate in an axial potential at the end of
the last quadrupole (C-trap). Subsequently, the ions are periodically inserted with a

kinetic energy of ~1.3 keV at ultrahigh vacuum to the orbitrap-mass analyzer.™'* %

2.5.3 Pulsed Laser Polymerization (PLP) Coupled with SEC-ESI-MS

The accessible mass range of ESI-orbitrap-MS is between 150 and 6000 m/z. Thus,
the analysis of excellently resolved single charged macromolecules is limited to rela-
tively short chain lengths, e.g. maximum of 60 MMA repeating units. Consequently, a
controlled chain termination is highly desired for analysis of polymers in ESI-MS. PLP
has the advantage of successive radical formation, which can be controlled via the
repetition rate. PLP is widely used in combination with SEC for the determination of

the propagation rate coefficients.%°

PLP occurs as follows. The first laser pulse generates radicals by photoexcitation of a
suitable initiator. The radicals initiate the monomer to start FRP, where the propaga-
tion proceeds during the dark-time until the second laser pulse arrives. The second
pulse generates again radicals via initiator cleavage. Parts of the radical concentra-
tion will initiate further polymerizations, while other parts will increase the propability
for termination reactions of already grown macroradicals. Termination is a diffusion-
controlled statistical process (refer to FRP). Thus, some macroradicals from the first
initiation step persist growing due to missing collision with another radical. As a re-
sult, a multimodal distribution of short polymers with different chain lengths is pro-
duced. Depending on the laser repetition rate, the chain-propagation during the dark
time can be influenced.® Thus, higher repetition rates produce shorter polymers due
to higher amount of radical formation events leading to termination. For example PLP

of MMA with an ns-laser system, which generates pulses with a duration of ~7 ns,
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and a repetition rate of 100 Hz, results in a polymer distribution consisting of 2-30
repeating units. Thus, the generated oligomers are ideally suited for the analysis by
ESI-orbitrap-MS, which leads to mass spectra with isotopic patterns within 200 and
3000 m/z. The obtained mass spectra from PLP-samples feature information about
the cleavage mechanism of the initiator, which can be evaluated via end group anal-

ysis (section 4.2) as well as in so-called cocktail experiments (refer to section 4.3).

2.6 Computational Quantum Chemistry

Computational quantum chemistry is a powerful supplement to the experimental de-
termination of molecular properties. Nowadays, ab-initio calculations with high accu-
racy are provided, which can support or even falsify experimental models.*?**?°> A
very efficient method for the calculation of molecules in ground state is density func-
tional theory (DFT). With the expansion of DFT with time-dependent response theory
(TD-R), the responses of excited states can be calculated by external perturbation of
the molecular ground state.*”® TDDFT enables the rapid simulation of optical proper-
ties of organic and inorganic molecules. Hence, TDDFT became the most widely-
used guantum chemical method in this field within the last decades.*?” DFT and
TDDFT for calculation of the ground state properties and the vertical excitation ener-

gies of a molecule, respectively, are presented in the following.

2.6.1 Density Functional Theory (DFT)

The Hohenberg-Kohn-theorem is fundamental for DFT, which reduces the many-
body Schrédinger equation (SG) to an electron-density problem.*®* 1% The electron
density covers the energy and, in turn, the orbitals of the ground state of an N elec-
tron system. Thus, the energy of the system E for an electron density p is represent-

ed by the following equation Eq 2.28.*%*

E[p] = Exelp] + Fuxlp]- Eq 2.28

Ey. is the energy according to the electron-nucleus interactions and Fyy is a function-
al, which depends on the kinetic energy Ts, the Coulomb interactions J and the non-

classical exchange-correlation potential V,. of the electrons as shown in Eq 2.29.%

Fuklel = Ts[p] + J1p] + Vclpl- Eq 2.29

The advantage of DFT is the reduction from 3N-electron coordinates to a one density

problem with only three spatial coordinates.** However, the accuracy of the correla-
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tion between the energy of the system and the electron density depends on the ap-
proximation of the functional, which is generally unknown. The success of DFT in
computational chemistry is based on reintroducing an auxiliary set of orbitals for the
calculation of the kinetic energy by Kohn and Sham in 1965.%*'%° To this end, Ts[p]
can be exactly calculated from Slater determinants consisting of orbitals ¢; of non-
interacting electrons as indicated by the index S. As a consequence, the exchange-
correlation functional has to be approximated, which roughly has a factor 10 smaller
contribution to the total energy. Analogously to the HF-equations, the orbitals and
energy of the ground state can be determined by an iterative procedure by solving
the Kohn-Sham-equations for the orbitals ¢;. Herein, the orbitals have to fulfill the

following criteria in Eq 2.30.'*

N
p= Z|<pi|2, Eq 2.30
i

The choice of the functional Fyx is crucial for the quality of the results. In the present
thesis the hybrid functional B3LYP is applied,***3' which is a linear combination of
various exchange and correlation functionals including the exact HF-exchange func-

tional V4¥ as represented by Eq 2.31.%%

1 1
Vxe = —3 E fffpf(ﬁ)wf(rz) — @;(r)@;(ry)drydr,. Eq 2.31
— 12
L]

Herein, Eq 2.31 is a two electron integral with the exchange operator ;! depending

on electron coordinates ry, ;.
Optimization of the Ground State Structure

An optimized structure is defined by a stationary point on the potential surface of the
system, which is reached for a zero energy gradient.*?* In particular, stationary points
can be classified by evaluation of the Hessian, which contains the second derivatives
of energy with respect to the nuclei coordinates. For a positive definite matrix with
eigenvalues strictly higher than zero, the stationary point is a minimum.*?* Herein, the
global minimum with the lowest energy of the whole potential energy surface can be
interpreted as the optimized ground state structure. In contrast, a saddle point is
found for exactly one negative eigenvalue, which indicates a transition state with one

imaginary vibrational frequency.
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Stationary points can be found by iterative procedures.*?* Herein, the energy of an
initial structure is calculated via self-consistent-field (SCF) techniques.’** Subse-
guently, the energy gradient and Hessian are calculated to determine an optimized
structure via a Newton-Raphson-method (NR). NR is based on the second order ex-
pansion of the energy using the Hessian to scale the direction and length of the itera-
tion steps towards a stationary point.*** For the optimized structure a new energy
value can be calculated. The procedure is repeated in cycles until the energy and

gradient reach defined convergence criteria.

NR always leads to the closest local stationary point, which is not necessarily the
global minimum of the system.'®® Thus, the vibrational spectrum derived from the
Hessian can be used to exclude a transition state by proving the absence of an imag-

inary frequency.

2.6.2 Time-Dependent Density Functional Theory (TDDFT)

Using TD-R theory enables the calculation of electronic transition energies from DFT-
optimized ground state structures via TDDFT.'** 1% |n analogy to time-dependent
perturbation theory, the amplitudes of a response function are diverging at the reso-
nance frequencies of the system resulting from a time-dependent perturbation, e.g.
perturbation of the molecular dipole moment by an electric field of a photon.

Fundamental for TDDFT is the Runge-Gross theorem,**® which states that the corre-
spondence between the electron density and an external field holds for time-
dependent cases as well as for time-independent cases.'** Thus, the time-dependent

Kohn-Sham  equations including the time-dependent electron density

p(t,r) = YN |p;(r,t)|? consisting of single-electron orbitals ¢; are presented in Eq
2.32.1%

.0 -~

laq’i(t; r) = H[p](t,r)p;(t, 7). Eq 2.32

The Hamiltonian H[p](t,r) can be written as follows in

Eq 2.33.'%

Hpl(t,r) = Ts[p](r, ) + Vaelpl(r, ) + J[p] (1, 1) + Vi [p] (1,8, po) + Vexe(t, 7). Eq 2.33

Herein, v,,.(t,r) is corresponding to the external perturbation, e.g. via the electric

field of a photon. Remarkably, the exchange-correlation energy is dependent on the

36



initial electron density p, at t, as well as on the time-dependent density p(t, r) for the
entire time-interval t — t, of the perturbation. Therefore, the time-dependent Kohn-
Sham equation (Eq 2.32) has to be solved via SCF-methods in the time- and spatial-
domain.'** The effect can be neglected by employing an adiabatic approximation,
which assumes that the electron density is a slowly varying function of time. As con-
sequence of the adiabatic approximation, the exchange-correlation energy is reduced
to a time-independent functional. In addition, the approximation of weak perturbation
can be assumed for the calculation of electronic transitions, which presumably lead
only to small changes in the ground state density after excitation. A perturbation by
photons is weak as long as the external electric field is smaller than the field generat-
ed by nuclear charge, e.g. ~5:10°V m™ for an electron in a hydrogen atom at the dis-
tance of 1 bohr.*?* Thus, instead of solving the full time-dependent Kohn-Sham equa-
tion via SCF, only the linear response of the system has to be calculated by solving

the reduced eigenvalue problem as written below (Eq 2.34).*

o 2ol SR oz
The vector (Y, Z) represents the real and imaginary parts of the first order response.
The matrix A contains the matrix elements of singly excited Slater determinants, while
B includes the matrix elements between doubly excited and a HF-reference Slater
determinant.*®* Hence, the eigenvalues w reflect the excitation energies of the sys-
tem. TDDFT-linear response theory in the scope of adiabatic approximation is effi-
cient for calculation of transitions from ground state to electronic excited singlet and
triplet states. The theory fails for calculation of strong perturbations or non-adiabatic

phenomena, e.g. laser-induced ionization, or conical intersections, respectively.*?*
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3. Methods

3.1 Materials

Mono-, bis- and tetraacylgermanes were provided by Ivoclar Vivadent. All used te-
trazoles were synthesized by Waldemar Konrad of the Barner-Kowollik group. lo-
doethane (IEt, Sigma-Aldrich, 99 %) and 4-carboxy-2,2,6,6-tetra methyl piperidine 1-
oxyl (TEMPO, Sigma-Aldrich) were used for quencher studies as received. Methyl
methacrylate for PLP-experiments (MMA, Sigma-Aldrich, 99 %, stabilized with < 30
ppm MEHQ) was freed from inhibitor by passing through a column of activated basic
alumina (Sigma-Aldrich). Sodium trifluoroacetate (NaTFA, Sigma-Aldrich), tetrahydro-
furan (THF, Scharlau, multisolvent GPC grade, 250 ppm BHT), and methanol
(MeOH, Roth, HPLC ultra gradient grade) for SEC-ESI-MS sample preparation were
used as received. Dichloromethane (DCM, Carl Roth GC grade 99.9 %), acetonitrile
(AcN, Fisher Chemical, HPLC grade and Carl Roth UV/IR-grade 99.9 %), MeOH
(Carl Roth, 99.9 %), ethanol (EtOH, Carl Roth, 99.8 %), and toluene (Merck) for fs-TA
steady-state UV/Vis and fluorescence spectroscopy were applied without further puri-
fications. Extra dry DCM (Acros organics, 99.8 %, molecular sieve, stabilized,

AcroSeal) was used for quencher studies in steady-state fluorescence spectroscopy.

3.2 Steady-State Spectroscopy

3.2.1 UV/Vis Absorption Spectroscopy

Steady-state UV/Vis absorption spectra (UV/Vis-spectra) were recorded with a Cary
500-UV/Vis/NIR-spectrometer (Varian) in the wavelength range of 200-800 nm at
room temperature. All experiments were carried out in quartz cuvettes (Suprasil,
Hellma Analytics). The size of the cuvette defining the optical path length was chosen
with respect to the specific experiments. The optical density (OD) of samples used for
fs-TA was characterized in 1 mm cuvettes. UV/Vis spectra of samples intended for
fluorescence spectroscopy are recorded in the respective 10 mm fluorescence cu-
vettes (Suprasil, Hellma Analytics). Extinction coefficients ¢ were carried out in

10 mm cuvettes at concentrations with respect to investigated systems.
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Sample Preparation for Determination of Extinction Coefficients

For determination of nt*-extinction coefficients of acylgermane photoinitiators dis-
solved in MMA concentrations of < 2 mmol L™ were used. Bis- and tetrabenzo-
ylgermanes were dissolved in acetonitrile at concentrations < 0.04 mmol L™ for com-

parison with TDDFT calculations.

3.2.2 Fluorescence Spectroscopy

Steady-state fluorescence spectra were carried out with a FluoroMax 4 (Horiba Sci-
entific) fluorescence spectrometer at 20 °C (tempered sample holder), which was
provided by the working group of Prof. H.-A. Wagenknecht. All experiments are con-
ducted in 10x10 mm? cuvettes. As an exception, the steady-state fluorescence spec-
trum of Tet dissolved in DCM was conducted with a Cary Eclipse fluorescence spec-

trometer (Varian). Fluorescence quantum yields were determined via Eq 3.1.%**

¢i _ gref ggf(lexc.) f/lem‘ Iém-(lem.)dlem_ Tllz
F — ¥F ; —,
féD (Aexc.) f/lem, Igrer{. (Aem.)d/lem_ Tlrzef Eq 3.1

with £ (Aexe) = 1 — 1070Pret(exc),

The fluorescence quantum yield of the investigated sample ¢k can be obtained by

using a quantum yield of a known reference system ¢if. Herein, Of;;f/i is the absorp-

tion factor given by the OD,; at the excitation wavelength Ay . Ié{;_ef(/lem,) the emis-

2
i/re

sion spectrum integrated for all emission wavelengths dA.,,, and n{,¢ the refractive

index of the applied solvent.
Sample Preparation

Tetrazole samples for quantum vyield determination with excitation at A.,. = 395 nm
and slit sizes of 1 nm were concentrated at 10“*mol L™ in extra dry dichloromethane
(molecular sieve, stabilized, 99.8 %). For quencher concentration-dependent studies,
tetrazoles were dissolved in DCM:IEt-mixtures with IEt-concentrations between
0.05 and 0.5 mol L. C307 dissolved in EtOH was exploited as a reference system*

(pLef = 56 % at ., = 395 nm) at a concentration of 4.5-10° mol L™,

Very low quantum yields of acylgermane- and acylstannane-photoinitiators are de-
termined at A, = 400 nm with high slit sizes of 5 nm by using a C307 EtOH refer-
ence at a recorded OD of 0.325, which was subsequently diluted by a factor of 5000
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resulting in a calculated OD of ~6.5-10™ (for reference spectra refer to Figure A2c)).
Emission spectra of the photoinitiators are recorded at sample ODs between 0.4 and
0.6.

3.3 Pulsed Laser Polymerization coupled with Electrospray loni-

zation Mass spectrometry (PLP-ESI-MS)

3.3.1 Pulsed Laser Polymerization (PLP)

For PLP experiments, the flash diode-pumped Q-switched Nd:YAG tunable laser sys-
tem SpitLight EVO 200 OPO (InnoLas Laser GmbH) was applied. A broad wave-
length tunability of the system is achieved by using an OPO (410-670 nm) in combi-
nation with switchable SFM (295-410 nm) and SHG (270-310 nm) as schematically
depicted in Figure 3.1.

flash diodes

U BBO
LBO LBO ,/g\ /_‘ SHG: 270 - 310 nm
o 410 - 670 :
Q-switched |_|7,H_ OPO —im dlum —- SFM: 295 - 410 nm
Nd:YAG 1064 nm | 532 nm |7 355 nm P
_ attenuator OPO: 410 - 670 nm
Vrep = 100 Hz
T,~ 7 ns 1064 nm

Figure 3.1. Simplified schematic setup of tunable ns-laser (InnoLas). Broad wavelength
tunability between 270 and 670 nm is achieved by applying an OPO in combination with SFM
and SHG.

The flash diode-pumped Q-switched Nd:YAG-laser generates laser pulses with a du-
ration of ~7 ns and a repetition rate of 100 Hz at 1064 nm. A combination of SHG and
SFM by two LBO-crystals is used for generation of laser pulses at 355 nm as the
third harmonic of the fundamental wavelength. 355 nm-pulses are used for pumping
an OPO in a special configuration consisting of two mirror-symmetrical BBO crystals.
The BBOs are mounted on high-speed and accuracy galvanometer-stages to adjust
the crystal angle achieving wavelength tunability. The angle can be automatically
controlled by the SpitLight control software. The OPO generates laser pulses with
wavelengths between 410 and 670 nm. Subsequently, the OPO-generated pulses
can be further frequency converted by another BBO crystal mounted on a galvanom-
eter stage. Depending on the crystal angle 6, the BBO is either used for SFM of the
OPO output with the fundamental 1064 nm-pulse, or SHG of the OPO-output leading
to accessible wavelength ranges of 295-410 nm and 270-310 nm, respectively. At

6 = 0°, the OPO light is transmitted without further frequency conversion. In sum-
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mary, a broad tunability from 270 to 670 nm is achieved. The maximum pulse energy
varies for the three different frequency conversion processes due to the different fre-
guency conversion efficiencies of the parametric processes. Herein, the maximal
pulse energy from OPO generated pulses is ~12 mJ, while maximal energies for
SFM and SHG are between 1-2 mJ. For fine-tuning of the pulse energy output, an
attenuator is used, which consists of two crossed polarizers from which the latter one
can be adjusted until both polarizers are in parallel configuration leading to the max-
imum output energy. In addition, the first polarizer of the attenuator can be adjusted
to remove the OPO-pump light after SHG or SFM, which has a 90°-rotated polariza-

tion with respect to the frequency converted pulses.

For PLP-experiments, an in-house built setup’ was used as depicted in Figure 3.2.

power meter

sample
sample holder

computer-controlled
external shutter

\ Pellin-Broca

tunable laser -
l prism

optical table

Figure 3.2. In-house built experimental setup for PLP-experiments consisting of tunable la-
ser system, a computer-controlled external shutter, a Pellin-Broca prism for wavelength-
selective vertical reflection into the sample holder. The sample holder has a cylindrical hole
with a diameter of ~5 mm for inserting the corresponding sample vials. The pulse energy
after the sample holder can be measured via a power meter (Coherent) and removed sample
vial.

Tuned laser pulses are deflected via a Pellin-Broca prism into the sample holder,
which is a metal block with a cylindrical slot for carrying a sample vial with a diameter
of 5 mm. The deflection angle of a Pellin-Broca prism is wavelength dependent.
Thus, possible residual secondary OPO-light used for frequency conversion process-
es (SFM, SHG) is safely separated. The pulse energy at the sample position is esti-
mated by a power meter (Coherent), which is placed on top of the sample holder with
removed sample vial. A computer controlled external shutter (InnoLas) is used to de-

fine start and ending points for irradiation experiments.
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Sample Preparation and PLP-Conditions

The majority of PLP-experiments are conducted in MMA in bulk with a total initiator
concentration of 5 mmol L™ and a sample volume of 0.5 mL. PLP-experiments with
tetraacylgermane derivatives are carried out at a concentration of 2.5 mmol L™ due to
much higher monomer conversion. All samples are freed from oxygen via nitrogen
purging for at least 5 min. Unless noted otherwise, the typically applied conditions for
PLP-experiments were 320 pJ/pulse, 90000 pulses at a repetition rate of 100 Hz
(15 min per experiment) resulting in a total irradiation energy of ~29 J. The irradiation
wavelength was chosen with respect to the absorption spectra of the investigated

systems.

3.3.2 Size Exclusion Chromatography (SEC) and Direct Infusion (DI) Elec-
trospray Orbitrap Mass Spectrometry (ESI-MS)
Mass spectrometry is conducted via direct infusion (DI) and SEC coupled with ESI-
MS as depicted in Figure 3.3.
dissolving

PMMA filtration
sample ———

dissolvingﬂ . ESI-MS

filtration ——> computer

deltectlotn ((j)f recording and evaluation
SEC —> m/zZ-sorted 1ons of obtained Spectra

separtion
by hydrodynamic volume

Figure 3.3. Schematic overview of applied instrumentation for PMMA-sample analysis via
direct infusion (DI)-ESI-MS as well as SEC-ESI-MS.

For DI, poly(methyl methacrylate) (PMMA) samples were dissolved in a 100 pumolar
NaTFA 3:2 THF:MeOH-mixture at sample concentration of ~0.05 mg mL™. Subse-
quently, the solutions are filtered and infused into the ESI-source by a computer-
controlled syringe at a flow of 5 pL min™. Alternatively, the PMMA-samples could be
infused into the ESI-source after pre-separation via SEC. Herein, samples were dis-
solved at a concentration of 2 mg mL™in THF and filtered before placing into the au-

tosampler of the SEC system.

SEC of PMMA species was carried out with a Polymer Laboratories (Varian) PL-GPC

50 Plus Integrated System, which consists of an autosampler, a PLgel 5 mm bead
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size guard column (50 x 7.5 mm), one PLgel 5 mm Mixed E column (300 x 7.5 mm),
three PLgel 5 mm Mixed C columns (300 x 7.5 mm), and a differential refractive in-
dex detector. THF was applied as the eluent at 35 °C with a flow rate of 1 mL min™.
Calibration of the SEC system was conducted by using linear poly(styrene) standards
and PMMA standards, which are ranging from 370 g mol™ to 2.52-:10° g mol™* and
800 g mol™ to 1.6-10° g mol™, respectively.

Mass spectra were measured on a Q exactive orbitrap mass spectrometer (Thermo
Fisher Scientific) equipped with an HESI Il probe. For calibration within the m/z range
of 74-1822, premixed calibration solutions (Thermo Scientific) were exploited. For the
ESI-process, a constant spray voltage of 4.7 kV and a dimensionless sheath gas of 5
and a capillary temperature of 320 °C were applied. S-lens RF level was set to 62.0.
For recording the mass spectra the software package Tune (Thermo Scientific) was

applied.

3.4 Time Resolved Spectroscopy

3.4.1 Time-Correlated Single Photon Counting (TCSPC)

Determination of fluorescence lifetimes were conducted via time-correlated single
photon counting (TCSPC) by using the DeltaTime accessory on FluoroMax fluores-
cence spectrometer (Horiba), which was provided by the working group of Prof. H.A.
Wagenknecht. Herein, the controller (DeltaHub including NanoLED Controller, Hori-
ba) triggers the pulsed LED (NanoLED, Horiba, 366 nm, 4 pJ/pulse, v,., = 1.2 ns) for
excitation of the sample as well as the time-correlated detection of the emitted pho-
tons via photomultiplier (R928P, Hamamatsu) in photon counting mode (200-980 nm,
950 V, linearity to 2-10° counts s™). The TCSPC-data analysis including deconvolu-
tion and exponential fitting was conducted with program package DAS6 (Horiba). A
LUDOX standard solution (30 wt % colloidal silica in H,O, Sigma Aldrich) was used
for recording the prompt signal for deconvolution of the system responses and rec-

orded emission decay of the sample.
Sample Preparation and Conditions

After excitation at 366 nm, the emission decays for visible light-triggered tetrazole
systems BiphTet and PyTet dissolved in in DCM were recorded at 434 and 507 nm,

respectively. The samples were highly diluted with concentrations of
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~10°mol L. Thus, the detector saturation was always below 2 % at photomultiplier
voltage of 1500 V.

3.4.2 Transient Broadband Absorption Spectroscopy (fs-TA)
The applied setup for pump-probe experiment is schematically depicted in Fig-

ure 3.4, which was in-house built within previous works.>* 13

Probe WL-Generation: 350 - 720 nm

Laser System BS g --_| | N
Astrella Nins 2yfer,, b n deee’ 1 € )
1 kHz @ 800 nm GodeErh 138 4 flter Sample Detection
~7 mJipulse Pump Pulses e
°80 neutral
500-700 nm, 250-350 nm 500 Hz i
Ak B | - Recording qensiy ra)
prism compressor BBO with or without pump
-
chopper Computer
wheel
EFVJ
computer
controlled
delay stage

Figure 3.4. Experimental setup for fs-TA. For a detailed description refer to main text.

Fs-laser pulses for transient pump-probe experiments were generated by a CPA-
femtosecond laser system (Astrella, Coherent). Herein, fs-seed-pulses (800 nm,
~450 mW, 80 MHz) were generated by a mode-locked Ti:sapphire oscillator (Vitara-
S, Coherent), which is pumped by a frequency-doubled optical semi-conductor-laser
(532 nm, 3.2 W Verdi-G, Coherent). The fs-seed pulses were amplified via CPA by
using a frequency-doubled neodym-doped yttrium lithium fluoride (Nd:YLF) laser
(Revolution, Coherent) emitting ns-pulses at 527 nm with 39 mJ/pulse at 1 kHz. The
number of oscillations of the seed-pulse within the amplifier was controlled by two
Pockels cells. Finally, the recompressed laser pulses featured a duration of ~35 fs
with a repetition rate of 1 kHz at ~7.3 mJ (Revolution power ~36,5 W at a diode cur-
rent of 22.5 A, Vitara power ~440 mW) per pulse energy and central wavelength of
800 nm.

For recording of transient spectra only a fraction of the laser energy was used for the
pump-probe experiment by exploiting an arrangement of beam splitters (indicated by
BS, Figure 3.4).
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2-3 wJ/pulse of the fundamental wavelength was used for continuum generation in a
2 mm thick CaF; crystal leading to white light-pulses featuring probing wavelengths
from 350 to 720 nm. To this end, the fundamental pulse was focused via an achro-
matic double lens (f = 100 mm, 610-1150 nm anti-reflection coating, Thorlabs) into
the CaF; crystal, which is mounted on a vertical translation stage. The stability of the
white light continuum was fine-adjusted via a combination of a neutral density (ND)-

filter and iris. Remaining 800 nm-light is removed via dielectric filtering.

Pump pulses were generated in two possible setups, which led to excitation wave-
lengths of 400 and 300 nm, respectively. For generation of 400 nm pulses a fraction
with ~200 pJ/pulse of the fundamental beam of 800 nm was frequency-doubled via
SHG of a BBO crystal (0.1 mm, Nortus Optronic GmbH). Pump pulses at 300 nm
were generated by a frequency-doubled non-collinearly optical parametric amplifier
(NOPA). Herein, ~300 pJ/pulse at 800 nm were used for pumping the NOPA, which
led to laser pulses between 500 and 700 nm with 3.5-4.5 pJ/pulse. The pulses were
compressed by a prism compressor to achieve a high frequency conversion (~10 %)
in a subsequent 0.2 mm thick BBO crystal for SHG. The residual NOPA light was
removed by using three dielectric mirrors with high reflectance between 300 and
360 nm and high transmittance between 470 and 750 nm. Hence, UV-pulses were

generated with energies of 0.35-0.45 pJ/pulse.

Pump and probe pulses were deflected via focusing mirrors (FM) to the sample posi-
tion providing a larger focus diameter of the pump (~60 um) than for the probe beam
(~20 pm). Delay times between pump and probe pulses were achieved by delaying
the pump pulse with retro-reflector (PLX Inc., UV-enhanced aluminum reflectance
> 89 % for 225 to 700 nm), which was mounted on a computer-controlled translation
stage (Thorlabs). The spatial overlap was accomplished via aligning pump and probe
beams to a 50 um pinhole at the sample position. Spatial fine-alignement as well as
optimization of the temporal overlap was achieved by using a suitable reference dye
in a 1 mm quartz cuvette, e.g. coumarin 307 (C307) at 400 nm, and 4,4-bis-(2-
butyloctyloxy)-p-quaterphenyl (BiBuQ) for UV-excitation.

To exclude polarization-dependent anisotropy effects, both pulses were overlapped
under magic angle conditions at 54.7° with respect to the relative polarization be-
tween pump and probe pulse by using a tunable A2-plate (ALPHALAS,
150-6000 nm, 2.5 mm). Sample solutions were continuously stirred with a cylindrical
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micro stir bar (length x radius: 3 x 0.1 mm?) in a 1 mm thick fused silica cuvette to

ensure the replenishment of the sample at the focus.

For detection of the probe pulse, the white light continuum was split in its spectral
components via a quartz prism polychromator, which were deflected to a CCD line
scan camera (series 2000, Entwicklungsbiro Stresing). Wavelength calibration of the

CCD camera was carried out via interference filters (Thorlabs).

For recording transient absorption spectra, a chopper wheel was implemented to the
pump beam line, which chops the repetition rate down to 500 Hz. The CCD camera
and chopper wheel was synchronized via a 1 kHz external trigger signal according to
the laser repetition rate, which was shared by a delay generator (DG535). Thus, the
CCD camera records the intensity of the probe pulse with I,, and without I, , excita-
tion of the sample due to blocking of every second pump pulse by the chopper wheel.
The setup was operated with an in-house developed LabView-program (National In-
struments), which records the data detected by the CCD camera with respect to the
current delay position defining the time t between pump and probe pulse (for princi-
ple of pump-probe technique refer to section 2.4.5). By using Eq 2.25 and assuming
a constant I, of the white light pulse without sample, the transient absorption is

measured as given by Eq 3.2.1%

e
AA(E, ) = 1og%. Eq 3.2

Sample Preparation and Conditions
All TA-spectra are recorded in 1 mm quartz cuvettes (Suprasil, Hellma Analytics).
Samples were stirred with a micro stir bar for continuously replenishment of the sam-

ple within the pump region of the laser focus. All samples were probed by a CaF,-

generated white light continuum between 350 and 720 nm.
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Acylgermane and -Tin Photoinitiator Systems

TA-spectra of photoinitiators were probed after excitation at 400 nm, which have
shown in general weak transient responses in line with previous transient initiator

studies.® Thus, high sample ODs were applied to achieve well-resolved TA-spectra.

Monoacylgermanes in MeOH were excited at pump energies of ~0.40 pJ/pulse and
sample ODs of ~1.4 for B;G, MB;G, FB;G, and ~0.4 for C;BG and N;BG (refer to
Figure 4.26). Bis- B,G and tetraacylgermanes B4G, oMeB4G, oEtB,G and PrOB,G
dissolved in AcN were excited with pump energies at ~0.30 pJ/pulse and ODs be-
tween 0.6 and ~1.6 (refer to Figure A41, Figure 4.33).

Mes,T was dissolved in toluene and excited with pump energy of ~0.44 pJ/pulse and
OD of ~3.2.

Tetrazole systems

Visible light-triggered tetrazole systems were excited at 400 nm with pump energies
of 0.32-0.64 pJ/pulse. PyTet and BiphTet were dissolved in DCM and DCM:IEt-
mixtures at concentrations between 10 and 5-10°mol L™ resulting in an OD of
0.1-0.7. IEt was applied in in concentrations from 0.2-8.4 mol L. Reference experi-
ments of PyTet in DCM with TEMPO used as a quencher were conducted with a
PyTet concentration of ~5-10° and TEMPO concentration of ~4-:10% mol L. The ex-
act concentrations of tetrazoles and quenchers are indicated at the respective figures
in chapter 6.

A reference experiment with UV-tetrazole Tet dissolved in DCM was carried out at a
high OD of ~2 due to low pump energy of 0.22 pJ/pulse at 300 nm.

Data Evaluation

Due to GVM (refer to section 2.4.1), all transient spectra are zero-time-corrected by
using an in-house built LabView program. Multi-exponential fitting and global analysis
were conducted with Origin 2018b and an in-house written matlab script by utilizing
Eq 3.3.%

t

n
M= g(LTe) ) G e, £33
=1
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1 t
with g(t, 7o) = > [1 + erf<\/4 In 2 —)] .

To
C;(1) is the wavelength-dependent amplitude of the process i, which corresponds to
an exponential decay with a time-constant ;. The error-function g(t, t,) consists of
the convolution of a Gaussian with a step function, which approximately reflects the
cross-correlation artifact resulting from overlapping pump and probe pulses including
the time-resolution of the experiment 7, ~80 fs.**® In comparison to Origin 2018b, the
matlab-script enables much faster global analysis for the entire wavelength range of
a TA-spectrum. Herein, a multi-exponential fitting routine is executed for all wave-
lengths with an initial guess of shared time constants and time-resolution. Manual
evaluation via Origin 2018b was necessary for transient spectra with wavelength-
dependent chirp-artifacts, which were not covered within the GVM-correction. Global
analysis leads to decay associated spectra (DAS) via plotting the amplitudes C;(4, t;)
versus the wavelength 1 according to each exponential process with respective t;.**®
Negative amplitudes are associated to increasing transient responses, while positive
indicate decay. For the comparison of amplitudes of different spectra, relative ampli-

tudes €®!(1) can be obtained from Eq 3.4.

C;(A)

7 Eq 3.4
i=1 (D)

Cirel ( /1) —

3.5 Computational Methods

3.5.1 Time-Dependent Density Functional Theory (TDDFT) Calculations

Time-dependent and -independent DFT calculations were carried out via the TUR-
BOMOLE V7.0 program package.*® The optimization of the DFT-ground state was
conducted by applying a B3LYP functional®®***3! with a def2-TZVPP basis set.}*
Convergence was reached at an energy change smaller than 10 E, and density ma-
trix change of 10”. A structure was considered to be optimized for a Cartesian gradi-
ent lower than 10 E; /a,. For validation of an optimized ground state structure, the
vibrational spectra were conducted by calculating the Hessian via TURBOMOLE's
aoforce module.*** Finally, the vertical excitation energies into excited singlet and
triplet states are obtained via TDDFT-calculations at the optimized ground state co-

ordinates.
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4. Acylgermane-Based Visible Light Photoinitiators®

Light-induced FRP has a broad application field in industrial and scientific research,

e.g. tissue engineering,*® 142 1516 17-18

advanced curing techniques, and dental fillings.
However, a systematic understanding for a tailor-made design of new photoinitiator
system is not available, which demands an in-depth mechanistic characterization of
initiators. Main issues are the design of initiators with high initiation efficiencies, visi-
ble light absorption and sufficient bleaching properties. Visible light absorption is cru-
cial to achieve a higher penetration depth during curing processes as well as a gen-
eral applicability in bioorthogonal chemistry.** 2% 3% Sufficient bleaching ensures col-
orless polymer formation via photo FRP, which is important for special requirements,

e.g. cosmetic aspects for dental fillings."’

Acylgermanes are promising photoinitiator systems for visible light-triggered FRP.
Since the first approach of Mochida et al. in the 1980s,*® a manifold of synthesis
routes for mono-, bis-*° and tetraacylgermane*® derivatives were developed, which
reveal a high initiation efficiency for visible light-irradiation between 400-490 nm.*
Hence, the broad variety of accessible derivatives enables a fundamental investiga-
tion on the structure-property correlations for the systematic mechanism development
of visible light-driven Norrish type | photoinitiators. All events from light excitation and
initiator cleavage to the final macromolecular growth are of striking importance for a
comprehensive characterization of photoinitiators. Herein, extinction coefficients,
channel branching within the excited states, cleavage of the initiator into radical
fragments, as well as reactivity of the radical towards monomers including competing
reaction channels need to be investigated.® ** In fact, a wide range of methods
were applied in the past to study the photophysical and -chemical properties of
mono-, bis- and- tetraacylgermanes, e.g. via ESR and CIDNP,*® laser flash photoly-

sis- coupled with UV/Vis spectroscopy® and actinometry®.

In the present thesis, a methodical combination of fs-TA and PLP-ESI-MS is applied

as presented in a schematic overview in Figure 4.1.34%

! Parts of this chapter were reproduced with permission from P. Jockle, C. Schweigert, I. Lamparth, N.
Moszner, A.-N. Unterreiner, C. Barner-Kowollik, Macromolecules 2017, 50, 8894-8906; P. Jockle, J.
Radebner, M. Haas, |. Lamparth, H. Stueger, N. Moszner, A.-N. Unterreiner, C. Barner-Kowollik, ACS
Macro Letters 2018, 7, 132-136; P. Jockle, P. W. Kamm, I. Lamparth, N. Moszner, A.-N. Unterreiner,
C. Barner-Kowollik, Macromolecules 2019, 52, 281-291. Copyright 2017-2019 American Chemical
Society.
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Figure 4.1. Overview of the applied methodological approach as a combination of PLP-ESI-
MS and fs-TA to investigate the correlation between the overall initiation efficiency and pho-
tophysics of acylgermane initiators. Adapted with permission from ref. 144. Copyright 2017
American Chemical Society. Modified presentation.

Critical steps for the photophysics of Norrish type | initiators are determined — in-situ
— on a ps-time scale after excitation,** which can be traced by fs-TA. In addition,
TDDFT-calculations and steady-state spectroscopy can support the development of
the photochemical and -physical mechanism.*** In contrast, valuable information
about the overall performance of an initiator in photo FRP can only be derived — post-
mortem — after final macromolecular growth, e.g. overall initiation efficiency as well as
characterization of the quality of the obtained polymer species. Well-established PLP-
ESI-MS methods are a powerful tool to quantify the overall initiation efficiency from
the final polymer distribution in so-called cocktail experiments.3? 3#3% 143 |n the cur-
rent chapter, the combination of PLP-ESI-MS and fs-TA is applied on a library of

mono-, bis- and tetraacylgermane photoinitiators, which are depicted in Figure 4.2.
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Figure 4.2. Overview of investigated mono- (A), bis- (B), and tetra (C)-acylgermanes, e.g.
benzoyltrimethylgermane (B,G), para-fluoro-benzoyltrimethylgermane (FB.G), para-methoxy-
benzoyltrimethylgermane (MB;G), para-cyano-benzoyltrimethylgermane (CB,G), para-nitro-
benzoyltrimethylgermane (NB;G), bisbenzoyldiethylgermane (B,G), bis-para-fluoro-
benzoyldiethylgermane (FB,G), bis-para-methoxy-benzoyldiethylgermane (MB,G), tetraben-
zoylgermane (B,;G), tetramesitoylgermane (Mes,G), tetra-para-methoxy-benzoylgermane
(MB4G), tetra-ortho-methyl-benzoylgermane (oMeB4G), tetra-ortho-ethyl-benzoylgermane
(oEtB,4G), and tetra-para-propoxy-benzoylgermane (PrOB,G).

