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Abstract

The present thesis provides insights into the mechanistic details of photoinitiated radical
polymerizations as well as the versatility of photoinitiated radical processes. In the first part,
the influence of various aromatic substitution patterns on the initiation efficiency of benzoin-
type radical photoinitiators is investigated by pulsed-laser polymerization with subsequent
electrospray-ionization mass spectrometry (PLP-ESI-MS). Photoinitiators from a library of
benzoin derivatives are compared with regard to their initiation efficiency ratios in so-called
cocktail experiments. Furthermore, femtosecond spectroscopy and theoretical calculations give
additional insight into the molecular dynamics and radical reactivities of the photoinitiators. It
is shown that the absorptivity of a photoinitiator is by no means a measure for its initiation
efficiency or reactivity. In fact, efficient initiators exhibit a poor absorption behavior at the
respective excitation wavelength, resulting from one excited nz* singlet state and one or - at
the utmost — two nz* triplet states. Eventually, benzoin-derivatives with fluorine-substitution at
the hydroxyl benzyl position were found to possess the most advantageous initiation efficiency
and molecular dynamics.

Next to the investigation of radical photoinitiators, the mechanism of light-initiated copper-
mediated reversible-deactivation radical polymerization (photoRDRP) was studied by PLP-ESI-
MS. The photoRDRP reaction mixture composition — consisting of monomer, alkyl bromide
initiator, copper(Il) bromide, and ligand - was varied and irradiated in a PLP setup and the
generated polymer was analyzed by high resolution mass spectrometry. The variation of
the reactant composition and omission of single components provided information on how
the species react upon irradiation with light as well as how the reactants interact with each
other. As a result, a new mechanism of photoRDRP is postulated. In addition, the initiating
species are unambiguously identified. The generation of initiating radicals is performed via UV
light-induced bond scission of the alkyl bromide initiator, giving rise to propagating chains. The
main pathway for the generation of copper(I) activator moieties is the reduction of copper(II)
species by the amine ligand. The ligand can thereby serve as a reducing agent in its ground
state as well as in its photolytically excited state.

A synthetic application of the photoinitiator-based radical generation process for the for-
mation of single-chain nanoparticles (SCNPs) is introduced in the final part of the current
work. Photoinitiator-functionalized polymers were synthesized to yield macromolecules that
generate radicals along their chain upon irradiation with UV light. High dilution and sub-
sequent irradiation of such single chains was envisaged to result in the effective formation
of intramolecular bonds via radical combination events and the collapse of the chain into
a nanoparticle. Employing a fast and efficient radical combination reaction was considered
as an ideal alternative for the delicate procedures and synthetic pathways that are usually
necessary to generate SCNPs. However, although a range of experimental parameters such as
solvent nature, irradiation intensity, time, and wavelength as well as photoinitiator density were
varied, the radical combination reaction did not result in an efficient intramolecular folding
of the chains. Crosslinking of the polymer chains and radical abstraction reactions occured,
resulting in a mixture of crosslinked and folded polymer chains as well as small molecules as
side products.






Zusammenfassung

Die vorliegende Arbeit gibt einen Einblick in die mechanistischen Details und die Vielseit-
igkeit photoinitiierter radikalischer Polymerisationen. Im ersten Teil wird der Einfluss der
aromatischen Substitution auf die Initiierungseffizienz von radikalischen Photoinitiatoren
des Benzoin-Typs untersucht. Dabei wurden Polymere mittels gepulster Laserpolymerisation
synthetisiert und anschlieend durch Elektrosprayionisations-Massenspektrometrie (PLP-ESI-
MS) untersucht. Eine Auswahl von Photoinitiatoren des Benzoin-Typs wurde hinsichtlich
ihrer Initiierungseffizienz in sogenannten Cocktail-Experimenten verglichen. Femtosekun-
denspektroskopie und theoretische Berechnungen vermittelten einen zusatzlichen Einblick
in die vorherrschende Molekiildynamik sowie die Radikalreaktivitiaten der Photoinitiatoren.
Die Zusammenfassung der Ergebnisse ergibt ein Bild wie das Substitutionsmuster des Ben-
zoins charakteristische Molekiileigenschaften wie die Initiierungseffizienz, Extinktionskoef-
fizient, Anregungszustdnde und Radikalreaktivitdten beeinflusst. Dabei wird aufgezeigt, dass
die Absorption eines Photoinitiators in keinem Fall als Maf} fiir seine Initiierungseffizienz
angesehen werden darf. Tatsachlich zeigen effiziente Initiatoren eine schwache Absorption
bei der entsprechenden Anregungswellenldnge, als Folge eines elektronisch angeregten nz*
Singulett-Zustandes sowie eines oder hochstens zweier n* Triplett-Zustande. Desweiteren
wurden bei Benzoin-Derivaten mit Fluorsubstitution in Hydroxybenzylposition eine giinstige
Initiierungseffizienz sowie Molekulardynamik gefunden.

Neben radikalischen Photoinitiatoren wurde der Mechanismus der photoinitiierten Kupfer-
vermittelten Reversiblen Deaktivierungspolymerisation (engl. reversible-deactivation radical
polymerization, photoRDRP) durch PLP-ESI-MS untersucht. Dabei wurde die Zusammenset-
zung einer photoRDRP Rektionsmischung - bestehend aus Monomer, Alkylbromid-Initiator,
Kupfer(II)bromid und Ligand - variiert und mittels PLP polymerisiert. Das entstandene Polymer
wurde massenspektrometrisch analysiert. Die Variation der Zusammensetzung und das gezielte
Auslassen bestimmter Komponenten gibt Auskunft dariiber wie sich die Reaktanten unter
Bestrahlung mit Licht verhalten sowie tiber die jeweiligen gegenseitigen Wechselwirkungen.
Zusétzlich konnten die initierenden Spezies eindeutig ermittelt werden. Durch Betrachtung aller
Teilreaktionen wird schlief3lich ein neuer photoRDRP Mechanismus postuliert. Die Bildung von
initiierenden Radikalen erfolgt durch den Licht-induzierten Bindungsbruch am Alkylbromid-
Initiator, das die Bildung von propagierenden Ketten zur Folge hat. Den bedeutendsten Beitrag
zur Bildung von Kupfer(I)-Aktivatorspezies stellt die Reduktion von Kupfer(II)-Komplexen
durch den Aminliganden dar. Der Ligand kann dabei im elektronischen Grundzustand sowie
im photochemisch angeregten Zustand als Reduktionsmittel agieren.

Im abschlieBenden Teil dieser Arbeit wird die Photoinitiator-basierte Radikalbildung auf
dem Gebiet der Einzelkettennanopartikel (engl. single-chain nanoparticle, SCNP) angewendet.
Photoinitiator-funktionalisierte Polymere wurden mit dem Ziel synthetisiert, Makromolekiile
zu erhalten, die unter Bestrahlung mit Licht Radikale entlang ihrer Kette ausbilden. Durch hohe
Verdiinnung und eine anschlieffende Bestrahlung solcher Einzelketten sollte die intramoleku-
lare Bildung von kovalenten Bindungen durch radikalische Kombinationsreaktionen erfolgen.
Die daraus resultierende Faltung der Kette sollte zwangslaufig zur Bildung eines Nanopartikels
fithren. Da iiblicherweise eine komplexe Durchfithrung und Synthese fiir die Herstellung von
SCNPs erforderlich ist, wurde die Anwendung der schnellen und effizienten radikalischen
Kombinationsreaktion als eine ideale Alternative hierfiir betrachtet. Trotz der Anpassung von
einer Reihe von experimentellen Parametern wie Losungsmittel, Bestrahlungsintensitit und
-zeit, Wellenldange und Photoinitiatordichte, konnte keine effiziente intramolekulare Faltung
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Zusammenfassung

der Ketten erzielt werden. Vernetzungen der Polymerketten und radikalische Abstraktionsreak-
tionen hatten zur Folge, dass sich eine Mischung von vernetzten und gefalteten Polymeren
und kleinen Molekiilen als Nebenprodukte bildete.
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Introduction

The first reported photochemical reaction used by mankind dates back over 4000 years: The
preparation of mummies in ancient Egypt involved a light-induced crosslinking polymerization.
The linen strips that were wrapped around the mummies were soaked in bitumen from Judea
— containing unsaturated compounds — and were subsequently hardened under sunlight. [
Likewise, the main industrial application of photochemistry today is the light-induced poly-
merization and crosslinking of materials. In nature, photochemistry supports the existence of
life on Earth through the formation of oxygen and organic substances from carbon dioxide and
water, based on photosynthesis.[?) An aerobic atmosphere as well as the growth of plants, e.g.,
food for living organisms on Earth, results from this photoinitiated reaction. This extremely
efficient reaction summarizes the benefits of photoinitiated reactions compared to thermally
initiated reactions: They are fast and can be performed under mild conditions, at low as well
as high temperatures and they can be spatially and temporally controlled. Therefore, the
application of photochemical processes is not only beneficial from an environmental point of
view, but also based on economic reasons. Logically, photochemistry has thus been employed
for decades in industrial as well as daily-life applications.>*] For instance, in the print and
automotive industries, the UV light-induced curing of inks and coatings is achieved via pho-
tocuring of a mixture of photoinitiator, monomers, and dyes. In addition, the yearly visit of a
dentist might end with applied photochemistry: dental fillings — so-called dental composites
— consist of a mixture of monomer, inorganic components, and photoinitiator and are cured
photochemically. °]

The common component of the aforementioned systems, the photoinitiator, plays a major
role in the described processes. Enhancing the efficiency of homolytic cleavage as well as the
reactivity of the radicals formed from a photoinitiator is of high importance for industrial
applications. Better photoinitiators require reduced light intensities and irradiation times, thus
lower energy consumption, and can be used in lesser amount, thereby saving costs. In addition,
a lower amount of initially employed photoinitiator species may result in a smaller number of
residual and unreacted initiator moieties in the final product. Undesirable effects arising from
residual photoinitiators in a product could be reduced to a minimum. For instance, the amount
of photoinitiator migration from food packaging into foodstuff, as repeatedly reported[*=*]
could be decreased.

Improving the performance of photoinitiators is of high interest. However, the factors
that determine their efficiency are to date not well understood. The development of new
photoinitiators is mainly based on a trial-and-error procedure and the prediction of their
performance is primarily estimated by absorption behavior.["1] The current dissertation puts
this procedure into question. In the first chapter, the initiation efficiencies of benzoin-type
photoinitiators are investigated from a trifold perspective. Firstly, the focus is placed on the
influence of the aromatic substituents on the photoinitiating efficiency. Here, pulsed-laser
polymerization coupled with electrospray-ionization mass spectrometry (PLP-ESI-MS) turned
out as a powerful tool for detecting and comparing the initiation behavior of single initiator
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1. Introduction

fragments. Secondly, the molecular dynamics are investigated for each substance, highlighting
the underlying factors for good or poor initiation and the effects of various substitution patterns.
Finally, the actual reactivity of the initiating radical fragments is investigated theoretically.
Such an in-depth analysis of photoinitiators gives an insight into the processes that occur upon
irradiation. The questions "How can radical formation be enhanced?" or "Which substituent
should be selected for high radical reactivity?" are discussed in detail in the current work.

The spectrum of photoinitiated polymerizations is not only governed by photoinitiator-based
processes. Various light-induced chemical reactions can lead to a radical polymerization. For
instance, light-triggered electron-transfer reactions of organic as well as metal-containing
compounds can result in the formation of initiating radicals. >4 In addition, photopolymer-
izations initiated by a different mechanism than by photoinitiator dissociation may still benefit
from the same advantages. A newly discovered photoinitiated polymerization is the photoiniti-
ated copper-mediated RDRP (photoRDRP).['5] While the thermally initiated copper-mediated
RDRP has been studied and utilized for decades in research, its light-triggered version is in its
infancy.[17] Particularly, the actual mechanism for the formation of radicals as well as the
generation of copper(I) species from copper(ll) species — triggered by light — remained unclear.
However, a polymerization process can only be improved regarding its polymerization rate and
product output if the rate determining steps are identified. The current work seeks to unravel
the processes that occur in a photoRDRP reaction and, thus enlightening its mechanism. Once
more, PLP-ESI-MS is employed: PLP enables the generation of short polymer chains which
can be subsequently analyzed via mass spectrometry. The advantage of mass spectrometric
analysis is that the exact molecular composition of the polymer chains as well as the respective
initiating fragments can be determined. In the progress of the current work, the questions on
how light can play the major role in the radical generation step as well as the reduction step of
the copper(I) species will be addressed.

Figure 1.1.: Overview of the projects addressed in the current dissertation.

The third part of this dissertation focuses on the application of radical photoinitiators in the
sophisticated field of single-chain nanoparticles (SCNPs). Thereby, the combination reaction
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between two photoinitiator radicals is investigated regarding its synthetic ability to develop
intramolecular bonds along a single polymer chain. High dilution and subsequent irradiation
of a photoinitiator-functionalized polymer is supposed to form so-called SCNPs, nanoparticles
that are highly defined regarding their molar mass, particle size, and functionality.[*®] The
target is to employ the very fast radical combination reaction for a process that to date has
only been realized by delicate procedures, numerous synthetic steps, and — in some cases —
long reaction times. '8! In addition, the purpose of employing radical photoinitiators for SCNP
formation is to demonstrate their versatile character.

Figure 1.1 illustrates an overview of the three projects addressed in the current dissertation.






Theory and Background

2.1. Radical Polymerization

2.1.1. Free Radical Polymerization

Free radical polymerization (FRP) is a very versatile polymerization technique and of high
industrial significance. Many different polymers can be produced by this technique due to
its applicability to a wide range of monomers, its high tolerance toward many chemical func-
tionalities, and the various methods that can be employed to initiate the polymerization. The
process of a free radical polymerization, as illustrated in Figure 2.1, consists of four fundamental
reaction steps: 1) initiation, 2) propagation, 3) termination, and 4) chain transfer. '] Before the
actual initiation reaction occurs, the initiator dissociates into two radicals that can initiate the
radical polymerization of vinylic monomers by adding onto their double bond. During this
step the radical function is transferred to the monomer.

There are several possibilities to generate initiating free radicals that can react with monomer.
Decomposition of an initiator molecule into two radicals can be accomplished via thermal
degradation, UV light irradiation, or through a redox reaction for instance. Typical values
for the rate of dissociation ky are in the order of 107! to 107 s~! and vary with the reaction
conditions. For further information on the UV light-initiated radical polymerization and — most
importantly — the photoinitiator structure, refer to section 2.2.

Initiator Decomposition I K, 21
. . K .
Initiation I+ M R
. . k .
Propagation Ri + M —— R
8]
Combination Rin_—" + °/\Rj LN Ri/\/\Rj
L]
Disproportionation Rie_—" + '/\Rj L L R™X + '/\Rj
Transfer 1 Rin_-" + X ki R + X
Transfer 2 X+ M K Ry

Figure 2.1.: The mechanism of free radical polymerization including the initiation step, propa-
gation, termination via combination or disproportionation, and the radical transfer
step.

During the following propagation reaction the polymer is formed by successive additions
of monomer units to the radical chain end functionality. The propagation rate coefficient k),
characterizes the addition reaction of one monomer radical to another monomer. Thereby



2. Theory and Background

the polymerization rate is highly dependent on the stability of the formed radicals. A slow
propagation rate is associated with stable radicals, such as styrene or methyl methacrylate, and
is in the order of k, = 10> L-mol~!-s~!. Whereas unstable radicals, such as acrylates, imply
a fast polymerization with a k, of close to 10* L-mol~!-s~!. In general, monomers that can
be readily transformed into a radical species, due to their high stability, show a fast initiation
rate yet a slow polymerization rate. The opposite, a high reactivity, is the case for monomers
whose radical analog is difficult to form. The rate coefficient &, solely depends on the chemical
structure of the monomer and the reaction temperature. However, for very high conversions
diffusion control can be observed, originating from the high viscosity of the reaction mixture
having a major impact on the propagation rate.

The growth of a polymer chain is maintained by the propagation reaction. The termination
reaction limits the growth and is the result of the reaction of two radical chain ends. Two
possible termination pathways exist: the combination and the disproportionation reaction.
The combination reaction of two chains results in the formation of a single, so-called "dead"
polymer chain, while the disproportionation reaction generates one dead polymer chain and
one polymer chain carrying a double bond functionality that is able to further participate in the
polymerization step. Most monomers undergo both disproportionation as well as combination
steps. However, a high steric hindrance closely located to the double bond of the monomer, e.g.,
as it is the case for methyl methacrylate, promotes the disproportionation reaction, whereas
monomers with less sterically hindered double bonds, such as styrene, rather undergo combi-
nation reactions. 20-2%]

The approach of two polymeric chains in the reaction solution, and therefore their termina-
tion reaction, is diffusion-controlled. Hence, the termination rate coefficient, k;, is mainly
influenced by the viscosity of the reaction solution. Typical values for k; are in the order of
10%-108 L-mol 1.5~ 1, depending on several parameters such as conversion, temperature, and -
importantly — the length of the polymer chains. Besides the three aforementioned reactions
- initiation, propagation, and termination - the transfer reaction is the fourth event that can
occur in a radical polymerization. During the transfer step the propagating radical is trans-
ferred to another species, such as another monomer molecule, a polymer chain, solvent, or a
transfer agent that was added intentionally. The transfer reaction generally leads to a lower
average molar mass or leads to branching along the polymer chain. Since no radical species
is eliminated, the transfer reaction does not decrease the total radical concentration in the
reaction solution. In fact, the transfer reaction in radical polymerizations is frequently used in
order to introduce control over the molar mass or the topology of polymers.

Considering the mass of polymer that is industrially produced every year, FRP is the most
important polymerization technique. However, it entails a range of disadvantages such as the
lack of control over molar mass, dispersity, topology, and the exact chemical functionality
of the polymer end group. Consequently, advanced polymerization techniques have been
developed in order to address these issues. The development of reversible-deactivation radical
polymerization (RDRP) techniques, formerly known as controlled/living radical polymerization,
serve as important tools to satisfy the aforementioned requirements for well-defined polymers.
In the following the general concept of RDRP will be introduced.

2.1.2. Reversible-Deactivation Radical Polymerization (RDRP)

As mentioned in the previous section, the main disadvantage of FRP is the lack of control
over molar mass, dispersity, and end group functionality. The main cause for these effects is
the occurrence of the termination reaction, leading to broad dispersities and accumulation of



2.1. Radical Polymerization

dead chains that cannot be functionalized in subsequent synthetic steps. Consequently, the
elimination of the termination reaction can serve as an instrument to gain control over the
structure and chemical character of a polymer. Various polymerization techniques, formerly
known as controlled/living radical polymerizations, have been developed in the past decades
targeting the elimination of the termination reaction and producing polymers with defined end
groups that can be functionalized in further synthetic steps. The mechanism of these techniques
is mainly based on the concept of a reversible deactivation step of the radical chain. Therefore,
they are summarized as reversible-deactivation radical polymerizations (RDRP). In an ideal
living polymerization, termination and transfer reactions are completely absent, thus resulting
in a narrow molar mass distribution. 23231 However, in the reality of a radical polymerization,
termination events can never be eliminated entirely. Thus, radical polymerizations with a living
character, i.e., when terminated polymer chains do not influence the final product and are not
detectable, are referred to as RDRP instead of living polymerizations. Typical RDRP techniques
fulfill the following criteria: a fast and complete initiation process, a linear evolution of molar
mass with monomer conversion, low dispersities (typically D < 1.2), and chemically defined
end groups that can be functionalized in a subsequent synthetic step.

Two main techniques are used in order to decrease the occurence of termination events in a
radical polymerization. On the one hand the absolute concentration of radicals in the reaction
mixture can be reduced through the reversible termination of radical chain ends. A lower num-
ber of radicals in a reaction minimizes the probability of their collision and, thus, of termination
events. This mechanistic approach is applied in nitroxide-mediated polymerization (NMP),
using a nitroxide species to reversibly terminate a radical chain end. The release of the radical
chain as well as the original nitroxide species occurs at elevated temperatures (80-100°C). [26-2°]
Another important technique that follows the approach of reducing the number of radicals in
the polymerization is the atom-transfer radical polymerization (ATRP) and will be described in
the following section. An alternative approach, on the other hand, to reduce radical termination
products in a polymerization is to introduce a transfer agent that performs a reversible chain
transfer reaction. This technique, known as the reversible addition fragmentation chain transfer
(RAFT) polymerizations, ?*~3% has the advantage of not decreasing the absolute number of
radicals in the reaction solution and, thus, maintaining a high polymerization rate. Important
transfer agents for RAFT polymerizations, so-called RAFT agents, are dithiocarbonates, trithio-
carbonates as well as xanthates. In the current work, since NMP and RAFT were not employed,
a detailed focus is placed on ATRP.

2.1.3. Atom-Transfer Radical Polymerization (ATRP)

Among the previously described techniques in the field of RDRP, the atom-transfer radical
polymerization (ATRP) >3] and the mechanistically related single electron transfer living radical
polymerization (SET-LRP) 3 35] are two of the most popular methods of RDRP. Due to their
related mechanisms and identical products, only ATRP is described in detail here.[36-3]

The nearly full elimination of termination events in ATRP is achieved by the decrease of the
number of radicals in the reaction mixture. Thereby, a dormant/active interchange is employed
based on a redox equilibrium in which a transition metal complex (M, X /L) activates an alkyl
halide (P, — X) generating alkyl radicals and the metal complex in a higher oxidation state
(M;F'X; /L) (refer to Figure 2.2). Mostly, copper complexes serve as catalysts and bromine as
the transferred halogen. The lower oxidation state complex Cu/Br/L is commonly referred to
as the activator and Cu'’Br, /L as the deactivator. The activator species abstracts a halogen
atom from the alkyl halide, forming the deactivator and a radical species that can initiate a
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polymerization. In classical ATRP the activator is regenerated through the reaction of Cu'/ Br, /L
with a propagating radical.

E-Br + CuBrlL ~———— Cu'Br/L *+ E-My

W

Reducing agent, electrical current,
or radical initiator

Figure 2.2.: The mechanism of atom-transfer radical polymerization with activator regeneration.

An equilibrium between the growing radical chains and dormant halide-capped chains
maintains a low radical concentration and enables the formation of polymers with high end
group fidelities and low dispersities. Provided that the activation rate coefficient k, (with typical
values in the order of 1 L-mol~!-s~1) is orders of magnitude lower than the deactivation rate
coefficient ky, (typically around 107 L-mol~!-s~!), an adequate equilibrium and therefore a
good control over the polymer characteristics can be achieved. The ATRP initiator, an alkyl
halide that can have various activating substituents in a-position of the halide, has to be chosen
according to the monomer reactivity. Furthermore, the chosen ligand plays an important role
for the activation rate. Both the initiator and ligand have to be chosen carefully in order to
have an ATRP with a high initiation rate as well as a fast polymerization rate.[*’] A selection
of commonly used ATRP initiators and ligands is illustrated in Figure 2.3.

o) |
/\O)K\/ /N\/\N/\/N\
EBiB EBPA é\l TPMA _N._ MesTREN

Figure 2.3.: Commonly used initiators and ligands for ATRP: ethyl o¢—bromoisobutyrate (EBiB),
ethyl a—bromophenylacetate (EBPA), tris(2—pyridylmethyl)amine (TPMA), and
tris[2—(dimethylamino)ethyllamine (Mes TREN).

In the past decade a wide range of advanced ATRP techniques have been developed that
continuously regenerate the activator by, for instance, the addition of reducing agents (activator
regenerated by electron transfer, ARGET ATRP) [*!) or radical initiators (initiators for continuous
activator regeneration, ICAR ATRP).[421[43] The described techniques allow it to perform the
ATRP reaction starting from the catalyst in its higher oxidation state Cu'’X, /L that is, compared
to Cu' X /L, not sensitive to oxygen and therefore easier to handle. In the course of the reaction,
Cu!! deactivator species are reduced to Cu’ activator species by, for instance, the added reducing
agent. Hence, the sensitivity of ATRP toward oxygen could be significantly diminished as well
as the amount of catalyst in the reaction reduced. 441 [41] Recently, external stimuli on the redox
equilibrium of the copper catalyst have been extensively investigated. Thereby the application
of, for instance, an electrochemical input in order to continuously regenerate the activator
(the catalyst in its lower oxidation state Cu’X /L) throughout the reaction process marked an
important milestone in the development of advanced RDRP techniques. [4°] [4¢]

In the last years the investigation of the influence of light on the redox equilibrium lead to the
introduction of photoRDRP (herein, both photoATRP and photoLRP are included), [13-17:47-50]
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the latest advancement in ATRP and SET-LRP. For the first time, Guan and Smart[!%] discovered
the beneficial influence of light on the polymerization rates and final monomer conversion in an
ATRP performed under visible light compared to an ATRP conducted under dark conditions. The
actual initiation of an ATRP by light was reported for the first time by Tasdelen et al. Thereby,
the copper catalyst in its highest oxidation state Cu'/ Br, /L was employed, indicating that light
can trigger its reduction toward Cu!/ Br/L. The photochemical initiation of an ATRP represents
an elegant type of RDRP, combining control over molar mass and dispersity with the benefits
of light-triggered reactions, i.e., allowing spatial and temporal control over the polymerization
process. Recently, Jordan and coworkers showed that even ambient laboratory light has a
significant positive influence on several ATRP techniques by increasing the polymerization
rate and final monomer conversions. °!]

Despite the utilization of photoRDRP, its mechanism remained rather unclear. Lately, attempts
were made by Haddleton and colleagues and Matyjaszewski and coworkers to clarify how
Cu''Bry /L can be reduced toward Cu/ Br/L by light and which role the ligand (L) and initiator
(R-X) play in this process.[1®17] The first attempt to elucidate the mechanism of photoRDRP
was performed by Haddleton and coworkers.['%] In their study, using acrylate monomers
and MegTREN as the ligand, single components of the RDRP mixture were systematically
omitted in order to clarify their role in the complete photochemically driven process. Their
experiments showed that for the successful initiation and maintenance of a well-controlled
polymerization, an aliphatic tertiary amine o-donor ligand in excess relative to Cu’/ is required.
In the proposed mechanism free MegTREN is photoactivated, performing an outer-sphere
single-electron transfer (OSET) to an alkyl halide initiator, leading to a C-Br bond scission of
the latter. The resulting radicals can subsequently initiate the polymerization. Based on the
presence of the deactivator Cu!’ Bry/MesTREN, the ATRP redox equilibrium (as illustrated
in Figure 2.4) can be established through the reaction with propagating radicals, forming
the Cu/ Br/MesTREN activator species. Additionally, Mes TREN radical cations and bromide
anions are proposed to be formed in the OSET reaction and being involved in the generation
of Cu'' Br, /MesTREN after oxidation of CuIBr/Me6TREN . However, in the mechanism of
Haddleton and coworkers the deactivation process with Cu!’Bry /MegTREN is proposed as
the exclusive pathway to form Cu/Br/MesTREN species. Thus, it is not entirely ensured
how a high polymerization rate can be maintained when solely the propagating radicals can
contribute to the formation of the activator.

OSET
RBr + L —™ o B+ ("k R

-L

R-M,-Br + CuBrlL ———— Cu'Br/L + R-M;

()

Figure 2.4.: The mechanism of photoRDRP proposed by Haddleton et al.[1]

In the following mechanistic study on photoATRP, carried out by Matyjaszewski and cowork-
ers, a similar approach was taken.!!”] Thereby, all reaction pathways that appear plausible were
studied both experimentally and with simulation kinetic techniques. For various reactions rate
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coeflicients were derived from rate/conversion fittings and employed for simulations. Hence,
pathways for radical generation and formation of Cu/Br/MesTREN were simulated. In their
proposed mechanism, that is illustrated in Figure 2.5, the photochemical reduction of Cu’/
species by free ligand and generation of their radical cations is the main pathway for the
formation of activator. A synergistic reaction between ATRP initiator and ligand leads to the
formation of radicals, able to initiate a polymerization. However, only a small contribution
is assigned to the latter process, more precisely being 1 order of magnitude slower than the
reduction of deactivator. Therefore, as is the case for the proposed mechanism by Haddleton
and coworkers, it is not fully understood how a sufficient amount of initiating radicals is
generated photochemically in order to rapidly initiate the polymerization process.

hv
/ﬁ\
RBr + L ™+ B+ R
M
R-M,-Br + Cu'BriL Cu'Br/L + R-M,

Br + L'

Figure 2.5.: The mechanism of photoRDRP proposed by Matyjaszewski et al.['7]

Considering the aforementioned studies, it can be assumed that a photochemical process
is involved in the reduction of Cu// species. Furthermore, the involvement of the initiator
and/or ligand in this process is likely. However, both studies lack detailed mechanistic infor-
mation about how the individual compounds are involved in the photochemical process. An
elucidation of the involved structures by nuclear magnetic resonance spectroscopy (NMR),
mass spectrometry, or similar exact techniques is missing. In chapter 4, the verification of
the photoRDRP mechanism on a molecular level will be presented. Thereby, pulsed-laser
polymerization (PLP) was employed and the resulting products were subsequently analyzed by
high resolution electrospray ionization mass spectrometry (ESI-MS).
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2.2. Photoinitiated Free Radical Polymerization

In addition to thermally initiated free radical polymerization, photochemically initiated FRP,
schematically illustrated in Figure 2.6, plays an important role in research as well as in industrial
applications. A wide range of coatings, for instance in the automotive industry, inks or adhe-
sives are based on the initiation of an FRP by photochemical means.*2 (53] In addition, dental
fillings are cured photochemically, applying a resin that consists of a monomer mixture and
radical photoinitiator. >} Furthermore, photoinitiated FRP is employed in the highly advanced
fields of 3D printing®*! and photolithography, a process that is employed for the fabrication of
micropatterns. ®*] All these applications have one common component, the radical photoini-
tiator. In the following section typical photoinitiators and their physical properties will be
discussed.

Irradiation Monomer

\Y', “
e ¢ —>

Photoinitiator Initiating Radical Polymer Chain

-~

Figure 2.6.: Illustration of photoinitiated radical polymerization, reproduced from ref.[* with
permission, ©2010 American Chemical Society.

The most striking advantage of photopolymerizations compared to thermally initiated
polymerizations is the possibility to perform the reaction at ambient temperature and even
below. Fewer side reactions such as chain transfer occur when lower temperatures are applied,
but also the polymerization of monomers with a low ceiling temperature can be performed,
without the risk of depolymerization to occur. For practical reasons, the photochemical curing
of large coated surfaces or small structures is easier to realize than thermal curing. For an even
heating of a large surface appropriate industrial furnaces are necessary. Whereas the light-
induced curing can be performed by light sources that are less energy-consuming. Furthermore,
in application areas where high temperatures can not be applied, such as biological media,
for instance in the presence of enzymes, or in dental fillings, photopolymerizations are more
applicable.[4]

Pulsed-Laser Polymerization

Pulsed-laser polymerization (PLP) is a polymerization technique that applies consecutive short
laser pulses (= 10 ns) in order to initiate a polymerization. When the laser beam hits the
sample, a large amount of radicals is formed by the photointiator molecules that can add onto
a monomer, commencing the propagation reaction during the subsequent dark phase before
the next laser pulse. Next to propagation, the radicals that are formed via a laser pulse can
add onto a propagating polymer chain and thus lead to its termination by combination or
disproportionation. During the time intervals between two consecutive laser pulses (the dark
phases) the polymer chains can propagate and terminate like in a continuously initiated FRP
via disproportionation and combination. Most propagating chains are terminated by new
radicals that are formed by a laser pulse. However, a small amount of radicals survives and
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can propagate in a second or even third dark phase. The variation of the laser pulse frequency
(typically in the range of 1-500 Hz), i.e., the duration of the dark phase, allows for the control
of the polymer chain length. [5¢]

The benefit of PLP compared to conventional FRP is that it generates relatively short polymer
chains while still performing photoinitiated FRP. Short polymer chains have the advantage
that they can be analyzed by mass spectrometric techniques such as electrospray ionization
mass spectrometry (ESI-MS) that is described in section 2.5. PLP was described for the first
time by Sokolov and coworkers[®7*8] and was further improved by Olaj and coworkers.[>>6%] 1t
is mainly used for the determination of propagation rate coefficients k. [61-63] For this purpose,
the principle that some radicals survive a laser pulse and propagate for a second or even third
dark phase is exploited. Most polymer chains that are generated by PLP propagated for one dark
phase, some propagated for two dark phases and only a few for three. Thus, their molecular
weights (M, My, M3, M;) are characteristic and increase constantly after each dark phase, i.e.,
M; = i-M;. The size exclusion chromatogramm of a polymer, that was synthesized in such
way, has a characteristic shape, showing at least two inflection points (L;, determined by the
maxima in the first derivative). The propagation rate coefficient can be determined from these
inflection points according to Equation 2.1.