All initiators are labeled with X;G, where X describes the chemical nature of j benzoyl
moieties, while G is representative for germane-based groups. The nomenclature

includes the following simplifications: para-substituted initiators have no extra label,
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e.g. MB,4G for tetra-para-methoxybenzoylgermane, while from para-substitution pat-
terns-diverging moieties are labeled explicitly, e.g. oMeB,G for tetra-ortho-
methylbenzoylgermane. The chemical nature of G varies according to the number j of
benzoyl moieties. G reflects a trimethyl germane-group in monoacylgermanes (j=1), a
diethyl germane-group in bisacylgermanes (j=2) and a central germanium in tetra-

benzoylgermanes (j=4).

The chapter opens with the investigation of the steady-state absorption and fluores-
cence properties of acylgermanes, which is supported by TDDFT-calculations. Sub-
sequently, the radical species formed by mono-, bis- and tetraacylgermanes are iden-
tified via post-mortem PLP-ESI-MS end group analysis of PMMA obtained from photo
FRP. A comprehensive comparison of overall initiation efficiencies of para-fluoro and
methoxy substituted mono-, bis- and tetraacylgermanes is undertaken via PLP-ESI-
MS cocktail experiments. In the following, the results of fs-TA experiments with
mono- and tetra-acylgermanes are presented and correlated to the findings from pre-
vious post-mortem methods. Parts of this chapter are published in ref. 144-146.
Adapted figures and tables are labeled in accordance to the permission of the corre-
sponding journals. Changes within the presentation of the data are pointed out in fig-

ure as well as table captions by the term “modified presentation”.

4.1 Steady-State Spectroscopic Properties

Steady-state UV/Vis-absorption spectroscopy provides fundamental information
about the wavelength and extinction coefficient of transitions between electronic
ground and excited states. Vertical excitation wavelengths calculated by TDDFT can
support the evaluation of the UV/Vis spectra. In addition, luminescence spectroscopy
gives insight into possible radiative relaxation pathways, which is important for the
characterization of singlet-triplet channel branching within excited states. Thus,
steady-state absorption and luminescence properties of acylgermanes are crucial for
the development of their photophysical and -chemical mechanism. Thus, results from
UV/Vis spectroscopy can guide the choice of excitation wavelength in PLP experi-

ments as well as in fs-TA.

In the following the absorption and luminescence properties of exemplary bis- and
tetraacylgermanes are presented together with results from TDDFT-calculations to

investigate the influence of the number of benzoyl moieties on the electronic struc-
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ture. For an in-depth UV/Vis and TDDFT-analysis of monoacylgermanes refer to
Feuerstein et al.®® Subsequently, the influence of para-fluoro- and methoxy-
substitution patterns on ntr*-extinction coefficients of acylgermanes is analyzed for
latter comparison with overall initiation efficiencies from PLP-ESI-MS cocktail experi-
ments

4.1.1 Absorption and Luminescence Properties of Exemplary Acyl-
germanes

UV/Vis spectra recorded in AcN and vertical excitation wavelengths calculated by

TDDFT (def2-TZVPP/B3LYP) of B,G and B4G are presented in Figure 4.3. Similar

results for MB,G, FB,G and MB4G are provided in Figure Al. Corresponding DFT-

Cartesian coordinates and calculated vibration spectra to confirm the ground state

structures are provided in Table A1-Table A4.
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Figure 4.3. Steady-state UV/Vis spectra recorded in AcN together with singlet (green) and
triplet (red) vertical excitation wavelength calculated by TDDFT (def2-TZVPP/B3LYP) of a)
B,G and b) B,G. Adapted with permission from ref. 146. Copyright 2019 American Chemical
Society. Modified presentation.

The UV/Vis spectra of B,G and B4G in AcN are exemplary for the majority of the
acylgermanes derivatives, which consist of a strong band in the UV-A range, e.g.
Emax(B2G, 254 nm) = 21000 L mol* cm™, &nax(B4G, 260 nm) = 44000 L mol™* cm™ as
well as a weak band in the visible range, e.g. &max(B2G, 419 nm) =360 L mol™ cm™
and €max(B4G, 402 nm) = 1000 L mol™ cm™. In a simplified view, the strong band can
be assigned to TT*- and the weak band to ntr*-transitions.® **7 In line with mono-
acylgermanes,® a manifold of singlet and bathochromic shifted triplet states are pre-

dicted within the mrm*-band for B,G and B4G by TDDFT-calculations. trr*-bands of
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Norrish type | initiators are known to lead to non-favored relaxation pathways due to
numerous branched excited states.**® In contrast, excitation of ni*-bands feature
an efficient ISC into low lying triplet states with subsequent homolytic cleavage. In
accordance to the number of benzoyl moieties, one, two, and four singlet and batho-
chromic shifted triplet states are expected by TDDFT for B,G,* B,G and B4G within
the region of their ntr*-bands. Thus, in a simplified picture, each ntr*-singlet state can
be assigned to one benzoyl moiety, which is in line with an increase in the extinction
coefficients from mono- to bis- to tetraacylgermanes with identical substitution pat-
terns. However, a selective excitation of one independent benzoyl unit is unlikely due
to energetically close lying transitions of the remaining moieties. For instance, the
energetic separation of two n1r*-singlet states of B,G amounts to 0.16 eV, while the
pairs S;, S, and S3, S, of B4,G are quasi-degenerated due to a separation of 0.01 and
0.05 eV, respectively. A similar behavior is observed for the separation of calculated
triplet transitions. Ty, T, of B,G are separated by 0.16 eV and B4G reveals quasi-
degenerated pairs of T;, T, and T3, T4 Thus, the degree of quasi-degeneration
scales with the number of n1*-singlet and triplet states with respect to the corre-
sponding benzoyl moieties. In conclusion, the channel branching within excited
states is expected to become more complex with increasing system size of acyl-
germanes. Especially, multiple branched ISC pathways can result in different 1ISC

guantum yields for mono-, bis- and tetraacylgermanes.
Luminescence Properties of Mono-, Bis- and Tetraacylgermanes

As shown in literature,** monoacylgermanes reveal a very weak fluorescence quan-
tum yield ®¢ of less than 5:10™. For the investigation of ®¢ for bis- and tetraacyl-
germanes, a selection is quantified with steady-state fluorescence spectroscopy by
using C307 in EtOH as a standard at 400 nm excitation. The fluorescence spectra
used for determination of ®f are provided in Figure A2. The obtained ®r are pre-
sented in Table 4.1.
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Table 4.1. Fluorescence quantum yields of a selection of bis- and tetraacylgermanes deter-
mined at an excitation wavelength of 400 nm by Dennis Haffner (Wiss. Arb. KIT 2019). C307
in EtOH was used as a standard. For the corresponding UV/Vis and fluorescence spectra
refer to Figure A2.

derivative dissolved in AcN fluorescence quantum yield ®¢
B.G 1-10”
MB,G 8-10°
B.G 8-10°
oMeB,G 5-10°
OEtB,G 4-10°®
PrOB,G 9-10°

All investigated systems dissolved in AcN show a weaker ®¢ < 1-10™ than monoacyl-
germanes. In conclusion, relaxation via fluorescence after light excitation of mono-,

bis- and tetraacylgermanes is a very minor pathway.

4.1.2 Extinction Coefficients of Para-Fluoro and Methoxy-substituted
Mono-, Bis- and Tetraacylgermanes

According to the systematic PLP-ESI-MS study in section 4.3, a quantitative compar-

ison of the extinction coefficients of para-fluoro and methoxy-substituted mono-, bis-

and tetraacylgermanes dissolved in MMA is presented in the current section. Corre-

sponding absorption spectra are provided in Figure 4.4.
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Figure 4.4. Steady-state UV/Vis-spectra of para-fluoro and methoxy-substituted mono-
(dashed lines), bis- (dotted lines) and tetraacylgermanes (solid lines) dissolved in MMA and
recorded in 1 cm cuvettes for determination of nt*-extinction coefficients. Adapted with per-
mission from ref. 146. Copyright 2019 American Chemical Society.
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The recorded ntr*-bands of all initiators show significant extinction coefficients € with-
in 360 nm and 450 nm. The overlap of absorption bands of different non-interacting
acylgermane derivatives is a precondition for PLP-ESI-MS cocktail experiments,
where two initiators are excited simultaneously within one sample at one wavelength.
To safely exclude the influence of a wavelength-dependent cleavage mechanism,
PLP-cocktail experiments are conducted at several wavelengths according to each
absorption maximum of the corresponding initiator pair. However, a contribution of
different n1r*-extinction coefficients on the overall initiation efficiency due to diverse

substitution patterns cannot be neglected.

Monoacylgermanes B;G, FB;G, and MB;G reveal very weak maximal extinction coef-
ficients &max Of 125, 130 and 160 L mol™ cm™, respectively. The influence of para-
fluoro and methoxy substituents is more significant for bisacylgermanes, e.g.
Emax ~360, 490, 780 L mol™ cm™ for B,G, FB,G and MB,G, respectively. Methoxy
substituents show the strongest increase in the extinction coefficients of the investi-
gated acylgermanes, €.g. &max(MB4G) ~1800 L mol™ cm™ compared t0 &max(B4G)
~1000 L mol™* cm™. Remarkably, a nonstoichiometric scaling is observed for the
comparison of extinction coefficients of initiators with a different number of identical
substituted benzoyl moieties. A factor of ~8 and ~11 is obtained for
Emax(B4G)/€max(B1G) and €max(MB4G)/emax(MB1G), respectively, which corresponds to
a nonstoichiometric increase of 100-175 % compared to an expected factor of 4 (ratio
between number of benzoyl moieties). Bis- towards mono- and tetra- towards
bisacylgermanes show a nonstoichiometric increase of 30-45 % and 20-40 % com-
pared to an expected factor of 2. The results from this chapter are used for compari-
son with overall initiation efficiencies obtained from PLP-ESI-MS cocktail experi-

ments.

4.2 PLP-ESI-MS End Group Analysis: Initiating Radicals

PLP with 90000 pulses at ~320 pJ/pulse and MMA as a monomer generates short
polymers (oligomers) with 20-30 repeating units, which is ideal for the analysis with
ESI-MS in mass range between m/z 150-3000. Depending on its radical fragments,
isotopic patterns of polymers with different end groups can be recorded for a certain
initiator. Each isotopic pattern of a chemical structure is unique in its peak number
and -height, due to the natural distribution of isotopes. Using an Orbitrap mass ana-
lyzer, a very high mass resolving power > 60000 can be achieved, resulting in well-
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resolved almost Gaussian-shaped peaks with a width at the half maximum of
Am/z ~0.02. The analysis of the isotopic pattern distribution — as a fingerprint of the
molecule — via isotopic pattern simulations allows an assignment of possible species.
A successful simulation of the isotopic patterns of a polymer distribution contains the
information of the initiating radicals, which enables the postulation of a cleavage

mechanism of the corresponding photoinitiator.

The abundance of each peak in an isotopic pattern is a measure for the quantity of
the recorded species but can be affected by an ionization bias. If species are in the
same mass range with overlapping isotopic pattern or have the same sum formula
(isobaric overlap), the evaluation becomes challenging. For the simulation of complex
mass spectra with a manifold of superimposed species, special prediction or fitting

procedures are necessary.” 1*®

In the present work, isotopic pattern simulations were conducted with the software
package Xcalibur (Thermo Fisher) by assuming a resolution (mass resolving power)
of 60000 and a Gaussian-shaped peak profile. Simple spectra, containing only a few
species, are fitted by the comparison of an educated guess of species with the rec-
orded spectrum, e.g. PMMA initiated by monoacylgermanes. Complex mass spectra
with many species from polymerization of MMA initiated by bis- and tetraacyl-
germanes are analyzed by comparison with predicted mass spectra, which are ob-

tained from a new developed permutation method within this thesis.

4.2.1 Radical Fragments of Efficient Monoacylgermane-Derivatives

Efficient monoacylgermanes (e.g. MB;G, FB;G and B;G) show an MMA-conversion
of 4-5 % in a PLP-experiment at an excitation wavelength within the ntr*-band of the
absorption spectra (~320 pJ/pulse and 90000 pulses, resulting in ~28 J total energy

per sample, 5 mmol L™ initiator in a sample volume of 0.5 mL).

The cleavage mechanism of efficient monoacylgermanes is studied on the ESI-MS
spectra of PMMA obtained from PLP-experiments with MB,G, FB1G and B;G. As ex-
emplary for polymers obtained from photo FRP with efficient monoacylgermanes, the
end group analysis for PMMA initiated by radical fragments originated from MB;G is
presented in detail (Figure 4.5, for FBG and HBG refer to Figure A3, Figure A4 and
Table A5 and Table AB).
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Figure 4.5. a) Recorded (black) direct infusion-ESI-MS and simulated (red) mass spectrum
of PMMA-products obtained from PLP initiated by MB,G at total irradiation energy of 27.9 J
at 400 nm. b) Disproportionation and combination products used for simulation. ¢) Associat-
ed cleavage mechanism. Adapted with permission from ref. 144. Copyright 2017 American
Chemical Society.

After PLP of MMA with MB;G at 400 nm with 90000 pulses at 310 pJ/pulse resulting
in a total energy of 27.9 J, the mass spectrum (black, Figure 4.5a)) was recorded via
direct-infusion ESI-MS. The simulated mass spectrum (red, Figure 4.5a)) was carried
out by assuming a mass resolving power of R = 60000 with a Gaussian-shaped peak
profile. The main species of the PLP-product distribution can be described by seven
PMMA products with different end groups (Figure 4.5b)). The quality of the simula-
tion can be evidenced by comparing the exact mass and resolution of the recorded

and the simulated isotopic patterns in Table 4.2.

58



Table 4.2. Exact mass and resolution of simulated and recorded spectra of the PLP-PMMA
species initiated by radical fragments originated from MB;G. Adapted with permission from
ref. 144. Copyright 2017 American Chemical Society. Modified presentation.

species  exact mass resolution exact mass resolution
(recorded) (recorded) (simulated) (simulated)

Ge= 1337.61 60118 1337.61 59947
GeH 1339.61 40577 1339.61 40114
GeGe 1357.56 59089 1357.55 57444
MB= 1357.66 56480 1357.66 59935
MBH 1359.67 56946 1359.67 55242
MBGe 1373.61 58603 1373.61 59943
MBMB 1393.66 56539 1393.66 59934

Dominantly, disproportionation products of PMMA initiated by benzoyl (MBH, MB=)
and trimethylgermyl (GeH, Ge=) radical fragments are observed as expected from
PLP with MMA.*? In addition, the expected combination products with two methoxy-
benzoyl (MBMB), two trimethylgermyl (GeGe), and one-to-one methoxy-benzoyl tri-
methylgermyl- (MBGe) end groups are observed. Remarkably, Ge-species exhibit
broad isotopic pattern due to five natural isotopes of the germanium atom. In conclu-
sion, the observed end groups are originating from initiation and termination process-
es of benzoyl- and trimethylgermyl- radical fragments as expected from an a-
cleavage of monoacylgermanes. The result is in line with the end group analysis of
FB1G and B;G (refer to Figure A3, Figure A4 and Table A5 and Table A6). Further,
an a-cleavage for efficient monoacylgermanes with electron donating (+M-effect)
methoxy and fluoro-substitution patterns is consistent with findings from literature.®
However, +M-effect substituents lead to an unfavored hypsochromic shift in compari-

son to unsubstituted acylgermanes.®!

4.2.2 Radical Fragments of Weak Monoacylgermanes-Derivatives

In contrast to efficient monoacylgermanes, the initiators CB1G (Amax=425 nm) and
NB1G (Amax =429 nm) reveal no MMA-conversion in a standard PLP-experiment with-
in the red shifted nmm*-band of their absorption spectra (~320 pJ/pulse and 90000
pulses, resulting in ~28 J total energy per sample, 5 mmol L? initiator in a sample
volume of 0.5 mL). The weak initiation performance of bathochromic shifted mono-
acylgermanes with electron withdrawing substitution pattern (-M-effect) NO,, and CN
is consistent with expectations from theory.** However, a factor 4 higher total energy
of 112 J irradiated at 425 and 429 nm, respectively, leads for CB;G to a MMA-
conversion of 1 % and for NB1G to 0.1 % (Figure 4.6).
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Figure 4.6. MMA-conversion obtained from PLP for CB;G (black) and NB,G (red) at high
total irradiation energy of 112 J at different pulse energies. CB,G and NB,G are classified as
weak photoinitiators due to low MMA conversion of 0.1-1 % at factor 4 higher total laser en-
ergies compared to PLP-experiments with efficient monoacylgermanes. Adapted with per-
mission from ref. 144. Copyright 2017 American Chemical Society.

The corresponding PLP-experiment was reproduced at a constant total energy of
112 J at different pulse energies between 1-3.5 mJ/pulse and the conversion was
obtained via gravimetry. A dependency on different pulse energies was not observed
as indicated by constant MMA-conversion values in Figure 4.6. Compared to the
MMA-conversion of an efficient monoacylgermane in a PLP-experiment (4-5 %) at
~28 J, an approximately 16-20 % lower initiation efficiency is observed for CB;G. In
addition, the initiation efficiency estimated from PLP-conversion for NB;G is a factor
10 smaller than CB;G. Thus, CB;G and NB;G show at very high total laser energies

a small MMA-conversion and can be classified by the term “weak initiators”.

In the following, the end group analysis for the ESI-MS spectra of PMMA-products
initiated by the weak initiators CB1;G and NB;G obtained from PLP-experiments is

presented.
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Radical Fragments of CB;G

For recording the mass spectrum of CB;G, a PMMA sample from pulse energy-
dependent PLP at a total irradiation energy of 112 J at 425 nm (2.7 mJ/pulse, 40900
pulses) was picked (black, Figure 4.7a)). Multiple charged species are separated via
SEC to simplify the evaluation of the complex mass spectrum due to intrinsically high

isotopic pattern diversity as depicted in Figure 4.7c)
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Figure 4.7. a) Recorded (black) SEC-ESI-MS and simulated (red) mass spectrum of PMMA-
products obtained from PLP initiated by CB;G at total irradiation energy of 112 J at 425 nm.
b) Associated cleavage mechanism. Germyl diradicals in A2, B2 are formally postulated.
Presumably, a consecutive cleavage after the initiation of MMA with para-cyano-
benzoylgermyl or trimethylgermyl radicals is more likely. c) Disproportionation and combina-
tion products used for simulation. para-cyano-benzoylgermyl species are isobaric with com-
bination products of germane-centered 2-armed polymers (refer to Figure 4.8). Adapted with
permission from ref. 144. Copyright 2017 American Chemical Society.
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The isotopic pattern simulation of the PMMA initiated by CB1G was performed with a
Gaussian-shaped peak profile and a mass resolving power R of 60000. The quality of
the simulation can be seen in Table 4.3.

Table 4.3. Exact mass and resolution of simulated and recorded spectra of the PLP-PMMA

species initiated by radical fragments originated from CB;G. Adapted with permission from
ref. 144. Copyright 2017 American Chemical Society. Modified presentation.

species exact mass resolution exact mass resolution
(recorded) (recorded) (simulated) (simulated)
Me= 1337.69 59424 1337.69 59922
MeH 1339.70 59074 1339.70 55257
Ge= 1341.61 45925 1341.61 40917
GeH 1343.62 52762 1343.62 48972
CBG= 1352.56 57920 1352.56 59591
CB= 1352.64 58934 1352.64 59942
MeGe 1353.64 57730 1353.64 56801
MeMe 1353.72 57479 1353.72 59945
CBGH 1354.57 43921 1354.56 41176
CBH 1354.66 53479 1354.65 49947
GeGe 1355.56 42933 1355.56 42225
CBMe 1368.67 58836 1368.67 59929
GeCB/

CBGMe 1372.59 57858 1372.59 56834
CBGGe 1374.51 54094 1374.51 56207
CBGCBG 1389.46 46110 1389.46 56190

Sixteen species (Figure 4.7c)) were assumed for an appropriate simulation (red,
Figure 4.7a)) of the recorded mass spectrum (black, Figure 4.7a)) of the PLP-
experiment at 112 J with CB1G. In line with the results from efficient monoacyl-
germanes, para-cyano-benzoyl and trimethylgermyl-initiated PMMA species are ob-
served, which are likely formed by a-cleavage of CB1G (B; Figure 4.7b). In contrast,
additional isotopic patterns of PMMA disproportionation products initiated by methyl
radicals are detected. Thus, an additional cleavage pathway for the generation of
methyl radicals must be assumed as depicted in Figure 4.7b). In a first approach, the
formation of the observed species can be adequately described by initiation and ter-
mination processes resulting from initiator cleavage as depicted in reaction equation
A and B in Figure 4.7b). However, the simulation is ambiguous due to isobaric struc-
tures. Especially para-cyano-benzoylgermyl initiated or terminated PMMA species

are identical with germanium-centered 2-armed polymers terminated by para-cyano-
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benzoyl radicals, e.g. isobaric structures of CBGH and CBGeH illustrated in Fig-

ure 4.8.
0
! |
e isobar
T 0 ng = O N ?G%H

0“0 0(|3

n=a+b+c |
CBGH CBGeH
1-armed polymer Ge-centered 2-armed polymer

Figure 4.8. Isobaric structures of disproportionation product of a para-cyano-benzoyl-initiated
polymer (CBGH) and a germanium-centered 2-armed polymer with para-cyano-benzoyl-
combination and H-disproportionation end groups (CBGeH). Adapted with permission from
ref. 144. Copyright 2017 American Chemical Society.

A scenario with germanium-centered 2-armed polymers would include a consecutive
cleavage of the para-cyano-benzoylgermyl and/or the trimethylgermyl radical into a
formal dimethylgermyl diradical as shown in reaction pathway A2 and B2 in Fig-
ure 4.7b). A consecutive cleavage can be induced thermally or via photons. A ther-
mal activation for A2 and B2 is possible if, after the first cleavage, a sufficient amount
of excess energy remains in a vibrational hot excited state, which may lead to a con-
secutive fragmentation of the radical. A photo-induced pathway is rather unlikely for
B2 due to missing chromophores in trimethylgermyl-moieties. In contrast, the cyano-
benzoyldimethylgermyl unit is chemically similar to the unfragmented CB;G, which
has a ntr*-band in the visible region of the absorption spectrum.?* Thus, A2 proceeds
more likely via a second photo-induced activation. If the first cleavage of the initiator
is considered to occur on a time scale < 1 ns, one laser pulse (pulse duration ~7 ns)
may be sufficient to induce a second cleavage of the para-benzoyldimethylgermyl
radical before the diffusion-controlled attack towards the monomer takes place. If the
formation of a dimethylgermyl diradical is rather unlikely, a secondary cleavage may
be favored after the initiation of a chain-growth by the para-cyano-
benzoyldimethylgermyl radical. To summarize, a complex mechanism of CB1G is
found including the formation of methyl radicals. However, a clear characterization of
the fragmentation mechanism is not available from PLP-ESI-MS due to ambiguous
isotopic patterns. In fact, the discussion about the appearance of possible consecu-
tive cleavages is of high importance for the latter characterization of bis- and

tetraacylgermanes (section 4.2.3).

63



Radical Fragments of NB;G

The MMA-conversion at the same PLP-conditions (E;,:,; =112 J) with NB;G at
429 nm of 0.1 % was too low to record a mass spectrum. Thus, the total irradiation
energy was increased to 384 J (3.2 mJ/pulse, 120000 pulses), which results in a
MMA-conversion of ~0.6 % leading to the SEC-ESI-MS spectrum in black Fig-

ure 4.9a).
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Figure 4.9. a) Recorded (black) SEC-ESI-MS and simulated (red) mass spectra of PMMA-
products obtained from PLP initiated by NB;G at total irradiation energy of 384 J at 429 nm.
b) Disproportionation and combination products used for simulation. Adapted with permission
from ref. 144. Copyright 2017 American Chemical Society.

The recorded spectrum reveals a complex isotopic pattern distribution. A matching
result between the recorded (black) and simulated mass spectrum (red, R=60000) is
found for five PMMA-species initiated by methyl and para-nitro-benzoyl radicals
(Figure 4.9a) and Table 4.4).

Table 4.4. Exact mass and resolution of simulated and recorded spectra of the PLP-PMMA

species initiated by radical fragments originated from NB;G. Adapted with permission from
ref. 144. Copyright 2017 American Chemical Society. Modified presentation.

species exact mass resolution exact mass resolution
(recorded) (recorded) (simulated) (simulated)
NBNB 1323.55 57626 1323.55 57948
Me= 1337.69 57762 1337.69 57941
MeH 1339.70 61694 1339.70 53673
NB= 1372.63 46631 1372.63 57945
NBH 1374.64 57406 1374.64 55423
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Herein, most isotopic patterns including dominating disproportionation products from
MMA remain unassigned. In addition, products from germyl-based counter radicals
are missing for the postulation of a common a-cleavage. Thus, the PLP-process at a
total energy of 384 J of NB;G leads to unexpected fragmentation patterns in contrast
to CB;G at 112 J. Nevertheless, weak initiators like NB;G or CB;G have a small
probability to initiate polymerizations at high energy conditions (E;ytq; =112-384 J) in
a PLP-experiment. However, the end group distribution of obtained PMMA-products
is less controlled than for efficient initiators at lower total irradiation energy of ~28 J.

4.2.3 Bis- and Tetraacylgermanes: Prediction of Germane-Centered n-Fold
Star Polymers

As presented in the previous section, efficient monoacylgermanes undergo an a-
cleavage into benzoyl and germyl radical fragments. In comparison, bis- and
tetraacylgermanes carry two, resp. four, benzoyl moieties, which are potentially
available for a subsequent fragmentation of the initiator. For example, structurally
similar bisacylphosphinoxides are known for the formation of secondary benzoyl radi-
cals. 14900 150151 1 fact, only the primary cleavage of bis- and tetraacylgermanes into
benzoyl- and benzoylgermyl- fragments via EPR and CIDNP studies has been re-
ported, yet.®® %3147 For the ESI-MS end group analysis of PMMA initiated by bis- and
tetraacylgermanes, a powerful and simple method based on permutation mathemat-
ics is presented to predict the mass spectra of multifunctional initiator systems. The a
priori prediction of mass spectrometric product patterns of photoinitiated polymeriza-
tions was published in ACS Macro Letters in 2018.2*° The core of the prediction is the
assumption of statistically terminated star polymers formed by a multi cleavage initia-
tion mechanism of the photoinitiator. In contrast to common end group analysis, the
prediction method allows an unambiguous interpretation of isobaric structures, which
is necessary for the evaluation of initiators with potentially multiple cleavage points.
Independent of acylgermanes, the presented method should be generally applicable
to mass spectra of linearly grown star polymers initiated by initiators with multiple
cleavage points and recorded by soft ionizing spectrometric methods (e.g. MALDI-
ToF). In the following, the prediction is introduced for the example of the ESI-MS
spectrum of PMMA initiated by tetrabenzoylgermane B4G. Predictions for further
tetraacylgermanes oMeB,4G, oEtB4G, PrOB4G as well as for one bisacylgermane B,G
are provided in appendix Figure A5-Figure A12. To anticipate the main result, bis-

and tetraacylgermanes reveal clearly a quantitative multiple cleavage mechanism.
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Mass spectra of PMMA initiated by bis- and tetraacylgermanes show complex prod-
uct distributions resulting in broad superimposed isotopic patterns, e.g. PMMA initiat-
ed by B4G in Figure 4.10.
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Figure 4.10. SEC-ESI-MS spectrum of five repeating units of PMMA initiated by B,G. Domi-
nating peaks caused by PMMA-disproportionation and combination products initiated by
benzoyl radicals. Inset: Complex PMMA isotopic patterns caused by multiple fragmentations.
Adapted with permission from ref. 145. Copyright 2018 American Chemical Society.

As expected from PLP with MMA, the recorded mass spectrum reveals an isotopic
pattern distribution with repeating units of m/z ~100. Dominantly, disproportionation
products initiated by benzoyl radicals are observed, e.g. m/z ~1227, 1327, 1427, et
cetera. Further, a much weaker and complex isotopic pattern is recorded, e.g. at
m/z ~1405 as depicted in the inset of Figure 4.10. Germanium-based disproportiona-
tion and combination products show broad isotopic pattern due to five natural iso-
topes of the Ge-atom. Thus, the complex isotopic pattern is expected to be a super-
position of diverse germanium-containing PMMAS, which includes valuable infor-
mation about the initiation mechanism of the photoinitiator. The quantitative evalua-
tion of complex mass spectra is in general difficult due to the manifold of solutions for
the superposition of individual peaks. In a most recently published study by De

148
L.,

Bruycker et a a python-based script was developed, which is able to fit complex

mass spectra based on smart criteria for exclusion to reduce the number of possible
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species. However, isobaric structures with equal sum formula lead to identical isotop-
ic pattern, which limits the interpretation of ambiguous species (refer to discussion in
section 4.2.2). In fact, the validation of the formation of star polymers via fitting-
simulations of ESI-MS spectra is highly problematic. For example, a single polymer
chain with a repeating units initiated by a tribenzoylgermyl radical results in the same
sum formula as a germanium-centered 4-armed star polymer witha=b+c+d +e

repeating units (Figure 4.11).
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Figure 4.11. Isobaric structures of benzoyl combination product of germanium-centered 4-
armed star polymer. For clarity reasons, the structure of MMA polymer chain with a repeating
units is depicted as (MMA),. Adapted with permission from ref. 145. Copyright 2018 Ameri-
can Chemical Society.

An a priori prediction method based on mechanistic implications is independent from
limitations due to isobaric structures in fitted MS-simulations. Herein, the complete
fragmentation of an initiator with n benzoyl moieties is assumed resulting in a germa-
nium-centered n-armed star macroradical with n equivalent w-positions. Consequent-
ly, termination processes with s different end groups occur statistically. The statistical
expectation of the termination of n-armed star macroradicals with s end groups of

equal probability is given by the multinomial coefficient (Eq 4.1).1%2

( n )_ n!
ky..kg) kil ky!-.. k!

Eq 4.1

In general, the multinomial coefficient determines the permutation possibilities of an
order of n objects distinguished in 1,2, ..., s groups from which k., ..., k,, objects are
identical. Regarding to n-armed star macro radicals, n is the number of possible end
group positions terminated by s < n different end group patterns from which k., ..., k,
are identical (k; X end group pattern 1, k, X end group pattern 2, ... ,k,, X end group
pattern s). For example, tetraacylgermanes in MMA lead to germanium-centered 4-

armed star macro radicals with n = 4 termination points, which can be occupied by
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different combinations selected from s = 3 distinguishable end group pattern real-
ized in one benzoyl combination (B) and two disproportionation (=,H) species. The
assumption leads to four different multinomial coefficients resulting in statistical clas-

ses of species (A-D):
A. Four identical end groups, (,5,) =1
B. Three identical and one different end group, (,7,) = 4
C. Two times two identical end groups, (220 =6
D. Two identical and two different end groups, (2 1) =12

The formulation of multinomial coefficients for the example of a tetraacylgermane is

summarized in Figure 4.12.

Multinomial coefficient

< n > n! n: number of possible end group positions
=T 5 5 ki.ks number of end groups 1,2,3 ... s,

ool " 1---T's
kl ks kl' kz- ks' used for occupation

Example for germane-centered 4-armed PMMA star polymer:

T

4 n=4 possible end group positions (MMA)
L Do T k1,kz,ks: choice of one combination (B) @4'"”"}_&'(”"“‘}'@
17273 and two disproportionation (=,H) endgroups g;”
Four multinomial coefficients describing all possible combinations of end groups:
A. B. C. D.
o=t Ga=* fazd=® Gud=2
400/ 310/~ 220/~ 211/
four identical three identical, two times two identical two identical,
one different two different

Each coefficient can be realized by different species, illustrated on the example of D:
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Figure 4.12. Instructions for the formulation of multinomial coefficients used for the prediction
of isotopic pattern distributions of n-armed star polymers at the example of tetraacyl-
germanes. Adapted with permission from ref.145. Copyright 2018 American Chemical Socie-

ty.
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Each statistical class, resp. multinomial coefficient, is realized by several structures
resulting in fifteen species of germanium-centered 4-armed star polymers with corre-
sponding combinations of B, H and = end groups, as depicted in Figure 4.13.
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Figure 4.13. Fifteen germanium-centered 4-armed MMA-star polymers divided into four sta-
tistical classes A-D with distinctive multinomial coefficients. For clarity reasons, the structure
of MMA polymer chain with j, k, [, m repeating units is depicted as (MMA);xm. For isotopic
pattern simulation and exact mass calculation, a Na* is added to each structure. Adapted
with permission from ref. 145. Copyright 2018 American Chemical Society.
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The multinomial coefficients for each statistical class are normalized to class D,
which lead to a ratio of 0.083 (A):0.33 (B):0.5 (C):1 (D). With respect to its class, the
obtained ratio can be applied as a relative amount for an isotopic pattern simulation

of each of the fifteen species (Table 4.5).

Table 4.5. Exact masses and relative amount according to the statistical classes of germani-
um-centered star polymers used for isotopic pattern simulation in the range of m/z ~1400.
Na* is added to each structure for exact mass calculation. Adapted with permission from
ref. 145. Copyright 2018 American Chemical Society. Modified presentation.

statistical exact mass germyl sum formula relative
class (simulated) species amount

A 1401.6233 HHHH CesH10sGeNaOos 0.083
A 1393.5607 ==== CesH100GeNaO6 0.083
A 1417.5184 BBBB C73Hg2GeNaO,s 0.083
B 1399.6076 HHH= CesH106GeNaOos 0.33
B 1405.5971 HHHB Ces7H104GeNaOs 0.33
B 1395.5763 === CesH102GeNaOy6 0.33
B 1399.5501 === Ce7HosGeNaO,s 0.33
B 1413.5446 BBBH C71HosGeNaO23 0.33
B 1411.5290 BBB= C71HosGeNaO,3 0.33
C 1397.5920 ==HH CesH104GeNaOog 0.5
C 1409.5709 BBHH CeoH100GeNaO,, 0.5
C 1405.5396 BB== CeoHosGeNaO,4 0.5
D 1403.5814 HHB = Ce7H102GeNaOos 1
D 1401.5658 ==HB Ce7H100GeNaO55 1
D 1407.5552 BBH= CeoHosGeNaO,4 1

Disproportionation and combination PMMA-species initiated and terminated by ben-
zoyl radicals, respectively, are introduced into the isotopic pattern simulation with a
fitted factor of 6.7 (H,=) and 3.35 (B) higher than for statistical class D of the predict-
ed germanium-centered species (Figure 4.14 and Table 4.6).

Q)ZMMAkH @j’L(MMA@_(O @jL(MMA)nj’k@
H = o B

Figure 4.14. Disproportionation (H,=) and combination (B) products of benzoyl initiated
MMA. For isotopic pattern simulation and exact mass calculation, a Na* is added to each
structure. For clarity reasons, the structure of MMA polymer chain with n repeating units is
depicted as (MMA),. Adapted with permission from ref. 145. Copyright 2018 American
Chemical Society.
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Table 4.6. Exact masses and relative amount of PMMA disproportionation (H,=) and combi-
nation (B) products initiated by benzoyl radicals used for isotopic pattern simulation in the
range of m/z ~1400. Na" is added to each structure for exact mass calculation. Adapted with
permission from ref. 145. Copyright 2018 American Chemical Society. Modified presentation.

exact mass benzoyl species sum formula relative amount
(simulated)

1429.7127 H C7oH110NaO57 6.7
1427.6970 = C72H10sNaO27 6.7
1433.6865 B C74H106NaOy¢ 3.35

The simulation of the predicted product distribution (Table 4.5 and Table 4.6) was
carried out with the program package Xcalibur (Thermo Fisher) at a mass resolving
power of R = 60000 by assuming a Gaussian-shaped peak profile. The resulting iso-
topic pattern simulation in comparison to the recorded mass spectrum is presented in
Figure 4.15.

Analogous results for PLP-ESI-MS simulations of the PMMA species initiated by
tetraacylgermanes oMeB4G, oEtB,G, and PrOB,G are presented in appendix Fig-
ure Ab-Figure A10 and Table A7-Table A18. For the prediction PMMA species initi-
ated by bisacylgermane B,G, six germane-centered 2-armed star polymers in two
statistical groups A:B (0.5:1, refer to Figure Al1l, Table A19) and relatively fitted
benzoyl species H:=:B (6:6:3, refer to Table A20) are assumed. The simulated spec-
trum is presented in Figure A12, which accuracy can be proven by inspecting Ta-
ble A21 and Table A22.

The predicted isotopic patterns show excellent matching results with the recorded
mass spectrum of PMMA initiated by B4G (inspect Figure 4.15a) and b)). Crucially,
the striking accordance of the predicted with the recorded result provides evidence
for the formation of 4-armed star polymers. In addition, 2-armed star polymers are
observed for PMMA spectra obtained from PLP initiated by B,G (Figure A12) as ex-
emplary for efficient bisacylgermanes. Thus, bis- and tetraacylgermane photoinitia-

tors unambiguously reveal a multiple cleavage mechanism.
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Figure 4.15. Recorded (black) and predicted (red) isotopic patterns of PMMA initiated by
B,G. a) Overview of benzoyl and germyl-based species. b) Zoom into complex isotopic pat-
tern distribution of germanium-centered 4-armed star polymers. Adapted with permission
from ref. 145. Copyright 2018 American Chemical Society.
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For testing the prediction, a peak to peak comparison of each peak maximum of pre-

dicted and recorded isotopic patterns is conducted by calculating the difference Am/z

and the mass accuracy dm/msm in ppm (Table 4.7, as well as Table A9-Table A22).
Table 4.7. Relative mass differences and mass accuracy for peak to peak comparison of
predicted and recorded mass spectra of germanium-centered 4-armed star polymers.

Adapted with permission from ref. 145. Copyright 2018 American Chemical Society. Modi-
fied presentation.

exact mass (M/z)exp  €Xxact mass (M/z)sim Am/z = dm/mgim =
(recorded) (simulated) |(M/Z)exp - (M/Z)sim (Am/z)I(M/Z)sim
10°/ ppm
1395.5860 1395.5884 0.0024 1.70
1396.5940 1396.5930 0.0011 0.75
1397.6031 1397.5931 0.0101 7.21
1398.6072 1398.5980 0.0092 6.58
1399.5626 1399.5709 0.0083 5.94
1400.5625 1400.5708 0.0083 5.93
1401.5697 1401.5714 0.0017 1.21
1402.5780 1402.5774 0.0006 0.43
1403.5873 1403.5806 0.0068 4.82
1404.5916 1404.5851 0.0065 4.61
1405.5469 1405.5546 0.0077 5.47
1406.5532 1406.5570 0.0038 2.68
1407.5543 1407.5577 0.0034 2.42
1408.5628 1408.5616 0.0013 0.89
1409.5724 1409.5661 0.0063 4.46
1410.5768 1410.5702 0.0066 4.66
1411.5319 1411.5368 0.0049 3.44
1412.5384 1412.5376 0.0008 0.59
1413.5459 1413.5443 0.0016 1.12
1414.5482 1414.5477 0.0005 0.36

Except for one (m/z = 1397.6031, 7.21 ppm), all mass differences between the max-
ima of predicted and recorded isotopic patterns do not exceed 0.01 and can be aver-
aged to 0.0046 (3.26 ppm). In relation, the simulation of three benzoyl initiated spe-
cies reflects an averaged mass difference of 0.0017 and mass accuracy of 1.22 ppm,
respectively. Thus, a mass accuracy of 3.26 ppm is rather small compared to the
number of fifteen superimposed species. For further illustration, the recorded (black)
and predicted (red) isotopic patterns at ~1405.54 m/z are presented at the experi-
mentally accessible mass resolving power of R = 60000 and at a hypothetic factor 10

higher R = 600000 by assuming a Gaussian peak profile.
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Figure 4.16. Zoom into recorded (black) and predicted mass spectra (red) at ~1405.54 m/z.
Predicted isotopic patterns are simulated at two different resolutions as indicated. Adapted
with permission from ref. 145. Copyright 2018 American Chemical Society.

At a high zoom level, the broadened peak at m/z ~1404.54 reveals a main and a side
maximum. Independently from the resolution, both peak profiles are well represented
by the simulation. The prediction at a factor 10 higher resolution of R = 600000 reveal
nine peaks resulting from diverse species within a small mass range of 0.08 m/z,
which constitute the envelope at lower resolution of R = 60000. Hence, small differ-
ences in the peak height distribution between different species can lead to a noticea-
ble mass shift of the maxima-position at lower resolutions. However, the maxima of
the recorded (m/z = 1405.54687) and predicted (m/z = 1405.55456) mass spectra
are shifted by Am/z = 0.00769 within the order of the distance of two measured
points Am/z,.. = 0.00624 (cf. triangles in Figure 4.16). Thus, the resolution limit of
the ESI-MS is one reason for deviations between the recorded and the predicted
mass spectra. Further, the prediction is limited to a total statistical behavior of the
termination process, which can lead to deviations due to additional reaction path-
ways. Integration of all peaks of the simulated, in relation to the recorded, isotopic
patterns reflects a prediction of approximately 89 % of the detected species. The re-
sidual 11 % of unassigned species would need further investigations, resp. an ex-

pansion of the prediction approach. However, the excellent overall agreement of the
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prediction and the experiment implies that the key reaction channels are captured by
the simple statistical model. Thus, a quantitative cleavage mechanism of the initiators
is expected and possible side products from a non-quantitative cleavage are only of
minor importance, e.g. three- and two-armed star polymers, chain branching of two or

more polymers and additional combinations of two or more germyl-based radicals.

The development of a detailed mechanism for the radical formation in bis- and
tetraacylgermanes is intrinsically not possible from post-mortem analysis of mass
spectra. A study from literature on the dibenzoyldiethylgerman shows the formation of
primary benzoyldiethylgermyl radicals within tens of nanoseconds, which is a clue for
a consecutive cleavage mechanism.** According to the discussion on the mechanism
of CB,G (refer to section 4.2.2), a consecutive cleavage can occur via subsequent
excitation by photons or via a secondary activated state, e.g. vibrational hot state.
Thus, a detailed mechanism development requires a time-resolved treatment from

the event of excitation until the final macromolecular growth.

4.3 PLP-ESI-MS Cocktail Experiments: Overall Initiation Efficien-

cy of Benzoyl-Radicals

The PLP-ESI-MS cocktail experiment is a well-established method for the determina-
tion of the overall initiation efficiency of a radical towards a monomer originated from
a distinctive pair of photoinitiators.®? 343> 143 The approach is based on the propor-
tionality between the relative abundance (peak height) in a mass spectrum and the
number of the corresponding detected species. The overall initiation efficiency is de-
termined by the correlation of peak height-ratios with initial molar ratios of two initia-
tors. Due to a potential ionization bias by the ESI-source, only polymers with similar
isotopic pattern can be compared in PLP-ESI-MS cocktail experiments. Thus, the
method is well-suited to compare macromolecules initiated by radical fragments,
which differ only in small substitution functionalities, e.g. products initiated by benzoyl
vs. para-methoxy-benzoyl radicals. The evaluation process is developed for single
charged species. Thus, for the majority of experiments, multiple charged species

were seperated by the use of SEC before the injection into ESI-MS.

As a special feature of the method, the overall initiation efficiency is determined from

the product distribution after final macromolecular growth (post-mortem). As already
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noted, the obtained values are the result of all critical events from the first step of light

excitation until completed polymerization, e.9. &,¢isc, Peleav. AN Pescape-

In the following the exact procedure for the quantification of overall initiation efficien-
cies from PLP-(SEC)-ESI-MS-cocktail experiments is described in detail. Subse-
guently, the results for a systematic comparison of the overall initiation efficiency of a
library of para-fluoro and methoxy substituted mono- (A), bis- (B) and tetra- (C) acyl-

germanes (Figure 4.17) are presented.

A: Mono B: Bis C: Tetra

@Aiee: ngo/@ @A%Bi@

B,G
0 (0] B F
| e
< -0
F F o]
FB,G
Qﬁ

Stoichiometric Behaviour? R = F, OMe, H
Insights via PLP-SEC-ESI-MS Cocktail-Experiments

Figure 4.17. Overview of para-fluoro (F) and methoxy (M) substituted mono- (A), bis- (B) and
tetra- (C) acylgermane derivatives employed for a systematic investigation on the substitu-
tion-influence and size-dependence of the overall initiation efficiencies obtained from PLP-
ESI-MS cocktail experiments. Adapted with permission from ref. 146. Copyright 2019 Ameri-
can Chemical Society. Modified presentation.

PLP-ESI-MS cocktail experiments were conducted for acylgermanes within the same
system size, and between different system sizes, to investigate the influence of sub-

stitution pattern as well as a possible size-dependence, respectively. Especially for
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the size-dependence, a stoichiometric scaling is expected for the comparison of the
overall initiation efficiency of mono-, bis- and tetraacylgermanes due to one, two and
four benzoyl moieties as potential sources for radical formation. The experimentally
obtained overall initiation efficiencies are validated via intrinsic cross-calculations.
Finally, the size-dependence in the overall initiation efficiency is discussed in detail
with respect to literature and UV/Vis-properties of the initiators. As a technical re-
mark, the following quantitative PLP-ESI-MS analysis is limited to benzoyl initiated
polymers due to complex isotopic patterns of germanium-containing species as

shown in section 4.2.3.

4.3.1 Quantification of Overall Initiation Efficiencies in Cocktail-
Experiments

In a PLP-ESI-MS cocktail experiment, two (acylgermane-based) initiators XjG:YG
are mixed together in a defined molar ratio n(X;G) /n(YxG) in MMA within one sample.
X,Y describes the chemical nature of two distinctive benzoyl moieties, G reflects the
germyl moiety, j and k are the number of benzoyl moieties per initiator. Dispropor-
tionation and combination products of PMMA with 20-30 repeating units are generat-
ed during the PLP process. For the exclusion of a wavelength-dependency, each
cocktail experiment is conducted at excitation wavelengths close of the ntr*-
absorption maximum of each initiator within one sample. PMMA-macroradicals prefer
termination via disproportionation. Thus, using MMA as a monomer is of advantage
for the determination of the overall initiation efficiency in PLP-ESI-MS cocktalil exper-
iments.*? Disproportionation products are defined by the initiating radical fragment (X)
of an initiator at the a-chain end, and the double bond (=) or hydrogen (H) at the w-
chain end. In contrast, the macromolecular growth of combination products were ini-
tiated and terminated by radical fragments from the initiators. Thus, the subsequent
differentiation between a- and w-chain ends is not possible. In fact, only dispropor-
tionation products enable a clear assignment to the initiation process by one radical
(illustrated in Figure 4.18).
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Figure 4.18. Exemplary disproportionation B=, BH and -combination products of MMA initiat-
ed and terminated by benzoyl radicals B. B= and BH contain the information about the initiat-
ing radical (green) due to termination via disproportionation (red). The combination product
BB loses the information about which end group is related to the initiating and which to the
terminating step. Adapted with permission from ref. 146. Copyright 2019 American Chemical
Society.

The isotopic patterns of the two disproportionation products X= and XH occur in a
mass difference of 2 m/z. Thus, the first peak of the isotopic pattern of X= is free from
an isobaric overlap and can be used for a quantitative evaluation. According to the
proportionality between the abundance to the number of recorded polymer species in
a mass spectrum, the peak-height hX= at a repeating unit n of the disproportionation
product X= can be used to count the initiation events caused by the radical fragment
X. As a consequence of the electrospray mass ionization process, the abundance is
not an absolute quantity for the number of X=. Thus, a quantitative evaluation is only

X=
possible for the relative comparison G*= = Zﬁ of the peak heights of two distinctive

isotopic patterns X=, Y= within the same mass spectrum. For example, the isotopic
pattern of the disproportionation products initiated by benzoyl B and para-methoxy-
benzoyl MB radicals originated from the initiators B,G and MB,G used for the deter-
mination of the peak heights at the repeating unit of 8 is shown in Figure 4.19.
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Figure 4.19. Extract from exemplary ESI-MS spectrum of the cocktail experiment B,G:MB,G
at the initial molar ratio of 0.49, showing the determination of peak heights h of the dispropor-
tionation products B= and MB= at the repeating unit of 8. Adapted with permission from
ref. 146. Copyright 2019 American Chemical Society.

For an end group-independent chain growth, one can assume equally distributed end

X=

groups over all repeating units n. The molar fraction F,”~ of one disproportionation

product X= at the repeating unit n is a relative quantity of the macromolecules initiat-

ed by the radical fragment X and can be described by Eq 4.2.3+3°

i

_ _ Eq 4.2
= + hy=

EX

If a chain length-dependent ionization bias can be neglected, the molar fraction E,*~
remains at the same value for each repeating unit n. For example, plotting F versus
the degree of polymerization DP of the cocktail experiment of MB,G:B,G irradiated at
396 nm (Figure 4.20) reveals a slightly increasing slope, which indicates a weak

chain length-dependent ionization bias.
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Figure 4.20. Exemplary F vs DP-plot of the molar fraction FB= of the disproportionation
product B= versus the degree of polymerization DP, for the evaluation of a chain length-
dependent ionization bias during the ESI process of the cocktail experiment B;G:MB,G. EXci-
tation wavelength 1., and molar ratio n(B.G)/n(MB.G) of each sample as indicated.
Adapted with permission from ref. 146. Copyright 2019 American Chemical Society.

A weak ionization bias between the repeating units allows the averaging over all GX=.
For a further reduction of the scattering caused by a mass-biased ESI process, an

established averaging method is used to obtain the mass-bias-free ratio G,;,,, which

is given by Eq 4.3.%% 3> 143

Yo < GXZ > +< GX > +< GXE >

G /ZO 3 )] Eq 43
. — X= _ hx_
with < G3=; >= Zn ni=,’ <Gy >=< Zn hY— Grer >= Zn =
n+1
Gm7z0 1S the mean value of < G}, >, < Gy~ >, < Gp3, >, Which correlates the peak

height hX= of the disproportionation product X= with the compared hY= of Y= at the
adjacent repeating units n — 1, n, and n + 1. The presented determination of G,’szo IS
implemented in an in-house built Matlab-script (MathWorks) for an automated evalua-
tion, which is described in detail in section 4.3.2. Plotting G,7,, against the initial mo-

lar ratios n(X;G)/n(YxG) of the two photoinitiators for each cocktail experiment exhib-

its a linear trend, which can be evaluated via linear regression. Cocktail experiments
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are conducted in MMA at excitation wavelengths of the nm*-maxima for both initia-
tors. For a negligible wavelength-dependence within the nt*-maxima, the data for
one cocktail experiment at different wavelengths can be plotted in a joint plot. As an

example, the G,X7 /70 VS initial molar ratios-plot is presented for the cocktail experiment

MB4G:MB,G in MMA in Figure 4.21.

24 - - 24
22 - ? ?. o - 22
S o
18 - ~o - 18
16 - 16
© 14 6 L 14 7D
HE 12 ° [ 12 28
1 125 €
Q) B =3.31 ° ()
10 - 8 -10 <
8 9o L8
6—- (¢} o MB_ -—6
] mi, = 2.41 I
4 -4
2 _ -2
_ Aexe. = 405,411 nm|
O 1 I 1 - I I O
0 1 2 3 4 5 6
n(B,G) / n(MB,G)

Figure 4.21. G m/zO vs initial molar ratios-plot of the cocktail experiment B,G:MB,G to deter-
mine the overall initiation efficiencies of the radicals B and MB at excitation wavelength as
indicated. Red: Linear regression of all mass-bias-free ratios 627 m,z0 Of the disproportionation
product B= initiated by the radical B originated from the initiator B4,G versus the initial molar
ratios n(BsG)/n(MB-G) resulting in an overall initiation efficiency of mE=3.31. Green: Linear
regression of all invers mass-bias-free ratios (Gm/zo) 1 of the disproportionation product
MB= initiated by the radical MB originated from the initiator MB,G versus the initial molar
ratios n(B4G)/n(MB2G) resulting in an overall initiation efficiency of mME = 2.41. Deviations

1nv.

between m® and mME reflect the scattering of the experiment. Adapted with permission from
ref. 146. Copyright 2019 American Chemical Society.

Apparently, at an initial molar ratio of zero, formation of disproportionation products
initiated by radical fragments is excluded. Thus, the linear fitting routine is conducted

with a fixed zero intercept. At Gm/z0 =1, the same amount of the disproportionation
product X= compared to Y= is formed. Hence, the initial molar
tio x = n(X;G) / n(YxG) at Gm/zo =1 is a direct measure for the overall initiation effi-

ciency of the two compared radical fragments X and Y originated from the initiator
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pair X;G:YG. Consequently, the overall initiation efficiency of the radical fragment X
originating from X;G is defined as the slope of the linear regression with zero inter-

cept m* as evident from Eq 4.4.3% 3143

n(X;G)

fx)=mx & Gm/zo m. Eq 4.4

n(X6)\ "
for Gm/zO =1=>mX= (Wlb) = overall initiation ef ficiency.

Ideally, the mass-bias-free molar ratio Gm/z0 is proportional to the ratio of the abso-

lute numbers N*¥=/NY= of the disproportionation products X= and Y=. Thus, the in-

verse overall initiation efficiency m?, obtained from (Gm/z0 ~! versus the initial molar
ratio n(X;G)/n(YxG) for the radical fragment Y originating from initiator YG would be

identical with m*. In fact, Gm,z0 IS the mean value of averaged ratios of intrinsically

defective peak heights, resulting in deviations between Gm/zo and (Gm/z0 - Thus,

m* and m}, are averaged to m and its standard deviation Am is interpreted as the
error of the experiment. For example, the overall initiation efficiency of the cocktalil
experiment MB,G:MB,G is averaged to m = 2.861+0.64, which reflects an error of
~20 %. Potential sources of error are scattering in the laser pulse energy (~15 %),
bias from uncertainties in molecular weight fractioning during the SEC process, and

the ionization bias of the mass spectrometer.

An overview of all conducted cocktail experiments of para-fluoro- and methoxy-
mono, bis and tetraacylgermanes is presented in Table 4.8 (refer to Fig-
ure A13-Figure A24.

For a systematic comparison of the obtained overall initiation efficiencies of mono-
(A), bis- (B) and tetra-(C) acylgermanes, cocktail experiments are sorted within the
same system size A:A, B:B, C:C and between different system sizes B:A, C:B and
C:A (Table 4.8). Only small differences within the same system size are observed.
For A:A, para-methoxy substituted benzoyl radicals tend to a higher overall initiation
efficiency compared to un- and para-fluoro-substituted benzoyltrimethylgermanes. As
a technical remark, disproportionation products initiated by para-fluoro-benzoyl radi-
cals show a small isobaric overlap with trimethylgermane-initiated species as shown
in Figure A 25. In comparison, an alternative evaluation with y-intercept unequal zero

reveals a factor of 1.5 + 0.3 for FB;G:HB,G."** In fact, setting the y-intercept not to
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zero is physically not justified, which dismisses the overall initiation efficiency as
overestimated. However, an evaluation with y-intercept takes respect to the system-
atic error caused by the isobaric overlap of approximately 20 %. Further, cocktail ex-
periments within the same system size of B:B and C:C show only slight differences in
their efficiencies, which are negligible according to the error margin.

Table 4.8. Overview of all conducted cocktail experiments (refer to Fig-

ure A13-Figure A24). Adapted with permission from ref. 146. Copyright 2019 American
Chemical Society. Modified presentation.

type cocktail ex- radical Alnm overall Initiation  error
periment fragments efficiency m | %
AA FB,G:B;G FB:B 405, 409, 410 1.00 + 0.05 4.97
AA MB1G:B:G MB:B 397, 400, 409 1.40+0.10 7.07
B:B FB.G:B,G FB:B 416, 421 1.07 +£0.18 17.18
B:B MB,G:B,G MB:B 411, 421 1.14 +£0.25 22.33
C:C MB4G:B4G MB:B 396, 405 0.97 £ 0.08 8.06
B:A FB.G:MB,;G  FB:MB 416 2.19+0.20 9.04
B:A MB,G:FB;.G MB:FB 410, 411 2.40+0.42 17.68
B:A MB,G:B;G MB:B 411 3.14+0.41 13.06
C:B B4G:MB,G B:MB 405, 411 2.86 + 0.64 22.25
CB B4G:FB,G B:FB 405, 416 2.61 + 0.29 11.13
CA B4G:FB,G B:FB 405, 410 6.55 +1.62 24.74
C:A MB4G:B,G MB:B 396, 415 5.26 + 0.79 15.02

From a simple stoichiometric view, a factor 2 for B:A, C:B and factor 4 for C:A is ex-
pected due to the ratio of benzoyl moieties of a compared initiator pair. Surprisingly, a
nonstoichiometric size-dependence in the overall initiation efficiency m is observed
for cocktail experiments of initiators with a different number of benzoyl moieties, e.g.
m(MB,G:B:G)=3.14 + 041 (B:A), m(B;G:MB,G)=2.86 + 0.64 (C:B),
m(B4G:FB1G) = 6.55 + 1.62 (C:A).

Triple Cocktail Experiment

A special triple cocktail experiment®* was conducted for an experimental validation of
the observed stoichiometric increase in m. Therefore, samples were prepared in sev-
en defined ratios of three initiators in MMA (here, B4G, FB,G, and MB;G). Each sam-
ple was irradiated with 90000 pulses (320 pJ/pulse) at three wavelengths (397, 405,
and 416 nm) with respect to the absorption maxima of the employed initiators. ESI-
MS analysis and the determination of the overall initiation efficiencies were carried
out analogously to regular cocktail experiments as described above. In contrast, a
PLP-ESI-MS triple cocktail experiment with three initiators X;G, YG, and Z,G leads to
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three disproportionation products X=, Y=, Z=, which are available for evaluation in
three resulting cocktail-plots Gm/ZO, (G /ZO) versus n(XG)/n(YiG); Gm/zo, (G,f;zo)'1
versus n(X;G)/n(Z/G); and Gm/zo, (Gm/zo) versus n(YxG)/n(Z,G). The resulting plots
for the triple cocktail experiment of B4G, FB,G, and MB;G in MMA are presented in

Figure 4.22.
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Figure 4.22. Gm/z0 vs initial molar ratios-plots resulting from triple cocktail experiment of B,G,
FB,G, and MB;G in MMA for validation of the nonstoichiometric increase observed in regular
cocktail experiments. Overall initiation efficiencies determined from resulting three Gm/z0 Vs

initial molar ratios-plots a) m(FB,G:MB,G) = 2.20 + 0.22, b) m(B,G:FB,G) = 2.69 + 0.08, and
¢) m(B4G:MB;G) = 5.81 + 0.35, respectively. Corresponding F versus DP plots are provided
in Figure A26, Figure A27, and Figure A28. Adapted with permission from ref. 146. Copy-
right 2019 American Chemical Society.

The comparison of FB,G:MB;G within the triple cocktail experiments shows a slightly
increased m(FB,G:MB;G) =2.20 + 0.22 for FB radicals originating from bisacyl-
germane FB,G compared to monoacylgermane MB from MB1G. However, the devia-
tion from the stoichiometric expectation is insignificant within the error margins. Re-

markably, a non-stoichiometric increase is observed for the comparison of tetra- and
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bis- m(B4G:FB,G)=2.69 + 0.08 as well as tetra- and monoacylgermanes
m(B4,G:MB1G) = 5.81 + 0.35 within the triple cocktail experiment. Further, the overall
initiation efficiencies obtained from triple cocktail experiment are consistent with re-
sults from regular cocktail experiments (m(FB.,G:MB;G)=2.19 + 0.20,
m(B4G:FB,G) = 2.69 + 0.08) as shown by small deviations of 0.5 % and 3 %, respec-
tively. The averaged overall initiation efficiencies obtained from the triple cocktail ex-
periment of B4G, FB,G, and MB;G in MMA are summarized in Table 4.9.

Table 4.9. Overview of Averaged overall initiation efficiencies obtained from triple cocktail

experiment of B,G, FB,G, and MB;G in MMA. Adapted with permission from ref. 146. Copy-
right 2019 American Chemical Society. Modified presentation.

type cocktail radical Alnm overall Initiation  error
experiment fragments efficiency m | %
B:A FB.G:MB;G FB:MB 397, 405, 416 2.20 +£0.22 9.99
C:B B4G:FB,G B:FB 397, 405, 416 2.69 + 0.08 2.90
C:A B4,G:MB;,G B:MB 397, 405, 416 5.81 +£0.35 5.97

4.3.2 Excursus: Automated Evaluation of PLP-ESI-MS Cocktail Experiments
The manual evaluation of PLP-ESI-MS cocktail experiments is very time-consuming.
For example, one cocktail experiment with seven samples leads to seven mass spec-

tra with up to 10 repeating units for two disproportionation patterns resulting in 140

X=
m/z

peak heights exploitable for determination of G;,7,, and F. For an efficient evaluation

of the maximum peak heights for a set of mass spectra, the above described evalua-
tion process was automated in an in-house programmed Matlab-script. As an ad-
vantage, the automated evaluation for one cocktail experiment consumes only ~2 s.
Therefore, a high number of experiments can be conducted, which enables a com-
prehensive investigation on overall initiation efficiencies of a library of photoinitiators
as presented in the previous section. In addition, a more efficient data evaluation
supports a more precise error viewing by increasing the reproductions of one experi-
ment. The core of the script is a search-routine for determination of maxima of all first
mass bias-free peaks of the corresponding isotopic patterns of disproportionation
products X=/Y= for all repeating units from a PLP-ESI-MS cocktail experiment. In the

following the finding-routine for each maximum peak height is described in detail.

Initial input data are mass spectra and initial molar ratios of conducted cocktail exper-
iments in txt data-sheets. The initial input parameters are m/z-values of the target

end groups my_,y- of disproportionation products X= and Y= and of the applied
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monomer (e.g. MMA) Myua, further the total number of recorded spectra S, and a

constant D for the definition of the m/z-interval [Mx— y—, — D, Mx—y—n + D].

First, the m/z-value of the first mass bias-free peak for each repeating unit n of X=/Y=
is calculated via My_,_, = mx_,- + n- Myya for a given m/z of the corresponding
monomer Myy and end group my—,y—. Subsequently, the maximum of all approxi-
mately Gaussian-shaped peaks is found by comparison of the data points left and
right from the calculated m/z My_,-, given by the m/z interval
[Mx—/y—n — D, Mx—,y—, + D]. Each approximately Gaussian-shaped peak recorded
with a high-resolution ESI-Orbitrap mass spectrometer consists of 10-20 data points,
which has a peak width at half-height of Am/z ~0.02. Thus, by setting D to a constant
of 0.02, differences between expected and recorded m/z-values are clearly compen-
sated and the number of scanned data points kept small. A for-loop serially scans all
data points for each repeating unit n of a mass spectrum given by the peak height as
a function of m/z. A first if-condition verifies, whether the targeted data point is in the
m/z-interval [Mx_,y—, — D, Mx—,y—, + D] for a given repeating unit n. A second if-
condition ensures that the peak height of the targeted data point is higher than a test-
ing-peak height, which is initially set to zero. For the first run, the target peak height
substitutes the testing-peak height. In the following, the loops are repeated until the
testing-peak height is substituted with the maximum peak height within the investi-
gated m/z-interval. In addition, the corresponding m/z value is saved. The procedure
runs until all data points of the mass spectrum are scanned. The procedure is re-
peated for each repeating unit n. Finally, maximum peak heights as a function of m/z
are obtained for each repeating unit of both disproportionation products X=/Y= per
mass spectrum. Thus, the mass-bias-free molar ratio as well as the F vs DP plot can

be calculated from the obtained data via Eq 4.2 and Eq 4.3, respectively.

4.3.3 An Intrinsic Validation: Calculation with Overall Initiation Efficiencies

The scope of the presented data base is sufficient to prove its intrinsic consistency. If
experimentally obtained overall initiation efficiencies m are valid quantities, calcula-
tions between different cocktail experiments will result in consistent calculated values

m.q;c Within the estimated error margin.

In the following a new syntax is introduced, which enables the calculation with overall

initiation efficiencies. Herein, the overall initiation efficiency m of a cocktail experi-
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ment XjG:YG can be written in a quotient as follows in Eq 4.5, which allows algebra-

ic operations.
XiG
m (ka>

For instance, by multiplying m(FB,G:MB;G) = 2.20 + 0.22 and m(B4G:FB,G) = 2.69
+ 0.08 obtained from two initiator pairs of the triple cocktail experiment, the value for
the third initiator pair can be calculated as displayed in Eq 4.6 (error from Gaussian

propagation of uncertainty).

(B4G) _(FBZG)(B4G)
MB,GJ_,, \MB;G/\FB,G Eq 4.6

= (2.20 + 0.22) - (2.69 + 0.08) = 5.92 + 0.62.

lc

The calculated value of Mgy c(B4G:MB1G) = 5.92 + 0.62 shows only a small deviation
of ~2% compared with the experimental value m(B,G:MB;G) = 5.81 + 0.34, which
evidences the intrinsic validity of the triple cocktail experiment. In general, the cross-
calculation with overall initiation efficiencies from cocktail experiments is possible in
many different ways by multiplying and/or dividing two or more experimental values
with each other. Thus, the determination of mc, is always carried out by using as few
experimental values as possible with the lowest error from uncertainty propagation.
All calculated and experimentally obtained overall initiation efficiencies from cocktail
experiments are summarized for a comprehensive comparison in Figure 4.23. The

corresponding calculations are provided in appendix Eq A1-A10.

Except for m(MB4G:B1G) (40 % deviation), the comparison of calculated (green) and
experimental (black) overall initiation efficiencies reveals only small deviations of
0.5-15 % in Figure 4.23. Hence, the evaluated data base displays a high intrinsic
validity within its error margin. In conclusion, the introduced calculations with overall
initiation efficiencies are a powerful tool for a consistency check of a set of data ob-
tained from PLP-ESI-MS cocktail experiments. In addition, hypothetic cocktail exper-
iments can be calculated from experimental data with sufficient accuracy within the
error margin as a base for further discussions. Well selected and highly reproduced
cocktail experiments combined with calculations can reduce the total number of ex-

periments, which is an advantage of time saving for future investigations.
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Figure 4.23. Comparison of calculated (green) and experimental (black) overall initiation effi-
ciencies for proving the intrinsic validity of all conducted cocktail experiments. Adapted with
permission from ref. 146. Copyright 2019 American Chemical Society. Modified presentation.

4.3.4 Non-Stoichiometric Size-Dependence

As seen from the previous section, the calculation with overall initiation efficiencies
based on the syntax of Eq 4.5 leads to valid results. Thus, overall initiation efficien-
cies are determined for hypothetic cocktail experiments X.G:Xj«G of initiators with
different numbers j < k of identical benzoyl moieties X (appendix Eq A11-A18). Re-
markably, the comparison of initiators with same substitution patterns is only theoreti-
cally accessible due to indistinguishable PMMA-disproportionation products in PLP-
ESI-MS cocktail experiments. The calculated overall initiation efficiencies (solid bars)
of hypothetic cocktail experiments of bis- versus mono- (B:A), tetra- versus bis- (C:B),
and tetra- versus monoacylgermanes (C:A) are presented together with the corre-
sponding ratios of the respective nt*-extinction coefficients (hatched bars; refer to
section 4.1.2 and Table A24) in Figure 4.24.
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Figure 4.24. Calculated overall initiation efficiencies of hypothetic cocktail experiments (solid
bars) and ratios of nm*-extinction coefficients at the corresponding absorption maximum
(hatched bars) of acylgermanes with a different number j<k of identical benzoyl moieties
XkG:Xj«G. In black: Comparison of bis- towards monoacylgermanes (B:A). In green: Com-
parison of tetra- towards bisacylgermanes (C:B). In blue: Comparison of tetra- towards mon-
oacylgermanes (C:A). Red dashed lines: Stoichiometric expectation. Adapted with permis-
sion from ref. 146. Copyright 2019 American Chemical Society. Modified presentation.

As represented in Figure 4.24, the calculated overall initiation efficiencies are exclu-
sively a measure for the size-dependence independent from influences of substitu-
tion patterns. In general, the reactivity of identical radical fragments towards MMA is
equal. Consequently, a stoichiometric factor 2 and 4 (indicated by red dashed lines in
Figure 4.24) is expected for the comparison of B:A, C:B and C:A, respectively. In
contradiction, a non-stoichiometric scaling with increasing number of identical benzo-
yl moieties is reflected by the calculated overall initiation efficiencies (solid bars high-
er than dashed red lines, Figure 4.24). For B:A (black solid bars, Figure 4.24) with
m(B.G:B,G) = 2.75 + 0.98, m(FB,G:FB,G) =2.47 + 0.67, and
m(MB,G:MB;G) = 2.03 + 0.76 a nonstoichiometric increase of 0-38 % is observed.
However, the result is not significant due to lower error boundaries of myin < 2. The
calculated overall initiation efficiencies of C:B are significant within the estimated er-
ror boundaries and reveal a non-stoichiometric increase of ~40 % towards a factor of
2, e.g. m(B4G:B,G) =2.79 + 0.56 , m(MB,G:MB,G) = 2.77 + 0.66. The comparison of
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C:A shows a clear stoichiometric increase of ~100 % for m(B,G:B:G) =8.13 + 0.76
and 41 % for m(MB4,G:MB;G) =5.64 + 0.58 towards a factor of 4. In conclusion, a
significant non-stoichiometric increase of at least 40 % is estimated for benzoyl radi-
cals originated from tetraacylgermanes. As observed from cocktail experiments within
the same system size, the influence of para-substituents on the overall initiation effi-
ciency is weak compared with the size-dependence, resp. tends to decrease from
A:A, BB to C.C, e.g. m(MB;G:B;G) = 1.40 + 0.10, m(MB,G:B,G) = 1.14 + 0.25, and
m(MB4G:B4G) = 0.97 £ 0.08 (Table 4.8). Thus, the extension of the system size is
the dominating influence to increase the overall initiation efficiency of acylgermane-

based photoinitiators.

Discussion of Nonstoichiometric Size-Dependence: Overall Initiation Efficien-

cies, Extinction Coefficients and Quantum Yields

As known from earlier PLP-ESI-MS studies, the overall initiation efficiency of radical
fragments is highly dependent on the structure of the corresponding initiator.3? 343>
143 Herein, a nonstoichiometric increase as a result of the system size is a further ex-
ample for the importance of the origin for radical formation. Accordingly, the overall
initiation efficiency m respects all events during the polymerization process, starting
from first photoexcitation step to radical formation until initiation of macromolecular
chain-growth. Thus, intrinsic properties of photoinitiators, e.g. ntr*-extinction coeffi-
cient €(A), ISC ¢isc, and cleavage quantum yields ¢¢eay Of an initiator contribute to
m.*** Solvent-cage escape reactions dcage are neglected due to similar sterically de-

manding radicals.*

Given that n1*-¢(A) exclusively determines the overall initiation efficiency of an initia-
tor pair XjG:X<G, the ratio of &max(XjG)/emax (Xk<jG) is approximately proportional to
M(X;G:Xk<G). The resulting correlation between the ratio of ntr*-extinction coefficients
(dashed bars) and the calculated overall initiation efficiency (solid bars) of acyl-
germanes with a different number of identical benzoyl moieties can be derived from
comparison in Figure 4.24 and Table A24. Remarkably, the comparison of
Emax(X;G)/emax (Xk<jG) with m obtained from calculated cocktail experiments of unsub-
stituted acylgermanes (B.G:B1G, B4G:B,G, B4G:B;:G) reveals only weak deviations
<7%. In contrast, m of para-fluoro and methoxy-substituted acylgermanes
(MB.G:MB1G, FB.G:FB;G, MB,G:MB,G, MB4G:MB1G) show higher deviations of

20-50% in comparison to the corresponding &max(XiG)/€max (Xk<G). Thus, ntr*-
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extinction coefficients are strongly correlated to the overall initiation efficiencies of
unsubstituted acylgermanes, while the attachment of substitution patterns lead to
higher deviations. The higher the extinction coefficient, the more excited photoinitiator
molecules are generated per laser pulse, which are potentially available for a subse-
guent formation of initiating radical fragments after sufficient ISC. However, the ex-
tinction coefficient is a measure of the ability of the ground state molecules to absorb
photons. Thus, the deviation from the correlation of the extinction coefficients and the
overall initiation efficiency, especially for substituted acylgermanes, is a consequence
from excited state dynamics, e.g. kisc and kgea. Herein, para-substitution patterns
can strongly influence the ground state extinction coefficients without enhancing ¢sc
and ¢qeav @S a possible explanation for the strong deviation between
Emax(XiG)/emax (Xk<jG) and m of substituted acylgermanes. In line with the present find-
ings, monoacylgermanes reveal weak decomposition quantum yields of 0.21-0.4.%83°
However, the determination of total ¢;sc and ¢ceav for bis- and tetraacylgermanes is
more challenging, due to complex channel branching expected from a multiple cleav-
age mechanism (refer section 4.2.3) as well as from quasi-degenerated excited sin-
glet and triplet states estimated by TDDFT calculations (Figure 4.3). Hence, the de-
velopment of an in-depth mechanism for mono-, bis- and tetraacylgermanes de-
mands further investigation of the singlet-triplet channel branching after photoexcita-

tion.