M;
L=

MWy

L,; is the degree of polymerization, M; is the molecular weight at the inflection point number i

and is determined by size-exclusion chromatography (SEC), MW), ist the molecular weight of

the monomer, ¢, is the monomer concentration, and #j is the time between two subsequent

laser pulses. In Equation 2.1 only i and 7y can be determined, thus, in order to identify k,, the

monomer concentration cyy is assumed to be constant. However, this assumption is only valid
for very low monomer conversions (up to 1-3 %).

= i-ky-cy-to with i = 1,2,3... (2.1)

2.2.1. Radical Photoinitiators

The photoinitiator plays a major role in a photopolymerization, since it acts in its very first step
by generating radicals upon absorption of a photon. A photoinitiator, or a photoinitiator system,
is defined as a molecule or a combination of molecules that absorb light and form radicals
that can add onto a monomer double bond, generating a radical that can further propagate. [°]
A wide range of different photoinitiators and photoinitiator systems has been developed in
the past decades, offering different properties such as absorptivity, reactivity, storage stability,
migration ability, toxicity etc. Thus, in order to select the right photoinitiator for industrial
applications, many parameters have to be considered beforehand. In the following, the main
classes of photoinitiators will be introduced.

Photoinitiator Type | and Type Il

Radical photoinititors are classified as Type I and Type Il initiators. Their distinct mechanistic
differences are illustrated in Figure 2.7. Photoinitiators of the Type I absorb light of a certain
wavelength, leading to an excited singlet state that can be transformed into a triplet state after
intersystem crossing (ISC) The subsequent t-cleavage forms radicals without the interaction
with other species and is often referred to as a Norrish Type I reaction. [*4%%] Simply, the same
molecule that is photochemically excited, forms a radical that initiates the polymerization.
Most Type I initiators are aromatic carbonyl compounds and can be functionalized with various
substituents. Typical Type I initiators are benzoins, acetophenons, benzils, acylphosphines

10
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oxides, or acylgermanes. [®] Direct photocleavage after the absorption of light is possible due
to the low CO-alkyl bond energy of 272-293 kJ-mol~!, since UV light provides energy in the
range of 293-335 kJ-mol~!.[3] The advantages of employing Type I photoinitiators are their
high quantum yields and reactivities. For applications with styrene as the monomer, these
photoinitiators are particularly useful, due to their low sensitivity to triplet quenchers. (¢”]
Furthermore, due to the monomolecular kinetics of the radical formation, i.e., being indepen-
dent of added compounds, a higher radical output can be achieved. The disadvantage of some
photoinitiator Type I species is their relatively low thermal stability.

Photoinitiator Type | .
o} O 0 ‘ 0 OH
hv o-cleavage IR .. monomer polymer
seadniie s ad NS G & R
Photoinitiator Type Il
O OH

+ RH __hv A + R monomer _ polymer
(O ®

Figure 2.7.: lllustration of the mechanistic differences between the photoinitiator types I and IL

Photoinitiators of the Type II form radicals via a bimolecular process. The light-absorbing
photoinitiator species form an electronically excited state. A direct bond scission after ab-
sorbance of a photon cannot be performed, since the CO-aryl bond energy (335-377 kJ-mol~!)
is too high to be cleaved. The molecule in its excited state does not form a radical sufficiently
reactive to add onto a monomer double bond. Therefore, a co-initiator that acts as a H-donor,
is employed. It reacts with the excited photoinitiator by creating a reactive radical that initi-
ates the polymerization. Commonly, tertiary amines are employed as co-initiators. After the
hydrogen abstraction, the photoinitiator forms a radical that is not reactive enough to act as
an initiator. Although photoinitiators of the Type II are widely used, their application bears
some disadvantages. Firstly, the use of highly volatile and odorous alkylamines leads to various
application problems. Secondly, the bimolecular process is more sensitive to quenching of the
excited photoinitiator by oxygen or monomer. In general, a slower initiation process is observed
for Type II photoinitiators. Commonly used photoinitiators of this type are acetophenones,
benzophenones, and thioxanthones. [10,68,69]

Figure 2.8 shows typical photoinitiators from both categories, Type I and II, pointing out their
structural variety. In the following, some characteristic properties for each of the depicted
photoinitiator derivatives will be described.

« Benzoins are efficient low-cost Type I photoinitiators for the production of polyester/
styrene coatings in, for instance, wood coatings.!”%”!] Functionalization has a strong

influence on their initiating behavior.

+ Benzil alone is a poor Type I photoinitiator for FRP. However, the addition of amines as
co-initiators can increase its efficiency.[7%73]

+ a-Hydroxy ketones are highly efficient photoinitiators for photocuring applications
such as coatings. 4]

11
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(75]

o-Aminoketones form a large amount of radicals under UV light irradiation.

« Bis(acyl)phosphine oxides are very efficient photoinitiators with a high thermal stabil-
ity. The formed phosphonyl radicals are highly reactive due to the high electron density
at the phosphorus atom. The resulting pyramidal radical structure provides good steric
conditions for the addition to a monomer. 7678

+ Acylgermanes are newly developed initiators for FRP at visible light and applications
for dental materials.(+79-81]

« Acetophenone derivatives are efficient Type II photoinitiators, especially for applica-
tions in micellar solutions. 3283

« Thioxanthones are commonly employed Type Il intiators. Some derivates do not require
an added co-initiator and are thus called one-component photoinitiators. [484-3¢]

« Camphorquinones are Type II initiators commonly used in dental resin compos-

ites. [87:88]
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Figure 2.8.: Commonly employed photoinitiators of both Type I and Type II categories.

The design of new photoinitiators is part of ongoing research focusing on improving the
performance of photoinitiators regarding the monomer conversion, quantum yield, the initiation
at visible light, [11:6%7%] and thermal and photochemical stability of the resulting end groups. [#°]
When designing new photoinitiators, a small change in the molecular structure can have a
strong influence on its physical properties and its dynamics. In the following an insight into
the processes that can occur in a molecule, especially in a photoinitiator, upon irradiation with
light will be given.

12
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2.3. Physical Processes in a Molecule upon Irradiation
Fundamental research by Planck(*®] and Einstein®! gave insight into the character of light
and the physical processes that can occur in a molecule after absorption of a photon. Planck
postulated that the oscillator energy in a black body is quantized and can be described by

E =nhv

where n is an integer (1,2,3...), h is the Planck’s constant, and Vv is the frequency of the
oscillator. Planck’s postulate was used by Einstein for the explanation of the photoelectric
effect, the phenomenon that metals emit electrons when irradiated. Based on the principle
of absorption of single light quanta, the concept of the quantum yield was introduced in
photochemical reactions, being the number of chemically modified molecules per absorbed
photon.

2.3.1. Jablonski Diagram

A molecule that absorbs a photon generally performs a transition from the singlet ground state
(Sp) into an excited singlet state (S,). Once in the excited state, the molecule can perform a
range of transitions such as

« Vibrational relaxation into the lowest state of vibration of an excited singlet state

+ Radiationless deactivation into a lower electronic singlet state or back to the singlet
ground state Sy by internal conversion (IC) and subsequent vibrational relaxation

+ Emission of light via fluorescence and, thus, a transition into the singlet ground state Sy

 Radiationless transition from an excited singlet state S, into an energetically lower
triplet state 7,, via intersystem crossing (ISC), thereby performing a forbidden change of
multiplicity

« Vibrational relaxation from a vibrationally excited triplet state into the lowest vibrational
state of this triplet

« After performance of an ISC, returning to the singlet state Sy by emission of light via
phosphorescence, thereby performing a change of multiplicity

These processes can be summarized in a so-called Jablonski Diagram, illustrated in Figure 2.9.
Jablonski was the first to introduce the concept of a "metastable energy level M, situated
lower than the level F, reached immediately after absorption".??] Thereby level M implies
the triplet state 7; that is energetically lower than the excited singlet state S; (level F). The
Jablonski diagramm gives a good overview over the possible processes that can occur in a
photochemically excited molecule. However, it serves only as a simplification. The actual
photochemical processes can be more complex. A combination of radiationless transitions,
light absorption and emission, vibrational relaxation, and the interaction with other nearby
species by collision can play a role in the conversion of energy.

13
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Figure 2.9.: Possible electronic and vibrational transfers for a molecule summarized in a Jablon-
ski diagram. Absorption and emission of light are illustrated by straight vertical
arrows. Radiationless transitions are displayed by horizontal wavy arrows.

Internal Conversion and Intersystem Crossing

The radiationless transitions internal conversion (IC) and intersystem crossing (ISC) occur
between isoenergetical vibrational levels of two different electronic states. During the transi-
tions, no change in energy occurs and no photon is emitted. IC occurs between two states of
the same multiplicity (singlet-singlet or triplet-triplet) and at crossing points of two potential
energy curves. After the very fast IC process (on the ps time scale), the system can perform
vibrational relaxation and transform the photochemical energy into heat. A molecule in an
excited singlet state can also perform an ISC to reach an excited triplet state and subsequently
relax through vibrational energy output to an energetically lower state. Since the multiplicity
changes during ISC, this process is a forbidden spin transition and thus occurs less likely than
IC. The time range of ISC is on the picoseconds scale.

Fluorescence and Phosphorescence

Fluorescence and phosphorescence are both luminescence processes that allow a system to
reach an energetically lower state via the emission of light. Fluorescence is a fast transition
between an excited singlet state and a ground singlet state. Since no change in multiplicity
takes place, unlike for phosphorescence, fluorescence occurs on a short timescale (in the range
of nanoseconds). A system in an excited triplet state can perform phosphorescence to reach
the singlet ground state. The system emits light and changes its multiplicity from singlet to
triplet. Since the latter is a forbidden spin transition, phosphorescence occurs on a much longer
timescale than fluorescence and is less likely. Both fluorescence and phosphorescence are subject
to the Kasha-Vavilov rule,[*! stating that the quantum yield of luminescence is independent of
the excitation wavelength. The reason for this effect is that excited molecules usually decay to
their lowest vibrational level of the electronically excited state, before performing luminescence.
However, this rule is violated by some molecules.

14
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2.3.2. Franck-Condon Principle

Upon absorption of a photon, a molecule performs vibronic transitions, i.e., it changes its
vibrational and electronic states simultaneously. The intensity — and thus probability — of
such vibronic transitions is governed by the so-called Franck-Condon principle, [**%%) stating
that, during an electronic transition, a change in the vibronic state occurs more likely with a
stronger overlap of the two vibrational wave functions. The principle assumes that an electronic
transition occurs while the position of the molecules’ nuclei remains steady, resulting in vertical
transitions in the energy diagram, illustrated in Figure 2.10. Changes in the electronic states
are instantaneous while the vibrational levels take up an equilibrium state on a much larger
time scale, changing the bond length of the electronically excited molecule. After the electronic
transition, the molecules immediately begin relaxation into their lowest state. If the molecule
is dissolved in a solvent, its environment has an important impact on the relaxation time due
to the interaction between solute and solvent species.

\ =/,
b

Potential energy

b

Nuclear coordinates

Figure 2.10.: Diagram illustrating the Franck-Condon principle. Electronic transitions appear as
vertical transitions, while the nuclear coordinates remain steady. The transitions
occur between electronic states with the highest overlap of the vibrational wave
functions (image adapted from ref.[] ©Wiley-VCH Verlag GmbH & Co. KGaA,

reproduced with permission).

2.3.3. Excited States

A molecule in its ground state has certain properties, such as energy content, bond strength and
length, ionization potential, distribution of charge, a tendency to structural rearrangements,
and many more. These properties depend on the electronic structure within a molecule, i.e.,

15



2. Theory and Background

71 A molecule in its excited state

on the distribution of electrons in the molecular orbitals.
underwent an electronic transition and, thus, changed its distribution of electrons. Therefore,
an excited state should be considered as a new chemical species, not just a species with a higher
energy content. Excited states have a transient character, since they are created by an external
stimuli and can be quenched (deactivated) in a multitude of ways. Their reactivity thus depends
strongly on the accessibility of various deactivation pathways. If no bimolecular deactivation
takes place, the decay of the excited state occurs with a first-order rate coeflicient k, defining

the lifetime 7 of the excited state:

T= % (2'2)

Typical lifetimes can range from 10~ '2-10 s and can be measured by detecting the decay of
a certain property such as the emission intensity, for instance by femtosecond spectroscopy
(see 2.7). The higher energy content of the excited state can be used for performing chemical
reactions that afford a higher activation energy. An example for the conversion of light into
chemical energy is natural photosynthesis. [297]

2.3.4. Molecular Electronic Transitions

The electrons that perform transitions in an irradiated organic molecule originate mostly
from 2s and 2p orbitals of the carbon atoms. Their interaction in a molecular bond results in
the formation of bonding ¢ and 7, non-bonding n, and anti-bonding ¢* and ©* orbitals. If
heteroatoms such as oxygen, nitrogen, or halogens are present, electrons (lone pairs) that are not
involved in bond formation, occupy non-bonding orbitals and are referred to as n orbitals. The
lowest energy transition that an electron in an irradiated molecule can perform is the excitation
from the highest occupied molecular orbital (HOMO) into the lowest unoccupied molecular
orbital (LUMO). Due to the presence of o, &, and n orbitals, several electron transitions can be
observed and will be described in the following. [1%-98]

o to o” transitions are performed between the highest bonding electron pair (o) and the
lowest antibonding electron pair (0*) and are observed mainly for saturated hydrocarbons.
Their absorption can be found below 190 nm.

n to * transitions can be observed if free electrons, that are likely to occupy the HOMO,
are present. Due to the spatial separation between n and 7 orbitals and the resulting poor
overlapping, transitions between localized n orbitals and delocalized * orbitals are forbidden.
Hence, n7* transitions show a week intensity with molar extinction coefficients of € = 5-
200 L-mol~"-em 1.

7 to T transitions occur in molecules in which 7 electrons are involved in bond formation,
for instance in aromatic systems. The energy of 77 transitions (the energy gap) decreases
with increasing length of the conjugated system of the molecule. Typical molar exctinction
coefficients are in the range of € = 10-10° L-mol~'-cm™".

Charge-Transfer (CT) transitions can be observed in strongly polarized molecules with
delocalized molecular orbitals. Upon excitation, the energy is delocalized over the entire
molecule. Typical molar extinction coefficients are very high and the absorption is red-shifted
compared to non-polarized molecules.

In Figure 2.11, the different absorption ranges for the aforementioned transitions are illustrated.

2.3.5. Beer-Lambert’s Law

The Beer-Lambert’s law describes the attenuation of a light beam on its way through a medium
containing a light absorbing species, depending on the concentration of the species and the
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Figure 2.11.: Illustration of the absorption wavelengths for the main electronic transitions in
organic molecules (image adapted from ref.[*?]).

length of the pathway. It is used for the determination of the extinction coefficient €, a
parameter that describes the ability of a molecule to absorb light at a certain wavelength and
can be described by Equation 2.3.

lg (170> =g, -c-d (2.3)

Thereby, Iy is the light intensity before and 7 the light intensity after passing through the
medium, c is the concentration of the absorbing species, and d is the distance that the light is
passing on its way through the medium.

2.3.6. Photochemical Processes in a Photoinitiator

Photoinitiators are expected to have a high quantum yield and to form a large amount of
reactive radicals. Therefore, fluorescence and phosphorescence are not desired. Low rates of IC
as the main deactivation pathway and high ISC rates are favored, since radicals are formed
from an excited triplet state. A high absorbance of the photoinitiator is preferred, since it
reflects how many photons of a certain wavelength can be absorbed. As will be shown in the
further course of this work, the absorbance alone is not sufficient for determining the quality
of a photoinitiator. The main electronic transitions that can be encountered for photoinitiators
are n7t* and T7* transitions, whereas 66 transitions are rarely found. The dissociation into
two radicals after photochemical excitation (photodissociation) occurs favorably in molecules
with a localized excitation energy. The latter is given for nz” states. Thus, photodissociation
into radicals is mostly performed after initial n7* transitions. 1) Furthermore, triplet states are
favored for photodissociation due to their longer lifetimes (ts) compared to singlet states (ps).
On the other hand, #7* transitions do not lead to photodissociation.

In order to form a high amount of radicals, the rate of ISC should be high. The El-Sayed
rule "71%] describes that the rate of ISC is high if a change in orbital type is involved during
the transition and is illustrated by:
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Ynm*) «—3 (zn*)  3(nn*) «—' (zn*)  allowed processes (2.4)

Ynr*) «—3 (nn*)  Y#n*) «—> (zn*)  forbidden processes (2.5)

Additionally, the energy gap between the states involved in ISC is crucial for the rate. The
ISC rate decreases exponentially with increasing energy gap. 1!
The reactive excited states of ketones and aldehydes (structures in typical photoinitiators) are
the ! (n7*) and 3 (nr*) states. After ISC, most of photoreactions originate from the 3 (n7*) state.
The nmt* state of a C=0 group of a photoiniaitor can be described in the simplest way as a
non-bonding n orbital localized at the oxygen atom and an anti-bonding 7* orbital delocalized
over the carbon and oxygen atom. The n* state can have a &z* character, if other 77" states
with similar energy and equal multiplicity are in close proximity. Such a mixed character
can affect the reaction rate. However, it does not affect the reaction type. During the radical
fragmentation, referred to as Norrish Type I reaction, the C=0 bond cleaves homolytically
in a-position. Thereby, the half-filled n orbital, localized at the oxygen atom, serves as an
electrophilic site, accepting an electron from the C-H bond. The cleavage results in the formation
of two radicals, as illustrated in Figure 2.12.
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Figure 2.12.: [llustration of the Norrish Type I reaction, i), and the corresponding transition
of an electron from the C-H bond to the non-bonding n orbital of the oxygen
atom, ii), image adapted from ref.[’”] ©Wiley-VCH Verlag GmbH & Co. KGaA,
reproduced with permission.
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2.4. Lasers

Laser is an abbreviation for light amplification for stimulated emission of radiation and is a
light source that emits monochromatic and coherent radiation of variable wavelength and
energy. The light beam consists of a continuous wave (cw laser) or consecutive laser pulses
(pulsed laser) with very short time periods between the pulses (107%-10713 s). A large range of
different laser types, differing in wavelength, energy output, and amplification medium has
been developed in the past decades. However, the working principle remains the same and
is based on a stimulated emission of photons that can only occur in the case of a population
inversion, i.e., a state at which more species exist in their excited state than in their ground
state. Stimulated emission takes place when an excited species A" interacts with a photon and,
while emitting two photons, returns to the ground state A.

A"+ hv — A+ 2hv (2.6)

For a two-level system, the concentration of excited states A* is negligible compared to
species A in their ground state, as described by the Boltzmann distribution

N —AE
1 exp (2.7)
No kgT

where N and Ny are the populations of the excited state and the ground state, respectively.
The energy gap between the two states is given by AE and the Boltzmann constant and the
temperature by kg and T. N can thus never become larger than Ny. Therefore, the absorption
of a photon occurs mainly by species A. However, if population inversion is achieved, the
concentration of A* is higher than of A and stimulated emission can occur. In order to achieve
the latter, a three-level or four-level laser system is necessary, as illustrated in Figure 2.13.

A
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Figure 2.13.: Schematic illustration of a three-level, a), and a four-level laser system, b), image
adapted from ref.[°”! ©Wiley-VCH Verlag GmbH & Co. KGaA, reproduced with
permission.

In a three-level laser the population inversion is achieved after excitation of the system and
a subsequent rapid decay, for instance through internal conversion or intersystem crossing
into a third state that is energetically lower than the excited state and has a relatively long
lifetime, compared to state 2. As soon as the population of state 3 exceeds that of the ground
state (see Figure 2.13), spontaneous emission from state 3 triggers stimulated emission and thus
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light amplification. In a four-level laser the system does not return into the ground state after
the stimulated emission, but into a fourth level — energetically higher than the ground state —
that is scarcely populated. Four-level lasers are thus more efficient than three-level systems.
An example for a three-level laser is the ruby laser with dispersed Cr’* ions in Al,05 in the
shape of a glass rod. The emitted light is in the visible range and has a wavelength of 649 nm.
The Nd:YAG laser is an example for a four-level laser system that uses dispersed Nd** ions in a
Y3Al50;, crystall, called YAG (= yttrium aluminum garnet). Its emission wavelenth is 1064 nm
and is located in the IR range. Both, Cr’" and Nd** ions are pumped by a flash lamp into upper
excited states that decay rapidly into energetically lower states with a longer lifetime. In order
to produce a coherent laser beam, a special setup is utilized (see Figure 2.14): the active laser
material is placed between two mirrors, of which one is entirely reflecting and one is partially
reflecting (approx. 1%). An energy source, such as a flash lamp, is employed to "pump" the laser
material into an excited state and hence achieve the population inversion. The photons emitted
by stimulated emission propagate along the axis of the two mirrors, resulting in a collimated
laser beam that can emerge through the partially reflecting mirror to the outside.

Excitation source

100 % Partially
reflecting reflecting
mirror mirror

Active material

Emerging
laser beam

Laser cavity

Figure 2.14.: A schematic illustration of a laser setup, image adapted from ref.[*”! ©Wiley-VCH
Verlag GmbH & Co. KGaA, reproduced with permission.

Due to the propagation of the photons between the mirrors in the laser cavity, the length L
of the cavity has a strong impact on the wavelength A of the outcoming laser beam, described

by

with n being an integer. Another popular laser type is the excimer laser (also called exciplex
laser) employing a gas mixture as the active material. An excimer is an excited dimer and
can only exist in its excited state. Therefore, the population inversion is given by the lack of
an occupied ground state. Excimers are formed by a halogen and a noble gas, for instance
XeF - from a mixture of Xe and F,, after an excitation pulse conducted by an electrical discharge.
Excimer lasers usually emit light in the UV range, yet the exact wavelength is depending on
the used molecules. A XeFx laser operates at a wavelength of 351 nm.

Femtosecond Lasers

Femtosecond lasers are so-called ultrashort pulse lasers with pulse lengths in the domain of
picoseconds to femtoseconds (10~!12-10713 s). Ultrashort pulse lasers are Ti:Sapphire lasers,
using Ti** ions in a Al,O, corundum structure as the amplifying medium. In order to achieve
ultrashort pulses a mode-locking is employed that forces all the modes inside the laser cavity
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to interfere contructively in one point and form an intense and ultrashort pulse. This self-
focusing of the laser beam is based on the Kerr effect that uses the change of the refractive
index of a medium when an electric field is applied.[1°2193] In contrast to laser pulses longer
than femtoseconds or cw lasers, the bandwidth of femtosecond lasers is larger. In analogy to
the uncertainty principle

h
the laser pulse length can be written in relation to its frequency width as
h
Aw - At =~ 5 (2.10)

Thus, the bandwidth of an outgoing laser beam becomes larger with shorter pulse duration.
Such short laser pulses are employed for instance for the investigation of molecular processes
on a short timescale, such as the relaxation of a molecule upon absorption of a photon.
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2.5. Mass Spectrometry

Mass spectrometry is an analytical technique that generates ions from organic (or inorganic)
compounds by variable methods, separates the ions according to their mass-to-charge ratio
(m/z) and detects them in respect to their m/z and their abundance in the sample. The analyte
may be ionized in different ways, such as by a laser beam, an electric field, or an electron beam.
The detected ions can be single atoms, atom clusters, molecules or fragments of the analyte. A
mass spectrometer consists of the following basic components: an ion source, a mass analyzer,
and a detector. All three components can be varied depending on the character of the analyte,
thus mass spectrometry is one of the most versatile and important analytical methods. The
mass-to-charge ratio m/z is dimensionless by definition, since the dimensionless mass number
m and the number of the elementary charge z is used. The analyte is mostly singly charged
(z = 1), yet depending on the constitution of the analyzed molecule it can be up to two, three, or
even four. If the charge is one, m/z directly corresponds to the molecular weight of the analyte.
In the following the three main components of a mass spectrometer will be described briefly,
thereby the focus will be placed on mass spectrometry in the field of polymer chemistry. A
detailed discussion can be found in the literature. [104-10¢]

2.5.1. lonization Methods

A mass analyzer can only handle charged species that have been produced from neutral atoms,
molecules, or, in some cases, radicals. Therefore, ionization is the first step on the way to a
mass spectrum and a wide range of different techniques has been developed in the past decades.
However, for the analysis of polymers, only two techniques are commonly used: electrospray
ionization (ESI)[17] and matrix-assisted laser desorption ionization (MALDI).[1%819] Both
methods are "soft" ionization techniques, i.e., not leading to a fragmentation of the analyte as it
is the case for ionization via electrons. In the following, the ESI process will be explained in
detail.

Electrospray lonization

The process of electrospray ionization 1941951101 (ES]) begins with the transfer of the analyte
solution, typically in a solvent mixture such as THF/methanol or DCM/methanol with ap-
prox. 100 uM of salt (for instance sodium tetrafluoroacetate), through a capillary that is held at
a high potential (approx. 4 kV). The latter results in the formation of highly charged solvent
droplets and a so-called Taylor cone, an elliptically shaped solvent cone at the outlet of the
nozzle, as illustrated in Figure 2.15. The electrostatic force pulls out liquid and droplets from
the nozzle as an aerosol. If a positive AV is applied, the droplets contain an excess of positive
charge, thus leading to positively charged molecules. A negative AV leads to negatively charged
analyte molecules. Usually, an additional coaxial gas flow, such as nitrogen, is used in order
to promote nebulization. The solvent evaporates from the droplets into the ion chamber at
atmospheric pressure until the charge on the outsideof the droplet reaches a limit at which the
repulsive forces between equal charges exceed the cohesive forces of the solvent, the so-called
Rayleigh limit: [11]

Or = 87 (&YRR")? (2.11)

where Qg is the number of surface charges on droplets with the radius R,, & being the
permittivity of the solvent and 7 the liquid surface tension. At this point consecutive coulombic
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explosions lead to the reduction of droplet sizes and finally the formation of unsolvated charged
polymer molecules, carrying one or sometimes two ions of the salt that was added to the
analyte solution. The polymer molecules are then introduced through the skimmer into the
mass analyzer as an ion beam. The ions are accelerated by the electric field on their way to
the skimmer where they enter the mass analyzer (see 2.5.2). The ions can be described as
[P + zCation]*" or [P + zH]*", for the case of proton ionization, with z being the number of
the charge. Cations are assumed to locate themselfs along the backbone of the polymer chain
or, if such groups are present in the polymer, on polar functionalities such as hydroxy groups.
Proton ionization can occur on sites with high Lewis basicity, for instance on amine groups. [105]
The addition of salt to the analyte solution and the choice of solvent can have a major impact
on the ionization process. However, the exact influence of the single parameters is not yet fully
understood. [111:112]

Liquid
Flow

Capillary i [j High voltage

- (4 kV)

o+

Skimmer —

To mass
spectrometer
Figure 2.15.: The electrospray ionization process for positively charged molecules in a schematic
illustration (adapted from ref.['1%) ©2002 American Chemical Society).

2.5.2. Mass Separation

The ion source is not only producing an ion beam that can enter the mass analyzer. Based on
the applied electric field it also imports a kinetic Energy Ey;, to each ion. As soon as the ions
pass the skimmer, they enter a field-free region. Various methods have been developed in order
to separate the ion beam according to the mass of the ions, such as the time-of-flight (TOF)
analyzer, the quadrupole ion trap, and the orbitrap. In the following each of these methods will
be introduced briefly.
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2. Theory and Background

Time-of-Flight

The principle of the time-of-flight (TOF) analyzer[*4113] is based on the fact that all ions
entering the mass analyzer at a certain point have the same kinetic energy. On their way to
the detector they pass a pathway of the same length, thereby the lighter ions will arrive earlier
at the detector than the heavier ions, as illustrated in Figure 2.16. This techniques demands for
a pulsed ion beam, as provided by MALDI. The kinetic Energy Ey;, that the ions gain during
their acceleration equals the energy uptake E,; based on the applied electric field with the
voltage U being

15
Epin = Emiv =zeU =E, (2.12)

with z being the integer number of electron charges e. When assuming that the ions were in
rest before acceleration, the approximation for their velocity when entering the mass analyzer

yields
2ezU
V= e (2.13)
V. m

Knowing the length of the pathway s through the mass analyzer to the detector and the
time ¢ the ions need to cross the mass separator, the ion mass m; can be determined with

= 2.14
[ 2ezU ( )
m;
and hence the ratio m;/z with
m;  2eUt?
— =" (2.15)
z s

Disadvantages of the TOF mass analyzer are their relatively large size and their limitation
toward pulsed ion formation. However, their high abundance sensitivity and their (theoretically)
unlimited mass range (> 100 000) are beneficial.

lon source
Skimmer Detector

u 5 s

«—> < -
acceleration mass separation

Figure 2.16.: A schematic illustration of the TOF process, separating masses by their flight time
through the mass analyzer (adapted from ref.[1%4] with permission of Springer).

Quadrupole lon Trap

A quadrupole ion trap consists of four cylindrical electric rods mounted in a square configuration
(xy-plane) and extending into the z-direction. Opposite rods are electrically connected and
carry the same potential, respectively. The applied voltage consists of a direct current (DC)
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voltage U and a radiofrequency (rf) voltage V with the frequency ®. The total potential ®y is
thus given by
dg=U+Vcosot (2.16)

for the x- as well for the y-axis. Ions are accelerated in the z-axis before entering the quadrupole
in which they experience an electrical field combined from the two rod pairs, carrying opposite
polarity, as illustrated in Figure 2.17. Cations are drawn towards the negatively charged rods
and anions vice versa. If the rods change their sign of polarity periodically, before the cation
hits the rod surface and thus discharges, the ion is held at a constantly oscillating distance and
crosses the quadrupole along a z-trajectory towards the detector. The frequency of change in
current determines if the ions can pass the quadrupole rods or if they collide with the electrodes.
For each ion mass a set of U, V, and o exists that enables the ions to pass the ion trap and hit
the detector. The quadrupole scans the sample for each m/z value and thus acts as a mass filter.
The relatively low costs and space requirements of a quadrupole mass analyzer are beneficial.
However, the relatively low mass range (up to 4000) and the low mass resolution (up to 1000)
limit their application.

Stable ion  Unstable ion Quadrupole rods Detector

trajectory trajectory

- (U +V cos ot)

+ (U + V cos ot)

Figure 2.17.: A schematic illustration of the quadrupole ion trap, acting as a mass filter by
periodically changing the sign of polarity of the electric rods, the path of the ions
is represented by grey lines (adapted from ref.[1%°], ©Wiley-VCH Verlag GmbH &
Co. KGaA, reproduced with permission.).

Orbitrap

The orbitrap is the newest technique to analyze ion masses, providing very high resolutions.
In the orbitrap the ions are trapped on radial trajectories around a central spindle electrode,
surrounded by an outer coaxial barrel-like electrode, as illustrated in Figure 2.18. The ions —
injected tangentially to the inner electrode — are orbitally trapped around the latter producing
an electric field with a frequency proportional to their m/z°, independent of their energy and
spatial spread. The ion frequencies are measured at the inner electrode by the acquisition of
image current transients in the time-domain and are processed by fast Fourier transformation
(FFT) into a frequency-domain signal, in order to obtain a mass spectrum.[10>114115] Unlike
the quadrupole ion trap the orbitrap does not apply magnetic or rf fields, but utilizes solely an
electric field to trap the ions.