4.3.5 Outlook: PLP-ESI-MS Cocktail-Experiments with Ortho-Substituted
Tetraacylgermanes

The PLP-cocktail experiments of ortho-substituted tetraacylgermanes Mes,G and

oMeB,G versus unsubstituted B4,G are conducted at ~320 pJ/pulse with 90000 puls-

es, a repetition rate of 100 Hz, and excitation wavelengths between 400-430 nm with-

in nTr*-bands of the corresponding initiators (refer to UV/Vis in Figure A29). The ob-

tained G,’szo vs initial molar ratios-plots of a) oMeB,G:B4G and b) Mes,G:B,G are

presented in Figure 4.25.
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Figure 4.25. Gf,f/zo vs initial molar ratios-plots for cocktail experiments in MMA of a)
oMeB,G:B4G and b) Mes,;G:B,4G, resulting in averaged overall initiation efficiencies of a)

1.32 + 0.13 and b) 1.28 + 0.04, respectively. Excitation wavelength for PLP as indicated.
Corresponding F versus DP plots are provided in Figure A30 and Figure A31.

Both experiments reveal an increased overall initiation efficiency of ~1.3 compared to
the unsubstituted tetraacylgermane B4G. Thus, the substitution in ortho-position has
an enhancing influence on the overall initiation efficiency of benzoyl radicals towards
MMA. Possible reasons are influences of the substituents on the potential energy
surfaces of the excited states, which lead to more favored reaction pathways (refer to
section 4.4.2). In addition, steric aspects may be considered, especially for more
bulky mesitoyl moieties.®® Hence, a systematic investigation on ortho-substituted
acylgermanes could be worthy for the future development of a more comprehensive

mechanism supporting the guided design of more efficient photoinitiators.

4.4 fs-TA Investigations on Acylgermanes

The aim of the present chapter is the development of an elementary mechanism for
the excited state dynamics of acylgermane-initiators via time-resolved pump-probe
experiments. As a special feature of the current work, mechanistic conclusions from
time-resolved pump-probe experiments are related to fundamental structure/property
correlations obtained from post-mortem PLP-ESI-MS of the previous section, e.g. a-
cleavage for efficient hypsochromic shifted monoacylgermanes with electron donat-
ing substitution pattern (+M-effect), weak initiation ability for bathochromic shifted
monoacylgermanes with electron withdrawing substitution patterns (-M-effect), multi-
ple cleavage mechanism of bis- and tetraacylgermanes, non-stoichiometric size-
dependence in the overall initiation efficiency. The unique approach enables the
characterization of behavior of initiators in photo-FRP from the first photoexcitation

event to final macromolecular growth.
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In the following, the results from fs-TA of mono- and tetraacylgermanes are present-
ed to gain insight into excited state dynamics in situ after photo excitation. In an earli-
er study, B,G was investigated via fs- and ns-pump-probe spectroscopy, which
shows a Norrish Type | mechanism via ISC within tens of ps and subsequent primary

radical cleavage within tens of ns.*?

The section opens with the investigation on the influence of substitution pattern on
the electronic structure of monoacylgermanes, which leads to the development of a
simple model in line with ultrafast dynamics of literature-known keto-based Norrish
Type | photoinitiators.** Subsequently, the mechanism of more complex tetraacyl-
germanes is developed. Finally, findings from literature*® for B,G are consulted for

the comparison of the excited state dynamics of mono-, bis- and tetraacylgermanes.

4.4.1 para-Substitution Pattern-Dependent Photophysics of Monoacyl-
germane Derivatives

The steady-state absorption spectra of FB;G, MB1G, B1G, CB;G, NB;G dissolved in

MeOH and recorded in 1 mm cuvettes as used for fs-TA are presented in Fig-

ure 4.26.
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Figure 4.26. Steady-state UV/Vis spectra of FB,G, MB,G, B;G, CB;G, NB;G dissolved in
methanol (MeOH) and recorded in 1 mm cuvettes as used for fs-TA. Transient broadband
pump-probe experiments are carried out at 400 nm within the ntr*-bands of the investigated
initiators as indicated by grey dashed line. Adapted with permission from ref. 144. Copyright
2017 American Chemical Society. Modified presentation.
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As indicated by blue colors in Figure 4.26, FB;G (Amax=405nm) and
MB1G (Amax = 397 nm) show a hypsochromic shift of nm*-bands compared to
B1G (Amax = 409 nm) due to electron donating para-substitution patterns F and OMe
(+M-effect). The electron withdrawing substitution patterns CN and NO, (-M-effect)
leading to a bathochromic shift of the n1*-bands in the absorption spectra of CB1G
(Amax = 425 nm) and NB1G (Amax = 429 nm) compared to BiG (Amax = 409 nm) is indi-
cated by orange and red colors in Figure 4.26. As shown in section 4.2.1, B;G,
FB1G and MB1G are efficient photoinitiators, while CB;G and NB;G feature only weak
initiation behavior for FRP. In contrary, it is highly desired to combine the properties
of a red shifted absorption with high initiation efficiency, e.g. to achieve higher pene-
tration-depths in curing technologies. The reason for the observed substitution pat-
tern-dependent behavior is presumed in the excited state dynamics due to similar
band structure of the steady-state absorption spectra as well as in line with findings
from cocktail experiments above (section 4.3). From a TDDFT study on the five

.,** a strong influence of substitution pattern

monoacylgermanes by Feuerstein et a
on the shape and location of the potential energy surfaces is expected. In the follow-
ing, the photophysics of five monoacylgermanes B,G, FB1G, MB;G, CB;G and NB1G
dissolved in methanol (MeOH) are investigated via fs-TA and compared with findings
from theory. All initiators are pumped at 400 nm within their ntr*-band (indicated by
grey line in Figure 4.26) and probed with a CaF,-white light continuum between

350-720 nm.
fs-TA of Efficient Monoacylgermanes B,G, FB1G and MB,G

The transient absorption (TA)-spectra of the efficient monoacylgermanes B;G, FB,G
and MB;G with electron donating substituents (+M-effect) are recorded in methanol
(MeOH) after excitation at 400 nm within their n1r*-band and probing with CaF,-white
light continuum of 350-720 nm. The TA-spectrum of B;G is exemplary for the investi-
gated efficient monoacylgermanes, which is depicted in Figure 4.27 (TA-spectra of
MB; G, FB1G in appendix Figure A33 and Figure A34).

94



3.0+ O 3.0
o

2.5 1

2.0 1

1.5

AA 11073

1.0 +

0.5 1

0.0

in MeOH

-0.5 T T T T T
400 500 600 700

Alnm

Figure 4.27. Transient broadband absorption spectrum of B,G for the first ps and longer de-
lay times (inset) after excitation at 400 nm and probing with a CaF,-white light continuum
from 350-720 nm. Time delays as indicated. Transient response at 400 nm omitted due to
scattering from pump pulse. Adapted with permission from ref. 144. Copyright 2017 Ameri-
can Chemical Society. Modified presentation.

For clarity reasons, transient responses in the region of ~400 nm are omitted due to

strong scattering artifacts from pump pulse with a spectral width of ~10 nm.

The TA spectrum of B;G is dominated by an ultrafast rise of an ESA-band at a center
wavelength of ~450 nm within a few ps (Figure 4.27). Subsequently, the band de-
cays slowly within the recorded time window (inset of Figure 4.27). A second strong
ESA-band at ~350 nm shows a similar transient behavior of an ultrafast rise and slow
decay. Thus, both transient responses are associated with the dynamics of the same
excited state, which is probed into diverse higher energy levels. In line with theory,3!
a manifold of higher excited singlet and triplet states is accessible, which leads to a
broad ESA-band between 350 to 500 nm. In fact, decreased ESA in the range of
370-425 nm is probably a result from superposition with the scattering of the pump

pulse and GSB responses from depopulated ground states.

Consistent with very low fluorescence quantum vyields < 5-10* 3 no significant SE is
observed within the detection limit of 1:10* AA. For instance, the apparent negative

response at ~700 nm at long time scales is an artifact from white light fluctuations. In
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addition, possible singlet relaxation pathways would lead to a change in the GSB in
the region of the ground state absorption band of 360-440 nm. In contrast, no signifi-
cant ground state recovery is observed for single transient response at 420 nm
(Figure A32). Thus, dominant long-living singlet state dynamics can be excluded due
to weak fluorescence and no complete GSB recovery. In turn, the observed ESA-
band is assigned to the response of a triplet state. Consequently, the ultrafast rise
reflects the ISC from excited singlet to triplet states, while the slow decay corre-

sponds to the triplet relaxation.

An ultrafast ISC is in line with TDDFT calculations®* showing two close and below
lying triplet states in relation to the first excited singlet state. In addition, an energeti-
cally higher triplet manifold is accessible for broad resonant transitions. A clear differ-
entiation between responses of T; and T, is not possible due to numerous similar
resonant transitions into the manifold of energetically higher triplet states. Hence, the
decay of ESA of the corresponding triplet states can occur via different possible re-
laxation pathways: (i) IC between T, and T, (ii) formation of radical fragments, and
(i) additional relaxation from quenching processes. An earlier study on benzoin-
based Norrish Type | initiators shows a fast triplet relaxation within tens of ps, which
was interpreted as radical formation.®® In contrast, the slow triplet relaxation of mon-
oacylgermanes implies a considerably longer time scale > 1 ns for the radical for-
mation. Thus, the quantification of cleavage quantum yields by evaluation of ampli-
tude ratios is challenging due to a not fully accessible decay of triplet states within the

recorded time window.

Qualitatively, radical formation on a time scale longer than 1 ns for monoacyl-
germanes is consistent with low decomposition quantum vyields of 0.21-0.4%3 as
well as their weak performance in size-dependent PLP-ESI-MS cocktail experiments
(section 4.3). As a possible reason, small energy barriers for dissociation of
0.31-0.39 eV within the excited triplet states of MB,G, FB;G and B1G are expected
from theory,®* which leads likely to a non-quantitative cleavage due to competing re-
laxation pathways. Nevertheless, by neglecting competing singlet relaxation path-
ways, a mono exponential transient behavior can be assumed for the quantification
of the increase of triplet ESA according to ISC time constant t;sc. Thus, single transi-
ent responses of B;G, FB;G and MB;G are evaluated in the range of 415-450 nm
(Figure A32-Figure A34). The rise of triplet state-ESA between 515 to 450 nm is
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superimposed by VR as depicted in Figure A32b). However, TA responses
> 450 nm are presumably unaffected from VR and are exploited by an exponential
fitting routine. The obtained ISC time constants ;5 for B;G, MB,G and FB,G are be-

tween 2-4 ps.

In opposition to structurally similar acylphosphine oxides,?

efficient monoacyl-
germanes with electron donating substitution patterns are considered to undergo an
efficient ultrafast ISC, while the radical formation from triplet state is in comparably
slower. Consequently, the cleavage is plausibly rather inefficient due to competing
radiationless relaxation pathways, e.g. T1-T; or T;-Sg collision-induced relaxation on a
post-ns time scale. The obtained photophysical dynamics are schematically summa-

rized in a Jabtonski -diagram Figure 4.28.
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Figure 4.28. Jabtonski diagram depicting schematically the photophysical mechanism for
efficient initiators B;G, MB;G and FB,G. After excitation into a vibrational hot excited singlet
state, an ultrafast ISC occurs within 2-4 ps. Broad ESA from T, and T, into a manifold of en-
ergetically higher triplet states is observed. Decay of triplet population can proceed via a-
cleavage or radiationless relaxation. Adapted with permission from ref. 144. Copyright 2017
American Chemical Society. Modified presentation.
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Transient Broadband Absorption Spectroscopy of Weak Monoacylgermanes
CB;G and NB;G

TA-spectra of weak monoacylgermanes with electron withdrawing substitution pat-
terns (-M-effect) CB;G and NB;G dissolved in MeOH are conducted after excitation
at 400 nm and probing with a white light continuum between 350-720 nm. In general,
the TA-spectra of CB1G and NB;G show one order of magnitude higher AA ~1-107 at
lower optical densities OD4ponm ~0.4 compared to efficient monoacylgermanes MB;G,
FB.G and B;G ~2-10° at OD4oonm ~1.4. The recorded TA-spectra of CB,G and NB;G

are presented in Figure 4.29 and Figure 4.31, respectively.
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Figure 4.29. Transient broadband absorption spectrum of a) CB,G recorded after excitation
at 400 nm and probing with a CaF,-white light continuum from 350 to 720 nm. Time delays
as indicated. Transient response at 400 nm omitted due to scattering from pump pulse.
Adapted with permission from ref. 144. Copyright 2017 American Chemical Society. Modified
presentation.

Two broad ESA-bands are revealed for the TA spectrum of CB1G within a few hun-
dred fs after excitation at 400 nm: The first in the UV range ~360 nm and the second
in the visible range at 500 nm (Figure 4.29 inset). Both ESA-bands decay to zero
within ~13 ps (refer to Figure 4.29 and Figure A35b), c)). In line with the discussion
above, the ESA in the wavelength range close to 400 nm is superimposed by GSB
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and scattering from pump pulse. Thus, both ESA-bands likely reflect the transient
response of the same excited state, which is probed into different higher lying states.
By inspecting the GSB response at 420 nm, a complete ground state recovery is ob-
served (Figure A35a)). As expected from theory, the potential energy minimum of
the first excited singlet state comes relatively close to the ground state surface of
CB;G and NB;G, which increases the probability for relaxation via IC in competition
with an 1SC.*! In contrast to efficient monoacylgermanes, after ultrafast rise of ESA,
no long-living contribution from a triplet state is observed. Thus, the broad ESA can

be straight forwardly assigned to singlet state dynamics.

In addition, SE is revealed at ~700 nm with a short lifetime of ~8 ps (refer to expo-
nential fitting in Figure A35d)), which is in line with a theoretically estimated fluores-
cence channel of CB;G in the range of 600-800 nm with very low quantum yields.*
SE is a very minor relaxation pathway due to 1-2 orders of magnitude weaker |AA| in
comparison to ESA at 500 and 360nm, respectively. In conclusion, the decay of ESA
within 13 ps corresponds to relaxation of an excited singlet state back to ground state
via dominant IC and minor fluorescence pathways. The photophysical mechanism of

CB;G is depicted in a Jabtoiski diagram in Figure 4.30.
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Figure 4.30. Jabtonski diagram depicting schematically the photophysical mechanism of the
weak initiator CB;G. After excitation into a vibrational hot excited singlet state, a ground state
recovery occurs within ~13 ps. The major relaxation pathway occurs via radiationless IC. A
minor fluorescence pathway is observed via a very weak SE-response. Adapted with permis-
sion from ref. 144. Copyright 2017 American Chemical Society. Modified presentation.

99



NB.1G

Analogous to the TA-behavior of CB;G, the TA-spectrum of NBG shows a broad bi-
modal ESA-band immediately after excitation peaking at ~400 and ~680 nm, which
decays within a few ps (Figure 4.31).
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Figure 4.31. Transient broadband absorption spectrum of NB,G recorded after excitation at
400 nm and probing with a CaF,-white light continuum from 350-720 nm. Time delays as
indicated. Transient response at 400 nm omitted due to scattering from pump pulse. Adapted
with permission from ref. 144. Copyright 2017 American Chemical Society. Modified presen-
tation.

The bimodal ESA-band corresponds to transient responses of the same excited state
superimposed by GSB and scattering of the pump pulse at 400 nm, which reveal full
ground state recovery in the range of expected GSB at 420 nm as indicated by Fig-
ure A36a). Thus, ESA of NB;G can clearly be assigned to the ultrafast decay of an
excited singlet state. In contrast to a factor ~6 longer S;-lifetime for CB;G, the majori-
ty of the population in excited singlet state of NB;G decays via an ultrafast IC on a
time scale within ~2 ps (estimated via a triexponential fitting routine, refer to Fig-
ure A36b)). Referring to a fs-study on ortho-nitro-phenol, an ultrafast IC within a few
hundreds of fs after out-of-plane rotation of the nitro group was reported.>® ** Ac-
cordingly, motions of nitro groups have a strong influence on the potential energy

surface landscape, which could result in an ultrafast relaxation pathway preferred via
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conical intersection. Thus, the ultrafast S;-relaxation of NB;G via IC within ~2 ps is
plausibly induced by degrees of freedom of the nitro group leading to non-adiabatic

phenomena.

A second ESA-band is observed for NB;G, which peaks at 550 nm after a rise of
~10 ps. However, this process is very minor compared to at least one order of magni-
tude higher IC. TDDFT-calculations from literature show that triplet transitions for
NB,G are strongly red shifted compared to CB;G, which features up to six triplet
states accessible between S; and S; for NB;1G. Thus, a small ISC-probability can be
expected after excitation at 400 nm into the vibrational hot Franck-Condon region of
S;. However, NB;G will not perform as an efficient initiator due to comparatively high
energy barriers expected for dissociation from triplet states. Possible triplet-triplet or
triplet-singlet collision induced relaxation pathways would occur on a longer time
scale. Unfortunately, the latter two relaxation processes cannot be resolved within the
current data set. The photophysical processes of NB;G are summarized in Fig-
ure 4.32.
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Figure 4.32. Jabtonski diagram depicting schematically the photophysical mechanism of the
weak initiator NB;G. After excitation to an excited singlet state, the ground state recovers
within ~2 ps via ultrafast IC. A very minor relaxation pathway is featured via ISC in ~10 ps.
Adapted with permission from ref. 144. Copyright 2017 American Chemical Society. Modified
presentation.
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Summary: Substitution effects on monoacylgermanes

Efficient initiators FB,;G, MB;G, B1G with electron donating substituents (+M-effect)
compared to weak initiators CB,G, NB1G with electron withdrawing substituents (-M-
effect) show striking differences in their photophysical mechanisms. As expected for
Norrish type | initiators,** efficient monoacylgermanes reveal an ultrafast ISC within
2-4 ps after photoexcitation. However, the formation of radicals occur on a much
longer time scale > 1 ns, which is in line with rather low decomposition quantum
yields from literature 0.2-0.4°*° as well as with the low overall initiation efficiency in
PLP-cocktail experiments with bis- and tetraacylgermanes (refer to section 4.3).
Thus, a competing radiationless relaxation pathway from triplet states is expected. In
contrast, weak monoacylgermanes feature an ultrashort dominant non-radiative re-
laxation within 2-13 ps via IC from excited singlet to ground states. In fact, radiation-
less deactivation becomes more likely if excited state potential energy surfaces com-
ing close to the ground state surface, which is in line with expectations from TDDFT
calculations of CB,G, NB;G compared with FB;G, MB1G, B:G.*' In summary, para-
substitution patterns have a strong influence on the potential energy surface land-
scape of monoacylgermanes, which determines whether an initiator is efficient or
weak. Remarkably, the crucial mechanistic steps for an efficient photo FRP occur on
a ps time scale after photoexcitation, e.g. ultrafast ISC versus IC channel branching

within the excited states of a photoinitiator.

4.4.2 Efficient Tetraacylgermanes

As expected by TDDFT-calculations (refer to section 4.1.1), tetraacylgermanes re-
veal a more complex channel branching within excited states due to higher number of
benzoyl moieties. Based on a PLP-ESI-MS prediction method (refer to section
4.2.3), the formation of 4-armed star polymers is evidenced. Remarkably, a non-
stoichiometric increase of up to 100 % is observed for the overall initiation efficiency
of tetraacylgermanes. The non-stoichiometric increase is only partially correlated to
ground state extinction coefficients. Especially for substituted acylgermanes higher
differences are observed. As seen from the previous section 4.4.1, substitution pat-
terns in para-position of the phenyl-ring have a strong influence on the potential en-
ergy surfaces of benzoyltrimethylgermanes. In the following, a model for the photo-
physics of efficient tetraacylgermanes is developed on B4G, oMeB,G, oEtB,G and

PrOB,4G solved in AcN via fs-TA. Subsequently, the differences within the channel
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branching of tetraacylgermanes with different substitutions are discussed quantita-

tively.

The UV/Vis-spectra of BsG (Amax =402 nm), oMeB4sG (Amax = 404 nm), oEtB4G
(Amax = 403 nm) and PrOB4G (Amax = 391 nm) dissolved in AcN and recorded in 1 mm

cuvettes as used for fs-TA are depicted in Figure 4.33.

—B,G
oMeB,G
Aexe. = 400 nm oEtB,G

PrOB,G
21 in AcN

oD

: . - , : : :
0 450 500 550 600
Al nm

O o =

T .
350 4

Figure 4.33. Steady-state UV/Vis spectra of B,G, oMeB,G, oEtB,G and PrOB,G dissolved in
acetonitrile AcN and recorded in 1 mm cuvettes as used for fs-TA. fs-TA experiments are
carried out at 400 nm pump within the nmr*-bands of the investigated initiators as indicated by
grey dashed line.

All samples are excited at 400 nm and probed with a CaF,-white light continuum be-
tween 350 and 720 nm. The TA-spectrum of B,G dissolved in AcN is exemplary for
the investigated tetraacylgermanes, which is presented in Figure 4.34. The TA-
spectra of oMeB4G, oEtB,G and PrOB4G dissolved in AcN are provided in the ap-
pendix Figure A38-Figure A40.
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Figure 4.34. B,G dissolved in AcN excited at 400 nm and probed by a CaF,-white light con-
tinuum between 350-720 nm. The wavelength region at ~400 nm is omitted due to scattering
from pump pulse. Time delays as indicates. Inset figure shows TA-spectra for very early
times after excitation.

After excitation, an ultrafast rise of ESA within the time-resolution < 100 fs is record-
ed (Figure 4.34 inset). After 150 fs, an ESA-band at ~350 nm and a broadened
ESA-band between ~430-600 nm are observed. In addition, a broad flat ESA-band
without distinct peaking is revealed from 550-720 nm, which probably superimposes
the entire TA-spectrum. As depicted in Figure 4.34, the ESA between 430 and
600 nm undergoes a fast decay within tens of ps resulting in a less broadened band
peaking at ~450 nm. Subsequently, a slower decrease on a hundreds-of-ps time
scale occurs, which is related to a new increasing band at ~520 nm indicated by an
isosbestic point at ~480 nm. The additional band shows no decay within the recorded
time window of ~1.3 ns. The band at 350 nm is dominantly a superposition of the fast
decrease within tens of ps and the long-living ESA, which remains within the record-
ed time window. The flat band between 550-720 nm also remains within the recorded
time window. However, in relation to the increase of the additional ESA-band at
~520 nm, a slight rise at ~600 nm is observed accompanied by a decrease at
~680 nm at long time scales within the flat band. Thus, a second isosbestic point is
supposed at ~650 nm. In summary, the spectrum is generally dominated by three

processes i) fast decay in tens of ps, ii) decay at ~450 nm correlated to an rise of
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ESA at ~520 nm, iii) long-lasting broad ESA. Hence, global analysis with three expo-
nential functions is applied for a quantitative discussion. The resulting DAS is pre-
sented in Figure 4.35.
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Figure 4.35. DAS derived from triexponential global analysis of the TA-spectrum of B4,G dis-
solved in AcN. Time constants according to three exponential functions as indicated.

A negative amplitude C; is related to an increasing, and a positive as a decreasing,
transient response, respectively. A zero-crossing can be interpreted as an isosbestic
point. In comparison, all features of the TA-spectrum of B4G in Figure 4.34 are well
represented with three exponential functions. C; reflects the fast decay of ESA be-
tween 350 and 600 nm within 9 ps, which is correlated to an increasing TA-band at
620-720 nm. The risen ESA remains within the recorded time window as indicated by
Cs (compare with single transient at 675 nm, Figure A37). In line with low fluores-
cence quantum yields of B4G, the first process can be assigned to the decay of the
singlet state. As a consequence, the associated rise at 620-720 nm is interpreted as
ISC into a long-living triplet state within 9 ps. In addition, no ground state recovery is
observed in the region of GSB between 370 and 430 nm, which features IC and fluo-
rescence as very minor competing relaxation pathways compared to a dominant ISC.
Hence, the TA for recorded spectra after ~9 ps can be interpreted as ESA of triplet
states probed into a higher lying manifold of triplet states, which is in line with TDDFT
calculations (refer to section 4.1.1). C, is associated to the decrease of triplet ESA
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peaking at ~450 nm, which is correlated to the rise of an additional band with its max-
imum at ~520 nm within 127 ps indicated by a zero-crossing, resp. isosbestic point at
~480 nm. In addition, the decrease of triplet ESA between 650 and 720 nm can be
assigned to the same process, which is correlated to C, as displayed by a second
isosbestic point at ~650 nm. Thus, a new species is formed from triplet states within
~127 ps, which remains on ns-time scale > 1.3 ns as indicated by C3;. The compari-
son of TA-spectrum of B,G after 1.3 ns with the TA-spectrum of tribenzoylgermyl-
(BsG+) radical, which is recorded in a recent ns-laser flash photolysis study,® features

a striking accordance as shown in Figure 4.36a).

a) b)
—e— TA of B,G after 1.3 ns (this work) —e— TA of oMeB,G after 1.3 ns (this work)
—e— TA of B,G-radical after 200-300 ns —e— TA of oMeB,G-radical after 200-300 ns
Eibel et al. Polym. Chem., 2018, 9, 38-47. Eibel et al. Polym. Chem., 2018, 9, 38-47
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Figure 4.36. TA-spectra recorded in AcN after 1.3 ns in black of a) B,G and b) oMeB,G and
literature-known TA-spectrum from ns-laser-flash photolysis within 200-300 ns in red® of a)
of tribenzoylgermyl- (BsG-) and b) ortho-methylbenzoylgermyl- (o0MeBsG-) radical. The strik-
ing accordance of the two TA-spectra for a) and b) evidence the primary radical formation
within the time scale of the fs-pump-probe experiment. Data in red is reproduced from ref. 38
by permission of The Royal Society of Chemistry and the authors.

Thus, C, corresponds plausibly to the primary a-cleavage of B,G within 127 ps under
formation of a tribenzoyl germyl radical with a lifetime > 1.3 ns. As a further evidence,
the TA-spectrum of oMeB,4G in AcN reveals a similar channel branching as B,G and
can analogously be discussed (refer to appendix Figure A38). In fact, the transient
response of oMeB4G in AcN recorded after 1.3 ns is consistent with the ns-TA-
spectrum of the tri-ortho-methylbenzoylgermyl- (oMeB3;G-) radical from literature
(Figure 4.36b). Further TA-spectra of the tetraacylgermanes oEtB,G and pPrOB,G
are also in line with the discussion above (refer to appendix Figure A39 and Fig-
ure A40). Unfortunately, reference spectra for evidencing the primary radicals origi-
nated from oEtB,G and pPrOB4G are not provided by literature.
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The obtained photophysics of the investigated tetraacylgermanes are summarized in

a Jabtonski-Diagram as follows in Figure 4.37.
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Figure 4.37. Jabtonski diagram depicting schematically the photophysical mechanism of the
tetraacylgermanes. After excitation, the quasi-degenerated excited singlet states are depopu-
lated dominantly via ISC into a triplet state within ~10 ps. Minor competing relaxation path-
ways are fluorescence and IC. After ~100 ps, radicals are formed from excited triplet states,
which are probed into higher excited states.

The formation of the radical is not a quantitative process due to remaining ESA of the
triplet state of B4,G at 350 nm as well as between 650 and 720 nm. At ~430 nm, the
triplet ESA is free from a superposition with the transient response of the radical and

decays in correlation to the radical formation to AA close to zero (Figure 4.38.).

However, the region between 370 and 430 nm is superimposed by GSB of B4,G (refer
to Figure 4.33), which contributes with a negative AA. A ground state recovery is not
observed between 370 and 430 nm, which leads to the assumption of an approxi-
mately constant negative GSB offset on the triplet ESA. Herein, the TA at ~430 nm
can be exploited for determination of cleavage quantum yields by comparison of the
amplitudes according to the decay of the triplet ESA (related with radical formation)
and the remaining ESA of the long-living triplet state. Hence, by assuming an approx-
imately constant negative value for the GSB, the averaged ratio CZCTZCS from DAS be-
tween 415 and 430 nm reflects a primary cleavage quantum vyield of 90 %. With re-
spect to scattering from pump pulse, the primary cleavage quantum yields are analo-
gously determined for oMeB4G (427-430 nm), and oEtB4G (415-430 nm). The evalu-

ation of the primary cleavage quantum yield pPrOB,4G is not accessible due to super-
position with bathochromic shifted TA of the primary radical (refer to Figure A40).
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Figure 4.38. Example single transient response at 430 nm of B,G in AcN after excitation at

400 nm for the determination of primary cleavage quantum yields between 415 and 430 nm.

Assuming a constant GSB offset due to negligible ground state recovery, the exploited wave-

length reflects only the decay of triplet states. Hence, 7, is associated to the decay of triplet

states according to primary radical formation, while 75 is related to the remaining long-living

triplet state. Thus, the primary cleavage quantum yields can be obtained by averaging the
Cz

ratio of the corresponding amplitudes given by v from DAS between 415 and 430 nm.
2 3

In Table 4.10, the time constants from global analysis, cleavage quantum yields, as
well as estimated primary cleavage rate coefficients are summarized for the compari-
son of B4G, oMeB4G, oEtB4G, and pPrOB,G.

Table 4.10. Time constants from global analysis, primary cleavage quantum yields and rate
coefficients of B4,G, oMeB,G, oEtB,G, and pPrOB,G.

Initiator in 7,/ ps 7,/ pPS 73/ pPS Peteav. | %k = Leeav 1 10 g2
AcN *2
B4G 9 127 >> 1300 90 7+ 2
oMeB4G 4 127 >> 1300 95 8+2
oEtB,G 3 90 >> 1300 78 9+3
pProB,G 1 70 >> 1300 n.A. n.A.

The first time constants decrease from 9 to 1 ps in the line of B,G > oMeB,G >
oEtB4G > pPrOB,4G, which are associated with the decay of the excited singlet states
via competing IC, fluorescence and ISC-relaxation channels. In line with a very weak

fluorescence quantum yield << 0.01 % (refer to section 4.1.1), a ground state-
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recovery is not observed, which features IC as well as fluorescence as only minor
relaxation pathways. Thus, t; dominantly reflects ISC, which is in a similar order of
magnitude as the ISC of efficient monoacylgermanes within 2-4 ps (refer to section
4.4.1). In comparison to literature,*® B,G shows an ISC on a slower time scale within
tens of ps, which is consistent with reproduced data as presented in appendix Fig-
ure A41l.

Much higher differences are observed for the second time constant. 7, corresponds
to the primary radical cleavage from excited triplet states, which decreases from 127
to 70 ps in the series of B4G = oMeB4G > oEtB,G > pPrOB,G. However, the highest
primary cleavage quantum yield is observed for oMeB4G with 95 % and decreases
for B4G > oEtB4G from 90 to 78 %. In conclusion, similar rate coefficients Kgeay be-
tween 7 and 9-10° s are obtained for the primary cleavage of the investigated
tetraacylgermanes. In line with the overall initiation efficiency m(oMeB4G:B4G) ~1.3
(section 4.3), oMeB,4G tends to a more efficient radical formation. However, the dif-
ferences in kgeay for oMeB4G compared to B4G are not significant within the estimat-
ed error of 30 %. In comparison to literature-known B,G (Keieay ~7-10” s),*® the inves-
tigated tetraacylgermanes reveal a two magnitudes higher Kqeay. The primary radical
formation of B,G is expected on tens of ns, which is consistent with our data (refer to
Figure A41l). In contrast to tetraacylgermanes, a long-living triplet ESA at 425 nm is
observed after slow ISC within tens of ps due to missing primary radical formation
within the recorded time window (Figure A41d)). In addition, the literature-known ns-
TA-spectrum of the primary benzoyldiethylgermyl radical® is not observed on the ps

scale.

A comparison with efficient monoacylgermanes is not possible due to missing data
on ns-time scale. However, from literature a factor 2-4 smaller cleavage quantum

G ’38—39

yield is expected for B1G compared to B, which implies a less efficient Kgjeay fOr

monoacylgermanes,
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4.5 Summary and Outlook Acylgermanes

A library of fourteen mono-, bis- and tetraacylgermane derivatives as well as one
tetramesitoylstannane was investigated via a special methodological combination of
PLP-ESI-MS and fs-TA supported by TDDFT. The approach enables the correlation
of the overall initiation efficiency of radicals originated from a photoinitiator towards a
monomer after final polymerization with the ultrafast excited state dynamics immedi-

ately after photoexcitation of the molecule in a quantitative manner.

From literature suggested Norrish type | mechanism of acylgermanes is confirmed by
PLP-ESI-MS end group analysis. Bis- and tetraacylgermanes are considered for a
multiple cleavage mechanism, which was evidenced by a new developed prediction
method for the simulation of isotopic pattern of n-armed star polymers in PLP-ESI-
MS. In addition, with increasing system size a more complex channel branching due
to quasi-degenerated excited states within the ntr*-band (400-450 nm) is suggested
by TDDFT calculations. For comparison of the overall initiation efficiency of tetra-,
bis- and monoacylgermanes a stoichiometric ratio is expected corresponding to the
number of benzoyl moieties, e.g. factor 4 for tetra- versus bisacylgermanes, and a
factor of 2 for tetra- versus bis- as well as bis- versus monoacylgermanes. Remarka-
bly, tetraacylgermanes show a non-stoichiometric increase of 40-100 % in compari-
son to bis- and monoacylgermanes, e.g. maximum value of ~8 for tetrabenzo-
ylgermane versus benzoyltrimethylgermane. In relation to fs-TA, the result is in ac-
cordance to a much faster radical formation within 70-127 ps in contrast to bis- and
monoacylgermanes, which cleave on a nanosecond (ns)-time scale in line with litera-

ture.

The size-dependence in the overall initiation efficiency is correlated to the ratio of
niT*-extinction coefficients of unsubstituted mono-, bis and tetrabenzoylgermanes. In
contrast, the overall initiation efficiency of acylgermanes with para-substitution pat-

tern is less correlated to ntr*-extinction coefficients with deviations of 20-50 %.

The influence of substitution patterns on the overall initiation efficiency and the excit-
ed state dynamics of acylgermanes were investigated in a model study on five differ-
ent para-substituted benzoyltrimethylgermanes (CB1G, NB;G, MB;G, FB:G, HB;G).
Herein, monoacylgermanes with electron withdrawing nitro and cyano substituents
show a weak initiation behavior resulting in a monomer conversion of 0.1-1 % at
comparably high total irradiation energies of ~110 J. In contrast, efficient monoacyl-
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germanes with electron donating fluoro and methoxy substituents (+M-effect) reveal
a monomer conversion of 4-5 9% at ~30 J total irradiation energy. This behavior is
determined by the singlet-triplet channel branching within the excited states. In turn,
weak benzoyltrimethylgermane derivatives show a fast relaxation within 2-12 ps via
internal conversion (IC) to ground states after photoexcitation, while efficient initiators
feature an ultrafast intersystem crossing (ISC) within 2-4 ps into a triplet state as
starting point for radical formation. Thus, para-substitution pattern have a strong in-
fluence on the channel branching between the excited states, which determines if an

initiator is efficient or weak.

The overall initiation efficiency is as well influenced by the secondary and following
radical formation events, which are not observed within the time scale of the con-
ducted fs-TA experiments. Hence, further investigations, especially on the multiple
cleavage mechanism of bis- and tetraacylgermanes, are necessary, e.g. via fs-TA on

a ns to ms scale for observation of long-living responses of triplet states.'*

In the following, two interesting approaches for possible future investigations are pre-

sented.

4.5.1 Outlook I: wavelength-dependent PLP-conversion experiments

Within the scope of a master thesis by P.W. Kamm,*® wavelength dependent PLP-
conversion experiments at a constant photon count” were conducted for bisacyl-
germanes B,G, FB,G, and MB,G. Herein, for 5 min N,-purged samples with MMA-
volume of 0.5 mL and initiator concentration of 5 mmol L™ are irradiated at different
wavelengths in special quartz vials (ilmasil, transmission T = 92.5 % for wavelength
>350 nm). Depending on the wavelength, the energy and number of pulses is adjust-
ed to achieve a constant photon count following Eq. A19. Subsequently, the mono-
mer conversion is determined via gravimetry. The resulting wavelength dependent
MMA-conversion for the PLP-experiment with MB,G is plotted together with the cor-
responding UV/Vis spectra as presented in Figure 4.39 (experiments with FB,G and
B,G in Figure A42).
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Figure 4.39. MMA-conversion plot of wavelength-dependent PLP-experiment of MB,G in
MMA reproduced from master thesis by P.W. Kamm.**® Maximum MMA-conversion is ob-
served between 455 and 470 nm at very low extinction coefficients < 50 L mol™* cm™ of the
initiator.

Figure 4.39 shows the maximal MMA-conversion between 455 and 470 nm at very
low extinction coefficients <50 L mol* cm™. Thus, the conversion of a PLP-
experiment is not related to the highest ntr*-extinction coefficient. Similar phenomena
are observed for the initiation of oxime esters in photo-FRP, and dimerization of
styrylpyrene.”™ **” Currently, the phenomena cannot be explained via common pho-
tochemical models. However, an in-depth understanding of the underlying mecha-

nism could open an avenue for a new generation of visible light-triggered photoinitia-
tors.

4.5.2 Outlook Il: fs- vs. ns-Pulsed Laser Polymerization

Instead of tuning the chemistry of photoinitiators, an alternative approach could be
the optimization of the light source used for triggering photo-FRP. To this end, a PLP-
experiment with an fs-laser as light source is carried out with MB,G and B4G by using
the following setup (Figure 4.40).
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Figure 4.40. Schematic fs-PLP setup. d: diameter of laser mode, BS: beam splitter, BBO: B-
barium borat for SHG. For a more detailed description refer to main text.

The output of the fs-laser system (Astrella, Coherent) was attenuated from
~7 to ~1 mJ/pulse via a BS. With the aid of a telescope, the laser mode is reduced
from 2.5 cm to 0.5 cm, which is similar to the aperture of the ns-PLP experiment. The
fundamental 800 nm-pulse was converted to 400 nm via SHG of a 0.3 mm thick BBO
crystal resulting in 300 pJ/pulse. Finally, the 1 kHz repetition rate was chopped to
100 Hz (tunable chopper wheel, Thorlabs). Thus, typical PLP-conditions as used in
ns-PLP experiments were achieved. In line with ns-PLP conditions, MB,G and B4G
were dissolved in MMA with concentrations of 5 and 2.5 mmol L™ with a sample vol-
ume of 0.5 mL in cylindrical sample vials, which were irradiated for 15 min (90000
pulses). Samples were degassed for 5 min via No-purging. In addition, reference ns-
PLP-experiments with identical conditions are conducted for MB,G and B4G in MMA.
All ns- and fs-PLP experiments were reproduced three times. After irradiation, the
monomer conversion was determined via gravimetry. The resulting averaged MMA-

conversion of the each two fs- and ps-PLP-experiments is presented in Table 4.11.

Table 4.11. MMA-conversion fs- and ns-PLP-experiments with identical conditions.

Sample c/mmol L  fs-PLP conversion/ % ns-PLP conversion / %
MB,G in MMA 5 115+ 0.2 5.0+0.1
B4G in MMA 2.5 11.3+ 0.5 6.1+0.2

Remarkably, the monomer conversion of the fs-PLP-experiment is a factor 2 higher
than for the ns-PLP-experiment. In the following, the result is discussed based on
general considerations about differences between excitation via ns- and fs-laser

pulses, which are (1) spectral width, (1) intensity, and (Ill) pulse duration.

(I) A ns-pulse is approximately monochromatic, while an fs-pulse shows a spectral
width of ~10 nm due to the transform limit. In general, the spectral width can be im-
portant due to a different distribution of the population within the excited states lead-
ing to a varied channel branching. However, ns-PLP-cocktail experiments show, for

different excitation wavelengths within the nm*-band of acylgermane initiators, no dif-

113



ference in the overall initiation efficiency in line with TDDFT-calculations. Thus, the
influence by the spectral width is plausibly only of minor importance for the present

experiment.

(1) Major differences are present in the peak intensities of 1.5-10° W cm™ and
3:10" W cm™ for 10 ns- compared to 50 fs-pulses, which are calculated from the
averaged pulse energy at the above presented PLP-conditions. Thus, the peak in-
tensities of the fs-pulses are approximately 6 orders of magnitude higher than the ns-
pulses resulting in many more photons per light excitation event. The high amount of
photons enhances the probability for absorption, which leads to a high population of
molecules in excited states. In addition, the propability for nonlinear effects increases
at higher energies, e.g. two-photo absorption cannot be generally excluded anymore.

(1) A further fundamental difference between ns- and fs-laser pulses are their dura-
tions of ~10 ns and ~50 fs. Herein, pulse durations in the order of fs are shorter than
the time scale for most photophysical processes of a molecule® featuring a temporally
defined excitation. In contrast, ns-pulses of 10 ns are in the order of radical cleavage,
which reflects a quasi-continuous irradiation compared to the time scale of photo-
physical processes, e.g. ISC within tens of ps. Thus, the quasi-continuous irradiation
can plausibly interfere with the excited state relaxation processes of the photoinitia-
tors, e.g. repeated ESA into higher excited states instead of the population of a triplet
via ISC from lower excited singlet states.

In conclusion, the increased conversion for fs-PLP experiment is plausibly a result of
temporally defined as well as efficient excitation caused by very intensive (lI) and
short pulses (lll). Herein, it is shown that fs-PLP experiments are feasible and show
promising results in comparison to ns-PLP experiments. Hence, an in-depth investi-
gation on fs-PLP with respect to temporal controlled initiation events could be a future
perspective within the FRP-research.
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5. Tin-Based Visible Light Initiators

In the previous chapter, the photophysical and -chemical properties of acylgermanes
were analyzed. Especially, approaches for increasing the initiation efficiency could be
shown, e.g. non-stoichiometric size-dependence. However, a systematic approach
for increasing the bathochromic shift in the absorption spectrum is challenging, e.g.
electron withdrawing substitution patterns for monoacylgermanes, which lead to a red
shift accompanied by very weak initiation efficiency. A promising path could be the
substitution of the germanium with a tin-atom as shown for the example of tetrame-
sitoylstannane (Mes,4T) in a recent publication of the Liska group.** For a closer look,
the steady-state UV/Vis spectra of Mes,T and B4G dissolved in MMA are provided in
Figure 5.1.
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Figure 5.1. Steady-state UV/Vis-spectra of Mes,G and B,G illustrating the red shift of the tin-
compound.

In comparison, both spectra reveal an absorption band with similar extinction coeffi-
cients of 1000-1500 L mol™ cm™ peaking at ~400 nm, which can plausibly be as-
signed to ntr*-transition into S;., due to four mesitoyl-moieties (refer to section
4.1.1). Remarkably, the right wing of the absorption band of Mes,T in MMA shows a
stronger broadening than B4sG up to ~500 nm. In addition, the efficient decomposi-

tion, surprisingly low toxicity and good bleaching properties of Mes,T are reported.*®
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However, organo-tin-compounds are, in general, less stable than their germanium-
substitute due to weaker Sn-C bond energy leading to a higher possibility for intermo-

lecular interactions.*? 1*°

In the following, the photophysical and -chemical properties of two acylstannane-
derivatives are investigated. Herein, the stability is studied by combination of solvent-
dependent steady-state UV/Vis-, nuclear magnetic spin resonance (NMR) and solid
state X-ray photoelectron spectroscopy (XPS). As a consequence, a special sample
preparation for PLP-ESI-MS studies on Mes,T dissolved in MMA is introduced. Sub-
sequently, wavelength-dependent PLP-MMA-conversion-plots are conducted. PLP-
ESI-MS experiments are carried out to characterize the cleavage mechanism and to
quantify the initiation efficiency in cocktail experiments. Finally, the TA-spectrum of
Mes,T is presented as a first approach for the development of a possible photophysi-

cal mechanism.

5.1 Stability of Triphenylbenzoyl- and Tetramesitoylstannane

In the current chapter, the chemical stability of Mes,T and triphenylbenzoylstannane
(TPBT) are investigated in solid state via XPS and in solution via NMR and steady-
state UV/Vis-spectroscopy. Solid-state XPS-spectra of Mes,T and TPBT were con-
ducted by Lukas Michalek and are presented in Figure B1. As a general remark,
XPS on photoinitiators is limited to a characterization of the overview spectrum,
which includes the atomic ratios of a compound. A more detailed characterization via
peak-deconvolution is not possible due to photodamages from X-ray excitation. In
contrast to Mes,T, TPBT decomposes already in the solid state, which dismisses
TPBT for further experiments. In fact, TPBT changes its macroscopic appearance
from crystalline powder to high viscosity grease within a day under exclusion of light.
Mes,T is sufficiently stable in the solid state, which is reflected by a weak deviation
between the recorded and expected atomic ratio of the compound (Figure Bla))
However, Mes,T decomposes in solution under light-exclusion as shown in Fig-
ure 5.2. The decomposition in solution is in line with NMR-measurements done by
Marcus Zieger, which show significant decomposition already after 15 min, which is

further increased after 18 h (Figure B2).
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Figure 5.2. Steady-state UV/Vis-spectra of Mes,T dissolved in MMA, toluene, and toluene
with water droplets for comparison of the decay of OD before and after 50 min waiting time
under light-exclusion.

The OD of all absorption spectra is normalized to the absorption spectra of Mes,T
dissolved in toluene and in MMA, respectively. All spectra were recorded immediately
after sample preparation. After 50 min waiting time with light-exclusion, a significant
decay of all spectra was observed. Remarkably, the addition of water droplets to tol-
uene leads to a very strong decay, which is plausibly an evidence for hydrolysis reac-
tions, as known for organo-tin-compounds.*® Especially, the results in MMA are im-
portant for further PLP-ESI-MS investigations, which show already a decay of 2 %
after 15 min (refer to Figure B3). Thus, special conditions are chosen to minimize the

non-photo-induced decomposition of Mes,G in MMA in PLP-experiments.

With respect to possible hydrolysis reactions, PLP-cocktail- and wavelength-
dependent PLP-experiments were conducted with water-free MMA, which was re-
ceived after stirring overnight with CaH, and subsequent distillation. Further, the
sample preparation was conducted in less than 6 min from solvent addition inclusive
N2-purging until light irradiation. Fs-experiments with Mes,T are carried out in toluene

without further purification.

5.2 PLP-ESI-MS Investigations on Tetramesitoylstannane
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In the following, the radical fragments of Mes,T are investigated via PLP-ESI-MS end
group analysis. Subsequently, the overall initiation efficiency of the cocktail experi-
ment Mes,T:MB,G is quantified under special conditions with respect to the instability

of Mes,T as described above (section 5.1).

5.2.1 PLP-ESI-MS End Group Analysis of Tetramesitoylstannane

The SEC-ESI-MS-spectrum of the PMMA-products obtained from PLP is analyzed for
identification of crucial initiating and terminating radicals originated from Mes,T.
Herein, PLP-experiments of 2.5 mmol L™ Mes,T in MMA are conducted with 90000
pulses at 400 nm and ~320 pJ/pulse. The corresponding recorded (black) and pre-
dicted (red) SEC-ESI-MS-spectra are presented in Figure 5.3.

MgsH

MesMes Mes= -

recorded

1400 1420 1440 1460 ¢ 1480 1500
predicted
Sn-products Sn-products
III . ..Illnl.m.. . |
1400 1420 1440 1460 1480 1500
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Figure 5.3. Recorded (black) SEC-ESI-MS and predicted (red) mass spectra of PMMA-
products obtained from PLP initiated by Mes,T at 400 nm. From comparison with predicted
spectrum, no Sn-containing species are observed.

Dominantly, disproportionation (Mes=, MesH) and combination products (MesMes)
initiated and terminated by mesitoyl radicals are obtained, which are expected from
an a-cleavage of the Sn-CO bond. For analyzing possible Sn-containing products,
the PLP-ESI-MS spectrum of 4-armed tin-centered star polymers, analogous to ger-
mane-centered species (refer to section 4.2.3), are predicted by using the above
presented multinomial coefficient approach (Figure 5.3, red spectrum, species in

Figure B4). In comparison of predicted Sn-products with the recorded spectrum, an
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evidence for the formation of Sn-containing species is missing. Thus, it can be as-
sumed that competing reaction channels of Sn-radicals impede an efficient initiation
of polymerization. However, a weak ionization ability of Sn-containing polymer prod-

ucts cannot be safely excluded, which could hamper the subsequent detection.

In summary, Mes,T reveal a common a-cleavage mechanism, but no evidence for
the formation of 4-armed star polymers is observed. In contrary to acylgermanes, the
tin-containing radicals must not lead to a statistical formation of star polymers, which
may be a consequence of competing reaction channels introduced by tin.

5.2.2 PLP-ESI-MS Cocktail Experiment of Tetramesitoylstannane

The PLP-ESI-MS cocktail experiment of Mes,T:MB,G in water-free MMA was con-
ducted at analogous conditions to the acylgermane study above, e.g. 7 samples, 5
mmol L™?, ~320 pJ/pulse, 100 Hz, 15 min within the nTr*-maxima at 398 and 411 nm.
In addition, the evaluation of the recorded mass spectra was carried out as described

in section 4.3. The corresponding G,’szo vs initial molar ratio-plot is presented in Fig-

ure 5.4. A weak chain length dependent ionization-bias can be inspected in Fig-
ure B6 (for further explanation refer to section 4.3)

The averaged overall initiation efficiency of Mes,T:MB,G in water-free MMA is ob-
tained to 1.4 + 0.08, which is smaller than an factor of 2 as expected by stoichiome-
try as well as by the ratio of the maximal nt*-extinction coefficients
(emax(MessT) = 1579 L mol™ cm™ qa(MB2G) = 779 L mol™ cm™). Thus, the overall
initiation efficiency of Mes,T:MB,G is likely decreased by decomposition channels,
which do not lead to an initiation of polymerization as expected from UV/Vis and
NMR studies above. By considering m(B;G:MB,G)=2.86 + 0.64 (refer to Table 4.8),
the overall initiation efficiency of the cocktail experiment Mes4T:B4,G can be calculat-
ed to ~0.49 + 0.37, which shows a factor 3 higher efficiency as measured in a cock-
tail experiment in MMA without further purification (refer to Figure B5). Thus, water
clearly has an influence on the overall initiation efficiency of Mes,T, which is in line

with a presumed hydrolysis.** **°
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Figure 5.4. fojzo vs initial molar ratios-plot of the cocktail experiment Mes,T:MB,G in water-
free MMA to determine the overall initiation efficiencies of the radicals Mes and MB at excita-
tion wavelength as indicated. Red: Linear regression of all mass-bias-free ratios G,’?jzo of the

disproportionation product Mes= initiated by the radical Mes originated from the initiator
Mes,T versus the initial molar ratios n(Mes.T)/n(MB-G) resulting in an overall initiation effi-

ciency of m"®$=1.45. Green: Linear regression of all inverse mass-bias-free ratios (G,/,0) "

of the disproportionation product MB= initiated by the radical MB originated from the initiator
MB,G versus the initial molar ratios n(B.G)/n(MBG) resulting in an overall initiation efficien-
cy of mMB=1.34. Deviations between m"®s and m}E reflect the scattering of the experiment.

nv. nv.

In conclusion, the overall initiation efficiency of Mes,T is significantly lower than for
B4G and MB,G as reflected by a factor of 0.5 and 1.4, respectively. However, the
obtained factor is plausibly a lower boundary for the estimation of the overall initiation
efficiency due to possible degradation of the tin-compound before starting the PLP-
experiment. A further improvement could be achieved by working in a yellow/red

light-laboratory under inert conditions, e.g. oxygen- and water-free glove box.
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5.3 fs-TA Investigation on Tetramesitoylstannane

In this section, the photophysical dynamics of Mes,T are studied in toluene via fs-TA.
The corresponding steady-state spectrum of Mes,T dissolved in toluene as used for

fs-TA is shown in Figure 5.5.
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Figure 5.5. UV/Vis-spectrum of Mes,T in Toluene as used for fs-TA. Excitation wavelength of
400 nm (grey dashed line) results in a sample OD ~ 3.2 in a 1 mm cuvette (blue spectrum).
Spectrum in red indicates the decomposition of the initiator during the fs-experiment.

The samples for fs-TA are prepared at very high OD of ~3 at the excitation wave-
length of 400 nm due to very weak transient responses of the system. After excitation
at 400 nm, the transient responses of Mes,T in toluene are probed with a CaF,-white
light continuum between 350 and 720 nm. The resulting TA-spectrum is presented in
Figure 5.6.
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Figure 5.6. Transient Spectra of Mes,T dissolved in toluene pumped at 400 nm and probed
by CaF,-white light continuum between 350-720 nm. Time delays as indicated.

The region at 400 nm is omitted due to scattering from pump pulse. Transient re-
sponses at wavelength <420 nm are vanished by high sample OD > 2. Immediately
after excitation, a broad ESA-absorption is observed from 420 to 720 nm, which de-
cays in ~500 fs to a very weak ESA remaining on a time scale > 1.2 ns (time con-
stants are obtained from biexponential fitting routine of single transient response at
480 nm as presented in Figure B8. ). The apparently negative response in the region
of 700 nm is caused by white light fluctuations within the resolution of the experiment
of 1:10%, which can be seen from comparison with the TA-spectrum recorded for de-
lay times before zero (-1 ps). In line with a more efficient bleaching behavior*! **®
compared to acylgermanes, as well as the weak stability of Mes,T in solution (refer to
section 5.1), the major depopulation is plausibly caused by ultrafast singlet-decay via
IC. In comparison to a negligible fluorescence quantum vyield (Figure B7), the weak
long-living ESA can be assigned to the transient response of a triplet state, which is
probed into higher lying excited triplet states. The formation of triplet states is crucial
for the radical formation via a-cleavage as expected from PLP-ESI-MS end group
analysis. In line with the reduced overall initiation efficiency of Mes,T compared to
acylgermanes, the dominant singlet decay is likely associated to competing channels,
which do not lead to initiation of polymerizations. By evaluating the relative ampli-
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tudes % of the biexponential fit at 480 nm, the channel branching is roughly esti-

mated by 88 % singlet decay and 12 % remaining triplet ESA (refer to Figure B8).
However, the obtained ratio is probably defective due to low signal-to-noise ratio of
the experiment. The channel branching between a competing singlet decay and ISC

is sketched in Figure 5.7.
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Figure 5.7. Jabtonski diagram depicting the photophysical mechanism of Mes,T. After excita-
tion, the quasi-degenerated excited singlet states are depopulated dominantly by IC as a
competing pathway to ISC in less than 1 ps. ISC into triplet states is expected to be crucial
for the radical formation.

5.4 Summary Tetramesitoylstannane

The substitution of the germanium-centered atom with a tin-atom of a tetraacyl-
system leads to a strong bathochromic shift, which could be a promising direction for
the development of new visible light initiators. However, the investigated systems
decompose already from ground state without light excitation, which is plausibly
caused by longer C-Sn in comparison to C-Ge-bonds.*? In line with literature,** a
possible decomposition pathway is the intermolecular interaction with water. Conse-
guently, the overall initiation efficiency of Mes,T is reduced by a factor of 0.5 com-
pared to structurally similar tetraacylgermanes as a result of decomposition without
radical formation. In addition, no stannyl-initiated PMMA products are observed via
PLP-ESI-MS, which could be an evidence for a competing reaction pathway. The
results are in line with data from fs-TA. Herein, dominating ultrafast singlet decay
(~88%) within ~500 fs is observed, while only a small long-living triplet population can
be considered for radical formation. The excellent bleaching behavior of Mes,T as

reported by literature** **

is, in turn, not necessarily related to an efficient initiation
behavior due to dominant singlet decay without radical formation.
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6. Investigation on Visible Light-Triggered Tetrazoles via
fs-TA

2,5-diaryl-tetrazoles are known for their ability to undergo light-induced catalyst-free
ligations via NITEC (refer to section 2.3).22 The NITEC reaction is employed for e.g.

26-21 and surface

(A-orthogonal) polymer linkage,?** fluorescence markers in biology,
modifications.?>*® For activation of 2,5-diaryl-tetrazoles, excitation with UV light is
necessary.?! A bathochromic shift of the absorption spectra from UV to visible light
was achieved for PyTet and BiphTet by substitution with pyrene®* and biphenyl-

moieties in the 2-N position,*

respectively. As a side effect, both chromophoric
groups lead to strong fluorescence.?™ 3% 10182 NITEC is theoretically expected to
proceed after efficient ISC accompanied by a subsequent ring-opening and Na-
release under formation of nitrile imine intermediates.?> “° In contrary to Tet and
PyTet, BiphTet reveals no sufficient NITEC performance due to, theoretically predict-
ed, inefficient 1SC.>® However, experimental time-resolved studies on the excited
states dynamics of tetrazoles used for NITEC have not been available, yet. In the
current thesis, investigations on the ultrafast dynamics of tetrazoles after photo-

excitation are presented for the first time.

In the following Tet (efficient NITEC), PyTet (efficient NITEC), and BiphTet (inefficient
NITEC) dissolved in DCM are investigated by utilizing fluorescence quenching pro-
cesses of IEt*® and TEMPO® in fs-TA (investigated systems are presented in Fig-
ure 6.1).

T 3 T O

PyTet BiphTet Tet

Figure 6.1. Overview of investigated tetrazoles. 2-pyrene-5-phenyl-tetrazole (PyTet), 2-
dimethylaminobiphenyl-5-phenyl-tetrazole (BiphTet), 2,5-diphenyl-tetrazole (Tet).

The ester moiety in para-position of the phenyl ring in 5-C position is known to en-
hance a selective cycloaddition of the formed nitrile imine.”"?’ However, the present
study focuses on the influence of the chromophores in the 2-N position. Thus, each

investigated system bears identical ester-motifs to enable a proper comparability.

124



The section begins with the steady-state properties of the investigated tetrazole sys-
tems. Accordingly, the fluorescence quantum yields of BiphTet and PyTet as well as
the corresponding quenching-effects of IEt in DCM were assessed via steady-state
spectroscopy. Subsequently, the transient spectra of Tet, PyTet and BiphTet in DCM
and in DCM:IEt mixtures are presented allowing the evaluation of their ultrafast dy-
namics. The results will be compared with known reactivity properties to develop a
photophysical and -chemical mechanism for NITEC-precursors. Furthermore, the
applied method is carefully analyzed via concentration-dependent fs-pump-probe
experiments to show the possibilities and limits of fluorescence quenching studies in

fs-TA for the presented chromophores.

6.1 Steady-State Fluorescence Spectra of Tet, PyTet, BiphTet in
DCM and Quenching Effects of IEt

In the present section, the fluorescence properties of Tet, PyTet, and BiphTet in DCM
and DCM:IEt mixtures are compared. If possible, their fluorescence quantum yields

®r are determined.

Tet shows no significant fluorescence within the resolution of the spectrometer after
excitation at its absorption maximum of ~280 nm (Figure C1). Thus, ®f is expected
to be smaller than < 10™. Hence, a competing radiative relaxation pathway can be
excluded, which makes Tet an ideal non-fluorescent reference system for the follow-

ing fs-pump-probe experiments.

The fluorescence spectra of a) PyTet and b) BiphTet are presented in Figure 6.2.
PyTet and BiphTet dissolved in DCM reveal distinct fluorescence bands peaking at
430 and 520 nm after excitation at 395 nm, respectively, which is consistent with fluo-
rescence spectra presented in literature.? 3 Evidences for dimer- or excimer-
formation are not observed, e.g. additional bands in UV/Vis absorption spectra or

bimodal fluorescence bands as known for pyrene.60-16% 163

Excitation at 395 nm within the red tail of the absorption spectra of PyTet and BiphTet
presumably leads to transitions into low vibrational levels of the first excited singlet
state S1.%° The conditions are chosen for later comparison with fs-TA, which was con-
ducted at an excitation wavelength of 400 nm. In addition, ®¢ was quantified at an
excitation wavelength of 395 nm by using C307 (reference spectrum in Figure C2) in
ethanol as a reference system (®(C307, 395 nm) = 56 %)'*. Herein, ®¢ of PyTet

125



and BiphTet dissolved in DCM are estimated by ~8 and ~11 %, respectively. In addi-
tion, the corresponding fluorescence lifetimes of PyTet and BiphTet in DCM are ~1.3
and ~1.8 ns, which were obtained via TCSPC (refer to Figure C3). In comparison, ®¢
of PyTet and BiphTet in DCM are very similar. Thus, the radiative singlet relaxation
channel is plausibly not the main reason for the weak reactivity of BiphTet compared
to PyTet, which features efficient NITEC.

a) b)
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Figure 6.2. Steady-state UV/Vis (dashed lines) and fluorescence spectra (solid lines) rec-
orded at excitation wavelength 395 nm in DCM (blue) as well as diverse DCM:IEt mixtures
(greenlyellow to red) of a) PyTet b) BiphTet. Fluorescence quantum yields ®r determined by
using coumarin 307 in ethanol as a literature-known standard (refer to Figure C2).*** Con-
centrations of PyTet, BiphTet, |Et as indicated.

The quenching influence of IEt is quantified by determining ®¢ from recorded UV/Vis
and fluorescence spectra of PyTet and BiphTet in diverse DCM:IEt-mixtures at exact
defined sample concentrations (Figure 6.2). Importantly, UV/Vis spectra are not in-
fluenced in the presence of IEt excluding chemical interactions between the investi-
gated tetrazole and quencher systems. With increasing IEt-concentration, ®f of
PyTet is linearly decreased from 8.3 to 6.7 % (Figure 6.2a), Figure C4) as expected
from the HAE of |Et. 112 161164165 1y contrast, the fluorescence of BiphTet is not
quenched in the presence of IEt as evidenced by a slight increase of ®rfrom 11 to
12 % in Figure 6.2b). Remarkably, the absence of a quenching effect on the fluores-
cence of BiphTet, in contrast to PyTet in DCM:IEt mixtures, is most likely caused by

different branched excited states.

As a technical remark, the quantification of ®¢ of PyTet and BiphTet in DCM:IEt mix-
ture is challenging due to sample preparation with very exact concentrations. The
quenching processes can be disturbed by the presence of 0, " 1% However, de-
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gassing of samples dissolved in DCM without solvent loss is complicated due to the
low vapor pressure, which can lead to slight concentration changes. Hence, DCM
(molecular sieve) without further degassing is used for the quencher-dependent
steady-state fluorescence measurements, which could have led to overestimated ®¢

of PyTet in the presence of IEt.

6.2 fs-TA: Investigation on Diaryl-Tetrazoles in DCM

The excited state dynamics of Tet, PyTet and BiphTet in DCM and DCM:IEt mixtures
are investigated via fs-TA. The results will be compared to the findings of steady-
state spectroscopy and literature-known TDDFT-calculations as well as reactivity

properties.?! 30 46

6.2.1 Tetin DCM

In the following, a simple model for the excited state dynamics of Tet is developed,
which can support the subsequent characterization of more complex photophysics
and -chemistry of fluorescent PyTet and BiphTet. Tet is an example for efficient UV-
triggered NITEC precursors exhibiting negligible fluorescence properties (Figure C1).
Thus, Tet is an ideal reference system to study the singlet-triplet branching via fs-TA.
The UV/Vis spectrum of Tet dissolved in DCM recorded in a 1 mm cuvette as used

for fs-TA is presented in Figure 6.3.
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Figure 6.3. UV/Vis-spectrum of Tet in DCM as used for fs-TA. Excitation wavelength of
300 nm (grey dashed line) results in a sample OD ~2 in a 1 mm cuvette.
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The sample for pump-probe experiments with Tet in DCM is prepared at a relatively
high OD ~2 due to weak transient responses within the excited states. The corre-
sponding TA-spectrum of Tet dissolved in DCM is recorded after excitation at 300 nm
(4.1 eV) and probing with a CaF,-white light continuum between 350-720 nm as
shown in Figure 6.4.
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Figure 6.4. Transient spectra of Tet dissolved in DCM, pumped at 300 nm (4.1 eV), and
probed by CaF,-white light continuum between 350-720 nm. Time delays as indicated.

After excitation at 300 nm into the right wing of the S;-absorption band (refer to Fig-
ure 6.3 and ref. 30), the TA-spectrum of Tet reveals instantaneously a broad ESA
from 400-720 nm peaking at ~475 nm (Figure 6.4). The broad ESA decays in a few
ps from ~6.5 to 3.5 AmA, which is accompanied by a hypsochromic shift from ~475 to
~460 nm. As indicated by an isosbestic point at ~410 nm, the ultrafast decay is relat-
ed to an increasing ESA at ~370 nm (Figure C5). Subsequently, the broad ESA de-
creases on a longer time scale, which remains within the recorded time window. The
remaining ESA with a maximum at ~460 nm is broadened over the entire recorded

wavelength range from 350-720 nm.

GSB is expected in the region < 325 nm due to the ground state absorption spectrum
of Tet (refer to Figure 6.3), which is not accessible within the probing region of
350-720 nm. The assumption of a long-living singlet state would likely lead to a
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strong fluorescence pathway. In contrast, neither a negative transient response from
SE nor significant steady-state fluorescence are observed (refer to Figure C1). In
addition, the ultrafast decay of ESA at ~475 nm is accompanied by a hypsochromic
shift to ~460 nm and rise of ESA at ~375 nm, which emphasizes the formation of a
triplet state. In conclusion, the ultrafast decay is assigned to VR within S; accompa-
nied by an ISC into long-living triplet states. In comparison with TDDFT-
calculations,® the long-living broad ESA-band corresponds to the first three triplet
states, which are probed into a triplet manifold. Obtained from biexponential global
analysis (for corresponding DAS refer to Figure C6), ISC occurs within 600 fs, which
is convoluted with VR from vibrational hot S;. The decay of triplet ESA occurs on a
time scale > 1.3 ns, which is associated with IC and VR within the first three triplet
states. In addition, ring-opening accompanied by No-release is another plausible rea-
son for the decay of triplet ESA.3* %6 82 However, a significant wavelength-shift or a
rise of additional species is not observed within the recorded wavelength-range. A
summary of the photophysical and -chemical processes is given in Figure 6.5.
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Figure 6.5. Jabtonski diagram schematically depicting the photophysical mechanism of Tet.

6.2.2 PyTetin DCM

In this section, the singlet-triplet branching of PyTet in DCM is investigated via fs-TA.
Herein, fluorescence quenchers IEt and TEMPO are utilized to elucidate excited tri-
plet state absorption in TA-spectra, which are highly superimposed by transient re-
sponses of excited singlet dynamics. Subsequently, an approach for quantifying the

129



influence of fluorescence quenchers on the TA-spectrum of PyTet in DCM:IEt mix-

tures is presented, which shows the possibilities and limitations of the method.

The UV/Vis spectrum of PyTet dissolved in DCM recorded in a 1 mm cuvette as used

for fs-TA is presented in Figure 6.6.
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Figure 6.6. UV/Vis spectra of PyTet dissolved in DCM as used for fs-TA. Excitation wave-
length of 400 nm (grey dashed line) results in a sample OD of ~0.7 in a 1 mm cuvette. Inset:
OD-wavenumber-plot of structured absorption tail between 400 and 600 nm reveals a vibra-
tional progression of ~1400 cm™.

PyTet dissolved in DCM is excited within its right absorption wing at 400 nm (3.1 eV)
of the first absorption band, which is in the region of the S;-transition.>° Remarkably,
a structured absorption tail between 400 and 600 nm can be observed. Plotting the
OD versus wavenumbers reveals a vibrational progression of ~1400 cm™ (inset of
Figure 6.6), which is in the order of a C-C stretching mode of Sy or S; of pyrene of
1410 and 1397cm™, respectively.*®” Thus, the absorption tail reaching up to 600 nm
can be plausibly assigned to a vibronic transition into S; of PyTet due to sufficient
overlapping of Franck-Condon factors according to the presumed C-C stretching

mode of the pyrene moiety.

After excitation at 400 nm, PyTet dissolved in DCM is probed by a CaF,-white light
continuum between 350 and 720 nm. The corresponding TA-spectrum of PyTet in

DCM is presented in Figure 6.7.
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Figure 6.7. Transient spectra of PyTet dissolved in DCM pumped at 400 nm (3.1 eV) and
probed with a CaF,-white light continuum between 350 and 720 nm with a fixed concentra-
tion and varying time delays as indicated. Region at 400 nm omitted due to scattering from
pump pulse. Zero AA within the UV-A range is caused by sample OD > 2 for wavelengths
smaller than 390 nm (refer to Figure 6.6).

PyTet in DCM reveals, immediately after excitation, a broad TA-band of the excited
states peaking at ~630 nm as well as a broad negative transient response at
~420 nm. Within a few ps, the ESA undergoes an ultrafast decay to ~85 % from the
initial AA (~13-107 to ~11-10"%), which is accompanied by a strong hypsochromic shift
of ~30 to ~600 nm. In addition, the negative response shifts from ~420 to 430 nm
during an ultrafast recovery within a few ps to ~60% of the initial
AA (-3.5-10° to -2-10%). In comparison, the ultrafast recovery of the negative transi-
ent response and the ESA decay are likely correlated. However, the differences in AA
as well as the wavelength shifts indicate superposition of photophysical processes on
an ultrashort time scale. Subsequently, the ESA-band decreases further with a slight
red shift from 600 to ~610 nm within hundreds of ps. As indicated by an isosbestic
point at ~490 nm, the recovery of the broad negative response with a minimum at
~420 nm is linearly correlated to the decay of the ESA-band. Remarkably, the transi-
ent response at ~440 nm increases to positive AA, which could be an evidence for a
superimposed long-lasting ESA within this wavelength region. Finally, the entire TA
spectrum from ~400 to ~720 nm is dominated by ESA, which persists longer than the

recoded time window of 1.3 ns.
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In accordance with the fluorescence maximum at ~430 nm of PyTet (P~ 8 %, Fig-
ure 6.2), the negative transient response can be assigned to dominant SE. Conse-
guently, the linearly correlated decay of the broad ESA within hundreds of ps can be
interpreted as the corresponding singlet state, which is depopulated via SE. By com-
parison with the steady state UV/Vis spectrum as shown in Figure 6.6, GSB of PyTet
is mainly expected at wavelengths < 400 nm. Unfortunately, the region at ~400 nm is
superimposed by scattering of the pump pulse, while the TA < 390 nm is vanished by
the strong absorption of the sample. However, superposition with GSB cannot be
safely excluded within the region of the SE due to the absorption tail up to 600 nm
(refer to inset Figure 6.6). In conclusion, the entire TA-spectrum of PyTet in DCM is
dominated by ESA and SE according to relaxation of singlet states via fluorescence.
In contrast to the non-fluorescent reference system Tet, the characterization of triplet

states in PyTet is complex due to superposition with dominant singlet state dynamics.

In the following, a striking evidence for triplet states will be given by analyzing the
influence of fluorescence quenching processes on the TA-spectra of PyTet. For this
purpose, the transient pump-probe broadband spectra of PyTet in a DCM:IEt mixture
as well as in DCM with TEMPO are presented in Figure 6.8 and Figure C8 (corre-

sponding steady-state UV/Vis spectrum in Figure C7), respectively.
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Figure 6.8. TA-spectrum of PyTet dissolved in a DCM:IEt mixture, which was excited at
400 nm and probed with a CaF,-white light continuum between 350 and 720 nm. Significant
increase of ESA at ~450 nm is an evidence for a triplet state. Time delays and concentra-
tions of PyTet and IEt as indicated. Transient responses at ~400 nm are omitted due to scat-
tering from pump pulse.
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The TA-spectrum of PyTet was recorded in a DCM:IEt-mixture featuring a quencher
concentration of c(IEt) =6.2 mol L with an excitation wavelength centered at
400 nm and probed with a CaF,-white light continuum between 350 and 720 nm (for

further TA-spectra in other DCM:IEt-mixtures refer to Figure C9).

In comparison to the TA-spectrum of PyTet in DCM (Figure 6.7), all dominant fea-
tures of the spectra are represented as well in the presence of IEt, e.g. strong singlet
ESA at ~600 nm and corresponding SE ~430 nm immediately after excitation. In con-
trast, the recovery of SE proceeds on a shorter time scale, which is correlated to the
decay of the corresponding singlet ESA peaking at 615 nm indicated by an isosbestic

point at 514 nm.

For long delay times of ~1.3 ns, the ESA-band reveals no distinct maximum within
the region of 600 nm anymore. However, a distinct ESA-band peaking at ~460 nm is
observed with a lifetime exceeding the recorded time window of ~1.3 ns. The faster
SE-recovery as well as the decay of singlet ESA are in accordance with a decreased
@k (8.3 t0 6.7 %) originating from the quenching effect of IEt on PyTet in steady state
fluorescence spectroscopy (refer to section 6.1). The additional band at ~460 nm

indicates a long-living process being unaffected by the presence of IEt.

The quenching mechanism of IEt can be explained by the HAE, enhancing the
SOC.™ SOC is resulting from interactions between spin and orbital angular momen-
ta, leading to a higher probability for spin-forbidden transitions.*° Thus — as a conse-
guence of the presence of IEt — ®¢ is reduced, while singlet relaxation via ISC is fa-
vored. Hence, the additional TA-band at ~460 nm in the presence of IEt is a striking
evidence for ESA of triplet states. The triplet ESA superimposes the entire transient
spectrum, which is in accordance with TDDFT calculations from literature.* Herein,
three energetically low-lying triplet states are accessible from the Franck-Condon
region of S;, from which a manifold of higher lying triplet states is available for triplet
ESA.

The quenching-effect is validated by the transient spectrum of PyTet in DCM in the
presence of TEMPO (c = 4-10° mol L"), which is known for an alternative fluores-
cence quenching mechanism via interactions with the paramagnetic doublet states.”
62,188 |n fact, a similar TA-spectrum is observed, which exhibits a faster SE-recovery

revealing a strong ESA-band within the same wavelength region (refer to Figure C8).
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Thus, the change in the ratio between SE and triplet ESA is clearly an effect of a fluo-

rescence quenching mechanism.