Resolutions of up to 150 000"l can be achieved using an orbitrap, placing it among the
most powerful instruments available today. Further advantages of an orbitrap are their high
abundance sensitivity, small size, and moderate cost.
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Figure 2.18.: Illustration® of the orbitrap: the red lines symbolize the pathway of the ions around
the inner electrode, trapped electrostatically.

2.5.3. Collision-Induced Decay

Ions that have been trapped by a mass analyzer, such as a quadrupole or an orbitrap, can be
isolated and bombarded with neutral gas atoms (He, Ar, or N,) in order to induce a decay in
the molecular structure of the ion and to detect characteristic fragments of the analyte. Such a
collision-induced decay (CID) can help to elucidate the structure of a molecule, for instance
giving information about functional groups that where cleaved off during the collision. The
bombardment energy can be changed by varying the kinetic energy of the gas atoms.

2.5.4. Resolution and Mass Accuracy

The ability of a mass spectrometer to obtain sharp signals and exact m/z values is of crucial
importance for the investigation of reactions and the elucidation of a molecules’ structure. The
separation of neighbouring peaks is defined as the resolving power or resolution. The resolution
R is specified by the ratio of the measured mass m and the difference in mass Am, defined as
the peak width at a specific peak height.[104]

_om
"~ Am
A high resolution is frequently confused with a high mass accuracy. However, a measurement
that was performed at high resolution does not necessarily imply measuring the accurate mass.
Mass accuracy is defined as the difference between the measured mass and the calculated exact
mass of a molecule and can be given by absolute values (in atomic mass units amu) or in relative
mass accuracy in ppm. The orbitrap (2.5.2) is a mass spectrometer with a high resolution as
well as a high mass accuracy and serves as a powerful tool for investigating the mechanistic
aspects of a reaction.

(2.17)

'Image from Thermo Fisher Scientific
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2.5.5. Mass Spectrometry on Polymers

Soft ionization techniques such as ESI and MALDI enabled the application of mass spectrometry
for polymers, due to their non-destructive character and tolerance toward high molecular
weights. The exact determination of the polymer mass gives valuable information about its
structure. Thus, the polymer end groups, i.e., the initiating fragment as well as termination
event can be undoubtedly determined. Therefore, the application of mass spectrometry plays a
paramount role in the mechanistic investigation of a polymerization. %] The mass spectrum
of a polymer is entirely different compared to a small molecule. The distributive character
of a polymer is reflected in its mass spectrum, which is comprised of a multitude of peaks
with a mass difference corresponding to the monomer mass. Thereby, each peak — given
the synthesis was carried out by radical polymerization — gives information about which
event led to the termination of the polymer chain. Polymer chains terminated by combination
show peaks with a classical staircase-like pattern, caused by the different number of heavy
isotopes (*H and '*C) that chains with a certain length contain. Polymer chains terminated
by disproportionation can be identified by their characteristic peak clusters, consisting of two
peaks (each of them showing the staircase-like pattern) with a mass difference of 2 Da. The
signal is comprised of both double bond-carrying and proton-carrying polymer chains resulting
from the disproportionation reaction. These clusters have the characteristic shape that can be
described as "high-low-very high-low" and can be readily identified in a mass spectrum. In case
the analyzed polymer was synthesized by ATRP (see 2.1.3), the polymer chain is terminated
with a bromine group in @-position. Due to the two isotopes of bromine ("’Br and *!Br) with
nearly equal abundance, the peaks of bromine-terminated polymers exhibit a typical shape,
similar to disproportionation peaks, described as "high-low-high-low".

i) i) i)
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Figure 2.19.: Comparison of the characteristic peak patterns of i) combination products, ii)
disproportionation products, and iii) bromine-terminated polymer chains in a
mass spectrum.

Mass spectrometry is not only used for analyzing the molecular structure of a polymer,
but also for the determination of the reaction progress and conversion, for instance for end
group modifications. Thereby, the height or the integral of the starting material peak as
well as the product peak are monitored with reaction time. This technique has been applied
for the monitoring of for instance polymer conjugation reactions based on photoenol click
chemistries,[1'”) end group modifications via azirines, '8! or NITEC chemistry. 1]
However, the quantitative determination of a reaction conversion by mass spectrometry should
always be treated with caution. The ionization behavior of a molecule is strongly dependent
on its functional groups and can vary immensely with (apparently) small variations in the
molecular structure. For polymers it has to be considered that not only the polymer backbone
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is of high importance for the ionization, yet also the structure of the end groups. A major
change in the electronic structure of the polymer end group during the investigated reaction
can lead to a strongly increased or decreased ionization ability, leading to falsified conversion
results. Thus, quantitative mass spectrometry can only be applied for polymers with identical
polymer backbones and similar end groups.

Another important application of mass spectrometry was shown by Gruendling et al. for
the determination of accurate and absolute molar mass distributions as well as the absolute
concentrations for individual polymer compounds in their respective mixtures.[12%121] Thereby,
polymers with the same backbone, i.e., consisting of the same monomer, yet different end
groups could be separated and their concentration in the mixture was determined by the online
coupling of size exclusion chromatography and ESI-MS (SEC-ESI-MS), combined with a data
processing algorithm that is based on the maximum entropy principle. In detail, an analytic run
by SEC-ESI-MS gives two data streams. On the one hand, the signal detected by the RI detector
of the size-exclusion chromatogram gives a total mass concentration of polymer S(Vg) in the
eluent at the elution volume Vg. On the other hand, the mass spectrometer detects a data set
consisting of the total ion count for a certain m/z range at a specific elution volume Vg, giving
so-called single oligomer profiles (SOP’s). Tung’s equation describes the relationship between
the signal S(Vg) of the RI detector and the total mass weighted molar mass distribution wy,, (1)
of a polymer mixture:

S(Vk) = [ GVismwin(n)m (2.18)

with G(Vg,n) as the calibration and broadening function of the chromatographic system.
Based on an algorithm, the molar mass distribution w; of a single species is subsequently
calculated. For a detailed discribtion of the calculation process, the reader is referred to litera-
ture.[129121] With the described procedure, binary and ternary mixtures of pMMA polymers
can be analyzed regarding their individual concentration.
Mass spectrometry plays a significant role in the current work. As described in the following
section, ESI-MS was employed for the comparison of initiation efficiencies of radical photoini-
tiators and for the mechanistic investigation of photoinitiated RDRP (see section 2.1.3).
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2.6. Investigation of Photoinitiated Polymerizations via
PLP-ESI-MS

Polymerizations initiated by radical photoinitiators result in polymers that carry the initiating
fragment in a-position and the corresponding terminating group (depending on the termi-
nation type) in @-position. For monomers such as methyl methacrylate (MMA), undergoing
disproportionation as the preferred termination event, the resulting polymer chains are highly
uniform. Additionally, poly(methyl methacrylates) (pMMA) posses a multitude of polar groups,
resulting in a high ionizability, making it an ideal polymer for analysis by mass spectrometry.
Both properties help in the investigation of photoinitiated polymerization processes, due to the
uniformity of the resulting products and the facile determination of their molecular structure.
The actual initiating fragment that commenced the growth of the polymer chain, can be readily
identified. The initiation performance of photoinitiators can thus be compared based on their
relative incorporation propensity into the chain termini. Thereby PLP-ESI-MS, the combination
of PLP (see 2.2) for polymer synthesis and ESI-MS for the analysis of the polymer chains, serves
as a powerful tool for the investigation of photoinitiation mechanisms and the initiation ability
of photoinitiators. [122712°]

For the quantitative investigation of photoinitiation abilities of radical fragments, PLP-ESI-MS
was employed for the first time by Giinzler et al.['??] for the comparison of the two photoinitia-
tors benzoin (2-hydroxy-1,2-diphenylethanone) and mesitil (1,2-dimesitylethane-1,2-dione),
illustrated in Figure 2.20. Thereby it was shown that, at an excitation wavelength of 351 nm,
the mesitoyl radical shows a 8.6 times lower initiation ability compared to the benzoyl radical
generated by benzoin. This observation was even more surprising as mesitil shows a 10-fold
higher absorbance at the excitation wavelength than benzoin. Intuitively, a higher initiation
ability would be expected for mesitil.
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Figure 2.20.: The three photoinitiators TMB, benzoin, and mesitil that where compared regard-
ing their initiation efficiency (by Giinzler et al.[!??]) and the origin dependence of
the initiating fragment trimethylbenzoyl (3) by Voll et al.!'?3]

Subsequently, an investigation was carried out determining whether the initiation ability of

the initiating radical fragment is origin dependent. Therefore, a so-called cocktail experiment
was performed with 2,4,6-trimethylbenzoin (TMB), benzoin, and mesitil as the photoinitia-
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tors. [123]

The mesitoyl fragment (3), originating from TMB was demonstrated to be less effective
in intiating a polymerization compared to the benzoyl fragment (1), yet, only by a factor of 3.
Thus, not only the radical fragment, but its originating photoinitiator structure determines the
initiation ability.

In a further study the contribution of methyl substitution on the initiation efficiency of
a benzoyl radical fragment was investigated, analyzing six different photoinitiators with an
increasing number of methyl substituents at the benzoyl group, as illustrated in Figure 2.21.
Thereby, all six photoinitiators were irradiated in an equimolar ratio in a PLP experiment with
MMA. The resulting polymer mixture, containing polymer chains carrying six different chain
termini, was analyzed by ESI-MS. The chain with the highest peak intensity was correlated with
the highest initiation efficiency for the corresponding initiating fragment. It was found that
28% of all chains were initiated by the benzoyl fragment of benzoin, 27% by the corresponding
fragment of A, 22% by B, 11% by C, 4% by D, and 9% by E.
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Figure 2.21.: Benzoin-type photoinitiators with an increasing number of methyl substituents at
their benzoyl group that were investigated regarding their initiation efficiency by
Voll et al.[124]

[124]

Next to the initiation efficiency of photoinitiators, the PLP-ESI-MS technique can be employed

for mechanistic investigations of photochemical processes, such as light-triggered conversion
of polymer end groups. In a study by Voll et al.['%] the UV light-induced transformation of
benzoin-derived polymer end groups was elucidated. It was found that under UV irradiation
the aforementioned benzoyl end group performs a Norrish Type I or a Norrish Type II reaction,
resulting in the cleavage of the aromatic end group and the loss of functionality, as illustrated
in Figure 2.22. The study was further supported by chemically induced dynamic nuclear
polarization-nuclear magnetic resonance spectroscopy (CIDNP-NMR), in order to identify the
radical fragments involved in the cleavage.
A related study by Lauer et al.[®] investigated the influence of methyl-substitution on the ten-
dency for the aforementioned UV-induced cleavage process. Eight benzoin-type photoinitiators
with varying methyl-substitution were employed, whereas only polymer end groups with a
methyl group in ortho-position showed no cleavage tendency. Thus, in order to increase the
UV light stability of benzoin-type derived polymer end groups, an introduction of a methyl
substituent in ortho-position is proposed.
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Figure 2.22.: Overview of the UV light-induced transformation of polymer end groups derived
from benzoin, investigated by Voll et al.[1?°] and Lauer et al.[3°]
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2.7. Femtosecond Spectroscopy

The investigation of photophysical and photochemical processes requires a deep understanding
of the underlying mechanisms in a molecule upon absorption of light and the character of
the resulting excited states (see 2.3.3). Since the evolution of the latter occurs on an ultrafast
timescale, time-resolved spectroscopic techniques such as femtosecond (fs) spectroscopy have
become an important tool for the elucidation of molecular dynamics. The fs pump-probe
absorption spectroscopy gives valuable information about the occuring processes, relaxation
channels, and the corresponding lifetimes of a photochemically excited system and will be
briefly described in the following. [130-131]

As illustrated in Figure 2.23, in a common fs pump-probe experiment the fs laser pulse is split
up into a path to generate a so-called pump pulse and a second path in order to generate a
probe pulse. Both pulses are redirected into the measured sample, whereas the probe pulse
is passing through an optical delay line before entering the sample in order to enable a time
delay of the pulse. As the pump pulse passes through the sample it excites the molecules into
a higher electronic state. The subsequent probe pulse penetrates the excited sample and acts
as a detector for the proceeding changes of the molecular system after pumping. The delay
time between pump and probe pulse can be varied by the delay line in order to monitor the
evolution of the excited state with time.

Frequency conversion
pump pulse

Sample

—_—

fs Laser

Frequency conversion _-
probe pulse

Figure 2.23.: [llustration of the setup of a fs pump-probe experiment, image adapted from
ref. [130]

Both pump and probe pulse can be varied in their wavelength range. However, for the
probe pulse it is possible to cover a wide spectral region (white light continuum) that gives an
overview over the complete wavelengths. The transmission of the excited species is detected
by measuring the transmitted light of the sample in the ground state (unexcited) and after the
pump pulse (excited). Thereby, the transient absorbance (TA) is measured as the change in
optical density AOD with time and wavelength of the probe light, described by

Io
I(A,1)

Thereby, I(A,?) is the transmitted light intensity of the excited sample, detected after the
pump pulse, and Iy the time-independent light intensity of the sample, without previous exci-
tation. The change in optical density AOD can be positive or negative. If an excited state is
absorbing photons of the pump pulse, the resulting AOD becomes positive. However, the pump
pulse can also lead to the stimulated emission of a photon by the excited state, resulting in a

AOD(A,t) = log < ) — AODy (2.19)
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negative AOD.

The transient absorption shows the dynamics of the excited states in the samples and, in
case o-cleavage occurs, the formation of radicals. However, the termination of photoinitiator
radicals has not yet been observed. Radicals originating from triplet states, as is the case
for photoinitiator radicals, have to perform a spin flip before being able to recombine. This
forbidden process takes place on the timescale of us and is thus too slow to be observed by fs
spectroscopy. [130]

2.7.1. Investigation of Photoinitiators by fs Spectroscopy

Femtosecond spectroscopy has already been successfully applied for the investigation of the
dynamics of the three photoinitiators benzoin, TMB, and mesitil (as shown in Figure 2.20)[132]
and the results were correlated to the initiation efficiency comparison carried out by PLP-ESI-
MS. 11231 Thereby, it was found that benzoin and TMB show similar properties regarding their
excited state dynamics. Both, benzoin and TMB, perform a rapid ISC after excitation into the
S| state on a timescale that can compete with fast IC processes. The fast ISC is caused by the
presence of an excited triplet state 7, in close energetic proximity, making an ISC the preferred
deactivation pathway of S;. Mesitil, in contrast to benzoin and TMB, is excited into the S, state
with no available isoenergetic triplet state for ISC. In this case, IC is the main deactivation
pathway, resulting in small ISC rates and thus in a small amount of formed radicals. These
results could be correlated to the poor initiation efficiency of mesitil found in PLP-ESI-MS
experiments. Hence, the efficiency of the ISC process is a crucial parameter for the efficiency of
a photoinitiator. This study testified the unique character of the combination of femtosecond
spectroscopy and PLP-ESI-MS as a valuable tool for the investigation of photoinitiators.
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2.8. Single-Chain Nanoparticles and their
Characterization

Single-chain nanoparticles (SCNPs) are three-dimensional structures that are formed by poly-
mers consisting of a single chain.['8] This technology aims at mimicking the behavior of
naturally occurring single-chain architectures, such as proteins in their three-dimensional
structure, by means of synthetic polymers. Since a side project of the current work focused on
the formation of SCNPs on the basis of photoinitiators, some current synthetic approaches for
the creation of SCNPs are discussed in the following section, together with suitable characteri-
zation methods.

2.8.1. Single-Chain Nanoparticles

The three-dimensional structure of an SCNP can be imparted to single polymer chains by either
the collapse of the chain through interactions of functionalities within the side groups (repeating
unit folding) or the placement of recognition units at predetermined places along the polymer
chain (selective point folding). To this day, single-chain folding was achieved, for instance, by
means of mutually orthogonal hydrogen bonding recognition units,['**] reversible disulfide
bonds,[**] metal-ligand-complexation, [133136] or cyclodextrin host-guest chemistry.[137] As
an example, the SCNP formation based on the two pairs of mutually orthogonal recognition
species thymine and diaminopyridine (three-point interaction) as well as cyanuric acid and
Hamilton wedge (six-point interaction) is illustrated in Figure 2.24.1'33] The folding and the
intramolecular interaction is thereby induced by a high dilution of the single chain. High
dilution is a crucial requirement in order to favor intramolecular bonding formation and to
avoid the respective intermolecular reaction that would lead to crosslinking.
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Figure 2.24.: Single-chain nanoparticle formation, mimicking natural protein structures, on
the basis of two mutually orthogonal recognition pairs: thymine-diaminopyridine
and cyanuric acid Hamilton wedge. The image was reproduced from ref.[1*3] with
permission of The Royal Society of Chemistry.

In general, the folding into SCNPs can be performed by means of a wide range of methods.

Thereby, irreversible and reversible formation of covalent bonds, noncovalent bond formation
(such as the described hydrogen bonding), and complexation methods can be employed. The
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2.8. Single-Chain Nanoparticles and their Characterization

functional groups that interact with each other are usually introduced during the polymerization
process. However, post-polymerization modifications are another possible pathway. For the
synthesis of the single chains, that are subsequently undergoing the folding process, the RDRP
techniques (see chapter 2.1.2) play an important role, since highly defined end groups and chain
lengths are necessary. Therefore, ATRP, NMP, and RAFT are the preferred polymerization
methods.

In order to verify the successful folding of a chain, their in-depth characterization is essential.
In the following, selected characterization methods for SCNPs will be introduced briefly.

2.8.2. Characterization of SNCPs

Providing evidence for the successful folding of a single chain into a SCNP and its characteri-
zation is a crucial issue in the SCNP field. In general, no analytical technique is sufficient on
its own for the unambiguous proof of SCNP formation. Therefore, a combination of different
techniques is utilized for an in-depth characterization. The most important techniques are
size-exclusion chromatography (SEC), dynamic light scattering (DLS), and nuclear magnetic
resonance spectroscopic techniques, especially the diffusion ordered spectroscopy (DOSY). In
the following, SEC and DOSY will be described briefly.

Size-Exclusion Chromatography (SEC)

Size-exclusion chromatography (SEC) is an analytical technique that separates macromolecules
according to their hydrodynamic radii and became a standard technique for the determination
of the molar mass and distribution of polymers. The separation is performed on columns filled
with a porous crosslinked material (the gel), that is swollen with a solvent, the so-called eluent
(for instance THF or DMSO). The latter flows through the system with a constant speed. The
analyzed polymer is introduced into the eluent as a diluted solution. On its pathway through
the column, it passes the pores of the gel with various pore sizes. Polymer chains with a large
hydrodynamic radius can only access those pores that are large enough for the macromolecule
to enter. However, small polymer chains can access more pores than large polymers. Their
diffusion through the columns takes more time. The detectors, usually measuring the refractive
index (RI) or the UV absorbance of the eluent, are placed after the columns and detect the large
polymer chains earlier than the short polymer chains. In such way, the polymer sample is
separated by size. For the determination of the molar mass of a polymer, a calibration has to be
performed beforehand.

The application of SEC for the detection of SCNP formation is based on the fact that the
hydrodynamic radius of a single polymer chain is decreasing after its folding into an SCNP.
Thus, a shift in the chromatogram towards longer elution times, i.e., smaller molar masses is
observed.

Diffusion Ordered Spectroscopy (DOSY)

The diffusion ordered spectroscopy (DOSY) is an NMR technique that, as implied by its name,
measures the translational diffusion coefficient of a molecule in solution.[13313%) A spherical
particle with the hydrodynamic radius R, in a medium with the viscosity 1 exhibits a diffusion
coefficient D, as described by the Stokes-Einstein relation:

kT

(2.20)

35



2. Theory and Background

with kj, and T as the Boltzmann constant and the temperature, respectively. Since the hydro-
dynamic radius of a particle is directly correlated with the diffusion coefficient, DOSY serves as
a powerful tool for the characterization of SCNPs due to the decrase of the chains’ radius after
folding

The basic principle of DOSY is the possibility to label the position of a spin with the Larmor

frequency of a pulsed magnetic field. Thereby, the measured sample is exposed to multiple
pulses and a series of spin echo spectra with varying field gradient strengths and signal decays
is recorded.
After a first pulse, the time A is given to the molecule for the diffusion process. The second
pulse thus can be employed for decoding the molecules’ position after the time A. The intensity
of the measured signal will depend on the time A (diffusion time), and the gradient parameters
G and 9, the strength and duration, respectively. Thereby, the signal experiences an attenuation
that can be described by Equation 2.21 with the gyromagnetic constant y of the nucleus.

0
I =Ihexp |-y G*8*(A— g)D (2.21)
When a static magnetic field with the strength By is applied in the z-direction, the nuclear
spin precesses with an angular frequency @y, that is referred to as the Larmor frequency,

described through

wy = YBy (2.22)

with y being the gyromagnetic ratio of the nucleus. The magnetic field in z-direction is
spatially homogenous and so is @. However, when an additional magnetic field gradient G is
applied, @ becomes spatially dependent.
One of the simplest DOSY experiments is the pulsed field gradient (PFG) sequence, introduced
by Stejskal and Tanner*%] and illustrated in Figure 2.25. Thereby, a 90° pulse is applied, that
rotates the magnetization into the x,y-plane. After the time #1, a gradient pulse G is applied for
a duration §. At the end of the time period A, the spin experiences a phase shift. Subsequently,
a 180° pulse is applied, resulting in the reverse of the precession direction. After the time period
t1 + A, a second pulse G is applied with the same magnitude and duration.
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Figure 2.25.: Schematic illustration of the pulsed field gradient (PFG) sequences as the easiest

example for a DOSY experiment. Imaged adapted from ref.['*] ©1999, with
permission from Elsevier.
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If at this point the molecules in the sample did not diffuse along the z-axis since the first pulse,

the two pulses cancel each other out, resulting in a refocusing of the spins and a signal with
maximum intensity. However, since the molecules do diffuse along the z-axis, the dephasing
that results from the applied pulses is proportional to the displacement during the time A.
Hence, due to the movement of the molecules, i.e., the nuclei, the second pulse cannot refocus
the spins and an attenuated signal is recorded, see Equation 2.21.
As already mentioned, the described PFG experiment is a very simple version of DOSY exper-
iments and it bears various disadvantages. Advanced DOSY techniques, for instance, apply
several pulses with different magnitudes, such as the bi-polar longitudinal eddy current delay
(BPLED) pulse sequence. For a detailed discussion of this advanced technique, the reader is
referred to the literature. [13813]
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Photoinitiator Investigation

As described in 2.2.1, photoinitiators play a fundamental role in many industrial applications.
Their initiation efficiency not only determines the amount of employed photoinitiator and
irradiation time, but additionally the energy costs arising from the production process. Thus,
the knowledge of a photoinitiators’ initiation efficiency is of paramount importance.

The key factors that determine the efficiency of photoinitiators are their absorption behavior,
their fast radical cleavage, and the high reactivity of the generated radicals. Thus, the compari-
son of photoinitiators can be performed in manifold ways. In the past, a closer look at the ab-
sorbance of photoinitiators in the UV-vis region, [1417143] their initiation quantum yield, [14414°]
and their polymerization rate and final monomer conversion has been taken. [1417143,146.147]
For the investigation of photoinitiators, a wide range of techniques that evaluate their pho-
tochemical properties can be employed. Steady-state photolysis, 1421%3] fluorescence probe
techniques'#4] and real-time IR spectroscopic evaluation [!417143146] are just a few examples.
Furthermore, an advanced technique for the investigation of photoinitiators is the time-resolved
laser flash spectroscopy with detection through UV-vis, IR, and ESR. It was employed by Turro
and co-workers, 74! focusing on the photochemical behavior of photoinitiators and the mecha-
nistic aspects of their radical formation. The formation of radical initiator species can thereby
be followed by ESR spectroscopy. [1417143]

In order to compare the initiation efficiency of photoinitiators on a quantitative scale, PLP-
ESI-MS proved to be an excellent tool. It enables the investigation of specific photoinitiator
fragments and provides valuable information about the initiation mechanism. Furthermore,
very small amounts of photoinitiator and polymer are necessary for the investigation. The
polymerization is initiated by a pulsed laser system and the polymer is subsequently analyzed
by ESI-MS. PLP-ESI-MS can be accompanied by the use of femtosecond spectroscopy and
theoretical calculation methods, allowing for a detailed investigation of the molecular dynamics
of a photoinitiator and the reactivity of the respective radical fragments.[13?] In the current
chapter, that is divided in two main sections, the focus is on benzoin-type photoinitiators and
their respective derivatives. Based on benzoin as the basic structure, a wide range of structurally
different photoinitiators are compared in their initiation efficiency towards methyl methacrylate
(MMA). In addition, femtosecond spectroscopy and theoretical calculation methods accompany
the results. Summarizing the viewpoints from both experimental and theoretical parts leads to
an in-depth discussion of the reactivity of photoinitiator fragments.

Parts of this chapter were reproduced from E. Frick, H. A. Ernst, D. Voll, T. J. A. Wolf, A.-N. Unterreiner, C.
Barner-Kowollik, Polym. Chem. 2014, 5, 5053-5068 and E. Frick, C. Schweigert, B. B. Noble, H. A. Ernst,
A. Lauer, Y. Liang, D. Voll, M. L. Coote, A.-N. Unterreiner, C. Barner-Kowollik, Macromolecules 2016, 49,
80-89. DFT Calculations and femtosecond experiments from section 3.1 were performed by Hanna A. Ernst
and Thomas J. A. Wolf. Femtosecond experiments from section 3.2 were performed by Caroline Schweigert.
Calculations in section 3.2 were performed by Benjamin B. Noble.
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3. Photoinitiator Investigation

3.1. Initiation Efficiencies of MMMP, Benzoin, and 4MB

The photoinitiator 2-methyl-4’-(methylthio)-2-morpholinopropiophenone (MMMP) is widely
used in industrial applications and is referred to as a nearly ideal photoinitiator, being able to
form two radical fragments at the same time, both of equal initiation ability. "> However, this
statement has not yet been verified, i.e., the initiation efficiency of the two radicals formed
after the radical cleavage of MMMP has not been investigated quantitatively. Therefore, in the
study introduced in this chapter, the initiation efficiency of the radical fragments of MMMP, T
and N, are compared to the radical fragment B of benzoin, and MB of 4-methyl benzoin (4MB),
as shown in Figure 3.1.
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Figure 3.1.: The three photoinitiators MMMP, Bz, and 4MB, and their photolytic decomposition
into radical fragments after UV light irradiation at 351 nm.

Monomer Monomer

Benzoin, a commonly employed photoinitiator, is utilized as a reference due to its structural
simplicity and good initiation performance. However, photoinitiators with a benzoyl radical
cannot be compared to benzoin in their initiation efficiency due to the isobaric overlap of the
fragments in mass spectrometric analysis. 4MB, due to its methyl-substitution, is beneficial for
such cases and was thus selected as a second reference initiator. The second radical fragment
Bn, formed by both benzoin and 4MB, is not subject of this study, since its initiation efficiency

is negligible.

3.1.1. Initiation Efficiency Evaluation via PLP-ESI-MS

The comparison of the aforementioned initiators was performed via a combination of pulsed-
laser polymerization and subsequent analysis via electrospray-ionization mass spectrometry
(PLP-ESI-MS), a previously established technique for the quantitative analysis of initiation
efficiencies. [127125] PLP-ESI-MS provides quantitative insight into the incorporation propensity
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3.1. Initiation Efficiencies of MMMP, Benzoin, and 4MB

of radical fragments during a photoinitiated FRP. Therefore, in a first step, polymerizations via
PLP were carried out, employing a pulsed laser system at a wavelength of 351 nm. In order
to compare photoinitiator fragments, various mixtures of two photoinitiators were irradiated
in the PLP experiments. Thereby, different molar ratios of the two photoinitiators that are
simultaneously present in the solution were employed. The subsequent post-mortem analysis
of the generated polymer products was performed via ESI-MS in order to determine the extent
of incorporation of the initiator radicals into the polymer chains. This so-called "cocktail
experiment" technique allows for the quantitative determination of the initiation efficiency of
the compared radical fragments. All products that can be found in the mass spectra are shown
in Figure 3.2.
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Figure 3.2.: All disproportionation products found in the mass spectra for MMMP, benzoin, and
4MB. For the sake of clarity, recombination products are omitted.

Previously, the comparison of the two initiators MMMP and benzoin could not be carried

out via PLP-ESI-MS, due to the overlap of the mass spectrometric peaks originating from the
benzoyl radical fragment (B), ionized with Na" ions, and the N-isopropyl morpholino radical
fragment (N) ionized with H* (along with Na" ionization) during the ESI process. In the context
of the present work, a new protocol was developed for the suppression of H" ionization of the
morpholino moiety (fragment N) during the ESI process, enabling the comparison of MMMP
and benzoin via PLP-ESI-MS.
Next to the investigation via PLP-ESI-MS, femtosecond transient absorption (TA) spectroscopy
and density functional theory (DFT) methods were employed in order to enlarge the investiga-
tive viewpoint toward the very first steps of the photoinitiators upon absorption of a photon.
Thereby, the excited state properties of MMMP, Benzoin, and 4MB and their respective relax-
ation mechanisms were studied. The high performance of such a combination was shown in a
previous study by Wolf and Voll et al, '3 resulting in the identification of the important factors
leading to an efficient initiation step and thus high incorporation rates of radical fragments.
In the study presented in this chapter, the four different radical fragments T, N, B, and MB,
illustrated in Figure 3.1, were compared regarding their initiation efficiency and a deeper insight
into their dynamics upon irradiation was achieved.
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3.1.2. lonization Enhancement Study

In the ESI-MS analysis of MMMP-initiated polymer samples performed in common solvent
mixtures (such as THF/methanol or DCM/methanol), chains carrying the morpholino fragment
(N) show an ionization with H" next to the desired ionization with Na®. The exact masses
of MMMP- and benzoin-initiated polymer chains, respectively, show isobaric overlap for the
H" ionized disproportionation products originating from the N fragment, [NH]"™* and the
corresponding Na* ionized polymer chains initiated by the benzoyl fragment B, [BH]N**. Thus,
in order to perform a quantitative comparison of MMMP and benzoin, the H" ionization of the
morpholino-initiated chains during the ESI process needs to be suppressed.

Therefore, the first focus was set on reducing the ionization with H*, most probably occuring
at the nitrogen atom of the morpholino group, to a minimum. The influence of the salt concen-
tration (0-500 uM NaTFA), the capillary temperature (270-320°C), the capillary voltage (4-8 kV),
and the solvent mixture (THF/methanol (3/2), DCM/methanol (3/1), MeCN/methanol (3/1),
toluene/methanol (3/2, v/v, respectively)) was assessed. Figures 3.3 and 3.4 show the respective
results.
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Figure 3.3.: Variation of specific parameters in order to suppress H" ionization of polymer chains
carrying a morpholino end group (N= and NH). A) Mass spectrum of MMMP-
initiated pMMA in THF/methanol (3/2). H" and Na'ionization occur. B) The
variation of the capillary temperature shows a slight decrease of H" ionization
towards lower temperatures, yet no full suppression.

Variation of the capillary temperature or voltage in a solvent mixture of THF/methanol (3/2)
resulted in no significant change in H" ionization compared to Na" ionization. Moreover, the
extent of H" ionization seemed to be irreproducible and changed arbitrarily. Finally, changing
the solvent mixture to toluene/methanol (3/2) and adding 300 uM of NaTFA resulted in a
successful and reproducible suppression of H" ionization.