The steady-state UV/Vis- and TA-reference spectra of TEMPO and IEt are provided
in Figure C10 and Figure C11, respectively. Both quencher molecules show only a
very weak OD < 0.01 at the pump wavelength of 400 nm. TEMPO reveals no transi-
ent response in fs-TA after excitation at 400 nm (Figure C10b), c)). IEt in bulk re-
veals a very weak, long-living transient response peaking at ~500 nm
(Figure C11b)). However, the intrinsic transient response of IEt has an insignificant
influence on the progression of the transient response from superimposed SE and
triplet ESA for PyTet in DCM:IEt-mixtures (Figure Cl11c), d)). Thus, influences by
intrinsic dynamics of the quencher molecules are not relevant for the presented dis-
cussion. A more detailed view on the dynamics of IEt is given in the caption of Fig-
ure C11 in the appendix.

The clear evidence for a long-living triplet state in PyTet enables a quantitative analy-
sis of the TA-spectrum of PyTet in DCM (Figure 6.7). Hence, a global analysis with
four exponential functions is applied featuring 20 nm steps from 420 to 680 nm. The

resulting amplitudes C;(4, t;) of the DAS are presented in Figure 6.9.
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Figure 6.9. DAS obtained from multiexponential global analysis of the TA-spectrum of PyTet
dissolved in DCM. Time constants t; according to amplitudes C;(4, ;) of four exponential
functions as indicated.
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Four time constants 7;_, are obtained from multiexponential fitting of single transient
responses between 420 and 680 nm of PyTet in DCM. A negative amplitude
C;(1,t;) <0 reveals a rising and a positive C;(4,1;) > 0 a decaying transient response,

respectively. A zero-crossing indicates an isosbestic point.

The dominant radiative singlet relaxation observed for TA-spectrum of PyTet
(Figure 6.7) is represented by C3(4, t3), reflecting the correlation of the decay of ESA
~600 nm with SE-recovery at ~430 nm within 515 ps. The fourth process is associat-
ed with a slow decay of ESA exceeding the recorded time window of > 1.3 ns ob-
served on the entire spectrum from 420-680 nm. Thus, the recovery of SE is clearly
superimposed by a long-living ESA, which is consistent with an increase to positive
AA within the region of the SE at ~430 nm (Figure 6.7). Demonstrated by results
from pump-probe experiments with PyTet in DCM:IEt-mixtures, the increase to posi-
tive AA at ~430 nm can be interpreted as a superposition of SE from radiative singlet
relaxation and ESA from triplet states. Consequently, the ultrafast decay of the ESA
shifting from 630 to 600 nm as well as the nonlinearly correlated SE recovery shifting
from 420 to 430 nm originate from triplet state dynamics, reflected by C;(4,1;), and
C,(4,t,) (Figure 6.9).

C;(1,t,) is associated to an ultrafast decay within ~500 fs between 575 and 680 nm,

which is correlated with a broad rise in the region from 420 to 575 nm. Since SE is
immediately observed after excitation (Figure 6.7), the ultrafast rise in 500 fs within
the range of 420-575 nm is presumably not resulting from IC and VR of excited sin-
glet states due to Kasha’s rule.’ Thus, the increase within 500 fs most likely stems
from ISC into excited triplet states, which is consistent with the ultrafast ISC within
600 fs of Tet in DCM (refer to section 6.2.1).

The ultrafast ISC is also correlated to the decay of ESA between 575 and 680 nm
(Figure 6.9), which is associated with the blue shift from 630 to 600 nm in the TA-
spectrum (Figure 6.7). Consequently, the band shifting from 630 to 600 nm is a su-
perposition of the increasing ESA from triplet and decreasing ESA from singlet states
as indicated by the zero-crossing of C;(4,t,) at ~575 nm. The second process
(C,(4,7t,)) proceeds from VR and IC within triplet states, which is reflected by a fast

decay within 5 ps on the entire TA-spectrum.
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In accordance with TDDFT-calculations,® the broad TA-band from 400 to 720 nm
observed in C,(4,1,) is likely dominated by the transient responses of long-living tri-
plet states, which are probed into a manifold of higher triplet states for long delay
times. Thus, the ESA-band at 600 nm is a superposition of the decay of singlet states
and the long-living ESA of triplet states. Herein, the decay of singlet state-ESA is ac-
companied by a slight red shift from 600 to 610 nm (Figure 6.7) as a plausible result
of overlaying transient responses. In this scenario, the time constant 73 ~515 ps of
the radiative singlet relaxation is superimposed with the slow decay of the long-living
triplet ESA, which is possibly a reason for the deviation from singlet-lifetime of
~1.3 ns recorded in TCSPC (Figure C3). The presented photophysical processes of
PyTet in DCM are summarized in Figure 6.10.
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Figure 6.10. Jabtonski diagram schematically depicting the photophysical mechanism of
PyTet.

In fact, triplet relaxation is not observed within the recorded time window. However, a
clear evidence for the ultrafast ISC into a long-living triplet state is found, which is in
line with expectations from theory.>® ¢ Subsequently, a ring-opening via triplet states
would be expected, which leads to N,-release and subsequent nitrile imine interme-
diate formation.*® An ultrafast formation of a triplet state with diradical character is in
accordance to a fs-study on structurally similar tetrazolium salts, which reveal diradi-
cal species within 1 ps.**® However, a ring-opening leading to diradical states of
PyTet in DCM is not observed within the presented set of data. Hence, the decompo-
sition occurs on a longer time scale, which is in line with an observed decay of OD in
steady-state UV/Vis spectroscopy before and after fs-experiments (Figure C17a)).
As a consequence, further investigations on the decomposition from triplet states are

170-171 172-173

of high interest, e.g. anisotropy pump-probe , pump-dump-probe

155, 174-175

spectros-

copy as well as time-resolved spectroscopy on ps to s time scale.
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Towards Quantification of Fluorescence Quenching on PyTet in DCM:IEt-

Mixtures

In general, the bimolecular fluorescence quenching mechanism based on HAE oc-
curs by inducing SOC via an external perturbation. This depends on the overlap of
free p-orbital electrons of a heavy-atom (iodine of IEt) and the 1-system of the tar-
get.'®* Therefore, inducing SOC via HAE is a short-range interaction possessing a
R dependency of the spin-orbital-operator for a Coulomb-field.'® Thus, an efficient
overlap of orbitals of quencher and target molecules depends on the concentration
ratio, resulting in two scenarios: 1) diffusion-controlled perturbation by collisions,
called dynamic quenching, or 2) frequently repeated perturbations within a molecular
cage, known as static quenching.’! Consequently, a concentration dependent
screening is necessary for the characterization of the quenching mechanism of PyTet
in DCM:IEt mixtures.

Herein, single transient responses of PyTet in different DCM:IEt mixtures as well as
the reference experiment with TEMPO are analyzed at 450 nm by a multiexponential
fitting routine as presented in Figure 6.11 (corresponding TA and UV/Vis-spectra in
Figure C7, Figure C8 and Figure C9). The corresponding time constants are pro-
vided in Table 6.1. In agreement with global analysis, t; and 7, are determined to a
few ps for all samples. However, the TA-spectra of PyTet in DCM:IEt mixtures are
convoluted with the transient response of IEt within the first ps (refer to Figure C11),
rendering quantitative comparison of 7; challenging. Differences in 7, accord to a
varied VR due to the influence of the specific solvent mixtures, e.g. caused by the
influence of a collision-complex with the quencher molecule. 75 reflects the SE-
recovery superimposed by triplet ESA featuring a decreasing trend from ~430 to
~220 ps for an increasing concentration of the quencher. In addition, the relative am-
plitudes scale from 0.35 to 0.50 with increasing quencher amount (Table 6.1). Thus,
a decrease of r; acompanied by an increase of A5 results in a stronger and faster
SE-recovery, which is consistent with the decreasing trend of ®r with higher IEt-
concentration obtained from steady-state spectroscopy (Figure 6.2, Figure C4). 15 of
PyTet in DCM:IEt mixtures (II) and (lll) are very similar indicating saturation of colli-

sions between quencher and target molecules.
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Figure 6.11. Transient response of PyTet dissolved in various DCM:IEt mixtures at 450 nm
for analyzing SE-quenching influence of IEt. In addition, reference experiment of PyTet dis-
solved in DCM with TEMPO as quencher for validation purposes (olive line). PyTet, TEMPO,
and IEt concentrations as indicated. Obtained time constants t; from multiexponential fitting
routine as depicted from blue to red are between 430-220 ps (refer to Table 6.1).

Table 6.1. Time constants are obtained from multiexponential fitting routine with four
time constants. The concentration of PyTet is constant in all experiments (
4.6:10° mol L. The concentration of TEMPO in the reference experiment of PyTet
in DCM was ¢(TEMPO) = 4-102 mol L. PyTet dissolved in DCM:IEt mixtures with
increasing c(IEt) from top to bottom, e.g. (I) 4.1, (I1) 6.2, and (Il1) 8.4 mol L™,

solvent Tl AT 1l ALY 31 |A%EY T4/ |A%e
(PyTet) ps (rise) ps (decay) ps (rise) ns (decay)
DCM 0.2 0.30 17 0.14 433 0.35 >1.3 0.20
DCM+TEMPO 0.3 0.28 13 0.11 337 0.38 >1.3 0.23
() DCM:IEt 0.2 0.14 4 0.06 269 0.48 >1.3 0.32
(I DCM:IEt 0.4 0.09 9 0.09 222 0.49 >1.3 0.33
(1) DCM:IEt 0.2 0.09 8 0.05 228 0.50 >1.3 0.36
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Quenching with TEMPO reveals an increase of 73 by a factor 1.5 compared to
DCM:IEt (I). Regarding two orders of magnitude smaller TEMPO-concentration, the
guench efficiency per TEMPO-molecule is by a factor of ~70 higher compared to IEt.
In fact, the quenching mechanism of TEMPO is presumably more complex in com-
parison to HAE of IEt due to additional relaxation pathways via doublet states. For
example, in a recently published work, the intramolecular fluorescence quenching
mechanism of stabilized nitroxide radicals is described by a dominant relaxation
pathway via a dark doublet state, while ISC is only a minor side process.*®® Thus, the
higher fluorescence quenching efficiency is most likely a result of additional relaxa-
tion pathways. Consequently, the assignment of a triplet state by using TEMPO in fs-
TA experiments is not straightforwardly possible due to a more complex channel
branching, which has to be considered. In comparison, the quenching mechanism of
IEt is simply based on increasing the singlet-triplet transitions via HAE, which exactly
corresponds to the purpose of uncovering the weak transient responses of a triplet
state in the presence of dominating singlet dynamics. Apart from that, TEMPO suffers
from low solubilty in DCM, while IEt can be utilized as a solvent leading to very high
guencher concentrations. High quencher concentrations are important to enable

guencher experiments in fs-TA as described in the following.

Diffusion-controlled  bimolecular interactions occur in the order of
kpirusion ~10%° s M™.17® Thus, very high quencher concentrations (here 4-8 mol L™)
are necessary to observe bimolecular interactions in fs-TA experiments within tens
of ps. However, at high concentrations additional undesired processes can occur,
e.g. molecular stacking leading to self-quenching, or dimer/excimer formation.'°%%6%
183 Hence, reference transient pump-probe spectra of PyTet in DCM:IEt mixtures at
low concentrations are conducted (refer to Figure C12). The TA-spectra of PyTet in
DCM at one order of magnitude lower concentration (c(PyTet) = 2.2:10“% mol L™) is

presented in Figure 6.12.
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Figure 6.12. Transient spectrum of PyTet dissolved in DCM pumped at 400 nm (3.1 eV) and
probed with a CaF,-white light continuum between 350 and 720 nm. Time delays and con-
centration of PyTet as indicated. Region at 400 nm omitted due to scattering from pump
pulse.

In principle, the recorded TA-spectra of PyTet in DCM at low concentrations are in-
line with the discussion above at higher c(PyTet) = 2.6:10° mol L™. Herein, the TA-
spectrum is strongly dominated by SE and corresponding ESA of the decaying sin-
glet state at ~430 and ~600 nm, respectively. Thus, undesired concentration-
dependent side-reactions of PyTet are not observed within the resolution of the ex-
periment, e.g. dimer or excimer formation. In contrast to the TA-spectrum of PyTet in
DCM at higher concentrations, the TA-spectrum for lower concentrations reveals a
much stronger superposition of GSB and scattering from pump pulse in the region of
the SE. GSB at ~350 nm does not recover back to zero within the recorded time win-
dow, which is characteristic for ultrafast singlet depopulation via ISC into long-living
triplet states (Figure C13). However, absence of GSB recovery could also be the
result of a long-living singlet state, which is the dominant response in the TA-
spectrum. In addition, a significant triplet ESA-band in the region of the SE is not ob-
served. Thus, the transient response of the triplet state is not resolved within the sen-
sitivity of the conducted experiments at low PyTet-concentrations due to the much

stronger transient responses of the corresponding singlet dynamics.
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To access the quencher influence on the superposition of SE and triplet ESA, single
transient responses are analyzed at 430 nm for low and high quencher concentra-
tions (refer to Figure 6.13, corresponding TA- and UV/Vis-spectra in Figure C12).
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Figure 6.13. Transient response of PyTet dissolved in various DCM:IEt mixtures at 430 nm
for analysis of SE-quenching influence of IEt at low concentrations. Time constants obtained
from multiexponential analysis with two (blue), three (orange), and four (red) exponential
functions.

As expected for a low c(IEt)=0.2 mol L resulting in an estimated Tp;yusion Of
~500 ps, the quenching effect of IEt on the SE of PyTet for low concentration is com-
parably weak. The determined time constants for the SE-recovery are consistent with
753 (refer to Table 6.1). Herein, a decreasing trend is observed for an increasing
guencher concentration. However, a significant increasing ESA > 0 is only observed
for high IEt concentrations and, in turn, the comparably weak triplet ESA is not well-
resolved within the limits of the experiment ~1:10*. A better signal-to-noise ratio could
be achieved in the future using an additional detector (CCD camera) to record zero-

reference spectra.

In conclusion, investigation of fluorescence quenching of IEt on PyTet in DCM is in
principle possible with ultrafast pump-probe techniques. However, the in-depth char-

acterization and quantification of fluorescence quenching effects is challenging. HAE
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of IEt is a diffusion controlled process, which can only be recorded on a ps-time scale
at very high sample concentrations. Based on the current set of data, a distinction
between a static and a dynamic quench mechanism is not possible, which would re-
quire further concentration- and especially temperature-dependent investigations.
Undesired concentration-dependent processes are not observed, e.g. dimer or ex-
cimer formation of PyTet. However, the sensitivity of the fs-TA experiment at low
concentrations of PyTet is not sufficient enough to resolve the comparably small
transient response, e.g. triplet ESA. An alternative approach to elucidate singlet-
triplet branching in singlet-dominated TA-spectra is pump-dump-probe spectrosco-
py.1"#1" An advantage of this method is the deactivation of the SE-channel without
introducing an additional quencher molecule, excluding undesired bias on the excited

state dynamics of the investigated system.

6.2.3 BiphTet in DCM

In the following the excited state dynamics of BiphTet in DCM are investigated by fs-
TA. The corresponding steady-state UV/Vis spectrum of BiphTet in DCM is presented
in Figure 6.14,
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Figure 6.14. UV/VIS spectrum of BiphTet dissolved in DCM as used for fs-TA at an excita-
tion wavelength of 400 nm as indicated by the grey dashed line.
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In comparison to theory, excitation at 400 nm within the red wing of the absorption
maximum leads to low vibrational states corresponding to Si;. The TA-spectrum of
BiphTet dissolved in DCM (c(BiphTet) = 0.8-:10° mol L™) is presented in Figure 6.15.
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Figure 6.15. Transient spectra of BiphTet dissolved in DCM pumped at 400 nm (3.1 eV) and
probed with a CaF,-white light continuum between 350 and 720 nm. Time delays and con-
centration of PyTet as indicated. Region at 400 nm omitted due to scattering from pump
pulse. Black line indicates the change in AA of 14-107 after blue shift of ESA.

The region at 400 nm is omitted due to scattering of the pump pulse. Transient re-
sponses at wavelengths < 390 nm are vanished by the strong absorption of the sam-
ple. After excitation at 400 nm, the excited state dynamics of BiphTet in DCM are
probed with a CaF,-white light continuum between 350 and 720 nm. Remarkably,
very high AA are recorded, reflecting very high oscillator strengths for transitions into
higher excited states for BiphTet in DCM. However, to exclude a concentration-
dependence, TA-spectra of BiphTet in DCM at lower concentrations
(c(BiphTet) = 3-10 mol L™) were recorded (refer to Figure C15), revealing the same

behavior as discussed in the following.

Immediately after excitation, a broad ESA-band from 410 to 720 nm peaking at
~520 nm is observed, which undergoes a blue shift to ~490 nm accompanied by an

increase of AA (+14-10%) within a few ps. In addition, two local minima at ~600 nm
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and ~455 nm indicate a negative response, which are superimposed with the broad

ESA-band at early times.

In comparison to the steady-state UV/Vis spectrum of BiphTet in DCM, GSB is mainly
expected below 400 nm, which is in line with TA-spectra of BiphTet in DCM at low
concentrations (refer to Figure C15). In addition, superposition with GSB up to

420 nm cannot be excluded.

Steady-state fluorescence spectroscopy of BiphTet in DCM reveals a very broad
emission band between 420 and 700 nm, which is peaking at ~520 nm (refer to Fig-
ure 6.2b)). Thus, both local minima at ~455 and 600 nm are most likely superim-
posed by SE according to a strong fluorescence channel (®r ~11 %). Consequently,
the ultrafast blue shift of the ESA within a few ps results from superposition of SE and
(vibrational) relaxation processes of ESA, which makes the assignment of the exact

position of the SE minimum and the ESA maximum cumbersome.

On longer time scales, the ESA peaking at 490 nm decays correlating to the recovery
of SE at ~600 nm as indicated by an isosbestic point at 490 nm. A relatively weak
ESA-band at ~700 nm is a residuum of the broad ESA-band corresponding to the
ESA-decay and SE-recovery as suggested by a second isosbestic point at 690 nm.
In line with TDDFT-calculations from literature,* the ESA-band can be assigned to a
long-living S;, which is probed into a manifold of higher excited singlet states. The
main relaxation channel occurs via SE according to the strong fluorescence pathway.
The ESA-band peaking at 440 and 720 nm is clearly correlated to the SE at 600 nm

as revealed by biexponential global analysis (Figure 6.16).
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Figure 6.16. Transient response of BiphTet dissolved in DCM recorded at 720, 600 and
440 nm after excitation at 400 nm (3.1 eV). Transient response at 720 and 440 correspond to
the same ESA-band, which is superimposed by SE at 600 nm. Decay of ESA-band is corre-
lated to SE-recovery within ~1.1 ns. Inset figure: Ultrafast VR within singlet states corre-
sponding to strong blue shift (refer to Figure 6.15).

The first time-constant from global analysis reflects the ultrafast relaxation process
from ESA accompanied by a blue shift within 1 ps. The second time-constant of
~1.1 ns can be assigned to the decay of singlet ESA, which is correlated to the SE-
recovery associated to a radiative relaxation pathway. Hence, the SE-lifetime is in a
similar order of magnitude with the fluorescence lifetime of ~1.8 ns measured in
TCSPC (refer to Figure C3). The findings are in accordance with GSB-recovery ob-
served for BiphTet in DCM at low concentrations, which is correlated to the decay of
excited singlet state dynamics (refer to Figure C16). In addition, no evidence for an
additional process is observed. Thus, the TA-spectrum of BiphTet shows dominant
singlet dynamics. In consequence, the first time constant of ~1 ps can be assigned to
VR within singlet states. Steady-state UV/Vis spectra of BiphTet in DCM recorded
before and after fs-experiments show a decomposition of BiphTet as indicated by a
decreased OD after fs-TA experiment (refer to Figure C17b)). However, this process
is not observed within the recorded time window and has to occur in a post-ns re-

gime. As known from literature,® BiphTet is incapable to induce an efficient NITEC.
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Consequently, the decomposition of BiphTet leads to undesired products without sig-

nificant NITEC-reactivity.

In fact, the striking evidence for the absence of an ISC into triplet states is given by
recording the transient spectrum of BiphTet in DCM:IEt mixtures as showed in Fig-
ure 6.17 (for further DCM:IEt mixtures refer to Figure C15).
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Figure 6.17. Transient spectra of BiphTet dissolved in DCM:IEt mixture pumped at 400 nm
(3.1 eV) and probed with a CaF,-white light continuum between 350 and 720 nm. Time de-
lays and concentration of PyTet and IEt as indicated. Region at 400 nm omitted due to scat-
tering from pump pulse.

All main features of the TA-spectrum of BiphTet in DCM are reflected in the DCM:IEt
mixture (c(PyTet) = 0.8-10 mol L™, c(IEt) = 6.2 mol L) as well. For instance, an ul-
trafast blue shift of ESA from 520 to 490 nm as well as a slow decay of ESA peaking
at 490 and 700 nm are observed, which correlate to the SE-recovery with a minimum
at ~600 nm. In contrast, the ultrafast blue shift is accompanied by a decrease in AA (-
40-103). In addition, the change in AA depends on the quencher-concentration as
reflected by an decrease of -11 at c(IEt) = 3.1 mol L™ depicted in Figure C14. In con-
trary to the quencher studies on PyTet (refer to section 6.2.2), the TA-spectrum of
BiphTet in DCM:IEt mixtures reveals no additional ESA-band, which would be ex-

pected for an ISC into triplet states. Thus, no quenching effect of IEt is observed,
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which is in accordance with results of c(IEt)-dependent steady-state fluorescence
spectroscopy (refer to section 6.1). In addition, the absence of ISC is in agreement
with expectations from TDDFT-calculations predicting unfavorable energy gaps be-
tween singlet and triplet states due to symmetry reasons.*® However, IEt influences
the potential energy surfaces of the excited states of BiphTet in DCM indicated by
differences in AA before and after VR within singlet states compared to BiphTet in
DCM without additional quencher. Thus, the contour-plots for early times of BiphTet
in a) DCM and b) DCM:IEt-mixture are presented in Figure 6.18, which show the in-

fluence of IEt on VR within Sj.
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Figure 6.18. Contour-plot of BiphTet dissolved in a) DCM and b) DCM-IEt mixture revealing
differences in VR in the presence of IEt. For quantitative analysis refer to Figure C16.

Despite of changes in the AA-scale, the blue shift according to VR within S; of Biph-
Tet occurs on a longer time scale in the presence of IEt indicated by the temporally
delayed crossing of black lines for Figure 6.18b) in comparison to a). As a conse-
guence of the slower shift, the superposition with GSB/SE-response possessing a
minimum at ~450 nm is more pronounced. By inspecting the single transients at 720,
600 and 440 nm an additional time constant of 7 ps is observed (Figure C16). Thus,
the change in the VR of S; is plausibly caused by in-cage-solvent interactions with IEt
due to the high concentrations of 6.2 mol L. In conclusion, IEt interacts with BiphTet
without quenching the fluorescence. Consequently, HAE of IEt has no influence on
the singlet-triplet branching of BiphTet clearly demonstrating that ISC is quite unlikely
process, as confirmed from TDDFT-calculations.*® The photophysics of BiphTet in
DCM are summarized in Figure 6.19.
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Figure 6.19. Jabtonski diagram depicting schematically the photophysical mechanism of
BiphTet.

6.2.4 Summary and Outlook: Visible Light-Triggered Diaryl-Tetrazoles

Visible light-triggered PyTet and BiphTet dissolved in DCM are investigated via fs-TA,
TCSPC, and steady-state UV/Vis absorption as well as fluorescence spectroscopy.
Efficient UV-triggered Tet in DCM was used as reference system. Depending on the
chromophore, PyTet is an efficient precursor for NITEC, while BiphTet is known for
weak NITEC-reactivity. PyTet and BiphTet dissolved in DCM show strong fluores-
cence relaxation pathways from excited singlet states after excitation at ~400 nm with

lifetimes of 1.3 and 1.8 ns with quantum yields @ of 8 and 11 %, respectively.

By using the heavy-atom effect (HAE) of iodoethane (IEt) as a fluorescence quench-
er, ®¢ of PyTet is reduced to 6.7 % at an IEt-concentration of ~0.1 mol L™}, while
BiphTet reveals no change in ®¢. For utilizing fluorescence quenching in fs-TA ex-
periments much higher IEt-concentrations (4-8 mol L) are necessary to achieve a
sufficient probability for collision-induced HAE. Herein, fs-TA spectra of PyTet in
DCM reveal a reduced stimulated emission (SE) due to singlet relaxation via fluores-
cence in the presence of IEt, while an additional unaffected excited triplet state ab-
sorption is elucidated. This finding is confirmed by using tetramethylpiperidineoxyl
(TEMPO) as an alternative quencher molecule. ISC is estimated to occur on a time
scale shorter than 1 ps, which is in line with findings for the UV reference system Tet.
In contrast, the SE due to fluorescence of BiphTet in DCM remains unaffected in the

presence of IEt. In summary, PyTet as well as Tet featuring an efficient NITEC reac-
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tivity and reveal an ultrafast ISC, while inefficient BiphTet is clearly dominated by sin-

glet relaxation. The findings are in accordance with TDDFT calculations.3 ¢

The investigation has demonstrated that utilizing fluorescence quenchers (IEt, TEM-
PO) in fs-TA presents an efficient approach to investigate the channel branching be-
tween long-living singlet and triplet states. However, a quantitative approach is so-
phisticated due to the need of very high quencher concentrations to observe bimo-
lecular processes on a ps-time scale. High concentrations can lead to undesired mo-
lecular stacking, which could change the quenching-effect. Thus, the distinction be-
tween static and dynamic quenching processes would require further investigations,
e.g. more comprehensive temperature- and concentration-dependent screenings. A
guantitative time-resolved characterization on the quenching mechanism of IEt could
be achieved by fluorescence up-conversion experiments, which enables the interfer-
ence-free detection of fluorescence relaxation pathways.'’"*"® An alternative to elu-
cidate the singlet-triplet branching in strongly SE-dominated molecules without using
a quencher would be a pump-dump-probe experiment, whereby the singlet popula-

tion is depleted by SE induced by a third laser pulse.*’**"®
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7. Outlook: Visible Light-Triggered Precursor Molecules

The presented approach clearly shows that relating reactivity with ultrafast dynamics
is of striking importance for the mechanistic understanding of photo (visible light-)
triggered precursor molecules. The fate of the investigated visible light-triggered pre-
cursors is determined immediately after photoexcitation. Remarkably, a sufficient ISC
is important for efficient acylgermanes as well as diaryl-tetrazole systems, which de-
pends highly on the relative position of potential energy surfaces within the relevant
excited states. Based on the findings of the present thesis, the major possibilities and
challanges for the design of visible light precursor molecules are emphasized in the

following.

Towards the Ideal Potential Energy Surface Topology of Visible Light-Triggered
Precursor Molecules

Bathochromic absorption properties of a molecule are achieved for small energy
gaps between the ground and the first excited singlet state, which increases the
propabiltiy for deactivation via IC, e.g. ultrafast relaxation of NB;G within 2 ps. On the
other hand, visible light chromophores with stabilized excited singlet states do not
necessarly lead to a sufficient reactivity due to a probable fluorescence relaxation
pathway, e.g. BiphTet. Further, unfavored decomposition of the precursor molecule
can compete with the intermediate formation, e.g. decomposition of Mes,T from sin-
glet states competing with ISC. Thus, a sufficient interaction between the excited sin-
glet state and the potential energy surface of the desired intermediate state is crucial.
The intermediate formation for efficient acylgermanes and diaryl-tetrazoles is consid-
ered to occur from excited triplet potential energy surfaces. In comparison to litera-
ture, 303135 |SC is sufficient for small energy gaps between excited singlet and triplet

states.

In particular, mono-, bis-, and tetraacylgermanes reveal a non-stoichiometric size
dependence in the overall initiation efficiency. In a simplified picture, each benzoyl
moiety contributes with one singlet state within the ntr*-band and one lower lying tri-
plet state to the excited state topology. Thus, the result of a non-stoichiometric size
dependence suggests a more complex mechanism than expected solely from an ad-

ditive effect of the n1*-contributions. Instead, it seems to be a synergetic effect be-
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tween the benzoyl moieties, i.e. more than just the sum of four moieties, which de-

serve further investigations.

Finally, an ultrafast ISC is not necessarly a guarantee for an efficient intermediate
formation. For instance, monoacylgermanes reveal a factor ~0.5 lower overall initia-
tion efficiency compared to bisacylgermanes, despite of a factor 10-20 faster ISC. In
fact, the highest overall initiation efficiency of tetraacylgermanes (factor of ~8 for B4G
versus B;G) can be correlated to much faster radical formation within 70-127 ps from
triplet states in comparison to bis- and monoacylgermanes (radical formation on a
post ns-scale). Thus, the potential energy surface of the triplet state must feature a

sufficiently low energy barrier along the coordinates leading to radical formation.

In conclusion, efficient visible light-triggered precursor systems provide an energy
surface topology with a suitable relaxation pathway leading to the formation of the
desired intermediates. This pathway must not necessarly be the major contribution to
the channel branching. In fact, a sufficient ISC from a low singlet state into a close
adjacent triplet state with a low energy barrier is an efficient pathway for intermediate
formation despite the competition with IC or fluorescence. Future investigations
should focus on the question of whether a general concept for time scales can be
found which lead to an efficient mechanism for visible light-triggered precursor mole-

cules.
Possible Future Investigations on Photophysical and -Chemical Properties

The intermediate formation from triplet states can occur on time scales longer than
the recorded temporal window of ~1 ns of the applied fs-TA experiment, e.g. mono-
and bisacylgermanes as well as Nj-release of diaryl-tetrazoles. Thus, extending the
assessable time window from fs to ms*’® would enable the observation of the photo-
physical and -chemical dynamics starting from light absorption to final product for-
mation, e.g. for investigation of the (multiple) cleavage mechanism of mono-, bis- and

177178 and transient NIR-

tetraacylgermanes. In addition, fluorescence upconversion-
spectroscopy*®® could enable a more quantitative investigation of competing fluores-
cence pathways and the detection of far red shifted responses of triplet states as well

172

as radical fragments, respectively. Pump-dump-probe experiments='“ are a promising

alternative to triplet dynamics uncovering via external HAE, which circumvents unde-
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sired concentration effects due to the very high quencher concentrations of
4-8 mol L™,

Systematic Synthesis for Supporting the Development of Photophysical and
-Chemical Mechanisms

As a task for synthesis, the development of a photophysical and -chemical mecha-
nism gains from the systematic analysis of as simple as possible designed model
systems, which can iteratively be increased in their degree of complexity, e.g. non-
fluorescent UV-tetrazole as a reference system for fluorescent visible light systems

PyTet and BiphTet, or acylgermanes bearing one, two or four benzoyl moieties.

Within the present thesis, a remarkable non-stoichiometric increase scaling with the
number of benzoyl moieties in acylgermanes was observed. Thus, a further proof of
concept could be achieved by synthesis of photoinitiators bearing a higher number

than four benzoyl moieties.

Further, mainly para-substituted acylgermanes were investigated, which reveal high
overall initiation efficiencies but suffer from hypsochromic shifts. In contrast, acyl-
germanes with substitution patterns in ortho-position show an increased overall initia-
tion efficiency in comparison to unsubstituted acylgermanes as shown for one exper-
iment m(oMeB4G:B4G) ~1.3 (refer to section 4.3.5), while the absorption spectrum is
slightly bathochromic shifted compared to B4G (refer to Figure 4.33). In addition, fs-
TA experiments reveal a faster ISC and primary radical formation for oEtB,G of 3 and
90 ps than for B4G of 9 and 127 ps, respectively. Thus, a systematic investigation on
the influence of ortho-substitutents on the overall initiation efficiency of acylgermane

derivatives via PLP-ESI-MS cocktail experiments would be interesting.

Studying Wavelength-Dependent Photochemistry via PLP(A)-ESI-MS and fs-TA

Experiments

Within the present thesis, the overall intiation efficiencies of photoinitiators is obtained
at the nmr*-maxima of the applied initiator pair. However, a comprehensive screening
of the wavelength-dependence of photoreactions can enable a new approach for the
design of visible light photoinitiators as shown by promising results of a red shifted
highest monomer conversion compared to the wavelength of the corresponding ab-

sorption maximum for bisacylgermanes (refer to section 4.5.1) as well as for exam-
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ples from literature.** Thus, the PLP-ESI-MS cocktail experiments could be conduct-
ed dependent on the wavelength. In addition, a wavelength-dependent investigation
of ultrafast dynamics via fs-TA would be feasable by a more sophisticated combina-

tion of frequency conversion processes, e.g. NOPA combined with SFM.
Investigations on the Light Source: PLP with fs-Lasers

Finally, feasible PLP-studies conducted with a fs-Laser on MB,G and B4,G show a
factor 2 higher MMA-conversion compared to common ns-PLP experiments. Thus, a
further future perspective could be the investigation on the influence of the light
source on the initiation efficiency and channel branching of visible light-triggered initi-

tators (for further details refer to section 4.5.2).
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A. Appendix of Chapter 4

Comaprison of Time-Dependent Density Functional Theory of Bis- and
Tetraacylgermanes and UV/Vis absorption spectra
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Figure Al. Absorption spectra (black) recorded in MMA as solvent. Singlet (green) and tri-
plet (red) transitions calculated by TDDFT (def2-TZVPP/B3LYP) for a) MB,G, b) FB,G, and
c) MB4G in gas-phase. Adapted with permission from ref. 146. Copyright 2019 American
Chemical Society. Modified presentation.

Table Al. Optimized DFT (def2-TZVPP/B3LYP) Gas-phase geometries of ground states of
B,G and MB,G used for vertical excited energies calculations via TDDFT. Adapted with per-
mission from ref. 146. Copyright 2019 American Chemical Society. Modified presentation.

B,G (Cartesian coordinates) MB,G (Cartesian coordinates)
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C 0.1328548 0.5498954 -0.8160597 C -0.3294238 0.4997140 -0.1348476
C 1.4051805 0.8835420 -1.2698486 C 0.6733666 1.3332645 -0.5749271
C 25198483 0.6014938 -0.4902505 C 11166736 1.2593210 -1.9045926
C 23667771 -0.0153761 0.7521308 C 0.5384312 0.3372023 -2.7783024
C 1.1028827 -0.3463544 1.2085219 C -0.4666671 -0.5037684 -2.3155528
C -0.0264680 -0.0662919 0.4248756 C -0.9177379 -0.4404721 -0.9983324
H -0.7334058 0.7730623 -1.4255345 H -0.6825520 0.5530908 0.8861314
H 15225633 1.3634808 -2.2327089 H 1.1364027 2.0561993 0.0832778
H 3.5092333 0.8604287 -0.8456856 O 21048717 2.1206534 -2.2430481
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Table A2. DFT (def2-TZVPP/B3LYP) Gas-phase geometries of ground states of FB,G and
B,G used for vertical excited energies calculations via TDDFT. Adapted with permission from
ref. 146. Copyright 2019 American Chemical Society. Modified presentation.

FB.G (Cartesian coordinates)

B4G (Cartesian coordinates)
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3.2102266
2.5037695
4.8238094
6.1004006
5.0665709
2.7690705

2.1731414
-0.1795136
1.4103309
-1.6044440
1.6910444
-1.3395300
-1.8118530
-2.5384115
-3.7401779
-4.6272123
-4.3223476
-3.1303000
-2.2431635
-3.9551098
-5.5568978
-5.0165851
-2.8933892
-1.3229629
0.9311966
0.6298081
1.6401645
2.9628853
3.2706259
2.2581654
-0.4025015
1.4035182
3.7518401
4.2963830
2.5125094
1.8874502
2.7409380
3.1969149
2.8026823
1.9535628
1.5002295
3.0315046
3.8587796
3.1596459
1.6475605
0.8452788

Table A3. DFT (def2-TZVPP/B3LYP) Gas-phase geometries of ground states of MB,G used
for vertical excited energies calculations via TDDFT. Adapted with permission from ref. 146.
Copyright 2019 American Chemical Society. Modified presentation.

MB4G (Cartesian coordinates)

C -0.5345320 -0.9735946 -1.1089055 C -3.8643550 -3.2514125 3.2100643
C 0.5563680 -1.5532339 -1.7245435 C -3.8105769 -2.3338646 2.1803925
C 1.8043051 -1.5409786 -1.0925437 H -4.6193556 -4.3452169 -0.4123121
C 1.9418543 -0.9407931 0.1649451 H -4.7310638 -6.0058409 1.4027292
C 0.8371936 -0.3657399 0.7698530 O -4.2247278 -5.4118610 4.0140451
C -0.4161577 -0.3706797 0.1493652 H -3.6571855 -2.9619843 4.2309424
H -1.4870772 -0.9908821 -1.6211712 H -3.5584897 -1.3082247 2.4135325
H 0.4706112 -2.0187808 -2.6965540 C -4.6901881 2.4772985 1.7289678
O 28162640 -2.1320768 -1.7713113 C -5.6819666 3.0311721 2.5580049
H 2.8964502 -0.9210837 0.6691288 C -5.5881783 4.3309971 2.9986104
H 0.9285581 0.0996004 1.7420034 C -4.4943133 5.1240250 2.6177895
C -1.5676175 0.2520706 0.8406896 C -3.5020658 4.5902627 1.7940881
Ge -3.4543009 0.1976664 0.0218413 C -3.6080390 3.2746516 1.3618536
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-1.4607789
-4.0209600
-4.8303676
-3.3927784
-5.7965111
-4.2473953
-2.3548874
-4.5528420
-4.4515057
-5.5143755
-6.7207602
-6.8390861
-5.7556981
-3.5180644
-5.4472155
-7.7073507
-7.7558848
-5.8618689
-4.0802591
-4.4108256
-4.4722177
-4.1961877

0.7695279
-1.7592695
1.0803193
1.2416174
0.3972206
-2.0989521
1.8405720
1.3252800
2.0900611
2.1946161
1.5360545
0.7757952
0.6761598
2.5947910
2.7774864
1.6978454
0.2588833
0.0734790
-2.7150691
-4.0503299
-4.9823621
-4.5838376

1.9362757
-0.2682872
1.2686090
-1.7475640
1.5524351
-1.4146772
-1.9618628
-2.6579689
-3.8337342
-4.7007624
-4.4152952
-3.2509328
-2.3879207
-4.0424508
-5.6095263
-5.3278991
-3.0124197
-1.4967991
0.8602764
0.6072773
1.6291846
2.9427644

ITTOIIITOIIITOIIIOIIOIIT

-6.5214841
-6.3433792
-4.4913312
-2.6509909
-2.8244702
-8.9588512
-8.8499254
-0.5824727
-0.4276661
-4.5542847
-5.5617015
-4.5117533
-3.8360800
-3.4146153
-3.3572649
-3.6255709
-2.4615532

4.1149436

4.4954350

4.7497319

4.1220182

2.4116946
4.7663272
6.3893780
5.1805605
2.8775608
1.0607075
-0.0258221
1.3316708
1.4122277
-6.7803707
-6.8934874
-7.2380145
-7.2737007
7.2527221
7.4102907
8.1985129
6.8598453
-2.1524285
-1.1404027
-2.6666656
-2.6978729

2.8427341
3.6391244
3.0994128
1.4907101
0.7311262
-5.1093718
-5.0714718
-5.9570776
-4.1870242
3.8211165
3.4127521
4.8058261
3.1613661
2.7598506
1.6800480
3.2517621
3.1217101
-1.1954472
-1.0359395
-1.9120889
-0.2485991

Table A4. Vibrational spectra in wavenumbers ¥ / cm™ of the optimized DFT (def2-
TZVPP/B3LYP) gas-phase geometries of ground states of B,G, MB,G, FB,G, B;G, and

MB,G according to Table Al, Table A2, and Table A3.

#(B,G) /cm™  $#(MB,G)/cm™ #(FB,G)/cm™  #(B4sG)/cm™  #(MB4G)/cm™

5.78 9.97 472 14.75 7.27 16.52 3.90 7.90 4.72 14.75

29.84 36.08 18.51 32.14 17.59 34.56 13.20 18.85 18.51 32.14

43.69 52.39 34.38 42.18 35.97 40.03 19.48 27.99 34.38 42.18

60.28 83.16 50.13 64.68 52.39 74.54 33.38 34.46 50.13 64.68

86.88 106.49 70.33 76.95 75.48 96.98 47.45 66.73 70.33 76.95
130.90 145.54 82.18 105.44 101.01 111.07 68.35 71.06 82.18 105.44
149.29 152.18 105.97 131.00 122.38 143.59 73.04 97.93 105.97 131.00
159.40 222.74 133.56 139.82 149.34 208.17 120.64 122.03 133.56 139.82
234.33 237.29 146.96 198.54 221.36 223.32 139.08 147.51 146.96 198.54
264.96 272.35 208.42 221.91 233.92 271.40 148.23 151.79 208.42 221.91
277.29 319.94 225.37 229.48 275.87 296.40 154.24 195.00 225.37 229.48
349.46 413.54 235.01 255.01 298.15 319.03 258.51 258.76 235.01 255.01
414.30 430.70 259.88 276.81 340.09 401.00 279.28 295.11 259.88 276.81
436.18 468.03 280.86 299.66 402.24 425.96 321.36 334.76 280.86 299.66
485.11 548.04 301.20 316.76 426.90 456.48 337.98 409.69 301.20 316.76
550.02 606.66 340.35 427.42 457.44 504.98 409.83 412.54 340.35 427.42
624.85 632.21 428.41 439.99 512.47 539.41 412.78 428.19 428.41 439.99
632.90 686.21 440.28 492.49 572.47 587.62 428.78 429.06 440.28 492.49
688.10 699.01 492.80 513.82 621.65 622.44 437.22 464.81 492.80 513.82
710.16 712.14 520.71 538.86 632.49 648.28 473.86 474.34 520.71 538.86
712.21 789.62 571.42 590.78 649.39 682.94 484.42 599.34 571.42 590.78
794.85 867.85 627.06 628.20 715.91 741.75 601.27 630.14 627.06 628.20
880.20 890.49 635.89 656.35 745.67 825.32 630.83 630.90 635.89 656.35
911.92 959.55 657.24 682.44 826.61 838.97 631.30 635.45 657.24 682.44
974.38 975.42 715.80 753.57 840.28 870.05 640.38 687.11 715.80 753.57
979.05 981.94 756.49 802.46 871.63 903.68 687.47 687.64 756.49 802.46
985.16 1005.49 803.71 832.24 913.28 961.67 689.74 703.90 803.71 832.24
1017.18 1020.25 832.37 867.95 976.64 978.42 704.49 704.60 832.37 867.95
1020.36 1020.89 869.02 900.83 982.81 984.19 705.59 788.58 869.02 900.83
1024.47 1030.11 910.63 960.12 991.24 1007.32 788.79 792.69 910.63 960.12
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1047.02
1049.33
1108.52
1183.81
1204.63
1225.97
1253.09
1270.32
1340.93
1368.42
1421.43
1463.43
1482.99
1499.59
1506.30
1526.86
1619.00
1636.26
1688.80
3020.41
3039.97
3071.37
3074.74
3093.54
3166.92
3177.88
3188.29
3197.52
3204.30

1049.05
1106.86
1183.28
1189.37
1211.71
1244.70
1263.81
1336.46
1357.58
1419.33
1459.52
1481.76
1498.98
1506.27
1522.58
1618.38
1634.24
1681.85
3019.73
3036.14
3069.80
3073.82
3092.16
3163.43
3172.69
3178.41
3188.39
3200.63

976.02

979.57

990.17
1012.35
1023.87
1034.76
1057.18
1136.50
1173.07
1190.13
1205.97
1234.25
1256.52
1262.33
1287.58
1335.39
1353.68
1417.90
1453.29
1461.92
1478.97
1495.70
1501.48
1505.80
1507.13
1539.16
1604.63
1637.58
1682.50
3013.72
3018.39
3041.45
3069.67
3073.61
3075.00
3095.86
3136.54
3182.41
3185.18
3199.09
3213.25

977.82

981.27
1011.86
1022.29
1033.57
1056.63
1135.89
1172.77
1183.26
1205.13
1229.85
1253.07
1259.99
1286.34
1334.24
1353.32
1417.55
1452.90
1458.72
1478.69
1495.65
1499.41
1504.46
1506.07
1538.73
1603.17
1637.26
1678.72
3013.00
3018.23
3040.03

3068.17

3072.73
3073.98
3094.17
3136.12
3182.32
3184.91
3198.77
3212.66

1008.25
1029.44
1035.16
1123.33
1175.53
1218.92
1257.12
1260.49
1263.48
1325.65
1341.83
1419.06
1441.38
1463.04
1501.38
1507.26
1536.63
1623.92
1635.53
1691.04
3020.62
3041.84
3072.50
3076.53
3096.97
3187.93
3192.51
3204.52
3206.37

1028.21
1034.03
1123.06
1172.21
1213.16
1253.87
1260.21
1262.27
1325.34
1341.34
1418.91
1441.07
1458.85
1499.42
1506.15
1536.44
1622.42
1635.11
1686.45
3020.49
3041.12
3071.12
3075.53
3095.26
3186.89
3192.03
3203.99
3205.86

793.04

865.08

866.25

893.76

909.99

962.00

963.79
1005.19
1006.33
1019.69
1020.28
1020.62
1021.50
1047.36
1047.69
1108.60
1108.98
1183.99
1185.01
1194.29
1200.41
1219.28
1223.54
1338.00
1338.46
1358.79
1359.23
1482.67
1482.96
1523.70
1524.23
1619.27
1620.07
1635.28
1636.39
1692.59
1703.17
3167.11
3167.12
3178.97
3179.40
3186.17
3187.08
3196.66
3197.98
3199.56
3199.83

864.58

866.02

892.84

897.70

961.72

963.17
1005.10
1005.88
1018.07
1020.10
1020.46
1021.04
1047.19
1047.62
1108.29
1108.81
1183.54
1184.49
1193.52
1195.89
1218.74
1222.32
1337.86
1338.14
1358.63
1358.95
1482.38
1482.90
1523.50
1524.06
1619.26
1619.91
1635.02
1635.54
1689.76
1693.92
3167.03
3167.12
3178.60
3179.01
3185.19
3186.32
3195.82
3196.75
3199.45
3199.66

976.02

979.57

990.17
1012.35
1023.87
1034.76
1057.18
1136.50
1173.07
1190.13
1205.97
1234.25
1256.52
1262.33
1287.58
1335.39
1353.68
1417.90
1453.29
1461.92
1478.97
1495.70
1501.48
1505.80
1507.13
1539.16
1604.63
1637.58
1682.50
3013.72
3018.39
3041.45
3069.67
3073.61
3075.00
3095.86
3136.54
3182.41
3185.18
3199.09
3213.25

977.82

981.27
1011.86
1022.29
1033.57
1056.63
1135.89
1172.77
1183.26
1205.13
1229.85
1253.07
1259.99
1286.34
1334.24
1353.32
1417.55
1452.90
1458.72
1478.69
1495.65
1499.41
1504.46
1506.07
1538.73
1603.17
1637.26
1678.72
3013.00
3018.23
3040.03
3068.17
3072.73
3073.98
3094.17
3136.12
3182.32
3184.91
3198.77
3212.66
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Fluorescence Spectroscopy of Bis- and Tetraacylgermanes
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Figure A2. a) Steady-state UV/Vis and fluorescence spectra of B,G, MB,G, B,G, oMeB,G,
and oEt,G dissolved in AcN. b) Steady-state UV/Vis and fluorescence spectra of PrOB,G
dissolved in AcN. c) Reference steady-state UV/Vis and fluorescence spectra of coumarin
307 in ethanol recorded at excitation of 400 nm. The C307-sample is further diluted by a fac-
tor of 5000, to obtain non-saturated fluorescence spectrum at a slit size of 5 nm. Thus, a cor-
rected OD of 6.5:10®° was used for the determination of fluorescence quantum yields ®¢ of
acylgermanes. The reference quantum yield of 56 % is taken from literature.® All investigat-
ed bis- and tetraacylgermanes reveal very low ® < 10°. As an exception, PrOB,G features a
®¢ of ~10™. All obtained values are provided in Table 4.1. The fluorescence spectra of bis-
and tetraacylgermanes were conducted by Dennis Haffner (Wiss. Arb. KIT, 2019).
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Isotopic Pattern Simulations of Monoacylgermanes
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Figure A3. a) Recorded (black) direct infusion-ESI-MS and simulated (red) mass spectrum of
PMMA-products obtained from PLP initiated by FB;G at total irradiation energy of 27.9 J at
400 nm. b) Disproportionation and combination products used for simulation. c) Associated
cleavage mechanism. Adapted with permission from ref. 144. Copyright 2017 American

Chemical Society.
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Table A5. Exact mass and resolution of simulated and recorded spectra of the PLP-PMMA
species initiated by radical fragments originated from FB;G. Adapted with permission from
ref. 144. Copyright 2017 American Chemical Society. Own representation.

species exact mass Resolution exact mass resolution
(recorded) (recorded) (simulated) (simulated)
Ge= 1337.61 60176 1337.61 59947
GeH 1339.61 42370 1339.61 40114
FB= 1345.64 53914 1345.63 54458
FBH 1347.65 57984 1347.65 54721
GeGe 1357.55 58289 1357.55 57444
FBGe 1365.59 57263 1365.58 56578
FBFB 1369.62 59688 1369.61 58043
B1G
a) b)
BH GeH b 0 6.0
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Figure A4. a) Recorded (black) direct infusion-ESI-MS and simulated (red) mass spectrum of
PMMA-products obtained from PLP initiated by B,;G at total irradiation energy of 27.9 J at
400 nm. b) Disproportionation and combination products used for simulation. c) Associated
cleavage mechanism. Adapted with permission from ref. 144. Copyright 2017 American
Chemical Society.
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Table A6. Exact mass and resolution of simulated and recorded spectra of the PLP-PMMA
species initiated by radical fragments originated from B;G. Adapted with permission from
ref. 144. Copyright 2017 American Chemical Society. Modified presentation.

species exact mass resolution exact mass resolution
(recorded) (recorded) (simulated) (simulated)

B= 1327.65 60253 1327.64 59947
BH 1329.66 58931 1329.66 55157
BB 1333.64 60522 1333.63 59879
Ge= 1337.61 60553 1337.61 59916
GeH 1339.61 41849 1339.61 40109
BGe 1343.62 50481 1343.61 43285
GeGe 1357.56 56679 1357.55 57442

Isotopic Pattern Simulations of Bis- and Tetraacylgermanes
Isotopic pattern simulation of oMeB4G
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Figure A5. oMeB,G: Fifteen germanium-centered 4-armed MMA star polymers divided in
four statistical groups A,B,C,D with relative propabilities of 0.083:0.33:0.5:1 and three benzo-
yl based PMMA species for isotopic pattern simulation. A Na® is added to each structure for
exact mass calculation. Adapted with permission from ref. 145. Copyright 2018 American
Chemical Society.

162



a 104 H, B
= i .
5 0.8+
S recorded
T 064
N
g 0.4
S .| Gemyibased Germyl based  Germyl based et basea| | Germyibased
< - Species 1 Species 2 Species 3 S:e"gzs " S Species 5
0.0 NIRRT wulilly, PIVPVITION L1 11 tosvoroot
1.0 1400 1420 1440, 1460 1480
5 . .
@ 084
~
predicted
T 064
N
T 0.4
S
g 0.2 |
0.0 I wulihy wiilin,, L Alll
1400 1420 1440 1460 1480
m/z
y P
©) ! 4 2 i
) Germyl based @: I I: o
; 0.10 4 Species 2 . .
~ : recorded
- .
) .
N .
KE\: 0.05
: (1] I
0.00 L4 i — - Ly l
1410 ' 1415 ]420
3 ‘ ;
= 010+ :
~ . :
> . : predicted
5} . :
& .
@ 0.05 :
E
s]
) | | \ l l
0.00 11 —L . . |
1410 1415 1420
m/z
y T
e Germyl based o g
=5 Species 4 ﬂ]; @
< 0.04 . .
< recorded
-
)
E 0.02 ;
5 :
0.00 - . : PR PR 1

0.04

0.02

normalized /a.u.

0.00

1450

LI
1455 -

1
1460

predicted

m/z

T
1455

=

normalized /a.u.

normalized /a.u.

=

normalized /a.u.

normalized / a.u.

=

normalized / a.u.

normalized /a.u.

Germyl based

Species 1 mn it n I
. . recorded
0.06 . :
0.04 -
0.02
0.00 - . . d ;
0.10 1390 © 1395 | 1400 L1405
0.08 4 : :
0.06 - I predicted
0.04 , : o P
0.02 l l l S
0.00 . 1 I. : l | :
1390 1395 1400 1405
miz
i & I
0.10 5 Germyl based @. o 2-
Species 3 . N X
. . recorded
0.05 ] J
m;,._ul,llh_. l L
040 1430 : 1435 1440
predicted
0.05 l
0.00 l. | i l : I l. i
1430 1435 1440
m'z
0.010 4 Germyl based E
Species 5 @
recorded X

0.005

0.000 - . >
0.010 - 1470 : i . 1475 1480
predicted: : :
0.005 i i l
vono ‘l ] l . [, |
1470 1475 1480
m/z

Figure A6. Mass spectra (black) and isotopic pattern simulations (red) of oMeB,G: a) Over-
view spectrum with all germyl and benzoyl based species shown in Figure A5. b)-f) Germyl
based species 1-5 as depicted in a). Adapted with permission from ref. 145. Copyright 2018
American Chemical Society.
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Table A7. oMeB,G: Exact masses of germanium-centered MMA star polymers used for iso-
topic pattern simulation in the range of m/z~1400. Na® is added to each structure for exact
mass calculation. Adapted with permission from ref. 145. Copyright 2018 American Chemical

Society. Modified presentation.

exact mass germyl species sum formula relative amount
(simulated)

1393.5607 ==== CesH100GeNaO ¢ 0.083
1395.5763 H=== CesH100GeNaOog 0.33
1397.5920 HH= = CesH104GeNaOyg 0.5
1399.6076 HHH= CesH106GeNaO26 0.33
1401.6233 HHHH CesH108GeNaOy¢ 0.083
1413.5658 === CesH100GeNaO55 0.33
1415.5814 HB= = CesHi102GeNaOs 1
1417.5971 HHB= CessH104GeNaOys 1
1419.6127 BHHH CesH106GeENaO 5 0.33
1433.5709 BB= = C71H1006€N3024 0.5
1435.5865 HBB= C71H102GeNaO24 1
1437.6022 BBHH C71H104GeNaO24 0.5
1453.5759 BBB= C74H100GeNaO»3 0.33
1455.5916 BBBH C74H102GeNaO»3 0.33
1473.5810 BBBB C77H100GeNaO»; 0.083

Table A8. oMeB,G: Benzoyl initiated PMMA species used for the isotopic pattern simulation
in the mass range of m/z~1400. Na" is added to each structure for exact mass calculation.
Adapted with permission from ref. 145. Copyright 2018 American Chemical Society. Modified
presentation.

exact mass benzoyl species sum formula relative amount
(simulated)

1443.7283 H C/3H112NaO,; 6
1441.7127 = C/3H110NaO,; 6
1461.7178 B C76H110N3026 4

Table A9. oMeB,G: Relative mass difference and mass accuracy of simulated and recorded
mass spectra of benzoyl based PMMA species. Adapted with permission from ref. 145. Cop-
yright 2018 American Chemical Society. Modified presentation.

exact mass (M/z)exp  €Xact mass (m/z)sim Am/z = dm/mgjm =
(recorded) (simulated) |(M/Z)exp - (MIZ)sim|  (AM/Z)/(M/Z)sim
10°/ ppm
1441.70957 1441.71291 0.00334 2.32
1442.71601 1442.71645 0.00044 0.30
1443.72351 1443.72610 0.00259 1.79
1444.73206 1444.73105 0.00101 0.70
1445.73515 1445.73428 0.00087 0.60
1446.73928 1446.73821 0.00107 0.74
1461.71568 1461.71783 0.00215 1.47
1462.71662 1462.72128 0.00466 3.19
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1463.72522
1464.72822
1465.73226

1463.7242
1464.72841
1465.7321

0.00102
0.00019
0.001734

0.70
0.13
1.18

Table A10. oMeB,4G: Relative mass difference and mass accuracy of simulated and record-
ed mass spectra of germyl based PMMA species. Strong deviations (> 10 ppm) occur only at
very small peak intensities close to the detection limit. Adapted with permission from ref. 145.
Copyright 2018 American Chemical Society. Modified presentation.

species exact mass exact mass Am/z = dm/mgjm =
Number as (M/2)exp (M/2)sim |(M/Z)exp - (M/Z)sim| (AM/Z2)/(mM/Z)sim
depicted in (recorded) (simulated) 10°/ ppm
Figure A5
1 1389.5628 1389.5643 0.0016 1.12
1390.5704 1390.5681 0.0023 1.68
1391.5730 1391.5783 0.0053 3.83
1392.5829 1392.5801 0.0028 2.00
1393.5938 1393.5866 0.0072 5.18
1394.5873 1394.5851 0.0022 1.59
1395.5819 1395.5878 0.0059 4.23
1396.5899 1396.5930 0.0031 2.21
1397.5928 1397.5948 0.0020 1.43
1398.5968 1398.5997 0.0029 2.06
1399.6081 1399.6059 0.0022 1.58
1400.6081 1400.6110 0.0030 2.13
1401.6153 1401.6152 0.0001 0.09
1402.6236 1402.6218 0.0019 1.32
1403.6206 1403.6227 0.0021 1.49
1404.5812 1404.6284 0.0472 33.62
1405.5740 1405.6301 0.0562 39.95
1406.6679 1406.6408 0.0271 19.26
2 1409.5682 1409.5696 0.0014 0.99
1410.5726 1410.5731 0.0005 0.38
1411.5843 1411.5821 0.0023 1.62
1412.5846 1412.5852 0.0007 0.47
1413.5922 1413.5850 0.0072 5.07
1414.5882 1414.5866 0.0016 1.12
1415.5853 1415.5872 0.0019 1.33
1416.5961 1416.5932 0.0029 2.05
1417.5954 1417.5976 0.0022 1.57
1418.6020 1418.6015 0.0005 0.37
1419.6097 1419.6067 0.0030 2.13
1420.6121 1420.6114 0.0007 0.51
1421.6156 1421.6139 0.0017 1.22
1422.6138 1422.6183 0.0044 3.12
1423.6194 1423.6222 0.0027 1.92
3 1429.5730 1429.5746 0.0016 1.13
1430.5796 1430.5781 0.0015 1.08
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1431.5872
1432.5895
1433.5864
1434.5908
1435.5898
1436.5963
1437.6039
1438.6060
1439.6027
1440.6070
1448.7442
1449.5813
1449.7056
1450.5829
1450.7074
1451.5921
1452.5892
1453.5874
1454.5931
1455.5933
1456.5946
1457.5968
1458.5935
1459.5979
1469.5917
1470.5874
1471.5908
1472.5885
1473.5872
1474.6004
1475.5944
1476.6029
1477.5990
1479.5941

1431.5846
1432.5859
1433.5848
1434.5887
1435.5891
1436.5931
1437.5991
1438.6028
1439.6048
1440.6068
1448.7433
1449.5790
1449.7469
1450.5826
1450.7524
1451.5838
1452.5840
1453.5830
1454.5875
1455.5909
1456.5944
1457.5955
1458.5974
1459.6005
1469.5841
1470.5874
1471.5835
1472.5857
1473.5831
1474.5855
1475.5867
1476.5880
1477.5899
1479.6021

0.0027
0.0037
0.0016
0.0021
0.0007
0.0032
0.0048
0.0032
0.0020
0.0001
0.0008
0.0023
0.0413
0.0003
0.0451
0.0082
0.0052
0.0044
0.0056
0.0024
0.0002
0.0013
0.0038
0.0026
0.0077
0.0000
0.0073
0.0028
0.0041
0.0149
0.0077
0.0149
0.0090
0.0079

1.86
2.56
1.12
1.48
0.52
2.21
3.30
2.24
1.42
0.09
0.57
1.58
28.49
0.21
31.08
5.68
3.61
3.03
3.86
1.66
0.12
0.90
2.62
1.79
5.21
0.01
4.97
1.88
2.78
10.08
5.22
10.10
6.11
5.36
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Isotopic pattern simulation of oEtB4G
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Figure A7. oEtB,G: Fifteen germanium-centered 4-armed MMA star polymers divided in four
statistical groups A,B,C,D with relative propabilities of 0.083:0.33:0.5:1 and three benzoyl
based PMMA species for isotopic pattern simulation. A Na* is added to each structure for
exact mass calculation. Adapted with permission from ref. 145. Copyright 2018 American
Chemical Society.
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Figure A8. Mass spectra (black) and isotopic pattern simulations (red) of oEtB,G: a) Over-
view spectrum with all germyl and benzoyl based species shown in Figure A7. b)-d) Germyl
based species 1-3 as depicted in a). Adapted with permission from ref. 145. Copyright 2018
American Chemical Society.
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Table A11. oEtB,G: Exact masses of germanium-centered MMA star polymers used for iso-
topic pattern simulation in the range of m/z~1400. Na" is added to each structure for exact
mass calculation. Adapted with permission from ref. 145. Copyright 2018 American Chemical
Society. Modified presentation.

exact mass germyl species sum formula relative amount
(simulated)

1393.5607 ==== Ce5H100GeNaO-g 0.083
1395.5705 BBB= C72HosGeNaO2; 0.33
1395.5763 === CesH102GeNaOyg 0.33
1397.5861 BBBH C7oH100GeNaO,, 0.33
1397.5920 HH== CesH104GeNaOyg 0.5
1399.6076 HHH= CesH106GENaO ¢ 0.33
1401.6233 HHHH CesH108GeNaO s 0.083
1427.5814 === CeoH102GeNaO s 0.33
1429.5912 BBBB C76H100GeNaOy 0.083
1429.5971 HB= = CeoH104GeNaO,s 1
1431.6127 HHB= CeoH106GENaO,5 1
1433.6284 BHHH CeoH10sGeNaO 5 0.33
1461.6022 BB= = C/3H104GeNaOy4 0.5
1463.6178 HBB= C73H106GeNaO24 1
1465.6335 BBHH C73H108GeNaO24 0.5

Table A12. oEtB,G: Benzoyl initiated PMMA species used for the isotopic pattern simulation
in the mass range of m/z ~1400. Na" is added to each structure for exact mass calculation.
Adapted with permission from ref. 145. Copyright 2018 American Chemical Society. Modified

presentation.
exact mass benzoyl species sum formula relative amount
(simulated)
1457.7440 H C74H114NaO,; 9
1455.7283 = C74H112NaOy7 9
1389.6966 B C3H106NaO24 9
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Table A13. oEtB,G: Relative mass difference and mass accuracy of simulated and recorded
mass spectra of benzoyl based PMMA species. Adapted with permission from ref. 145. Cop-
yright 2018 American Chemical Society. Modified presentation.

exact mass (m/z)exp exact mass Am/z = dm/mgjm =
(recorded) (M/2)sim [(MV2Z) exp - (MIZ)sim| (AM/Z)/(M/2)sim

(simulated) 10°/ ppm
1389.69751 1389.69693 0.00058 0.42
1390.69915 1390.70019 0.00104 0.75
1391.70188 1391.70301 0.00113 0.81
1392.70570 1392.70656 0.00086 0.62
1455.72461 1455.72857 0.00396 2.72
1456.73258 1456.73215 0.00043 0.30
1457.74160 1457.7419 0.0003 0.21
1458.74506 1458.74687 0.00181 1.24
1459.74956 1459.7501 0.00054 0.37
1460.75509 1460.75342 0.00167 1.14

Table Al4. oEtB,G: Relative mass difference and mass accuracy of simulated and recorded
mass spectra of germyl based PMMA species. Strong deviations (> 10 ppm) occur only at
very small peak intensities close to the detection limit. Adapted with permission from ref. 145.
Copyright 2018 American Chemical Society. Modified presentation.

species exact mass exact mass Am/z = dm/mgjm =

Number as (M/Z)exp (M/2)sim |(M/Z)exp - (M/Z)sim| ~ (AM/Z)/(M/2Z)sim,

depicted in (recorded) (simulated) 10°/ ppm

Figure A7

1 1392.5825 1392.5789 0.0036 2.56
1392.7057 1392.7060 0.0003 0.20
1393.5872 1393.5813 0.0059 4.23
1393.7106 1393.7091 0.0015 1.08
1394.5808 1394.5810 0.0003 0.19
1394.7104 1394.7123 0.0019 1.38
1395.5753 1395.5826 0.0072 5.19
1395.6804 1395.7146 0.0342 24.48
1396.5833 1396.5883 0.0050 3.57
1397.5862 1397.5907 0.0045 3.22
1398.5964 1398.5945 0.0020 1.42
1399.6077 1399.6030 0.0048 3.39
1400.6139 1400.6081 0.0058 4.11
1401.6211 1401.6146 0.0066 4.67
1402.6233 1402.6200 0.0032 2.31
1403.6202 1403.6250 0.0048 3.42
2 1423.5808 1423.5854 0.0045 3.19

1424.5875 1424.5882 0.0007 0.48
1425.6016 1425.5970 0.0045 3.18
1426.6040 1426.6000 0.0039 2.75
1427.6074 1427.5996 0.0078 5.46
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[MMA

1428.6055 1428.6011 0.0045 3.12

1429.6047 1429.6020 0.0026 1.85

1430.6113 1430.6079 0.0034 2.39

1431.6125 1431.6126 0.0001 0.06

1432.6149 1432.6169 0.0020 1.42

1433.6247 1433.6225 0.0022 1.53

1434.6291 1434.6269 0.0021 1.49

1435.6281 1435.6297 0.0016 1.13

1436.6347 1436.6332 0.0014 0.98

1437.6810 1437.6362 0.0448 31.15

3 1457.6096 1457.6059 0.0038 2.60
1458.6064 1458.6095 0.0032 2.16

1459.6173 1459.6163 0.0010 0.71

1460.6227 1460.6177 0.0050 3.44

1461.6159 1461.6167 0.0008 0.55

1461.7550 1461.7562 0.0012 0.79

1462.6168 1462.6195 0.0028 1.88

1462.7560 1462.7591 0.0031 2.09

1463.6186 1463.6205 0.0019 1.30

1463.7182 1463.7632 0.0450 30.77

1464.6215 1464.6247 0.0032 2.16

1465.6321 1465.6295 0.0026 1.76

1466.6370 1466.6338 0.0032 2.21

1467.6364 1467.6363 0.0000 0.02

1468.6367 1468.6383 0.0016 1.10

1469.6448 1469.6429 0.0019 1.30
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Figure A9. PrOB,G: Fifteen germanium-centered 4-armed MMA star polymers divided in
four statistical groups A,B,C,D with relative propabilities of 0.083:0.33:0.5:1 and three benzo-
yl based PMMA species for isotopic pattern simulation. A Na* is added to each structure for
exact mass calculation. Adapted with permission from ref. 145. Copyright 2018 American

Chemical Society.
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Figure A10. Mass spectra (black) and isotopic pattern simulations (red) of PrOB,G: a) Over-
view spectrum with all germyl and benzoyl based species shown in Figure A9. b)-d) Germyl
based species 1-3 as depicted in a). Adapted with permission from ref. 145. Copyright 2018
American Chemical Society.
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Table A15. PrOB,G: Exact masses of germanium-centered MMA star polymers used for
isotopic pattern simulation in the range of m/z~1400. Na" is added to each structure for exact
mass calculation. Adapted with permission from ref. 145. Copyright 2018 American Chemical

Society. Modified presentation.

exact mass germyl species sum formula relative amount
(simulated)

1385.5497 BBB= C70HosGeNaO2; 0.33
1387.5654 BBBH C70HosGeNaO2; 0.33
1393.5607 ==== CesH100GeNaO6 0.083
1395.5763 === CesH102GeNaOog 0.33
1397.5920 HH== CesH104GeNaOog 0.5
1399.6076 HHH= CesH106GeNaO6 0.33
1401.6233 HHHH CesH10sGeNaO 5 0.083
1421.5709 BB= = C70HlooGeNaOQ4 0.5
1423.5865 HBB= C70HlozGeNaOQ4 1
1425.6022 BBHH C70H104GeNaOy4 0.5
1449.5810 BBBB C75H100GeNaO», 0.083
1457.5920 === C7oH104GeNaOyg 0.33
1459.6076 HB= = C7oH106GeNaOg 1
1461.6233 HHB= C7oH108GeNaOg 1
1463.6389 BHHH C7oH110GeNaO 0.33

Table A16. PrOB,G: Benzoyl initiated PMMA species used for the isotopic pattern simula-
tion in the mass range of m/z~1400. Na" is added to each structure for exact mass calcula-
tion. Adapted with permission from ref. 145. Copyright 2018 American Chemical Society.
Modified presentation.

exact mass benzoyl species sum formula relative amount
(simulated)

1387.7021 H C70H108NaO2g 2.5
1385.6865 = C7oH106NaO26 2.5
1449.7178 B C75H110NaO 1.75

Table A17. PrOB,G: Relative mass difference and mass accuracy of simulated and recorded
mass spectra of benzoyl based PMMA species. Adapted with permission from ref. 145. Cop-
yright 2018 American Chemical Society. Modified presentation.

exact mass (M/z)exp exact mass Am/z = dm/msim =
(recorded) (M/Z)sim |(M/Z)exp - (M/Z)sim| (AM/z)/(M/Z)sim
(simulated) 10°/ ppm
1385.68375 1385.68636 0.00261 1.88
1386.68718 1386.69019 0.00301 2.17
1387.69783 1387.69995 0.00212 1.53
1388.70345 1388.70466 0.00121 0.87
1389.71016 1389.70836 0.00180 1.30
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1390.71182
1449.71864
1450.72038
1451.72316
1452.72697

1390.71163
1449.71778
1450.72085
1451.72461
1452.72786

0.00019
0.00086
0.00047
0.00145
0.00089

0.14
0.59
0.32
1.00
0.61

Table A18. PrOB,G: Relative mass difference and mass accuracy of simulated and recorded
mass spectra of germyl based PMMA species. Strong deviations (> 10 ppm) occur only at
very small peak intensities close to the detection limit. Adapted with permission from ref. 145.
Copyright 2018 American Chemical Society. Modified presentation.

species exact mass exact mass Am/z = dm/mgjm =

number as (M/Z)exp (M/2)sim |(M/Z)exp - (M/Z)sim|  (AM/Z)/(M/2Z)sim

depicted in (recorded) (simulated) 10°/ ppm

Figure A9

1 1381.5530 1381.5534 0.0003 0.24
1382.5581 1382.5565 0.0016 1.14
1383.5642 1383.5575 0.0067 4.86
1384.5592 1384.5575 0.0018 1.27
1385.5615 1385.5565 0.0050 3.61
1386.5648 1386.5619 0.0028 2.04
1387.5630 1387.5647 0.0016 1.18
1388.5685 1388.5681 0.0004 0.27
1389.5689 1389.5677 0.0013 0.90
1390.5704 1390.5691 0.0013 0.96
1390.7118 1390.7111 0.0008 0.55
1391.5792 1391.5776 0.0015 1.11
1391.7146 1391.7145 0.0001 0.08
1392.5828 1392.5805 0.0023 1.69
1392.7122 1392.7192 0.0069 4.99
1393.5876 1393.5864 0.0012 0.85
1394.5873 1394.5844 0.0029 2.11
1395.5819 1395.5877 0.0058 4.14
1396.5899 1396.5928 0.0029 2.11
1397.5928 1397.5947 0.0019 1.33
1398.5968 1398.5996 0.0027 1.97
1399.6081 1399.6063 0.0018 1.26
1400.6080 1400.6103 0.0023 1.62
1401.6153 1401.6156 0.0003 0.24
1402.6174 1402.6187 0.0013 0.94
1403.6206 1403.6243 0.0037 2.64
1404.7060 1404.6271 0.0789 56.18
2 1417.5700 1417.5744 0.0044 3.08

1418.5766 1418.5783 0.0016 1.16
1419.5906 1419.5846 0.0060 4.23
1420.5867 1420.5858 0.0009 0.63
1421.5838 1421.5853 0.0015 1.05
1422.5883 1422.5885 0.0001 0.10
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1423.5875 1423.5894 0.0018 1.29
1424.5942 1424.5934 0.0008 0.58
1425.6019 1425.5992 0.0027 1.87
1426.6043 1426.6029 0.0014 1.01
1427.6077 1427.6048 0.0029 2.06
1428.6059 1428.6075 0.0016 1.12
1429.6114 1429.6126 0.0012 0.83
1430.6116 1430.6149 0.0032 2.26
1453.5939 1453.5961 0.0023 1.56
1453.7318 1453.7318 0.0000 0.02
1454.5996 1454.5995 0.0002 0.11
1454.7312 1454.7364 0.0053 3.63
1455.6130 1455.6083 0.0047 3.21
1455.7315 1455.7357 0.0042 2.87
1456.6143 1456.6112 0.0030 2.08
1457.6166 1457.6112 0.0054 3.70
1458.6133 1458.6124 0.0009 0.60
1459.6110 1459.6137 0.0027 1.84
1460.6164 1460.6194 0.0029 2.02
1461.6229 1461.6239 0.0010 0.71
1462.6237 1462.6279 0.0042 2.86
1463.6322 1463.6326 0.0004 0.25
1464.6418 1464.6373 0.0044 3.02
1465.6390 1465.6397 0.0007 0.46
1466.6440 1466.6440 0.0000 0.01
1467.6500 1467.6490 0.0010 0.67

Isotopic pattern simulation of B,G
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Figure Al1l. B,G: Six germanium-centered 2-armed MMA star polymers divided in two statis-
tical groups A,B with relative propabilities 0.5:1 and three benzoyl based PMMA species for
isotopic pattern simulation. A Na* is added to each structure for exact mass calculation.
Adapted with permission from ref. 145. Copyright 2018 American Chemical Society.
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Figure A12. Mass spectra (black) and isotopic pattern simulations (red) of B,G: a) Overview
spectrum with all germyl and benzoyl based species shown in Figure A11l. b) Germyl based
species as depicted in a). Adapted with permission from ref. 145. Copyright 2018 American
Chemical Society.