The positive influence of toluene on suppressing H" ionization may be a result from its very
low permittivity (€, = 2.38) compared to that of THF (&, = 7.52), DCM (&, = 8.93), or MeCN
(e, = 36.64).11%8] A high permittivity solvent can result in a distinct field weakening effect
during the ESI process, based on the orientation of the droplet in the charged field and thus in a
support of H' ionization. Additionally, the solvent can have an influence on the pK, value of the
morpholino group, that has a large impact on its ionization behavior. The critical evaluation of
the mass spectra depicted in Figure 3.3 and 3.4 one can identify that the H" ionization behavior
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Figure 3.4.: Variation of specific parameters in order to suppress H" ionization of polymer chains
carrying a morpholino end group (N= and NH). C) Variation of the capillary voltage
shows, similar to B), a slight decrease of H" ionization, yet no full suppression. D)
A solvent study with different solvent mixtures indicates full elimination of H*
ionization for toluene/methanol (3/2).

in the different solvent mixtures does not follow their permittivity trend. The value of &, of
acetonitrile is higher than of DCM. Yet, significantly more H" ionization can be observed for
the DCM/methanol solvent mixture than for MeCN/methanol. Thus, next to the permittivity,
other parameters appear to have an impact on the extent of H" ionization.

3.1.3. Evaluation of ESI-MS Data for Quantitative Comparison of
Initiator Fragments

After the polymerization of methacrylates via PLP, the polymer sample mainly consists of
disproportionation products and only small amounts of combination products can be identified.
Analysis of the latter provides no information regarding which fragment served as the initiating
radical for the polymerization, since both polymer end groups are initiator fragments. Thus,
only the disproportionation products contain the information on which photoinitiator fragment
initiated the polymerization and which specific fragment performed better in the initiating
step.

A disproportionation step during a polymerization results in the formation of two different
polymer chains: one chain carrying a double bond at its end group and another chain carrying
a hydrogen at the former radical site. Thus, as already described in 2.5.5, disproportionation
peaks in a mass spectrum occur in pairs with a mass difference of 2 Da between the respective
peaks. In the present thesis, the disproportionation peaks are labeled as "XH" and "X=", where
X defines the chemical nature of the initiating fragment, i.e., the a-position of the polymer
(B, T, N, or MB for benzoin, MMMP, and 4MB, respectively). "H" and "=" define the role of the
polymer chain in the H-abstraction during the disproportionation step, giving information
about the functionality of the polymer at the @-position.

For the quantitative comparison of the initiation efficiency of MMMP, benzoin, and 4MB, the
peak heights Ah of the polymer signals of each repeating unit, as illustrated in Figure 3.5, are
evaluated. Only the "H=" peak, i.e., the first peak of each disproportionation peak cluster is
utilized, since it shows no isobaric overlap with other major product peaks.

43



3. Photoinitiator Investigation

normalized intensity / a.u.

b

T T T T T T T T T
1140 1150 1160 1170 1180

m/z

Figure 3.5.: Zoom into the ESI-MS spectrum of pMMA initiated by MMMP showing the dis-
proportionation peaks [N] and [T], associated with polymer chains initiated by
the fragments N and T of MMMP. The peak height Ah that is employed for the
evaluation of the spectra is shown exemplarily.

The peak heights are utilized for the calculation of the mole fraction FX (i) of a dispropor-
tionation product with the end group X, corresponding to the respective initiating fragment,
for the number i of the repeating unit. Assuming two different initiating fragments (X; and
X,) compete in one PLP experiment, the mole fraction FX!(i) for the chains initiated by the
fragment X; can be described by

AR (i)

Xi(7) —
F0 = G ) T ana ) (3.1)

FXi(i) is a direct correlation to the relative number of polymer chains initiated by the
fragment X that can be found in the PLP sample. It is assumed that, starting from a DP, > 2,
the chemical nature of the initiating fragment has no influence on the propagation rate of the
monomer. Thus, the end group X is equally distributed over all chain lengths. Plotting the
FX1(i) values for a fragment X versus the chain length i, i.e., the degree of polymerization DP,,
illustrates the distribution of the fragment X over the polymer chains as they are detected in
the ESI-MS.

In an ideal case, the gradient of such a plot is close to zero, showing a constant F*! (i) value for
each chain length and thus representing a chain length-independent ESI process. However, in
some cases a chain length-dependent ionization occurs and can be recognized by an increasing
or decreasing evolution of FX1(i), indicating a mass-biased ESI process. In order to overcome
the mass tampering, Giinzler et al.[??] established a method that allows the mass-bias free
evaluation of the peak heights. In this approach, G (i) is the ratio of the peak heights Ah*!
and A2, originating from the two radical fragments X; and X, that are to be compared in
their initiation efficiency. Three different ratios G, G’, and G” are to be compiled: one ratio
for the considered repeating unit 7, one for the preceding repeating unit i — 1, and one for the
following repeating unit i + 1, respectively.

_ARN(i)

GXl (l) = A (l) (3.2)
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ARXL(§)

G/X1 (i,i— 1) — m (3.3)
X,
G™ (i1 1) = #I&)l) (3.4)

Thereby, after averaging G, G, and G”, a mass-bias free ratio of two disproportionation
peaks, GY , 1s obtained
m/z,0

e G (i) + G (i,i—1)+G"™(i,i+1)

n/20 = 3 (3.5)
: X
Plotting Gml/zp

results in a linear trend serving as a tool for quantitatively determining the initiation efficiency
of the two compared initiator fragments X; and X,. The ratio X;/X, at which the Gifll/z 0 value

against the molar ratio of the photoinitiators in the polymerization mixture

equals 1, is the initiator ratio that has to be employed in order to achieve equal initiation prob-
ability for both fragments. Consequently, this ratio correlates with the quantitative initiation
efficiency ratio of the compared fragments. In the following section the initiation efficiency
ratios for the initiating fragments of MMMP, benzoin, and 4MB will be discussed in detail.
Table 3.1 gives an overview over all compiled initiation efficiency ratios.

Comparison of MMMP and Benzoin

The two radical fragments T and N of MMMP were compared to the benzoyl fragment B of
benzoin based on the aforementioned evaluation technique. The plot of the mass-bias free ratio

Gi(nl/z o against the MMMP/benzoin ratio, illustrated in Figure 3.6, follows a constant gradient.

The Gi(nl/z o value for the T fragment equals 1 for an initiator ratio of MMMP/benzoin = 1.6. For
X1

the N fragment of MMMP G/ /2.0
equal number of polymer chains are initiated by T (or N) and B fragments, when a photoinitiator
mixture of MMMP/benzoin in the molar ratio of 1.6/1 (or 2.2/1) is applied, respectively. Hence,
the benzoyl fragment B of benzoin exhibits a 1.6 times higher initiation efficiency than the T
fragment and a 2.2 times higher efficiency than the N fragment of MMMP.

equals 1 for a ratio of MMMP/benzoin = 2.2. Consequently, an

Comparison of MMMP and 4MB

The initiation efficiency of the fragments T and N were additionally compared to the methyl-
substituted benzoyl fragment MB of 4MB. In contrast to benzoin, the initiating fragment of
4MB shows a lower initiation efficiency than both the T as well as N fragment of MMMP. The
mass-bias free ratio for the T fragment equals 1 for an initiator ratio of MMMP/4MB = 0.7. For
the N fragment an initiator ratio of MMMP/4MB = 0.9 has to employed in order to achieve equal
initiation propensity, as illustrated in Figure 3.7. Thus, for the fragments T and MB an initiation
efficiency ratio of T/MB = 1/0.7 is found, implying a 1.4 times higher initiation efficiency for
T compared to MB. For N and MB a ratio of N/MB = 1/0.9 was found, hence the fragment N
being 1.1 times more efficient than MB.

Comparison of Benzoin and 4MB

Finally, a third comparison — benzoin and 4MB - was carried out, completing the investigation
of the three initiators. For both, benzoin and 4MB only the respective benzoyl can be compared
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Figure 3.6.: The mass bias-free ratio of the disproportionation products is plotted versus the
molar ratio of the photoinitiators MMMP and benzoin. Gil/z o €quals 1 for a ratio

of 1.6 for the T fragment and 2.2 for the N fragment, respectively.
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Figure 3.7.: The mass bias-free ratio of the disproportionation products is plotted versus the
molar ratio of the photoinitiators MMMP and 4MB. Gn)i1 . €quals 1 for a ratio of

MMMP/4MB = 0.7 for the T fragment and MMMP/4MB = 0.9 for the N fragment,
respectively.

since the peaks of the second fragment, Bn, show isobaric overlap and thus cannot be evaluated.
Yet, the initiation ability of this fragment is negligible, since its activity during the PLP experi-
ment is limited mainly to termination events. As illustrated in Figure 3.8, for the comparison
of the fragments B and MB the mass-bias free ratio equals 1 at a ratio of benzoin/4MB = 0.86.

Thus, the benzoyl fragment of benzoin shows a 1.2 times higher initiation efficiency than the
respective methyl-substituted fragment.
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Figure 3.8.: The mass bias-free ratio of the disproportionation products is plotted versus the

molar ratio of the photoinitiators benzoin and 4MB. Gi(nl/z o €quals 1 for a ratio of

benzoin/4MB = 0.86 for the benzoyl fragment of benzoin.

Trio Experiment: Comparison of MMMP, Benzoin, and 4MB

The previously described experiments comparing two initiators, respectively, were completed
by a trio cocktail experiment containing all three initiators MMMP, benzoin as well as 4MB in
one PLP experiment. The corresponding mass spectrum is shown in Figure 3.9. The spectrum
illustrates the strong initiation efficiency of the B fragment. The peaks of benzoyl-initiated
polymer chains clearly surpass the respective peaks originating from the fragments T, N, and
MB, according to the evaluation of their initiation efficiency ratios. At the same time, the peak
heights from T- and MB-initiated chains show similar values.
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Figure 3.9.: Results of the trio experiment with MMMP, benzoin, and 4MB. A) shows the mass
spectrum of the corresponding PLP experiment containing all three initiators. B)
shows the FX (i) plot, illustrating the molar fractions of the polymer chains initiated
by the fragments B, T, N, and MB, respectively. The highlighted molar fractions are
represented in the mass spectrum in A).
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Compared Fragments Initiation Efficiencies

B:T 1:0.63
B:N 1:0.45
B: MB 1:0.86
T:MB 1:0.70
N: MB 1:0.90

Table 3.1.: Initiation efficiencies derived from PLP-ESI-MS experiments of MMMP, benzoin,
and 4MB.

3.1.4. lonization of MMMP-initiated Polymer

As described above, the mole fractions FX (i) of specific peaks have an ideally constant gradient
of zero when plotting against the polymer chain length. A chain-length independent ionization
takes place in such a case. However, the FX (i) values of the T- and N-initiated disproportiona-
tion peaks show a deviation, as illustrated in Figure 3.10. The declining FX (i) values observed
for T-initiated chains (with increasing DF,) and the inclining values for the N-initiated chains
correspond to their relative decrease in peak intensity in the mass spectrum. One might assume
that this behavior reflects the tendency of the T fragment to generate shorter polymer chains
than the N fragment. However, the influence of the initiator group at the a-end of the polymer
on the propagation rate of the radical @-end can be excluded for DP, > 2, where penultimate
effects are negligible.[1*"] Thus, an equal propagation rate can be assumed for all growing
polymer chains during a PLP experiment.
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Figure 3.10.: A) Plot of the mole fractions of T-, N-, and B-initiated disproportionation products
versus the degree of polymerization for the molar ratio of MMMP/benzoin = 1.5.
B) Plot of the mole fractions of T- and N-initiated disproportionation products for
different initiator ratios, without the influence of B-initiated chains.

The observed decline of FX (i) values is a sign for a chain length-dependent ionization of
the polymer chains. With increasing DPF,, the ionization of T-initiated chains decreases and
the ionization improves for chains carrying the N fragment. Simultaneously, the ionization
behavior of B-initiated disproportionation products remains constant. In order to exclude the
influence of the disproportionation peaks originating from the B fragment, the mole fractions
FT(i) and F"(i), not including the B-initiated signals, were plotted versus the DP,.
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ART=(i
FI0 = gr=0 +i})zN:(i) (3.6)
FN (i) AR () (3.7)

~ ARN=(i) + ART=(i)

As illustrated in Figure 3.10 (right), an asymptotic behavior for F7 (i) and F¥ (i) can be
observed. For short polymer chains, the T-initiated chains are the main products, whereas the
N-initiated chains appear as a side product with very low peak intensities. With growing chain
length, the proportions of N-initiated and T-initiated chains both approach a molar fraction of
close to 0.5. Most probably, this asymptotic behavior is caused by the morpholino (N) fragment
due to its differing chemical structure compared to the other fragments T, B, and MB. Poor
solubility in the employed toluene/methanol solvent mixture or poor ionization with Na* based
on the influence of the N group can cause such a behavior. With the lengthening of the polymer
chain, the negative influence of the morpholino group is diminished, since with the growing
number the monomer units become more dominant.
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Figure 3.11.: The mass bias-free ratio of the N-initiated disproportionation products is plotted
versus the molar ratio of the photoinitiators MMMP and benzoin for both, chains
with a DP, of 8-12 and for all chain lengths. No significant difference can be
detected.

The fact that for long polymer chains the molar fractions of T- and N-initiated dispropor-
tionation products become equal indicates that both MMMP fragments T and N most probably
exhibit an equal intitiation efficiency. Consequently, the quantitative comparison of the ini-
tiation efficiency for the MMMP fragments with B and MB could be questioned. In order to
verify the initiation efficiency ratios, a corrected mass bias-free ratio G/, o was assessed by
selecting only those polymer chains with a DP, of 8-12. The result is illustrated in Figure 3.11.
With this new approach the influence of the short chains is reduced. However, no significant
difference for the initiation efficiency ratios was detected. Both approaches, taking all chains
into account or only the long ones, lead to very similar results. The applicability of the mass
bias-free evaluation is thus verified.
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€/(103 L-mol~!-cm™1)
351 nm 325 nm

MMMP 0.354 3.571
Benzoin  0.110 0.311
4MB 0.245 0.669

Table 3.2.: Extinction coefficents for MMMP, benzoin, and 4MB for both wavelengths employed
in the PLP experiments and femtosecond spectroscopy, respectively.

3.1.5. Femtosecond Spectroscopy and Theoretical Methods
UV-Vis Spectroscopy

A closer look into the extinction of the initiators MMMP, benzoin, and 4MB shows that the
structurally similar species benzoin and 4MB exhibit a similar absorption behavior, whereas the
absorption of MMMP differs strongly. As illustrated in Figure 3.12, both benzoin and 4MB show
a weak absorption centered around 320 nm and a strong absorption below 250 nm. Benzoin
exhibits two weak shoulders around 284 nm and 292 nm, respectively, whereas 4MB shows
shoulder at 257 nm. In contrast, MMMP shows a strong extinction at 304 nm and a small
shoulder around 350 nm. The excitation wavelengths in the PLP experiments (350 nm) and the
pump pulse wavelength employed in the femtosecond spectroscopy (325 nm) are assigned in
the spectrum. For the femtosecond spectroscopy, a lower wavelength was chosen, since the
signal-to-noise ratio was very low at 351 nm. At 325 nm the excitation probability is increased,
resulting in a significantly higher quality of the transient spectra.
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Figure 3.12.: Wavelength dependent extinction of MMMP (red), benzoin (black), and 4MB (blue)
in MIB as the solvent. The excitation wavelengths during PLP experiments and
femtosecond spectroscopy are assigned.

The determined extinction coefficients of MMMP, benzoin, and 4MB at both wavelengths
are listed in Table 3.2. MIB was chosen as the solvent for measuring the extinction coefficient
as well as for the transient spectra. Due to its structural similarity to MMA, that is employed
in the PLP experiments, MIB is an ideal substitute for the monomer.

As Table 3.2 shows, the extinction coefficients of MMMP at both wavelengths are higher
than those of benzoin and 4MB. However, as already pointed out in a previous study, (132] the
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extinction coeflicient at the employed excitation wavalength is not a sufficient measure for
the initiation efficiencies. Further extensive investigations have to be carried out in order to
understand the underlying processes that result in differing initiator performances.

A closer look into the absorption spectra in Figure 3.12 shows that both excitations of benzoin
and 4MB (at 325 nm and 351 nm) correspond to the excitation into their first weak absorption
bands. Yet, for MMMP the excitation into higher excited states is assumed for both wavelengths,
due to its strong absorption band (at 304 nm) and the shoulder at 350 nm.

Femtosecond Spectroscopy

Femtosecond spectroscopy' was carried out in order to deeper understand the processes in the
initiators MMMP, benzoin, and 4MB upon irradiation and the determining parameters for a
high or low initiation efficiency.

As mentioned in the previous section, the transient spectra were recorded at a pump wavelength
of 325 nm, due to higher signal intensities compared to the wavelength of 351 nm. Figures 3.13
and 3.14 illustrate the transient absorption spectra of MMMP, benzoin, and 4MB at 325 nm. In
the case of benzoin and 4MB the spectra exhibit a similar structure with a dominant absorption
between 430 nm and 540 nm. Thereby, 4MB shows a slower absorption decay than benzoin.
In contrast to benzoin and 4MB, MMMP clearly shows two proximate absorption bands. One
absorption band (at 520 nm) appears at time zero and decays within 1.8 ns, i.e., within the
experimental time frame. The second band (at 464 nm) appears at a later point, its decrease
exceeds the experimental time frame. Both the decrease of the fist absorption band and the
increase of the second band exhibit comparable time scales. Thus, the depopulation of the
excited states — demonstrated by the decreasing first absorption band - can be directly correlated
with the population of a second excited state, expressed by the increase of the second absorption

band.
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Figure 3.13.: Transient absorption spectra of benzoin and 4MB, recorded in MIB at a pump
wavelength of 325 nm.

The TA spectra illustrated in Figure 3.13 and 3.14 were fitted by multiexponential functions,
such as the function

!Experiments were carried out by Hanna A. Ernst and Thomas J. A. Wolf in the frame of a collaboration with
PD Dr. Andreas-Neil Unterreiner, Physical Chemistry, Karlsruhe Institute of Technology

51



3. Photoinitiator Investigation

-3.3E-04
1500 4
1.8E-04
1000
7.0E-04
500 4 1.2E-03
® 1.7E-03
e 4
= 2.2E-03
404
304
204
104
04

450 500 550 600 650 700

Al nm

Figure 3.14.: Transient absorption spectra of MMMP, recorded in MIB at a pump wavelength
of 325 nm.

1 Z T
AOD(A,7) = 3 l+erf(2Vin2 Z A)exp —?) (3.8)
i=1 i
with the wavelength-dependent amplitudes A; and time constants 7;. The resulting time
constants that were obtained by global fitting can be found in Table 3.3.

Benzoin 4MB MMMP
Ti 25ps=+0.1ps 25ps+01ps 1.1ps=0.1ps
(%) (50-80) ps (150-350) ps 57 ps = 6 ps
T3 > 1.8 ns > 1.8 ns (450-650) ps
T4 - - > 1.8 ns

Table 3.3.: Time constants obtained by multiexponential fits for benzoin, 4MB, and MMMP at a
pump wavelength of 325 nm.

The determined time constants can be assigned to the following processes:
7] (in case of benzoin and 4MB) corresponds to the spectral signature of the S| state and
comprises both ISC and IC. It can be intrepreted as 7) = (¢ - Trsc)/ (Tic + Tisc)-
T, corresponds to the spectral signature of the 7; state.
73 (in case of benzoin and 4MB) corresponds to the spectral signature of the generated radicals.
73 (in case of MMMP) corresponds to the ISC from the S state.
T4 corresponds to the triplet lifetime and radical cleavage of MMMP.
An analysis of the time constants exhibits similarities for benzoin and 4MB and a clear discrep-
ancy to the behavior of MMMP. Additional theoretical methods serve as a valuable supplement
in order to understand and interpret the TA spectra. Therefore, DFT calculations were employed
to determine the optimized geometries of the three photoinitiators and the respective ground
state energies. For a detailed discussion of the minimum geometries, the reader is referred to
the respective works of Thomas J. A. Wolf(***] and Hanna A. Ernst.['31]
As described in section 2.3.6, Type I photoinitiators perform radical cleavage after successful ISC
into a triplet state. Therefore, ISC is a crucial step for the overall performance of a photoinitiator.
The El-Sayed rule (see 2.3.6) predicts that ! (n7*) states easily perform an ISC into *(7*) states.
However, next to the change in multiplicity it is also important to consider the energy gap
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between the singlet and triplet states that are involved in the ISC. For all three initiators the
smallest energy gaps are found between the S| and 75 states. The involved orbitals in the 7,
state exhibit a partial *(77*) character. In the following, the major findings are summarized
briefly. As a consequence of their similar behavior, benzoin and 4MB are jointly discussed.

Benzoin and 4MB
+ Almost total decay of the TA within 100 ps

+ Fast decay of the TA results in the formation of radicals after ISC

Excitation takes place into the S state

The ISC takes place between the S| and 7, states in a time range of 2-3 ps for both
benzoin and 4MB

« 4MB shows a 3.4 times higher capability toward radical formation compared to benzoin

+ 4MB shows a longer time constant associated with radical cleavage compared to benzoin
MMMP

« More complex mechanism than for benzoin and 4MB

« Excitation takes place into the S| and §; states

+ The ISC takes place from the S| into the 7,

« The first absorption band in the TA spectra is assigned to singlet-singlet absorption of
the S state

+ The second absorption band is assigned to triplet-triplet absorption of the 7; state

o The triplet states exhibit long lifetimes (> 2 ns), radical cleavage products are not observ-

able

« ISC and radical cleavage is performed on a larger timescale compared to benzoin and
4MB

A high ISC efficiency of 94% is determined and thus a high radical formation capability

3.1.6. Conclusions

As a consequence of the above listed findings, a higher capability for radical formation was
found for both MMMP and 4MB compared to benzoin. However, benzoin showed the highest
initiation efficiency in the PLP-ESI-MS experiments. One of the reasons for the lower initiation
efficiency of MMMP, as observed in the PLP-ESI-MS experiments, could be its strong triplet-
triplet absorption, resulting from triplet states with long lifetimes. For 4MB, the radical cleavage
takes place on a longer time scale compared to benzoin and can thus be a reason for its lower
initiation efficiency. Another important factor that was not analyzed in this study, is the radical
reactivity of the generated initiator fragments. The importance of this effect, together with
other factors, will be discussed in more detail in the following chapter.

The present study has shown that the extinction coefficient at the excitation wavelength is a
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poor measure for the initiation efficiency of the respective photoinitiator radicals. Furthermore,
the ISC efficiency and lifetimes of the resulting triplet states is better suited for estimating the
initiation efficiencies. In addition, the different reactivities of the generated initiator radicals
towards the utilized monomer has to be taken into account.
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3.2. Investigation of Structure-Reactivity Correlations for
Benzoin-Type Photoinitiators

Typically, the first look at the absorption spectrum of a photoinitiator tempts chemists, without
the background knowledge about photochemical processes, to estimate the reactivity of the
molecule at a specific wavelength. Thereby, the simple idea that molecules with high extinction
coefficients absorb a large number of photons are excited with a high probability and, as a
consequence, perform radical bond cleavage in high yields, is the basis for such assumptions.
It results in the frequent conclusion that good photoinitiators exhibit high absorptivities at
the respective irradiation wavelength. The current thesis shows that this approach is highly
questionable, since the absorption of light entails a multitude of relaxation pathways and the
radical cleavage is just one of them, as discussed in 2.3. In an excited molecule, several processes
are in competition. Finally, after the generation of radicals, their respective reactivity is of
high importance. A large number of formed radicals has no effect if their reactivity toward the
monomer double bond is limited.

OH O OH . O OH
NMe,Bz NMe,Bz Iso FNMe,Bz

LA A L3 i
O o} O OH O OH . O OH

Benzil Benzoin 4MB FBz

F.,Bz FBz Iso

Figure 3.15.: Photoinitiator library: overview of the analyzed photoinitiators with varied sub-
stitution. Benzoin and 4MB served as comparison species.

As shown in the previous section, the quantitative investigation of initiation efficiencies
of photoinitiator fragments can be performed by the powerful combination of PLP-ESI-MS
and femtosecond spectroscopy. In this chapter the focus is on the influence of the substitution
of a benzoin-type photoinitiator on its initiaiton efficiency and photochemical behavior. The
enhancement of the initiation efficiency of benzoin is the aim of the present study. However,
creating an instruction for a "tailormade" photoinitiator that fulfills specific requirements is
the long-term aim.

On the basis of the benzoin structure, a library of photoinitiators with various substitution was
synthesized, as illustrated in Figure 3.15. Substituents with an electron donating or withdrawing
effect were incorporated, such as methyl, dimethylamine, and fluorine, respectively. The
substituents were placed at the aromatic ring alongside the carbonyl or the hydroxyl group.
Next to benzoin, the photoinitiator library was extended to benzil and its substituted derivative
difluorobenzil (DFB). The substitution along the aromatic ring causes a change in the elctronic
structure of the molecule, having an important impact on its photochemical behavior and the
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reactivity of the generated radicals. The choice of substituents was thereby made based on
their red-shifting influence on the absorption compared to the original benzoin structure.
Similar to the previous chapter, the photoinitiators were investigated by the combination of
PLP-ESI-MS, TA spectroscopy, and quantum chemical calculations. However, in this study
the rate coefficients of the generated radicals for their addition to MMA were additionally
determined. Finally, the summarized results provide an insight into the correlation between
the structure of a photoinitiator and its reactivity.

3.2.1. Photoinitiator Synthesis

The benzoin derivatives illustrated in Figure 3.15 were obtained by three synthetic routes.
NMe,Bz Iso and FNMe,Bz were synthesized via electrophilic aromatic substitution, starting
from the respective phenylglyoxal monohydrates that react with the electron-rich benzene
ring of N,N-dimethylanilin in a straightforward fashion.

The synthesis of FBz Iso and F,Bz was performed via cyanide-catalyzed benzoin condensation of
fluorobenzaldehyde (for F,Bz) and fluorobenzaldehyde and benzaldehyde (for FBz Iso). During
the synthesis, asymmetric benzoins are known to form a product mixture consisting of one
main product that is the thermodynamically stable regioisomer, i.e., carrying the substitution
at the benzoyl or the hydroxylbenzyl moiety. However, the second, less stable, regioisomer
is additionally formed to a certain extent.[!®] As shown recently by Yamataka et al,["°] a
base-catalyzed rearrangement can lead to the formation of the regioisomer of benzoins with
substitution at the aromatic rings. Thereby, it is assumed that a deprotonation in ¢¢-position
is the determining step, leading to a ketol-rearrangement into the respective regioisomer. In
the current thesis, such rearrangements were observed during the workup after the benzoin
condensation steps. However, for both basic and acidic conditions. As a result, for FBz Iso a
mixture of the regioisomers (FBz Iso and FBz) was obtained.

Electrophilic 9 o |
aromatic substitution N — XX xH,O * N
NMe,Bz Iso | | ! 2
FNMeBz g~~~ OH -~ O

R=H,F
F (0]
Benzoin condensation o | (I)
FBz Iso X .
F,Bz | OH :
R & F R
R=H,F

Grignard reaction O CN
FBz MgBr
O — /@/ 9 + ©)\OSiMe3
E OH F

Figure 3.16.: The benzoin derivatives were obtained by the three illustrated synthetic pathways:
electrophilic aromatic substitution, benzoin condensation, and Grignard reaction.

Thereby, FBz Iso is assumed to be the thermodynamically stable regioisomer, since it was

formed in a higher ratio than FBz. Since chromatographic purification was not successful, FBz
Iso was purified by manifold recrystallization steps.
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Due to the performed rearrangement during and after benzoin condensation, the synthesis of
FBz was performed via Grignard reaction. Thereby, trimethylsilylated cyanohydrin was reacted
with fluorophenylmagnesium bromide as the Grignard reagent, resulting in a straightforward
formation of pure FBz.

3.2.2. UV-Vis Spectroscopic Evaluation

As noted in the introduction of this chapter, the absorptivity of a photoinitiator is frequently
correlated to its performance. A high extinction coefficient at the utilized irradiation wave-
length can be beneficial. However, it is not mandatory, as will be concluded at the end of this
chapter. Figure 3.17 depicts the extinction curves corresponding to the photoinitiator library
and Table 3.4 summarizes the extinction coefficients at the employed wavelength in the PLP
experiments (351 nm).
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Figure 3.17.: Extinction curves of the photoinitiators depicted in Figure 3.15, measured in MIB.
For clarity reasons the axis for the extinction of NMe,Bz is situated on the right
side of the graph.

The photoinitiators can be distinquished by their large differences in UV-vis absorbance.
Benzoin itself shows a very low extinction coefficient (64 L- mol~!- em™') compared to its
substituted derivatives. The benzoin derivatives with fluorine substitution, FBz, FBz Iso, and
F,Bz, exhibit extinction coefficients in a similar range (60, 66, and 63 L- mol~ ! em™!, respec-
tively). The extinction of benzil and its derivative DFB is comparable to FBz and F,Bz. The
dimethylamine substituents have a strong influence on the absorption behavior and increase
the extinction coefficient at 351 nm enormously, as observed for NMe,Bz Iso and FNMe,Bz
(1812 and 1950 L- mol~!- cm ™!, respectively). NMe,Bz shows a particularly increased extinction
coefficient and an altered absorption curve compared to the other initiators.

3.2.3. Initiation Efficiencies via PLP-ESI-MS

The photoinitiators illustrated in Figure 3.15 were compared pairwise in so-called cocktail exper-
iments. Thereby, different molar ratios of the photoinitiators were subject to PLP experiments.
All initiators with a substitution at the benzoyl fragment were compared to benzoin. However,
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3. Photoinitiator Investigation

Initiator g [L-mol™' em!]* MMA conversion [%]? M, [gmol~!] D
Benzoin 64 4.40 8500 2.01
4MB 52 6.00 8200 1.79
FBz 60 4.17 10000 2.05
FBz Iso 66 5.18 7900 1.90
F,Bz 63 5.00 8900 2.15
NMe,Bz 23400 0.25 -¢ -¢
NMe,Bz Iso 1800 0.38 —¢ =€
FNMe,Bz 1950 0.53 13000 3.20
Benzil 63 0.39 -4 -4
DFB 59 1.58 16000 1.94

Table 3.4.: Extinction coefficients corresponding to the extinction curves depicted in Figure 3.17,
monomer conversion in PLP experiments, and the respective molar masses and
dispersities for the photoinitiators shown in Figure 3.15. “At 351 nm. “Determined
by gravimetry. °No sufficient polymer output. “Not determined.

the initiators with substitution at the hydroxylbenzyl group cannot be compared to benzoin,
due to their equal B fragment. For such initiators 4MB was chosen as the antagonist. Since the
initiation efficiency ratio between benzoin and 4MB was determined in a previous study, [?7]
4MB is well-known as an efficient initiator and can thus be employed for comparisons. Next to
the cocktail experiments, the polymer output of all photoinitiators was investigated, the results
are listed in Table 3.4. Thereby, the monomer conversion at specific PLP conditions (refer
to the experimental part) and the molar mass and dispersity of the resulting polymer were
determined by THF-SEC. High molar masses and low monomer conversions are characteristic
for the generation of a small amount of radicals and vice versa. The achieved dispersities, all in
the range of D ~ 2, are characteristic for an FRP process.

The determination of the respective initiation efficiencies was carried out in a similar way as
described in the previous chapter (see 3.1.3). The mass bias-free ratio G, o was calculated from
the relative peak heights, Ah, of the respective disproportionation peaks and plotted against
the employed initiator ratio. The ratio at which G,,/, o equals one corresponds to the initiation
efficiency of the two compared initiator fragments. The graph in Figure 3.18 illustrates the
determination of the mass bias-free ratio for the photoinitiators F,Bz and benzoin and serves
as an example. For the graphs of all other comparisons, the reader is referred to the Appendix.
The initiation efficiency ratios determined in that way are provided in Table 3.5 and will be
discussed in 3.2.5. However, for the dimethylamine-substituted species no initiation efficiency
ratios could be determined, due to their very low polymer yields.