Table A19. B,G: Exact masses of germanium-centered MMA star polymers used for isotopic
pattern simulation in the range of m/z~1400. Na® is added to each structure for exact mass
calculation. Adapted with permission from ref. 145. Copyright 2018 American Chemical Soci-
ety. Modified presentation.

exact mass germyl species sum formula relative amount
(simulated)

1153.4973 == Cs4HgsGeNaOoq 0.5
1155.5129 =H Cs4HogGeNaO5q 1
1157.5286 HH Cs4HooGeNaOoq 0.5
1159.4867 = CssHgsGeNaOqg 1
1161.5024 BH CseHgsGeNaOqg 1
1165.4762 BB CsgHgsGeNaO;g 0.5

Table A20. B,G: Benzoyl initiated PMMA species used for the isotopic pattern simulation in
the mass range of m/z~1400. Na"* is added to each structure for exact mass calculation.
Adapted with permission from ref. 145. Copyright 2018 American Chemical Society. Modified
presentation.

exact mass benzoyl species sum formula relative amount
(simulated)

1129.5554 H Cs7HgsNaO2; 6
1127.5397 = Cs7HgaNaO5; 6
1133.5292 B CsoHgoNaOyg 3
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Table A21. B,G: Relative mass difference and mass accuracy of simulated and recorded
mass spectra of benzoyl based PMMA species. Adapted with permission from ref. 145. Cop-
yright 2018 American Chemical Society. Modified presentation.

exact mass exact mass Am/z = dm/mgjm =
(m/Z)exp (m/Z)sim |(m/z)exp - (m/z)siml (Am/z)/(m/z)sim
(recorded) (simulated) 10°/ ppm
1127.53947 1127.53973 0.00026 0.23
1128.54562 1128.54322 0.00240 2.13
1129.55763 1129.55419 0.00344 3.05
1130.56198 1130.55852 0.00346 3.06
1131.56315 1131.56140 0.00175 1.55
1132.56566 1132.56516 0.00050 0.44
1133.52878 1133.52919 0.00041 0.36
1134.53390 1134.53281 0.00109 0.96
1135.53582 1135.53637 0.00055 0.48
1136.53907 1136.53940 0.00033 0.29

Table A22. B,G: Relative mass difference and mass accuracy of simulated and recorded
mass spectra of germyl based PMMA species. Strong deviations (> 10 ppm) occur only at
very small peak intensities close to the detection limit. Adapted with permission from ref. 145.
Copyright 2018 American Chemical Society. Modified presentation.

exact mass exact mass Am/z = dm/mgm =
(M/Z)exp (M/2)sim [(M/Z)exp - (M/Z)siml (AM/2)I(M/Z)sim
(recorded) (simulated) 10°/ ppm
1149.5045 1149.5006 0.0039 3.39
1150.5078 1150.5045 0.0034 2.92
1151.5171 1151.5140 0.0031 2.68
1152.5231 1152.5172 0.0058 5.05
1153.5164 1153.5127 0.0037 3.23
1154.5203 1154.5157 0.0046 4.01
1155.5162 1155.5143 0.0019 1.68
1156.5181 1156.5181 0.0000 0.00
1157.4886 1157.4914 0.0028 2.44
1158.4931 1158.4921 0.0009 0.79
1159.4894 1159.4913 0.0018 1.60
1160.5059 1160.5005 0.0054 4.63
1161.5095 1161.5018 0.0077 6.62
1162.5098 1162.5055 0.0043 3.69
1163.4643 1163.4790 0.0147 12.64
1164.4813 1164.4806 0.0007 0.63
1165.4807 1165.4776 0.0031 2.66
1166.4814 1166.4803 0.0011 0.91
1167.4834 1167.4805 0.0028 2.43
1168.4866 1168.4826 0.0041 3.50
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Overall initiation efficiencies of para-Fluor- and Methoxy-Substituted Mono-,
Bis- and Tetraacylgermanes obtained by PLP-SEC-ESI-MS-Cocktail Experi-
ments
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Figure A13. G versus molar ratio-plot and corresponding F versus DP-plots of the cocktail
experiment MB;G:B;G conducted at 397, 400 and 409 nm. The overall initiation efficiency
results in 1.40 + 0.10 via averaging of m and m;,,.. For further details refer to chapter 4.3.
Adapted with permission from ref. 144. Copyright 2017 American Chemical Society. New
evaluation.
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Figure A14. G versus molar ratio-plot and corresponding F versus DP-plots of the cocktail
experiment FB;G, B;G conducted at 405, 409 and 410 nm. The overall initiation efficiency
results in 1.00 + 0.05 via averaging of m and m,,. For further details refer to chapter 4.3.
Adapted with permission from ref. 144. Copyright 2017 American Chemical Society. New

evaluation.
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experiment FB,G, B,G conducted at 416 and 421 nm. The overall initiation efficiency in
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Adapted with permission from ref. 146. Copyright 2019 American Chemical Society.
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Figure A16. G versus molar ratio-plot and corresponding F versus DP-plots of the cocktail
experiment MB,G, B,G conducted at 411 and 421 nm. The overall initiation efficiency results
in 1.14 4+ 0.25 via averaging of m and my, . For further details refer chapter 4.3. Adapted
with permission from ref. 146. Copyright 2019 American Chemical Society.
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Figure A17. G versus molar ratio-plot and corresponding F versus DP-plots of the cocktail
experiment MB,G, B,G conducted at 396 and 405 nm. The overall initiation efficiency results
in 0.97 + 0.08 via averaging of m and my, . For further details refer chapter 4.3. Adapted
with permission from ref. 146. Copyright 2019 American Chemical Society.
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experiment FB,G, MB;G conducted at 416 nm. The overall initiation efficiency results in
2.19 + 0.20 via averaging of m and my,,. For further details refer to chapter 4.3. Adapted
with permission from ref. 146. Copyright 2019 American Chemical Society.
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with permission from ref. 146. Copyright 2019 American Chemical Society.
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experiment MB,G, FB;G conducted at 410 and 411 nm. The overall initiation efficiency re-
sults in 2.40 + 0.42 via averaging of m and m;,,.. For further details refer to chapter 4.3.
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Figure A21. G versus molar ratio-plot and corresponding F versus DP-plots of the cocktail
experiment B,G, MB,G conducted at 405 and 411 nm. The overall initiation efficiency results
in 2.86 + 0.64 via averaging of m and m,,. For further details refer to chapter 4.3. Adapted
with permission from ref. 146. Copyright 2019 American Chemical Society.
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Figure A22. G versus molar ratio-plot and corresponding F versus DP-plots of the cocktail
experiment B4,G, FB,G conducted at 405 and 416 nm. The overall initiation efficiency results
in 2.61 + 0.29 via averaging of m and m;,,.. For further details refer to chapter 4.3. Adapted
with permission from ref. 146. Copyright 2019 American Chemical Society.
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Figure A23. G versus molar ratio-plot and corresponding F versus DP-plots of the cocktail
experiment B4,G, FB;G conducted at 405 and 410 nm. The overall initiation efficiency results
in 6.55 + 1.62 via averaging of m and m;,,.. For further details refer to chapter 4.3. Adapted
with permission from ref. 146. Copyright 2019 American Chemical Society.
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Figure A24. G versus molar ratio-plot and corresponding F versus DP-plots of the cocktail
experiment MB,G, B;G conducted at 396 and 415 nm. The overall initiation efficiency results
in 5.26 + 0.79 via averaging of m and my,,. For further details refer to chapter 4.3. Adapted
with permission from ref. 146. Copyright 2019 American Chemical Society.
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rine substituted benzoyl- and trimethylgermane-radicals leading to a systematic error for
cocktail experiments including FB,G. Adapted with permission from ref. 144. Copyright 2017
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Triple Cocktail Experiment of B4G, FB,G, MB1G
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Figure A26. G versus molar ratio-plot and corresponding F versus DP-plots of FB,G, MB,G
according to the triple cocktail experiment conducted at 397, 405, and 416 nm. The overall
initiation efficiency resultsin 2.20 + 0.22 via averaging of m and m;,,.. For further details refer
to chapter 4.3. Adapted with permission from ref. 146. Copyright 2019 American Chemical

Society.
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B4G:FB,G Corresponding to Triple Cocktail Experiment with B4G, FB,G, MB,G
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Figure A27. G versus molar ratio-plot and corresponding F versus DP-plots of B,G, FB,G
according to the triple cocktail experiment conducted at 397, 405, and 416 nm. The overall

initiation efficiency resultsin 2.69 + 0.08 via averaging of m and m;,,.. For further details refer

to chapter 4.3. Adapted with permission from ref. 146. Copyright 2019 American Chemical
Society.
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B4G:MB,G Corresponding to Triple Cocktail Experiment with B4G, FB,G, MB1G
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Figure A28. G versus molar ratio-plot and corresponding F versus DP-plots of B,G, MB,G
according to the triple cocktail experiment conducted at 397, 405, and 416 nm. The overall
initiation efficiency resultsin 5.81 + 0.35 via averaging of m and m;,,.. For further details refer
to chapter 4.3. Adapted with permission from ref. 146. Copyright 2019 American Chemical
Society.
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PLP-ESI-MS Cocktail-Experiments with Ortho-Substituted Tetraacyl-

germanes
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Figure A29. Steady-state UV/Vis-spectra of oMeB,G (red) and Mes,G (blue) compared with
B,G (black) dissolved in MMA and recorded in 1 cm cuvettes for determination of ntr*-

extinction coefficients.
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Figure A30. G versus molar ratio-plot and corresponding F versus DP-plots of the cocktail
experiment oMeB,G:B4,G conducted at 405 nm. The overall initiation efficiency results in
1.32 + 0.13 via averaging of m and m;,,.. For further details refer to chapter 4.3.
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Figure A31. G versus molar ratio-plot and corresponding F versus DP-plots of the cocktail
experiment Mes,G:B,G conducted at 400 and 430 nm. The overall initiation efficiency results
in 1.28 + 0.04 via averaging of m and my,,.. For further details refer to chapter 4.3.

Validity of the Overall Initiation Efficiencies Data Base

Equations A1-A10. Adapted with permission from ref. 146. Copyright 2019 American

Chemical Society. Modified presentation:

MB,G
B,G

FB,G _ (MB,G\ (MB,G\ = 3.14 +
BiG /. ~\BG J\FB/G/ 240 +
) ~ <FBQG> (MBQG> <MBZG>_1<

calc. BZG
_(1.07 £ 0.18) - (3.14 £ 0.41)
" (1.14 + 0.25)-(2.19 + 0.20)
_(B,G\(B,G\ 581%
calc._ MB,G/\FB,G/ — 261 +

(FBZG

MB,G

0.41
0.42

FB,G

MB,G

0.35
0.29

=223 +

+ 0.54 (40 %)

=131 + 0.44 (34 %)
>—1
=1.35

0.62 (28 %)
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MB,G) _(BsG)(B.G )\ _ 6551162 =2.29 + 0.57 (25 %
F8:c)  ~\FB:G6/\MB,G) ~ zseroes X0 E0S7 (2%
('V'BZG) (MBZG> <F81G> (240 + 0.42)-(1.00 + 0.05)=2.40 + 0.44 (28 %)
B1G calc FB1G B1G
B,G _(BiG\(MB,G\ " _ 655 + 1.62 _ 2.73 + 1.07 (39 %
MB,G/ . \FB:G/\FBG 240 £ 042 777 T 4
B,G)\ [ BisG\(FB,G\ ' 581 +035 2.60 + 0.63 (24 %
FB,G) .~ \MB,G/\MB,G) ~219xo020 T (24 %)
<B4G> <B4G><MBZG> (2.86 + 0.64)-(2.40 + 0.42)=6.86 + 1.62 (24 %)
FB,G calc. MB,G/\FB1G
B,G B,G \/FB,G
Y =56 ) \vB.G) = 261+ 029)(219 £0.20)=5.72 + 0.82 (14 %)
1 2 1

G
) =(0.97 + 0.08)-(2.86 + 0.64)+(3.14 + 0.41)

=8.71 + 2.37 (27 %)

Table A23. Comparison of calculated and experimental overall initiation efficiency for valida-
tion purposes. Adapted with permission from ref. 146. Copyright 2019 American Chemical
Society. Modified presentation.

cocktail radical calculated experimental deviation / %
experiment fragments overall initiation overall initiation Mexp
efficiency m efficiency m |1 - (m—> -100
pred
FB,G:B:G FB:B 1.31+044 1.00 + 0.05 23.66
MB;G:B1G MB:B 1.35+0.54 1.40 + 0.10 3.70
FB.G:MB;G FB:MB 2.23+ 0.62 2.19 +0.20 1.79
MB,G:FB.G MB:FB 2.29 £ 0.57 2.40 £ 0.42 4.80
MB,G:B,G MB:B 2.4+0.44 3.14+0.41 30.83
B4G:MB,G B:MB 2.73 £ 1.07 2.86 + 0.64 4.76
B4G:FB,G B:FB 2.60 £+ 0.63 2.61 4+ 0.29 0.38
B4G:FB,G B:FB 6.86 + 1.62 6.55 +1.62 4.52
B,G:MB;G B:MB 5.72 +£0.82 5.81+0.35 1.57
MB4G:B1G MB:B 8.71 £ 2.37 5.26 £ 0.79 39.61
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Non-stoichiometric increase of overall initiation efficiency

Equations A11-A18. Adapted with permission from ref. 146. Copyright 2019 Ameri-

can Chemical Society. Modified presentation.
B,G _ (MB,G\ (MB,G\ = 3.14 + 041 _ 275 + 0.8 (36 ¥
B.G/ . \BG/\BG) ~114+025 77 (36%)

FB,G FB,G (219 + 0.20)- (6.55 + 1.62)
FB:G/) . \MB.G FB G MB G B (5.81 + 0.35)

=247 + 0.67 (27 %)

MB,G B,G\/B,G\ " 581+ 035
calc -

MB,G ) \MB,G

B.GY (B )\ (FB28) | 561 4 020)- (107 + 0.18) = 2.79 + 0.56 (20 %
=\Fe,5)\Bg ) = @61 + 029 (L7 £ 0.18) =279 £ 056 (20%)

MB, G _ (MBiG) ( BsG = (0.97 + 0.08) - (2.86 + 0.64
MB,G/) _ ~ \ B,G /\MB.,G = (097 £ 0.08) - (2.86 £ 0.64)

=2.77 + 0.66 (24 %)

B,G = (BC\(MBiS) _ 581 4 035)- (140 + 0.10) =831 + 076 9 %
B1G calc_ MB1G B1G _(. - )( - )_ . T ( 0)

MB, G _ (BsG | (MB.G = (5.81 + 0.35)-(0.97 + 0.08
MB,G)__  \MB,G/\ B,G = (581 £ 035)-(0.97 £ 0.08)

=5.64 + 0.58 (10 %)
Table A24. Comparison of calculated overall initiation efficiencies m and ratios of

Emax(XiG) / €max (Xk<jG). Adapted with permission from ref. 146. Copyright 2019 Ameri-
can Chemical Society. Modified presentation.

cocktail exper-  calculated Emax(XiG) / €max deviation / %
iment m(XG : (Xk<iG) Meaie
- (oo )
) 5max(XJG)/5max(Xk<JG)

-100
B.G : BiG 2.75 1+ 0.98 2.89 4.84
FB,G:FB:G 251+ 0.95 3.66 31.42
MB,G : MB;G  2.03+ 0.76 2.56 20.70
B4G : B2G 2.79 + 0.56 2.81 0.71
MB.G : MB,G  2.77 + 0.66 2.34 18.37
B4G : B1G 8.13+ 0.76 8.14 0.12
MB,G : MB;G  5.64 + 0.58 11.54 51.13
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fs-TA of Monoacylgermanes
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Figure A32. a) Transient response at 420 nm after excitation at 400 nm of B;G in MeOH in
the region of expected GSB. In fact, no ground state recovery is observed, which implies ISC
as the dominant pathway. b) Transient responses at 450 (blue), 475 (orange) and 516 nm
(red) after excitation at 400 nm of B;G in MeOH for illustration of the superposition of ISC
and VR. Blue and red lines are exponential fits. Orange line for guiding the eye. Adapted with
permission from ref. 144. Copyright 2017 American Chemical Society. Modified presentation.
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Figure A33. a) Transient broadband absorption spectrum of MB;G in MeOH of the first ps
and longer delay times (inset) after excitation at 400 nm and probing with a CaF,-white light
continuum from 350-720 nm. Time delays as indicated. Transient response at 400 nm omit-
ted due to scattering from pump pulse. b) Transient responses at 420 nm after excitation at
400 nm of MB,G in MeOH in the region of expected GSB. In fact, no ground state recovery is
observed, which implies ISC as the dominant pathway. ¢) Transient response at 461 (blue),
491 (orange) and 516 nm (red) after excitation at 400 nm of MB;G in MeOH for illustration of
the superposition of ISC and VR. Blue and red lines are exponential fits. Orange line for guid-
ing the eye. For a detailed discussion refer to main text section 4.4.1. Adapted with permis-
sion from ref. 144. Copyright 2017 American Chemical Society. Modified presentation.
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Figure A34. a) Transient broadband absorption spectrum of FB;G in MeOH of the first ps
and longer delay times (inset) after excitation at 400 nm and probing with a CaF,-white light
continuum from 350-720 nm. Time delays as indicated. Transient response at 400 nm omit-
ted due to scattering from pump pulse. b) Transient responses at 420 nm after excitation at
400 nm of MB,G in MeOH in the region of expected GSB. In fact, no ground state recovery is
observed, which implies ISC as the dominant pathway. ¢) Transient response at 462 (blue),
481 (orange) and 516 nm (red) after excitation at 400 nm of FB;G in MeOH for illustration of
the superposition of ISC and VR. Blue and red lines are exponential fits. Orange line for guid-
ing the eye. For a detailed discussion refer to main text section 4.4.1. Adapted with permis-
sion from ref. 144. Copyright 2017 American Chemical Society. Modified presentation.
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Figure A35. Transient response of CB;G dissolved in MeOH recorded after excitation at
400 nm and probing with a CaF,-white light continuum from 350-720 nm. a) Transient re-
sponse at 420 nm in the region of GSB indicates approximately complete ground state re-
covery. b), ¢) Transient response at 490 and 360 nm, respectively, as used for exponential
fitting. Singlet state relaxation via IC within 12-13 ps. d) Exponential fitting of SE-recovery
within 8 ps at 700 nm indicates a weak fluorescence pathway. Adapted with permission from
ref. 144. Copyright 2017 American Chemical Society. Modified presentation.
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Figure A36. Transient response of NB;G dissolved in MeOH recorded after excitation at
400 nm and probing with a CaF,-white light continuum from 350-720 nm. a) Transient re-
sponse at 420 nm in the region of GSB indicates approximately complete ground state re-
covery. b) Transient response at 530 nm as used for exponential fitting. Singlet state relaxa-
tion via IC within 2 ps. An additional rise within 9 ps indicates channel branching due weak
competing ISC. Adapted with permission from ref. 144. Copyright 2017 American Chemical
Society. Modified presentation.

fs-TA of Tetraacylgermanes
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Figure A37. Transient response at 675 of B,G dissolved in AcN after excitation at 400 nm for
comparison with DAS in Figure 4.35. Fast Increasing TA-band at 620-720 nm is correlated
to fast decay of ESA between 350 and 600 nm caused by ISC from excited singlet to triplet

states. The risen ESA remains within the recorded time window, which is reflected by C;from
global analysis.
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Figure A38. a) Transient broadband absorption spectrum of oMeB4G dissolved in AcN excit-
ed at 400 nm and probed by a CaF,-white light continuum between 350-720 nm. The wave-
length region at ~400 nm is omitted due to scattering from pump pulse. Time delays as indi-
cated. b) Decay associated spectrum (DAS) derived from triexponential global analysis of the
TA-spectrum of oMeB4G dissolved in AcN. Time constants according to three exponential
functions as indicated. For a detailed discussion refer to main text section 4.4.2.
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Figure A39. a) Transient broadband absorption spectrum of oEtB,G dissolved in AcN excit-
ed at 400 nm and probed by a CaF,-white light continuum between 350-720 nm. The wave-
length region at ~400 nm is omitted due to scattering from pump pulse. Time delays as indi-
cated. b) Decay associated spectrum (DAS) derived from triexponential global analysis of the
TA-spectrum of oEtB,G dissolved in AcN. Time constants according to three exponential
functions as indicated. For a detailed discussion refer to main text section 4.4.2.
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Figure A40. a) Transient broadband absorption spectrum of PrOB,G dissolved in AcN excit-
ed at 400 nm and probed by a CaF,-white light continuum between 350-720 nm. The wave-
length region at ~400 nm is omitted due to scattering from pump pulse. Time delays as indi-
cated. b) Decay associated spectrum (DAS) derived from triexponential global analysis of the
TA-spectrum of PrOB4G dissolved in AcN. Time constants according to three exponential
functions as indicated. For a detailed discussion refer to main text section 4.4.2.
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fs-TA of Bisacylgermane B,G
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Figure A41. a) UV/Vis spectrum of B,G dissolved in AcN recorded in a 1 mm cuvette as
used for fs-TA b) Transient broadband absorption spectrum of B,G dissolved in AcN excited
at 400 nm and probed by a CaF,-white light continuum between 350-720 nm. The wave-
length region at ~400 nm is omitted due to scattering from pump pulse. Time delays as indi-
cated. c) Decay associated spectrum (DAS) derived from triexponential global analysis of the
TA-spectrum of B,G dissolved in AcN. Time constants according to three exponential func-
tions as indicated. d) Transient of B,G in AcN at 425 nm. After ISC within 45 ps, triplet ESA
remains within the recorded time window. In addition, no ground state recovery is observed.
Thus, no triplet relaxation is observed, e.g. via radical formation. The findings are in line with
literature,*® which reports the primary radical formation of B,G to proceed within tens of ns
after ISC. For a detailed discussion with respect to tetraacylgermanes refer to main text sec-
tion 4.4.2.
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Outlook: wavelength dependent PLP

EpuiseNouise T (4°)2° Eqg. A19

pulse — i T(/li)li

pulse

buiser Nbuise: €nergy and count of pulse i.

Eise: Npuise: €nergy and count of initial pulse i = 0.

AL, 29: wavelength for pulse i and the initial pulse 0.
T: wavelength-dependent transmittance.

Eq A19”>'*° enables the calculation of the wavelength dependent energy of a pulse i based
on the energy and pulse count of an initial pulse 0. The results can be used to align the tuna-
ble ns-laser system for wavelength-dependent PLP-conversion experiments at constant pho-
ton count.
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Figure A42. MMA-conversion plot of a wavelength-dependent PLP-experiment of a) FB,G
and b) B,G in MMA reproduced from master thesis by P.W. Kamm.*® Both experiments
show a significant MMA-conversion within wavelength regions with low extinction coefficients
of the initiators.
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B. Appendix of Chapter 5

Tin-Based Photoinitiators
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Figure B1. Solid state X-ray photoelectron (XPS) spectra of a) Mes,T and b) TPBT. a) XPS-
spectrum of Mes,T reflects the atomic ratio of C:0:Sn (40:4:1) as seen from comparison of
recorded and expected ratios. b) Deviations between the recorded and expected atomic ratio
of C:0:Sn (25:1:1) indicate the decomposition of TPBT within solid state. The spectra are
recorded by Lukas Michalek at the Queensland University of Technology (QUT, Brisbane,
Australia).
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Figure B2. 'H-NMR spectra of Mes,T in deuterated benzene (C¢D¢) are conducted by
Markus Zieger (Karlsruhe Institute of Technology (KIT), Karlsruhe) after times as indicated.
The sample was not exposed to light. From H-atoms with a different chemical environment in
Mes,T a ratio of 2:6:3 is expected in line with a NMR-spectrum from literature (marked in
blue).** However, already after 10 min not expected additional peaks (marked in red) can be
observed, which result in a different ratio as indicated. After further 18 h, the additional peaks
are clearly increased, which is an evidence for the decomposition of Mes,T in solution with-
out light-irradiation.
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Figure B3. Steady-state UV/Vis spectra of Mes,T in MMA for inspecting the decomposition

under light-exclusion after various waiting times as indicated. After 15 min a decay of ~2 % is
observed.
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Figure B4. Tin-centered 4-armed star polymers as predicted for polymerization with tetrame-
sitoylstannane by assuming a complete multiple cleavage mechanism.
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Figure B5. a) G,’szo vs initial molar ratios-plot of the cocktail experiment Mes,T: B,G in MMA
without further purification to determine the overall initiation efficiencies of the radicals Mes
and B at excitation wavelength 400 nm. Red: Linear regression of all mass-bias-free ratios
Gﬁizo of the disproportionation product Mes= initiated by the radical Mes originated from the
initiator Mes,T versus the initial molar ratios n(MessT)/n(B4G) resulting in an overall initiation
efficiency of mMé=0.19. Green: Linear regression of all inverse mass-bias-free ratios
(Gi‘,{f;o ~1 of the disproportionation product B= initiated by the radical B originated from the
initiator B4G versus the initial molar ratios n(Mes.T)/n(B4G) resulting in an overall initiation
efficiency of m}B=0.185. Deviations between m™és and m2,, reflect the scattering of the ex-
periment. The averaged overall initiation efficiency is obtained to m(Mes,T:B,G) =0.19 +
0.003. b) Corresponding F vs DP-plot indicating a weak chain length-dependent ionization
bias during the ESI-process.
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Figure B6. F vs DP-plots corresponding to the cocktail experiment Mes,T:MB,G at 398 and
411 nm indicating a weak chain length-dependent ionization bias.
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Figure B7. Mes,T in toluene shows no significant fluorescence band after excitation at
400 nm.
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Figure B8. Singlet transient response at 480 nm of Mes,T dissolved in MMA after excitation
at 400 nm. Red line is received from biexponential fitting routine resulting in two time con-
stants. 7, reflects the decay of singlet ESA within 500 fs. T, corresponds to a long-living tri-
plet ESA, which lasts longer than the recorded time window of 1.2 ns. From the ratio of am-

plitudes c C+1C the channel branching is estimated by 88 % singlet decay and 12 % remaining
1 2

triplet ESA.
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C. Appendix of Chapter 6

Steady-State Fluorescence Spectroscopy of Tetrazoles
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Figure C1. Steady-state UV/Vis and fluorescence spectrum of Tet dissolved in DCM. Excita-
tion within the absorption maximum at 280 nm leads to an insignificant fluorescence of
< 1 a.u. which supersedes the quantification of a fluorescence quantum yield < 10,
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Figure C2. Reference steady-state UV/Vis and fluorescence spectra of Coumarin 307 in
ethanol recorded at excitation of 395 nm for quantification of fluorescence quantum yields of
PyTet and BiphTet in DCM and DCM:IEt mixtures according to Figure 6.2. Reference quan-

tum yield of 56 % obtained at 395 nm is drawn from literature **°.

210



7\ Prompt

10000 / Decay

80004  F-n

6000

counts

4000 +

2000 4

Monoexponential Fit

0 y T T '
3.0 35 40 45 50 55 6.0
t/ns

Prompt
100004 )= ) Decay
- 3 ——— Monoexponential Fit
8000 s
]
€ 6000+
3
o
o
4000 "
2000
0 T l‘ T T
70 30 35 40 45 50 55 60 65 70

t/ns

Figure C3. Decay of fluorescence of a) PyTet within ~1.3 ns and b) BiphTet in DCM within
1.8 ns observed via TCSPC. Prompt is recorded for a 30 % ludox reference solution. The
decay of PyTet is recorded at very low dilutions. Time constants are obtained by monoexpo-
nential fitting routine, which is implemented in the deconvolution software Decay Analysis

Data Set 6 (Horiba).
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Figure C4. Fluorescence quantum yield of PyTet in DCM:IEt mixtures versus gquencher con-
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Figure C5. Zoom into UV-A range of TA-spectrum of Tet in DCM: Increase of ESA at

~370 nm correlates with ultrafast decay of ESA peaking at ~475 nm (refer to Figure 6.4). For
further information refer to main text (section 6.2.1).
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Figure C6. DAS of Tet in DCM obtained from biexponential global analysis, resulting in two
time constants as indicated. Negative amplitudes C; correspond to increasing and positive to
decreasing transient responses. Zero-crossing is interpreted as an isosbestic point. In line
with the discussion of Figure 6.4, the superposition of a fast and slow decaying process with-
in ~600 fs and >1.3 ns, respectively, is observed. The fast decay is correlated to a rising TA
between 350 and 400 nm, which is indicated by the zero-crossing at ~410 nm. For further
information refer to main text (section 6.2.1).
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Figure C7. UV/Vis spectra of PyTet dissolved in DCM, DCM:IEt mixtures and DCM with
TEMPO as used for fs-TA. Grey dashed line indicates similar sample-OD ~0.7 for excitation
at 400 nm.
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Figure C8. TA spectrum of PyTet dissolved in DCM with TEMPO used as a quencher, which
was excited at 400 nm and probed with a CaF,-white light continuum between 350 and
720 nm. Significant increase of ESA at ~450 nm is an evidence for a triplet state. Time de-
lays and concentrations of PyTet and TEMPO as indicated. Transient responses at ~400 nm

are omitted due to scattering from pump pulse. Corresponding UV/Vis spectrum in Fig-
ure C7.
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Figure C9. TA spectra of PyTet dissolved in a) DCM and b), c), d) various DCM:IEt mixtures,
which were excited at 400 nm and probed with a CaF,-white light continuum between 350
and 720 nm. Significant increase of ESA at ~450 nm is an evidence for a triplet state. Time
delays and concentrations of PyTet and IEt as indicated. Transient responses at ~400 nm
are omitted due to scattering from pump pulse. Corresponding UV/Vis spectra in Figure C7.
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Figure C10. a) UV-Vis spectrum of TEMPO in DCM before and after fs-experiment. Absence
of changes in OD before and after the fs-experiment indicates an insignificant decomposition
of TEMPO. b) TA-spectrum of IEt in bulk after excitation at 400 nm and probing with a white
light continuum between 350 and 720 nm. After excitation at 400 nm, no significant transient
response of TEMPO in DCM as shown in b) and c).

215



0.10 1.0

— before fs-experiment c(IEt, bulk) = 12.4 mol L' —— 1Ps
after fs-experiment — gg ps
= -1 0.8 ps
0.08 c(IEt, bulk) = 12.4 mol L 160 ps
580 ps
0.6+ 1ns
0.06 - X
6 :
J 04
0.04 -
0.2
0.02 4
0.0
0.00 T T T T T T T T T T
400 500 600 700 350 400 450 500 550 600 650 700
Alnm Alnm
c) d)
4 4
——PAT in DCM -
——A: PAT in DCM:IEt 1:1 PAT in DCM L
3 ——B: It (bulk) 3| ——A: PAT in DCM:IEt 1:1
——A-B —B: IEt (bulk) ",
24 — A - B
& rE
3 s o
-1
24
34
04 02 00 0.2 0.4 0.6 0.8 1.0 0 100 200 300 400
t/ps t/ps

Figure C11. a) UV-Vis spectrum of IEt in bulk before and after fs-experiment. An increase in
OD ~500 nm indicates the decomposition of IEt under formation of an additional species. b)
TA-spectrum of IEt in bulk after excitation at 400 nm and probing with a white light continuum
between 350 and 720 nm. Despite of the very low OD < 0.01 at 400 nm, IEt reveals a weak
transient band peaking at 500 nm, which lasts longer than the accessible time window of
1.3 ns. The decomposition of IEt is literature-known to procced from the repulsive potential
Si:-surface after excitation between 245 and 283 nm.'®*%* |n addition, the transient response
according to IEt cleavage is associated to an ultrafast process within a few hundreds of fs.*®*
Cleavage via multi-photon excitation is possible'® but negligible at a pulse diameter of
~200 pm.*®® Thus, decomposition of IEt after excitation at 400 nm under formation of a long-
living transient response is improbable. Despite of that, CaF,-white light reaches down to
350 nm and can trigger the cleavage reaction of IEt. Possible follow-up products are ions and
covalent compounds of I, I, I; and 1,.'®%% ¥ The additional band of the steady-state UV/Vis
spectrum a) after the fs-experiment is possibly according to I,,'® which could be accumulat-
ed during probing at 350 nm. However, this species is not necessary related to the TA-
spectrum. In fact, an exact overlapping TA-spectrum of the aforementioned products is not
found in literature.® Consequently, further investigations would be necessary for an in-depth
understanding of TA-spectrum of IEt after excitation in a quasi-off-resonant region. Im-
portantly, the fluorescence-quenching effect of iodine accompanied by the additional ESA in
PyTet in DCM:IEt mixtures is not significantly affected by the dynamics of IEt, which is dis-
cussed below. In addition, the quencher-influence is as well evidenced by TEMPO, which
does not reveal intrinsic excited state dynamics after excitation at 400 nm as presented in
Figure C10.

c), d) Transients at 450 nm after excitation at 400 nm of PyTet in DCM (black) PyTet in a
DCM:IEt mixture (A, red), IEt in bulk (B, blue), and transient response of PyTet in DCM:IEt
mixture after subtraction of response of IEt in bulk (A - B). (c), IEt reveals an ultrafast in-
crease of ESA superimposed by the cross-correlation artifact of the experiment due to the
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small optical density of IEt at the pump wavelength of 400 nm. The increase in less than
500 fs is in the same range compared to the rise of ESA in PyTet in DCM. Thus, the first time
constant of multiexponential analysis of PyTet in DCM:IEt mixtures can be affected by the
rise of IEt. However, the ultrafast ISC within 500 fs of PyTet in DCM can be as well evi-
denced in the absence of IEt (refer to chapter 6.2). In addition, the transient response of
PyTet in DCM:IEt mixture (A) is unaffected by long-lasting transient response of the quench-
er IEt (B) as one can observe in minor differences in the rise of A compared to (A - B) in (d).
In conclusion, the rise on a long time scale in PyTet in a DCM:IEt mixture in comparison to
PyTet in DCM occurs clearly from the response of a triplet state uncovered by the fluores-
cence quenching HAE of IEt (further details in chapter 6.2).
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Figure C12. Fs-TA of PyTet at low-concentration conditions. a) Steady-state UV/Vis spectra
of PyTet in DCM and DCM:IEt mixtures. TA spectra of PyTet dissolved in b) DCM, c) in
DCM:IEt mixture with low c(IEt) and d) in DCM:IEt mixture with high c(IEt). Samples are
pumped at 400 nm and probed with a CaF,-white light continuum between 350 and 720 nm.
Time delays and concentrations of PyTet and IEt as indicated. Transient response at
~400 nm are omitted due to scattering from pump pulse.
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Figure C13. Transient response at 350 nm of PyTet in DCM at low concentration 2.2-10*mol
L™ for inspecting GSB. After excitation, no GSB-recovery is observed within the recorded
time window, which is in line with singlet-depopulation via ISC into a long-living triplet state.
Inset shows short time scale: Immediately after excitation GSB is observed.
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Figure C14. a) Steady-state UV/Vis spectra of BiphTet in DCM and DCM:IEt mixtures. TA
spectra of BiphTet dissolved in b) DCM, c) in DCM:IEt mixture with low c(IEt) and d) in
DCM:IEt mixture with high c(IEt). Samples are pumped at 400 nm and probed with a CaF,-
white light continuum between 350 and 720 nm. Time delays and concentrations of BiphTet
and IEt as indicated. Transient responses at ~400 nm are omitted due to scattering from
pump pulse. Black lines indicate the change in AA after blue shift of ESA.
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Figure C15. fs-TA of BiphTet at low-concentration conditions. a) Steady-state UV/Vis spec-
trum of BiphTet in DCM and DCM:IEt mixtures. TA spectra of BiphTet dissolved in b) DCM,
¢) in DCM:IEt mixture with low c(IEt) and d) in DCM:IEt mixture with high c(IEt). Samples are
pumped at 400 nm and probed with a CaF,-white light continuum between 350 and 720 nm.
Time delays and concentrations of BiphTet and IEt as indicated. Transient response at
~400 nm are omitted due to scattering from pump pulse.
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Figure C16. Transient response of BiphTet dissolved in DCM:IEt mixture recorded at 720,
600 and 440 nm after excitation at 400 nm (3.1 eV). Transient response at 720 and 440 nm
correspond to the same ESA-band, which is superimposed by SE at 600 nm. Decay of ESA-
band is correlated to SE-recovery within >1.1 ns. Inset figure: VR within singlet states is

changed in the presence of IEt indicated by an additional time constant.
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Figure C17. Steady-state UV/Vis spectra of a) PyTet and b) BiphTet in DCM before and af-
ter fs-experiment. The lowered OD indicates decomposition of both tetrazoles during the re-
cording of the TA-spectra.
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