3.2.4. Additional Analytical Methods
Femtosecond Spectroscopy

In order to support the results obtained by PLP-ESI-MS, the photoinitiators were investigated
by femtosecond pump-probe spectroscopy,! similar to the previous chapter. In a similar way,
TA profiles for each photoinitiator were recorded at a pump pulse wavelength of 351 nm
(as employed for the PLP experiments) and the population evolution of the excited states

!Experiments were carried out by Caroline Schweigert in the frame of a collaboration with PD Dr. Andreas-Neil
Unterreiner, Physical Chemistry, Karlsruhe Institute of Technology
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3.2. Investigation of Structure-Reactivity Correlations for Benzoin-Type Photoinitiators

Compared fragments (initiators)  Initiation efficiencies PLP-ESI-MS

B (benzoin) MB (4MB) 1:0.86
B (benzoin) FB (FBz) 1:0.75
MB (4MB) B (FBz Iso) 1:2.44
FB (FBz) B (FBz Iso) 1:1.10
B (benzoin) FB (F,Bz) 1:1.09
MB (4MB) FB (FBz) 1:1.23
BNMe, (NMe,Bz) B (benzoin) n.d.?

B (NMe,Bz Iso) MB (4MB) n.d.¢

B (benzoin) FB (FNMe,Bz) n.d.¢

B (benzoin) FB (DFB) 1:1.67

Table 3.5.: Overview of the compared initiators and the corresponding initiation efficiency
ratios for the respective cocktail experiments. “Not determined due to substantial
polymer yield differences of the compared photoinitiators.

:0.91
v

T T T T T T T
0 1 2 3 4 5
ratio Benzoin/F Bz

Figure 3.18.: Mass bias-free ratio plotted versus the molar ratio of the photoinitiators F,Bz and
benzoin.

was probed in the range of 500-600 nm wavelength. In contrast to the fs experiments in the
previous chapter, no white-light continuum was employed for the probing. Thereby, the low
extinction coeflicients of some initiators at the utilized excitation wavelength, resulting in low
amplitudes, were the decisive factor. Similar to the previous chapter, the TA profiles were fitted
with triexponential functions to obtain the corresponding time constants 7; and amplitudes A;.
Thereby, the time constant 7; corresponds to the combination of both IC and ISC processes.
The time constant 7, represents dynamics of triplet states and radical formation. A detailed
assignment to 73 is not possible within the scope of this work. Next to pump-probe experiments,
ab initio calculation methods were employed to access information about the energetic position
as well as the character of the singlet and triplet states involved in the important electronic
transitions IC and ISC after excitation.
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3. Photoinitiator Investigation

Calculations of Radical Reactivities

Next to the calculations regarding the orbitals involved in important electronic transitions,
the reactivity of the generated initiator fragments was computed,' representing an important
link between PLP-ESI-MS and femtosecond spectroscopy, since it helps understanding the
underlying reasons for potential discrepancies between the two fields. For instance, radical
reactivities can explain why poor initiation rates are found for an initiator that generates a
large amount of radicals. Thereby, for each radical initiator fragment illustrated in Figure 3.15,
the addition rate coefficient for the addition to the MMA double bond was computed. The
photoinduced radical cleavage of a benzoin derivative generates two radical fragments with
strongly differing reactivities. The acyl radical (referred to as benzoyl radical), with its sp?
character, is unstable and thus highly reactive. Its radical is relatively localized and can thus be
influenced in its reactivity by substitution in para-position via an inductive effect. The second
~ sp>-type — hydroxybenzyl radical that is generated, is stabilized by its electronic structure
and thus less reactive. The adjacent hydroxyl and phenyl functions stabilize the radical by
electronic conjugation. A substituent in para-position can thus have an additional stabilizing
influence, depending on its effect on the aromatic system.

The computed addition rate coefficients are summarized in Table 3.6. The reactivity of the
radical fragments toward MMA can be listed in the following order: FB > B > MB > BNMe, »
BnNMe, > Bn > BnF. The electron-donating dimethylamine substituent decreases the reactivity
of the benzoyl radical, yet it increases the hydroxybenzyl radical reactivity. The latter can be
explained by the relatively nucleophilic character of hydroxybenzyl radical that is additionally
enhanced by the incorporation of an electron-donating group. A similar effect is observed
for the fluorine group, an electron-withdrawing substituent: It increases the benzoyl radical
reactivity, yet strongly decreases the reactivity of the corresponding hydroxybenzyl radical.
Here, the electrophilic character of the benzoyl radical - resulting from its sp® type - is enhanced
by the inductive effect of an electron-withdrawing group.

Radical fragment kg,

FB 16
B 6.3
MB 5.1
BNMe, 4.2
BnNMe, 0.14
Bn 0.02
BnF 0.01

Table 3.6.: Theoretically calculated rate coefficients (x 10* L-mol~!'-s~!) for the addition of
photoinitiator radical fragments to MMA, in bulk at -5°C.

In the further course of this work, the results of PLP-ESI-MS, femtosecond spectroscopic ex-
periments, and theoretical methods are presented in separated groups consisting of structurally
similar photoinitiators.

!Calculations were carried out by Benjamin B. Noble in the frame of a collaboration with Prof. Michelle L. Coote,
Australian National University, Canberra.
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3.2. Investigation of Structure-Reactivity Correlations for Benzoin-Type Photoinitiators

3.2.5. Combined Photoinitiator Analysis

The behavior of the photoinitiators is discussed in the following, separated by substitution
type. Thereby, the results from the three viewpoints PLP-ESI-MS, femtosecond spectroscopy,
and theoretical calculations are summarized.

FBz, FBz Iso, and F,Bz

Organic moieties carrying a halogen substituent are usually subject to both an inductive (-I)
and mesomeric effect (+M), resulting from the electronegative group and its free electrons. The
coexistence of both effects can be an interesting feature for photoinitiators. Thereby, fluorine
plays a special role as the element with the highest electronegativity. The photoinitiator library
compiled in this study, exhibits three benzoin derivatives with fluorine substitution: FBz carries
a fluorine group in para-position of the reactive benzoyl moiety, FBz Iso - as the regioisomer -
exhibits the fluorine group at the less reactive hydroxylbenzyl group, and F,Bz carries two
fluorine groups, one at each para-position.

W%’ WLW

FBz Benzoin FBz Iso
Initiation effmency ratio: Initiation eff|0|ency rat|o.
FBz / Benzoin = 0.75/ 1 FBzlso/4MB =2.44 /1
F,Bz Benzom FBz vs. FBz Iso
Initiation eff|C|ency ratio: Initiation efficiency ratio:
F,Bz / Benzoin = 1.09/ 1 FBz/FBzlso=1/1.1

K.y
[L'mol™s™]

o
IJ.
/@2 B 1.6x10°
F
o
o
(6]

B 6.3 x 10

BnF  1.1x10°
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/©/ MB  5.1x10°

Figure 3.19.: Combined analytical results for the investigation of FBz, FBz Iso, and F,Bz. Top:
initiation efficiency ratios of FBz vs benzoin, FBz Iso vs 4MB, F,Bz vs benzoin,
and FBz vs FBz Iso determined by PLP-ESI-MS. Left: transients of FBz (A), FBz Iso
(B), and F,Bz (C) from femtosecond pump-probe experiments with probe pulses
at 500 nm. Right: rate coefficients for the addition to MMA, kg, for the radical
fragments of FBz, FBz Iso, F,Bz, benzoin, and 4MB.
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3. Photoinitiator Investigation

All three fluorine-substituted derivates discussed here exhibit relatively high monomer
conversions in the PLP experiments, comparable to benzoin (see Table 3.4), serving as a first
reference to their initiation behavior. Figure 3.19 summarizes the results obtained by PLP-ESI-
MS, femtosecond spectroscopy, and calculation methods.

The comparison of FBz with benzoin via PLP-ESI-MS results in an initiaion efficiency ratio of
0.75 : 1 for the fragments FB : B. Hence, FBz shows a lower initiation efficiency compared to
benzoin. FBz Iso cannot be compared to benzoin, due to their identical benzoyl fragment, and
was thus compared to 4MB. The benzoyl fragment B originating from FBz Iso exhibits a clearly
better performance than the methyl-benzoyl fragment, resulting in an initiation efficiency ratio
of B : MB being 2.44 : 1. Interestingly, the obtained mass spectra from FBz Iso-initiated polymer
showed no peaks originating from the fluorine-substituted hydroxylbenzyl fragment (BnF).
The particularly low addition rate coefficient of BnF fragment, as shown in Table 3.6, is clearly
responsible for this result. Subsequently, the two regioisomers were compared to each other,
resulting in an initiation efficiency ratio of FB : B being 1 : 1.1. A better initiation performance
is thus assigned to FBz Iso. Although the 1.1 times higher efficiency for the B fragment of FBz
Iso is not greatly pronounced, the clear increase in efficiency from the comparison of FBz Iso
to 4MB is evident. Additionally, a particularly high monomer conversion (approx. 5.2%) can be
found for FBz Iso. The weak advantage of the B fragment originating from FBz Iso, compared
to the FB fragment could be a result from a beneficial ionization behavior of FB-initiated chains
due to the polar fluorine group. The comparison of F,Bz to benzoin resulted in an initiation
efficiency ratio of FB : B being 1.1 : 1, stating that the two fluorine substituents have a positive
impact on the initiator performance.

All three fluorine-substituted derivatives show TA traces with a very low optical density.
Further, their very fast decay is striking and suggests well-accessible deexcitation pathways.
All three derivatives exhibit an excited singlet state §; around 350 nm with an nz* character.
Two triplet states 77 and 7, (with partial n7t* and 77" character) are in close energetic proximity
to the Sy state, as observed for benzoin and 4MB in the previous chapter. Based on the favorable
position of the triplet states, a combination of IC and ISC processes presumably results in the
fast decay that can be observed in the TA traces. The corresponding time constant 7; is in the
range of 2-3 ps for all three fluorine-subsituted derivatives.

The reactivity calculations for the radical fragments show an increased reactivity for the FB
fragment (found in FBz and F,Bz) compared to the B fragment. Hence, FBz should perform
better than benzoin. However, FBz presumably forms less radicals than benzoin and can thus
not compete. The positive influence of the fluorine substituent on the benzoyl fragment is thus
compensated by a lower probability to form radicals.

NMe,Bz, NMe,Bz Iso, and FNMe,Bz

The functionalization of benzoin with amine groups has been previously reported in the
literature. [150152153] Their electron-donating effect on the benzoin structure was the reason
for choosing it as a substitutent for this study. The resulting dimethylamine-functionalized
benzoin derivatives exhibit a strongly increased and red-shifted absorptivity compared to
benzoin. Hence, they were expected to perform well in the PLP experiments.

However, after the first polymerizations it turned out that very poor polymer yields of the
amine-substituted derivatives (< 0.5%), compared to benzoin (approx. 4.5%), made it unfeasible
to collect a sufficient amount of polymer that could be analyzed by ESI-MS. Subsequently, a
fluorine-substituent was introduced, in addition to the amine-functionality, in order to im-
proved the initiation performance. The resulting FNMe,Bz carries a dimethylamine substitutent
in para-position at the hydroxylbenzyl fragment and a fluorine substituent in para-position at
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Figure 3.20.: Combined analytical results for the investigation of NMe,Bz, NMe,Bz Iso, and
FNMe,Bz. Transients of NMe,Bz (A), NMe,Bz Iso (B), and FNMe,Bz (C) from
femtosecond pump-probe experiments with probe pulses at 500 nm. Right: radical
fragments of NMe,Bz, NMe,Bz Iso, and FNMe,Bz and their corresponding rate
coeflicients for the addition to MMA.

the benzoyl fragment. However, no significant impact could be detected. FNMe,Bz exhibits the
highest polymer yield of all amine-functionalized derivatives, nevertheless a comparison via
PLP-ESI-MS could not be performed.

In contrast to PLP-ESI-MS, the investigation of the dimethylamine-substituted benzoin deriva-
tives was unproblematic, since their high extinction coeflicients entail high optical densities.
The TA traces, as illustrated in Figure 3.20, exhibit particularly long delay times, showing no
fast decay as observed for the fluorine-substituted species. Ab initio calculations showed that
NMe,Bz is excited into an S; state with n7* character upon irradiation with 351 nm. NMe,Bz
Iso and FNMe,Bz reach their S, state upon absorption of a photon. For all three derivatives a
multitude of triplet states with 77" character and energetic approximation was found. Follow-
ing the El-Sayed rule, the ISC from nz* into w7* states is an allowed process and thus favored.
However, the large number of triplet states results in their overlay, illustrated by the long delay
times of their TA traces. Inspection of the plateau-like shape of the TA traces shows that the
amine-substituted benzoin derivatives form excited triplet states and subsequently show a
longterm abidance in their triplets without deexcitation via radical scission. The latter serves
as an explanation for the particularly high extinction coefficients found for NMe,Bz, NMe,Bz
Iso, and FNMe,Bz. Thus, the poor initiation performance - as seen from the femtosecond
experiments — results from the low capability of radical formation, since after the ISC a large
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3. Photoinitiator Investigation

number of triplet states is accessible. The radical scission is not the favored deexcitation
pathway.

An alternative explanation for the poor initiation performance of the amine-substituted benzoin
derivatives are the low radical reactivities that were found for the respective benzoyl fragment.
The fragment BNMe, shows a 33% lower addition rate coeflicient compared to the benzoyl
fragment B. However, the high reactivity found for the FB fragment of FNMe,Bz cannot com-
pensate the negative influence of the amine-substituent. The driving negative impact on the
initiation performance of NMe,Bz, NMe,Bz Iso, and FNMe,Bz is assumed to be the multitude
of accessible triplet states, preventing the excited molecules from performing radical scission.
Thus, no sufficient amount of radicals is generated in order to initiate a polymerization.

DFB and Benazil

After observing the positive impact of fluorine substituents, their influence was further investi-
gated for a different photoinitiator system: Benzil, structurally related to benzoin, is known
to show poor initiation performance. Thus, the question arose if its initiation efficiency can
be enhanced through the introduction of fluorine substituents. The newly synthesized difluo-
robenzil (DFB) derivative as well as benzil both generate two equal radical fragments that can
initiate a polymerization. The combined analytical results are illustrated in Figure 3.21.

Initiation efficiency ratio:
DFB / Benzil = 1.67 / 1

ksol
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Figure 3.21.: Combined analytical results for the investigation of DFB and benzil. Top: initiation
efficiency ratios of DFB vs benzil determined by PLP-ESI-MS. Left: transients of
DFB (A) and benzil (B) from femtosecond pump-probe experiments with probe
pulses at 500 nm. Right: rate coeflicients for the addition to MMA, kg, for the
radical fragments of DFB and benzil.

In the direct comparison via PLP-ESI-MS, an initiation efficiency ratio for the fragments
FB : B was found to be 1.67 : 1. Consequently, the substitution has a positive influence.
In order to find an explanation, TA spectra were recorded and theoretical calculations per-
formed for both benzil and DFB. It was found that both DFB and benzil are excited into an
S, state with nz* character after irradiation with 351 nm. Below the S, state, in energetic
proximity, six triplet states are situated. Thereby, 77 and 74 exhibit n* character and are thus
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not suitable for ISC. The other four triplet states have mixed or 77" character and are not
appropriate states for radical scission. Consequently, the poor initiatior performance of benzil
derivatives in general is presumably a result of the unfavored formation of radicals. Both DFB
and benzil generate a small number of radicals, however the higher initiation efficiency of the
fluorine-substituted derivate is most probably a result of the higher radical reactivity of the FB
fragment compared to B.

3.2.6. Critical Evaluation of the PLP-ESI-MS Method

In the current work the comparison of initiator fragments regarding their initiation efficiency
gave so-called initiation efficiency ratios for two fragments, respectively. The latter can be
directly correlated to the amount of polymer chains that have been initiated by one single
radical initiator fragment, compared to a second fragment. Assuming a quantitative comparison
of the initiator fragments, the determined ratios should allow for a cross-comparison with
other fragments. More precisely, if the initiation efficiency ratio for the fragments A : B and
B : C is experimentally determined, the ratio of the fragments A : C should be predictable.
This is demonstrated for the three initiator fragments B, FB (from FBz), and MB. The initiation
efficiency ratio of B : FB equals 1.33 (FB from FBz) and the ratio of B : MB equals 1.16. Thus,
the ratio of MB : FB should be possible to predict, as illustrated in Equations 3.9-3.12.

B 1.1 1.1
— = —6 and thus MB = —6 (3.9)
MB 1 B
B 1. 1.
— = ﬁ and thus FB= ﬁ (3.10)
FB 1 B
MB 1.16 B (3.11)
FB B 133 '
MB  0.85 (3.12)
FB 1 '

As Table 3.5 shows, the initiation efficiency ratio of MB : FB equals 0.81 (1 : 1.23). Thus,
the calculated value is in good agreement with the experimental value. However, the term
"quantitative comparison" of polymers via ESI-MS should be always used with care. The
ionization process of polymers is highly sensitive to changes in the molecular structure. Not
only the polymer backbone should be equal for the compared polymers, yet also the end
groups should not exhibit pronounced differences in size, electronic structure, and elemental
composition. All the fragments compared in the current study exhibit a six-membered aromatic
ring with a carbonyl function. The substitution along the aromatic ring is the only structural
difference between the fragments. Thus, the comparison via PLP-ESI-MS performed in the
current work is assumed to be quantitative, as shown for the cross-comparison in Equations 3.9-
3.12.

3.2.7. Summary and Conclusion

As a summary, it can be stated that electron-withdrawing substituents have a negative impact
on the initiation efficiency of benzoin-type photoinitiators. Regardless of the substituents’
position - at the benzoyl or the hydroxylbenzyl fragment - the introduction of a dimethylamine
group results in a lower initiation efficiency in comparison to benzoin. As seen for FNMe,Bz,
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3. Photoinitiator Investigation

the negative impact of the dimethylamine substituent has a further deteriorating effect on
fluorine-substituted derivatives.

The investigation of the fluorine-substitution showed that the fluorine-group has a positive
influence on the initiation efficiency of the benzoin photoinitiator, if it is introduced at the
unreactive hydroxylbenzyl moiety, as seen for FBz Iso. Although the radical para-fluoro
benzoyl fragment is highly reactive, the fluorine-substituent has a slightly negative impact on
the generation of radicals, i.e., delaying the radical bond scission.

Based on the aforementioned results, a set of important properties was compiled, summarizing
the characteristics of a poor and a good benzoin-type photoinitiator.

First of all, the character of the electronic states involved in excitation and ISC is crucial.
A poor benzoin-type photoinitiator exhibits a multitude of triplet states with a partial 77*
character in energetic proximity to the excited singlet state. An excited system remaining in
such overlapping triplet states consequently shows a high extinction coefficient at the excitation
wavelength.

In contrary, a good benzoin-type photoinitiator is characterized by the following properties:
(i) It exhibits a low extinction coefficient of approx. 60 L-mol~'-cm™!. (ii) The excitation
occurs into a singlet state with n* character and the fast ISC (on a time scale of 2-4 ps) is
performed into a triplet state with equal n7* character, since radical formation from such states
are favored. The resulting violation of the El-Sayed rule is presumably necessary. (iii) The
number of accessible triplet states should not exceed two, in order to avoid an overlap of triplet
states. (iv) Radical cleavage should occur in the time frame of maximum 100 ps. (v) Finally, the
generated radicals should posess a high reactivity for the addition to monomer.
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Mechanistic Investigation of
Copper-Mediated PhotoRDRP

Copper-mediated photoRDRP is the recent extension of ATRP and SET-LRP, implementing a
light-triggered start of the polymerization. Thereby, as discussed in section 2.1.3, the catalyst
Cu''Bry /L is introduced in its oxidized state. Without the addition of any reducing agent, the
polymerization is initiated solely by irradiation. Therefore, light is assumed to be involved in
the reduction step, i.e., in the generation of the activator C u! Br /L.

Attempts were made by Anastasaki et al.['*) and Ribelli et al.!'”] to investigate the mechanism
of this process. Their studies, explained in detail in section 2.1.3, provided evidence that initiator
and/or the ligand are involved in the reduction step. However, both studies lack detailed mech-
anistic information about how the individual compounds are involved in the photochemical
process. For instance, an elucidation of the involved structures by nuclear magnetic resonance
spectroscopy (NMR), mass spectrometry, or similar exact techniques is missing. Therefore,
in this chapter, the mechanism of photoRDRP is elucidated on a molecular level. PLP was
employed as polymerization technique and the resulting products were subsequently analyzed
by ESI-MS, resulting in the illumination of the important processes in photoRDRP that lead to
the efficient reduction of the deactivator Cu'/ Br; /L and the initiation of the polymerization.

4.1. Stepwise Mechanism Elucidation via PLP-ESI-MS

PLP serves as the ideal polymerization method for the investigation of the mechanism, since it
generates relatively short polymer chains that can be analyzed by ESI-MS. The latter provides
exact information on the product structure such as the polymer end groups. Knowing the end
group of a polymer chain helps identifying the initiating radical.

The two previously performed mechanistic studies employed MA as the monomer. However, in
the current work MMA was chosen as the monomer, since it does not perform intramolecular
chain transfer reactions (as observed for MA), results in shorter polymer chains due to its
lower propagation rate coefficient compared to MA, and can thus be readily analyzed by
ESI-MS. Similar to the previous studies, the composition of the photoRDRP reaction was
varied by omitting single components and performing independent PLP experiments. Ethyl a-
bromoisobutyrate (EBiB, initiator), copper (II) bromide, and tris-[2-(dimethylamino)ethyl]amine
(Me,TREN, ligand), typical ingredients for a photoRDRP reaction, were selected for the study.
DMSO served as the solvent, since it showed a positive effect on the monomer conversion. (16]
As a first step, the initiator, ligand, and CuBr,, respectively, were irradiated in a solution of
monomer and DMSO, allowing for an understanding how these components behave under UV
irradiation. Subsequently, PLP experiments with different combinations of the components

Parts of this chapter were reproduced from E. Frick, A. Anastasaki, D. M. Haddleton, C. Barner-Kowollik, 7. Am.
Chem. Sci. 2015, 137, 6889-6896.
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were carried out, as summarized in Table 4.1. These experiments showed how the reactive
species, generated under irradiation, interact with each other.

Entry [M]:[I]:[CuBr,]:[L] MMA conversion [%] M, [gmol~!] D

1 50:-:-:- - - -

2 50:1:-:- 3.1 18000 1.56
3 50:-:-:0.06 0.6 20000 5.00
4 50:-:0.02: - - - -

5 50:-:0.02:0.06 3.3 14400 2.93
6 50:1:-:0.06 1.6 14000 2.21
7 50:1:0.02: - - - -

8 50:1:0.02:0.02 2.1 1900 1.28
9 50:1:0.02:0.03 3.8 2100 1.29
10 50:1:0.02:0.04 3.8 2100 1.28
11 50:1:0.02:0.08 5.3 2600 1.24

Table 4.1.: Summary of all experiments with varied compositions that were carried out by PLP.
The experiments containing monomer (M), initiator (I), or ligand (L) were carried
out in 30 vol % DMSO solutions and with 90 000 laser pulses. Entry 11 was carried
out with 60 000 pulses.

Figure 4.1 illustrates all species that were detected by ESI-MS. Finally, in order to have
complete evidence regarding the proposed structures, all measurements were additionally
performed by high-resolution orbitrap mass spectrometry. In the following, the results are dis-
cussed in detail and, finally, summarized in the postulation of a new mechnism for photoRDRP.
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Figure 4.1.: Chemical structures found in ESI-MS, derived from variations in the composition.
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4.1. Stepwise Mechanism Elucidation via PLP-ESI-MS

4.1.1. PLP Experiments
Irradiation of EBiB/MMA

In the irradiation experiments with EBiB as the only component, next to monomer and solvent,
polymerization was observed (see entry 2 in Table 4.1). Without copper or ligand being present,
the polymerization was initiated by EBiB, an alkyl halide that performs a homolytic C-Br bond
scission in the presence of the activator Cu/ Br /L. Thereby, the deactivator complex Cu!/ Br, /L is
formed next to an ethyl isobutyrate tertiary radical that can initiate the propagation of monomer.
In general, EBiB - or other typical ATRP initiators — is not expected to generate radicals without
the presence of the respective copper complex or to act as a radical photoinitiator. However,
the present experiments clearly show that a radical cleavage into an ethyl isobyturate and
a bromine radical is performed under irradiation. Both radicals initiate polymerization, as
illustrated in Figure 4.2 and evidenced by the respective mass spectrum. Mass spectrometric
analysis of the resulting polymer shows disproportionation peaks of poly(methyl methacrylate)
(pMMA) that was initiated by an ethyl isobutyrate fragment (see peaks E= and EH) or by a
bromine species (peaks Br= and BrH). The latter shows the characteristic isotopic pattern of a
bromine-functionalized polymer. Additionally, the combination product EE can be detected.
Hence, EBiB can obviously act as a photoinitiator at the employed wavelength of 351 nm.
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Figure 4.2.: Reaction pathway of EBiB after irradiation and the corresponding mass spectrum
of pMMA synthesized with the combination of [MMA]:[EBiB]:[CuBr,]:[Me,TREN]
= 50:1:0:0, entry 2 in Table 4.1.

Irradiation of Mec,TREN/MMA

A photoinitiated polymerization of MMA was observed in a solution of monomer, DMSO,
and the ligand Me,TREN (see entry 3 in Table 4.1). Thereby, in the subsequent mass spec-
trometric analysis, Me,TREN-initiated chains (disproportionation peaks TREN= and TRENH,
with ionization by sodium ions or protons) were found next to chains that were initiated by
MMA itself, as illustrated in Figure 4.3. This finding shows that the ligand, an aliphatic tertiary
amine, is a photoactive compound that generates radical species upon irradiation with UV
light. Surprisingly, next to ligand-initiated chains, polymer that was initiated by the monomer
itself was found. MMA alone is not known to be photoactive or to photochemically generate
radicals, as shown by the lack of conversion in entry 1 of Table 4.1. An external radical source
is necessary to initiate its propagation. An explanation for the formation of MMA-initiated
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4. Mechanistic Investigation of Copper-Mediated PhotoRDRP

polymer could be that photochemically excited Me,TREN species experience a hydrogen ab-
straction in ¢¢-position to one of their amine groups by the monomer. Through the abstraction
the monomer forms a radical that is well-suited for prapagation. Since, in addition, amines can
form radical cations under irradiation, the reaction scheme in Figure 4.3 shows the respective
Me,TREN radical cations in brackets. In the further course of this work, the role of radical
cations for the mechanism of photoRDRP will be discussed in more detail. In order to simplify
the nomenclature, the short synonym TREN is utilized for Me,TREN in reaction schemes and
peak assignments.
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Figure 4.3.: Reaction pathway of Me,TREN after irradiation and the corresponding mass spec-

trum of pMMA synthesized with the combination of [MMA]:[EBiB]:[CuBr,]:
[Me,TREN] = 50:0:0:0.12, entry 3 in Table 4.1.

Irradiation of Me,TREN/CuBr,/MMA

PLP experiments performed with CuBr, and Me,TREN show a relatively high monomer con-
version of close to 3.3%. Remarkably, a color change was observed in the reaction solution from
initially green to colorless after the irradiation. Thus, the activator complex Cu!/ Bry /L, formed
by CuBr, and Me,TREN, is most probably reduced to Cu!Br/L during the irradiation process.
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Figure 4.4.: Reaction pathway of Me;TREN in the presence of CuBr, after irradiation and
the corresponding mass spectrum of pMMA synthesized with the combination of
[MMA]:[EBiB]:[CuBr,]:[Me,TREN] = 50:-:0.02:0.06, entry 5 in Table 4.1.
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4.1. Stepwise Mechanism Elucidation via PLP-ESI-MS

In the mass spectrometric analysis Me,TREN-initiated chains appear as the exclusive product,
while MMA-initiated chains are absent. The reduction of the copper complex - illustrated by
the change of color — on the one hand and the lack of MMA-initiated chains on the other hand,
are most probably connected. One suggestion could be that the photochemically excited ligand -
present in excess compared to CuBr, — is able to reduce CuBr, species toward CuBr. Thereby, an
amine radical cation (a so-called aminium radical) is generated that can subsequently form an o-
aminoylkyl radical via deprotonation in the respective a-position. The resulting TREN radical,
as illustrated in the reaction scheme in Figure 4.4, is most likely initiating the polymerization
of MMA, forming the disproportionation products TREN= and TRENH that can be observed
in the corresponding mass spectrum. The bromine radicals formed in the reduction process
can further contribute to the generation of the activator C u! Br /L, as discussed in the further
course of this work.

Irradiation of EBiB/Me,TREN/MMA

A mixture of initiator, ligand, and monomer was irradiated in PLP experiments. Subsequent
mass spectrometric analysis showed pMMA that was initiated by ethyl isobutyrate radical
fragments (E= and EH) as well as by Me,TREN radicals (TREN= and TRENH), as illustrated by
Figure 4.5. Interestingly, no bromine- or MMA-initiated chains were detected. Thus, in this
reaction mixture, bromine radicals most probably follow an alternative pathway. First, the
bromine radical could perform a hydrogen abstraction from an excited ligand species, forming
TREN radicals that subsequently initiate propagation. Second, bromine radicals may undergo a
termination reaction with a growing polymer chain. In addition, a possible pathway for the
bromide radical could be the formation of a ligand-bromide complex, as previously reported
in metal-free ATRP.['?] Yet, such complexes are assumed to be unstable and decompose into
the respective amine radicals that can initiate propagation. The peaks a, b and ¢, and d (found
in Figures 4.3,4.4, and 4.5, respectively) were investigated by collision-induced dissociation
(CID) experiments. While it was possible to find amine- and ethyl oxide-based fragments, an
unambiguous assignment of the peaks revealed impossible. It must be noted that signal d does
not appear in orbitrap ESI-MS measurements. It can therefore be assumed that the species is
formed during the ionization process.
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Figure 4.5.: Reaction pathway of EBiB and Me,TREN after irradiation and the corresponding
mass spectrum of pMMA synthesized with the combination of [MMA]:[EBiB]:
[CuBr,]:[Me,TREN] = 50:1:-:0.06, entry 6 in Table 4.1.
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4. Mechanistic Investigation of Copper-Mediated PhotoRDRP

Irradiation of EBiB/CuBr,/MMA

After the irradiation of the mixture of EBiB, CuBr,, and monomer, no polymer could be isolated.
This result was surprising since the initiation of a polymerization solely via irradiation of EBiB
and monomer was successful. Thus, the presence of CuBr, prevents the initiation step and acts
as a radical quencher. Furthermore, the change of color of the solution from initially green to
pale yellow serves as an indication for the reduction of the copper species. The yellow color
could be an indication for the formation of small amounts of bromine. Thus, the following
reaction is proposed: Both ethyl isobutyrate and bromine radicals are formed upon irradiation.
However, as illustrated in Figure 4.6, the radicals are quenched by CuBr,, resulting in the
formation of CuBr in its reduced oxidation state as well as the original EBiB and bromine (Br,).

BB —Y -~ E- + Bre

CU“BTQ

E-Br
Cu'Br
Bro

Figure 4.6.: Proposed reaction pathway of EBiB in the presence of CuBr, after irradiation, cor-
responding to the combination of [MMA]:[EBiB]:[CuBr,]:[Me,TREN] = 50:1:0.02:-,
entry 7 in Table 4.1. No polymer could be isolated.

Irradiation of EBiB/CuBr,/Me,TREN/MMA (PhotoRDRP)

The irradiation of a solution containing all components of a photoRDRP (EBiB, CuBr,, Me,TREN,
and monomer) resulted in a controlled-living polymerization of MMA with low molar masses
and dispersities (D < 1.3). Hence, a clear difference can be identified compared to the free
radical polymerizations that occured in the previously described combinations, resulting in
polymer with a high molar mass and dispersities with b > 2.

Further, the linear correlation between the molar mass and the respective monomer con-
version (or applied pulse number) indicates a living character (see Appendix, Figure A.12).
Mass spectrometric analysis of the polymer shows ethyl isobutyrate-initiated chains with a
bromine end group as the main product (EBr), as illustrated in Figure 4.7. The detection of ethyl
isobutyrate-initiated polymer bearing a bromine end group (EBr) clearly indicates that the
atom-transfer reaction occurs successfully during the pulsed-laser polymerization. However,
next to the EBr product, disproportionation products initiated by an ethyl isobutyrate radical
(E= and EH) and their respective combination products (EE) can be found to a smaller extent. No
polymer can be found that was initiated by a Me,TREN, a bromine, or an MMA radical. The PLP-
ESI-MS technique gives insight mainly into the early steps of the polymerization, as underlined
by the low MMA conversions of < 3.8%. Therefore, the lack of ligand- and bromine-initiated
chains illustrates the strong capability of the excited Me,TREN moieties and the bromine
radicals to act as reducing agents for CuBr, species. The rate coefficient for their reduction
step is thus assumed to be significantly higher than for the addition onto the monomer molecule.

Next to the mass spectrometric analysis of the resulting polymer samples via quadrupole ESI-
MS (see section 2.5), high-resolution orbitrap ESI-MS was employed in order to unambiguously
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4.2. The Mechanism of PhotoRDRP
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Figure 4.7.: Mass spectrum of pMMA synthesized with the combination of [MMA]:[EBiB]:
[CuBr,]:[Me,TREN] = 50:1:0.02:0.08, entry 11 in Table 4.1. Ethyl isobutyrate-
initiated chains with a bromine end group (EBr) are detected as well as ethyl
isobutyrate-initiated chains showing disproportionation (E= and EH) or combina-
tion (EE) with a second chain.

identify the structures illustrated in Figure 4.1. Figure 4.8 illustrates the comparison of the
high-resolution mass spectra with the respective mass spectrum derived from quadrupole
ESI-MS. Additionally, the calculated mass spectrum for each structure is shown, confirming
the existence of the proposed polymer structures (see Table 4.2).

Structure Elemental formula  (m/2)nee  (M/2)exp Am/z

E= Cs¢HooNaO,, 1137.5816 1137.5881 0.0065
EH Cs¢HgoNaO,5 1139.5973 1139.6031 0.0058
Br= CsoH;oBrNaO,, 1101.4240 1101.4305 0.0065
BrH CsoHg,BrNaOy 1103.4397 1103.4466 0.0069
TREN=  Cs;H;(;N,Oq5 1129.7105 1129.7163 0.0058
TRENH  Cs;H;(3sN,Oq5 1131.7262 1131.7313  0.0051
MMA=  Cs5HggNaOy) 1123.5660 1123.5701 0.0041
MMAH  Cs5HgoNaO, 1125.5816 1125.5840 0.0024
EBr Cs;Hg3BrNaO, 1117.4553 1117.4622 0.0069

Table 4.2.: Comparison of theoretical and experimentally determined molar mass for the signif-
icant structures found for various reagent compositions. TREN= and TRENH are
ionized with H”, respectively.

4.2. The Mechanism of PhotoRDRP

In order to elucidate the mechanism of photoRDRP, the information about how different
combinations of initiator, CuBr,, and ligand interact upon irradiation is merged into one
picture. Giving insight into a complex mechanistic system, Figure 4.9 illustrates the proposed
mechanism that leads to the initiation of a polymerization and - importantly - to the reduction
of the CuBr, complex toward the activator.
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Figure 4.8.: Comparison of quadrupole ESI-MS (top row) and high-resolution orbitrap ESI-MS
measurements (bottom row) with the simulated mass spectra (middle row) of the
significant chemical structures found for various reagent compositions.

Irradiation results in the light-induced homolytic bond scission of the ATRP initiator into
an alkyl and bromine radical. The alkyl radical adds onto a monomer molecule and, thus,
initiates the polymerization. The bromine radicals act as reducing agents and react with CuBr,.
Thereby, the copper complex is oxidized, resulting in the formation of activator and bromine. It
is assumed that the highly reactive bromine continues to react. Since this very first step results
in propagating chains, the latter can react with the deactivator forming the activator Cu/ Br/L
and bromine-terminated chains. Thus, already in the very first moments after beginning of
the irradiation the controlled/living character of the polymerization is active. Moreover, since
bromine radicals contribute to the formation of the activator Cu!Br/L, the latter can perform
an atom-transfer reaction with the initiator and form propagating radicals.

It is assumed that the atom-transfer reaction between the initiator and the activator serves
as the main pathway for the generation of radicals that can propagate, as it is the case for
conventional ATRP. The light-induced bond scission of the initiator is seen solely as a support
for the reduction of CuBr, and the formation of the very first initiating radicals.

The main pathway for the generation of the deactiator species Cu!//Br, /L throughout the
reaction is expected to be the reduction via the ligand. Thereby, two coexisting processes
are presumably responsible. First, as shown in the previous experiments, the ligand can
be photochemically excited and reduce the CuBr, toward CuBr, thereby forming a radical
cation. On the other hand, the deactivator complex CuBr;/MegTREN could be excited as well
upon irradiation and subsequently quenched by free ligand. Thereby, the activator complex
Cu'Br/MegTREN is formed next to the amine radical cation ligand. This second pathway
is proposed in analogy to a similar mechanism that was recently published.[!>*] Thereby, a
light-induced reduction process between a Cu(phen),” complex and triethylamine was observed.
In summary, the ligand is a strong contributor to the continuous generation of activator species
throughout the reaction. In addition, the contribution of the ligand prevents the accumulation
of deactivator species during the polymerization and, thus, helps avoiding the occurence of
the persistent radical effect.[1>15¢] The adjustment of the RDRP equilibrium, consisting of the
dormant and the active state, is achieved more rapidly via the positive influence of the ligand.
The fact that higher concentrations of ligand result in a faster polymerization, 7] confirms
this observation.

The role of the ligand as reducing agent is additionally confirmed by the lack of ligand-initiated
polymer (TREN= and TRENH) in the mass spectrum of the complete photoRDRP reaction, as
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shown in Figure 4.7. It is assumed that ligand radicals have a limited initiation ability and that

Me TREN serves preferably as reducing agent.
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Figure 4.9.: Proposed mechanism of photoRDRP, based on structures found in ESI-MS for varied
combinations of EBiB, Me,TREN, CuBr,, monomer, and solvent.

4.2.1. The Impact of the Ligand

In the previous experiments it was shown that the amine ligand performs a photoinduced
electron transfer toward the Cu' Br, /L species, resulting in the formation of the respective
Cu! Br/L complex. Such an electron donating process is enabled due to the photoexcitation of
the respective electron donor, i.e., the amine ligand, resulting in a change of its redox properties.
Thereby, the principle that a molecule in its electronically excited state is both a better reductant
and oxidant than in its ground state is exploited. 7] The light-induced excitation of an electron
from the low-energy orbital (HOMO) to the high-energy orbital (LUMO) implicates the decrease
of the molecules’ ionization potential as well as an increase of its electron affinity, as illustrated
in Figure 4.10. Consequently, the transfer of an electron from the LUMO is energetically favored
than from the HOMO. Thus, such electron donors act as sensitizers that are far better reductants
in their excited state than in their ground state.[!3157-15%] The latter explains why an amine
ligand can act as a reducing agent for the Cu// Br, /L complex upon irradiation.

It has been previously shown that amine derivatives can perform a light-induced electron trans-
fer, [13.14154.157-159] Thereby, a so-called aminium radical (a radical cation of an amine) is formed.
The latter preferably reacts to an ®-aminoalkyl radical after a deprotonation in ¢¢-position of
an amine moiety, resulting in a radical that can, for instance, initiate the polymerization of a
monomer. The observed deprotonation in ¢t-position is preferably performed in the order of ter-
tiary > secondary > primary > aromatic amines (if no steric hindrance occurs). 11611 Thereby,
the low deprotonation preference of aromatic amines explains the unsuccessful attempts to
employ aromatic ligands, for instance 2,2’-bipyridine, for photoRDRP in the past.['¢]
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Figure 4.10.: Redox properties of a sensitizer in the excited and ground state, reproduced from
ref. (1] ©Wiley-VCH Verlag GmbH & Co. KGaA, reproduced with permission.
The reduced ionization potential (IP) after excitation is the reason why an amine
ligand acts as a reductant upon irradiation. EA = electron affinity.

4.2.2. The Significance of UV-Vis Spectra for the Mechanistic
Elucidation

UV-vis spectroscopic analysis of the reaction solution of photoRDRP played a significant role
in previous studies of Anastasaki et al.['®) and Matyjaszewski and coworkers. '] Thereby, the
absorption of the reaction solution before and after irradiation was handled as key supporting
data for the investigation of the mechanism. In detail, after irradiation the absorption of the
Cu!' Bry/MegTREN complex in the range of 600-1000 nm decreased. The latter was interpreted
as a proof for its reduction. Yet, the absorption spectrum of the respective Cu/ Br/MesTREN
complex was not reported. Figure 4.11 shows the UV-vis absorption spectra for a photoRDRP
solution, recorded in the context of the current study. Thereby, as reported previously, a
decrease in the absorption in the 600-800 nm range was observed after irradiation, assigned to
d® d-d transitions of the Cu" species. In the solution of CuBr with Me,TREN three absorption
maxima can be detected: in the 600-800 nm, 250-350 nm, and 400-500 nm range. Hence,
the absorption at 400-500 nm of Cu/ Br/MegTREN, that does not appear in the spectrum of
Cu'' Br, /MegTREN, could be utilized for its detection. The same absorption band is detected
in the study of Anastasaki et al,,[!%] yet, it is not reported in the work of Matyjaszewski and
coworkers.!7] The apparent experimental inconsistencies, presumably due to oxidation of the
copper complex toward its higher oxidation state or due to low level impurities, show that UV-
vis spectroscopic measurements have limitations regarding mechanistic conclusions. The high
sensitivity of CuBr toward oxygen, as demonstrated by the distinct change of the absorption
behavior of the Cu/ Br/MesTREN complex in Figure 4.11 after a short time period, underlines
that UV-vis measurements as an exclusive analytical method are somewhat unreliable. Hence,
additional analytical methods need to be employed for the mechanistic elucidation, as were
used in the current work.
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Figure 4.11.: UV-Vis spectra of [MMA]:[EBiB]:[CuBr,]:[Me,TREN] = 50:1:0.02:0.06 in DMSO
prior (red dashed line) and after the PLP experiment (red solid line), [CuBr]:
[Me,TREN] = 1:3 in DMSO, freshly deoxygenated (blue dashed line) and after
5 min exposure to air in the open cuvette (blue solid line), [CuBr,]:[Me,TREN] =
1:2 in DMSO (orange line).

4.3. Summary and Conclusions

The mechanism of copper-mediated photoRDRP was investigated via a combination of pulsed-
laser polymerization and high resolution mass spectrometry. The polymerization via PLP
facilitates the generation of short polymer chains, while performing FRP. On the other hand,
mass spectrometric analysis of the products allows for the unambiguous identification of the
initiating species and, thus, the elucidation of the reactions occuring during irradiation. Hence,
regardless of the free radical polymerization that occured for various combinations of the
photoRDRP components, for instance when no initiator or no ligand was present, respectively,
the generated polymer could be characterized regarding its structure. Thus, interactions
between the reactive species during the irradiation could be identified.

It was found that the light-induced homolytic C-Br bond scission of the alkyle halide initiator
generates the first initiating radicals that, on the one hand, commence the propagation of
monomer as well as react with the deactivator copper species that are present in the reaction
solution at the beginning. The continuous generation of activator copper species occurs via
a light-induced electron transfer from the excited amine ligand to the deactivator species. In
addition, the deactivator copper complex can be electronically excited. Thereby, free ligand
species can perform a quenching reaction, generating the copper complex in its reduced state
and an amine radical cation. In summary, the mechanism of photoRDRP consists of several
complex interactions that contribute to the generation of activator species throughout the
reaction. Thereby, the ligand plays a significant role as light-triggered reducing agent. Further
investigations should therefore focus on the wavelength-dependency of the reducing steps as
well as the homolytic bond scission of the initiator. Furthermore, the structure of the ligand
should be analyzed regarding its efficiency to perform a light-induced electron transfer reaction.
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Photoinitiator-Based Single-Chain
Nanoparticle Formation

Single-chain nanoparticle (SCNP) technology aims at emulating single-chain architectures
occuring in nature, for instance proteins with their three-dimensional structure, by means
of synthetically synthesized polymers. As described in section 2.8.1, the three-dimensional
structure is introduced into the polymer chain by either the collapse of the polymer chain
via interactions of reactive sites within the repeating unit or the positioning of recognition
units at predetermined places along the polymer chain, for instance at the end groups. To
date, various chemical reactions have been employed for the bond formation, allowing the
connection of distinct points along the chain. However, delicate procedures and, in general,
numerous synthetic steps are necessary for the synthesis of such single chains. The facile
radical formation of photoinitiators and their efficient radical termination in the absence of
reactive units such as vinyl groups of monomers could facilitate a new synthetic approach
for the formation of single-chain folding nanoparticles based on radical-radical termination
events. Herein, photoinitiator functionalities are introduced into the polymer chain via the
copolymerization of a functionalized monomer bearing a photoinitiator unit with a methyl
methacrylate monomer unit. Irradiation with UV light is envisaged to efficiently form radicals
along the chain and high dilution leads to the collapse of the chain into a nanoparticle.

HO

OH

Figure 5.1.: Schematic illustration of single-chain folding into a nanoparticle triggered by the
light-induced photoinitiator cleavage and subsequent radical-radical termination.

The work reported in this chapter was carried out at the University of Colorado Boulder (USA) in the laboratory
of Prof. Dr. Christopher N. Bowman in the frame of a research stay.
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5. Photoinitiator-Based Single-Chain Nanoparticle Formation

Thereby, radical-radical termination events result in the formation of covalent bonds within
the nanoparticle, as illustrated in Figure 5.1. Different chain lengths as well as different
proportions of photoinitiator functionalities along the chain are expected to enable the fine
tuning of the nanoparticle size and compactness. Altogether, the combination of photoinitiator
chemistry and single-chain folding was expected to offer a facile method for the formation of
nanoparticles.

5.1. Introduction of Photoinitiator Units along the Chain

In order to enable the formation of SCNPs based on radical-radical termination events, polymers
carrying photoinitiator units along their chain were synthesized. Therefore, in a first step,
a functional monomer bearing a photoinitiator moiety was synthesized. The well-known
photoinitiator Irgacure 2959 (see Figure 5.2) was chosen as the functional species. It generates
an easily accessible and reactive benzoyl-type radical fragment and a small hydroxyl propyl
radical fragment.
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Figure 5.2.: Synthesis of the photoinitiator functionalized monomer PImon and the subsequent
copolymerization with MMA via RAFT polymerization, employing a RAFT agent (1)
and radical initiator (2).

Due to the activated hydroxyl group of the photoinitiator, its functionalization into a poly-
merizable monomer could be performed in a straightforward condensation reaction with
methacryloyl chloride. Subsequently, the photoinitiator monomer (PImon) was copolymer-
ized with MMA via reversible addition-fragmentation chain transfer (RAFT) polymerization,
resulting in a single chain copolymer with statistical incorporation of photoinitiator units
along the chain. The trithiocarbonate 4-cyano-4-(((hexylthio)carbonothioyl)thio)pentanoic
acid ! was employed as the RAFT agent. Figure 5.2 illustrates the synthetic pathway for the
photoinitiator functionalized pMMA. The polymer was characterized by 'H-NMR and SEC,

ISynthesized and provided by Benjamin Fairbanks, University of Colorado Boulder.
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5.2. Irradiation Experiments

showing a well-controlled polymerization behavior, as illustrated in Figure 5.3. In order to
ensure the even introduction of the photoinitiator monomer along the chain, the conversion of
both PImon and MMA was monitored for different reaction times. As Figure 5.3 shows, both
monomers were introduced statistically and, thus, evenly throughout the polymerization.
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Figure 5.3.: Left: Time-conversion plot for the PImon-MMA-copolymer showing an equal
incorporation of both monomers throughout the polymerization. Right: SEC traces
for the PImon-MMA-copolymer for various polymerization times.

Variation of the ratio PImon/MMA in the range of 1/8 - 1/15 resulted in different incorporation
densities of PImon in the chain. The effective ratio of PImon/MMA in the copolymer differed
slightly from the experimentally employed ratio. For instance, the experimental ratio of
PImon/MMA being 1/10 resulted in an actual incorporation ratio of 1/8.3 in the copolymer,
determined by NMR spectroscopy. In addition, various polymer chain lengths in the range of
9000-18000 g-mol ! were generated by varying the polymerization time. By adjusting both the
ratio of photoinitiatur units compared to MMA as well as the chain length, the reactivity and
folding behavior of the chain can be influenced. Higher amounts of photoinitiator moieties
increase the number of reactive sites and can, thus, lead to a faster intramolecular reaction.
Yet, with an increasing number of radicals along the chain, the probability of intermolecular
reactions, i.e., crosslinking of the chains, is enhanced. In addition, long polymers are expected
to increase the probability of crosslinking events. However, employing long polymer precursors
facilitates the detection of the folding process, since the expected shift toward longer elution
times in SEC is more pronounced for large polymers. Table 5.1 summarizes all copolymers that
were synthesized with varied PImon content and polymer chain length.

5.2. Irradiation Experiments

In order to ensure the intramolecular reaction of the PImon-MMA-copolymer precursor, a
wide range of experimental parameters were varied such as the solvent (mixture), polymer
concentration, irradiation time, irradiation energy, wavelength range and reaction temperature.
In the following, the results of the parameter variation will be discussed in detail.

5.2.1. Variation of the Solvent Mixture and Polymer Concentration

An entangled polymer chain promotes the intramolecular reaction in contrast to a polymer that
exhibits a loose shape in solution with a large hydrodynamic radius. Thus, in the current work,
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5. Photoinitiator-Based Single-Chain Nanoparticle Formation

Entry Ratio PImon/MMA M, (gmol™') P

1 1/8 18200 1.16
2 1/8 16000 1.17
3 1/8 10200 1.21
4 1/8 14000 1.13
5 1/8 16600 1.16
6 1/8 17200 1.15
7 1/8 8700 1.17
8 1/11 13400 1.15
9 1/11 15700 1.15
10 1/12 18400 1.14
11 1/15 14800 1.17
12 1/15 17300 1.07

Table 5.1.: Summary of the PImon-MMA-copolymers that were prepared with different PI-
mon/MMA ratios (the ratios were determined by NMR spectroscopy) and different
chain lengths.

the focus of the solvent variation was on finding an appropriate solvent or solvent mixture
that enhances the entanglement of the polymer chain. Hence, the solvent should dissolve the
polymer sufficiently in order to prevent precipitation during irradiation and, at the same time,
prevent the chains from being too well solvated and thus less compact.

Acetonitrile

In the first irradiation experiments acetonitrile was employed as the solvent due to the good
solubility of the PImon-MMA-copolymer in the latter. For the first experiments, the copolymers
from Entry 1 and 2 in Table 5.1 were employed. Thereby, as summarized by Table 5.2, a polymer
concentration of 0.02 mg-mL*1 was irradiated for 10 min, 30 min, or 1 h with UV light that
passed a 320-390 nm filter exhibiting an intensity of 80 mW-cm~2. However, for all three
irradiation times and both polymer chain lengths material with shorter elution time can be
detected via SEC, as illustrated in Figure 5.4, assigned to crosslinked material.

Solvent hv Time Precursor cp (mg-mL~') Intensity (mW-cm~2) A (nm)

MeCN 1h Entry 1 0.02 80 320 - 390
MeCN  30min  Entry 1 0.02 80 320 - 390
MeCN 10 min Entry 1 0.02 80 320 - 390
MeCN 1h Entry 2 0.02 80 320 - 390
MeCN 30 min Entry 2 0.02 80 320 - 390

Table 5.2.: Summary of the irradiation experiments in acetonitrile solution with different irradi-
ation times and precursors. cp = Precursor concentration. Entry 1 and 2 correspond
to Table 5.1.

Dichloromethane (DCM)

In order to avoid crosslinking, DCM was employed as the solvent for the irradiation experi-
ments. DCM was selected since it proved to be a suitable solvent in previous studies on SCNP
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Figure 5.4.: Size-exclusion chromatogram of PImon-MMA-copolymer (Entry 1 in Table 5.1) in
acetonitrile solution, irradiated for 1 h.

formation. [135136.162] [rradiation experiments employing equal experimental parameters as for

the aforementioned acetonitrile experiments, as illustrated in Table 5.3, show less crosslinking
of the polymer in the SEC analysis.

Solvent hv Time Precursor cp (mg-mL~!) Intensity (mW-cm™2) A (nm)

DCM 10 min Entry 1 0.02 80 320 -390
DCM 10 min  Entry 2 0.01 80 320 - 390
DCM 1 min Entry 1 0.01 80 320 - 390
DCM 3 min Entry 1 0.01 80 320 - 390
DCM 5 min Entry 1 0.01 80 320 - 390
DCM 8 min Entry 1 0.01 80 320 -390

Table 5.3.: Summary of the irradiation experiments in DCM solution with different precursor
concentrations cp and irradiation times. Entry 1 and 2 correspond to Table 5.1.

In addition, next to a signal at shorter elution times in the SEC, a new signal at longer elution
times appears, indicating that material with a smaller hydrodynamic radius was formed. Subse-
quently, the same irradiation experiment was performed with a lower polymer concentration
(0.01 mg-mL~!). Thereby, less material with short elution times (large hydrodynamic radius)
is observed together with material that shows longer elution times. The latter is assigned to
chain folding that occured after intramolecular termination reaction. Figure 5.5 illustrates the
chromatograms for both polymer concentrations.

The experiments with a precursor concentration of cp = 0.01 mg-mL~! showed a clear im-
provement — a shift toward longer elution times and less material with large molar mass —
compared to previous experiments. Thus, the precursor concentration was maintained and the
irradiation was performed with shorter exposure times, as summarized by Table 5.3. Already
for an irradiation time of 1 min the SEC trace exhibits a shift of its maximum toward longer
elution times. However, even such short exposure results in the formation of, presumably,
crosslinked material that is detected at shorter elution times. Figure 5.6 shows the SEC traces
for the different exposure times next to the corresponding NMR spectra of the isolated material
after irradiation. In the latter, two new resonances appear with increasing irradiation time
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Figure 5.5.: Size-exclusion chromatograms of linear precursor irradiated in DCM 10 min with
precursor concentrations of 0.02 mg-mL~! (left) and 0.01 mg-mL~! (right).

in the aromatic region (around 8 ppm). They could be assigned to the termination product
between the two radical benzoyl fragments, as illustrated in Figure 5.1.

linear chain, Entry 1
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Figure 5.6.: Left: Size-exclusion chromatograms of PImon-MMA-copolymer irradiated in DCM
for various exposure times. Right: The corresponding NMR spectra are shown,
exhibiting two new peaks that appear in the aromatic region with increasing
irradiation time.

Solvent Mixtures with Tetrahydrofuran (THF)

In order to identify a solvent that helps avoiding intermolecular reactions between the linear
precursors, THF was employed, since its successful utilization in SCNP formation has been
previously reported.[13] Thereby, pure THF and subsequently mixtures of THF and methanol
were utilized. Parameters like the precursor concentration and irradiaton wavelength and
intensity were maintained. Remarkably, no shift toward longer elution times could be observed.
Yet, small amounts of crosslinked material appears in the SEC analysis. In addition, NMR
spectra of the isolated material after irradiation in THF or THF mixtures exhibit a broad peak
in the down-field region that could not be assigned, as illustrated in Figure 5.7.
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5.2. Irradiation Experiments

Solvent hv Time cp (mg-mL~') Intensity (mW-cm2) A (nm)

THF 3 min 0.01 80 320 - 390
THF/MeOH = 3.5/1 3 min 0.01 80 320 - 390
THF/MeOH = 2.5/1 3 min 0.01 80 320 - 390

Table 5.4.: Summary of the irradiation experiments in pure THF and THF-methanol solutions.
Precursor from Entry 1 (refer to Table 5.1) was employed.

linear chains, Entry 1
——THF
—— THF/MeOH = 3.5/1
—— THF/MeOH = 2.5/1 l
___/l/L IJL 1 4N
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10 12 14 16 10 9 8 7 6
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Figure 5.7.: Left: Size-exclusion chromatogram of PImon-MMA-copolymer irradiated in THF
and THF mixtures for 3 min. Right: NMR spectra of the corresponding material
that was isolated after irradiation. The broad peak in the down-field region that
appears after exposure to light could not be assigned.

Solvent Mixtures with Dichloromethane

Since, from the previously reported solvents, DCM showed the most promising results, i.e.,
exhibiting a shift of the polymer distribution toward longer elution times and showing less
crosslinked material, it was utilized for experiments with different solvent mixtures. Thereby,
mixtures of DCM with methanol, THF, diethyl ether, and hexane were employed, as summarized
in Table 5.5. None of the mentioned mixtures showed ideal results. However, the solvent mixture
of DCM and diethyl ether resulted in a clear shift of the chromatogram toward longer elution
times and showed the smallest amount of crosslinked material, as illustrated in Figure 5.8.

Solvent hv Time cp (mg-mL~') Intensity (mW-cm2) A (nm)

DCM/MeOH = 2.5/2 3 min 0.01 80 320 - 390
DCM/THF = 2.5/1 3 min 0.01 80 320 - 390
DCM/Et,0 = 2.5/2 3 min 0.01 80 320 - 390
DCM/Hexane = 2.5/2 3 min 0.01 80 320 - 390

Table 5.5.: Summary of the irradiation experiments in various DCM solvent mixtures. Precursor
from Entry 1 (refer to Table 5.1) was employed.

Due to the rather promising result for the solvent mixture of DCM and diethyl ether, further
irradiation experiments were performed in the same medium, as summarized in Table 5.6.
Thereby, a small amount of DCM was used to dissolve the polymer. Subsequently, the DCM
solution was added into a large amount of diethyl ether. The described procedure was envis-
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Figure 5.8.: Size-exclusion chromatograms of PImon-MMA-copolymer irradiated in DCM mix-
tures with methanol, THF, diethyl ether, and hexane, respectively.

aged to help obtaining polymer chains in an entangled state since — prior to the irradiation
experiments — the PImon-MMA-copolymer precursor was precipitated in diethyl ether. Hence,
diethyl ether is a poor solvent for the employed precursor.

Solvent hv Time Precursor cp (mg-mL~!) Intensity mW-cm™2) A (nm)

DCM/Et,0 = 1/8 3 min Entry 1 0.01 80 320 - 390
DCM/Et,0 =1/8 6 min Entry 1 0.01 80 320 - 390
DCM/Et,0 = 1/8 3 min Entry 10 0.01 80 320 - 390
DCM/Et,0 = 1/8 6 min Entry 10 0.01 80 320 - 390
DCM/Et,0 =1/8 10min  Entry 10 0.01 80 320 - 390

Table 5.6.: Summary of the irradiation experiments in DCM/diethyl ether mixtures. Precursors
from Entry 1 and 10 (refer to Table 5.1) were employed.

Figure 5.9 (left) shows the results for the irradiation experiments with a DCM/diethyl ether
= 1/8 solvent mixture, employing linear precursors with a PImon/MMA ratio of 1/8. Thereby, a
clear shift toward longer elution times can be detected. However, a small shoulder at shorter
elution times remains, presumably resulting from crosslinked precursor.
Additional experiments were performed with linear precursor carrying a smaller number of
photoinitiator units with a PImon/MMA ratio of 1/12 (Entry 10 in Table 5.1). The results
illustrated in Figure 5.9 (right) are similar compared to the results of the irradiation exeriments
employing precursors with a PImon/MMA ratio of 1/8: a clear shift of the elution curve toward
longer elution times is detected, yet a small shoulder — assigned to crosslinked material —
remains.
In the noted chromatograms a small signal at very short elution times (10-11 min) can be
detected. However, this small signal appears in the irradiated samples as well as in the sample
containing non-irradiated linear precursor. It could not be clarified if this high molar mass
material is a result of unintentional light-induced crosslinking within the SEC sample or if
it is a contamination of the employed SEC device. However, it is assumed that this signal
corresponds to a negligible amount of material, since the detected intensity is not proportional
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Figure 5.9.: Size-exclusion chromatograms of PImon-MMA-copolymer irradiated in
DCM/diethyl ether mixtures for linear precursor with PImon/MMA ratio of 1/8
(left, Entry 1) and a PImon/MMA ratio of 1/12 (right, Entry 10).

to the number of detected chains. In general, very large polymers show a particularly high
signal intensity in SEC, an analytical method reporting a weight distribution.

5.2.2. Addition of Radical Inhibitor

In order to decrease the probability of intermolecular reactions and, thus, to avoid crosslinking
events, the radical inhibitor MEHQ (4-methoxyphenol) was added prior to irradiation. Thereby,
5 mol% and 10 mol% of MEHQ per photoinitiator unit was employed. The irradiation experi-
ments were carried out in a solvent mixture of DCM/diethyl ether = 1/8 and other reaction
parameters, such as light intensity and precursor concentration, were maintained, as illustrated
in Table 5.7. Thereby, as shown in Figure 5.10, the formation of crosslinked material, illustrated
by the small shoulder at shorter elution times, could be reduced compared to previous experi-
ments. In addition, a distinct shift in the maximum of the elution curve is detected, assigned to
the formation of polymer with a smaller hydrodynamic radius and, thus, to successful SCNP
formation. The shift of the elution curve is underlined by the corresponding shift in molar
mass, as shown in Table 5.7. Thereby, the difference in molar mass detected by SEC is at least
3300 g-mol_1 and, thus, a clear indication for SCNP formation. However, the dispersity of the
irradiated sample increased compared to the linear precursor, most probably resulting from the
shoulder in the elution curve.

Solvent hv Time MEHQ (mol%) Precursor M, (gmol™') P

- - - Entry 10 18400 1.14
DCM/Et,0 =1/8 10 min 5 Entry 10 15100 1.25
DCM/Et,0O =1/8 10 min 10 Entry 10 15500 1.22

Table 5.7.: Performed irradiation experiments in DCM/diethyl ether = 1/8 with addition of
radical inhibitor MEHQ and the corresponding molar mass and dispersity, deter-
mined by SEC. A precursor concentration of cp = 0.01 mg-mL~" and a light intensity
of 80 mW-cm™?2 at a wavelength of 320-390 nm were employed. The first line
corresponds to the non-irradiated precursor.
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5. Photoinitiator-Based Single-Chain Nanoparticle Formation

An efficient folding of a linear precursor into an SCNP is characterized by a decrease of the
dispersity, resulting from a more compact structure of the chain. Thus, a complete folding
process is not occurring in the observed system. Since no particular difference between 5 mol%
or 10 mol% added MEHQ could be observed, further irradiation experiments were performed
with an addition of 5 mol% MEHQ.

linear chains, Entry 10
—— 5 mol% MEHQ
—— 10 mol% MEHQ

intensity / a.u.

T T T T T T T
10 12 14 16 18

elution time /| min

Figure 5.10.: Size-exclusion chromatograms of PImon-MMA-copolymer irradiated in
DCM/diethyl ether = 1/8 with addition of 5 mol% and 10 mol% of radical inhibitor
MEHQ, in relation to photoinitiator units in the linear precursor.

5.2.3. Variation of the DCM/Diethyl Ether Solvent Mixture

Since the solvent mixture of DCM/diethyl ether showed promising results, yet crosslinking could
still occur, the ratio of the two solvents was further varied. In order to improve the solubility of
the linear precursor in the medium, the DCM content was increased to DCM/diethyl ether = 1/5.4
and 1/3.5, respectively. The irradiation experiments that were carried out with these solvent
mixtures are summarized in Table 5.8 and the corresponding size-exlusion chromatograms are
shown in Figure 5.11. Thereby, a strong increase of crosslinking could be observed for both
solvent mixtures. Thus, a higher DCM content, i.e., a better solubility of the linear precursor,
increases the probability for intermolecular termination between the chains.

Solvent hv Time Intensity (mW-cm~2) Precursor cp (mg-mL~")
DCM/Et,O =1/3.,5 6 min 80 Entry 10 0.01
DCM/Et,0 =1/3.5 10 min 80 Entry 10 0.01
DCM/Et,O = 1/3.,5 6 min 40 Entry 10 0.01
DCM/Et,0 = 1/3.5 10 min 40 Entry 10 0.01
DCM/Et,0 =1/54  1min 40 Entry 10 0.01
DCM/Et,0 =1/54  5min 40 Entry 10 0.01
DCM/Et,0 =1/5.4 1 min 80 Entry 10 0.01
DCM/Et,0 = 1/54  5min 80 Entry 10 0.01

Table 5.8.: Performed irradiation experiments with varied DCM/diethyl ether ratio at a wave-
length of 320-390 nm. Entry 10 corresponds to Table 5.1.
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Figure 5.11.: Size-exclusion chromatograms of PImon-MMA-copolymer irradiated in different
DCM/diethyl ether ratios with addition of 5 mol% MEHQ. Left: DCM/diethyl ether
= 1/3.5. Right: DCM/diethyl ether = 1/5.4. For detailed experimental conditions
see Table 5.8.

5.2.4. Variation of Irradiation Intensity and Time

Further experiments with reduced irradiation energy were performed in order to reduce the
occurrence of crosslinking events. Therefore, the light intensity was reduced to 40 mW-cm ™2,
as summarized by Table 5.9. The experiments were performed in DCM/diethyl ether in the ratio
of 1/8 and with addition of 5 mol% MEHQ. The results are shown in Figure 5.12 (left). Thereby,
the sample that was irradiated with lower energy shows a very similar elution curve compared
to the irradiation with 80 mW-cm ™2, yet with a smaller shift toward longer elution times.
Hence, lower irradiation intensities seem to retard the radical-radical termination reaction. A
reduced amount of crosslinked material is not observed, since the elution curves still exhibit a
shoulder at shorter elution times. In addition, the dispersities of the samples are increasing

after irradiation. Hence, a successful SCNP formation was not achieved.

Solvent hv Time Intensity (mW-cm~2) Precursor M, (mg-mL~!) P

- - - Entry 12 16900 1.16
DCM/Et,0 = 1/8 6 min 80 Entry 12 15500 1.26
DCM/Et,0 =1/8 10 min 80 Entry 12 15400 1.25
DCM/Et,0 =1/8 10 min 40 Entry 12 15400 1.29
- - - Entry 12 16500 1.19
DCM/Et,0 =1/8 15 min 80 Entry 12 14400 1.25
DCM/Et,0 =1/8 20 min 80 Entry 12 14100 1.27

Table 5.9.: Performed irradiation experiments with varied light intensity at a wavelength of 320-
390 nm and irradiation time. The first and fifth line correspond to the non-irradiated
precursors, measured prior to the irradiated samples. Entry 12 corresponds to
Table 5.1.

Further experiments were carried out with the PImon-MMA-copolymer exhibiting a ratio of
PImon/MMA = 1/15 (Entry 12 in Table 5.1). Thereby, the effect of longer irradiation times on
the folding behavior was investigated, as summarized in Table 5.9. However, as Figure 5.12
(right) shows, no positive influence on the elution curve could be achieved. Next to a clear shift
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Figure 5.12.: Size-exclusion chromatograms of PImon-MMA-copolymer irradiated in
DCM/diethyl ether = 1/8 at two different irradiation intensities (left) and two
different irradiation times (right).

of the determined molar mass, i.e., the elution time, a shoulder at shorter elution times was
detected.

5.2.5. Variation of the Precursor Chain Length

As was shown in the previous experiments, a polymer chain that takes up a rather entangled
state in the irradiated medium, undergoes less termination reactions with other chains. There-
fore, short PImon-MMA-copolymer chains were employed in irradiation experiments with
molar masses of M, = 13400 g-mol~! and M,, = 8700 g-mol . Short polymers are assumed to
posses a more compact shape in solution than long polymer chains and, thus, have a lower
probability of interacting with other chains. The experimental conditions are summarized
in Table 5.10 and the corresponding size-exclusion chromatograms are shown in Figure 5.13.
In contrast to the expected results, short precursors seem to undergo more intermolecular
termination reactions. For both chain lengths, next to a shift of the absorption maximum to
longer elution times, a strong signal at shorter elution times was detected.

linear chains, Entry 8 ——linear chains, Entry 7
hv =6 min hv =6 min

intensity / a.u.
intensity / a.u

10 12 14 16 18 10 12 14 16 18
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Figure 5.13.: Size-exclusion chromatograms of two irradiated (short) PImon-MMA-Copolymers.
Left: M,, = 13400 g-mol~'. Right: M, = 8700 g-mol~".
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Solvent hv Time Intensity (mW-cm~2) Precursor cp (mg-mL~!)
DCM/Et,0 =1/8 6 min 80 Entry 8 0.01
DCM/Et,0 =1/8 6 min 80 Entry 7 0.01

Table 5.10.: Performed irradiation experiments with varied DCM/diethyl ether ratio at a wave-
length of 320-390 nm. Entry 7 and 8 correspond to Table 5.1.

5.2.6. Irradiation at Higher Dilution and Lower Temperature

An additional method to reduce the probability of termination events between single precursors
is to decrease their concentration in the irradiated medium. Therefore, the concentration of
precursor was reduced to cp = 0.005 mg-mL~!, i.e., 4.5 mg of polymer were diluted in 900 mL
of solvent. The experimental conditions are given in detail in Table 5.11 and the corresponding
size-exclusion chromatogram is shown in Figure 5.14 (left). Surprisingly, such high dilution of
the precursor still resulted in crosslinking of the chains.

All previous irradiation experiments were carried out at ambient temperature. Therefore, in
order to decrease the mobility of the precursor chains in the solvent and, thus, decrease the
probability of intermolecular interaction, the precursor solution was cooled down to -1°C
prior to irradiation. All other experimental parameters were maintained. The corresponding
size-exclusion chromatogram, illustrated in Figure 5.14 (right), shows that the decrease of the
reaction temperature has a negative effect on the elution curve: a strong signal at shorter
elution times can be detected, assigned to crosslinked material.

Solvent hv Time Intensity (mW-cm™2) Precursor cp (mg-mL~!) Temp. (°C)
DCM/Et,0 =1/8 2 min 80 Entry 9 0.005 a.t.
DCM/Et,0 =1/8 6 min 80 Entry 9 0.005 a.t.
DCM/Et,0 =1/8 6 min 80 Entry 9 0.01 -1

Table 5.11.: Irradiation experiments performed with high dilution of the linear precursor and
low temperature, respectively. Irradiation was carried out employing a wavelength
0f 320-390 nm and after addition of 5 mol% MEHQ. Entry 9 corresponds to Table 5.1.

5.2.7. Variation of the Normalization Method

In all previously shown size-exclusion chromatograms the evaluation was performed in such
way that the intensities (the y-axis) of the respective elution curves were normalized to their
peak heights. Thus, all maxima of the elution curves show an identical peak height. However,
with this procedure shoulders that, for instance, are observed at shorter elution times, receive
an excessive weight. As a result, small shoulders that correspond to a negligible amount of
crosslinked material, could be overestimated. Hence, a different evaluation was performed, fo-
cusing on the area below an elution curve instead of on its peak height. Thereby, the area below
the main peak of the elution curve of the precursor was calculated following the trapezoidal
rule. Subsequently, all elution curves that were compared in one graph were normalized to the
calculated area, respectively. As a result, the area below all compared elution curves remained
constant, yet the peak heights varied. It is assumed that the described procedure gives a more
realistic picture of the actual composition of a polymer sample. Figure 5.15 compares both
normalization to peak height as well as to area. Thereby, the size-exclusion chromatograms
showing the result of the irradiation experiment in Table 5.7, line two, were utilized.
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Figure 5.14.: Size-exclusion chromatograms for PImon-MMA-copolymers irradiated in high
dilution: cp = 0.005 mg-mL~" (left) and low temperature: -1 °C (right). For experi-

mental parameters see Table 5.11.
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Figure 5.15.: [llustration of two different normalization methods for the evaluation of size-
exclusion chromatograms. Left: Normalization to peak height. Right: Normaliza-
tion to peak area.

Clearly, a shift of the curve toward longer elution times can be detected. However, precursor
chains with higher molar masses (the left part of the curve) seem to remain in their unfolded
state. Furthermore, material with a larger molar mass — presumably crosslinked chains - still
remains as a shoulder at shorter elution times.

5.2.8. Variation of Irradiation Wavelength

An irradiation wavelength range of 320-390 nm was employed in all previous experiments. This
wavelength range was selected, since the employed photoinitiator units show good absorbance
in this area. As an additional parameter, the irradiation wavelength was changed to 365 nm, by
using a corresponding filter. In Figure 5.16 the results of both wavelength ranges are compared.
Thereby, the previously employed 320-390 nm range achieves a stronger shift of the elution
curve toward longer elution times. Hence, more SCNP formation can be expected. On the other
hand, irradiation with 365 nm results in no particular reduction of crosslinked material.
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Figure 5.16.: Size-exclusion chromatogram (normalized to peak area) of PImon-MMA-
copolymer irradiated with different wavelengths. Experimental conditions are
equal to line 2 in Table 5.7.

5.2.9. Performance of Test Reactions

In order to exclude any influence of the RAFT end group, the latter was removed. Therefore, the
PImon-MMA-copolymer was refluxed with the radical initiator AIBN, resulting in a polymer
carrying an initiator-derived functionality in both - and w-position.'%4] Subsequently, irra-
diation experiments were performed with the precursor carrying no RAFT group. Table 5.12
summarizes the experimental conditions and Figure 5.17 shows the corresponding elution
curves. The results show that the RAFT group has no influence on the folding or crosslinking
behavior of the precursor chains. The polymer without RAFT group undergoes intermolecular
reactions in a similar manner as the polymer with intact RAFT functionality.

Solvent hv Time Intensity (mW-cm~2) Precursor cp (mg-mL~1)
DCM/Et,0=1/8 1min 80 Entry 8 w/o RAFT 0.01
DCM/Et,0=1/8 3 min 80 Entry 8 w/o RAFT 0.01
DCM/Et,0 =1/8 6 min 80 Entry 8 w/o RAFT 0.01
DCM/Et,0 =1/8 6 min 80 pPMMA/PI 0.01

Table 5.12.: Performed irradiation experiments with precursor without RAFT end group and
with pure p MMA (without photoinitiator units) in the presence of free photoinitiator
(PI), respectively. Irradiation with a wavelength of 320-390 nm and after addition
of 5 mol% MEHQ. Entry 8 corresponds to Table 5.1.

The test reaction, employing precursor without RAFT group, was complemented by an
irradiation experiment of pure pMMA - without photoinitiator units — in the presence of free
photoinitiator (Irgacure 2959). Thereby, a molar ratio of photoinitiator species to MMA of 1/10
was employed. The aim of this experiment was to show that photoinitiator radicals are not able
to attack the polymer backbone and, thus, to form radical sites along the chain. Such a reaction
could drastically increase the probability for intermolecular termination events and could thus
be the reason for the shoulder that appeared in all size-exclusion chromatograms shown in the
current work. The shoulder was assigned to crosslinked material. The right graph in Figure
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5. Photoinitiator-Based Single-Chain Nanoparticle Formation

5.17 shows the elution curve of the pMMA before irradiation (black) and after irradiation in
the presence of photoinitiator (red). Although the change is minimal, a slight shoulder in the
red curve can be detected. Hence, it is likely that the intermolecular termination reactions
occur based on photoinitiator-generated radicals along the backbone. Thereby, radical sites
could be generated along the polymer backbone — possibly formed by the second (and small)
hydroxyl propyl radical of the photoinitiator. Intermolecular termination events could result in
crosslinked material.

linear chains, no RAFT group linear chains (pPMMA)
hv =6 min hv =6 min + P|
hv =3 min
hv =1min
3 >
®© ©
= >
@ ‘@
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Figure 5.17.: Size-exclusion chromatograms of irradiated PImon-MMA-copolymers. Left: per-
formed with PImon-MMA-copolymer without RAFT end group. Right: Performed
with pMMA and added photoinitiator Irgacure 2959. Experimental conditions for
both graphs according to Table 5.6, line five.

5.3. Characterization via DOSY

Diffusion ordered spectroscopy (DOSY), discussed in detail in section 2.8.2, is an NMR technique
that measures the translational diffusion coefficient D of a molecule in solution. Since the
hydrodynamic radius of a polymer particle can be directly correlated to its diffusion coefficient,
DOSY serves as an ideal analytical method for the evaluation of folding processes within a
polymer chain. In order to gain better insight into the processes occuring during the irradiation
experiments of the PImon-MMA-copolymer precursors, DOSY measurements were performed
for two selected experiments.! In both experiments, PImon-MMA-copolymer with a ratio of
PImon/MMA = 1/11 was irradiated. Thereby, two different polymer chain lengths were selected:
precursors with M, = 13400 g-mol~! and M, = 15700 g-mol~!, respectively (Entry 8 and 9 in
Table 5.1). The experimental conditions are summarized in Table 5.13.

Figures 5.18 and 5.20 show the results of the DOSY analysis of the precursors prior to
irradiation. The upper graph depicts the complete DOSY spectrum and the lower graph shows
a zoom into the main signals. The spectra of the two non-irradiated precursors exhibit very
narrowly distributed diffusion coefficients of D = 1.1-1.2 m?-s~! (Entry 8) and D = 1.0-1.2 m?-s !
(Entry 9). However, the DOSY spectra of the irradiated samples, illustrated in Figures 5.19
and 5.21, show many components that are larger or smaller than the precursor molecules.
Thereby, in both experiments peaks from aromatic compounds, i.e., the photoinitiator units,

'DOSY measurements were performed by Richard K. Shoemaker from the University of Colorado Boulder.
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5.3. Characterization via DOSY

Solvent hv Time  Intensity = Precursor cp MEHQ A (nm)
(mW-cm™?) (mg-mL~") (mol%)

DCM/Et,O =1/8 10 min 80 Entry 8 0.01 5 320-390

DCM/Et, 0O =1/8 10 min 80 Entry 9 0.01 5 320-390

Table 5.13.: Performed irradiation experiments with subsequent characterization via DOSY. For
Entry 8 and 9 refer to Table 5.1.
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Figure 5.18.: DOSY spectrum of the PImon-MMA-copolymer precursor with a PlImon/MMA
ratio of 1/11 (Entry 8 in Table 5.1), before irradiation.
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Figure 5.19.: DOSY spectrum of an irradiated PImon-MMA-copolymer precursor. Experimental
conditions are listed in Table 5.13, line one.

as well as aliphatic compounds, originating from the polymer backbone, can be found with
small, similar as well as larger diffusion coefficients compared to the linear precursor. For
instance, the spectrum in Figure 5.21 (Entry 9 irradiated) shows components that are larger
(exhibiting a smaller diffusion coefficient), nearly the same, or much smaller — with a ten-fold
larger diffusion coefficient — compared to the non-irradiated polymer of Entry 9. Thereby, the
smaller components, with D = 10 m?-s~! are nevertheless larger than the solvent molecules

1

with a diffusion coefficient of about 22 m?-s~ .
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Figure 5.20.: DOSY spectrum of the PImon-MMA-copolymer precursor with a PImon/MMA
ratio of 1/11 (Entry 9 in Table 5.1), before irradiation.

5.4. Conclusions and Outlook

Combining the results from SEC and DOSY measurements, it can be stated that the radical
photoinitiator-induced formation of SCNPs could not be performed successfully. Although
a clear shift in the size-exclusion chromatogram toward longer elution times could be de-
tected, the formation of material at longer elution times, i.e., larger molar masses, could not
be prevented by changing various experimental parameters. Varying the solvent mixture,
photoinitiator unit density along the polymer chain, irradiation time, irradiation intensity and
wavelength, and precursor concentration did not result in a folding of the polymer chains into
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Figure 5.21.: DOSY spectrum of an irradiated PImon-MMA-copolymer precursor. Experimental
conditions are listed in Table 5.13, line two.

nanoparticles without formation of crosslinked material.

DOSY measurements could not prove the formation of nanoparticles, since no components
with a slightly larger diffusion coefficient were detected — as it is expected for successful
SCNP formation. Components with larger diffusion coefficients, presumably corresponding
to crosslinked material, as well as components with much smaller diffusion coefficients were
detected. The latter presumably result from disintegration processes — performed during the
irradiation - that are induced by radical abstraction reactions. Giving a clear picture of the
processes occuring during the irradiation experiment is not feasible. However, it is assumed
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that the high reactivity of the formed radicals results in several termination and abstraction
processes that do not allow for an efficient and exclusive intramolecular termination reaction.
An important factor may be the formation of the small hydroxyl propyl radical after the radical
cleavage of the photoinitiator unit. It can contribute to radical abstraction processes that lead
to disintegration of polymer chains. However, since radicals are usually formed in an even
number, the formation of a second radical - in addition to the desired radical species — cannot be
avoided. Yet, based on the structure of the photoinitiator, the second radical could be designed
as a stable radical, stabilized by, for instance, a tertiary structure or a mesomeric impact. Due to
their lower reactivity such stable radicals are assumed to contribute less in radical abstraction
reactions.

Although a wide range of experimental parameters was varied in the current work, additional
experiments could be performed to achieve an efficient SCNP formation. The following pa-
rameters could be varied: First, the irradiation performed in the current work was carried out
using a glass fiber cable that directed the light onto the flask containing the precursor solution.
The small outlet of the cable, with an area of approx. 1 cm?, resulted in a narrow light beam
passing through the solution. Hence, only a relatively small solution volume was constantly
irradiated. The system could be improved by irradiating the complete solution evenly. Thereby,
large vertical lamps could be employed as irradiation sources. A further improvement could be
to irradiate the precursor solution in a flow reactor. Thereby, a highly-diluted solution could be
pumped through a system that is irradiated at a certain position for a very short time. This
method could facilitate applying lower precursor concentrations (no handling of large flasks)
with short irradiation times. As the reported experiments show, the generated radicals are
highly reactive and crosslinking events occur already after irradiation times as short as 1 min.
Hence, irradiation times in the time range of seconds could be sufficient to induce radical
formation that could lead to intramolecular termination and SCNP formation.
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Conclusions and Outlook

In the current thesis, the main goal was to enhance the initiation behavior of radical photoini-
tiators and to investigate mechanistic aspects of the photoinitiation step. In Chapter 3 radical
photoinitiators were studied via a combination of PLP-ESI-MS, femtosecond spectroscopy, and
theoretical calculations. PLP-ESI-MS gave valuable insights into the initiation efficiency of
single radical fragments. Particularly, the initiation efficiency of various initiator fragments —
with distinct substitution patterns — was quantitatively compared to the benzoyl or 4-methyl
benzoyl fragment of benzoin and 4-methyl benzoin, respectively. It was shown that benzoin-
derivatives with fluorine-substitution at the hydroxyl benzyl position posses the best initiation
efficiency. In contrast, introduction of a dimethylamine-substituent results in a very poor
initiation performance of benzoin-derived radicals.

In the frame of a collaboration, the investigation via PLP-ESI-MS was accompanied by employ-
ing femtosecond spectroscopy as well as computational methods. Femtosecond spectroscopic
investigation of the photoinitiators gave a complete picture of the electronic processes molecules
undergo upon irradiation. In detail, lifetimes of electronically excited singlet and triplet states
were determined as well as their energetic positioning. Thus, valuable information about the
possibilities to perform intersystem crossing and radical formation were obtained. Computa-
tional methods were employed for the determination of radical reactivities towards methyl
methacrylate. Combining the findings of PLP-ESI-MS, femtosecond spectroscopy, and theoreti-
cal calculations resulted in the determination of key parameters characterizing a good radical
photoinitiator of benzoin-type structure. Notably, the introduction of electron-withdrawing
substituents showed the most promising results. In addition, it was shown that the absorption
behavior of the respective photoinitiators is by no means a measure of its reactivity. On the
contrary, benzoin-derivatives exhibiting a strong absorption at the employed irradiation wave-
length showed poor initiation efficiencies.

In order to improve the efficiency of photoinitiating systems, it is important to understand the
underlying processes and the approach presented in the current thesis is therefore an important
step in this direction. Further studies should be performed focussing on the introduction of addi-
tional fluoride substituents along the aromatic rings of benzoin and other electron-withdrawing
groups such as a triflate group. Substituents that enhance the mesomeric effect, such as the
polycyclic aromatic moieties pyrene or anthracene, may be interesting regarding their influence
on the initiation efficiency as well as molecular dynamics of the benzoin derivative.

The light-induced copper-mediated reversible-deactivation radical polymerization (photoR-
DRP), a photoinitiated polymerization that is not based on the radical cleavage of photoinitiators,
yet on a light-induced electron transfer reaction was investigated in Chapter 4. The mechanism
of this recently developed polymerization method was elucidated by means of PLP-ESI-MS.
Various combinations of typical photoRDRP components were irradiated in PLP experiments.
ESI-MS analysis of the formed material provided information on the nature of the initiating
fragments and the reactions occuring upon irradiation. A critical evaluation of all reaction
steps resulted in the postulation of a mechanism of photoRDRP that is verified on a molecular
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level, i.e., the involved species were unambiguously identified. Importantly, the photoexcited
amine ligand was identified as the main reducing agent for the deactivator species Cu(II)Bry/L
to Cu(I)Br/L, two copper complexes that govern the equilibrium between active (propagating)
radical chains and dormant polymer chains carrying a bromine end group. The elucidation
of the photoRDRP mechanism enabled not only the understanding of how the reaction can
be initiated by light, but the important parameters which enhance the living character of
the polymerization have been identified. In further investigations the focus should be placed
on the impact of structurally different initiators and ligands as well as employing different
irradiation wavelengths. An investigation of the respective alkyl halides and amine ligands via
femtosecond spectroscopy should provide deeper insight into their molecular dynamics and
electronic processes that occur upon irradiation. A detailed study on the influence of various
irradiation wavelengths in the UV as well as visible range should be performed in order to find
the most suitable light source that enhances the formation of radicals and the performance
of reduction steps. In such a way, additional parameters could be identified that may further
improve photoRDRP with regard to its polymerization rate and living character.

Next to the mechanistic investigation of photoinitiated polymerization processes, Chapter 5 de-
scribed a study that was carried out with the aim of linking polymer segments intramolecularly.
Thereby, radical photoinitiators — introduced along the polymer backbone — were examined
in their ability to generate covalent bonds based on radical-radical termination events. High
dilution of the respective photoinitiator-functionalized polymers was supposed to result in
intramolecular reactions and, thus formation of so-called single-chain nanoparticles (SCNPs).
The radical combination reaction — known as a very fast and efficient reaction — was envisaged
to provide a new and facile synthetic pathway for SCNP formation. However, although to date
a wide range of different chemical reaction types was reported to successfully generate SCNPs,
the radical combination reaction did not result in an efficient intramolecular folding of the
chains. Intermolecular crosslinking of the polymer chains and radical abstraction reactions
occurred, even after varying a wide range of experimental conditions. Such a result demon-
strates the high reactivity of radicals and their affinity to abstraction reactions compared to,
for instance, the two reactants of a Diels—Alder reaction, a reaction type that was previously
successfully employed for SCNP formation. In order to gain control over the radical combina-
tion step and its high rate coefficient, elaborate experimental parameters may be required. For
instance, utilization of a flow reactor would allow highly diluted conditions, yet without large
reaction flasks, and very short irradiation times. In addition, the radical reactivity should be
reduced by, for instance, employing photoinitiator moieties with a lower tendency to perform
radical formation. Nevertheless, the generated radicals should provide a higher ability to
perform combination than abstraction reactions. Furthermore, the second radical moiety —
not covalently linked to the polymer chain — should exhibit a high stability in order to avoid
abstraction reactions. Finally, the flexibility of the precursor should be enhanced with regard
to a better entanglement of the chain, for instance by appropriate monomer selection.
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Experimental Section

7.1. Photoinitiator Investigation

7.1.1. Materials and Instrumentation
Materials

Methyl methacrylate (MMA, Sigma-Aldrich, 99%) was freed from inhibitor by passing through
a column of activated basic alumina (Merck). Benzoin (Bz, Sigma-Aldrich, 98%) and 2-methyl-4-
(methylthio)-2-morpholinopropiophenone (MMMP, Sigma-Aldrich, 98%) were recrystallized
twice in ethanol prior to use. 4-Methyl benzoin (4MB) was synthesized according to the
literature. [124]

1-[4-(Dimethylamino)phenyl]-2-hydroxy-2-phenylethanone (NMe,Bz, Sigma-Aldrich), 4,4’-
difluorobenzil (DFB, Merck, 98%), phenylglyoxal monohydrate (Sigma-Aldrich, 97%), 4-fluoro-
phenylglyoxal monohydrate (Carbolution Chemicals, 98%), N,N-dimethylanilin (Merck, 99%),
methylisobutyrate (MIB, Sigma-Aldrich, 99%), dichloromethane (DCM, Normapur, VWR),
benzene (anhydrous, Alfa Aesar, 99.8%) and sodium sulfate (Na,SO,4, Carl Roth, 99%), and Benzil
(Sigma-Aldrich, 98%) were used as purchased.

For the ESI-MS measurements sodium trifluoroacetate (Sigma-Aldrich, 99%), toluene (Carl Roth,
Rotisolv HPLC grade), tetrahydrofuran (THF, Scharlau Multisolvent, GPC grade) and methanol
(VWR, Chromanorm) were employed as received. Methylisobutyrate (MIB, Sigma Aldrich, 99%)
was used as purchased.

PLP Experiments

All PLP samples (volume approx. 0.5 mL) contained MMA and a mixture of photoinitiators (PI)
with a concentration of cpy = 5- 107> mol- L~!. The samples were freed from oxygen prior to
laser irradiation by purging the reaction mixture with nitrogen for 2 min. Each sample vial was
subsequently placed into a sample holder, which was held at a constant temperature of -5°C
using a thermostat (1196D, VWR, Darmstadt, Germany). The temperature was independently
measured at the sample holder. The sample temperature was allowed to equilibrate for 5 min
before starting the polymerization. Photoinitiation was achieved by an excimer laser system
(Coherent Xantos XS-500, XeF, frequency variable from 1 to 500 Hz, operating at a wavelength
of 351 nm with a pulse width of approx. 20 ns) at 100 Hz for an overall polymerization time
of 90 000 laser pulses (=~ 15 min). A custom-built metal filter (fine-mesh metal grid) was
implemented next to the radiation exit window to obtain a reduced laser energy of ~ 0.35 mJ
per pulse. The laser beam was redirected to illuminate the vial from the bottom (the detailed
laser setup is described in literature[122]),
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ESI-MS Measurements

For section 3.1, direct infusion ESI-MS measurements were performed in a toluene/methanol
(3 : 2 v/v) mixture with 300 mM sodium trifluoroacetate (NaTFA) to avoid H" ionization of the
polymer chains containing the morpholino end group (N). For section 3.2, direct infusion ESI-
MS measurements were performed in a THF/methanol (3:2 v/v) mixture with 100 M sodium
trifluoroacetate (NaTFA). For both studies, a polymer concentration of 0.4 mg- mL™! was
applied for the measurements. ESI-MS spectra were recorded using an LXQ mass spectrometer
(ThermoFisher Scientific, San Jose, CA, USA) equipped with an atmospheric pressure ionization
source operating in the nebulizer assisted electrospray mode. The instrument was calibrated in
the m/z range 195-1822 using a standard containing caffeine, Met-Arg-Phe-Ala acetate (MRFA)
and a mixture of fluorinated phosphazenes (Ultramark 1621) (all from Aldrich). A constant
spray voltage of 4.5 kV was used and nitrogen at a dimensionless sweep gas flow rate of 2
(approx. 3 L-min~') and a dimensionless sheath gas flow rate of 12 (approx. 1 L-min~') were
applied. The capillary voltage, the tube lens offset voltage, and the capillary temperature were
set to 6 kV, 110 V, and 300°C, respectively.

Size-Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) measurements were performed on a Polymer Laboratories
(Varian) PL-GPC 50 Plus Integrated System, comprising an autosampler, a PLgel 5 mm bead-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 index detector using
THF as the eluent at 35°C with a flow rate of 1 mL- min~!. The SEC system was calibrated
using linear poly(styrene) standards ranging from 160 to 6-10° g-mol~! and linear poly(methyl
methacrylate) standards ranging from 700 to 2-10% g-mol~!. The resulting molecular weight
distributions were determined by universal calibration using Mark-Houwink parameters for
polystyrene (K = 14.1-107 dL-g !, & = 0.7).[16%]

UV-Vis Spectroscopy

All UV-Vis steady-state spectra of the presented photoinitiators, as well as their determined
extinction coefficients were recorded on a Varian Cary 500 spectrometer. The absorption spectra
and resulting extinction coefficients were measured along a wavelength range of 200-800 nm
in quartz glass SUPRASIL cuvettes (Hellma) and methylisobutyrate (MIB) as solvent. For
section 3.2, a dilution series was performed using cuvettes with different optical path lengths
(1, 10, 20, and 50 mm).

NMR Spectroscopy

The synthesized compounds were analyzed via 'H-NMR and '’F-NMR spectroscopy using a
Bruker Avance 400 spectrometer (400 MHz). Samples were dissolved in CDCl;. The §-scale
was referenced with tetramethylsilane (8 = 0.00) as internal standard. Abbreviations used in
the description of the photoinitiator syntheses include singlet (s), doublet (d), triplet (t), and
unresolved multiplet (m).

Femtosecond Spectroscopy

The photophysical and photochemical properties of the photoinitiators were studied by fem-
tosecond transient absorption spectroscopy. The employed setup is shown in Figure 7.1, similar
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166] 1 aser

to a state-of-the-art femtosecond transient spectrometer described by Riedle et al.
pulses with 1.6 m] per pulse at a central wavelength of 775 nm, a typical pulse duration of
150 fs and a repetition rate of 1 kHz were generated using a CPA 2210 laser system (Clark-
MXR).[132.167]

For Section 3.1, a portion of the fundamental beam (250 m] per pulse) was split into two parts
by a beam splitter (BS) on the one hand to operate a NOPA (non-collinearly optical parametric
amplifier) system in the visible region and on the other hand to generate a white light (WL) con-
tinuum. In order to excite the photoinitiators in the UV region, the visible pulses generated by
the NOPA system were dispersion optimized using a prism compressor (PC) and subsequently
upconverted into UV by frequency doubling using a BBO crystal. Since this method allows for
pump wavelengths in a tunability range between 240 nm and 360 nm, the photoinitiators were
investigated at two selected pump wavelengths (325 nm and 351 nm, respectively) with pulse
energies of about 0.3 and 0.25 mJ per pulse. A computer-controlled delay stage in combination
with a retro reflector was employed for measuring at different delay times. The second portion
of the fundamental laser output, employed for WL generation, was focused into a sapphire
plate (1 mm (4)) after passing through an iris (1), a neutral density filter (2), and a lens (3). After
recollimation, the seed-wavelength was removed from the WL spectrum using a custom-made
dielectric filter (Laser Components). Thus, the generated WL covers the large wavelength
range of 430 nm to 710 nm employed for probing the molecules. The pump pulse and WL were
focused into the sample under magic angle conditions. Behind the sample the transmitted
WL was split in a prism-based polychromator and detected using a CCD camera (Linescan
2000, Ingenieurbiiro Stresing). For efficient exploitation of the detector’s dynamic range, the
dispersed WL was attenuated using a variable neutral density filter in front of the camera. The
repetition rate of the laser pulses was reduced using a chopper wheel to allow for measuring
the change of the optical density AOD, where I(A,t) and [y are the transmitted probe light
through the excited and non-excited sample and AODy the optical density of the non-excited
sample.

Iy
I(A,1)

The CCD camera was aligned using small bandwidth interference filters inserted into the WL
beam path at the position of the sample. The temporal overlap between the pump and the probe
beam (time zero) was adjusted by the dye molecule 7-diethylamino-3-thenoylcoumarin (DETC).
The samples were continuously pumped through a fused silica cuvette with an optical path
length of 1 mm to avoid decomposition by radiation. Data acquisition was performed using a
home-made software in a Labview environment. Furthermore, the transient data are corrected
for the chirp of the white light caused by group velocity dispersion due to optical components
in the The CCD camera was aligned using small bandwidth interference filters inserted into the
WL beam path at the position of the sample. The temporal overlap between the pump and the
probe beam (time zero) was adjusted by the dye molecule 7-diethylamino-3-thenoylcoumarin
(DETC). The samples were continuously pumped through a fused silica cuvette with an optical
path length of 1 mm to avoid decomposition by radiation. Data acquisition was performed
using a home-made software in a Labview environment. Furthermore, the transient data are
corrected for the chirp of the white light caused by group velocity dispersion due to optical
components in the probe beam. Thereby, the chirp correction is based on the determination of
the coherent artifact characterized by the temporal overlap of the pump pulse with a certain
frequency component of the white light continuum. [16¢]

AOD(A,t) = log ( > — AODy (7.1)
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Figure 7.1.: Scheme of the employed transient spectrometer consisting of a half mirror (HM), a
prism compressor (PC), and a beam splitter (BS).

For section 3.2, the generated pulses resulting from the higher pumped NOPA system served
for a sum-frequency mixing process with a central wavelength of 775 nm in order to generate
pump pulses in the UV region (300-360 nm). The smaller portion of the fundamental laser output
was employed to pump a second NOPA system, producing probe pulses in the wavelength
range of 470-750 nm. The pump and probe pulses were focused into the sample for a temporal
and spatial overlap of both beams under magic angle (54.7°) conditions to avoid anisotropic
effects. In order to measure different delay times between exciting and probing the sample a
computer-controlled translation stage (Physik Instrumente) was employed for delaying the
probe pulses with respect to the pump pulses. The experimental time resolution was around
100-150 fs. The change of optical density (AOD) was recorded as a function of delay time, by
measuring with and without a pump pulse, practically realized by a mechanical chopper. All
samples were prepared in MIB solutions and measured in a 1 mm quartz glass SUPRASIL flow
cell up to a maximum delay of 600 ps.

Theoretical Methods

For section 3.1, DFT calculations as well as TD-DFT calculations for excited states were per-
formed employing the TURBOMOLE V6.3 program package. 193] The geometries of the ground
states were optimized using BP86/def2-SV(P).[10°-178] Energies at the optimized geometries as
well as singlet and triplet excitations [!7°-181] and associated oscillator strengths were computed
by B3LYP/aug—cchDZ [169-173,175-177,182-184]

For section 3.2, the high-level composite ab initio G3(MP2)-RAD['#] method was used in
conjunction with M06-2X 18%] thermochemistry to obtain accurate gas-phase energies. The
SMD ['87] method was used to model implicit solvation effects using methyl propanoate (for
comparison with the polymerizations) and acetonitrile (for benchmarking against available ex-
periment) as the solvents. Similar methodology has been previously shown to predict accurate
values for the kinetics and thermodynamics of a wide range of including propagation [138-1%]
and rate coefficients for addition reactions involving acyl radicals.['!] In the present work we
benchmark this methodology against experiment for two related reactions and show that it
reproduces the experimental rate coefficients to within a factor of 3 or better (see supporting
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information). All standard ab initio molecular orbital theory and density functional theory
(DFT) calculations were carried out using Gaussian 09192 and Molpro 2012,[1%3] software
packages. A full set of obtained results can be found in the ESI. Excited state properties were
computed using DFT as well as TD-DFT, both calculations were performed applying the TUR-
BOMOLE V6.3 program package. %] Optimization of the geometries for the ground states
were carried out by BP86/def2-SV(P).[199-178] B3LYP/aug-cc-pVDZ[1697173.175-177.182-184] (55
used to calculate the energies of the optimized geometries as well as for singlet and triplet
excitations[7°7181] and their related oscillator strengths.

7.1.2. Syntheses
Synthesis of NMe,Bz Iso

Phenylglyoxal monohydrate (2.000 g, 13.2 mmol) and N,N-dimethylanilin (1.594 g, 13.2 mmol)
were mixed with benzene (18 mL). The reaction mixture was refluxed at 80°C for 2 h. The
solvent was evaporated under vacuum to give an orange oil. Recrystallization in ethanol gave
green crystals (150 mg, 4.5%). 'H-NMR (400 MHz, CDCls, §, ppm): 2.84 (s, 6H, N(CH ),), 4.32
(d, 1H, CHOH), 5.81 (d, 1H, CHOH), 6.56 (d, 2H, CH,,CH), 7.09 (d, 2H, CH,,CHCN), 7.31 (t, 2H,
CH,,CHCH), 7.42 (t, 1H, CH,,CHCH), 7.84 (d, 2H, CH,,CCO).
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Figure 7.2.: '"H-NMR spectrum of NMe,Bz Iso.

Synthesis of FNMe,Bz

4-Fluorophenylglyoxal monohydrate (0.200 g, 1.18 mmol) and N,N-dimethylanilin (0.142 g, 1.18
mmol) were mixed with benzene (5 mL). The reaction mixture was refluxed at 80°C for 6 h. The
solvent was evaporated under vacuum to give an orange oil. Recrystallization in ethanol gave
yellow crystals (59.9 mg, 18.6%). 'H-NMR (400 MHz, CDCls, 8, ppm): 2.84 (s, 6H, N(CH};),),
4.28 (s, 1H, CHOH), 5.75 (s, 1H, CHOH), 6.56 (d, CH,,CH), 6.97 (t, 2H, CH, ,CHCF), 7.07 (d, 2H,
CH,,CHCN), 7.86-7.90 (m, 2H, CH,,CCO). ?F-NMR (400 MHz, CDCl,, §, ppm): -103.7 (s, 1F,
C,.b).
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Figure 7.3.: '"H-NMR (left) and '°F-NMR spectrum (right) of FNMe,Bz.

Synthesis of FBz

4-Fluorophenylmagnesium bromide (1.2 mL, 2.38 mmol, 0.474 g) was dissolved in absolute
diethyl ether (4 mL) under a nitrogen atmosphere. Trimethylsilylated cyanohydrin (0.5 mL,
2.38 mmol, 0.489 g) was dissolved in absolute diethyl ether (4 mL) and degassed by nitrogen
bubbling for 15 min. Subsequently, the solution was added to the Grignard solution during
a period of 10 min and the reaction mixture was stirred for 2 h. The reaction mixture was
poured into a separating funnel containing 1 mL of concentrated sulfuric acid dissolved in
30 mL of cold water. The phases were separated and the ether layer was extracted with aqueous
hydrochloric acid (5%, 2 x 5 mL). The combined aqueous solutions were left standing over night
at ambient temperature to afford a white crystalline solid (98.5 mg, 18%). ' H-NMR (400 MHz,
CDCl,, 8, ppm): 4.25 (s, 1H, CHOH), 5.83 (s, 1H, CHOH), 6.98 (t, 2H, CH,,CHCH), 7.18-7.28 (m,
5H, CH,,CHCH and CH,,CHCF), 7.85-7.89 (m, 2H, CH,,CCO). 'F-NMR (400 MHz, CDCl,, §,
ppm): -102.93 (s, 1F, C,,F).
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Figure 7.4.: '"H-NMR (left) and '°F-NMR spectrum (right) of FBz.
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Synthesis of FBz Iso

Fluorobenzaldehyde (10.000 g, 80.6 mmol) was dissolved in ethanol (20 mL) at ambient tem-
perature and an aqueous solution of sodium cyanide (1.185 g, 24.2 mmol in 9.4 mL water) was
added. The solution was stirred for 10 min. Subsequently, benzaldehyde (8.551 g, 80.6 mmol)
was dissolved in ethanol (20 mL) and added to the fluorobenzaldehyde solution. The reaction
mixture was refluxed (80°C) for 5 h. The mixture was allowed to reach ambient temperature.
After addition of water (10 mL) the reaction mixture was extracted with DCM (4 x 30 mL),
the organic phase was dried over Na,SO,, and the solvent was evaporated to give an oily
solid. Fivefold recrystallization in ethanol gave needle-like off-white crystals (461 mg, 2.5%).
"H-NMR (400 MHz, CDCls, §, ppm): 4.48 (s, 1H, CHOH), 5.88 (s, 1H, CHOH), 7.18-7.27 (m, 4H,
CH,,CF and CH,,CH), 7.31 (t, 2H, CH,,CHCH), 7.44 (t, 1H, CH,,CHCH), 7.83 (d, 2H, CH,,CCO).
19F.NMR (400 MHz, CDCl,, §, ppm): -112.93 (s, 1F, C,,F).
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Figure 7.5.: '"H-NMR (left) and !F-NMR spectrum (right) of FBz Iso.

Synthesis of F,Bz

Fluorobenzaldehyde (5.000 g, 40.29 mmol) was dissolved in ethanol (20 mL) at ambient tem-
perature and an aqueous solution of sodium cyanide (0.5924 g, 12.09 mmol in 4.7 mL water)
was added dropwise. The solution was refluxed (85°C) for 5 h and was then allowed to reach
ambient temperature. After addition of water (10 mL) the reaction mixture was extracted with
DCM (4 x 15 mL), the organic phase was dried over MgSO,, and the solvent was evaporated to
give an orange oil. Purification by column chromatography (silica gel, c-hexane/ethyl acetate
4/1 v/v) and subsequent recrystallization in methanol gave yellow needle-like crystals (283 mg,
5.6%). "H-NMR (400 MHz, CDCls, 8§, ppm): 4.44 (d, 1H, CHOH), 5.83 (d, 1H, CHOH), 6.93-7.03
(m, 4H, CH,,CF and CH,,CH), 7.19-7.25 (m, 2H, CH,,CF), 7.84-7.87 (m, 2H, CH,,CCO). ’F-NMR
(400 MHz, CDCls, 6, ppm): -102.57 (s, 1F, C,,F), -112.61 (s, 1F, C_,F).
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Figure 7.6.: '"H-NMR (left) and !°F-NMR spectrum (right) of F,Bz.

7.2. PhotoRDRP

7.2.1. Materials and Instrumentation
Materials

Methyl methacrylate (MMA, Sigma-Aldrich, 99%) was freed from inhibitor by passing through
a column of activated basic alumina (Merck). Ethyl isobutyrate (EBiB, abcr, 98%), tris[2-
(dimethylamino)ethyl]amine (Me,TREN, Sigma-Aldrich, 97%), copper(II) bromide (CuBr,, Fluka
Analytical, > 99%), and dimethyl sulfoxide (DMSO, Fisher Scientific UK) were used as re-
ceived. Copper(I) bromide (CuBr, Fluka) was purified by sequential washing with acetic acid,
ethanol, and diethyl ether, followed by drying under reduced pressure and storage under
nitrogen atmosphere. For the ESI-MS measurements sodium trifluoroacetate (Sigma-Aldrich,
99%), tetrahydrofuran (THF, multisolvent, 250 ppm BHT, Scharlau), and methanol (VWR,
Chromanorm) were used as received.

PLP Experiments

All PLP samples (volume approx. 0.5 mL) contained MMA and a mixture of EBiB, Me,TREN,
CuBr,, and DMSO, depending on the experiment. The samples were freed from oxygen prior to
laser irradiation by purging the reaction mixture with nitrogen for 2 min. Each sample vial was
subsequently placed into a sample holder, which was held at a constant temperature of 10°C
using a thermostat (1196D, VWR, Darmstadt, Germany). The temperature was independently
measured at the sample holder. The sample temperature was allowed to equilibrate for 5 min
before starting the polymerization. Photoinitiation was achieved by an excimer laser system
(Coherent Xantos XS-500, XeF, frequency variable from 1 to 500 Hz, operating at a wavelength
of 351 nm (pulse width approx. 20 ns) and a laser energy of 5.0 mJ) at 250 Hz for an overall
polymerization time of 90 000 laser pulses (=~ 7 min). The laser beam was redirected to illuminate
the vial from the bottom (the detailed laser set-up is described in literature[1?%),
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7.2. PhotoRDRP

Quadrupole ESI-MS Measurements

Direct infusion ESI-MS measurements were performed in a THF/methanol (3:2 v/v) mixture
with 300 uM sodium trifluoroacetate (NaTFA). A polymer concentration of 0.4 mg-mL~! was
utilized for the measurements. For further technical details see section 7.1.1.

Orbitrap ESI-MS Measurements

Mass spectra were recorded on a Q Excative (Orbitrap) mass spectrometer (ThermoFisher Sci-
entific, San Jose, CA, USA) equipped with an atmospheric pressure ionization source operating
in the nebulizer assisted electrospray mode. The instrument was calibrated in the m/z range
150-2000 using a standard containing caffeine, Met-Arg-Phe-Ala acetate (MRFA) and a mixture
of fluorinated phosphazenes (Ultramark 1621) (all from Aldrich). A constant spray voltage of
3.5 kV and a dimensionless sheath gas of 6 and a sweep gas flow rate of 2 were applied. The
capillary voltage and the S-lens RF level were set to 68.0 V and 320°C, respectively.

Size-Exclusion Chromatography (SEC)

See section 7.1.1.

UV-Vis Spectroscopy

UV-Vis spectra were measured on an Epoch 2 microplate spectrophotometer. All measurements
were carried out in DMSO in a disposable plastic UV cuvette with a thickness of 10 mm at a
temperature of 25°C.

General Procedure for Pulsed-Laser Polymerization (PLP) Experiments

CuBr, (0.00396 g, 17.72 umol, 0.02 eq) was weighed in a vial and dissolved in DMSO (1.4 mL).
Me(TREN (14.2 uL, 0.53 pumol, 0.06 eq), EBiB (0.13 mL, 88.5 mmol, 1 eq) and deinhibited MMA
(4.737 mL, 44.29 mmol, 50 eq) were added. The solution was aliquoted in 2-3 glass vials for
PLP experiments (V ~ 0.5 mL) and deoxygenated by nitrogen bubbling for 2 min. The vials
were allowed to reach 10°C for 5 min prior to irradiation. For those experiments not containing
all ingredients the exact same procedure was executed. All experiments were performed in
triplicate in order to exclude experimental errors.

111



7. Experimental Section

7.3. SCNP Formation

7.3.1. Materials and Instrumentation

Methyl methacrylate (MMA, Sigma-Aldrich, 99%) was freed from inhibitor by passing through a
column of activated basic alumina (Sigma-Aldrich). Irgacure 2959 was obtained from BASF. DMF,
methacryloyl chloride, pyridine, acetone, Na,SO,, concentrated hydrochloric acid, 4,4’-azobis(4-
cyanovaleric acid) (> 98%), acetonitrile, tetrahydrofuran, methanol, dichloromethane, n-hexane,
hydroquinone monomethyl ether (MEHQ), diethyl ether, 2’-azobis (2-methylpropionitrile)
(AIBN), and dimethyl sulfoxide were purchased from Sigma-Aldrich as used as received. 4-
Cyano-4-(((hexylthio)carbonothioyl)thio)pentanoic acid (RAFT agent) was synthesized by
Benjamin Fairbanks (University of Colorado Boulder).

Size-Exclusion Chromatography

The molar mass of the polymer was determined by a Tosoh EcoSEC GPC system (HLC-8320)
with DMSO as the mobile phase at a flow rate of 0.350 mL-min~! at 50°C. Column sets: two
TSKgel SuperHM-H, 3 um, 6.0 mm i.d. x 15 cm columns. Molar masses were calculated based
on a calibration with narrow polydispersity poly(methyl methacrylate) standards.

NMR Spectroscopy

'"H-NMR measurements were performed in CDCl; and d-DMSO to determine the purity and
degree of functionalization of the synthesized molecules, using a Bruker Avance-III-400 NMR
spectrometer. The number of transients is 16 and a relaxation time of 1 s was used for the
integrated intensity determination of 'H-NMR spectra.

DOSY Measurements

DOSY NMR experiments were performed on a Varian INOVA 500 NMR spectrometer operating
at 499.60 MHz for 'H-NMR observation. Calibrated 90°excitation pulses of 6.70 microsec-
onds were used. Convection Compensated Double Pulsed Field Gradient Stimulated Echo
experiments were performed using the DgcsteSL cc pulse sequenc in the VNMR] 3.2A (Agi-
lent Technologies) software, with Non-Uniform Gradient correction applied to remove errors
from gradient nonlinearity across the length of the detection coil in the probe. The sample
temperature was regulated at 23.0°C. (+/- 0.5°C). An exponential gradient array of 32 discreet
calibrated gradient strengths for 1.99 to 52.0 Gauss/CM were used to measure signal attenuation
vs. gradient strength, providing adequate data for sample components with high diffusion
coefficients (i.e., solvents), and very small diffusion coefficients (large molecules) within the
same sample.

Other key parameters used in setting up the DOSY experiment are as follows:

Diffusion Delay (A, parameter"del”) = 110 msec (0.110 sec)

Gradient time (8, parameter = "gt1") = 3.0 msec (0.003 sec)

Number of scans per gradient value = 32 (interleaved every 4 scans to distribute any systematic
instrument errors evenly throughout all 32 individual spectra)

Relaxation delay = 2.0 with acquisition time of 3.0 s, giving a repetition time of 5.0 s per scan.
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7.3. SCNP Formation

Irradiation Source

Photo reactions were carried out with an Acticure 4000 mercury lamp with a 320-390 nm
bandpass filter. The light intensity was determined with a UV light detector.

UV-Vis Spectroscopy

UV-Vis spectra were recorded on UV-Vis spectrophotometer (Thermo-Fischer Scientific). All
sample solutions were examined in quartz glass cuvettes with 1 cm light path lengths. Ab-
sorbance data was collected in absorbance mode with a bandwidth of 2 nm and a scan speed of
240 nm/min.

7.3.2. Synthesis

Synthesis of Photoinitiator-functionalized Methacrylate Monomer PImon

Irgacure 2959 (3.000 g, 13.4 mmol) was dissolved in 25 mL acetone and cooled down to 0°C.
Pyridine (2.544 g,2.60 mL, 32.2 mmol) and, subsequently, methacryloyl chloride (1.404 g, 1.30 mL,
13.4 mmol) were added dropwise via syringe. The reaction solution was stirred in an ice-bath
for 6 h, allowing the solution to slowly reach ambient temperature. The reaction mixture was
poured on ice containing concentrated hydrochloric acid. The aqueous phase was extracted
with diethyl ether (3 x 30 mL) and the combined organic phase was dried over Na,SO,. The
solvent was evaporated under reduced pressure to give a yellow oil. The crude product was
purified by column chromatography (siliga gel, n-hexane/ethyl acetate = 2/1 v/v, Ry = 0.42).
The solvent was removed at ambient temperature under high vacuum and protected from light
by aluminum foil. Complete removal of the solvent was not feasible, due to polymerization of
the product. Thus, the product was isolated as a visous, colorless oil (2.16 g, 55% yield).
"H-NMR (400 MHz, CDCls, §, ppm): 1.61 (s, 6H, C(CH5),0H), 1.97 (s, 3H, CCH}), 4.28-4.30 (m,
2H, CH,0CH,), 4.50-4.52 (m, 2H, CH,OCH,), 5.59 (s, 1H, CCH), 6.13 (s, 1H, CCH), 6.96-6.97 (m,
2H, COCH,,), 8.06 - 8.08 (m, 2H, COCCH,,).
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Figure 7.7.: "H-NMR of the photoinitiator-functionalized methacrylate monomer PImon.
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Synthesis of the Photoinitiator-functionalized Linear Precursor Copolymers
Exemplified for a PImon/MMA Ratio of 1/10

PImon (1.198 g, 4.1 mmol) was dissolved in MMA (4.104 g, 4.39 mL, 41.0 mmol). 4-Cyano-4-
(((hexylthio)carbonothioyl)thio)pentanoic acid (0.092 g, 0.29 mmol) was dissolved in 4.39 mL
DMF and 4,4’-azobis(4-cyanovaleric acid) (0.008 g, 28.7 umol) was added. The solutions were
combined and aliquoted into five glass vials that were sealed with a rubber septum. Each vial
was bubbled with argon for 12 min in an ice bath. Subsequently, the vials were submerged in
an oil bath at 75°C and polymerized for 45 min, 1 h 40 min, 3 h, 4 h 30 min, and 5 h 30 min,
respectively. The conversion was determined by NMR spectroscopy and are listed in Table
7.1 as well as the corresponding molar masses and dispersities. The polymer was purified
by two-fold precipitation in diethyl ether at ambient temperature and the molar mass was
determined by DMSO-SEC. TH-NMR (400 MHz, CDCls, 6, ppm): 0.85-1.03 (2 bs, 30.6H, C(CH5)
and C(CH,)), 1.65 (s, 6.44H, C(CH;CH3)COH), 3.61 (s, 25H, OCH,), 4.32 (d, 4.7H, CH,OCH,),
7.00 (m, 2H, COCH,;), 8.12 (m, 2H, COCCHy;).

Time Conversion MMA (%) Conversion PImon (%) M, (g-mol™') D

45 min 23 21 8750 1.17
1 h 40 min 43 36 10220 1.21
3h 62 61 14000 1.26
4 h 30 min 68 67 16630 1.16
5 h 30 min 73 74 17190 1.15

Table 7.1.: Summary of the monomer conversions, molar masses, and dispersities for the copoly-
merization of PImon and MMA for the ratio PImon/MMA = 1/10. Conversions were
determined by NMR spectroscopy, molar masses and dispersities were determined

by DMSO-SEC.
CN S
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Figure 7.8.: '"H-NMR of the PImon-MMA-copolymer for a PImon/MMA ratio of 1/10.

Synthesis of pMMA via RAFT for Test Reactions

4-Cyano-4-(((hexylthio)carbonothioyl)thio)pentanoic acid (0.0189 g, 59.5 umol) was dissolved
in 1.0 mL DMF and 4,4’-azobis(4-cyanovaleric acid) (0.0017 g, 5.95 umol) was added. MMA
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7.3. SCNP Formation

(0.936 g, 1.00 mL, 9.35 mmol) was added. The vial was sealed with a rubber septum and
the solution was bubbled with argon in an ice bath for 15 min. Subsequently, the vial were
submerged in an oil bath at 75°C and polymerized for 7.5 h. The molar mass was determined
by DMSO-SEC, giving M,, = 15500 g-mol~! and D = 1.13.

RAFT Group Removal of PImon-MMA-Copolymer

PImon-MMA-Copolymer (150 mg, 11.2 umol) with PImon/MMA = 1/11 (Entry 8 in Table 5.1)
was dissolved in 30 mL acetonitrile. 2,2’-Azobis(2-methylpropionitrile) (18.4 mg,0.11 mmol)
were added and the solution was bubbled with argon for 15 min. Subsequently, the solution
was refluxed at 70°C for 2 h. The solvent was evaporated and the polymer was precipitated in
diethyl ether at ambient temperature. The molar mass was determined by DMSO-SEC, giving
M,, = 15100 g-mol~! and D = 1.18.

Irradiation Experiments

Various concentrations, solvent mixtures, irradiation energies, and irradiation times were em-
ployed for the light-induced SCNP formation. Therefore, the following irradiation experiment
serves as an exemplary procedure. The PImon-MMA-copolymer precursor (4 mg) was dissolved
in 49 mL of DCM and 1 mL of MEHQ stock solution (23.2 ptg in DCM) was added. The polymer
solution was added slowly into a 500 mL round-bottom flask containing 400 mL diethyl ether.
The solution was bubbled with argon for 1 h at ambient temperature. Subsequently, the flask
was placed in a UV reactor (schematically illustrated in Figure 7.9) with a distance of 2 cm
between the lamp outlet and the outside of the flask and irradiated for 10 min with UV light in
the range of 320-390 nm and 80 mW/cm?. The solvent was removed under reduced pressure.
Photoinitiator conversions were determined by NMR spectroscopy and the molar masses were
measured by DMSO-SEC.

UV reactor

Lamp

]

O Stirrer /

Glass fiber
cable

Figure 7.9.: Schematical illustration of the UV reactor employed for the irradiation experiments.
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Appendix

Figure A.1.: Mass bias-free ratio G,,/, o plotted versus the molar ratio of the photoinitiators

FBz and benzoin, resulting in an initiation efficiency ratio of FB : B being 0.75 : 1.
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Figure A.2.: Plot of the mole fractions of the disproportionation peaks FB= (triangles) and B=
(circles) versus the degree of polymerization for different ratios of FBz and benzoin.
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Figure A.3.: Mass bias-free ratio G, /. o plotted versus the molar ratio of the photoinitiators
FBz Iso and 4MB, resulting in an initiation efficiency ratio of B : MB being 2.44 : 1.
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Figure A.4.: Plot of the mole fractions of the disproportionation peaks B= (circles) and MB=
(triangles) versus the degree of polymerization for different molar ratios of FBz Iso
and 4MB.
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Figure A.5.: Mass bias-free ratio G,,/, o plotted versus the molar ratio of the photoinitiators
FBz and 4MB, resulting in an initiation efficiency ratio of MB : FB being 1 : 1.23.
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Figure A.6.: Plot of the mole fractions of the disproportionation peaks MB= (circles) versus the
degree of polymerization for different molar ratios of FBz and 4MB.
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Figure A.7.: Mass bias-free ratio G,,/, o plotted versus the molar ratio of the photoinitiators
F,Bz and benzoin, resulting in an initiation efficiency ratio of FB : B being 1.1 : 1.

1.0
Benzoin / F Bz
o 11
o8 ° " v e " e
e o ® o ° o o o 31
e © o ° e e 51
o N o o 12
I 064 e o o ° e 13
aQ ¢ ° o o ° 15
E— °
0.4+ ® o e ° o ° °
. [
[ ] [ ]
° ° . > o .
024 o o , o o o °
° o [
0.0 T T T T T T T
4 6 8 10 12 14 16 18
DP

n

Figure A.8.: Plot of the mole fractions of the disproportionation peaks of B= versus the degree
of polymerization for different molar ratios of benzoin and F,Bz.
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Figure A.9.: Mass bias-free ratio G,,/, o plotted versus the molar ratio of the photoinitiators
DFB and benzil, resulting in an initiation efficiency ratio of FB : B being 1.67 : 1.
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Figure A.10.: Plot of the mole fractions of the disproportionation peaks FB= (triangles) and B=
(circles) versus the degree of polymerization for different molar ratios of DFB and

benzil.
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Figure A.11.: Molar mass distribution for various reaction compositions of the photoRDRP

components.
Pulse number / M_/ PDI
3.2 ——3-10*/2200 g-mol™ / 1.22
° ——6:10* /2600 g'mol ™' / 1.24
——12:10%/2700 g'mol™ / 1.22
3.0 1 ——15:10*/3100 g-mol ™ / 1.23
5 2.8
1S
5 °
‘9 2.6 °
=
2.4 4
224 e
T T T T T T T T T T T T T T T T
40000 80000 120000 160000 28 30 32 34 36 38 40 42 44
Pulse number log (M / g-mol™))

Figure A.12.: Molar mass (left) and molar mass distribution (right) of a photoRDRP reaction
([IMMA]:[EBiB]:[CuBr,]:[Me,TREN] = 50:1:0.02:0.08 and 30 vol% DMSO) for dif-
ferent pulse numbers.
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Figure A.13.: Molar mass of a photoRDRPreaction ([MMA]:[EBiB]:[CuBr,]:[Me,TREN] =

50:1:0.02:0.08 and 30 vol% DMSO) at different monomer conversions, correspond-

ing to the pulse numbers in Figure A.12.
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Figure A.14.: Right: UV-vis spectrum of Entry 1 (Table 4.1): [MMA]:[EBiB]:[CuBr,]:[Me,TREN]
= 50:0:0:0 in DMSO. Left: UV-vis spectrum of Entry 2: [MMA]:[EBiB]:[CuBr,]:
[Me,TREN] = 50:1:0:0 in DMSO.
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Figure A.15.: Right: UV-vis spectrum of Entry 3 (Table 4.1): [MMA]:[EBiB]:[CuBr,]:[Me,TREN]
= 50:0:0:0.06 in DMSO. Left: UV-vis spectrum of Entry 6: [MMA]:[EBiB]:[CuBr,]:
[Me,TREN] = 50:1:0:0.06 in DMSO.
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Figure A.16.: Right: UV-vis spectrum of Entry 4 (Table 4.1): [MMA]:[EBiB]:[CuBr,]:[Me,TREN]
= 50:0:0.02:0 in DMSO. Left: UV-vis spectrum of Entry 5: [MMA]:[EBiB]:[CuBr,]:
[Me,TREN] = 50:0:0.02:0.06 in DMSO.
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Figure A.17.: Right: UV-vis spectrum of Entry 7 (Table 4.1): [MMA]:[EBiB]:[CuBr,]:[Me,TREN]
= 50:1:0.02:0 in DMSO. Left: UV-vis spectrum of Entry 8: [MMA]:[EBiB]:[CuBr,]:
[Me TREN] = 50:1:0.02:0.06 in DMSO.
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Figure A.18.: UV-vis spectrum of Irgacure 2959, PImon, and the PImon-MMA-copolymer (PI-
mon/MMA = 1/12) in dichloromethane.
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Figure A.19.: Size-exclusion chromatogram of irradiated pMMA without photoinitiator units.
Experimental conditions were according to Table 5.6, line five.
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AIBN
a.t.
ATRP
CID
CPA
CuBr,

DCM
DFT
DMSO
DOSY
DP,
EBiB
eq

ESI
ESI-MS
ESR

fs

FRP
HOMO
HCI

IC

IR

ISC
laser
LUMO
M

MA
Me,TREN
MeCN
MIB
MMA
MO
MS
m/z-ratio
NaTFA
NMP
NMR
NOPA
OD
PFG

PI

Abbreviations

4-methyl benzoin

amplitude
2,2’-azobis(2-methylpropionitrile)
ambient temperature

atom-transfer radical polymerization
collision-induced decay

chirped pulse amplification
copper(II) bromide

dalton

dichloromethane

density functional theory

dimethyl sulfoxide

diffusion ordered spectroscopy
degree of polymerization

ethyl a-bromoisobutyrate
equivalent

electrospray ionization

electrospray ionization-mass spectrometry
electron spin resonance
femtosecond

free radical polymerization

highest occupied molecular orbital
hydrochloric acid

internal conversion

infrared

intersystem crossing

light amplification by stimulated emission of radiation
lowest unoccupied molecular orbital
monomer

methyl acrylate
tris[2-(dimethylamino)ethyl]amine
acetonitrile

methyl isobutyrate

methyl methacrylate

molecular orbital

mass spectrometry

mass-to-charge ratio

sodium trifluoro acetate
nitroxide-mediated polymerization
nuclear magnetic resonance
noncollinear optical parametric amplifier
optical density

pulsed field gradient

photoinitiator
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Abbreviations

PLP
PLP-ESI-MS
pMMA
RAFT
RDRP

S

SCNP
SEC
SET-LRP
T

T

TA
TD-DFT
THF

uv
UV-vis
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pulsed-laser polymerization

pulsed-laser polymerization and subsequent product analysis by ESI-MS
poly(methyl methacrylate)

reversible addition-fragmentation chain transfer
reversible-deactivation radical polymerization
singlet state

single-chain nanoparticle

size-exclusion chromatography

single electron transfer living radical polymerization
triplet state

time constant

transient absorption

time-dependent density functional theory
tetrahydrofuran

ultraviolet

ultraviolet and visible light
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